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1 Abstract

My habilitation thesis ,,Epigenetics of plant telomeres and telomerases* is
presented as a summary of data on plant telomeres, telomerase, epigenetic mechanisms
and involvement of epigenetic regulations in telomere homeostasis and developmental
control of telomerase activity. The structure and function of telomeres and regulation
of telomerase are characterised with respect to particularities described in plants.
These topics have been intensively dealt with using mammalian models due to the
tight correlation between telomere stability and telomerase activity, and serious
pathological conditions. Epigenetics of plant telomeres and telomerases has had to
wait until relatively recently to see any attention. Anyway, only plants exhibit specific
features in developmental telomere stability and telomerase regulation, and have a
broader range of epigenetic mechanisms available. Using plant models for the
investigation of the epigenetic nature of telomeric chromatin and the involvement of
epigenetic mechanisms in regulation of telomeres and telomerases, interesting results

are thus expected to be obtained.

Relevant publications on which the applicant participated are marked as
references in the text and presented as Supplements. Apart from the presentation of
published data, topics of recent research of the applicant are outlined. In the list of
publications the role of the applicant in the design of experiments, collection of

experimental data, and writing and editing of manuscript is specified.



2 Telomeres

Ends of linear eukaryotic chromosomes are delimited by specialized structures,
telomeres. Telomeres are crucial for the maintenance of genome stability and integrity.
First, they distinguish natural chromosome ends from double-stranded DNA breaks
and protect them from accidental fusions and undesirable activities of repair
complexes. Second, telomeres prevent coding DNA settled inside of chromosomes
from loss due to the incomplete replication of the distal most end of the lagging DNA
strand. Due to the incapability of DNA polymerases to complete synthesis of the 3”
DNA ends, telomeres are progressively shortened during successive replication cycles,
and after the shortening to the minimum length, processes of cell senescence are
started. Chromosome ends which are not effectively protected are fused together and
DNA damage checkpoint responses are activated, contributing to the serious genome
instability.

Telomeric DNA usually consists of short repetitive sequences of conservative
structure; TTAGGG in animals (Cheng et al., 1989), TTTAGGG in most of plants
(Richards and Ausubel, 1988). Only plants represent species with a colourful pattern
of telomeric motives. Except canonical telomeric sequence TTTAGGG (so-called
telomeric repeat of the Arabidopsis type), the human type of telomeric repeats was
shown to delimit chromosome ends in representatives of the order of
monocotyledonous plants Asparagales (Sykorova et al., 2003). Among Asparagales,
species with the Arabidopsis type of telomeres are also present, and the structure of
telomeric repeat of plants of the genus Allium remained scientific mystery for more
than twenty years. Using sophisticated bioinformatic approaches, the telomeric
sequence CTCGGTTATGGG was detected in Allium species (manuscript submitted).
The same approach was successfully applied in analyses of the species of the genus
Cestrum from the Solanaceae family in which the telomeric sequence TTTTTTAGGG
was identified (Peska et al., 2015). Attempts to characterize the structure of telomeric
repeats in these plants using classical approaches failed for a long time and only
filtering abundant repeat sequences sensitive/insensitive to treatment by the BAL31
exonuclease enabled these breakthrough discoveries. Cestrum telomeric repeat is

relatively similar to canonical plant sequence encompassing three extra Ts, while the



first part of the Allium telomere is less common even with Cs in the G-rich telomeric
strand. Anyway, this situation is atypical, but it is not unique because recently
TTTCAGG and TTCAGG telomeric motives were identified in carnivorous plants
Genlisea hispidula and Genlisea subglabra (Tran et al., 2015). This structure of
telomeric repeat may be of high interest due to the possible occurrence of methylated
cytosine residues in both telomeric strands which may be important for epigenetic
telomere regulation, as discussed below (see pp. 17, 21).

On the other hand, the common plant telomeric repeat TTTAGGG was
identified at the ends of the chromosomes of dinoflagellates (Fojtova et al., 2010), the
organization of the chromosomes of which is quite exceptional. Genomes of
dinoflagellates are the largest in the Eukarya domain, the chromosomes lack histones
and exist in a liquid crystalline state. Accordingly, the length of telomeres, 25 — 80 kb,

is the largest among unicellular organisms analysed so far.

The length of telomeres is a variable parameter. In human cells, telomeres are 5
— 15 kb long, while in mice, telomeres range between 30 — 150 kb. Similarly in plants,
telomeres in some algae species are about 0.5 kb, the length of telomeres in
Arabidopsis thaliana is 2 — 9 kb depending on ecotype, and very long and
heterogeneous telomeres were identified in Nicotiana tabacum (tobacco), 20 — 160 kb.
Attempts to correlate the length of telomeres in respective species with any other
parameter (e.g., longevity, number of chromosomes) have not been successful.
Interesting data was obtained in analyses of inbred mouse populations and A. thaliana
plants of different ecotypes. In the first study, the length of telomeres was determined
in strains of mice derived from the wild population 20 years ago and strains inbred and
outbred in a significantly longer time, more than 60 years (Hemann and Greider,
2000). Using two independent methodical approaches, it was shown that more recently
inbred mouse strains had significantly shorter and more homogenous telomeres.
Although it was suggested that the telomere length might be part of a complex
mechanism determining organismal lifespan, no such correlation was observed in
these mouse strains; mouse strains with shorter telomeres even had the longest
lifespan. Authors concluded that, in contrast to observations using human cultured
cells, there is no correlation between telomere length and longevity, and suggested that
in wild mouse populations, selection for short telomere phenotypes existed. This

selection was weakened in non-selective breeding conditions.
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In A. thaliana, unique subtelomere sequences are present at most of the
chromosome arms, making it possible to assess the lengths of individual telomeres. It
was shown that the lengths of individual telomeres were co-ordinately regulated,
because a single telomere band specific to the respective chromosome arm was
detected even in DNA samples isolated from the whole plant body. The optimal size
of telomere repeats at each chromosome arm seems to be thus established and
maintained for each respective ecotype (Shakirov and Shippen, 2004).

Telomeric sequences are folded into regularly spaced nucleosomes in most
organisms, except some lower organisms with short telomeres (Fajkus et al., 1995;
Makarov et al., 1993). A specific feature of telomeric nucleosomes is their shorter
periodicity compared to the bulk chromatin. For experiments described in this thesis,
epigenetic modifications of telomeric histones are important; these are described
below (see pp. 15 and following). Recently, participation of non-histone chromatin
proteins on telomere homeostasis was demonstrated; loss of the high mobility group
protein MHGB1 resulted in the short telomere phenotype in A. thaliana
(Schrumpfova et al., 2011) and in mouse cells (Polanska et al., 2012).

Besides histones, other proteins associated with telomeres are crucial for their
proper structure and function. In mammalian models, two distinct complexes of
telomeric proteins were described; shelterin (de Lange, 2005) and CST complex
(Surovtseva et al., 2009). Components of the CST complex are involved in telomere
maintenance via the protection of single stranded G-rich telomere overhangs, and in
the facilitation of telomere replication. CST complex was originally described in
budding yeast (Gao et al.,, 2007) and is conserved in all eukaryotic organisms
including plants (reviewed in (Price et al., 2010)). The shelterin complex has been
characterised in detail in mammalian cells (de Lange, 2005). It comprises Ssix
components: TRF1 and TRF2 bind directly double-stranded part of telomeric DNA
and mediate binding of two other shelterin proteins, RAP1 and TIN2. TIN2 via protein
TPP1 interacts with POT1 which binds single-stranded telomere overhang. Shelterin
proteins are involved in the formation of high-ordered telomere structures (D-loop, t-
loop) which are crucial for the stability and protection of chromosome ends. The
presence of shelterin components has not been convincingly documented in plants,
although many candidate proteins have been proposed based on the presence of

specific structural motives (reviewed in (Peska et al., 2011)). More detailed analyses
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were done for representatives of the plant-specific single myb histone family, TRB
proteins. In A. thaliana, co-localization of TRB1 with telomeres (Dvorackova et al.,
2010), interaction with telomeric DNA in vitro (Schrumpfova et al., 2004) and in vivo
(Schrumpfova et al., 2014) were demonstrated.

Because the characterisation of the set of proteins binding with or associated to
plant telomeres is not a methodically trivial problem, at present two approaches are
optimized for this purpose. PICh (Proteomics of Isolated Chromatin) utilizes a specific
DNA probe for the isolation of telomeric DNA of high quality and purity and
subsequent identification of bound proteins. Using this method set of telomeric
proteins in human cancer cells with active telomerase and in cells maintaining the
telomeres by alternative mechanisms was characterized (Dejardin and Kingston,
2009). Next, we will try to fish telomeric chromatin using specific TALE
(Transcription Activator Like Effector) or CRISPR/dCas (Clustered Regularly
Interspaced Short palindromic Repeats fused with deactivated Cas nuclease) telomeric
probes; these are relatively novel approaches developed for the targeted genome
editing (reviewed in (Gaj et al., 2013)).

In A. thaliana, telomere stability is significantly influenced by the activity of
enzymes involved in repair and recombination processes. Our analysis of the moss
Physcomitrella patens, a lower plant with the highly efficient system of homologous
recombination - in contrast to common flowering plants preferring non-homologous
end-joining for DNA repair - showed an absence of telomere phenotype and normal
double-stranded break repair kinetics in P. patens cultures with loss of function of
genes coding for proteins crucial for the repair of DNA double-stranded breaks
(Fojtova et al., 2015). Thus, both conserved (structure of telomeric repeats and
dynamics of telomerase activity) and distinct (telomere maintenance in the DNA repair
mutants background) features in telomere biology of land and lower plants were
presented.

In most eukaryotic organisms, telomeric repeats are located not only at
chromosome termini forming genuine telomeres but also internally, in subtelomeric,
centromeric and peri-centromeric regions, forming so called interstitial telomeric
sequences (ITS). ITS contained a relatively high level of imprecise (degenerated)
telomeric repeats and non-telomeric sequences. The functional importance of these

structures remains enigmatic; their biological relevance is connected to their fragility
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and genomic instability — DNA breakage, rearrangements and recombinations are
common events in ITS. In mammals, ITSs are targets of common mutagens and
carcinogens and are correlated with cancer breakpoints.

ITSs are relatively abundant in the A. thaliana genome encompassing 20-70%
of total telomeric repeats (Gamez-Arjona et al., 2010; Uchida et al., 2002); the high
discrepancy in data is related to the methodology used for analysis and data filtering.
For the purpose of epigenetic analyses of telomeric chromatin, the presence of
telomeric repeats outside of genuine telomeres represents a serious obstacle because it
complicates the unambiguous interpretation of results, as discussed in more detail

below (see pp. 17 and following).

3 Telomerase

Telomerase is a ribonucleoprotein complex which is able to add telomeric
repeats at the G-rich telomere strand and in this way elongate telomeres and
compensate for the replicative telomere shortening. Telomerase consists of a catalytic
subunit, telomerase reverse transcriptase (TERT), and a telomerase RNA (TER)
serving as a template for the telomere elongation by the TERT reverse transcriptase
activity. The activity of telomerase is strictly regulated during plant and animal
development. In plants, active telomerase was detected in organs and tissues
containing highly dividing meristem cells as seedlings, root tips, blossoms and floral
buds and in cell cultures (see e.g., (Fajkus et al., 1998; Fitzgerald et al., 1996)). In
terminally differentiated tissues (stems, mature leaves), telomerase activity is
abolished. Detailed analysis of telomerase activity during A. thaliana leaf development
revealed high activity in young and middle-age leaves, while in mature leaf tissue
telomerase activity was below the detection limit (Ogrocka et al., 2012). The pattern
of telomerase activity in plants resembles that in humans, but a crucial difference is
that active telomerase present throughout plant ontogenesis in meristems maintains
stable telomere lengths in cells that these meristems produce by serial divisions and
differentiations. Thus, in contrast to human ones, plant telomeres do not shorten
during developmental progression (Fajkus et al., 1998). This phenomenon reflects the
totipotent character of plant cells. Even in the absence of telomerase activity, as occurs
in the case of A. thaliana telomerase knock-out mutants, alternative telomere



lengthening is activated, which partially compensates for the lack of telomerase
function (Ruckova et al., 2008).

Using plant models, very interesting data regarding telomerase genes was
obtained. In A. thaliana, two genes coding for the telomerase RNA, TER1 and TER2,
were identified (Cifuentes-Rojas et al., 2011), TER2 even possessing a truncated
variant (Cifuentes-Rojas et al., 2012). Although all TERs associate with the TERT
catalytic subunit, only TER1 can serve as a template for telomere repeats synthesis
while TER2 and its isoform participate in the modulation of telomerase activity. Next,
in the allotetraploid N. tabacum plant three sequence variants of the TERT gene were
described (Sykorova et al., 2012); two of them derived from N. sylvestris (TERT_Cs,
TERT_D) and one variant with the high level of homology with the TERT_Ct
sequence present in the donor of the paternal genome N. tomentosiformis. Original
abbreviations are Cs for Coding putative functional TERT variant of the S-genome
origin, Ct for Coding putative functional TERT variant of the T-genome origin, and D
for putative pseuDogene TERT variant. All TERT gene variants are transcriptionally
active, although TERT_D shows a lower level of sequence similarity with TERT_C
variants, and due to insertions and deletions within exons and truncation at the 5" end
it was originally supposed to be a pseudogene. In the analysis enabling specific
amplification of TERT gene variants, TERT_C variant(s) transcripts were dominant in
tobacco and N. sylvestris tissues indicating differential regulation of TERT _C and
TERT_D transcription. In tobacco, TERT_Ct and TERT_Cs transcript levels were
comparable and correlated to the telomerase activity in the respective tissues. A
specific TERT transcription pattern was observed in samples of tobacco pollen (two
stages of juvenile pollen, mature pollen and in vitro cultivated pollen tubes) where
TERT_Cs transcript was significantly enriched. TERT_Ct transcript was at a level
comparable to tobacco seedlings and corresponded to the telomerase activity. The
reason for such a high level of TERT_Cs transcript in tobacco pollen and the potential

function of the protein remain unclear (Jureckova et al., submitted).

The molecular mechanism of telomerase regulation at both cellular and
organism levels is far from being elucidated. In a tobacco cell culture, cycle
dependence of telomerase regulation was demonstrated with a peak of telomerase

activity in the early S phase (Tamura et al., 1999). In the same work, induction of
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telomerase activity by the plant hormone auxin was presented, although this was not
confirmed in analyses of tobacco seedlings germinated in the auxin presence
(Jureckova et al., submitted) indicating that telomerase activity is under more
complex and more robust control in tobacco differentiated tissues compared to cell
culture. The link between telomerase activity and cell cycle was also documented in
the highly synchronized culture of green algae Desmodesmus quadricauda.
Exceptionally highly active telomerase was present in all stages of the cell cycle with
the peak in the dark period of culturing corresponding to the completion of cell
division (Sevcikova et al., 2013).

Telomerase activity was correlated to the transcription of the protein subunit of
telomerase TERT (Fitzgerald et al., 1996; Ogrocka et al., 2012), while the TER
transcription was approximately the same in all plant tissues analyzed (Cifuentes-
Rojas et al., 2011). Biosynthesis of TERT and TER subunits is not directly connected
and their differential regulation raises questions of mechanisms of the active enzyme
assembly including intracellular trafficking of telomerase components (reviewed in
(Sykorova and Fajkus, 2009)). Regulation of telomerase activity at the
posttranslational level via phosphorylation was reported in mammals (Liu et al., 2001)
and in Oryza sativa (Oguchi et al., 2004). Moreover, the functional significance of
alternatively spliced TERT transcript variants in the modulation of telomerase activity
was demonstrated in a human system. In plants, number of alternatively spliced TERT
variants was detected in O. sativa and species of the Asparagales order. In A. thaliana,
TERT isoform retaining the intron 6 and with the stop codon inside the exon 8
revealed an ability to interact with the putative telomere binding protein POT1,
determining possible functional relevance of this isoform (reviewed in (Sykorova and
Fajkus, 2009)). Next, the telomerase activity is modulated by the dynamic structure of
telomeres determining the accessibility of telomeres for telomerase enzyme, in the
establishment of which telomere-binding and telomere-associated proteins play an
important role. In animal models, the involvement of epigenetic mechanisms in the
regulation of TERT gene transcription was convincingly documented; active TERT
gene transcription in telomerase positive cells was correlated with euchromatic-
specific epigenetic marks at histones in regulation regions, while heterochromatin
specific modifications decorated TERT gene histones in telomerase negative cells
(reviewed in (Zhu et al., 2010)). In the pilot study investigating involvement of

epigenetic mechanisms in developmental regulation of telomerase activity in A.
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thaliana, it was shown that the euchromatic character of the TERT gene in both
telomerase positive and telomerase negative tissues was maintained (Ogrocka et al.,
2012). These differences might reflect the totipotent character of plant cells and
reversible and dynamic character of plant telomerase silencing.

Taking into consideration that even other factors including nucleosomal
density in TERT regulatory regions, the binding of protein(s) activating or repressing
telomerase protein subunit promoter, and the activity of telomere transcripts TERRA
(see pp. 17) may influence telomerase transcription and subsequently activity, it is
evident that the regulation of telomerase activity is a highly complex process, realized
by the close interplay of multifarious pathways. The human telomerase interactome
network encopassed tens of proteins (Cline et al., 2007); for plants this data has not

been obtained yet.

The study of plant gene functions is commonly based on the analysis of A.
thaliana T-DNA insertion lines, which are available from commercial databases.
Collection of lines with T-DNA insertions in distinct TERT gene regions (N-terminal
part with telomerase-specific motives, reverse transcriptase motif in the central part,
C-terminal extension) and in the TERT upstream sequences was used for investigation
of structure-function relationship of TERT domains. It was found that telomerase
transcription and activity were abolished and telomeres were significantly shortened in
all lines with T-DNA inserted inside the TERT gene regardless of position of the
insertion. Telomerase function was maintained in lines with T-DNA inserted into the
putative TERT promoter. Interestingly, putative regulatory elements were discovered
in the 5° part of the TERT gene; in lines with T-DNA insertion in this region
telomerase transcription was markedly upregulated even in telomerase negative tissue,
with short telomere phenotype maintained (Fojtova et al., 2011). Complexity of the
plant telomerase regulation pointed out in this work was further supported by analyses
of A. thaliana plants transformed by functionally important parts of the TERT gene,
full length TERT gene and TERT cDNA. Although TERT genomic constructs were
efficiently transcribed and displayed correct mMRNA splicing and protein translation,
telomerase activity was not significantly affected in transformed wild type and tert-/-
plants, and in tert-/- mutants the short telomere phenotype was maintained (Zachova
et al., 2013). With reference to previous studies on human telomerase reconstruction

(Bachand and Autexier, 1999; Banik et al., 2002), similar types of constructs were
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used for transformation, but in spite of that we were not able to reconstitute functional
telomerase in a plant system, evidencing that plant TERT expression differs from the
human enzyme by more complex multi-level regulation, including probably cross-talk
between regulatory elements located upstream and/or downstream of the TERT coding
regions. In accordance with this hypothesis TERT gene constructs containing relevant
regulatory regions have been designed and transformed to A. thaliana tert-/- plants and
preliminary analyses have produced very promising results.

Besides being active in the maintenance of chromosome ends, telomerase also
exerts non-telomeric activities. In mammalian models, telomerase was documented to
be active, e.g. in anti-apoptotic, cytoprotective and pro-proliferative processes and in
protection of mitochondria from the oxidative stress. High-throughput analysis
revealed that a protein subunit of human telomerase modulates expression of more
than 300 genes involved mainly in cell cycle progression, differentiation and
proliferation (reviewed in (Majerska et al., 2011)). Transcriptome analysis of A.
thaliana tert-/- plants revealed more than 1 000 genes with significantly changed
transcription. The comparison of transcriptomes of different generations of mutant
plants permitted to separate effects corresponding predominantly to the telomerase
absence (the second generation of mutants) and to the severe genome damage (the
seventh generation of mutants) (Amiard et al., 2014). In this study marked differences
in the transcriptome of telomerase-deficient mice and plants were pointed out,
demonstrating different ways of cellular response to the chronic telomere erosion.

In tobacco culture cells cultivated in the presence of cadmium ions, apoptotic
fragmentation of DNA was observed (Fojtova and Kovarik, 2000). Increased activity
of telomerase (Fojtova et al., 2002) together with the accumulation of phytochelatins,
plant-specific methalothioneins (Fojta et al., 2006) were detected in the phase of
genome recovery from the genotoxic stress. This promising research is being further
developed now to better define the role and significance of telomerase in stress-
response processes.

Similarly, telomerase was shown to be involved in the healing of Luzula
elegans holocentric chromosomes fragmented due to the exposure of the plant to
ionizing radiation (Jankowska et al., 2015).
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4 Epigenetic regulation

Studies of epigenetic molecular mechanisms including DNA methylation,
modifications of histones and processes of RNAI, undergo significant boom in last
decades. It is due to the involvement of epigenetic regulations in plenty of pivotal
processes such as gene expression, replication timing and differentiation which are
part of cellular programming and re-programming and of the complex response to the
developmental and environmental stimuli. These intensive efforts have resulted into
applications to the clinical practice, namely in the form of epigenetically active drugs

(for recent review see (Bojang and Ramos, 2014)).

In the epigenetic studies plant models are of high significance. Plants, as sessile
organisms, have developed sophisticated and complex systems of epigenetic tools
enabling them to cope with suboptimal living conditions and environmental changes.
Some epigenetic mechanisms are even unique for plants. In animals, methylated
cytosines are located preferentially or almost exclusively in CG doublets, although in
recent studies a fraction of methylated cytosines in non-CG motives was detected in
non-differentiated human cells (Lee et al., 2010; Lister et al., 2009). In plants,
methylated cytosines are located in symmetrical sequence motives CG and CHG (H =
C, A, T) and even in non-symmetrical sequences. Correspondingly, three DNA
methyltransferases were identified in plant cells. MET1 (functional analogue of
mammalian DDML1 enzyme) is responsible primarily for methylation of CG cytosines
and consecutively for the stability of the general epigenetic pattern including non-CG
methylation and histone modifications (Mathieu et al., 2007). CMT3 is a plant-specific
methyltransferase modifying cytosines in CHG triplets. This methyltransferase
functions in close interplay with histone methyltransferases. De novo
methyltransferase DRM2 (functional analogue of mammalian DNMT3a/b) mediates
the transfer of the methyl group on cytosines in all sequence contexts. In this process,
a signal indicating the position of cytosines — substrates for de novo methylation — has
to be active. The involvement of RNA molecules in the driving of de novo DNA
methylation, RNA-directed DNA methylation (RdDM), was described in plants (Jones
et al., 1999), and plant specific RNA polymerases IV and V participating in this
process were characterized (Herr et al., 2005; Wierzbicki et al., 2012). Inspired by
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plant achievements in this field, the involvement of RADM in the silencing of human

promoters was also demonstrated (Kawasaki and Taira, 2004; Morris et al., 2004).

Compared to relatively straightforward and simple DNA methylation, the
pattern of covalent modifications of histones is extremely complex, constituting so-
called histone code. This code is not universal among species. A striking example of
this is distribution of methyl residues at lysine 9 of histone H3 and lysine 20 of histone
H4. In A. thaliana, mono-methylated H3K9 and H4K20 are associated with
heterochromatic regions and tri-methylated with euchromatic regions while in mouse
cells the pattern is completely the opposite — H3K9me and H4K20me in euchromatin,
H3K9me3 and H4K20me3 in heterochromatin (reviewed in (Fransz et al., 2006)).

Results obtained in analyses using plant models significantly contributed even
to the elucidation of the RNAI, a breakthrough discovery demonstrating the
fundamental role of RNA molecules in many regulation processes. The mechanism of
RNAI was described on Caenorhabditis elegans (Fire et al., 1998) but years ago co-
suppression, posttranscriptional silencing of plant transgenes based on the sequence
homology and of the same mechanistic background as RNAI, was presented (Napoli et
al., 1990).

Epigenetic regulation is not realized only and simply via modulation of gene
expression. The final impact of interplay of different epigenetic mechanisms including
additive processes like the activity of chromatin remodelling complexes and
deposition of variant histones is realized at the level of the chromatin structure.
Changes in chromatin structure may result in modulation of the accessibility of the
region to transcription factors, replication timing, activity of transposable elements and
DNA repair resulting in changes in proteome and metabolome, and possibly to the

establishment of a new cell phenotype.

5 Epigenetic pattern of plant telomeres

Telomeres, due to their repetitive character and main function as protective

chromosomal structures, have been traditionally considered as heterochromatic
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regions. This assumption has been supported by an amount of convincing data from
mammalian studies. Heterochromatin-specific histone modifications at telomeres and
subtelomeres were shown to be essential for proper structure and function of
telomeres, and the loss of these marks correlated with disruption of telomere
maintenance and genome instabilities in mouse cells (reviewed in (Blasco, 2007;
Galati et al., 2013)). A vice versa, telomeric and subtelomeric chromatin in telomerase-
deficient mice with eroded telomeres was depleted by heterochromatic H3K9me3 and
H4K20me3 marks (Benetti et al., 2007), and genome-wide hypomethylation was
observed as a consequence of critically short telomeres in telomerase-negative
embryonic stem cells (Pucci et al., 2013), evidencing the mutual relationship between
the mammalian telomeres stability and their epigenetic pattern. Interestingly, some
studies of telomeric chromatin properties in mammalian models have brought rather
controversial results. Firstly, in mouse embryonic stem cells, both heterochromatin-
specific H3K9me3 and euchromatic mark H3K4me3 were detected, although the
H3K9me3 exhibited a higher level. Moreover, in cells deficient in H3K4
methyltransferase function H3K9 methylation increased markedly, suggesting
dynamics between these opposing types of histone modifications at mouse telomeres
(Cao et al., 2009). Secondly, in mouse embryos and adult tissues with impaired
function of important epigenetic modifiers, the length of telomeres was maintained
(Roberts et al., 2011), in contrast to previous reports implicating involvement of
epigenetic mechanisms in the regulation of mammalian telomeres stability.
Extraordinary dynamic of telomeric chromatin structure is related to stem cell
differentiation. Telomeric chromatin in pluripotent stem cells exists in a relatively
open formation, and during differentiation a switch to a more condensed state arises.
Interestingly, reprogramming somatic cells to induced pluripotent cells is connected
with inverse changes — the telomeric chromatin adopts a more open embryonic stem
cell-like organization. These observations point out that the specific structure of
telomeric chromatin plays a role in determining the unique character of embryonic

stem cells (reviewed in (Wong, 2010)).

In contrast to a number of studies dealing with the epigenetic properties of
mammalian telomeres, significantly less effort has been devoted to analogous analyses
in plants, although plants as model organisms are no less interesting in this respect,

quite the contrary in fact. A good example of this fact is that plant cells possess
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enzymatic apparatus enabling methylation of cytosines located in all sequence
contexts and, correspondingly, cytosines in the C-rich strand of the telomeric repeat
CCCTAAA are natural targets for methylation. Data from the whole genome A.
thaliana methylation study did confirm the presence of methylated cytosines in
telomeric sequences (Cokus et al., 2008). Another discovery demonstrating the
colourful pattern of plant telomere epigenetics concerns telomeric transcripts.
Telomeric-repeat containing RNA (TERRA) was described in 2007 in mammalian
cells (Azzalin et al., 2001). It was shown that TERRA comprises primarily the G-rich
telomeric RNA strands (UUAGGG repeats), and transcription thus originates in
subtelomeric regions. In plant models A. thaliana (Vrbsky et al., 2010) and Nicotiana
tabacum (Majerova et al., 2014) not only TERRA but also complementary C-rich
telomeric transcripts ARRET (nomenclature here is still chaotic, see below) were
detected at comparable levels. Similarly, C-rich telomeric transcripts were revealed in
fission yeast (Bah et al., 2012). Telomeric transcriptome in fission yeast is even more
complex because besides the G-rich telomeric transcripts TERRA, and C-rich
telomeric transcripts (here named ARIA), subtelomeric RNA complementary to the
subtelomeric part of TERRA lacking the perfect telomeric repeats ARRET, and its
complementary strand a ARRET, were described (Bah et al., 2012).

In the pilot study on epigenetic properties of A. thaliana telomeric chromatin,
its dual character was reported, as both heterochromatin- and euchromatin-specific
histone modifications were associated with telomeric histones and a fraction of
telomeric cytosines was methylated. The methylation of cytosines in telomeric repeats
was maintained by the RADM pathway via siRNA molecules derived from telomeric
transcripts (Vrbsky et al., 2010). However, analysis of telomeric histone modifications
is routinely done by chromatin immunoprecipitation (ChIP) followed by the
hybridization of the immunoprecipitated fraction of DNA against labelled telomeric
probe. In such analyses, the hybridization signal is yielded not only by genuine
telomeres, but also by internally located telomeric repeats, ITS (see pp. 8, 9) which are
common components of plant and vertebrate genomes (Azzalin et al., 2001; Uchida et
al., 2002). To our knowledge, interference of ITS has not routinely been taken into
consideration in interpretation of epigenetic analyses of telomeric chromatin in
mammalian studies. Fortunately, the structures of genuine telomeres and ITS are not
identical; telomeres consist of arrays of perfect telomeric repeats while in ITS,

telomeric repeats are irregular and interspersed by random DNA sequences. This fact
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is commonly utilized in analyses of telomere lengths by the terminal restriction
fragments method when genomic DNA (including ITS) is digested by the frequently
cutting restriction enzyme while tracks of telomeres remain intact. Experimental
conditions used in epigenetic analyses of A. thaliana telomeres should strongly favour
detection of signals from genuine telomeres (Vrbsky et al., 2010). Nevertheless, in an
alternative study, when telomeric and non-telomeric (ITS-containing) fractions of the
A. thaliana genome were analysed separately, euchromatin-specific modifications of
telomeric histones and non-methylated telomeric cytosines, and heterochromatic
character (including cytosine methylation) of subtelomeric chromatin and telomeric
repeats located internally were reported (Vaquero-Sedas et al., 2011). This pattern was
confirmed by evaluation of A. thaliana ChIP-seq data (\Vaquero-Sedas et al., 2012).
These sets of rather contradictory results have initiated scientific discussions on
the proper interpretation of epigenetic analyses of plant telomeric chromatin
(Majerova et al., 2011a; Vaquero-Sedas and Vega-Palas, 2011). Although in the
Vrbsky et al. study on A. thaliana (Vrbsky et al., 2010) (i) the pattern of telomeric
cytosines methylation corresponded to previous observations (Cokus et al., 2008), (ii)
detailed analysis directly proved the presence of methylated cytosines at least in the
specific part of the proximal telomere region, and (iii) conditions of histone
modifications analyses were optimized to provide a signal just/primarily from the
genuine telomeres, possible contribution of ITS cannot be excluded. To avoid these
difficulties, plants with contrasting distributions of genuine telomeres and ITS were
studied (Majerova et al., 2014): N. tabacum, a species with long telomeres and non-
detectable fraction of ITSs (Majerova et al., 2011a), and an endemic Australian
cruciferous plant Ballantinia antipoda with huge blocks of ITS in pericentromeric
regions of all chromosomes and relatively short telomeres (Mandakova et al., 2010). It
was shown that cytosines in telomeres and ITS are methylated with some gradient
towards distal parts of Nicotiana telomeres and significantly different levels of
methylation of respective ITS. Regarding histone modifications, telomeres were
associated with both heterochromatin- and euchromatin-specific marks, with a
prevalence of heterochromatic H3K9me2, while ITSs were exclusively
heterochromatic. Interestingly, in accordance with the previous observation (Vaquero-
Sedas et al., 2012), H3K27me3, a mark of the chromatin of developmentally silenced
genes, was loaded at telomeric histones. The significance of this modification — and

generally significance of all histone marks — for a proper structure and function of
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plant telomeres is yet to be determined, and this topic is a subject of our recent

research.

The H3.3 histone variant is commonly associated with transcriptionally active
euchromatic regions where it replaces for canonical H3.1 histone. However, H3.3
accumulation was found also at telomeres and pericentric heterochromatin in mouse
embryonic stem cells and mouse embryonic fibroblasts, respectively (reviewed in
(Szenker et al., 2011)). Surprisingly, in contrast to the proposed role of H3.3 in
marking active chromatin, its presence at telomeres in mammalian embryonic stem
cells is required for the transcriptional repression of telomeric repeats (Goldberg et al.,
2010). ChlIP-seq data from dividing and non-dividing A. thaliana tissues is in
agreement with the general enrichment of transcriptionally active chromatin in H3.3
(Stroud et al., 2012; Wollmann et al., 2012). However, evaluation of telomeric
sequences was included in neither of these reports. Vaquero-Sedas and Vega-Palas
sorted ChlIP-seq data corresponding to perfect telomeric repeats (presumed genuine
telomeres) and imperfect telomeric repeats (presumed ITS) and compared the
distribution of H3.1 and H3.3 histone variants in telomeres, ITS and centromeric
repeats (Vaquero-Sedas and Vega-Palas, 2013). They found the enrichment of H3.3 at
telomeres and H3.1 at centromeres and ITS. Interestingly, the association of telomeres
with the H3.3 variant (which compromises purely heterochromatic nature of the
telomeric chromatin) makes the reports on the presence of H3K27me3 histone mark at
plant telomeres (Majerova et al., 2014; Vaquero-Sedas et al., 2012) rather surprising,
because the occurrence of H3.3 and H3K27me3 epigenetic marks was shown as

mutually exclusive in the genome-wide study (Stroud et al., 2012).

All these findings demonstrate specific properties of plant telomeric chromatin,
to a certain extent probably similar to that of mammalian embryonic stem cells. The
“intermediate” character of plant telomeric chromatin may constitute a reason why the
so-called telomere position effect, i.e. silencing of genes adjacent to telomeres, could
not be demonstrated in plants (reviewed in (Fojtova and Fajkus, 2014)). Due to the
lack of wholly consistent results in A. thaliana, well-designed studies using other
model plants are required to draw convincing general conclusions and a detailed map

of epigenetic landscape of plant telomeres.
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6 Telomere maintenance in plants with hypomethylated genomes

As mentioned above (see pp. 16), in mammalian cells the interrelation between
epigenetic state of telomeres and their stability was reported. On the other hand, just a
few analogous plant studies are available so far. Telomere maintenance was analysed
in A. thaliana plants hypomethylated either chemically or genetically (Ogrocka et al.,
2014). A. thaliana seedlings were germinated in the presence of two different
hypomethylation drugs. One of them, zebularine (1-(b-D-ribofuranosyl)-2(1H)-
pyrimidin-one) is a cytidine analogue, which is able to be incorporated into DNA and
form a covalent adduct with DNA methyltransferases. This compound acts similarly to
commonly used cytidine analogues 5-azacytidine (5-azaC) and 5-aza-deoxycytidine
(5-aza-dC, decitabine) which are used in clinics for cancer therapy (reviewed in (Yoo
and Jones, 2006)). Nevertheless, there are several important differences between
actions of 5-azaC and 5-aza-dC on one hand and zebularine on the other. Big
advantages of zebularine include its significantly lower toxicity and higher stability in
aqueous solutions (Cheng et al., 1989); opposite properties markedly complicate the
admission of 5-azaC and 5-aza-dC (Beisler, 1978; Ghoshal and Bai, 2007). Moreover,
the incorporation of zebularine into DNA increased the DNA binding of
methyltransferases while no such effect was observed for 5-aza-dC (Champion et al.,
2010). A lot of effort was exerted to elucidate the detailed mechanism of the drug —
DNA - methyltransferase interaction. Although formation of the irreversible covalent
complex for both 5-aza-dC- and zebularine-containing DNA with DNA
methyltransferase was reported (Hurd et al., 1999; Taylor et al., 1993), according to
the more recent data formation of a reversible although highly stable complex between
the zebularine-containing DNA and the DNA methyltransferase appears more
probable (Champion et al., 2010). The very recent report compromised previously
obtained data on the mechanisms of the zebularine hypomethylation activity showing
extremely low level of the zebularine incorporation into DNA and demonstrating
DNA damage induced at least partially by zebularine-DNA methyltransferase
nucleoprotein complex (Liu et al., 2015).

The other hypomethylation drug used in the analysis of epigenetic regulation of plant
telomeres was DHPA ((S)-9-(2,3dihydroxypropyl) adenine), a competitive inhibitor of
S-adenosyl-L-homocystein hydrolase (Holy, 1975). This enzyme catalyses hydrolytic
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degradation of S-adenosyl-L-homocysteine, a by-product of transmethylation reactions
and a potent inhibitor of all DNA and histone methyltransferases. The
hypomethylation effect of DHPA is thus more general concerning the spectrum of
methylation reactions affected, compared with the zebularine which influences DNA
methylation only.

As an alternative approach for obtaining A. thaliana plants with the
hypomethylated genome, mutant plants with the T-DNA insertion in genes coding for
the proteins essential for the maintenance of stable DNA methylation were analysed.
These plants exhibited loss of function of either (i) the MET1 methyltransferase
(Mathieu et al., 2007) (see pp. 14), or (ii) DDM1, a chromatin remodelling factor
which is involved in the maintenance of methylated cytosines in all sequence contexts
(Vongs et al., 1993). In both types of mutant plants, a significant drop of methylated
cytosines in centromeric repetitive sequence as well as in telomere repeats was
observed. Similar results were obtained for the plants hypomethylated chemically
(Ogrocka et al., 2014). While in mammalian cells, the genome hypomethylation led
to telomere elongation (Gonzalo et al., 2006), telomeres in hypomethylated plants
were significantly shortened and the short telomere phenotype was stably transmitted
to the subsequent generation of plants which were not more exposed to the epigenetic
stress. The hypomethylation is thus essential for the induction of telomere length
changes, but the maintenance of the modulated telomere phenotype is not dependent
on the genome methylation status. Loss of methylation of cytosines in telomeric
repeats was also observed in plants lacking RNA-dependent RNA polymerase 2
(Vrbsky et al., 2010), an essential component of the RADM pathway. It would be
interesting to analyse telomere length in these mutants to elucidate whether the loss of
methylation of non-symmetrically located telomeric cytosines (or more precisely, loss
of methylation of cytosines in non-symmetrical sequence contexts generally)
represents a necessary and sufficient condition for the induction of the telomere
instabilities. This appears probable, because telomeres in A. thaliana mutants with loss
of functions of non-CpG DNA methyltransferases were also significantly shorter
(Vaquero-Sedas and Vega-Palas, 2014). Interestingly, changes of telomere length in
metl and ddml mutants and in drug-treated plants were not correlated to the changes
of the activity and transcription of telomerase (Ogrocka et al., 2014). In agreement
with these observations, no significant contribution of DNA methylation to the

developmental silencing of telomerase transcription and activity in the terminally
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differentiated A. thaliana tissues was observed (Ogrocka et al., 2012). The process of
telomere maintenance is rather complex and many factors involved in it may be under
epigenetic control. These factors may influence, for example, the formation of a
functional telomerase complex or the accessibility of telomeres for telomerase,
important parameters that are not possible to notice in in vitro analysis of the

telomerase activity.

The next study on epigenetic modulation of plant telomere maintenance was
performed using tobacco culture cells cultivated in the presence of hypomethylation
drugs zebularine or DHPA (Majerova et al., 2011b). The treatment caused the
genome-wide cytosine hypomethylation including significant decrease of the level of
methylated cytosines located in telomeric repeats. This observation is very important
in the point mentioned above i.e., that tobacco — in contrast to other common model
plants including other representatives of the Solanaceae family (He et al., 2013) — does
not contain a significant fraction of ITS in its genome (Majerova et al., 2011a).
Results of this study thus, with a high probability, reflect changes in the methylation
level of genuine telomeres. Surprisingly, in contrast to analyses of A. thaliana
hypomethylated plants, the length of telomeres in hypomethylated tobacco cells was
unaffected, although markedly increased telomerase activity was detected in the

quantitative assay (Majerova et al., 2011b).

The distinct involvement of epigenetic mechanisms in the telomere and
telomerase regulation in A. thaliana and N. tabacum may be more comprehensible
considering the differences in the genome and epigenome composition between these
two model plants. Compared to N. tabacum, A. thaliana has a significantly smaller
genome with a low content of repetitive sequences and, correspondingly, a low
number of heterochromatic regions. In agreement with this, the overall level of DNA
methylation in A. thaliana is significantly lower and methylated cytosines are located
preferentially in CpG doublets. Even the general methylation landscape differs
between these plants. In A. thaliana, a mosaic methylation pattern, similar to the one
in invertebrates, was observed, with methylated cytosines residing mainly in
transposons, repetitive elements and gene body regions. By contrast, in plants with
huge genomes (e.g., tobacco, maize), although detailed methylation analyses have not

been done yet, non-methylated (or body-gene methylated) genes are separated by long
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tracts of methylated transposons and other types of repetitive sequences (reviewed in
(Suzuki and Bird, 2008)).

As in mammalian cells, plant telomeres are under epigenetic control, at least in
the model plants analysed. The principles of this regulation are not uniform and not
trivial, since the loss of heterochromatin-specific epigenetic modifications, including
DNA methylation, led to the telomere elongation and increased recombination
capacity in most mammalian studies (Gonzalo et al., 2006; Vera et al., 2008), while,
on the other hand, telomere shortening due to the telomerase transcription down-
regulation was observed in 5-aza-dC-treated chronic myeloid leukemia cell lines
(Grandjenette et al., 2014). The different effects of the hypomethylation stress on the
telomere stability and telomerase activity observed in A. thaliana and tobacco may
indicate different involvements of epigenetic mechanisms in the regulation of crucial
cellular processes in these species (Vaughn et al., 2007), and their contribution to the
colourful pattern of the plant epigenetic and telomere stories (reviewed in
(Dvorackova et al., 2015)). Definitely, analyses of other plants with
genomes/epigenomes similar to those of either A. thaliana or N. tabacum will bring
new data essential for verbalization of generally valid and species-specific aspects of
epigenetic regulation of plant telomeres.
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8 Conclusion

This habilitation thesis is presented as a review on plant telomeres and
telomerases and the involvement of epigenetic mechanisms in their regulation.
Experimental data referred in the thesis was obtained in the research group Molecular
Complexes of Chromatin at Masaryk University, Brno, and data before 2009 in the
research group Molecular Epigenetics at Institute of Biophysics, Academy of Sciences
of the Czech Republic, Brno.

The presented data demonstrated plants as important and interesting models for
epigenetics and telomere and telomerase research. Due to specific mechanisms and
pathways activated in plant cells, significant contributions to these fields have been
achieved. Until now we were able to demonstrate that plant telomeres are under
epigenetic control, and that significant differences in epigenetic regulation of telomere
homeostasis and the involvement of epigenetic mechanisms to regulation of
telomerase activity do exist between different model plants. Significant effort was
devoted to analyse epigenetic properties of terminally and internally located telomeric
repeats in respective model plants. To continue this promising research, analysis of
telomeres and telomerase in A. thaliana mutant plants with loss of function of
enzymes responsible for histone methylation / demethylation is in progress and a study
of a complex response of A. thaliana and N. tabacum plants and calli to the cadmium
genotoxic stress was initiated. As the next topic, novel methods are optimized to
characterize set of proteins associated with plant telomeres as a background for further

functional studies.
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SUMMARY

This work explores the influence of cadmium on a suspen-
sion cell culture of Nicotiana tabacum (TBY-2) by
examining cell morphology, viability and DNA integrity.
Changes in these parameters were strikingly dependent on
concentration of cadmium in the culture medium: a con-
centration of 50-100 mmol m~> CdSO, induced apoptotic
changes including DNA fragmentation into oligonucleoso-
mal units, while 1 mol m~ Cd?** showed strong cytotoxicity,
but no fragmentation of DNA. Low cadmium concentra-
tions (below 10 mmol m™>) affected neither cell viability
nor DNA integrity. A detailed kinetic study showed a sig-
nificant delay in the onset of apoptosis after the application
of high concentrations of cadmium. From days 0-3 after the
application of 50 mmol m~> CdSO,, the morphology of
the cells, their viability and growth were indistinguishable
between control and treated cells, and ‘domain’ DNA frag-
mentation into 50-200 kb fragments was observed at the
DNA level. After this (days 4-7), there was a characteristic
and rapid decrease in cell viability, distinct changes in cell
morphology and oligonucleosomal fragmentation. The
results suggest that chronic exposure of plant cells to
cadmium can trigger programmed cell death.

Key-words: apoptosis; cadmium; plant cell; oligonucleoso-
mal DNA fragmentation.

INTRODUCTION

Cadmium is a toxic metal with a long biological half-life,
and represents a serious environmental pollutant for both
animals and plants. As with other heavy metals, cadmium
is known to interact with proteins, influencing protein—
protein and protein—-DNA interactions (Freedman et al.
1988). Although cadmium has been shown to be a geno-
toxic metal, the molecular mechanism of cadmium toxicity
to plants is not well understood. In plants, cadmium is
known to inhibit seed germination and root growth
(Chakravarty & Srivastava 1992; Liu, Jiang & Li 1992),
induce chromosomal aberrations and micronucleus forma-
tion (Zhang & Xiao 1998) and cause faster wilting and a
grey-green leaf colour (Czuba & Kraszewski 1994).
Apoptosis is a physiological process that causes cells
to die in response to developmental and environmental

Correspondence: Miloslava Fojtovad. Fax: +420 5 41211293; e-mail:
fojtova@ibp.cz

© 2000 Blackwell Science Ltd

changes. In animals, cadmium-induced apoptosis has been
described in isolated bovine liver nuclei (Lohmann &
Beyersmann 1993), in mouse liver (Habeebu, Liu &
Klaassen 1998) and in human T cells (El Azzouzi et al.
1994). To our knowledge, there are no reports about
cadmium-induced apoptosis in plant cells. Plants are known
to activate apoptotic pathways:

(a) in specific developmental situations necessary for
growth and survival (Barlow 1982; Woodson ez al. 1992;
Pennell & Lamb 1997),

(b) as a hypersensitive response to the influence of
pathogen spread (Keen 1990; Greenberg 1996), and

(c) as a response to changes in environmental conditions
(Greenberg et al. 1994; Reyrson & Heath 1996;
Koukalova et al. 1997; Danon & Gallois 1998).

Apoptotic hallmarks are similar in animals and plants
(for review see Havel & Durzan 1996). In both cases, apop-
tosis is characterized by cell shrinkage, membrane blebbing,
re-organization of the cell nucleus and chromatin fragmen-
tation. At the DNA level, fragmentation occurs in two con-
secutive steps. The early stage of the apoptotic process is
characterized by fragmentation of the DNA into 50-200 kb
fragments resulting from cleavage of the matrix-attached
domains (Oberhammer et al. 1993; Walker & Sikorska 1994;
Walker, Padney & Sikorska 1995). In most cases, this
‘domain’ fragmentation is followed by cleavage of DNA
into nucleosomal linker regions yielding a typical DNA
ladder on conventional agarose gels (Wyllie 1980). It has
not been elucidated so far whether one or more enzymatic
activities participate in these processes (Sun & Cohen 1994;
Walker et al. 1995).

In this report we describe a study of cadmium-induced
changes in cell viability, morphology and DNA integrity in
tobacco suspension culture.

MATERIALS AND METHODS
Chemicals

CdSO, and fluorescein diacetate (FDA) were obtained
from Sigma (USA).

Cell culture

The tobacco bright yellow (TBY-2) cells (Nagata, Nemoto
& Hasezawa 1992) were propagated in standard liquid
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Murashige & Skoog (MS) media supplemented with
sucrose (3%, w/v), thiamine (1 g m™), KH,PO, (200 g
m~), myoinositol (100 g m~) and 2,4-dichlorophenoxy-
acetic acid (0-2 g m™) in 100 cm® Erlenmeyer flasks under
constant shaking (130 rev min~!) at 27 °C. Cell suspensions
at a density of about 3 million cells per cm® were then pas-
saged at 1:10 dilution into MS media with or without
CdSO,. Cells were collected at the time intervals indicated.

DNA isolation

Total DNA (< 50 kb) was isolated by a modified
cetyltrimethylammonium bromide method (CTAB)
(Saghai-Maroof et al. 1984). Lyophilized TBY-2 cells were
homogenized in liquid nitrogen. After chloroform—octanol
extraction, DNA was precipitated with isopropanol, dis-
solved and treated with RNase A (40 ug cm™) for 30 min
at 37 °C and treated with proteinase K (0-1 ug cm™) for 2 h
at 55 °C. After phenol-chloroform extraction, DNA was
precipitated with ethanol and dissolved in TE buffer
(10 mol m™ Tris—-HCI, 1 mol m~ EDTA, pH 8:0). DNA
concentration and purity were determined by measuring
absorbance at 260 and 280 nm, respectively.

High-molecular-weight (HMW) DNA for pulsed-field
gel electrophoresis (PFGE) were prepared from TBY-2
cells. About 3 million cells (1 mL of cell culture suspen-
sion) were gently centrifuged (1500 g for 2 min), and the
pellet was resuspended in MS medium and cooled on ice.
The cells were resuspended in homogenization buffer
(10 mol m™ 2[N-morpholino]ethanesulphonic acid (MES),
pH 5:6, 10 mol m™ NaCl, 5 mol m~ EDTA). To homoge-
nize the cells, about 10 glass beads (2 mm in diameter) were
added to the cell suspension and this was mixed well by vor-
texing (5 x 30 s) at 4 °C. The efficiency of homogenization
was monitored using a phase-contrast microscope. The
nuclei were centrifuged (5500 g, 4 °C, for 10 min, GS-15R
Beckman centrifuge), mixed with an equal volume of
molten 1-5% (w/v) low gelling temperature agarose in
400 mol m™ mannitol, 20 mol m~ MES, pH 5-6, and trans-
ferred to a mould. After solidification at 4 °C, agarose
blocks were transferred into a lysis buffer (500 mol m™
EDTA, pH 9-2, N-lauroylsarcosine (1%, w/v), 0-1 mg cm™
proteinase K, and incubated at 55 °C for 48 h.

Conventional and pulsed-field
gel electrophoresis

Genomic DNA (< 50 kb) was size-fractionated on 2%
agarose gels; gels were stained with ethidium bromide and
photographed.

High molecular weight (HMW) DNA was size-
fractionated on 1% agarose gel with the Gene Navigator
System (Pharmacia Biotech, Uppsala, Sweden) using
45 mol m~ Tris-borate, 1 mol m= EDTA, pH 80, as a
running buffer. The running conditions were as follows:
200V, pulse ramping time from 7, =5sto 7, =50 s, 10 °C,
24 h. After electrophoresis, the gel was stained with ethid-
ium bromide (1-0 ug cm™>) and photographed.

Southern blot hybridization

DNA was blotted onto a nylon membrane (Hybond XL,
Amersham, UK) and hybridized against the HRS60 probe.
The cloned 360 bp dimer of the HRS60 tandem repeated
sequence (Koukalov4 et al. 1989) was labelled by **P-dCTP
using a random priming method (DNA Labelling Kit,
MBI Fermentas, Vilnius, Lithuania). Hybridization was per-
formed according to standard protocol (Sambrook, Fritsch
& Maniatis 1988).

Cell morphology, estimation of cell viability

Cell morphology was monitored with a phase-contrast light
microscope (Carl Zeiss, Jena, Germany). Total cell counts
were determined manually and expressed as an average
from five independent counts.

Viable cell count was determined by the fluorescein diac-
etate (FDA) method combined with fluorescence intensity
measurements on a PhosphorImager (Storm, Molecular
Dynamics, Sunnyvale, USA) (Kovaiik & Fojtova 1999).
Briefly, cell suspensions at appropriate dilutions were
mixed with equal volumes of FDA reagent, prepared by
diluting stock solution (3 mg FDA/cm? of acetone) with MS
medium at 1: 200. After 5 min incubation at 25 °C, 20 mm?
drops were transferred onto a nylon membrane
(Hybond N, Amersham, UK) and air-dried. Fluorescence
signals were scanned with a blue-fluorescence laser channel
(excitation wavelength 450 nm) at a high resolution
(100 pixels) using a PhosphorImager. Signals were evalu-
ated with the ImageQuant program using an ellipse inte-
gration method, and viable cell counts were calculated from
the calibration curve (a linear plot of fluorescence units and
the number of viable cells).

RESULTS

Cadmium induces nucleosomal chromatin
fragmentation

TBY-2 cells were grown in the presence of 10, 50, 75, 100
or 1000 mmol m~—> CdSO, for 1 week. The cells were then
collected and extracted total DNA analysed by elec-
trophoresis on 2% agarose gel (Fig. 1). Exposure of cells
to cadmium lead to concentration-dependent changes in
DNA integrity. At 50 mmol m~ cadmium (lane 3), the frag-
mentation was most pronounced, forming a ladder of
evenly distributed bands. The 180 £ 5 bp periodicity cor-
responded to the tobacco nucleosomal repeat (Fig. 4).
Intact, non-degraded DNA was observed in lanes with
DNA extracted from cells cultivated in the presence of the
lowest (10 mmol m~2, Fig. 1, lane 2) and paradoxically the
highest (1000 mmol m~3, Fig. 1, lane 6) concentrations of
CdSO,.

Kinetics of DNA fragmentation and cell viability

Cell viability was measured for control and cadmium-
treated (50 mmol m— CdSQ,) cells during 7 d of cultiva-
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Figure 1. DNA fragmentation in TBY-2 cells after cadmium
treatment. DNA was isolated from control and cadmium-treated
cells after 7 d of cultivation and analysed by agarose gel
electrophoresis. Lane 1, control DNA; lanes 2-6, DNA from
cadmium treated cells; lane 2, 10 mmol m™ CdSOy; lane 3,

50 mmol m™ CdSOy; lane 4, 75 mmol m™ CdSOy; lane 5,

100 mmol m™> CdSOy; lane 6, 1000 mmol m— CdSO,; lane M,
DNA markers (lambda phage DNA/HindIII). The arrow
indicates the position of a 180 bp fragment.

tion. Viability was assayed in aliquots by FDA staining at
24 h intervals. The fluorescence was counted using a Phos-
phorImager (Fig. 2). For days 0-3, cadmium treated-cells
followed the same growth curve as control cells, suggesting
the absence of a direct cytotoxic effect of cadmium at this
concentration. However, on day 4, cell viability dramati-
cally decreased. Finally, on day 5, only 7% of cells were
viable, and essentially no viable cells were detected at day 7.
Data obtained from viable and total cell counts are sum-
marized in Table 1.

The morphology of cells cultivated for three days in
50 mmol m™ CdSO, did not significantly differ from that
of control cells (Fig. 3a). Longer incubation in cadmium,
however, resulted in a increased proportion of cells with
aberrant morphology (Fig. 3b). The most common pheno-
type was cells with condensed protoplasts and irregular
profiles, both being hallmarks of apoptosis (Havel &
Durzan 1996).

We were interested in a possible relationship between
cell viability and chromatin fragmentation. DNA integrity
was assayed in parallel with the cell viability test at 24 h
intervals (Fig. 4). It is evident that nucleosomal chromatin
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fragmentation started at day 5 of cadmium treatment
(lane 5), i.e. at the time when a considerable proportion of
the cell population were already FDA-negative and pre-
sumably dead.

Similar effects were observed for treatment of TBY-2
cells with 100 mmol m™ CdSOy; the cell viability began to
decrease at day 3, followed by DNA fragmentation at day 4.
When 1 mol m™ CdSO, was applied, only about 10% of
cells were viable after 24 h (Table 1).

Cadmium rapidly induces DNA breaks in
matrix-attached domains

Conventional electrophoresis did not show any DNA
degradation for the first 5 d following cadmium treatment.
Consequently, we wished to study the integrity of high-
molecular-weight DNA by pulsed-field gel electrophoresis.
HMW DNA was isolated from control and 50 mmol m=
CdSOy-treated cells at different intervals of cell culture fol-
lowing cadmium treatment. Figure 5a shows the ethidium
bromide-stained gel; Southern hybridization with the
HRS60 probe hybridizing to the sub-telomeric heterochro-
matin (Koukalova et al. 1989) is shown in Fig. 5b. The elec-
trophoretic profile of DNA isolated from cells treated with
cadmium for 24 h (lane 1) was indistinguishable from that
of control DNA (lane 0). Both DNAs showed only negligi-
ble PFGE mobility, suggesting the presence of intact DNA
(the majority of the signal was in the ‘compression zone’,
corresponding to DNA > 2 Mb). However, starting from
day 3, a significant fraction of molecules of 50-200 kb in size
was seen (Fig. 5a,b, lanes 3-5).

The distribution of radioactivity along each track was
graphically expressed to emphasize the changes in DNA
integrity (Fig. 6). The compression zone (the left peak) con-
tains HMW DNA (> 2 Mb). From day 3, the amount of
radioactivity in the compression zone decreased and the
peak of radioactivity was shifted to the region of 50—
200 kb, indicating fragmentation of sub-telomeric HRS60
heterochromatin.

Table 1. Viable cell counts in control and cadmium-treated
TBY-2 cell culture

Day

Cadmium concentration

(mmol/m?) 0 1 2 3 4 5 7
— 04 08 11 19 32 48 52
10 04 08 11 18 33 50 53
50 04 06 11. 15 05 01 O
100 04 06 10 04 02 O 0
1000 04 03 0 0 0 0 0

On each day of incubation, viable cell count was determined by
FDA staining combined with measurement of intensity of fluores-
cence on the PhosphorImager. Cell counts are presented in mil-
lions per cm®. Day 0, cell counts at the beginning of the experiment.
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(@)

control cells

days after passage

50 mmol m-3
CdS0O4
treated cells

viable cell count
(in millions per mL)

days after passage

DISCUSSION

In their natural environment, plants are exposed to
cadmium, a frequent soil pollutant. Furthermore, cadmium
is a major industrial pollutant influencing many plant and
animal communities. Therefore, a deeper understanding of
the mechanism of cadmium toxicity is important.

Here we report cadmium-induced apoptotic changes in a
tobacco cell culture. Cells grown for 1 week in the presence
of 50-100 mmol m= CdSO, exhibited oligonucleosomal
DNA fragmentation associated with cell death. The lowest
cadmium concentration used (10 mmol m~>) had no effect
on cell viability or DNA integrity, while 1000 mmol m™
CdSOy killed cells rapidly without chromatin fragmenta-
tion. Thus it seems that the cytotoxic effect of cadmium
involves at least two mechanisms of cell death depending
on the concentration used. Rapid death of cells at the
highest cadmium concentration without apparent DNA
degradation suggested necrosis as a cause of cell death. By

Figure 2. Cell viability of TBY-2 cells grown in the presence of
50 mmol m~> CdSO,. (a) PhosphorImager scans of control and
cadmium-treated cells stained by fluorescein diacetate. Aliquots
of the cell culture were diluted and stained with FDA at 24 h
intervals. Cells were spotted onto nylon membrane, air dried and
a fluorescence image was obtained. (b) Time dependence of
viable cell count. (O) control. (@) 50 mmol m~ CdSO,. The data
were obtained by integration of fluorescence signals (a). Cell
numbers were calculated from a calibration curve.

contrast, 50-100 mmol m~> cadmium triggered an apoptotic
pathway, demonstrating a true genotoxic effect of this metal
on plant cells.

The occurrence of DNA fragmentation in the presence
of cadmium has been well documented in human cells (El
Azzouzi et al. 1994; Habeebu et al. 1998). However, dif-
ferences between plant and animal cells in response to
cadmium can be distinguished:

(a) in tobacco cells, apoptosis-inducing concentrations
were about 10-fold higher than in animal cells,

(b) cell necrosis in tobacco cell culture was observed at a
cadmium concentration that was 20-fold higher than in
lymphocyte culture, and

(c) inlymphocyte culture, oligonucleosomal fragmentation
preceded a decrease in cell viability, while in TBY-2
cells DNA ladders appeared when about 90% of cells
were already dead (defined by FDA fluorescence).

Another difference between tobacco and animal cells

© 2000 Blackwell Science Ltd, Plant, Cell and Environment, 23, 531-537



Figure 3. Morphology of TBY-2 cells. Morphology changes
were monitored using phase-contrast light microscopy.

(a) Control cells; (b) cells maintained in the presence of

50 mmol m™ CdSOy for 5 d. Note the irregular profiles of
cadmium-treated cells with condensed protoplasts. Bar = 50 um.

concerns the kinetics of apoptosis. E1 Azzouzi et al. (1994)
reported death of lymphocyte cell lines almost immediately
after addition of cadmium. On the other hand, TBY-2 cells
completed almost two rounds of the cell cycle (Table 1)
before rapid cell death at day 4. The fact that tobacco cell
cultures tolerated higher concentrations of cadmium com-
pared to animal cells suggests that plant cells possess an
efficient mechanism to cope with limited exposure to rela-
tively high concentrations of cadmium. Possibly activation
of protective metallothioneins could account for the
observed short-term resistance. In carrot cell culture, selec-
tion of metal-resistant cells was observed (Ojima & Ohira
1983). However, this was not the case with TBY-2 since
longer exposures to cadmium lead inevitably to cell death
and DNA fragmentation. Application of 50 mmol m™
CdSO, to seeds completely prevented germination, sug-
gesting the apoptotic changes might also occur in plant
tissue (not shown). Adaptation processes, however, cannot
be excluded under the lowest concentration of cadmium
(10 mmol m~).

What might be the mechanism of the apoptotic process

© 2000 Blackwell Science Ltd, Plant, Cell and Environment, 23, 531-537
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triggered by cadmium in cell culture? The oligonucleoso-
mal ladders were correlated with about 20% and 0%
cell viability at days 5 and 7 of cadmium treatment
(50 mmol m~), casting doubts that the primary effect of
cadmium is nucleosomal cleavage. It is likely that the
oligonucleosomal fragmentation in TBY-2 cells is merely a
consequence of cell death rather than its direct cause. The
decrease of viable cell counts occurred relatively late after
cadmium administration. Early intervals of cadmium treat-
ment (up to day 3) did not have any apparent effect on cell
morphology and growth. The dynamics of cell death suggest
that, with moderate doses of cadmium, genetic and epige-
netic changes accumulate to reach a threshold beyond
which the apoptotic pathway is triggered. At the molecular
level, we were able to detect double-strand breaks at early
intervals following cadmium treatment, while the cell
culture behaved ‘normally’ with respect to growth, viability
and cell morphology. The shift from > 2 Mb to 50-200 kb
DNA fragments from day 3-5 of incubation with cadmium
indicated that double-strand breaks became more frequent
after prolonged exposure to cadmium. Most fragments
occurred in the 50-200 kb region, suggesting cleavage of
phosphodiester bonds at matrix attachment regions and
fractionation of chromatin into chromatin domains. Thus,
nucleosomal fragmentation and cell death is clearly pre-
ceded by fragmentation of chromatin into chromatin
domains (loops). It has been reported that the matrix

DAYS

0123457 M

pb

736
552

368

184

Figure 4. Time dependence of oligonucleosomal DNA
fragmentation. TBY-2 cells were grown in the presence of

50 mmol m= CdSO, for up to 7 d. Cells were harvested at the
indicated time intervals and extracted DNA was analysed by
conventional agarose gel electrophoresis. The duration of
cadmium treatment is indicated above each lane; lane M, tobacco
chromatin digested with micrococcal nuclease.
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attachment sites are in a close contact with topoiso-
merase II enzyme (Gromova, Thomsen & Razin 1995;
Laemmli et al. 1995) whose inhibition, e.g. by denaturation
of enzyme molecules, results in selective cleavage of DNA
into domains (Sander & Hsieh 1983; Liu 1989). Moreover,
the activity of topoisomerase II was shown to be sensitive
to thiol-reactive compounds (Frydmann et al. 1997). Since
divalent cadmium ion possesses high affinity towards sul-
phydryl groups, we speculate that cadmium may inhibit
topoisomerase II or some enzyme modulating topoiso-

a M 0 1 3 4 5 DAYS

kb

— 2000

‘ o
— 50

Figure 5. Pulsed-field gel electrophoresis of high-molecular-
weight DNA isolated from control and cadmium-treated cells.
TBY-2 cells were grown in the presence of 50 mmol m— CdSO,
for the time intervals indicated. DNA was run on an agarose gel
under conditions enabling separation of fragments of 50-2000 kb
in size, and stained with ethidium bromide (a).To detect
fragmentation in a defined sequence, DNA was blotted onto a
nylon membrane and hybridized against the HRS60 probe (b).
Lane M, DNA marker (lambda phage DNA concatemers).
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Figure 6. Densitometric scanning of radioactive signals along
the electrophoretic tracks. Radioactivity in tracks (Fig. 5b) was
scanned using a Phosphorlmager and processed with the
ImageQuant program. Molecular weights of fragments are
indicated by arrows. x axis, distance from the start (mm); y axis,
radioactivity counts

merase II activity, leading to DNA breakage. The extent of
DNA damage may be critical for triggering of the apoptotic
pathway.

In conclusion, we show that the genotoxic properties of
cadmium in plant cells are manifested by directed chro-
matin fragmentation. The ‘domain’ and oligonucleosomal
DNA fragmentation are clearly separated by relatively long
time intervals, making the TBY-2 cells a convenient model
for molecular studies of individual apoptotic steps.
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Abstract

It has been shown previously that apoptosis of
tobacco cells induced by cadmium ions shows a rela-
tively long lag period between exposure and cell
death. This lag phase lasts for 3 d in TBY-2 cell
cultures and is characterized by the maintenance of
full cell viability despite extensive fragmentation of
DNA into pieces of chromatin loop size. Experiments
reported here demonstrate that cell death can be pre-
vented if 50 uM CdSO, is removed from the growth
medium during the lag phase, suggesting that an
irreversible apoptotic trigger is delivered within 24 h,
between the third and fourth days of cadmium treat-
ment. The post-cadmium recovery phase was charac-
terized by DNA repair at the level of 50-200 kb and
increased telomerase activity. Analysis of high-mol-
ecular-weight DNA by pulsed-field-gel electrophor-
esis revealed that the majority of DNA strand breaks
was repaired within 48 h after cadmium withdrawal.
Telomerase activity increased 2.5-fold in the recovery
phase, but elevated levels were also found in cell
extracts from apoptotic cells suggesting that telomer-
ase might be associated with DNA repair, but it is not
capable of inhibiting ongoing apoptosis. Limited
exposure of TBY-2 cells to cadmium elicits non-ran-
dom DNA damage of relatively high magnitude that
can be repaired. It is proposed that plants might have
developed a highly efficient DNA repair system to
cope with transient genotoxic stress.

Key words: Apoptosis, cadmium, DNA  domain

fragmentation, telomerase, tobacco BY-2 cells.

Introduction

Cadmium is a known carcinogen and represents a serious
environmental problem for both humans and animals
(Freedman et al., 1988). Although cadmium is a genotoxic
metal, the molecular basis of cadmium genotoxicity is not
well defined. In mammalian cells, cadmium enhances the
mutagenicity of UV light, suggesting its interference with
DNA repair processes and the activity of detoxifying
enzymes (reviewed in Beyersmann and Hechtenberg,
1997; Hartwig, 1994). In plants, cadmium induces a
number of genome-related changes including chromo-
somal aberrations (Zhang and Xiao, 1998), decrease of
mitotic index in root cells (Zhang and Yang, 1994), and
abnormalities in nucleolar structure (Jiang et al., 1994,
Zhang and Yang, 1994). At the biochemical level, the
accumulation of oxidized proteins and lipid peroxides was
observed in pea upon cadmium stress (Sandalio et al.,
2001).

Apoptosis in plants occurs in response to pathogens
(Keen, 1990) and to changes in environmental conditions.
Typical DNA fragmentation and changes in the morph-
ology of nuclei were observed during temperature stress
(Koukalova et al., 1997; McCabe and Leaver, 2000), after
UV-irradiation (Danon and Gallois, 1998) and after
exposure to chemicals and toxins (Wang et al., 1996).
Apoptosis of tobacco cells, manifested by chromatin
condensation and DNA fragmentation after exposure to
chemicals (salicylic acid, okadaic acid, hydrogen peroxide,
campthotecin), can be reversible during the early stages
following the removal of the inducing agent (O’Brien et al.,
1998). DNA lesions induced by ongoing apoptosis may
represent an abundant substrate for healing by telomerase,

3 To whom correspondence should be addressed. Fax: +420 5 41211293. E-mail: kovarik @ibp.cz
Abbreviations: dNTP, deoxynucleotide triphosphate; DTT, 1,4,-dithio-DL-threitol; FDA, fluorescein diacetate; Mb, megabase; MES, 2[N-morpholino]etha-
nesulphonic acid; MS medium, Murashige and Skoog medium; PFGE, pulsed-field-gel electrophoresis; Topoll, topoisomerase Il; TRAP, telomere repeat

amplifcation protocol.
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and a number of reports from the animal kingdom are
consistent with this theory (Leteurtre et al., 1997; Hande
et al., 1998). To date, the up-regulation of telomerase in
response to DNA damaging agents has not been reported in
plants.

In a previous paper on cadmium sulphate-triggered
apoptosis in tobacco BY-2 cells (Fojtova and Kovarik,
2000), the most striking observation was the relatively
late onset of cell death upon exposure to 50 uM
CdSOy. During the first 3 d of cadmium treatment, cell
proliferation and morphology were similar to non-
treated cells. On the third day, DNA cleavage into
units 50-200 kb in length, termed as domain fragmen-
tation, was observed and prolonged exposure (4—7 d)
led to a rapid decrease of cell viability and further
degradation of DNA to oligonucleosomal units. Thus,
in TBY-2 cells, the domain and oligonucleosomal DNA
fragmentation are separated by at least 24 h and this
experimental system can be used to study the kinetics
of domain DNA fragmentation in plant apoptosis.

Here the focus is on the reversibility of cadmium-
induced DNA fragmentation during the first 3 d of
cadmium treatment and on DNA repair processes taking
place after the removal of Cd** ions. A relationship
between recovery of genome integrity and telomerase
activity is demonstrated.

Materials and methods

Chemicals

CdSO, and fluorescein diacetate were obtained from Sigma (USA),
[*C]thymidine (specific activity 4 MBq ml™!) from UVVVR (Czech
Republic).

Cell culture and cadmium treatment

The tobacco bright yellow (TBY-2) cells (Kato et al., 1972) were
grown in standard liquid Murashige and Skoog (MS) medium
supplemented with sucrose (3%, w/v), thiamine (1 mg 1!), KH,PO,
(200 mg 1Y), myoinositol (100 mg 17!) and 2,4-dichlorophenox-
yacetic acid (0.2 mg 1"!) in 100 ml Erlenmeyer flasks at 27 °C with
shaking at 120 rev min~'. The cells were regularly subcultured twice
a week.

For cadmium stress studies, the cells at a density of about 3
millions cells mI™' were subcultured at dilution of 1:10 into MS
medium with CdSO, (final concentration 50 uM). After 3d and 4 d
of cultivation, respectively, cells were extensively washed with MS
medium and further cultivated without cadmium sulphate for 1-4 d,
defined as the post-cadmium phase.

In double strand break induction/rejoining experiments, the DNA
was metabolically pre-labelled with ['4C] thymidine as follows:
about 3X10° of TBY-2 cells were cultivated in 10 ml of MS medium
containing 0.4 MBq of ['“C]thymidine for 3 d. The incorporated
[14C]thymidine was measured in a B-scintillation counter Wallac
1410 (LKB, Pharmacia) after DNA precipitation with trichloroacetic
acid. Typically, incorporated radioactivity reached a plateau (0.2—
1.0 dpm per cell) after 24 h when about 50% of the total had been
incorporated.

Analysis of high-molecular-weight DNA

Cells from about 3 ml of TBY-2 cell suspension culture were
lyophilized at —20 °C, then homogenized in liquid nitrogen and
immediately resuspended in a buffer containing 10 mM 2[N-
morpholino]ethanesulphonic acid (MES), pH 5.6, 10 mM NacCl, and
5 mM EDTA. The suspension was mixed with an equal volume of
molten 2% (w/v) low melting temperature agarose in 0.4 M
mannitol, 20 mM MES, pH 5.6 and transferred to a mould. Agarose
blocks were incubated in a lysis buffer (0.5 M EDTA, pH 8.0, 1%
(w/v) N-lauroylsarcosine, 0.1 mg ml™! proteinase K) at 55 °C for
2X24 h and stored in 0.5 M EDTA. The DNA was analysed within 1
week to avoid diffusion of low molecular weight fragments.
Electrophoresis was performed on the Gene Navigator System
(Pharmacia Biotech, Sweden) using 1% agarose gel in 45 mM Tris-
borate, ] mM EDTA, pH 8.0. The running conditions (pulse ramping
time from 5 s to 50 s, voltage 200 V, temperature 10 °C, time 24 h)
enabled separation of fragments between 50-1000 kb in size. After
electrophoresis, gels were stained by ethidium bromide and photo-
graphed. Gels containing ['*C]thymidine-labelled DNA were blotted
onto a nylon membrane, exposed to a screen and scanned using a
Phosphorlmager STORM 860 (Molecular Dynamics, USA).

Southern blot hybridization

DNA separated on pulsed-field-gel electrophoresis (PFGE) was
blotted onto nylon membranes (Hybond XL, Amersham Pharmacia
Biotech, UK) and hybridized with the 360 bp dimer of the
subtelomeric tandem repeated sequence HRS60 (Koukalova et al.,
1989) labelled with 3?P-dCTP by random priming (DNA Labelling
Kit, MBI Fermentas, Lithuania) according to a standard protocol
(Sambrook et al., 1988). The radioactive signals were visualized
using a Phosphorlmager and analysed by ImageQuant software
(Molecular Dynamics, USA).

Estimation of total and viable cell count, studies of nuclei
morphology

Total cell counts were determined manually in Burker chamber
using phase-contrast light microscope (Carl Zeiss, Jena, Germany).
Counts of viable TBY-2 cells were determined by fluorescein
diacetate staining followed by evaluation of fluorescence of living
cells using the blue-fluorescence mode of a Phosphorlmager
STORM (Kovarik and Fojtova, 1999). Briefly, diluted cell suspen-
sions were mixed with equal volumes of FDA reagent, prepared by
diluting stock solution (3 mg FDA ml™! of acetone) with MS medium
at 1:200. After 5 min incubation, 20 pl drops were transferred onto a
nylon membrane (Hybond XL) and dried. Fluorescence signals were
scanned with a blue fluorescence laser channel (excitation wave-
length 450 nm) at a high resolution (100 pixels) using a
PhosphorImager. Signals were evaluated with an ImageQuant
program using an ellipse integration method, viable cell counts
were calculated from the calibration curve (a linear plot of
fluorescence units and the number of viable cells determined
manually by fluorescence microscopy).

The morphology of nuclei was studied by fluorescence micro-
scopy using cells fixed in a Carnoy’s fixative (methanol:acetic acid,
3:1), transferred onto microscope slides, stained with Hoechst 33258
(1 pug mlI™") for 10 min, and destained in distilled water. Blue
fluorescence was visualized using an epifluorescence microscope
Olympus AX 70 with image capture and processing; image analysis
was performed by the ISIS program (Metasystems, Germany).

Preparation of cell extract for telomerase assay

Cell extracts from TBY-2 cells was prepared as described previously
(Fitzgerald et al., 1996). Approximately 0.25 g of lyophilized cells
were ground in liquid nitrogen, suspended in 1 ml of buffer W (50
mM Tris-acetate pH 7.5, 5 mM MgCl,, 100 mM potassium



glutamate, 20 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 0.6 mM
vanadyl ribonucleoside complex (NEB), 1.5% (w/v) polyvinylpyr-
rolidone, 10% glycerol) and centrifuged at 16 000 g for 15 min at
4 °C. The supernatant was supplemented with PEG 8000 (Sigma) to
a final concentration of 10%, stirred for 30 min at 4 °C, and
centrifuged at 20 000 g for 5 min at 4 °C. The pellet was resuspended
in 250 ul of buffer W for 30 min on ice and centrifuged at 20 000 g
for 2 min at 4 °C. The supernatant was stored at —70 °C until use. The
concentration of total protein in cell extracts was determined
according to Bradford (Bradford, 1976).

Telomerase assay

Telomerase was assayed using a modified plant version of the
telomere repeat amplification protocol (TRAP) (Fitzgerald et al.,
1996; Fajkus et al., 1998). In the first step of the assay, telomerase
adds a number of telomeric repeats (GGTTTAG) onto the 3" end of a
substrate oligonucleotide. In the second step, the extended products
are amplified by PCR using the substrate and reverse primers,
generating a ladder of products with seven base increments. Assay
buffer contained 50 mM Tris-acetate, pH 8.3, 50 mM potassium
glutamate, 0.1% Triton-X-100, 1 mM spermidine, 1 mM DTT,
50 uM of each dNTP, 5 mM MgCl,, 10 mM EGTA, and 100 pg ml™!
BSA. The primer 47F (5'-CGCGGTAGTGATGTGGTTGTGTT-3")
was denatured for 5 min at 95 °C and cooled on ice prior to addition
to reactions. The reaction mixture, composed of telomerase assay
buffer (45.5 ul), 10 pmol of primer 47F and cell extract, was
incubated at 26 °C for 45 min in a thermocycler. Controls for false-
positive results were run in parallel using heat-treated extracts (94
°C, 10 min). Elongation was terminated by heating the reaction
mixture at 94 °C for 10 min and 10 pmol of TP primer (5'-
CCGAATTCAACCCTAAACCCTAAACCCTAAACCC-3’) and 2
units of DyNAzyme II DNA polymerase (Finnzymes, Finland) were
added immediately to each reaction at 80 °C. The extension products
were amplified by 35 cycles of PCR (94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 45 s), followed by a terminal extension step (72 °C for
5 min). The products were separated on a 12.5% polyacrylamide gel
which was stained with SYBR Green I (Molecular Probes) and
scanned on a Phosphorlmager STORM in a blue fluorescence mode
and the resulting product ladder bands (see above) were quantified
using ImageQuant software in each sample. The activity of each
sample was then expressed as the percentage telomerase activity
with respect to the activity found at the corresponding protein
concentration in control cells (cultured in the absence of cadmium).

Results

Early cadmium removal may prevent apoptosis

Previous reports indicated that the death of TBY-2 cells
occurs only after 4 d of exposure to 50 uM cadmium
sulphate (Fojtova and Kovarik, 2000). Here the aim was to
find out whether the removal of cadmium after different
intervals of treatment would prevent apoptosis. In order to
determine the point of reversibility, defined as the
maximum time interval beyond which cell damage reaches
a critical threshold inevitably leading to death, cells were
treated with 50 uM CdSOy for 3 d or 4 d, respectively, then
washed and subcultured for up to 4 d in cadmium-free
medium. Viable (Fig. 1) and total cell counts were
determined and expressed as a ratio (Table 1). TBY-2
cells growing in the presence of the cadmium sulphate for
up to 3 d displayed full viability (Table 1). Immediately
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after transfer to cadmium-free medium, the growth slowed
slightly, but then recovered to the control rate (Fig. 1). On
the other hand, cells exposed to cadmium for 4 d showed
only ~30% viability and viability fell to zero after transfer
to cadmium-free medium. This indicated that the changes
during the first 3 d of cadmium treatment were fully
reversible, while more extended exposure led inevitably to
cell death even after the removal of the stress factor.
Similar results were obtained in three independent experi-
ments.

Repair of double strand DNA breaks after cadmium
removal

The preapoptotic phase of cadmium treatment was
accompanied by DNA fragmentation into chromatin
loops 50-200 kb in length (Fojtova and Kovarik, 2000).
Next it was determined whether this initial DNA damage
was repaired during the recovery phase described above.
Pulsed-field-gel electrophoresis was used to analyse high-
molecular-weight DNA from cells treated with 50 pM
CdSO, for 3 d and from a post-cadmium culture (Fig. 2A).
On day 3 of the cadmium treatment (lane 2), and 24 h after
cadmium removal (lane 3), DNA migrated at the gel front
as a smear of unresolved fragments 50-200 kb in length
indicating the severe breakdown of genomic DNA.
Starting from day 2 following cadmium removal, the
signals were shifted to higher molecular weight fractions
(Fig. 2A, lanes 4, 5) and on the 4th day of the post-
cadmium period, most DNA migrated in the compression

-0~ control untreated culture
-+ 3-days cadmium culture
- 4-days cadmium culture

viable cell count (in millions per mi)

" T r S T £
0 05 1 15 2 25 3 35 4

days after transfer to Cd-free medium

45

Fig. 1. Growth of TBY-2 cells in post-cadmium phase. The cells were
grown with 50 uM CdSOy for 3 d or 4 d, respectively, and transferred
into cadmium-free medium for a further 4 d. A viable cell count was
determined for each time point interval by a fluorescence method
described in Materials and methods. The results represent the mean of
three independent experiments.
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Table 1. Viability of TBY-2 cells recovered from cadmium stress

Cells were exposed to 50 uM CdSO, for 3 d and 4 d, respectively, then transferred to cadmium-free medium and cultivated for 4 d. Viability is

expressed as a ratio between viable and total cell counts.

Cadmium exposure

Recovery phase (days following cadmium removal)

0 1 2 3 4
0d 0.88 0.88 0.92 0.93 0.96
3d 0.88 0.8 0.84 0.93 0.88
4d 0.28 0.02 0 0 0
and non-treated cells was separated by PFGE and trans-
A B

Fig. 2. Analysis of high-molecular weight DNA by PFGE. Cells were
grown for 3 d in the presence of 50 pM CdSO, and transferred into
cadmium-free medium for another 4 d. High-molecular-weight DNA
was prepared and analysed by PFGE. (A) Stained with ethidium
bromide; (B) hybridized with the subtelomeric probe HRS60. Lane 1,
control DNA; lane 2, 3 d with cadmium sulphate; lanes 3, 4, 5, 1, 2 or
4 d, respectively, after removal of cadmium sulphate; lane M, DNA
marker (lambda phage DNA concatemers).

zone (about 1 Mb in length) (lane 5). Subsequent Southern
hybridization with the subtelomeric probe HRS60 (Fig. 2B)
or with telomeric probe (not shown) revealed similar
patterns.

The extensive domain fragmentation of DNA and the
virtual absence of dead cells in preapoptotic and post-
cadmium phases suggest that restoration of DNA integrity
during the post-cadmium period was caused by a repair
process, rather than by selection of a rare subpopulation of
cells with non-fragmented DNA. In order to demonstrate
that double strand breaks are rejoined, cellular DNA was
prelabelled with ['*C]thymidine during cadmium treat-
ment, then the cells were washed and incubated in
cadmium-free medium for 1, 2 or 3 d. An increase of
incorporated label was not observed during the post-
cadmium period showing the effective removal of free
[14C]thymidine (not shown). DNA from cadmium-treated

ferred to a nylon membrane which was exposed to a
Phosphorlmager screen for 60 d. DNA from non-treated
cells migrated to the high-molecular-weight region (Fig. 3,
lane 5). As expected, after 3 d with 50 uM CdSO, most
DNA was in the 50-200 kb region at the gel front (lane 1).
The removal of cadmium resulted in a shift of the
radioactive DNA towards a higher molecular weight
after 2 d, when a band in the compression zone (>1 Mb)
became visible (lane 3) and its intensity increased after 3 d
(lane 4). Thus, recovery of TBY-2 cells from cadmium-
induced genotoxic stress is accompanied by the repair of
double strand DNA breaks.

Recovery of genome integrity is accompanied by an
increase in telomerase activity

Broken chromosomes become highly unstable and fuse
with other broken chromosome ends which leads to overall
genomic instability. This may be prevented by ‘healing’
which involves the addition of telomere sequences at the
breakpoints by telomerase (reviewed in Gill and Friebe,
1998). To resolve whether telomerase participates in the
recovery from the genotoxic stress imposed by cadmium,
telomerase activity was monitored in the course of
cadmium sulphate treatment and the post-cadmium
phase; serial dilutions of nuclear extracts from each
phase of the experiment were used for TRAP assays. The
final values of relative telomerase activity (see Materials
and methods) were then calculated as an average of 5-7
values obtained at individual extract concentrations for
each time-point. A remarkable increase in telomerase
activity was detected during the phase of recovery from
cadmium sulphate treatment (Fig. 4C, D, E), reaching a
maximum (234% of the activity in control cells) on the
second day of the recovery phase (Fig. 4D; and day 5 of the
experiment II in Fig. 5), and falling slightly below the
normal level on the fourth day of the recovery phase (see
Fig. 4F and day 7 of the experiment II). A small increase in
telomerase activity could be observed in cells treated with
cadmium for 3 d (Fig. 4B) or 4 d (beyond the ‘point of
reversibility’)—see Fig. 5, days 3 and 4 of experiment I.
The addition of 50 uM CdSO, to the TRAP reaction
mixtures did not affect the assay, suggesting that the



presence of cadmium itself does not directly influence
telomerase activity either positively or negatively (not
shown). These observations suggest that telomerase par-
ticipates in the genotoxic-stress-response and, together

1 2 3 4 5§
kb

@ — >1000
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'l.' a:

Fig. 3. End-joining of strand breaks in ['“C]thymidine-labelled DNA.
TBY-2 cells were grown in the presence of ['*C]thymidine with or
without 50 uM CdSOy for 3 d. After the removal of cadmium ions
and radioactive thymidine, the cells were cultivated in MS medium for
another 1, 2 or 3 d. High-molecular-weight DNA was prepared at the
indicated times. After separation by PFGE, DNA was blotted onto a
nylon membrane which was scanned using a PhosporImager STORM.
Lane 1, DNA from cells exposed to cadmium for 3 d; lanes 2, 3, 4,
DNA extracted from cells after 1, 2 or 3 d following the removal of
cadmium, respectively; lane 5, control DNA.
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with DNA polymerases, is involved in the re-establishment
of genome integrity.

Discussion

A previous report indicated that apoptosis induced by
cadmium ions in TBY-2 cell cultures can be dissected into
a relatively long initial phase lasting for 3 d, followed by
cell death associated with oligonucleosomal fragmentation
of DNA (Fojtova and Kovarik, 2000). It is shown here that
death is prevented if cadmium is removed from the
medium during the initial phase. Since on day 4, viable
cells could not be recovered even after removal of 50 uM
cadmium, the critical phase of this type of apoptosis is
limited to about 24 h between days 3 and 4 of cadmium
treatment, when a cell death signal is irreversibly triggered
and DNA degradation is manifested.

The progressive breakdown of high-molecular-weight
DNA has been regularly observed during the initial phase.
In these experiments, it was not possible to detect
significant amounts of intact DNA of >1 Mb after 3 d of
cadmium treatment suggesting that most cells possessed
severely damaged DNA. During the first 24 h of the post-
cadmium phase, the DNA was still significantly frag-
mented, but after 48 h it showed a dramatic shift towards
higher molecular weight and after 4 d most DNA was of >1
Mb in length. This suggests that DNA repair mechanisms
were activated in the post-cadmium phase. To demonstrate
directly that ligation of breaks had indeed occurred in vivo,
pulsed-field-gel-electrophoresis was used to show that, in
the post-cadmium phase, the average size of the '*C-
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Fig. 4. Changes in telomerase activities in response to cadmium-induced genotoxic stress. Protein extracts from cadmium sulphate-treated and
control cells were analysed for telomerase activity by the TRAP assay using dilutions containing 1000, 500, 250, 100 ng or 10 ng of total protein
(lanes 1-5 in each panel, respectively). Lane 0, no cell extract; lanes TD, as lane 1 but using thermally-denatured telomerase. (A) Telomerase
activity in control cells; (B) cells exposed to cadmium sulphate for 3 d; (C, D, E, F) cells after 1, 2, 3 or 4 d following the removal of cadmium,

respectively.
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Fig. 5. Dynamics of telomerase activity in cell extracts during
cadmium and post-cadmium period. TBY-2 cells were treated with 50
UM CdSO,. Telomerase activity was determined in protein extracts at
indicated time intervals. Relative telomerase activity was expressed as
percentage of activity with respect to control non-treated cells. Exp I,
4 d treatment with cadmiumwithout recovery phase. At day 4
apoptotic phenotype was already manifested leading irreversibly to
cell death (Fig. 1). Exp II, 3 d treatment with cadmium_ followed by 4
d recovery in Cd-free medium.

thymidine-labelled DNA molecules increased markedly
compared to the initial apoptotic phase. Gorbunova and
Levy (1997) recently reported end-joining of transfected
plasmid DNA in tobacco cells. Thus, end-joining of double
strand breaks may significantly contribute to the recovery
of plant cells from the temporal genotoxic stress. The DNA
cleavage patterns accompanying cadmium stress clearly
differed from those observed after gamma irradiation of
cells (Hall ef al., 1992). While in the latter study the sizes
of the DNA fragments were randomly distributed, these
results are most consistent with targeted fragmentation into
chromatin loops of 50-200 kb. This conclusion is
supported by the similarity between the size of ‘pre-
apoptotic’ DNA fragments and that of fragments obtained
after treatment of maize protoplasts with VM-26, an
inhibitor of topoisomerase II (Topoll) (Espinas and
Carballo, 1993). Topoll sites frequently (but not always)
co-localize with matrix attachment regions (Gromova
et al., 1995). Hence, Topoll and/or other nuclease sensitive
sites in chromatin could be primary targets of the cadmium
genotoxicity.

Telomerase could be considered as a key enzyme in
maintaining chromosomal integrity (reviewed in
Blackburn, 2000). In this study’s experiments, the max-
imum increase of activity of telomerase was found in the
48 h interval of a post-cadmium phase. Interestingly, over
this interval the intensive repair of double strand breaks
was observed. Correlative evidence for a link between the
end-joining of double strand breaks and telomerase was
thus obtained. Presumably, the recovery of cells from
cadmium stress requires multiple enzyme activities
involved in the re-establishment of genome integrity. It

will be interesting to examine whether the activation of
telomerase would also occur in other systems that involve
increased DNA repair, for example, after UV irradiation.
The weakly elevated levels of telomerase activity were
found in extracts from cells in the apoptotic phase (day 4 in
cadmium). Since about 70% of cells are already dead at
this stage, this activity may originate from the remaining
viable cells that might contain high enzyme activity.
Nevertheless, activated telomerase cannot inhibit the
apoptosis already initiated between days 3 and 4 of
cadmium treatment (Fig. 1). Although tobacco contains
exceptionally long telomeres (Fajkus et al., 1995), the
double strand breaks occurring in telomeric or subtelo-
meric regions (not shown and Fig. 2B) might result in short
telomeres or chromosomes without telomeres. Possibly,
active telomerase helps even very short telomeres to be
functionally capped.

Perhaps the most interesting aspect of cadmium stress is
the relationship between cell viability and the extent of the
DNA damage. The initiation stage and the early post-
cadmium phase are characterized by extensive DNA
cleavage into chromatin loops. In most animal systems,
once this type of fragmentation is initiated, cell death and,
in some cases, oligonucleosomal fragmentation inevitably
occur (Huang et al., 1995). However, TBY-2 cells
remained fully viable and oligonucleosomal fragmentation
did not appear in the post-cadmium phase (not shown). The
morphology of cell nuclei at day 3 of cadmium treatment
did not show significant condensation of chromatin; in
fact, the nuclear volume was slightly larger than controls
(Fig. 6), which could indicate the arrest of cells in the G2
phase or a certain degree of aneuploidy. How can the
observed severe DNA fragmentation be explained in the
context of full cell viability? A trivial explanation is that
the DNA became fragmented in the course of its prepar-
ation. But this possibility is considered unlikely. Domain
fragmentation of DNA from lymphocytes was only seen
under conditions of low EDTA concentration (Szabo and
Bacso, 1996), whereas here all buffers contained 0.5 M
EDTA. Moreover, DNA from control cells prepared in
parallel did not show the fragmentation and elevation of
telomerase activity correlated with end-joining of double
strand breaks. The interpretation that fragmentation of
high-molecular-weight DNA into 50-200 kb pieces repre-
sents a reparable DNA damage in transient cadmium stress
is favoured. Saturation of DNA repair enzymes with
prolonged genotoxic stress could lead to the activation of
apoptotic signals sensing the ‘irreparable’ DNA damage.
This assumption is strengthened because the addition of
100 uM cadmium shortened the initial preapoptotic period
of cadmium tolerance to about 48 h (Fojtova and Kovarik,
2000). As in other studies that use DNA-damaging drugs to
induce apoptosis, it is difficult to separate breaks intro-
duced by treatment from those that represent the initial
breaks of apoptosis. Possibly, the cleavage of DNA to
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Fig. 6. Morphology of nuclei of cadmium-treated cells. TBY-2 cells
grown with 50 pM CdSO, for 3 d were fixed, stained with Hoechst
33258 and visualized by epifluorescence microscopy. About 200
nuclei from each sample were examined. Approximately 10% of
cadmium-treated cells contained enlarged nuclei (indicated by arrow).
(A) control; (B) cells exposed to 50 uM CdSO, for 3 d. Bar=50 um.

50-200 kb fragments could represent a regular phase of the
apoptotic pathway (Oberhammer et al., 1993). In this
context the reversibility of the early stages of apoptosis
induced with various stresses has been described in plant
cells (O’Brien et al., 1998).

An open question remains as to how genome integrity is
restored to allow cells to resume the cell cycle after the
removal of cadmium. a central role is proposed for matrix-
attachment regions in this process. The assembly of an
extensively fragmented genome on the nuclear matrix may
contribute to the correct repair via DNA recombination
and repair machinery, an idea supported because (i) the
size of fragments in the ‘reversible phase’ corresponds to
the size of chromatin loops, (ii) chromosome breaks and
recombination events preferentially occur at nuclear
matrix attachment sites where DNA is bound to topoi-
somerase Il (Blasquez et al., 1989) and (iii) the DNA
fragmentation induced by Topoll inhibitor was reversible
in maize protoplasts (Espinas and Carballo, 1993). Most
likely, the contacts between the ends of chromatin loops
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and the nuclear matrix proteins probably survive the
reversible stage of cadmium-induced genome fragmenta-
tion and thus DNA—protein bonds would provide a way of
conserving the nuclear position and function of individual
loop domains. The maintenance of the loop organization of
nuclear chromatin may thus be functionally more import-
ant than the simple integrity of the sugar—phosphate
backbone of genomic DNA. Hence, the reconstruction of
the genome could hardly be possible without the main-
tenance or re-establishment of chromatin loop attachments
to the nuclear matrix.
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Abstract

Cadmium belongs to the most dangerous environmental pollutants among the toxic heavy metals seriously affecting vital functions in both anil
and plant cells. It has been previously shown that cadmium ions at 5@-M@0ncentrations caused tobacco BY-2 (TBY-2) cells to enter apoptosis
within several days of exposure. Phytochelatins (PCs), the “plant metallothioneins”, are cysteine-rich peptides involved in detoxificaipn of hez
metals in plants. The PCs are synthesized in response to the heavy metal exposure. In this paper, we utilized electrochemical analysis to mc
accumulation of PCs in the TBY-2 cells exposed to cadmium ions. Measurements of a characteristic PC signal at mercury electrode in the pres
of cobalt ions made it possible to detect changes in the cellular PC levels during the time of cultivation, starting from 30 min after exposure. Up
TBY-2 cultivation in the presence of cytotoxic cadmium concentrations, the PC levels remarkably increased during the pre-apoptotic phase
reached a limiting value at cultivation times coinciding with apoptosis trigger. The PC level observed for a sub-cytotoxic cadmium concentrati
(10.M) was about three-times lower than that observed for the 50 op.M)8admium ions after 5 days of exposure. We show that using a simple
electrochemical analysis, synthesis of PCs in plant cells can be easily followed in parallel with other tests of the cellular response to tkig toxic he
metal stress.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Cadmium; Phytochelatins; Electrochemical analysis; Brdicka reaction; Plant cell; Apoptosis

1. Introduction cadmium was shown to be extremely toxic element inhibiting
seed germination and root grow7] and inducing chromoso-
Cadmium belongs to the most important industrial pollutantanal aberrations and micronuclei formatif8]. Cadmium ions
among the toxic heavy metals, representing serious problemt the 50-10Q.M levels were shown to trigger apoptosis (pro-
for the ecosystenfl—4]. Cadmium at sub-cytotoxic concen- grammed cell death) in théicotiana tabacum cell culture TBY-
trations interferes with DNA repair processes in mammaliar2 [9,10]. Cytotoxic effects of cadmium were concentration-
cells, inhibits activity of detoxifying enzymes and enhancesdependent and followed a distinct time course. During the first
genotoxicity of mutagens (e.g. UV light). Upregulation of the 3 days of cultivation in medium containing p® CdSQy, the
intracellular signaling pathways leading to increased mitogeneells grew apparently normally, albeit DNA domain fragmen-
esis due to chronic exposure to cadmium ions is supposed tation (a hallmark of early stages of apoptosis) was detected as
be involved in cadmium carcinogenic activifg]. In plants, early as 24 h after exposuf@]. Within this period, the pro-
cess could be reverted upon transferring the cells into fresh
cadmium-free mediunfl0]. For longer exposure times, typ-
* Corresponding author. Tel.: +420 5 41517197; fax: +420 5 41211293, ical apoptotic markers were observed, including characteris-
E-mail address: fojta@ibp.cz (M. Fojta). tic changes in cell morphology, DNA fragmentation at the

0003-2670/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2005.10.084
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oligonucleosomal level and considerable decrease of the cethemistry, Academy of Sciences of the Czech Republic, Prague.

viability. Glutathione and CdSpwere purchased from Sigma (USA).
Phytochelatins (PCs), the “plant metallothioneins”, are theOther chemicals were of analytical grade.

most abundant heavy metal-binding peptides in plants. General

formula of the PCs isy-Glu-Cys),-Gly (where Glu is glutamic

acid, Cys cysteine, Gly glycine andtan vary between 2 and 11)

[11,12] Synthesis of the PCs (as well as glutathiop&lu-Cys-

Gly, the precursor of PCs in the biosynthetic pathJE3~15]) The tobacco bright yellow (TBY-2) celli39] were grown
h

is remarkably induced in the presence of heavy metals (suc L : ;
: . . X standard liquid Murashige and Skoog (MS) medium supple-
as zinc, lead, silver and especially cadmium) and thence thegéented with sucrose (3%, wiv), myoinositol (100 m&)land

peptides are considered to play a crucial role in defense of plal ) . . ;
. . o .4-dichlorophenoxyacetic acid (0.2 mgmh) in 100 ml Erlen-
cells againsttoxic effects ofthe metl?, 16-20] The PCs have meyer flasks at 27C with shaking at 120 rpm. The cells were

been utilized also as biomarkers of heavy metal pollufidr. . )
PCs similarly as animal metallothioneins (MTs) possess gl,!b.cultured twice a week. Cell cuIture' at the _densny about 3
illions cells per ml was passaged with dilution 1:10 to the

distinct electrochemical behavior. Voltammetric and constan S medi | ted with Cd$® the final ¢
current stripping chronopotentiometry (SCP) analysis in con;[.on mg |1u0m ;gpori e1rgeR/|eA¥t\g 2 qiven t'neqe”:fl ((;:Ol?czpor:l-
nection with carbon[22], hanging mercury drop (HMDE) ons ©, 19, AM. ragwven uttvation,

[22—-28] or solid amalgam electrod¢29] have been employed }:él cillsl\\//lv el\:e g)&ens:eI?y 4w?asggd with O'ﬁ“{}' NaCl, 3m2/|
to study interactions of MTs or PCs with heavy metal ions " m %PQy, pH 7.4 ( ), manually homogenize

(zinc, cadmium) and for determination of these species. Duéﬁ*ISing the homogenization pestle (Eppendorf) and the cell debris

to a high cysteine content these substances exhibit remarkatr)?\vﬁzas removed by centrifugation (13,000 rom, 30 min, Eppendorf

catalytic hydrogen evolution processes at the HMDE, either | inispin centrifuge) Fig. 1). Prior to the electrochemical mea-

presence (Brdicka reactiq@3, 25,26, 30-33]or absence (peak surements, dilution of the cell extracts was normalized to same
H [27,34-37] of cobalt ions éoth péak F27] and the Brdicka average protein content through measurements of absorbance

currents have been utilized in techniques of MT determinaf"t 280nm[40] (Hewlett-Packard 8452A spectrophotometer).

tion in animal tissue§23-26] Although these processes are Although this technique offers only fair accuracy when used

o suffcinty selecive or the NITs (being ylced iso by 1 ST concentatons of vt protein and T,
other SH-containing proteins), the analytical protocols havé ' P

included a pretreatment step conferring selective removal O?xtracts are expected to yield an average signal which is suf-

higher molecular mass proteins. Some of us recently studieéicIent for the sample normalization (the PCs themselves do

voltammetric behavior of two PC specieg-Glu-Cysp-Gly not' contribute todogo due to abser!ce of aromatic amino acid
and §-Glu-Cys)-Gly (PC2 and PC3, respectively), as well residues). All samples were pre-diluted by _PE_SS&@@O:_O.ZS
as smaller peptides glutathione and its dipeptidic fragments, épalf of the lowest absorbance observed within the first set of
HMDE in the presence of cobalt(ll) iorf82]. These peptides samples).
underwent, depending on their nature and on conditions used,
complex electrode processes including several cobalt prewaves,
a signal due to reduction of stable PC-Co complexes, and one
or two catalytic Brdicka responses. Results of that stia®}
suggested that under certain conditions, the PCs can be dis-
tinguished from the other thiol peptides on the basis of their
characteristic electrochemical behavior in the presence of cobalt
iOﬂS. Supernatant  same A,
In this paper, we proposed an electrochemical technique N
based on SCP measurements in the presence of [GO{NIH clectrochemical / e
complex for monitoring PC synthesis in TBY-2 cells cultured in e,
the presence of sub-cytotoxic and cytotoxic levels of cadmium.
Selectivity of a SCP signal, peak a, for the PC species in cell
extracts was tested. We show that using a simple electrochemi-
cal protocol, changes in the PC levels in plant cell extracts can.

b ilv followed in r nse to toxic heavy metal ex r Fig. 1. Schematicrepresentation of the experimental procedure. The TBY-2 cells
€ easlly rollowe esponse {o toxic heavy metal exposu e'Werecultured in medium containing appropriate concentration of cadmium ions

(a). After the given time, the cells were harvested, homogenized (b), and the

2.2. Cell culturing, cadmium treatment and preparation of
extract

centifugation

-

=4y

b L. 4

P dilution to the

heating
teentrif.

d  nmmpE

-

supernatant e

adsorption at
the electrode

2. Experimental extracts were clarified by spinning (c). The supernatants were diluted by PBS to
reach the same total protein concentration (measured as absorbance at 280 nm;
2.1. Chemicals all samples were pre-diluted #ygo=0.28). After further dilution (usually to

A280=0.0028) by PBS, aliquots of the samples were analyzed electrochemically

. . using the adsorptive transfer stripping procedure (d). Alternatively, the super-

Phytochelatin{-Glu-Cysk-Gly (PC3) was synthesized and natants were thermally treated in boiling water bath (to precipitate selectively
analyzed[38] in the Institute of Organic Chemistry and Bio- high molecular weight proteins) and spun prior to the final dilution (e).
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2.3. Electrochemical measurements -8.0 7

The normalized samples were further diluted 100-times (if
not stated otherwise) by PBS (in some cases, the supernatants
were thermally treated in boiling water bath and spun to remove
high molecular weight proteins prior to the final dilution). The
diluted extracts were analyzed using the adsorptive transfer strip-
ping (AdTS) procedur§27,30,36,37,41-44]The HMDE was
modified with the cell extracts via immersing the HMDE into 2.0-
5plaliquots of the sample$-{g. 1) for 60 s. Then the electrode
was rinsed in PBS to wash off weakly adsorbed species, trans-
ferred into supporting electrolyte (0.1 M ammonium buffer, pH 0 - . .
9.5) containing 1 mM [Co(NH)g]Cl3, and the electrochemical 48 16 A4 42 10 08 06
responses were recorded. EMV)

All electrochemical measurements were performed in a thregig. 2. Sections of AdTS linear sweep voltammograms obtained at the HMDE
electrode setup (using HMDE as working, Ag/AgCI/3 M KCI for supporting electrolyte containing 1 mM [Co(NJ]Cl3 (with bare HMDE)
as reference and platinum wire as counter electrode) with af§urve 1); ethaCt Otf Cot”trfogs\gz C:"S Z“f““rzeg for 2 dayn; Eda§§?ce of cad-

H lum (curve £); extract o -Z culturea tor ays in curve

Autolab analyzer (ECO Chemie, T.he Netherland.s) Connectegl Th&(e clarifie)d cell extracts were diluted Aggo= O).IOOZ;,G(JWithout any other
to a VA-Stand 663 (MetrOhm* SW'tzerland)' In linear SWeeptreatment). The HMDE was immersed taubdroplets of the samples for 60's,
voltammetry, the following settings were used: initial poten-followed by washing and transfer into supporting electrolyte to perform the
tial —0.1V, final potential-1.75V, scan rate 10-500 mVv'% measurement. The voltammograms were recorded with scan rate 500tmV s
potential step 5mV. SCP was applied with the following paramjnset, AdTS LS voltammograms of the extract of the cadmium-exposed TBY-2
eters: initial potential—O.l V. final potential—1.65 V, stripping measuredlat scan ra.tes 10 (cur\_/e 1); 50 (curve 2); 100 (curve 3); 250 (curve 4);

. . 500 mV s+ (curve 5); other details as above.
current—5 p.A (if not stated otherwise). All measurements were
carried out on air at room temperature.

-6.0 1

<
2 401

medium under otherwise the same conditions), the signal due to
cobalt reduction was influenced in the same way as in the case
of the extract of cells cultivated in the presence of cadmium. On
3.1. Adsorptive transfer stripping electrochemical analysis the contrary, no significant'current signal in the potential region
of TBY-2 cell extracts <-—1.30V was detected with the control extraeid. 2).

To check the nature of the peak P, LSV responses of the

Medium exchange (adsorptive transfer stripping, AdTS)_Ce" extracts were measured as a.function of scan rate (inset
techniques have proven advantageous in electrochemical andl-Fi9 2- Intensity of the peak P yielded by the extract from
ysis of biomolecules strongly adsorbing at electrode surfacesddmium-exposed cells strongly increased with increasing scan
(thus, creating a biomolecule-modified electrode). Having beeft€ and ts potential was remarkably shifted towards more nega-
originally developed for analysis of nucleic acigd—44] the ~ tve values. _Such behawor_resembled tha_lt of peak IV previously
procedures based on adsorptive accumulation of the analyte @pserved with two synthetic phytochelatins, PC2 and (323
electrodes from small droplet of sample solutions followed byWhich was attributed to electrochemical reduction of a stable
measurements of the electrochemical signals in blank suppor.C—C0 complex formed at the electrode surface, in analogy to
ing electrolytes were later successfully applied in studies of®mplexes Rg-Co formed at the HMDE by animal MT&3].
bioactive peptides and proteifid0,36,37,42] including met- The_ peak I\_/ was characteristic _for the_PCs rather than fqr glu-
allothioneins[27]. Here, we utilized the AdTS procedure to tathione or its fragments producn_wgadlfferent pattern of signals
analyze the extracts of the TBY-2 cells cultured in presence df32]- Although an exact comparison (based on, e.g. the peak

cytotoxic levels of cadmium iong=(g. 1). potential values) of the peak IN32] and peak PKig. 2) is dif-
ficult due to different conditions used, we suggest that the peak

3.1.1. Linear scan voltammetry P was yielded PCs synthesized in the TBY-2 cells upon their

The linear scan voltammetry (LSV) was used as the firstCultivation in the presence of cadmium ions.
choice technique. Voltammogram recorded with the bare HMDE
(not modified with the cell extract) in the [Co(Nk$]Cl3-  3.1.2. Constant current stripping chronopotentiometry
containing supporting electrolyte displayed a peak at17V The LSV measurementBig. 2), although revealing large dif-
related to the cobalt reduction (peak E@. 2. AtHMDE mod-  ferences between the cadmium-treated and control cell extracts,
ified with extract from TBY-2 cultivated for 2 days in 10 yielded ill-defined signals not suitable for quantitative evalu-
CdSQ, the peak Co was strongly depressed; instead of it, twation. We therefore tested the SCP that has been successfully
poorly developed waves were observed at potentidl®3 and  applied as a highly sensitive technique in analysis of peptides
—1.19V (Fig. 2. In addition, a large peak appeared at potentialand proteins at both carbdd5,46] and mercury electrodes
around-1.54V (peak Frig. 2. When the HMDE was modified [27,30,35] It proved particularly advantageous in measurements
with extract from control TBY-2 cells (cultured in cadmium-free of catalytic signals at the HMDE such as peak H as well as the

3. Results and discussion
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Fig. 4. Dependence of intensities of SCP signals on the stripping current: peak
Fig. 3. Sections of AdTS constant current stripping chronopotentiograms (@); peak Co {); peak b [J). Inset, sections of AdTS chronopotentiograms
obtained for supporting electrolyte containing 1 mM [Co@JCl3 (curve 1); ~ Obtained atstripping currentl.OpA (curve 1),—5.0uA (curve 2) and-7.5pA
extract of control TBY-2 cells cultured for 2 days in absence of cadmium (curve(curve 3). Extract of the TBY-2 cells cultured in 138 CdSQ; for 2 days was
2); extract of TBY-2 cultured for 2 days in 10 (curve 3); 50 (curve 4); orlBD  used for the measurements. For other detaild~sg® 2 and 3
CdSQ (curve 5). Stripping current was5 pA; other conditions as ifrig. 2

rent Fig. 4): for —i = 1p.A, both peak b and peak Co were more
Brdicka currents. For example, a peptide vasopressin containirigtense than peak a. Due to increasing thevalue, the peak a
two cysteine residues (forming an S—S bond in the vasopressltecame dominanfgs. 3 and #and at—i values higher than
native state) yielded two well defined SCP signals in cobaltSpA, the peak b and peak Co practically disappeared. The dif-
containing solution$30]. Here, we used SCP in the presenceferences between the behavior of peak a and that of the other
of [Co(NH3)g]Cl3s for the AdTS measurements using HMDE two peaks suggest different nature of electrode processes related
modified with the TBY-2 cell extracts. Similarly as in the LSV, to these signals. It is likely that the peak a corresponded to the
a remarkable signal related to the cobalt reduction (peak Cd)SV peak P Fig. 2) (or peak 1V [32]) related to the PC—Co
was observed with the bare HMDE (when stripping current ofcomplex reduction rather than to a catalytic Brdicka process.
—5pA was usedFig. 3). Due to modification of the electrode This assumption is supported by its specificity for the cadmium-
with the control TBY-2 extract, the peak Co was considerablytreated cell extracts as well as for the synthetic PC3 (see below).
decreased and shifted to less negative potentials, and two addfior next measurements, we chose a stripping current value of
tional signals appeared: one-at.23 V (peak a which was very —5 wA which conferred a good separation of the peak a from the
small) and—1.48 V (a better developed peakfig. 3). Notably,  neighboring signals on one hand as well as a reasonable peak a
with the extract from cells cultivated for 2 days in the pres-intensity and a good reproducibility on the other.
ence 10QuM CdSQy, a large, sharp peak a was obtained (curve
5 in Fig. 3 whose intensity was increased by two orders of3.2. Effects of cadmium concentration and of time of TBY-2
magnitude, compared to the same signal yielded by the contrelltivation
extract. On the other hand, intensities of the peak b and peak Co
were decreased by 62 and 36%, respectively, compared to the The SCP responses were measured with extracts of TBY-
cadmium-untreated control. 2 cell cultivated in control (cadmium-free) medium and in the

The most striking differences between the responses of compresence of 10, 50 and 1M CdSQ, for 1, 2, 3 and 5 days.

trol and the cadmium-treated cells were observed in the intensityhe time of the cells cultivation in the control medium influenced
of peak a. In contrast to the LSV peakHd. 2), the SCP peak a significantly intensities of neither peakkig. 5A) nor the other
(Fig. 3) was narrower, more symmetrical, possessing a flat bas&CP signals observed (not shown). On the other hand, in the
line, and apparently well separated from signals related to othgresence of cadmium, the peak a height responded remarkably
electrode processes. The SCP peak a was therefore chosen astthieoth CdSQ concentration and time of cultivation. For exam-
analytical signal in the following experiments. In SCP, a criticalple, sections of SCP curves (showing the peak a) obtained with
parameter influencing the measured signals is the magnitude ektracts from cells cultured in different cadmium concentrations
stripping currenf47]. We therefore tested the effect of negative for 2 days are shown iRig. 3. The peak a heights increased with
stripping current on the peak a yielded by the cadmium-treatethe CdSQ concentrations between 10 and 304 almost lin-
TBY-2 extract €ig. 4). In general, the peak a intensity decreasedearly, showing values of 2.3, 4.4 and 6.6s™or 10, 50 and
with increasing value of the negative stripping currenf)(@nd  100uM, respectively Figs. 3 and B). A similar but less steep
it was shifted to more negative potentials. Far=7.5pA, only ~ dependence was obtained after 1 day of cultivation while after
negligible peak a was obtained, and no signal was detected f&rdays, the signal increased steeply between 0 andvb0ad-
—i=10pA. On the other hand, for-i values <3.A the mea- mium and did not change significantly between 50 and X0
sured peak a heights were affected by partial overlapping witlcdSQ, (Fig. 5B).
peak b and peak Co (inset Fig. 4). Intensities of the latter Dependences of the peak a height on the time of cultivation
signals exhibited more steep dependences on the stripping cdor different CdSQ concentrations are shownhiig. 5A. In the
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Fig. 5. (A) Dependence of the SCP peak a height on time of TBY-2 cultivation
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Fig. 6. Dependence of the SCP peak a height on time of TBY-2 cultivation in
10pM CdSQy (O); or in 50uM CdSQy (@). Inset, sections of chronopoten-
tiograms obtained with extracts of TBY-2 cultured in absence of cadmium for
5h (curve 1) orin 1M CdSQy for 1 h (curve 2), 2h (curve 3) and 5h (curve
4). After dilution toA2g0=0.28, the extracts were heated in boiling water bath
for 10 min followed by removal of precipitate by spinning and dilution of the
samples 10-times by PBS. Other conditions aBigs. 2 and 3

mally treated (using the procedure usually applied in the metal-
lothionein analysi$23,27,48) prior to the AdTS procedure to
decrease the content of high molecular mass proteins, thus, mak-
ing the background/signal ratio more favorable. After the heat
treatment and spinning-off the precipitate, the samples were 10-
times diluted by PBS. A significant increase of the peak a height
was observed already after 30 min of exposure of the cells to

100pM CdSQ; (4). (B) Dependence of the SCP peak a height on concentratiof?0th 10 and 5@M CdSQy (Fig. 6). For cells exposed to §0M

of CdSQ, in cultivation medium measured with the TBY-2 extracts after}),(
2 (@) or 5 (2) days of cultivation. For other details sE®s. 2 and 3

first day, similar increases in the signal intensity were observe
for 10 and 5uM CdSQ, (the value obtained for 50M was

cadmium ions, the initial increase of the signal was relatively
steep but starting from 1 h, the peak a height increased slowly,
following an about linear dependence. For TBY-2 cultivation in
d0p.M cadmium, the signal increased less steeply immediately
after exposure (after 1 h reaching about half the value observed

by about 17% higher, compared to signal observed for cellsipon exposure to 50M cadmium) and then followed a simi-

exposed to 1M CdSQy, Fig. 5A), while for 100pM cadmium

lar course as observed for the o0 cadmium exposure (up to

the peak a was about twice higher. For longer cultivation times] day after exposure, see above). When the thermal treatment
the 10,M cadmium ions caused only moderate increase of thavas omitted, reasonable changes in the peak a intensities were

signal intensity (compared to the first day) which leveled off

observed after 1 h of exposure to 10 orl @@ CdSQ, and the

after 3 days. On the contrary, the peak a height measured fsignal further changed in similar way as observed with the ther-

the extracts of cells cultivated in the presence.®Mcadmium

mally treated samples (not shown).

ions continued to increase steeply (about linearly) up to 3 days.

The peak a intensity obtained for 5-day cultivation inu3@
CdSQ was similar (within the relative standard error) as that
measured after 3 days for the same cadmium concentration b

3.3. Testing selectivity of the SCP signal and calibration

ut As shown above, the SCP peak a measured in the TBY-2

about three-times higher than the value obtained after 5 dayextracts responded remarkably to the cell exposure to cadmium

with cells exposed to 1M cadmium ions. For cultivation in

ions. Based on this behavior—and on analogy with a LSV peak

100nM CdSQy, the peak a intensity exhibited a steep increasd?/peak 1V[32] (see above)—we assumed that the peak a was
only up to 2 days of cultivation. Interestingly, the limiting peak due to PCs induced in the tobacco cells by the cadmium. To con-
a heights observed after the cells exposure to 50 anghlD0 firm this assumption, we measured the SCP responses of two

cadmium were similar (around 8.0 s'Y).

synthetic peptides, glutathione and PC3, added to the control

We were further interested how exposure of the TBY-cellsTBY-2 extract. No significant changes on the SCP curve were
to 10 or 50uM cadmium ions for short time intervals (1-5h) observed upon addition ofdM glutathione while glutathione at
influences SCP responses of the cell extracts. Because loweoncentrations 1AM, 100.M and 1 mM yielded (in the region
concentrations of the cadmium-induced species were expectetrresponding to the peak a) only a broad, poorly developed
to be detected under these conditions, the extracts were thesignal at potentials around1.25V (Fig. 7A). On the contrary,
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Fig. 7. (A) Sections of chronopotentiograms of the control TBY-2 extract (2
day cultivation, thermally untreated, diluted4gspo=0.0028) (curve 1) and the
same extract with additions of glutathionep (curve 2), 10uM (curve 3),

and for 1.25.M PC3 added into 1-day control extract). It can
be therefore concluded that the peak a was actually due to phy-
tochelatins synthesized in the tobacco cells under the cadmium
stress.

The maximum values of peak a intensity observed with the
cadmium-treated cell extracts lay within the linear dependence
of the peak a height on concentration of added PC3. The depen-
dence could be therefore used as a calibration curve for esti-
mation of cellular PC levels. The limiting signals obtained for
cells exposed to 50 or 1QM cadmium ions corresponded to
about .M PC3 in the solution used for the SCP measurement,
while after exposure to 10M cadmium the maximum signal
corresponded to 2M PC3. Considering the cell extracts dilu-
tion by two orders of magnitude (the pre-dilution4ggg=0.28
was performed by a factor of about 2 for all samples), this
corresponded to hundreds-aM cellular PC levels. The low-
est detectable changes in the PC levels, observed after 60 min
exposure of the cells to 30M cadmium ions (see above), cor-
responded to an increase of the PC3 concentration byN.2
It should be noted that a more precise determination of the
PCs in the cells is difficult in this way because in the cells, a
mixture of different PC species (differing in the numberyef
Glu-Cys-motifs) occurs and there is no information available
either about the SCP behavior of the longer PCs, or about the
relative content ofindividual PCs in the TBY-2 extracts. The cur-
rent techniques used for monitoring phytochelatin levels in plant
material include high performance liquid chromatography, cap-
illary electrophoresis and mass spectrosddgy49-51] These
techniques can inherently provide information about distribu-
tion of molecular weights of the PC species; on the other hand,
they require expensive instrumentation and are more labori-
ous and time consuming, compared to the technique presented
here. In some cases estimation of the sum PC level using the
electrochemical analysis may be sufficient, as documented by
the remarkable correlation between the electrochemically esti-
mated PC levels and other aspects of the cellular response to the
presence of the toxic heavy metal (growth suppression, loss of
viability, apoptosis, etc.; see below).

3.4. Changes of the PC levels and trigger of apoptosis

100pM (curve 4), 1 mM (curve 5). (B) Sections of chronopotentiograms of the Our results suggest a massive PC synthesis in the TBY-2 cells

control TBY-2 extract (as in A) (curve 1) and the same extract with additions

of PC3: 0.7u.M (curve 2), 1.25.M (curve 3), 3.1uM (curve 4), 6.3.M (curve

5), 9.4uM (curve 6), 12.50M (curve 7). (C) Sections of chronopotentiograms
obtained for extract of control TBY-2 (as in A) (curve 1); the same contro
extract with addition of 1.25.M PC (curve 2); extract of TBY-2 cultured in
10uM CdSQ; for 1 day (curve 3). Inset, dependence of the SCP peak a heig

on concentration of PC3 added to the control TBY-2 extract. The dashed line co

exposed to cytotoxic levels of cadmium in the lag phase that
precedes triggering of irreversible apoptotic proce$9¢L0].
IDuring this lag phase the cells exhibited apparently full cell
viability, albeit extensive domain fragmentation of DNA (into

h;f_)ieces of chromatin loop size) was observed. In this phase the

responds to maximum peak a heights obtained with cell cultured in 5Q«#100 cells can be recovered from the cadmium stress via passaging

CdSQ. For other details sefigs. 2 and 3

additions of PC3 at concentrations between 0.7 and |15

into a fresh cadmium-free medidt0]. The pre-apoptotic phase
coincided with the phase of continuously increasing PC levels
(detected through measurements of the SCP peak a). Treatment

resulted in formation of a well defined peak a whose height lin-of the cells with cytotoxic cadmium concentrations resulted in

early increased with the PC3 concentratiéig( 7B and C).
Interestingly, extracts from cadmium-treated cells and the co

reaching a limiting PC level which was similar for both 50 and
nt00uM CdSQ, but was observed after different exposure times

trol extracts with appropriate additions of synthetic PC3 yielded3 and 2 days, respectivelifigs. 5A and 8. Strikingly, attain-

SCP curves of practically identical shape fiig. 7C shown for
extract from TBY-2 after 1-day exposure to LM cadmium

ment of the critical PC level was followed by the apoptosis onset
in both case$9]. On the other hand, 0M cadmium (which
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1000 i . ] _ to detection of PCs in plant cells or tissues. In this paper, we
= +<—— pre-apoptotic phase — | apoptosis - .. . L .
s rormel growth . o utilized c_haracterlstlc chrpnopotentlometrlc S|g_nals yielded by
3 { domain DNA | loss of viability the PCs in cobalt-containing solutiof2] to monitor PC syn-
2 8001 { fragm.  joligonucieosomal thesis in the TBY-2 cells exposed to cytotoxic and sub-cytotoxic
& ; {repaiiable) |1 _DNA fragm. concentrations of cadmium. Using adsorptive transfer stripping
£ procedure and a SCP peak a, it was possible to follow the PC
8 levels in the cell extracts with an acceptable relative standard
% 400+ error (below 20% for parallel TBY-2 culture samples; the repro-
g ducibility of the transfer stripping step itself corresponded to
£ 2001 a relative standard deviation of about 8% when five successive
@ measurements of the same sample were performed). The signal
o= , , i , , clearly increased with the time of the cells exposure to cad-
o & & \g&‘\ o &F o mium (10-10Q.M) starting from 30 min up to initiation of the
h o° K¢ ® @ cell death. No sample pretreatment except normalization on the
time of exposureto 50 uM cadmium total protein content and suitable dilution was in principle neces-

Fig. 8. Correlation between phytochelatin levels, TBY-2 cell growth and apop—sary' Upon cultivation Wlth Cytotoxic Cadm!um Concentr;_itlons’
tosis manifestation during 5 days of TBY-2 cultivation in the presence pf80  the cellular PC concentrations remarkably increased until reach-
CdSQ. The PC levels continuously increased in first 3 days of cultivation. Dur-ing a limiting level (6x 10~4 M, normalized to PC3). The phase
ing this period, the cells grew practically normally despite an extensive domairyf continuous PC synthesis coincided with a phase in which the
DNA fragmentation (observed mainly in the second d&ay)This DNA damage cells exhibited apparently normal growi®,10], and reaching

was repairable upon passaging the cells into fresh cadmium-free medium; t L. . L
cells were recovered from the cadmium stress and sunfi@d In the third k{%e critical PC level correlated with loss of the cells viability

day, the PC content reached a limiting level which coincided with loss of thedNd their entry into apoptosis. Our results demonstrate that a
cells viability and appearance of apoptotic markers such as the oligonucleossimple electrochemical technique can be applied to determine
mal DNA fragmentation in the next dayg]. When cultured in the presence of the cysteine-rich peptides phytochelatins in the cellular extracts

100M cadmium ions, the critical PC level was reached in the second day aﬁeénd to monitor changes in the PC levels in response to the toxic
exposurefig. 5), again followed by the apoptosis onge}. heavy metal exposure

did not exhibit cytotoxic effects under the same conditif9}5 A cknowledgements

caused induction of considerably lower PC levels within the time

intervals tested. In the initial stage after exposure, the effects of This work was supported by a grant A4004402 from the
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Abstract The organisation of dinoflagellate chromosomes
is exceptional among eukaryotes. Their genomes are the
largest in the Eukarya domain, chromosomes lack histones
and may exist in liquid crystalline state. Therefore, the
study of the structural and functional properties of
dinoflagellate chromosomes is of high interest. In this
work, we have analysed the telomeres and telomerase in
two Dinoflagellata species, Karenia papilionacea and
Crypthecodinium cohnii. Active telomerase, synthesising
exclusively Arabidopsis-type telomere sequences, was
detected in cell extracts. The terminal position of
TTTAGGG repeats was determined by in situ hybridisation
and BAL31 digestion methods and provides evidence for
the linear characteristic of dinoflagellate chromosomes. The
length of telomeric tracts, 25-80 kb, is the largest among
unicellular eukaryotic organisms to date. Both the presence
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of long arrays of perfect telomeric repeats at the ends of
dinoflagellate chromosomes and the existence of active
telomerase as the primary tool for their high-fidelity
maintenance demonstrate the general importance of these
structures throughout eukaryotes. We conclude that whilst
chromosomes of dinoflagellates are unique in many aspects
of their structure and composition, their telomere mainte-
nance follows the most common scenario.

Introduction

The development of nucleosomes and chromosomes prob-
ably allowed for the evolution of larger genomes in the
eukaryotes. However, the largest known eukaryotic
genomes are harboured by nucleosomeless chromosomes
of unicellular microorganisms from the phylum Dinofla-
gellata. As many dinoflagellates are autotrophic, the group
is normally considered to be an algal group. Molecular
phylogenetic analysis suggests that the dinoflagellates, the
apicomplexans and the ciliates form the Alveolates (Fast et
al. 2002). The haploid genomes of dinoflagellates can be as
large as 400 pg (cf. 3 pg in humans; Spector et al. 1981).
Most interestingly, the chromosomes of dinoflagellates are
completely devoid of core histones, but contain a group of
histone-like proteins related to the prokaryotic HU protein
(Rizzo and Nooden 1972; Wong et al. 2003). The ratio of
nuclear proteins to DNA content in dinoflagellate chromo-
somes (1:10) is much lower than in most eukaryotes (1:1;
Bohrmann et al. 1993; Kellenberger and Arnold-Schulz-
Gahmen 1992). As much as 70% of thymine bases in the
total DNA of dinoflagellates are modified and replaced with
the rare bases 5-hydroxymethyluracil (Rae 1973, 1976).
Transmission electron microscopy, polarising light micros-
copy and analysis of circular dichroism suggest that the
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dinoflagellate chromosomes are in liquid crystalline states
(Livolant 1978, 1984; Rill et al. 1989).

Telomeres are structurally and functionally important parts
of linear eukaryotic chromosomes and distinguish the natural
chromosome ends from unrepaired chromosomal breaks. The
main functions of telomeres are the maintenance of genomic
loci at chromosome termini during DNA replication and the
prevention of chromosome end fusions. Incomplete lagging
strand synthesis leads to chromosome shortening during each
successive replication cycle. When a critical minimum length
is reached, telomere protective function is abolished and
chromosome ends become indistinguishable from DNA
breaks. Cells with non-functional telomeres become senescent
or undergo apoptosis. Alternatively, inappropriate repair
events can occur, resulting in progressive genome instability
(reviewed in Blackburn 2001). Sequence composition of
telomere minisatellite repeats is highly conserved throughout
eukaryotic organisms: TTAGGG in humans and other
vertebrates (Moyzis et al. 1988), TTTAGGG in most plants
(Richards and Ausubel 1988), TTGGGG in Tetrahymena
(Blackburn and Gall 1978) and TTAGG in insects (Okazaki
et al. 1993). In a more detailed view, the human-type
telomeric motif has been found also in many invertebrates, as
well as in Trypanosoma brucei and Leishmania major from
the Trypanosomatida order, in slime moulds Didymium iridis
and Physarum polycephalum, in fungi Magnaporthe grisea,
Neurospora crassa and Histoplasma capsulatum (reviewed
in Teixeira and Gilson 2005) and in species from the order of
monocotyledonous plants Asparagales (Sykorova et al.
2006a, b). Telomeric sequence referred to as “insect” is in fact
a common motif found in divergent species of the Arthrophoda
phylum. The occurrence of telomeric repeats of the common
sequence pattern (dT/A;_4dG_g), across the protozoa, fungi,
metazoa and higher plants demonstrates their universal
function in chromosome protection and genome stability.
The length of telomeric arrays is highly variable not only
among species but also among different chromosome ends in
the same cell. So far, no direct or universal relationship has
been found between telomere length and other factors like
genome size, chromosome size or chromosome arm size.
Moreover, attempts to detect these canonical telomeres failed
in some orders of insect (Sahara et al. 1999) and some genera
of plant families Solanaceae and Alliaceae (Sykorova et al.
2003a, b; Sykorova et al. 20064, b).

Telomeres are typically maintained by telomerase, an
enzyme responsible for adding telomeric repeats to the
chromosomes ends, using the mechanism of reverse tran-
scription. Telomerase consists of at least two subunits, the
catalytic subunit TERT (telomerase reverse transcriptase) and
the TR subunit (telomerase RNA) which serves as a template
for the telomere motif elongation. Both essential telomerase
subunits were characterised in many model organisms (yeast,
protozoa, human and plants). Besides telomerase, alternative

@ Springer

(telomerase-independent) mechanisms of telomere lengthen-
ing (ALT) have been described in various model organisms.
These can function as the essential telomere maintenance
system as seen in plants in the genera Allium or Cestrum
(Sykorova et al. 2003a, b Sykorova et al. 2006a, b) and in
the dipteran genus Chironomus (Saiga and Edstrom 1985).
Alternatively, these mechanisms can act as a backup system,
functioning in case of the loss of telomerase activity, as
demonstrated in yeast, human and plant telomerase mutants
(Bryan et al. 1997; Lundblad and Blackburn 1993; Ruckova
et al. 2008). The wide repertoire of organisms using ALT at
least in the latter role suggests that ALT is probably the
original, ancestral mechanism of telomere maintenance
which preceded the advent of the apparently more aggressive
(in terms of its fast and early expansion throughout all
today’s major eukaryotic kingdoms) telomerase system
(Fajkus et al. 2005; Nosek et al. 2006).

The presence of telomeres at chromosome ends is
supposed to be a general attribute of linear eukaryotic
chromosomes. In this respect, the extremely large and
specifically organised genomes of the dinoflagellates are of
high interest. Dinoflagellate chromosomes stay condensed
throughout the cell cycle and replicate via closed mitosis
(Soyer-Gobillard et al. 1999). Microtubules are formed in
tunnels (cytoplasmic channels) surrounded by the nuclear
envelope. In mitotic cells, two daughter chromatids begin to
split at one end and attach to the membrane of cytoplasmic
channels at the other end (Bhaud et al. 2000; Leadbeater
and Dodge 1967). It is still uncertain whether the
dinoflagellate chromosomes attach directly or indirectly to
the extranuclear microtubules through the nuclear envelope
(Leadbeater and Dodge 1967). These observations suggest
that ends of dinoflagellate chromosomes have novel
properties and additional functions in chromosome segre-
gation. Although in situ hybridisation has confirmed the
presence of eukaryotic telomeric sequences on dinoflagel-
late chromosomes (Alverca et al. 2007), a detailed
characterisation of canonical telomere structures has not
yet been performed, and evidence of active telomerase is
still lacking. In this paper, we demonstrate the presence of
plant-type telomeric tracts at the ends of dinoflagellate
chromosomes which are tens of kilobases long. Moreover,
active telomerase synthesising these repeats was detected in
dinoflagellate cell extracts.

Materials and methods

Cultivation of Dinoflagellata species C. cohnii and K.
papilionacea

The Crypthecodinium cohnii Biecheler strain 1649 was
obtained from the Culture Collection of Algae at the
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University of Texas at Austin maintained in MLH liquid
medium (Tuttle and Loeblich 1975) and incubated at 28°C
in the dark (Fig. la).

Karenia papilionacea was an isolated strain from
seawater collected at the university pier of Hong Kong
University of Science and Technology (Yeung et al. 2005;
Yeung and Wong 2008) and maintained in f/2 medium
(Guillard and Ryther 1962) at 18°C under a daily cycle of
12-h light and 12-h darkness (Fig. 1b).

Analysis of telomerase activity

Preparation of protein extracts K. papilionacea culture
(100 ml) with a density of about 5x 10> cells per millilitre was
gently centrifuged (2,000 rpm, 10 min, 4°C). Cells were
resuspended in 50 pl nuclear preparation buffer [NPB; 1 mM
Tris—HCI, pH 8.0, 1.5 mM MgCl,, 10 mM KCI, 0.1 mM
DTT, 0.5% NP-40 (BDH Chemicals, Poole, UK); 1x

Fig. 1 Bright field and fluores-
cence photomicrographs of C.
cohnii (a) and K. papilionacea
(b). Fluorescence staining was
carried out with DNA-binding
dye DAPI according to protocol
previously published (Yeung et
al. 2005). The scale bar is

10 pm

a

protease inhibitors (phenylmethylsulphonyl fluoride, PMSF;
0.5 pg/ml (Sigma, St. Luis, MO, USA); aprotinin 0.01 pg/ml
(USB, Cleveland, Ohio, USA); pepstatin 0.01 pg/ml, (USB);
leupeptin 0.01 pg/ml (Sigma))]. C. cohnii culture (30 ml)
with a density of about 3x10° cells per millilitre was
centrifuged (2,000 rpm, 10 min, 4°C). The pellet was
resuspended in 800 pl NPB and cells were disintegrated
using a disruptor (Constant Systems, Daventry, UK). For the
telomere repeat amplification protocol (TRAP) assay, both
extracts were diluted 1:20 with NPB. As a control, a protein
extract from 7-day-old Arabidopsis thaliana seedlings was
prepared according to the protocol described previously
(Fitzgerald et al. 1996; Sykorova et al. 2003a, b).

In vitro telomerase activity assay Telomerase activity was
determined by a two-step TRAP assay (Sykorova et al.
2003a, b). First, 1 pl of 10 uM substrate primer was mixed
with 1 ul of telomerase extract (10* cell equivalent). Primer

Crypthecodinium cohnii

« ook

10 um
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Table 1 Sequences of the primers used in the TRAP assay

Forward (substrate) primers Reverse primers

TS21 5'GACAATCCGTC
GAGCAGAGTT 3’

TelPr S’CCGAATTCAACCCT
(AAACCCT),AAACCC3’

TTSBCN 5'(CAACCC), 3'
HUTC 5'(AACCCT);AAC 3’

GG21 5'CACTATCGACT PLTC 5'(CCCTAAA); 3’

ACGCGATCGG 3'

elongation proceeded in 25 pl of reaction buffer at 26°C
(unless otherwise stated) for 45 min. After extension,
telomerase was heat-inactivated for 10 min at 95°C and
cooled to 80°C. One microlitre of 10 uM of the reverse
primer and 2 U of Taqg DNA Polymerase (NEB, Beverly,
MA, USA) were added to start the PCR step of the TRAP
(35 cycles 0f 95°C/30 s, 65°C/30 s, 72°C/30 s) followed by
a final extension of 72°C/5 min. Electrophoresis was
performed on products of the TRAP reaction on a 12.5%
polyacrylamide gel in 0.5x TBE buffer; gel was stained
with SybrGreen I dye (Roche Applied Science, Mannheim,
Germany). Gel imaging was performed using the LAS-
3000 system (Fuji Film, Tokyo, Japan). Primer sequences
are given in Table 1.

Cloning of TRAP products Products of the TRAP reactions
were cloned into the pCRII-TOPO vector and transformed
into TOP10 chemically competent Escherichia coli cells
according to the instructions in the TOPO TA cloning kit
(Invitrogen, Carlsbad, CA, USA). Eight clones each from
K. papilionacea and C. cohnii were sequenced using M13
forward and M13 reverse primers, respectively.

Telomere length analysis

Cells from 300 ml of the K. papilionacea culture (about 1.5 x
10° cells) were collected by centrifugation (2,000 rpm,
5 min, 4°C). The cell pellet was lysed by washing it four
times with 1 ml of hypotonic buffer (NPB), and the final
nuclear sediment was resuspended in 100 pul NPB. The
nuclear suspension was added to an equal volume of 2%
low-melting-point agarose in water equilibrated to 42°C and
homogenised by pipetting up and down. The resulting
mixture was pipetted into a disposable plug mould (Bio-
Rad, Hercules, CA, USA). After solidifying, plugs were
incubated in TES buffer (0.5 M EDTA, pH 8.0; 10 mM Tris—
HCI, pH 8.0; 1.0% lauroylsarcosine) for 30 min at 37°C and
then at 50°C in fresh TES buffer with proteinase K (Roche
Diagnostics, final concentration 500 pg/ml) for 24 h.
Deproteinised plugs were washed twice in TE (10 mM
Tris—HCI, pH 8.0; 1 mM EDTA, pH 8.0) for 30 min, then
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twice in TE with 1 mM PMSF for 30 min, and finally in
0.1 xTE buffer (3%30 min).

BAL31 digestion was performed according to previously
published protocol (Sykorova et al. 2006a, b). Briefly, the
samples in agarose plugs were equilibrated in BAL31
nuclease buffer (NEB) for 30 min and digested with 3 U of
BAL31 nuclease (NEB) for 15, 30, 45, 90 or 120 min in a
Thermomixer (Eppendorf AG, Hamburg, Germany) at 30°C.
Reactions were terminated by buffer exchange with 50 mM
EGTA, pH 8.0, and BAL31 nuclease was irreversibly
inactivated by incubation at 58°C for 15 min. The plugs
were then washed three times in 0.1x TE buffer and
subsequently equilibrated in the appropriate restriction
enzyme buffer. Restriction enzyme digestion was performed
as described previously (Fajkus et al. 1998). After digestion,
the solution containing low-molecular-mass fractions of
digested DNA was ethanol-precipitated and dissolved in TE
for analysis by conventional agarose gel electrophoresis and
Southern hybridisation. High-molecular-mass fractions,
which were retained in the agarose plugs, were analysed by
pulsed-field gel electrophoresis (PFGE) using the Gene
Navigator system (GE Healthcare, Little Chalfont, UK)
under the following conditions: 1% agarose gel (Serva,
Heidelberg, Germany) in 0.5x TBE buffer, 190 V, pulses 2 s
for 1 h, followed by 18 h of pulse time ramping from 2 to
20 s, and then 20 s for 1 h at 14°C. Both conventional and
PFGE gels were alkali-blotted and hybridised with end-
labelled telomeric oligonucleotide probe (CCCTAAA),.
Hybridisation signals were visualised with a FLA-7000
phosphofluoroimaging system (Fuji Film).

In situ analysis of telomeres

Sample preparation K. papilionacea nuclear suspension
(1 ml) in NPB was spun down (2,000 rpm, 5 min, 4°C) and
the pellet washed several times in 1 ml of freshly made cold
fixative (3:1 EtOH/acetic acid). Nuclei were resuspended in a
final volume of 200 ul, and 10 pl of this suspension was
dropped on a microscopic slide, mixed with 10 pul of 60% acetic
acid, and the slide was heated briefly in a flame three times to
remove the cytoplasm. Chromosomes were squashed, followed
by an additional fixation for 2 min in 3:1 EtOH/acetic acid.

Fluorescence in situ hybridisation Slides were washed in 2x
standard saline citrate (SSC) for 5 min, treated with RNAse A
(100 pg/ml, Sigma) for 1 h at 37°C, washed in 2x SSC for 2 x
5 min, in 0.01 M HCI for 1x2 min and treated with pepsin
(10 pg/ml) for 10 min at 37°C, followed by three 5-min
washes in 2x SSC. The sample was then post-fixed in 10%
formaldehyde/1x PBS (phosphate buffered saline) for 10 min
and washed in 2x SSC for 2x5 min. Twenty microlitres of
hybridisation mix (10% dextran sulphate, 65% deionised
formamide and 0.2 pl of telomeric peptide nucleic acid probe
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(TTTAGGG),) was applied to each slide. The denaturation
step was carried out in a microwave oven for 1 min at 500 W
and hybridisation overnight at 37°C. Non-specific signals
were removed in two washing steps, 2x SSC at 60°C for 3 x
3 min and 2% SSC at 42°C for 3x3 min, and slides viewed
on a Zeiss Axio imager microscope (http://www.zeiss.cz/).
All incubation steps were performed in a moist chamber.
Acquired images were processed with Image J software
(http://rsbweb.nih.gov/ij/).

Results
Active telomerase in the dinoflagellate cell extracts

The ladders presented after PAGE separation of the TRAP
products using plant-specific primers TS21 and TelPr
(Table 1) corresponded to the ladder observed in the control
reaction with the telomerase extract from A. thaliana

Fig. 2 In vitro telomerase
activity assay. a Telomerase
activity was determined in K.
papilionacea and C. cohnii cell
extracts according to the TRAP
protocol using the primer set
TS21 and TelPr (see Table 1).

b In vitro telomerase activity
assay with the alternative primer
sets. The TRAP assay was
performed with GG21 and
PLTC primers (specific for
amplification of the plant-type
telomeric repeat), TS21 and
TTSBCN primers
(Tetrahymena-type telomeric
repeats) and TS21 and HUTC
primers (human-type telomeric
repeats). The sequence motifs of
the reverse primers and telomere
types are depicted below the
panels. The negative controls
(- lanes) contain no protein
extract. An extract from A.
thaliana 7-day-old seedlings
was used as a control. Lane M
contains a 50-bp DNA ladder
(GeneRuler, Fermentas)

r C. cohnii

|

bp
200
150
100
50

seedlings (Fig. 2a). Adjacent products in these ladders
differ by 7 bp in length. A processive telomerase activity
has been observed in both analysed Dinoflagellata species,
but a higher processivity was observed in Crypthecodinium.
The presence of Arabidopsis-type telomere repeats in the
Dinoflagellata species was confirmed using also the primer
set GG21 and PLTC (Table 1) for the plant TRAP assay
according to Fitzgerald et al. (1996) (Fig. 2b, left panel).
When the reverse primer specific for the Tetrahymena-type
telomeric sequence (TTSBCN) and human-type telomeric
sequence (HUTC) was used for the amplification of
telomerase products, no specific PCR product was obtained
(Fig. 2b, middle and right panels, respectively). These
results are consistent with the idea that the dinoflagellate
chromosome ends are formed by TTTAGGG repeats.
Taking into consideration different cultivation temperatures
of Karenia and Crypthecodinium cells (18°C and 28°C,
respectively), the extension step of the TRAP assay was
performed also at 18°C (instead of 26°C in the standard
protocol). No differences in Karenia telomerase processivity

b
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were observed (not shown), suggesting in vitro enzyme
tolerance to a higher temperature.

To unambiguously identify the sequence or sequences,
which were produced by telomerases in Crypthecodinium
and Karenia species, the products of TRAP assays were
cloned into the TOPO vector and sequenced from both
ends. Clones of various insert sizes, ranging from one to
nine added telomeric repeats, were obtained in Cryptheco-
dinium and Karenia, thus reflecting the ladder-like pattern
of TRAP products. In Karenia, eight clones containing one
to eight telomeric repeats were obtained, and eight clones
containing two to nine repeats were obtained in Crypthe-
codinium. Thus, 52 telomeric repeats (harbouring 364
nucleotides) were sequenced in total in both species. The
results show that telomerases of both Crypthecodinium and
Karenia synthesise exclusively the Arabidopsis-type telo-
mere repeat sequence (TTTAGGG),. The absence of any
inaccuracy in a total of 364 analysed nucleotides points to
the astonishing fidelity of telomerases in both species.

Length of dinoflagellate telomeric repeats ranges
between 25 and 80 kb

The length of telomeres in the Karenia cells was assessed
as terminal restriction fragments (TRFs). In this method,
high-molecular-weight (HMW) DNA is digested by fre-
quently cutting enzymes with recognition sites which are
supposedly absent in the highly conserved G/C asymmet-
rical telomere repeats. Due to the absence of a relevant
protocol for isolation of HMW DNA from Crypthecodi-
nium species, telomere lengths could only be determined
for Karenia in this study. HMW DNA isolated from
Karenia cells was digested by two restriction endonucleases
commonly used in TRF analysis: Hinfl (G{ANTC) and
Haelll (GG|CC). Restriction fragments ranging between
25 and 80 kb were detected by Southern blot hybridisation
with an end-labelled plant telomeric probe (Fig. 3).

To confirm the localisation of the TTTAGGG repeats at
chromosome ends, BAL31 exonuclease (degrading both 3’
and 5' termini of duplex DNA, without generating internal
scissions) was applied for increasing time intervals prior to
Haelll digestion. With progressive BAL31 cleavage, the
positive bands were associated with decreasing molecular
weight positions and lower intensity of hybridisation signal
(Fig.4a, lanes 0 to 120). This result thus reflects the terminal,
i.e. telomeric, position of the hybridising fragments.

The low-molecular-weight DNA eluted from the agarose
plugs during enzyme digestions was collected by ethanol
precipitation and analysed by conventional agarose electro-
phoresis and Southern hybridisation (Fig.4b). Multiple
weakly hybridising bands can be observed which are
resistant to BAL31 cleavage, possibly representing short
clusters of internal telomeric repeats.
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Distribution of Arabidopsis-type telomeric sequence
(TTTAGGG),, on K. papilionacea chromosomes was ana-
lysed in detail by fluorescence in situ hybridisation (FISH)
with a peptide nucleic acid (PNA) probe. The telomeric
probe clearly labelled chromosome ends, although signal
intensity was rather variable, suggesting a certain level of
heterogeneity in telomere lengths among individual chromo-
somes (Fig. 5a, b). These FISH results are thus consistent
with the TRF analysis reported above (Fig. 3) where
telomere lengths showed a range of 25-80 kb.
Fluorescence signals were mostly present at chromo-
some ends, but a few interstitial telomeric blocks were also
detected (arrowed in Fig. 5c). Majority of the nuclei
contained compacted chromosomes, suggesting that the
cells were at the G1 stage, as evaluated in accordance to
previous observations (Bhaud et al. 2000). In cells with less
condensed chromatin (these can be more easily evaluated),
more than one telomeric signal was found at a single
chromosomal end, as shown in Fig. 5c in detail.

Discussion

We demonstrate for the first time that telomeres of
dinoflagellate chromosomes are maintained by telomerase.
This further supports the hypothesis that a markedly
different way and degree of folding of dinoflagellate
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Fig. 3 Analysis of telomere length in K. papilionacea by the TRF
method. High-molecular-weight DNA from K. papilionacea cells was
digested by Hinfl and Haelll restriction endonucleases, respectively,
separated using pulsed-field gel electrophoresis and hybridised with
radioactively labelled oligonucleotide probe (CCCTAAA),. Hybrid-
isation signals correspond to compact telomeric blocks. nd non-
digested DNA, M DNA size marker (low-range PFG Marker, NEB)



Chromosoma (2010) 119:485-493

491

@ M ond 015304590120 nd 0 15 304590 120 DB\ 0 1530 45 90120 0 15 30 45 90 120
i = 15 3
] e - 100 __
6.0 :
291.0 —
1940 = 3.0 [
1455 &
97.0 ¢ .
o =
485 . . " \ \ 1
23.1
9.4

EtBr (CCCTAAA),

Fig. 4 Telomeric sequences of K. papilionacea are sensitive to
BAL31 digestion. High-molecular-weight DNA from K. papilionacea
cells was digested by BAL31 exonuclease followed by Haelll
cleavage and separated using pulsed-field gel electrophoresis (a).
The low-molecular-weight fraction was subjected to conventional 1%
agarose gel electrophoresis (b). DNA transferred to a nylon membrane
was analysed by Southern hybridisation with radioactively labelled
oligonucleotide probe (CCCTAAA),. The numbers above lines (0, 15,
30, 45, 90, 120) indicate the length of BAL31 digestion in minutes. nd

chromatin does not contradict their eukaryotic character.
Moreover, the presence of telomeres and telomerase points
to the linear character of dinoflagellate chromosomes, in

Fig. 5 Fluorescence in situ a
labelling of Karenia
chromosomes to localise
telomeric sequences (a, b). All
nuclei are equally labelled with
(TTTAGGG),, telomeric PNA
probe, green, which clearly
labels chromosome ends. DNA
is stained with DAPI (1 pg/ul),
grey. ¢ Detail of telomeric FISH
showing occurrence of multiple
telomeric signals at individual
chromosome ends (asterisk) and
interstitial telomeric blocks
(arrowhead)

DAPI

EtBr (CCCTAAA)

non-digested DNA, M DNA size markers (low-range PFG Marker,
NEB in a; GeneRuler 1 kb DNA ladder, Fermentas in b). Reduced
hybridisation signal intensity with prolonged BAL31 treatment in (a)
proves the terminal position of the restriction fragments. Weak
hybridisation signals insensitive to BAL31 in (b) represent interstitial
telomeric sequences in the Karenia genome. Apparent decrease of
signal intensity reflects variation in sample loading (compare to the
EtBr panel) rather then changes due to BAL31 treatment

accordance with previous evidence showing telomere-like
signals in FISH experiments using the Arabidopsis-type
telomeric probe (Alverca et al. 2007). In addition to

DAPI + telomeres
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confirming the presence of Arabidopsis-type telomere
sequences in dinoflagellates, we also present evidence of
direct telomerase involvement in telomere maintenance and
observe striking sequence fidelity of telomere synthesis in
both Karenia and Crypthecodinium telomerases. This
precision of synthesis is particularly interesting since it
does not seem to be common among the closest relatives of
the phylum Dinoflagellata. For example, in the related
phylum of Apicomplexa, the species Theileria parva (Nene
et al. 2000) comprises mixed telomeric arrays consisting of
TTTTAGGG and TTTAGGG units which constitute <10 kb
blocks at its chromosome ends. In the genus Plasmodium,
again from the phylum Apicomplexa, the sequence TT(T/
C)AGGG constitutes telomeres of 1.2 kb in Plasmodium
falciparum and 6.7 kb in Plasmodium vivax (see Scherf et
al. 2001 for a review). In Cryptosporidium parvum,
imperfect repeats of the general formula Ty 12)AGp g
were found with the TTTAGG sequence unit occurring
most frequently. The second sister phylum, Ciliophora,
includes several classical model organisms used in telomere
biology: Tetrahymena species with TTGGGG repeats,
Paramecium species possessing TTGGG(T/G) units and
Stylonychia, Oxytricha and Euplotes with TTTTGGGG
telomeric repeats. Telomere lengths in this group are
typically several kilobases in the micronucleus, but signif-
icantly shorter (only tens of base pairs) in the macronucleus
(see Prescott 1994 for a review). The above diversity of
telomeric DNA sequences among representatives of the
phyla Ciliophora and Apicomplexa, as well as the frequent
occurrence of degenerated telomere motifs within these
phyla, is in sharp contrast with those features present in
both species of the Dinoflagellata phylum analysed in this
work. Karenia and Crypthecodinium belong to two separate
major orders of dinoflagellates, the GPP complex (Gymno-
dinales, Peridinales and Prorocentrales plus others) and the
Gonyaulacales, respectively, together encompassing most
of the living families of dinoflagellates (Benett and Wong
2006; Gast and Caron 1996; Haywood et al. 2004;
Saunders et al. 1997). The two species also represent very
different mode of lives: K. papilionacea is an athecate
autotrophic species, whereas C. cohnii is a thecat hetero-
trophic dinoflagellate. The Arabidopsis-type telomere re-
peat seems to be a common feature even among
evolutionarily distant dinoflagellate genera as it is present
in Prorocentrum micans and Amphidinium arterae (Alverca
et al. 2007) as well as in K. papilionacea and C. cohnii (this
study).

In addition, the telomere lengths determined in K.
papilionacea in this work (25-80 kb) are more than an
order of magnitude longer than any others previously
described in Alveolata. In fact, they possibly represent the
longest telomeres ever observed in unicellular organisms.
Dinoflagellates have the largest genomes among eukaryotic
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organisms, with the haploid DNA content per nucleus (the
DNA C value) ranging between 4 and 400 pg. The DNA C
values vary over five orders of magnitude among eukary-
otic organisms—from 0.005 pg in yeast up to 400 pg in
dinoflagellates. The mean C value in mammals is 3.4 pg,
ranging from 1.7 to 8.4 pg (i.e., ~5-fold). The C value in
angiosperms is varying through a much wider range—from
0.06 t0127.4 pg (i.e., 2,000-fold; reviewed in Kejnovsky et
al. 2009). Considering the aforementioned DNA C values
in dinoflagellates, these species are on the top of this scale.
Moreover, non-coding repetitive sequences may make up
60% of dinoflagellate genomes, and their distribution may
to be linked to the specific and atypical chromosome
organisation found in these species (Moreau et al. 1998). In
this respect, the unusual length of telomeric tracts may
reflect these specificities of dinoflagellate genomes. How-
ever, more extensive studies are needed to judge whether
telomeres that are markedly longer but homogeneous in
sequence are typically present in most dinoflagellates, as
well as whether these telomeres are in any way related to
the unique way of chromatin structure in these enigmatic
organisms. In this perspective, analysis of sequence
composition and length of telomeric regions of symbiotic
dinoflagellates, whose genomes consist of significantly
fewer chromosomes than those of their free-living counter-
parts, may possess particularly interesting results.

Dinoflagellates are unique unicellular model organisms
displaying both prokaryotic and eukaryotic features. Nev-
ertheless, the presence of long telomeric arrays of con-
served Arabidopsis-type telomeric repeats which are
maintained by telomerase demonstrates the general impor-
tance of telomere maintenance for the stability and proper
function of linear eukaryotic chromosomes even if these
chromosome exist in a liquid crystalline state as in the case
of free-living dinoflagellate species.
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Abstract

Analysis of plants bearing a T-DNA insertion is a potent tool of modern molecular biology, providing valuable
information about the function and involvement of genes in metabolic pathways. A collection of 12 Arabidopsis
thaliana lines with T-DNA insertions in the gene coding for the catalytic subunit of telomerase (AtTERT) and in
adjacent regions was screened for telomerase activity [telomere repeat amplification protocol (TRAP) assay],
telomere length (terminal restriction fragments), and AtTERT transcription (quantitative reverse transcription-PCR).
Lines with the insertion located upstream of the start codon displayed unchanged telomere stability and telomerase
activity, defining a putative minimal AtTERT promoter and the presence of a regulatory element linked to increased
transcription in the line SALK _048471. Lines bearing a T-DNA insertion inside the protein-coding region showed
telomere shortening and lack of telomerase activity. Transcription in most of these lines was unchanged upstream
of the T-DNA insertion, while it was notably decreased downstream. The expression profile varied markedly in
mutant lines harbouring insertions at the 5’ end of AtTERT which showed increased transcription and abolished
tissue specificity. Moreover, the line FLAG_385G01 (T-DNA insertion inside intron 1) revealed the presence of a highly
abundant downstream transcript with normal splicing but without active telomerase. The role of regulatory elements
found along the AtTERT gene is discussed in respect to natural telomerase expression and putative intron-mediated
enhancement.

Key words: Arabidopsis thaliana, regulation element, T-DNA insertion, telomerase, transcription.

Introduction

Telomerase is a ribonucleoprotein complex able to add
telomeric repeats to chromosome ends and thus to elongate
telomeres. Telomerase consists of the catalytic subunit
TERT (TElomerase Reverse Transcriptase), and the TR
(Telomerase RNA) subunit which serves as a template for
the telomere motif elongation. Both telomerase subunits
have been characterized in many model organisms (yeast,
protozoa, and humans). In plants, the TERT gene has been
cloned in Arabidopsis (Fitzgerald et al, 1999), Oryza
(Heller-Uszynska et al., 2002), and Asparagales species
(Sykorova et al., 2006), and more plant TERT genes were

identified in silico in sequenced genomes (reviewed in
Podlevsky et al., 2008; Sykorova and Fajkus, 2009). The
plant TERT genes consist of 12 exons (Fitzgerald er al.,
1999; Oguchi et al, 1999) (Fig. 1C), and all the basic
functional domains reported previously for TERT genes
from other model organisms (Nakamura er al., 1997) have
been identified in Arabidopsis thaliana TERT (AtTERT)
(Fig. 1A, C). The original identification of the AtTERT
gene was achieved using a T-DNA insertion line with the
insertion inside the telomerase-specific T motif. T-DNA
insertion in exon 9 of the AtTERT gene (SALK_061434,

© 2011 The Author(s).
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Fig. 1. Description of the AtTERT gene and of the experimental strategy. (A) Conserved motifs in the AtTERT protein are highlighted:
reverse transcriptase motifs (1, 2, A, B’, C, D, E); telomerase-specific motives (T2, CP, QFP, T); NLS, nuclear localization-like signal.
Details are given in Sykorova et al. (2006) and Sykorova and Fajkus (2009). (B) Scheme of the experimental strategy. T-DNA insertion
lines obtained from the respective collections were propagated (generation 1; G1 plants represent T progeny of the original accession)
and genotyped in each generation. Two homozygous (—/-) individual gene lines and four homozygous individual upstream lines were
propagated up to the fourth generation (G4); pool, seeds from all plants of the respective individual mutant line were pooled for
subsequent cultivation. (C) Structure of the AtTERT gene and positions of T-DNA insertion lines. Exons (boxes, grey) and introns (lines)
are depicted approximately true to scale according to their lengths. Positions of conserved regions are highlighted as in A. Triangles
indicate the positions of T-DNA insertion; names of mutant lines are shortened as noted in the text. Lines marked by black triangles
(S_575 and S_110) were excluded from the analysis. Positions of primers (Supplementary Table S1 at JXB online) used in analysis of
AtTERT transcription are given below the gene map. (D) Splicing variant of the AtTERT gene. Open boxes indicate introns retained in the
MRNA sequence. The asterisk in exon 1 (C, D) shows the position of the start codon according to Rossignol et al. (2007); the cross in

intron 6 (and in exon 12) shows the position of the stop codon.

Fig. 1A, C) resulted in disruption of telomerase activity in
telomerase-positive tissues and progressive telomere short-
ening during propagation of the mutant line, but without
apparent phenotypic defects at least in early plant gener-
ations (Fitzgerald er al., 1999; Ruckova et al., 2008).

The detailed molecular mechanisms of telomerase regula-
tion at both the cellular and organism levels are far from
being elucidated. Analysis of tobacco suspension cell cultures
showed low telomerase activity except in early S phase
(Tamura et al., 1999), demonstrating cell cycle-dependent
telomerase regulation. In both plant and animal models,
a correlation between the level of TERT mRNA and
telomerase activity was reported, pointing to regulation of
TERT transcription as an important factor (Meyerson
et al., 1997; Fitzgerald et al, 1999; Oguchi et al, 1999).
Moreover, post-translational regulation of telomerase activ-
ity by phosphorylation was reported in mammals (Liu ef /.,
2001) and in rice (Oguchi et al, 2004). The dynamic
structure of telomeres represents another level of regulation
of telomerase activity (reviewed in Blackburn, 2000) in
which telomere binding- and telomere-associated proteins
play a crucial role.

Alternatively spliced TERT transcript variants and their
specific function in the regulation of telomerase activity and
telomere homeostasis have been described in both human

and plant systems. In humans, two basic TERT deletion
variants have been identified: an o deletion (Colgin ez al.,
2000; Yi et al., 2000) and a B deletion (Kilian ez al., 1997).
These hTERT forms are enzymatically inactive; moreover,
an overexpressed o deletion variant can act as a strong
telomerase inhibitor. Apart for these splicing events, their
combination (o+f), insertions, and intron retentions were
described (for a review, see Sykorova and Fajkus, 2009);
expression of the respective variants was quantified and
correlated with distinct cell types, developmental stage, or
pathological processes (Ulaner ez al., 1998, 2001; Kaneko
et al., 2006). Reconstitutions of human telomerase reveal
‘minimal’ A”TERT regions indispensable for the formation of
an active enzyme complex which differ under in vitro and
in vivo experimental conditions (Beattie ez al., 2000).

In plants, a number of alternatively spliced TERT isoforms
have been identified in Oryza (Heller-Uszynska et al., 2002;
Oguchi et al., 2004) and Asparagales (Sykorova et al., 2006).
Detailed analysis of the A. thaliana TERT V(I8) isoform
(Fig. 1D; GenBank accession no. AM384991; Rossignol
et al., 2007) revealed its ability to bind the telomere-binding
protein AtPOTla effectively, pointing to a biological signif-
icance of the splicing variant in the plant system.

The identification and description of plant gene functions
are mainly based on analysis of T-DNA insertion lines.
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Insertion into either an exon or an intron in the protein-coding
region is equally effective in knocking out the target gene
(86%), while insertions before the start codon or after the stop
codon are slightly less effective (Wang, 2008). However, when
a transcript is produced due to expression of a fusion
transcript driven by a strong T-DNA promoter or is
truncated due to transcription termination by the insertion, it
can still be translated into a functional protein (Ren ez al.,
2004; Dohmann et al., 2005; Ohtomo et al., 2005; Wilmoth
et al, 2005) or into a truncated protein lacking essential
domains (Kim er al, 2004; Henderson et al, 2005; for
a review, see Wang, 2008). To investigate structure—function
relationships in TERT subdomains in plants, a collection of
A. thaliana T-DNA insertion lines has been utilized (Fig. 1C;
Supplementary Fig. SIA available at JXB online) in which
the insertion was in distinct AtTERT regions encompassing
the N-terminal part with telomerase-specific motifs, the
central part (reverse transcriptase motifs), and the C-terminal
extension (Fig. 1A), or in the upstream and downstream
sequences. Telomerase activity was abolished and telomeres
were shortened in all the mutant lines with a T-DNA
insertion in the AtTERT gene regardless of the T-DNA
position. On the other hand, telomerase function was
maintained in the mutant lines with a T-DNA insertion
within the ArTERT upstream region, and a correlation
between increased transcription level and telomerase activity
was observed. T-DNA insertions at the 5" end of the AtTERT
gene or in the region upstream of the ATG start codon led to
the activation of putative regulatory elements. Possible
outcomes of these observations are discussed.

Materials and methods

Plant material and genotyping

Arabidopsis thaliana lines with a T-DNA insertion in the gene
coding for telomerase reverse transcriptase AtTERT (At5gl6850;
Supplementary Fig. SIA at JXB online) were selected from the
public T-DNA Express database established by the Salk Institute
Genomic Analysis Laboratory accessible at the SIGnAL website
http://signal.salk.edu. Seeds were obtained from the Nottingham
Arabidopsis Stock Centre [SALK and SAIL lines, Columbia wild
type (wt) (Sessions et al., 2002; Alonso et al., 2003) and Versailles
INRA collection (FLAG lines, Wassilevskija-4 wt (Brunaud et al.,
2002)]; for the T-DNA positions, see Fig. 1C. Note that the lines
FLAG_490F05 and FLAG_492C08 (F_490/492 in Fig. 1C)
represent flanking sequence tags (FSTs) of the same accession
(Brunaud et al., 2002).

Seeds were placed onto half-strength Murashige and Skoog
(MS; Duchefa) agar plates and grown under cycles of 8 h light,
21 °C and 16 h dark, 19 °C (except root elongation analysis; see
Supplementary methods at JXB online). After 2 weeks, seedlings
were potted and grown for 3 weeks under the same conditions
until samples of plant material (leaves) for genotyping and
genomic DNA were collected. Plants were then grown under 16 h/
8 h light/dark cycles suitable for flowering, and seeds from each
plant were collected. Individual plants (generation G1) from each
T-DNA insertion line were genotyped (see Supplementary Table
S1 at JXB online for primer sequences) to select individual
segregated wt, heterozygous, and homozygous individual mutant
lines. At least two mutant lines for each T-DNA accession
(referred to here as individual mutant lines) were propagated up
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to the fourth generation (G4) and each individual plant was
genotyped (Fig. 1B). The seeds from homozygous plants in G2,
G3, and G4 were pooled. Heterozygous and wt plants were
revealed by genotyping of the line SALK_ 126201 which is referred
to as homozygous for T-DNA insertion in the T-DNA Express
database. The lines SALK_ 110053 and SAIL_575_F07 were
excluded from the study because of mis-mapping of their position
in the T-DNA Express database. Two control lines were used, the
line SALK_061434 previously described in detail (Ruckova et al.,
2008) for the telomere repeat amplification protocol (TRAP)
analysis, and the line SAIL_1287_C04 located 3174 bp upstream
of the start codon (Fig. 1C) for the analysis of root growth.

DNA isolation and telomere length analysis

Genomic DNA for genotyping was isolated according to the
‘modified IRRI method’ (Collard ez al, 2007) from leaves of 4- to
5-week-old plants. DNA for analysis of telomere length by the
terminal restriction fragments (TRFs) method was isolated accord-
ing to Dellaporta e al. (1983) from rosette leaves of 5- to 7-week-
old plants. The quality of DNA was checked and the concentra-
tion estimated using electrophoresis on 0.8% (w/v) agarose gels
stained with ethidium bromide. The Gene Ruler 1-kb DNA
Ladder (Fermentas) was used as a standard and data were
analysed by Multi Gauge software (FujiFilm).

Telomere length was assessed as the length of TRFs resulting
from the digestion of genomic DNA by a frequently cutting
restriction endonuclease whose recognition site is not located
within the telomeric region. DNAs (500 ng) isolated from in-
dividual plants were cleaved overnight at 65 °C by Trull (Msel)
(Fermentas) and separated in 0.8% (w/v) agarose gels at 1.5V
cm ! for 16 h. Agarose gels were alkali blotted onto Hybond XL
membranes (GE Healthcare). Membranes were hybridized over-
night at 55 °C with the radioactively labelled telomeric oligonucle-
otide (GGTTTAG)4 and washed twice at 55 °C for 30 min in 2X
SSC (1x SSC=150 mM NacCl, 15 mM Naj citrate, pH 7.0), 0.1%
SDS. Signals were visualized using a FLA7000 phosphorimager
(FujiFilm). Evaluation of fragment lengths was done by using the
Gene Ruler 1-kb DNA Ladder (Fermentas) as a standard; Multi
Gauge software (FujiFilm) was used to analyse hybridization
patterns. Mean telomere lengths were calculated by the Telometric
tool (Grant et al., 2001).

Analysis of telomerase activity (TRAP assay)

Protein extracts from undeveloped buds and 7-day-old seedlings
were prepared as described (Fitzgerald er al., 1996; Sykorova et al.,
2003) and tested for telomerase activity according to the protocol
in Fajkus et al (1998). Briefly, 1 ul of 10 uyM CAMYV or TS21
substrate primer (Supplementary Table S1 at JXB online) was
mixed with 1 pl of telomerase extract (protein concentration 50 ng
ul~!). Primer elongation proceeded in 25 pl of the reaction buffer
at 26 °C for 45 min. After extension, telomerase was heat
inactivated for 10 min at 95 °C and the sample was cooled to
80 °C. A 1 pl aliquot of 10 pM TELPR reverse primer (Supple-
mentary Table S1) and 2 U of DyNAzymell DNA Polymerase
(Finnzymes) were added to start the PCR step of the TRAP assay
(35 cycles of 95 °C/30 s, 65 °C/30 s, 72 °C/30 s) followed by a final
extension (72 °C/5 min). Products of the TRAP reactions were
analysed by electrophoresis on a 12.5% polyacrylamide gel in 0.5%
TBE buffer, the gel was stained with GelStar Nucleic Acid Gel
Stain (LONZA), and signals were visualized using the LAS-3000
system (FujiFilm).

The quantitative variant of the TRAP analysis was performed as
described in Herbert er al. (2006) using FastStart SYBR Green
Master (Roche) and TS21 and TELPR primers. Samples were
analysed in triplicate. A 1 pl aliquot of extract diluted to 50 ng
ul~! protein concentration was added to the 20 pl reaction mix. Ct
values were determined using the Rotorgene3000 (Qiagen) machine
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software, and relative telomerase activity was calculated by the
ACt method (Pfaffl, 2004).

RNA isolation and analysis of AITERT transcription

Total RNA was isolated from undeveloped buds, 7-day-old
seedlings, and mature leaves with the RNeasy Plant Mini Kit
(Qiagen) followed by treatment by DNase I (TURBO DNA-free,
Applied Biosystems/Ambion) according to the manufacturer’s
instructions. The quality and quantity of RNA were checked by
electrophoresis on 1% (w/v) agarose gels and by absorbance
measurement (NanoPhotometr IMPLEN). cDNA was prepared
by reverse transcription of 1 pg of RNA using the M-MuLV
(NEB) reverse transcriptase and Random Nonamers (Sigma).
Quantification of the A:TERT transcript level relative to the
ubiquitin reference gene was done using FastStart SYBR Green
Master (Roche) by the Rotorgene3000 (Qiagen) machine. A 1 pl
aliquot of cDNA was added to the 20 pl reaction mix; the final
concentration of each forward and reverse primer (sequences are
given in Supplementary Table S1) was 0.25 pM. Reactions were
done in triplicate; the PCR cycle consisted of 15 min of initial
denaturation followed by 40 cycles of 20 s at 94 °C, 20 s at 56 °C,
and 20 s at 72 °C. SYBR Green I fluorescence was monitored
consecutively after the extension step. The amount of the re-
spective transcript was determined for at least two individual
mutant lines, and A¢tTERT transcription was calculated as the fold
increase/decrease relative to the wt plant tissue (AACt method;
Pfaffl, 2004).

Analysis of alternatively spliced A¢tTERT transcripts was done
by PCR using DyNAzyme II (Finnzymes) polymerase. The 20 pl
reaction mix consisted of 1 pl of cDNA, 1xDyNAzyme II reaction
buffer (Finnzymes), 0.25 uM forward and reverse primers, 1 mM
MgCl,, 350 uM of each dNTP, and 1 U of DyNAzyme II
polymerase; PCR conditions were the same as for quantitative
reverse transcription-PCR (qRT-PCR). Reaction products were
analysed by electrophoresis on a 2% (w/v) agarose gel, stained by
ethidium bromide, and visualized using the LAS3000 (FujiFilm).

Results
Characterization of T-DNA insertion lines

Publicly accessible A. thaliana lines with insertions mapped
inside the AtTERT gene sequence (At5g16850) and adjacent
regions were searched for and selected. The AtTERT gene is
located on chromosome 5; upstream of its start codon is the
At5g16860 gene coding for a putative pentatricopeptide
repeat-containing protein (PPR), and downstream of the
stop codon is the At5g16840 gene coding for a putative
RNA recognition motif-containing protein (RRM) (Fig. 1C;
Supplementary Fig. SIA at JXB online). The set of T-DNA
insertion lines included accessions from three T-DNA
libraries derived from Columbia (Col wt, SALK, and SAIL
lines) and from Wassilevskija ecotypes (WS4 wt, FLAG
lines). They covered the AtTERT gene region (six lines), the
upstream region (five lines), and the downstream region
(one line) (Fig. 1C). The lines FLAG_490F05 and
FLAG_492C08 from the INRA collection were supplied as
one accession because they represent FSTs of the same
T-DNA insertion (Supplementary Fig. SIA, B; Brunaud
et al., 2002). Genotyping of the insertion lines (primer
sequences are given in Supplementary Table S1 at JXB
online) showed that the lines SALK_110053 and
SAIL_575_F07 did not contain T-DNA insertions at the

mapped positions (the RRM gene and PPR gene, respec-
tively) and they were excluded from this study.

The region upstream of the A:TERT start codon
was covered by lines SALK_126201, SALK_048471,
FLAG_490F05/FLAG_492C08, and SAIL_1287_C04 (desig-
nated here as S_126, S_048, F_490/492, and S_1287; “‘upstream
lines’, Fig. 1C) and the gene region from the start to the stop
codon was covered by lines FLAG_385G01, FLAG_493F06,
SALK_061434,  SALK_041265, SALK_050921, and
SAIL_284_B07 (designated here as F_385, F_493, S_061,
S_041, S_050, and S_284; ‘gene lines’, Fig. 1C). For sub-
sequent analysis, at least two individual mutant lines derived
from each gene line and four individual mutant lines from
each upstream line classified as homozygous for T-DNA
insertion from each T-DNA accession were propagated
(Fig. 1B). These individual mutant lines were cultivated up to
the fourth generation (G4) which was originally described as
critical for telomere shortening but not for plant survival
(Ruckova et al., 2008).

Furthermore, experiments were conducted to determine if
T-DNA insertions upstream of A¢tTERT and in the gene
region may influence the development of roots, the typical
telomerase-positive tissue (Fitzgerald ez al., 1996). Analysis
of the root growth of all lines via calculation of root
elongation dynamics (Supplementary Figs S2, S3 at JXB
online) did not reveal any changes related to the position of
T-DNA insertions in comparison with the segregated wts
(Supplementary Figs S2, S3).

Plant lines with T-DNA insertions inside the AtTERT
coding region show telomere shortening independently
of the T-DNA position

The telomere length was estimated by measuring TRFs,
which involves hybridization of digested genomic DNA on
Southern blots with a telomeric repeat probe. The hybrid-
ization pattern represents the telomeres plus the region
adjacent to the most telomere-proximal recognition site of
the restriction enzyme used. The lengths of telomeric tracts
differ in A. thaliana ecotypes (Gallego and White, 2001;
Riha et al, 2002; Shakirov and Shippen, 2004), giving
a different starting point for telomere shortening. The TRF
lengths reach 24 kb in the Columbia ecotype (wt of the
SALK and SAIL mutant lines) and 3.5-8 kb in the
Wassilevskija ecotype (wt of the FLAG mutant lines). The
upstream lines S_126, S_048, and F_490/492 showed
telomere lengths fully comparable with the corresponding
wts (examples are shown in Fig. 2C). Telomeric tracts in all
gene lines were remarkably shortened as compared with the
wt (as shown for F_385/22 in Fig. 2A, B) using three criteria
for evaluation of TRFs: absolute maximum and minimum
per generation, and weighted mean TRF length for each
individual plant (Fig. 2B, C). Weighted mean TRF length
was calculated as the mean TRF adjusted by the decreased
signal of the telomere probe in the shorter TRF in relation
to the unchanged portion of the non-telomeric part of the
TRF (Grant et al., 2001). Similar shortening of telomeres
was reported previously for the original A¢tTERT mutant
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Fig. 2. Analysis of the telomere length in T-DNA insertion lines. (A) Example of the telomere length analysis. The lengths of the terminal
restriction fragments (TRFs) were determined in four individual plants (hnumbers above the panel) of each generation (G2, G3, and G4) of
the individual mutant line F_385/22 and compared with Wassilevskija-4 wt (Ws, three plants). Note a significant shift of hybridization
signals to lower molecular weights in the mutant samples. The arrow delimits the position of the internal telomere-like sequence near the
centromere (~500 bp) which serves as a control (A, B). Marker lengths are shown in kb (1-kb DNA Gene Ruler Ladder, Fermentas).

(B) An example of TRF evaluation is shown using lane intensity charts in which the x-axis of the graphs shows a reference value (marker
in kb) and the y-axis value corresponds to the pixel intensity at each point along the lane. Open squares show the absolute maximum
and minimum per generation in mutant and control plants (as in C). (C) Graphical representation of the TRF results shown in A.
Evaluation of TRF lengths from one and two individual mutant lines of upstream and gene lines, respectively, in comparison with the wild
types is shown. The TRF lengths were calculated using the Multi Gauge program (FujiFilm) from the hybridization pattern of four individual
mutant plants of each generation (G2, G3, and G4) and wt plants (Col, four plants; Ws, three plants). The absolute minimum and
maximum (open squares) are shown per generation; the weighted mean telomere length from each line (filled squares) was calculated
using the Telometric tool (Grant et al., 2001).
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line S_061 (shortening by 250-500 bp per generation;
Fitzgerald et al., 1999; Ruckova et al., 2008).

The splicing variant AtTERT V(8) (Fig. 1D) with
suggested telomeric function as an interaction partner of
AtPOTla (Rossignol ez al, 2007) could possibly be
transcribed and translated in the gene lines S_041, S_050,
and S_284 that have the T-DNA insertion at the 3’ end of
the TERT gene and downstream of the A:tTERT V(I8)
region (see Fig. 1C). However, no difference was observed
in telomere length dynamics between gene lines with the
T-DNA insertion located at the 5’ and the 3’ regions of
the AtTERT gene (Fig. 2C). These results suggest that
(i) shortening of telomeres in gene lines was not influenced
by the position of the T-DNA insertion and (ii) telomere
maintenance was not affected in upstream lines.

Telomerase activity is disrupted in lines with a T-DNA
insertion inside the AtTERT coding region, while insertion
upstream of the ATG start codon shows no effect

To investigate whether the distance of the T-DNA in-
sertion from the A:tTERT start codon in upstream lines
influences telomerase activity, TRAP assays were performed
in homozygous, heterozygous, and segregated wt plants of
S_126 (insertion at position —271 bp relative to the ATG start
codon), S_048 (-360 bp), F_490/492 (—441 bp), and S_1287
(=3 174 bp, not shown) using the CAMYV and TELPR primer
set (Fig. 3; Supplementary Table S1 at JXB online).
Telomerase extracts prepared from buds of the first genera-
tion (G1, Fig. 1B) of all upstream lines showed telomerase
activity comparable with that in the corresponding wt tissues
(Fig. 3, left panels). This result and the position of the
T-DNA insertion in S_126 suggest that the region of 271 bp
upstream of the ATG start codon is sufficient to act as
a putative ‘minimal promoter’ (E Sykorova et al, unpub-
lished results). Telomerase activities in gene lines harbouring
insertions inside the protein-coding region (F_385, F_493,

S_061, S_050, S_041, and S_284) were examined using
protein extracts prepared from Gl buds of homozygous,
heterozygous, and segregated wt individual plants. Extracts
from heterozygous plants showed telomerase activity similar
to that of wt plants, but no activity was observed in
homozygous mutant plants (Fig. 3, right panels).

The TRAP assay with the TS21 substrate primer (Supple-
mentary Table S1) confirmed the loss of telomerase activity
in gene lines, and active telomerase was detected in seedlings
and buds of all upstream lines analysed up to the fourth
generation (Supplementary Fig. S5). The primer TS21 was
chosen as an alternative substrate primer also suitable for the
modified quantitative TRAP assay (see below) instead of the
CAMYV primer which showed the presence of high molecular
weight TRAP products (details in Supplementary methods
and Supplementary Figs S4, S5 at JXB online).

Quantitative TRAP assays using TS21+TELPR primers
showed increased telomerase activity in buds and seedlings of
the S_048 upstream line, while activity in S_126 and F_490/
492 lines was comparable with that of the wts (Fig. 4). These
results point to the presence of a putative regulatory element
in the upstream region whose function was changed in the
S_048 line by T-DNA insertion.

Reduced telomerase activity is thus tightly correlated with
the shortening of telomeric repeats in mutant lines. In
upstream lines with the telomere length comparable with
that of the wts, high telomerase activity was observed in
telomerase-positive tissues but, on the other hand, no
telomerase activity was detected in gene lines in accordance
with their progressively shortened telomeres.

AtTERT transcription is comparable with that of the wt
in telomerase-positive upstream lines but decreases down-
stream of the T-DNA insertion in 3" gene lines

The AtTERT gene was identified via its T-DNA insertion
mutant (S_061, insertion in exon 9) in which the loss of
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Fig. 3. Analysis of telomerase activity in buds collected from plants of the first generation of T-DNA insertion lines. High telomerase
activity was detected in all upstream line samples homozygous (—/- lines) or heterozygous (+/-) for T-DNA insertions and in segregated
wt plants (+/+) using the CAMVXTELPR primer set. In individuals of gene lines heterozygous for T-DNA insertion and in segregated wt
plants, active telomerase was revealed; no telomerase activity was detected in individuals of gene lines homozygous for T-DNA insertion
(except for bands of high molecular weight; see Supplementary methods, Supplementary Figs S4, S5 at JXB online). NC, negative
control (no protein extract in TRAP reaction); TSR8, control template from the TRAPeze® XL Telomerase Detection Kit (Millipore); S_061/
7, control line homozygous for T-DNA insertion in exon 9 of the AtTERT gene (Ruckova et al., 2008).
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Fig. 4. Quantitative telomerase activity assay using the TS21 and TELPR primer set in G4 seedlings (A) and G4 buds (B) of the upstream
lines. Two individual mutant lines of the F_490/492 accession, four individual mutant lines of S_126 and S_048, and wts (Col, Columbia;
Ws4, Wassilevskija) were analysed. Representative raw data for cycling (A, left panel) grouped curves for individual mutant lines S_048
and curves for wis and other upstream lines as marked by arrows. A slight but reproducible increase of telomerase activity relative to
Columbia wt was observed in S_048 tissues. (This figure is available in colour at JXB online.)

telomerase activity and shortening of telomeres was observed
(Fitzgerald et al., 1999; Ruckova et al., 2008). However, the
presence/absence of AtTERT transcripts from regions up-
stream/downstream of the T-DNA insertion site has not been
demonstrated yet. Previous studies of A. thaliana telomerase
revealed the presence of the alternatively spliced isoform
AtTERT V(8) (Fig. 1D; Rossignol er al, 2007) with
suggested telomeric function as a putative AtPOTla binding
partner. The presence of TERT transcripts including the
variant AtTERT V(I8) from regions located upstream and
downstream of T-DNA insertions (Figs 5-7) was investigated
using RT-PCR and qRT-PCR in telomerase-positive tissues
(seedlings and buds) and telomerase-negative tissues (mature
leaves; see below).

In telomerase-positive tissues, upstream lines generally
showed levels of transcripts originating from exons 1 and 10
comparable with or slightly higher than those in the wts
(Figs 5, 6; Table 1). The transcription of the PPR gene
(At5g16860) located upstream of A:tTERT (Fig. 1C, Sup-
plementary Fig. SIA) was also examined, and no RT-PCR
product in buds, seedlings, or leaves was observed in either
upstream lines or in Columbia wt plants (not shown).

All gene lines showed a level of the exon 1 transcript
(upstream of the T-DNA insertion for all lines) similar to
that in the wt (except for F_385 and F_493; see below),
while transcription from exon 12 (downstream of T-DNA
insertions for all lines) was significantly decreased (except
for F_385; see below) (Figs 5, 6; Table 1). The level of
transcription from exon 10 was markedly decreased in
F_493 (Fig. 6) and similar to that in the wt in S_041/2,
S_050, and S_284 (Fig. 5), thus corresponding to the
relative position of the T-DNA insertion. In some cases,
differences were observed in the transcript level among
individual mutant line representatives; for example, line
S_048/23 showed a more pronounced increase in expression
of exons 1 and 10 (by more then one order of magnitude;
Table 1) in comparison with other individual mutant lines
of the same accession (S_048/2, 8, 33; Table 1), and a similar
difference was observed between individual mutant lines of
S_041 (see Supplementary methods for analysis of the
individual mutant line S_041/3; Supplementary Table S2 at

JXB online). Previous results revealed that transcription
was not reduced upstream of T-DNA insertion sites and
there is a possibility that the alternatively spliced isoform of
AtTERT could be present and even functional in mutant
lines with insertions positioned downstream of the 4tTERT
V(I8) poly(A) site (Fig. 1C, D). In addition to these 3’ gene
lines, the position of T-DNA insertions in upstream lines
might influence the transcriptional pattern of this variant.
The transcription of the alternatively spliced isoform
AtTERT V(I8) was investigated using primers derived from
unique features of this variant; a combination of primers
designed from spliced borders of exons 5+6 (5-6F), exons
7+8 (7-8R), and forward or reverse primers from intron 6
(6iF, 6iR) was used in qRT-PCR (not shown) and
conventional RT-PCR. The respective transcripts were
detected using conventional RT-PCR in seedlings and buds
in all upstream lines and also in gene lines with the T-DNA
insertion located downstream of the putative poly(A) signal
of the AtTERT V(I8) isoform (Fig. 7A, B). However, the
amount of alternatively spliced transcript was too low (in
the range of a few percent as compared with the full-length
transcript in Col and WS4 wts) to perform fully reproduc-
ible quantitative assays by the qRT-PCR technique
(M Fojtova, unpublished results).

A specific pattern of AtTERT transcription in the 5’ gene
lines F_385 and F_493

AtTERT transcription in gene lines F_385 and F_493 with
T-DNA insertions at the 5’ end of the AtTERT gene was
completely different from that in other gene lines. They
showed an ~300- and 30-fold increased transcription,
respectively, of exon 1 in G4 seedlings relative to WS4 wt
(Fig. 6B; Table 1) and a similar increase in transcription
was revealed in G3 seedlings and G4 buds from both lines
(Table 1).

Transcription of exon 10 downstream of T-DNA inser-
tions was convincingly reduced in F_493, while in F_385 it
was ~3500-fold higher in the G4 seedlings and buds in
comparison with the corresponding wt tissues (Fig. 6B;
Table 1). RT-PCR and qRT-PCR analyses with primer sets
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Fig. 5. AtTERT transcription in G4 seedlings of T-DNA insertion plant

lines of the Columbia background. (A) Analysis by conventional

RT-PCR. (B) Analysis by gRT-PCR; at least two individual mutant lines of each accession were analysed. AtTERT transcription was
slightly increased or was comparable with that in Columbia in upstream lines (S_048 and S_126). The expression levels in other gene
lines (S_041, S_050, and S_284) correlated with the position of the T-DNA insertion, i.e. it was comparable with the wt in upstream
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amplifying regions from exons 4 to 5 and exons 2 to 5
revealed that vigorous transcription had started in exon 2
closely downstream of the T-DNA insertion in the line
F_385 (Fig. 6A, B). Moreover, analysis of transcripts
downstream of the T-DNA insertion site (primer sets 2F—
7,8R and 9F-12R) revealed bands of regular length in G4
seedlings of the F_385 gene line (Fig. 7C), suggesting that
splicing of the overexpressed transcripts in both regions is
identical to that in wt plants with the functional AtTERT
mRNA variant. To exclude the possibility that transcription
was driven by a strong T-DNA promoter (Supplementary
Fig. S1B, C at JXB online), lines F_385 and F_493 were
genotyped in more detail. RT-PCRs with T-DNA-specific
primers and A¢tTERT-specific primers confirmed that no
chimeric transcript was produced, and thus the increased
transcription of exons 1 and 10 in line F_385 was not
caused by a leaking terminator in the T-DNA in any of
these lines (Supplementary Fig. S1C).

In addition, the levels of exon 1 and 10 transcripts were
investigated in mature leaves which represent typical telomer-
ase-negative tissue. Surprisingly, the transcription level and
expression pattern were similar to those in seedlings and

buds (Fig. 6C; Table 1) in both F_385 and F_493 lines. In
other insertion lines, AtTERT transcription in mature leaves
was under the detection limit (Table 1), i.e. silenced, as
expected for plant mature tissues.

Discussion

Two major features of AtTERT function were monitored by
analysing T-DNA insertion lines of A. thaliana for telomer-
ase activity and telomere length. In accordance with pre-
vious reports on telomere dynamics in the T-DNA insertion
mutant S_061 (Fitzgerald et al., 1999; Ruckova et al., 2008)
telomere shortening by 100-500 bp per generation and an
absence of telomerase activity was found in lines with
a disrupted AtTERT gene sequence downstream of the start
codon (Fig. 8).

Unchanged telomerase function in upstream lines

Lines with the T-DNA insertion upstream of the start codon
showed positive telomerase activity and telomere length
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comparable with those in wt samples. These results and the
position of the T-DNA insertion in the S_126 mutant line
suggest that a region as short as 271 bp upstream of ATG
can act as a putative ‘minimal promoter’ able to drive
sufficient transcription of the telomerase protein subunit
gene, resulting in normal telomerase function.

Nevertheless, an increase of AtTERT transcription was
observed in both seedlings and buds of the S_048 mutant
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Fig. 7. Presence of the alternatively spliced AtTERT variant in
seedlings and buds of the fourth generation (G4) of mutant lines of
Wassilewskija (A) and Columbia (B) background. A faint band
(~500 bp of length) evidencing the presence of an alternatively
spliced product was detected in all samples tested (primer set
5-6F and 7-8R). Ws4, Col, wt; —, negative control. (C) Presence of
the RT-PCR product of regular length along the A{TERT gene in
G4 seedlings of the F_385 gene line. No RT-PCR product was
obtained using primers surrounding the T-DNA insertion site
(1F+7-8R). Strong bands were detected when analysing regions
downstream of the T-DNA insertion (2F+7-8R; 9F+12R). The
primer 2F is located in a region containing a natural ATG codon
inside of exon 2.

line, pointing to a possible involvement of a putative
regulation element in the region upstream of the minimal
promoter. On the other hand, the amount of transcript in
mature leaves in upstream lines was reduced convincingly,
in contrast to gene lines F_385 and F_493. This suggests
that the respective regulatory element may function only at
the level of transcription, while it is not involved in tissue-
specific regulation.

Negative telomerase regardless of the position of T-
DNA insertion in gene lines

Experiments to determine the minimal length of the
telomerase protein subunit which can reconstitute telomer-
ase activity indicated that different regions of hTERT are
sufficient to function in vitro and in vivo (Beattie et al.,
2000). Deletion of the 20 C-terminal amino acids reduced
the activity of human telomerase reconstituted in rabbit
reticulocyte lysate (RRL), and truncations of hTERT that
lacked the last 205 amino acids (including part of the E
motif; see Fig. 1A) remained active when transfected into
293T cells. N-terminal truncations of 300 amino acids were
active in both systems, and a truncation spanning amino
acids 201-927 was active in 293T cells but not in an RRL.
The position of T-DNA insertion in lines S_050 and S_284
(inside exon 11 and 12, respectively) and the unaffected
transcription level upstream of the T-DNA insertion might
hypothetically give rise to AtTERT products containing
a ‘minimal length subunit’ analogous to that of ATERT
which possess all essential enzyme motifs (Figs 1A, C, 8)
However, both lines showed telomere shortening and
absence of telomerase activity. Similarly, line F_385 with
the putative AtTERT gene product shortened from the
N-terminal end did not show any telomerase activity. There
is a possibility that mRNA originating from the gene
disrupted by T-DNA insertion is recognized as aberrant
and is not effectively translated or produces a non-func-
tional protein, and this could explain the possible absence
of translated products of the alternatively spliced isoform
AtTERT V(I8) in the gene lines S_061, S_041, S_050, and
S_284. Also, it is possible that the AtTERT V(I8) isoform is
not directly involved in telomere maintenance. Unfortu-
nately, these possibilities are difficult to test in plant models
because antibodies specific for the respective TERT func-
tional domains are not available.

A putative regulatory element in the region of T-DNA
insertion in F_493 and F_385 gene lines

The position of the T-DNA insertion in the A¢tTERT gene
could efficiently uncouple the transcription unit from its
putative regulatory elements. Delimitation of regulation

panel), an increase of expression was detected in the region upstream of the T-DNA insertion (exon 1), while in the downstream regions
the expression is at the limit of detection. N.A., not analysed. (C) AtTERT transcription was analysed in mature leaves collected from five
individual plants of the F_385 line (left panel) and three individual plants of the F_493 line (right panel). In both mutant lines, the AtTERT

expression profile in leaves is similar to that in seedlings. Note the relatively high interindividual variability between samples.
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Table 1. Summary of analyses of AtTERT transcription in T-DNA insertion lines.Transcription in the seedlings (S), buds (B), and old
mature leaves (L) is related to that in the respective wt tissue (except for F_385 and F_493 old leaves where transcription is related to
Ws-4 seedlings). Data were taken from analyses of at least two individual mutant lines.

NA, not analysed; ND, not detected (expression below the detection limit).

T-DNA insertion line Tissue/generation Exon 1 Exon 10 Exon 12
FLAG490F05/FLAG_492C08 SG4 1.04=0.12 0.98+0.22 NA

BG4 1.13=0.26 1.08+0.17 NA

LG4 ND NA NA
SALK_126201 SG4 1.78+0.73 1.92+0.85 NA

BG4 2.25+0.21 2.48+0.83 NA

LG4 ND NA NA
SALK_0484717 SG4 3.85+£1.21 3.29+0.83 NA

BG4 4.09+0.86 3.83x£0.56 NA

LG4 ND NA NA
FLAG_385G01 SG2 306+32 3417+434 NA

SG3 33134 3841+446 NA

SG4 344+29 3290560 NA

BG4 424+53 3541520 NA

LG4 440120 3079+615 NA
FLAG_493F06 SG3 22.5+2.3 0.083+0.01 NA

SG4 37.8t4.1 0.12x0.02 NA

BG4 51.1£12.5 0.20£0.05 NA

LG4 39.3+17.3 ND NA
SALK_041265° SG2 1.19+0.32 NA NA

SG3 1.12+0.30 NA 0.33%£0.11

SG4 1.42+0.63 0.9+0.29 0.28+0.10

BG4 1.49+0.22 1.23+0.36 0.21+0.08

LG4 ND NA NA
SALK_050921 SG4 1.05%+0.08 0.89+0.05 0.15+0.07

LG4 ND NA NA
SAIL_284_B07 SG4 1.25%+0.15 1.2+0.01 0.47*0.07

LG4 N.D. NA NA

@ Data shown for individual mutant lines S_048/3, 8, 33; transcription in G4 seedlings of S_048/23 was significantly different from the others

(exon 1, 26.3x2.5; exon 10, 21.1x3.8).

b Complete analysis of the individual mutant line S_041/3 is presented in the Supplementary data at JXB online.

elements away from their original positions could provide
additional information about their putative role in regula-
tion of transcription, tissue specificity or in collaboration
with other regulatory elements (Saracco er al, 2007; Son
et al., 2010), as demonstrated here for the lines F_385 and
F_493. Interestingly, in these lines and in the S_048
upstream line, the AtTERT expression in distinct regions
was significantly increased, suggesting a possible disruption
of the suppressive function of the putative upstream
regulatory elements (Fig. 8). The T-DNA insertions inside
intron 1 (F_385) and exon 2 (F_493) revealed several
interesting features of these regions. Transcription upstream
of both insertion sites was increased, but to different
extents: the lines F_385 and F_493 showed a 300- and a
30-fold increase, respectively. Moreover, transcription
downstream of the insertion sites revealed completely
different patterns: an ~3500-fold increase of A:tTERT
transcription was observed in line F_385, but transcription
in line F_493 was completely disrupted similarly to the
other gene lines. The differences in AtTERT expression in
these two lines are probably not related to the T-DNA
insertions which both have the same orientation and vector

type, and increased AtTERT transcription was not caused
by a leaking terminator in the T-DNA (Supplementary Fig.
S1B, C at JXB online), or to a wt background, because the
upstream line F_490/492 showed an expression pattern fully
comparable with that of the Wassilevskija wt. These results
provide evidence for the presence of a putative regulatory
network or at least regulation motifs around the F_385
insertion site. The respective T-DNA insertions are located
inside intron 1 (F_385) and exon 2 (F_493) at a distance of
190 bp. The marked differences in 4tTERT expression both
between lines F_385 and F_493 and in comparison with the
Wassilevskija wt suggest disruption of some regulatory
element in both lines (high expression in the region
upstream of T-DNA insertion). This upstream suppressor
element could be located (at least partially) between the
respective insertion sites (Fig. 8). Nevertheless, the disrup-
tion of the putative suppressor function by T-DNA in-
sertion in the second exon in the F_493 mutant line is
manifested only by increased transcription in the region
upstream of the T-DNA insertion, while T-DNA insertion
inside the first intron in the F_385 mutant line resulted in
extremely increased transcription of the regions downstream
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increase in transcription and telomerase activity (line with two arrows) in comparison with lines S_126 and F_490/492. Disruption of the
regulatory region downstream of the start codon (oval) in lines F_385 and F_493 influenced tissue specificity and the level of AtTERT
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telomere shortening and telomerase activity, transcription analyses including the AtTERT V(I8) variant, the root phenotype study, and
genotyping of T-DNA insertions. The control line S_061 was characterized in detail in Ruckova et al. (2008) (asterisk). The T-DNA
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a tandem repeat in LBRB arrangement. n.a. = not analysed.

of the insertion site. The fate of this AtTERT mRNA is
unclear; although the extremely up-regulated transcription
downstream of T-DNA insertion seems to result in mRNA
of regular length (Fig. 7C), there is no active telomerase in
this line and telomeres are progressively shortened. This line
thus clearly shows disruption of a tight coupling between
AtTERT transcription and telomerase activity which occurs
under natural conditions.

Both gene lines display disruption of the tissue-specific
regulation of AtTERT transcription (Fig. 8), because a signif-
icant increase in the amount of transcripts was observed in
telomerase-positive tissues (seedlings and buds) and also in
mature leaves (Fig. 6C) which have previously been reported
as typical telomerase-negative tissues (Fitzgerald ez al., 1996).
This specific expression pattern can be attributed to the
persisting activity of a strong regulatory element. The 35S
enhancer/promoter in the transgenic cassette could be

a promising candidate, but obviously no chimeric transcript
is produced (Supplementary Fig. S1IC at JXB online), the
expression pattern is different among FLAG lines, and the
transcription level was unaffected in line F_490/492. The
present state of knowledge does not allow determination of
whether the putative element involved in the disruption of
tissue-specific regulation of telomerase expression in F_493
and F_385 lines is a natural regulatory factor, or a DNA
sequence acting as a strong regulatory element in the
specific sequence context after the T-DNA insertion was
randomly activated (Fig. 8). There are no data available on
a possible translation of transcripts in the lines F_385 and
F_493; however, the dynamics of telomere shortening and lack
of telomerase activity in the F_385 gene line support the
hypotheses that the aberrant nature of mRNA prevents its
effective translation or results in production of a non-func-
tional protein. It should also be mentioned that this property
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of line F_385 might be an example of switching on of a cryptic
promoter, and/or of the more general phenomenon termed
intron-mediated enhancement (IME; Mascarenhas ez al., 1990;
E Sykorova et al., unpublished results). The specific features
of line F_385, the position of the T-DNA insertion inside
intron 1, and the extremely increased transcription level
downstream of T-DNA match features of some IME
constructs (Jeon et al., 2000; Chaubet-Gigot et al, 2001)
which were used for enhancing transgene expression in
crops (Wang et al., 1997; Upadhyaya et al., 2000). Although
the mechanism of IME is largely unknown, 5’-proximal
introns can increase the expression of transgenes in plants,
although at a lower level as observed in line F_385 (for
a review, see, for example, Rose er al, 2008). Several
reports showed expression downstream of T-DNA in
Arabidopsis mutant lines which harbour an insertion at the
5’ end of the gene (Bertrand ez al., 2005; Xu et al., 2007; for
a review, see Wang, 2008) but a detailed description of the
transcription level and profile is missing in most cases. In
conjunction with the present results, these observations
suggest a new potential in publicly available T-DNA lines,
for example searching for cryptic promoters, regulation sites,
or IME eclements. Nevertheless, the data presented here
reveal additional levels of complexity of the regulation of
telomerase activity which form a basis for further research.

Supplementary data

Supplementary data are available at JXB online.

Supplementary methods and results.

Table S1. Primers used in analysis of telomerase activity
(TRAP), genotyping of mutant lines, and analysis of
AtTERT transcription.

Table S2. Analysis of A¢tTERT transcription in the
individual mutant line S_041/3.

Figure S1. Description of T-DNA lines.

Figure S2. Root growth analysis in S_050/4 (segregated
wt) and S_050/13 (gene line).

Figure S3. Root lengths of 13-day-old plants of in-
dividual mutant lines.

Figure S4. Sequence alignment of cloned products of the
TRAP assay using the CAMYV substrate primer in telomer-
ase-negative gene lines.

Figure S5. RNA origin of TRAP products obtained using
the CAMV substrate primer in telomerase-negative gene
lines.

Figure S6. Detailed analysis of telomerase activity in the
individual mutant line S_041/3.
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Abstract Telomere homeostasis is regulated at multiple
levels, including the local chromatin structure of telomeres
and subtelomeres. Recent reports demonstrated that a
decrease in repressive chromatin marks, such as levels of
cytosine methylation in subtelomeric regions, results in
telomere elongation in mouse cells. Here we show that a
considerable fraction of cytosines is methylated not only in
subtelomeric, but also in telomeric DNA of tobacco BY-2
cells. Drug-induced hypomethylation (demonstrated at
subtelomeric, telomeric, and global DNA levels) results in
activation of telomerase. However, in contrast to mouse
cells, the decrease in 5-methylcytosine levels and upregu-
lation of telomerase do not result in any changes of telo-
mere lengths. These results demonstrate the involvement of
epigenetic mechanisms in the multilevel process of regu-
lation of telomerase activity in plant cells and, at the same
time, they indicate that changes in telomerase activity can
be overridden by other factors governing telomere length
stability.
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Introduction

Telomeres are nucleoprotein complexes forming and pro-
tecting the ends of linear eukaryotic chromosomes. They
consist of short minisatellite repeats whose sequence is
highly conserved through the eukaryotic kingdom, e.g.
TTAGGG in vertebrates, and TTTAGGG in most plants.
Critical shortening of telomeres, which can occur due to
repeated incomplete replication of their 3’ end, forces the
cell to stop the cell cycle and eventually start apoptotic
processes. On the other hand, cells with telomeres that are
stably maintained during successive replication cycles
become immortal, which is the case of most of cancer cells
(Hiyama and Hiyama 2002; Gonzalez-Suarez et al. 2001;
Kunicka et al. 2008).

The shortening of telomeres is normally compensated by
a specific nucleoprotein complex, telomerase, that is
composed of two essential subunits, the catalytic subunit
(TERT) and the RNA-subunit (TERC) (Greider and
Blackburn 1985; Greider and Blackburn 1987). In human
and other mammalian cells, the lack of telomerase in dif-
ferentiated cells leads to a progressive shortening of telo-
meres and natural ageing of cells, tissues and organisms
(Fajkus et al. 2002; Shay and Wright 2010).

In contrast to humans, plant telomeres are not shortened
during ontogenesis (Fajkus et al. 1998; Riha et al. 1998)
due to the presence of telomerase activity in dividing
meristem cells. Telomerase-deficient Arabidopsis thaliana
mutants (Attert—/—) show surprisingly low rates of telo-
mere shortening per generation (250-500 bp) (Fitzgerald
et al. 1996). It was shown recently that these apparently
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low rates of telomere shortening result from activation of
alternative lengthening of telomeres (ALT) which partially
compensates for replicative telomere loss in these mutants
(Ruckova et al. 2008).

Recent studies showed an involvement of epigenetic
mechanisms in regulation of telomere length in mice,
where a decrease in DNA and histone methylation marks in
mouse embryonic stem cells leads to increased telomere
length (Gonzalo et al. 2006; Garcia-Cao et al. 2004). Other
experiments revealed that even telomerase-deficient mice
with short telomeres exhibit changes in epigenetic pattern
of their telomeres and subtelomeres (Benetti et al. 2007).

DNA methylation, historically the first recognized
(Doskocil and Sorm 1962) and the first characterized epi-
genetic modification, plays an important role in regulation
of gene expression in eukaryotic cells (for review see
Vaillant and Paszkowski (2007); Geiman and Muegge
(2010)). Generally, highly methylated blocks in the gen-
ome are transcriptionally inactive whereas non-methylated
regions are active.

Methylation of cytosines is performed by special
enzymes called DNA methyltransferases and is non-ran-
dom. 5-methylcytosines (SmCs) occur in symmetrical
doublet CpGs and, especially in plant DNA, in triplet
CpNpG motifs (where N is C, A or T) (Gruenbaum et al.
1981). In addition, methylation of asymmetric CpNpN
motifs was observed in plants (Meyer et al. 1994).
Methylation in different sequence contexts is known to
correspond to different enzymatic activities responsable
for “de novo” methylation and for maintenance DNA
methylation, respectively (Zhang et al. 2010). De novo
methylation occurs at sites that were not methylated
before, thus creating new methylation patterns, and the
best-known family of de novo DNA methyltransferases
in plants is a group of domains rearranged methyl-
transferases (DRM, homologue to the mammalian Dnmt3
family) (Cao et al. 2000). It was observed that de novo
methylation in plants is mediated by an RNA-directed
DNA methylation (RADM) pathway (Cao and Jacobsen
2002b), for review see Chinnusamy and Zhu (2009).
Maintenance methylation is targeted to hemi-methylated
sequences and conserves already-existing methylation
patterns during the replication of DNA. In plants, there
are two families of maintenance DNA methyltransferases,
the MET1 family (homologues of mammalian Dnmtl),
responsible for maintaining the DNA methylation pattern in
CpG sequence contexts during the cell cycle (Finnegan and
Dennis 1993) and a plant-specific group containing a spe-
cific chromodomain, the chromomethyltransferases (CMT)
(Henikoff and Comai 1998) that are responsible for stable
CpNpG methylation (Cao and Jacobsen 2002a). The latest-
known DNA methyltransferase is Dnmt2, but its role in
cytosine methylation remains unknown (Zhang et al. 2010).
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To study the role of DNA methylation in organisms,
targeted gene knock-out of one or more DNA methyl-
transferases or treatment with hypomethylating drugs
(inhibiting methylation) can be used. While genetic
modification is usually extensive and permanent, inhibitor
treatments allow for transient hypomethylation that can be
easily reversed. Among the first discovered hypomethy-
lating drugs were 5-azacytidine and 5-aza-2’-deoxycytidine
(Cihak 1974) which are cytidine analogues able to be
incorporated into DNA during replication and to influence
the DNA methylation level by the formation of a stable
complex with DNA methyltransferases. In view of their
instability, considerable toxicity and many side-effects
(e.g. induction of chromosome breaks) (Beisler 1978;
Ghoshal and Bai 2007) they are not very suitable for epi-
genetic research. The search for a universal hypomethy-
lating drug with a minimum of side-effects brought in
another cytidine analogue, zebularine (1-(f-D-ribofurano-
syl)-1,2-dihydropyrimidine-2-one) which was synthesized
as a cytidine deaminase inhibitor (Kim et al. 1986) and
which at present, due to its good stability and low toxicity,
is often used in pharmaceutical treatment (for review see
Yoo et al. 2004). The effects of zebularine-induced DNA
hypomethylation in plants have been described earlier
(Baubec et al. 2009).

Besides cytidine analogues, there are drugs that inhibit
methylation by different mechanisms. These include
DHPA ((S)-9-(2,3dihydroxypropyl)adenine), first synthe-
sized by Holy (1975) which is a competitive inhibitor of
S-adenosyl-L-homocysteine hydrolase, thereby blocking
recycling of S-adenosyl-methionine. The depleted pool of
this donor of active methyl groups then limits the extent of
both DNA- and histone-methyltransferase reactions. DHPA
was originally found to have a broad-spectrum antiviral
activity (De Clercq et al. 1978) and its hypomethylating
impact was discovered only later (§ebest0vé et al. 1984).
At present, a number of experimental studies using this
drug are available, including its use in plant systems (Fo-
jtova et al. 1998; Kovarik et al. 2000; Fulnecek et al. 2011).

In 2008, asymmetric methylation of the C-telomeric
strand was first detected in Arabidopsis thaliana by high-
throughput bisulfite sequencing (Cokus et al. 2008), and
recently this methylation was shown to be mediated by a
siRNA pathway (Vrbsky et al. 2010). Based on these
observations and considering the complexity of plant epi-
genetic pathways, including telomere methylation, ques-
tions on a possible role of DNA methylation in telomere
maintenance have arisen. Since the A. thaliana genome with
a low content of heterochromatin may not be a representa-
tive model for the plant kingdom (absence of subtelomeric
heterochromatin blocks which are typical for most plant
genomes, short telomere tracts), an alternative system, the
tobacco BY-2 cell line (Nagata et al. 1992), was chosen for
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this study. This cell line was successfully used in previous
studies of plant telomere biology, including the historically
first demonstration of telomerase activity in plant cells
(Fajkus et al. 1996). Moreover, telomere-subtelomere
junctions (Fajkus et al. 1995b), as well as chromatin struc-
ture of telomeres and subtelomeres (Fajkus et al. 1995b;
Fajkus et al. 1992; Fajkus and Trifonov 2001) have been
characterized in Nicotiana tabacum.

In this article we ask whether telomeres in tobacco BY-2
cells are methylated and whether their methylation status
can be influenced by hypomethylating agents. We also
investigate a possible influence of hypomethylating drugs
on telomere maintenance and telomerase activity. Drug-
induced DNA hypomethylation is correlated with increased
telomerase activity, but in contrast to mouse cells, it does
not result in changed telomere lengths.

Materials and methods
Plant material and growth conditions

Nicotiana tabacum BY-2 cells (Nagata et al. 1992) were
cultivated in suspension cultures in standard MS medium
(Duchefa, M0255.0050) supplemented with sucrose (20 g/
1) and 2,4-dichlorophenoxyacetic acid (0.2 mg/l) at 24°C
under constant shaking (130 RPM). DHPA and zebularine
(5, 10, 25 or 50 uM) were added and cells were cultivated
for 1 week. Four ml of the cell culture was then inoculated
to fresh media (16 ml) and the remaining cells were har-
vested using vacuum filtration and used immediately or
frozen in liquid nitrogen and stored at —80°C. The mor-
phology of cells was monitored with the phase-contrast
microscope.

Analysis of subtelomeric methylation

DNA from plant cells was isolated according to Dellaporta
et al. (1983) and 1 pg was cleaved by the methylation-
sensitive restriction endonucleases Mspl or Hpall (10 U)
overnight and separated in a 1% (w/v) agarose gel. DNA
was blotted onto Hybond™-XL membrane (GE
Healthcare) and hybridized with a probe for the tobacco
subtelomeric satellite repetitive sequence HRS60 (GenBank:
X15068.1 (Koukalova et al. 1989)) labelled with a-[>*P]-
dATP by random priming (DecaLabel™ DNA labelling kit,
MBI Fermentas) and hybridized at 65°C overnight in
0.25 M Na-phosphate pH 7.5, 7% SDS, 0.016 M EDTA.
Membranes were washed 3 times in 0.2 x SSC + 0.1% (w/
v) SDS for 30 min at 65°C. Hybridization patterns were
visualised using a phosphoflouroimager FLA 7000 (FUJI)
and analysed by MultiGauge (FujiFilm). The relative level

of cytosine methylation in the HRS60 region was expressed
as the ratio of the signal corresponding to bands shorter than
1 kb (the cleaved fraction of DNA with a low content of
methylated cytosines) to the total hybridization signal in the
lane.

Mspl and Hpall both recognize the site CCGG and
cleave it if completely unmethylated. If the external cyto-
sine is not methylated and the internal remains methylated,
Mspl cleaves the site but not Hpall; in all other cases,
neither of these enzymes is able to cleave the site. Hpall
also cleaves under specific conditions when DNA is
hemimethylated after replication (Walder et al. 1983).

Whole-genome methylation analysis (according
to Havlis et al. 2001)

Forty pg of DNA was cleaved by 100 U of Mspl or Hpall
at 37°C and then purified by SDS (0.1%) and NaCl
(0.25 M), precipitated by ethanol, and dissolved in TE
(1 mM EDTA, 10 mM Tris—HCI). Samples were digested
by 500 U of Exolll nuclease and the level of methylated
cytosines was evaluated by HPLC using a 10 AVP HPLC
system (Shimadzu, Tokyo, Japan) consisting of GT-154
degasser, SCL-10AVP system control unit, LC-10AVP
pumps, CTO-10ASVP oven, SPD-M10AVP spectropho-
tometric detector with diode-array, Class-VP 5.02 soft-
ware, with 2 x 100 x 4.6 mm hyphenated monolithic
columns and Onyx C18 (Phenomenex, USA) columns. The
mobile phase was 50 mM phosphate buffer, pH 3, 4%
methanol and the flow rate 1.3 ml/min: 10 pl of sample
was injected directly and spectra were recorded in the
200-300 nm range.

Analysis of methylation of telomeric DNA (based
on Vrbsky et al. 2010)

Genomic DNA was treated by sodium bisulfite (EpiTect
Bisulfite Kit, QIAGEN), when non-methylated cytosines are
converted to uracils while methylcytosines are resistant to
conversion, and transferred onto a nylon membrane by
vacuum dot blotting (Bio-Rad Dot Blot). Membranes
were hybridized with radioactively-labelled oligonucleo-
tide probes overnight at 42°C in ULTRAhyb™-Oligo
Hybridization Buffer (Ambion). The probe AtTR4-C (5'-
CCCTAA ACCCTA AAC CCT AAA CCC TAA A 3) was
used as the loading normaliser and the probe DEGENER (5’
TTA GRR TTT AGR RTT TAG RRT TTA GRR T 3') to
detect the fraction of telomeric repeats methylated on the
third (inner) cytosine of the (5'-CCCTAAA-3")n sequence, a
major type of telomeric DNA methylation in plants (Cokus
et al. 2008); R (i.e. A or G) is used at the complementary
positions in the probe because the first and second cytosines
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in the repeat are either methylated or non-methylated.
Hybridization signals were visualised and evaluated as
described above.

Evaluation of TERRA (Telomere Repeat-containing
RNA)

Total RNA was isolated using the RNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s instructions. The
quality and quantity of RNA was checked by electrophoresis
on a 1% (w/v) agarose gel and by absorbance measurement
(NanoPhotometr IMPLEN). Ten pg of RNA were separated
by electrophoresis in a 1.2% (w/v) formaldehyde-agarose
gel and the gel was washed for 10 min in sterile water to
remove formaldehyde. RNA was denatured for 15 min in
0.05 M NaOH and blotted to a Hybond XL. membrane in
20 x SSC. The membrane was hybridized with the end-
labeled telomeric probe AtTR4-C in ULTRAhyb hybrid-
ization buffer (Ambion) for 24 h at 40°C. After washing
under low stringency conditions (twicein2 x SSC + 0.1%
(w/v) SDS at 50°C for 15 min), hybridization signals were
visualised and evaluated as described above.

Terminal restriction fragment (TRF) analysis

Cells were embedded in agarose blocks as described in
Fojtova et al. (2002). The DNA concentration and integrity
was checked by a preliminary PFGE (pulsed field gel elec-
trophoresis) using a Gene Navigator (Phramacia Biotech).
Pieces of agarose blocks containing equal amounts of DNA
were washed three times in 0.1 x TE (0.1 mM EDTA,
1 mM Tris—HCI, pH 8.0) and digested overnight with 60U of
Hinfl, Haelll or both. DNA was separated by PFGE (pulse
times: 2 s for 2 h; ramping 2-20 s for 17 h; and 20 s for 1 h;
180 V; 12°C) in a 1% (w/v) agarose gel in 0.5 x TBE
(4.5 mM Tris—HCI, 4.5 mM boric acid, 1.25 mM EDTA).
The gel was Southern-blotted onto Hybond™-XL mem-
brane (GE Healthcare) and hybridized with the telomeric
oligonucleotide probe AtTR4-C in 0.25 M Na-phosphate
pH 7.5, 7% SDS, 0.016 M EDTA at 55°C overnight. The
membrane was washed three times in 2 x SSC, 0.5% SDS
at 55°C. Hybridization signals were visualised and evaluated
as described above and the mean telomere length in a par-
ticular lane was defined as the position which corresponded
to half of the total peak area. Student’s ¢ test (P < 0.05) was
performed to evaluate the data statistically.

Nucleosomal periodicity assay
Nuclei were isolated and nucleosomal digestion was per-
formed as described in ((Fajkus et al. 1995a) using three

parallel samples for 3,9 and 27 min. DNA was separated on a
2% (w/v) agarose gel and transferred by Southern blotting
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onto HybondTM—XL membranes (GE Healthcare) which were
hybridized either with the telomeric oligonucleotide probe
AtTR4-G or with a probe for the tobacco subtelomeric satellite
repetitive sequence HRS60. Hybridization signals were vis-
ualised and evaluated as described above.

Telomere repeat amplification protocol (TRAP
and qTRAP)

Protein extracts from cells were isolated following the
protocol in Fitzgerald et al. (1996). The TRAP method was
performed as described in Fajkus et al. (1998) using TS21
as a substrate primer (5'-GAC AAT CCG TCG AGC AGA
GTT-3') and TelPr as a reverse primer (5'-CCG AAT TCA
ACC CTA AAA CCC TAA ACC CTA AAC CCC-3'). For
qTRAP, the quantitative version of TRAP, the protocol
described in Kannan et al. (2008) was followed using the
following primers: RRTTRAPfwd (5-CAC TAT CGA
CTA CGC GAT CAG-3') and RRTTRAPrevl (5'-CCC
TAA ACC CTA AAC CCT AAA-3') or RRTTRAPrev2
(5'-CCCTAAACCCTAAACCCTAAACCC-3"),  respec-
tively. Two different reverse primers were used to increase
the statistical significance and to eliminate possible errors.
Relative telomerase activity was calculated as R =
ES JES! .. (E is the efficiency of the reaction) and all
measurements were repeated at least three times using two
parallel biological replicates.

Results and discussion

Decreased level of methylcytosines at subtelomeres
and at the whole genome level induced by drug
treatment

In order to induce hypomethylation of DNA, cells were
cultivated in presence of (S)-9-(2,3-dihydroxypropyl)ade-
nine (DHPA) or zebularine in different concentrations
(5-50 uM). In view of the cytotoxic effect of both agents
(Yoo et al. 2004; Wingard et al. 1983; Jelinek et al. 1981;
Baubec et al. 2009) the number of culture passages was
limited to three for DHPA and only a single passage for
zebularine before the onset of significant growth inhibition.
As demonstrated by light microscopy, treated cells showed
distinct morphological features including oval shape,
markedly reduced protoplasts, and loss of the typical
concatenation (Fig. 1).

To evaluate the hypomethylating effect of the drugs, the
level of DNA methylation was analysed by three distinct
approaches. Firstly, the methylation of the subtelomeric
satellite repeat HRS60 was evaluated using the methyla-
tion-sensitive restriction endonucleases Mspl and Hpall.
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Fig. 1 Morphological difference between control cells and cells
treated with 50 uM DHPA at the second passage. Cells were observed
using light microscopy without staining. Left panel control cells; right
panel DHPA-treated cells. The bars indicate 10 pm

These both recognize CCGG sites and cleave them if both
cytosines are non-methylated, but Mspl digestion is
inhibited by methylation of the outer and Hpall is inhibited
when either cytosine is methylated.

The results summarized in Fig. 2 demonstrate that both
drugs did trigger the hypomethylation of cytosines located
in the subtelomeric repeat HRS60, but in different modes.
DHPA affected mostly methylation of external cytosines,

as follows from the fact that Mspl could digest up to almost
60% while differences in Hpall digestion between treated
and control cells are less pronounced, especially at low
DHPA concentration (Fig. 2a—c, e). This DHPA-induced
preferential hypomethylation of the external cytosine in
CCGG corresponds to previous findings (Kovarik et al.
1994). Although a gradual decrease of methylation during
prolonged cultivation in the presence of DHPA was
observed, there is no significant dependence of the final
maximum extent of hypomethylation on DHPA concen-
tration. This result is evidence for a different sensitivity of
genomic loci in tobacco to DHPA-induced hypomethyla-
tion, because conspicuous dependence of the level of hy-
pomethylation of 5S rDNA loci on DHPA concentration
was reported previously (Fojtova et al. 1998). A fast
recovery of the original methylation pattern was observed
upon the transfer of cells treated by 5 pM DHPA to DHPA-
free medium (4th passage, Fig. 2a), in accordance with the
previously-reported reversal of DHPA-induced hypome-
thylation of cytosines in the CpNpG sequence context in
tobacco (Koukalova et al. 2002). A possible hypomethy-
lation of the internal cytosine in the absence of hypome-
thylation of the external cytosine in the CCGG context
cannot be evaluated using this approach.

Zebularine decreased methylation of both cytosines in
CCGG sites (Fig. 2d) as shown by the similar extent of
DNA digestion by either of the enzymes in the HRS60
repeat in response to the treatment.

A C K
gﬂ) DHPAS M (m) DHPA50 uM ) G RERSD SN 57507
e 5 bp MHMHMUHEMUHMH
30 30
10 Tin W WA L ﬁ—l—. h
10 -10 Tst Znd
{?]03) DHPA25 uM (g) ~zebularine M |
= Mspl
U"Fﬂ' 1000 w—
750 -
- h ﬂ i ﬂ -
» i&, 250 -
10 st Znd  3m

Fig. 2 Drug-induced hypomethylation of cytosines within the CCGG
context in the subtelomeric satellite region HRS60. DNA methylation
was assayed using methylation-sensitive restriction enzymes followed
by Southern hybridization. a—c Relative hypomethylation (%) in cells
treated by DHPA (up to 3 passages). DHPA concentrations are given
above the graphs. The 4th passage in a represents recovery of the
methylation pattern in cells transferred to DHPA-free medium.

d Relative hypomethylation (%) in cells treated by zebularine at
different concentrations (UM) in the first passage. Data were taken
from 15 independent analyses (biological and technical repeats
included). e Southern hybridization of DNA isolated from cells after
the 1st passage in the presence of a hypomethylating drug. Lanes are
labelled as follows: D DHPA, Z zebularine, 5 and 50 indicate
concentration of the drug (uM), M Mspl, H Hpall
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To extend the methylation analysis to the whole genome
level, the HPLC method was used. The results showed a
rapid decrease of methylated cytosines in the genome
during the 1st passage of the treatment by hypomethylating
drugs (Fig. 3); while in the control cells the ratio cytosine/
methylcytosine was close to 2, in treated cells it reached up
to 6.5 and 7.5 for 25 pM DHPA and all concentrations of
zebularine, respectively. Similar analysis was done using
Arabidopsis thaliana seedlings treated by 20-80 uM zeb-
ularine (Baubec et al. 2009) and a loss of methylcytosines
was observed in treated cells, but it was considerably less
pronounced compared to the tobacco system. This variation
in effects of zebularine on hypomethylation may be related
to the significantly different levels of methylated cytosines
in the genomes of these two model plants.

Drug-induced hypomethylation of telomeric DNA

To examine the levels of cytosine methylation and induced
hypomethylation at tobacco telomeres that contain cyto-
sines only in the asymmetric sequence context
(CCCTAAA), DNA was treated by sodium bisulfite. We
then measured the relative difference between the hybrid-
ization signals of specific oligonucleotides reflecting the
total telomeric signal (AtTR4-C probe) and the (partially)
methylated fraction (DEGENER probe) in control and
treated cells. As shown in Fig. 3b, c, in both DHPA- and
zebularine-treated cells the level of methylation of telo-
meres decreased to 20-26% of that in control cells; both
drugs induced a similar extent of hypomethylation and the
effect was not dose-dependent under the conditions used.

Comparison of the maximum levels of relative
hypomethylation of telomeric (five-fold), subtelomeric
(six-fold) and whole-genome DNA (three and a half-fold)
shows the more marked response of terminal and subter-
minal chromosome regions to both drugs, probably

reflecting their naturally heterochromatic character with a
high frequency of methylcytosines (Richards and Elgin
2002). The observed hypomethylation of telomeres also
shows that both drugs also inhibit methylation of asym-
metric cytosines in telomeric (CCCTAAA)n repeats which
is mediated by siRNA (Vrbsky et al. 2010).

Response of TERRA transcription to hypomethylation

Even though the telomeric regions are considered as
heterochromatic, they are not transcriptionally silent in
control cells. To see whether the level of their transcription
was influenced by the epigenetic changes caused by DHPA
and zebularine, the level of TERRA was measured. At high
concentrations, DHPA influenced the transcription of telo-
meres negatively (five-fold decrease) whereas zebularine,
even at low concentrations (5 tM), increased it up to three-
fold as compared to the control cells (Fig. 4a, b). This
difference could be explained by a different mechanism of
action of these reagents. As zebularine (as a cytidine
analogue) inhibits only methylation of DNA, the rapid
hypomethylation causes an increase in transcription at a
global scale including telomeres (as shown in Ng et al.
(2009)). On the other hand, DHPA inhibits both DNA and
histone methyltransferases which brings about potentially
ambiguous changes in chromatin structure and in the ratio
of euchromatin to heterochromatin (e.g. hypomethylation
of H3K9me3 to H3K9me?2 leads to heterochromatinization
in plants) (Feng and Jacobsen 2011). In this case,
subtelomeric regions where TERRA transcription is initi-
ated could be relatively more heterochromatinized and the
transcription level would decrease noticeably. Interest-
ingly, telomeric chromatin in A. thaliana shows (in addi-
tion to the repressive H3K9me2 and H3K27mel histone
H3 marks) also the presence of an “active” mark,
H3K4me3 (Vrbsky et al. 2010) whose decrease due to

(A)s_ Genome hypomethylation (B) Loading normalization -AtTR4-C ((i)5:eIat1uE$Ztl;fiil;::ocln::lil}omeres
T E— EEEEE ]
O 2 j ’11 | I C 5D 50D 5Z 50Z + ; i — ,
04 . DEGENER o L I
c‘ 5 |25|50‘ 5 ‘10 50 2 & - e L
DHPA ZEB C 5D 50D 5Z 50Z + - ’ DHPA  zebularine

Fig. 3 Drug-induced cytosine hypomethylation at the whole genome
level (a) and in telomeric sequences (b, ¢). a Ratio of cytosine to
methylcytosine determined by HPLC in the genome of control cells
(C) or cells treated by DHPA (grey columns) or by zebularine (white
columns). Data were taken from 2 independent analyses (each with three
technical repeats). b Level of methylated cytosines in telomeric
sequences. Cells were cultivated in the presence of the hypomethylating
drug at a concentration of 5 or 50 uM, DNA was treated by bisulfite and
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analysed by Southern hybridization using the C-strand telomeric probe
(AtTR4-C) as a loading normaliser and the DEGENER probe to
determine the level of methylated cytosines. As positive control (+),
genomic DNA was loaded and as negative control (—), plasmid pcDNA3
with no insertion was used. ¢ Relative methylation of telomeres in treated
cells relative to control cells (methylation of control cells has been
considered as 1). Grey columns, cells treated with the respective drug at
5 uM; white columns, cells treated at 50 pM
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Fig. 4 Transcription of telomeric sequences in cells treated by
hypomethylating drugs. a Relative level of telomeric transcripts in
drug-treated cells relative to control cells (transcription in control
cells was considered as 1); drug concentrations are indicated. High
concentrations of DHPA (50 uM) significantly decreased the level of
TERRA transcription whereas even low concentration of zebularine

DHPA-induced hypomethylation could contribute to the
lower level of TERRA transcription. Surprisingly, in
contrast to the negative regulatory effect of TERRA on
telomerase activity and telomere length observed in
mammals and fungi (reviewed in Feuerhahn et al. 2010),
the observed changes of TERRA levels in tobacco cells in
response to hypomethylating treatments had no apparent
effect on telomerase activity (the activity was increased
independently of either decreased or increased TERRA
levels in DHPA- and zebularine-treated cells, respec-
tively). Telomere lengths were stable in spite of these
changes in telomerase activity (see below) and TERRA
levels.

Nucleosome periodicity is maintained in the course
of hypomethylation

Along with the changes at the transcription level caused by
modified epigenetic regulation, we focused on nucleosome
spacing in subtelomeric and telomeric regions in control
and treated cells. No significant changes in the nucleosome
repeat lengths were observed (data not shown), but a dif-
ference was observed between telomeric (repeat length
156 bp) and subtelomeric HRS60 chromatin (180 bp) as
described earlier (Fajkus et al. 1995a).

Telomerase activity increases in cells treated
by hypomethylating drugs without affecting the length
of telomeres

Having confirmed that these drugs induce ongoing
hypomethylation, we could approach the main objective of

(5 uM) increased it. Data were taken from 2 independent analyses.
b Northern hybridization. Top panel RNA gel stained with ethi-
diumbromide; bottom panel hybridization with the telomeric probe
(AtTR4-C). Abbreviations are the same as in Fig. 2. Note the
significant increase of the TERRA signal in cells treated by 5 uM
zebularine

this work of finding out whether methylation status par-
ticipates in the regulation of telomere maintenance. For this
purpose, the activity of telomerase was measured by TRAP
and qTRAP assays and the length of telomeres by TRF
analysis. Interestingly, higher concentrations of zebularine
and DHPA considerably increased telomerase activity
relative to control cells and, in the case of DHPA, it
increased further with subsequent passage (Fig. 5b, c).
Cells treated with DHPA displayed higher activity of tel-
omerase in comparison with cells treated with the same
concentration of zebularine, which presumably can be
explained by their different modes of action at promoters of
telomerase subunits. Upon transfer of the cells to DHPA-
free medium in the 4th passage (Fig. 5b), we could see an
immediate reversion of the telomerase activity to the level
of control cells (see also the reversal of DNA methylation
status in Fig. 2a). DNA hypomethylation thus coincided
with increased telomerase activity. As shown in Fig. 5a the
pattern of the TRAP assay products in treated cells is very
similar to that of control cells and of Arabidopsis thaliana
seedlings.

Astonishingly, in spite of the activation of telomerase,
no corresponding change could be observed in the length
of telomeres in treated cells versus control cells (see
Fig. 6a—c). This result clearly demonstrates that the
activity of telomerase, though necessary for telomere
elongation, is just one of many factors involved in regu-
lation of telomere length homeostasis (Fajkus et al. 1998)
in addition to, for example, local telomere structure and
its accessibility to telomerase. Presumably, specific telo-
mere-binding proteins described earlier in tobacco (Ful-
neckova and Fajkus 2000; Yang et al. 2004; Lee and Kim
2010) are able to override an increased or aberrant
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Fig. 5 Activity of telomerase in treated cells. a The pattern of TRAP
assay products is the same in control and drug-treated cells. The numbers
above lanes indicate the concentration of DHPA in the first passage;
D DHPA; C control non-treated cells. Lane (4), positive control, a
protein extract from Arabidopsis seedlings was used in the TRAP assay;
lane (—), negative control, no protein extract in the reaction. b, ¢ Activity
of telomerase in treated cells relative to control cells as evaluated by a

quantitative (real time) version of TRAP (QTRAP). Telomerase activity
in control cells was considered as 1. Treated cells displayed increased
activity of telomerase dependent on the concentration of the drug.
Transfer of DHPA-treated cells to DHPA-free medium in the 4th passage
b leads to an immediate decrease of telomerase activity to a level
comparable with control non-treated cells

Fig. 6 The length of telomeres (A) M C 10 25 50 M (B)
in treated cells. a Analysis of Kb —  ———— . — kb DHPA
telomere length by TRF in cells [mC © 5uM O 25uM |
treated by DHPA (1st passage). 40
DHPA concentrations are 30 -+
indicated above the lanes. The 20 ’ | .
telomeric C-strand probe 291 ] i
(AtTR4-C) was used for 2425 10 : I ] i
hybridization. b, ¢ Telomere 0 T T T ,
length in cells treated by DHPA 194 st 2nd  3rd  4th
during 3 passages and after 145.5 passage
transfer into DHPA-free ’
medium in the 4th passage b or 97 )
in the Ist passage of zebularine kb zebularine
treatment (c¢). No significant 485 | |
changes in treated cells were 40
detected for either drug 231 30 1
20
94 = L 10
E Y 0 e — T 1
6.6 = c 10pM  25pM  50pM

activity of telomerase by impeding its access to telomeres
and thus maintain telomere stability.

Conclusion

Our results show that telomeres in tobacco cells are subject
to DNA methylation and that drug-induced DNA hy-
pomethylation results in activation of telomerase. Never-
theless, telomeres maintain their length both during
hypomethylation and during the recovery stage (remethy-
lation) after removal of agents which induce
hypomethylation.
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Recently, we reported (Majerova et al. 2011) that hy-
pomethylating drugs efficiently decrease methylation of
telomeric DNA and activate telomerase without affecting
telomere lengths in tobacco. The key issue of the Letter to
Editor written by Vaquero-Sedas and Vega-Palas (2011) is,
whether our results demonstrating methylation and drug-
induced hypomethylation of tobacco telomeric DNA
repeats do correspond to the status of terminal telomeric
sequences, or rather to internal telomeric sequences (ITSs)
which might exist in tobacco genome as it is the case in
Arabidopsis thaliana, the model organism which Vaquero-
Sedas and Vega-Palas have been working with. They are
referring to their recent article (Vaquero-Sedas et al. 2010)
in which they conclude that ITSs in A. thaliana are het-
erochromatic, while telomeres are euchromatic. We are
pleased that our paper has initiated this debate and take the
opportunity to go through the key points of the Letter of
Vaquero-Sedas and Vega-Palas.

First, it is important to mention, that the two model
genomes A. thaliana and Nicotiana tabacum differ con-
siderably in the amount of ITSs per genome, and their ratio
to the telomeric sequences at chromosome ends. While in
A. thaliana, terminal (CCCTAAA)n repeats form ca. 30 kb
(in the most common Columbia ecotype) per haploid
genome, ITSs (including both exact and degenerated
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repeats) form 6.3 kb distributed into several blocks of
300-1,200 bp and exhibit a various degree of sequence
degeneracy (Uchida et al. 2002). These are termed more
appropriately as interstitial telomeric repeats (ITRs) and
they are presumably heterochromatic, as would correspond
to their subtelomeric or pericentromeric location. They can
be detected by Southern hybridization (during terminal
restriction fragment analyses) as a signal of about 0.5 kb
when the genomic DNA is digested with restriction
enzymes of four-nucleotide palindromic recognition
sequence, e.g. Trull (Msel) (see e.g. Fojtova et al. (2011)).
This signal can also be used as a convenient loading con-
trol. Besides ITRs, A. thaliana genome contains numerous
short ITSs termed as telo boxes (AAACCCTA), which in
contrast to the ITRs are preferentially located in the 5’
flanking regions of genes, mainly in 5" UTR (Gaspin et al.
2010; Regad et al. 1994) and thus are presumably
euchromatic. Since these sequences escape detection by
Southern blot hybridization, they do not interfere with
results obtained using this technique.

Telomeres are 20-160 kb long in N. tabacum plant
(Fajkus et al. 1995a) and ca. 35 kb in tobacco BY-2 cells
(Fajkus et al. 1996; Majerova et al. 2011). Moreover, there
was not a significant fraction of ITRs detected by either in
situ hybridization (Fig. 1 and Kenton et al. (1993)) or
Southern hybridization (as a BAL31-resistant fraction)—as
shown by Suzuki et al. (1994), Fig. 5 in that work. Sur-
prisingly, Vaquero-Sedas and Vega-Palas in their Letter
cite the same articles in support of their hypothesis. Indeed,
no “hybridization signals smaller than 2 kb” are displayed
using telomeric probe in Haelll digestion of tobacco
genomic DNA in our work (Fajkus et al. 1995b) quoted by
Vaquero-Sedas and Vega-Palas. No ITSs have been
revealed in our work dealing with telomere-associated
sequences (Horakova and Fajkus 2000). No intercalary ITS
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Fig. 1 Fluorescence in situ hybridization of tobacco chromosomes
using telomeric probe. Details of the experimental procedure are
given in (Mandakova et al. 2010), telomeric probe was prepared
according to (Ijdo et al. 1991). Note the terminal location of the
hybridization signals. Bar 10 pm

site was found by cytogenetics either; in fact, Kenton et al.
(1993) state that “Sequential in situ hybridization with
biotinylated (TTTAGGG)n and HRS60 showed co-locali-
sation of the two probes only to chromosome ends, indi-
cating that telomere repeated sequence was absent from the
intercalary HRS60.1 site.” Suzuki et al. (1994) in his
pioneering work observed the presence of a palindrome of
telomere-like  sequence 5'-TTAGGGGTTTTAAACCC
TAA-3' in telomere-associated region of tobacco, and we
assume that tobacco genome comprises more of such short
telomere-like sequences, similar in size to A. thaliana ITSs
of the telo box-type. These however do not interfere with
the results of hybridization experiments due to their short
length and detection limit of the technique (see Neplechova
et al. (2005) for a specificity and hybridization conditions
for various kinds of telomeric probes).

Specific comments of Vaquero-Sedas and Vega-Palas
are focused on chromatin structure of telomeres and ITSs.
They refer to their work (Gamez-Arjona et al. 2010) in
which a considerable fraction (about 70%) of the total
telomere-specific hybridization signal of Cfol-digested
DNA was lost after subsequent digestion with frequently
cutting restriction enzymes. Part of the signal that disap-
peared can be found under longer exposure at positions
corresponding to 100-500 bp (usual position of A. thaliana
ITR fragments—see above), but this accounts for only a
few percent of the total signal. They speculate, that the
disappearing signal represents ITSs and, consequently, ca.
70% of telomere-like hybridization signal in A. thaliana
corresponds to ITSs. This is, however, in a clear contra-
diction to the above mentioned data of Uchida et al. (2002)
which provide an exact content of interstitial genomic
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regions comprising at least 3 telomeric repeats (to exclude
random hits) as 20% of the total number telomeric repeats.
Thus, according to genomic data, the ratio between ter-
minal and interstitial telomeric repeats is almost reciprocal
to that deduced by Gamez-Arjona et al. (2010). This dis-
crepancy calls the results published in Gamez-Arjona et al.
(2010) into question. They speculate, that when the
majority of telomere probe-specific signal corresponds to
ITSs, the results obtained e.g. in analysis of chromatin
structure reflect rather chromatin status of I'TSs than that of
telomeres. However, since this assumption is controversial,
as demonstrated above, further implications in that direc-
tion are not substantiated.

Vaquero-Sedas and Vega-Palas claim that we refer in
Majerova et al. (2011) that “Arabidopsis telomeres exhibit
high levels of heterochromatic marks like H3K9?™¢,
H3K27™¢ and DNA methylation.” This is very imprecise
quotation. We, in fact, state [with a reference to Vrbsky
et al. (2010)] that “telomeric chromatin in A. thaliana
shows in addition to the repressive H3K9me2 and
H3K27mel histone H3 marks also the presence of an
““‘active’” mark, H3K4me3 whose decrease due to DHPA-
induced hypomethylation could contribute to the lower
level of TERRA transcription.” More importantly, opinion
of Vaquero-Sedas and Vega-Palas that ITSs show hetero-
chromatic structure while telomeres are euchromatic is
based on results obtained in Vaquero-Sedas et al. (2010)
and the authors are convinced that they are able to analyze
histone marks and DNA methylation of ITSs and telomeres
independently. Their technique is based on protocol of
Lippman et al. (2005) which starts with random fragmen-
tation of a crosslinked chromatin, followed by immuno-
precipitation using an appropriate antibody. The
immunoprecipitated DNA is either analyzed by two
sequential PCR reactions, or amplified by whole genome
amplification to increase hybridization sensitivity. Equal
amounts of amplified DNA samples are either digested
with Tru9l or undigested, resolved on agarose gels and
hybridized. The first problem of the technique is, of course,
the amplification used in both variants of processing, which
may considerably change representation of individual
genome regions. The other, even more serious problem
with the amplification-hybridization technique lies in a
fact, that an arbitrary limit of 500 bp is chosen as a
boundary between the signal corresponding to telomeres
and ITSs. The authors justify this by a Southern hybrid-
ization pattern of A. thaliana terminal restriction frag-
ments, when genomic DNA is digested with Tru9I and
hybridized with telomeric probe. In this case, bands cor-
responding to ITSs are detected below 500 bp indeed,
while terminal restriction fragments are 2-5 kb long.
However, the authors ignore the fact that in their
approach they do not analyze integral genomic DNA,
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but—according to the protocol in Lippman et al. (2005)—
rather randomly fragmented and amplified DNA sample.
The key information—the length span of the resulting
fragments used for ChIP—is missing in Vaquero-Sedas
et al. (2010). Nevertheless, after subsequent amplification
and hybridization to telomeric probe, the input DNA forms
a smear starting at 500 bp. The population of these frag-
ments thus inevitably includes (in addition to ITRs/ITSs)
telomere fragments of two types: (1) fragments of purely
telomeric sequence (from the distal or central part of the
telomere), and (2) fragments generated from the proximal
telomere region, which comprise, in addition to their
telomere part, also an adjacent subtelomeric sequence.
Consequently, the latter telomere fragments are shortened
by digestion, the hybridization signal of the trimmed
telomeric part is moved below the 500 bp limit, and
regarded as ITSs. Moreover, it is apparent from the results
shown that even with the use of whole genome amplifi-
cation the results are obtained near to the detection limit of
hybridization, which raises further doubts about validity
and quantitative precision of the results.

The Letter by Vaquero-Sedas and Vega-Palas appar-
ently contains incorrect and imprecise quotations. Never-
theless, they in fact have made a very positive contribution
by drawing more attention to the ITSs and problems con-
nected with their possible influence on results of telomere
analysis. Therefore, we appreciate these comments as well
as the possibility to respond to them.

In summary, although it is not our intention to arbitrate
the conflicting interpretation of results obtained in Ara-
bidopsis (Vaquero-Sedas et al. 2010; Vrbsky et al. 2010), a
more appropriate approach is still required to address the
problem of independent analysis of chromatin structure of
ITSs and telomeres. The data referred to above suggest that
at least two kinds of ITSs exist in the Arabidopsis genome,
the ITRs with presumably heterochromatic structure, and
the short telobox-type ITSs dispersed in euchromatin. In
our work, we take advantage of using tobacco cells which
do not constitute the problem of any considerable fraction
of ITRs in genomic DNA, which would be of at least
similar order of magnitude as the amount of telomeric
repeats comprised in extra-long tobacco telomeres. Con-
sequently, our results obtained in tobacco are easier to
interpret. However, we can envisage, that many other
interesting problems are yet to be solved in connection with
telomere chromatin structure (and tobacco could again be
an appropriate model to do it): for example, chromatin
structure of the distal and proximal part of telomeres,
especially in case of the long telomeres occurring at mouse
or tobacco chromosomes, may be as different as the
chromatin structure of different types of ITSs. Why some
telomeres exhibit telomere position effect while the others
do not? In other words, chromatin, including chromatin of

telomeres, has probably more colours than just black and
white, as was shown recently (Riddle et al. 2011; Roudier
et al. 2011). Let us look forward to further surprises at
chromosome ends.
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Abstract: Chromosome stability is conditioned by functional chromatin structure of chromosome ends — telomeres. Or-
ganisation and regulation of telomere maintenance represent a complex process whose details still remain enigmatic, es-
pecially in plants. Several telomere-binding or telomere-associated proteins and distinct epigenetic marks have been
shown to influence telomere length and telomerase activity. HMGB proteins play important role in dynamic changes of
chromatin structure and are involved in regulation of cellular processes of key importance, such as replication, transcrip-
tion, recombination and DNA-repair. HMGB proteins in plants are more diversified than in other eukaryotes. Here, we
summarise the roles of plant HMGB proteins in regulation of chromatin structure and dynamics and report on the newly
identified role of AtHMGBI protein in the regulation of plant telomere length. Astonishingly, contrary to mice mHMGB1
homologue, AtHMGBI1 does not affect telomerase activity and AtHMGBI1 loss or overexpression does not cause any ob-

vious changes in chromatin architecture.

Keywords: HMGB, telomere shortening/elongation, plants, chromatin, epigenetics.

HMGB PROTEINS: THEIR ROLES IN CHROMATIN
STRUCTURE AND DYNAMICS

High mobility group (HMG) proteins represent a hetero-
geneous group of small and relatively abundant non-histone
proteins associated with the chromatin of eukaryotic organ-
isms [1]. There are three structurally distinct classes of HMG
proteins: the HMG-nucleosome binding family (HMGN), the
HMG-AT-hook family (HMGA) and the HMG-box family
(HMGB). Proteins belonging to the family of HMGB pro-
teins act as architectural factors, facilitating the assembly of
nucleoprotein complexes, which are involved in the regula-
tion of DNA-dependent processes [2-4]. As a distinctive
feature, the HMGB proteins contain a ~75-amino acid resi-
due DNA-binding domain, termed the HMG-box domain.
The three-dimensional fold of this domain, consisting essen-
tially of three o-helices which are arranged in an L-shape, is
well conserved [4].

Members of the HMGB family of proteins (~13-27 kDa)
have been characterised from various plant species, revealing
that they share many properties with their counterparts from
other eukaryotic organisms, and that they are different in
some respects [5]. In contrast to mammalian HMGB pro-
teins, which contain two HMG-box domains, the typical
plant HMGB-type proteins have a single HMG-box domain,
which is flanked by a basic N-terminal domain and an acidic
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C-terminal domain. The HMG-box domains of the various
plant HMGB proteins are relatively conserved, but compared
to the mammalian homologues the basic and acidic flanking
regions vary considerably in length and sequence [5, 6]. Ac-
cording to results of in vitro studies, plant HMGB proteins
bind linear DNA non-sequence-specifically with moderate
affinity, but recognise specifically certain DNA structures
such as minicircles and four-way junctions, and they se-
verely bend linear DNA upon binding [7-10]. Possible struc-
tural similarity of four-way junctions to the linker DNA lo-
cated near the entrance and exit of nucleosomes has been
discussed [11]. Moreover, maize HMGB proteins were found
to assist the formation of specific nucleoprotein complexes
involved in transcription and recombination [12-14]. In this
context, HMGB proteins do not act as classical transcrip-
tional regulators, but they mediate the function in transcrip-
tion via interactions with different sequence-specific tran-
scriptional regulators; for example, with Dof [5] and bZIP
[15] in plants, and p53 [16], Rel [17], HOX [18], SREBP
families [19] or TFIID/TFIIA [20] in mammals. In the cell
nucleus, the HMGB proteins display a high dynamics, inter-
acting with DNA/chromatin only transiently before moving
on to the next binding site, thereby scanning the nuclear
space for binding sites [21].

TELOMERES AS HETEROCHROMATIC STRUC-
TURES

The terminal parts of chromosomes in higher eukaryotes,
telomeres, are folded into nucleosomal chromatin structure
similarly to the other chromosome domains. This structure,
however, shows some specific features. It displays short nu-

© 2011 Bentham Science Publishers Ltd.
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cleosomal spacing (usually 30-40 bp less than the bulk
chromatin) and extensive subnucleosomal fragmentation of
mononucleosomes and dinucleosomes, while longer chroma-
tin stretches are stable with regularly spaced nucleosomes
[22, 23]. Thus it appears that telomere has a specific chroma-
tin structure, distinct from the subtelomere and the other
constitutively heterochromatic loci. The available experi-
mental data and structural considerations were incorporated
into the columnar model of telomere nucleosome arrange-
ment [24], in which the DNA is wound round the column of
stacked histone octamers.

The telomeric nucleosomes are further organised — to-
gether with specific proteins such as TRF1 or TRF2 in mam-
malian cells [25] and their myb-like counterparts in plants
[26, 27] (see also the review of Peska et al. in this issue) into
terminal chromatin loops. In particular, TRF1 was recently
shown to induce mobility of telomeric nucleosomes and their
telomere-specific compaction [28]. TRF2 also plays a role in
nucleosome assembly and, interestingly, its overexpression
leads to the increased spacing of telomeric nucleosomes, the
loss of heterochromatic marks at telomeric repeats, and
telomere shortening [29]. Recent results obtained in
Arabidopsis reveal that telomeric nucleosomes contain a
mixture of active and inactive chromatin marks on histone
H3 [30]. Moreover, telomeric DNA in plants is modified by
methylation of cytosines, preferentially of the third cytosine
in the CCCTAAA telomeric repeat sequence [31]. This kind
of methylation in asymmetric sequence context (no CpG or
CpHpG are present in canonical telomere sequence) is
dependent on plant-specific = RNA-dependent DNA
methylation (RdADM) pathway and 24 nt siRNA. The siRNA
molecules targeting telomere sequences are derived from
telomeric repeat-containing RNAs (TERRA) first observed
in mammals and Drosophila [32, 33] and now reported also
in plants [30].

Role of epigenetic factors in telomere maintenance has
been studied extensively in mammalian cells, where the loss
of heterochromatic marks resulted in telomere elongation
and increase in telomere recombination. This relationship
between telomere length and chromatin structure acts in both
directions, since the progressive telomere loss reduces chro-
matin compaction at telomeric and subtelomeric domains
(reviewed in [34]).

It appears that situation in plants may be quite different
from mouse or human models, as exemplified by a contra-
dictory sense of some histone epigenetic marks (e.g.
H3K9me3, reviewed in [35]) or the presence of cytosine
methylation in plant telomeric DNA. In our recent results
(Majerova et al., in preparation) it appears that inhibition of
DNA methylation does not affect telomere lengths in plants,
thus contrasting to the previous results in mammalian te-
lomeres where the loss of function of DNA and histone
methyltransferases lead to the extensive telomere elongation
(reviewed in [36]).

HMGB IS INVOLVED IN TELOMERE MAINTE-
NANCE IN MICE. WHAT ABOUT PLANTS?

As described in the previous paragraph, epigenetic phe-
nomena play important roles in telomere maintenance and
regulation. Besides DNA and histone epigenetic marks, an-
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other important epigenetic process is chromatin remodelling.
It has been described that a number of HMG proteins play
role in dynamic changes of chromatin structure. In particular,
the C-terminal acidic tail of HMGBI1 protein may interact
with basic domains of histones, resulting in the weakening of
their binding (or in the case of histone H1 in its displace-
ment) in the nucleosomes (reviewed by [37]). Accordingly,
the acidic tail of HMG-box proteins is essential for their
function in promoting nucleosome mobility and chromatin
remodelling. In current model, HMGB binds at the edge of
the nucleosome, thereby displacing H1. HMGB binding re-
sults in DNA bending and formation of DNA loop, which
then functions as anchoring site for the remodelling complex.
HMGB dissociates from the loop upon binding of the re-
modelling complex which then propagates the looped DNA
around the histone octamer. Nucleosome remodelling ex-
poses a transcription factor (TF) binding sequence (inacces-
sible under the former nucleosome position). This site is pre-
bent by HMGB and bound by TF. In some cases, HMGB can
facilitate binding of TF also by direct interaction with TF,
followed by binding of TF-HMGB complex to DNA [37].

Since the processes of telomere repeat transcription and
chromatin condensation are involved in regulation of te-
lomere length, investigation of possible role of HMGB pro-
teins could be of high interest.

In our results obtained in mouse embryonic fibroblast
cells, knockout of mHMGBI resulted in marked decrease in
telomerase activity, telomere shortening and increase in
chromosome instability. However, this effect was not due to
changes in expression of either of the telomerase subunits,
but rather through the involvement of the HMGBI in assem-
bly of telomerase nucleoprotein complex. Accordingly, in-
teraction between the HMG box B and the catalytic telom-
erase subunit mTERT was observed (Polanska, Kunicka et
al., unpublished results).

To examine whether a similar effect occurs also in the
model plant organism Arabidopsis thaliana, we took advan-
tage of existence of T-insertion lines with athmgbl gene
knockout [SAIL 261 B02, ecotype Col-0], and the Col-0
plants overexpressing the introduced AtHMGBI gene under
the control of 35S promoter (pGII0179-35S-HMGBI1). As
described above, situation in Arabidopsis is complicated by
the existence of seven proteins [38] that contain HMG-box
domain flanked by a basic and acidic domain and thus can be
classified as HMGB-type proteins. AtHMGBI1 protein ap-
pears as a typical member of the plant HMGB-type proteins
in A. thaliana and could be regarded as the ortholog of
mammalian HMGBI, but not necessarily performing the
equivalent functions.

ATHMGB1 PARTICIPATES IN TELOMERE MAIN-
TENANCE, BUT DOES NOT AFFECT TELOMERASE
ACTIVITY IN ARABIDOPSIS

Similarly to mammals, general telomere lengths were
significantly shortened in mutant athmgbl plants compared
to Col-0 plants. In accordance to this observation we have
detected marked telomere elongation in plants overexpress-
ing AtHMGBI protein AtHMGB1%, see Fig. (1). Interest-
ingly, elongated telomeres in AtHMGBI1°® plants are not
dispersed continuously but they rather migrate on agarose
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Telomere length

Fig. (1). Changes in telomere lengths in response to AtHMGBI knockout or overexpression. A) An example of analysis of telomere lengths
using TRF (Terminal Restriction Fragment) assay. Genomic DNA was digested with restriction enzyme (7ru1I) which cuts genomic DNA
into short fragments, but does not cleave telomeric sequence lacking any cutting sites. DNA was then separated on agarose gel, blotted to the
nylon membrane and hybridised against radioactively end-labelled telomeric probe (CCCTAAA),. Signals were visualised using phosphoi-
mager FLA7000 (FUJIFILM). Compared to wild type plants (Col-0 lanes), telomeres of athmgbl mutant plants display telomere shortening,
while enormous telomere lengthening and a heterogeneous pattern of telomeres is observed in plants overexpressing AtHMGBI1 protein. B)
Graphical representation of the mean telomere lengths evaluated from TRF patterns. Data were taken from 3 independent analyses.

gel as discrete bands, which is typical for telomeres gener-
ated by alternative telomere lengthening (ALT). The expan-
sion of telomeres was also proven at the level of the individ-
ual chromosome arms Fig. (2). Both the chromosome arms
with huge clusters of heterochromatin (45S rDNA tandem
repeats) in subtelomeric regions (2L, 4L), and the arms with
transcribed genes in telomere-associated regions (3L, 2R)
showed similar telomere elongation in AtHMGBI1 °F plants.
Neither of these revealed the population of the longest te-
lomeres. Since the analysis of individual telomeres is able to
detect only a subset of telomeres possessing a single-
stranded G-overhang, it is possible that the extensively elon-
gated telomeres do not possess the G-overhangs, as would
correspond to their ALT origin. On the other hand, fluores-
cence in situ hybridisation on metaphase chromosomes re-
vealed the moderate but significant increase of telomeric
signal in the AtHMGB1°F line samples as compared to Col-0
wild type P < 0.000 1, Fig. (3) thus supporting independently
the above results of telomere length analysis Fig. (1).

The relative telomere shortening observed in athmgbl
mutant plants is similar to that observed in mice indicating a
general role of HMGBI1 protein in telomere maintenance
across the kingdoms. However, the pathway mediating this
effect seems to be different. While the telomere shortening in
mouse cells lacking mHMGBI can be attributed to the insuf-
ficient telomerase activity (five- to tenfold decrease com-
pared to normal cells), no changes in telomerase activity (the
intensity of bands obtained by Telomere Repeat Amplifica-
tion Protocol, TRAP) and telomerase processivity (extension
of TRAP products ladder) could be observed in either A.
thaliana athmgbl or AtHMGBI1°F plants Fig. (4). These re-
sults were confirmed by quantitative analysis of telomerase
activity (not shown).

A Co0 | hmgbi-- | HMGB1™

bp
OO0

& WAL L g

B *:;u | ®Col0
O hmgh 1=
1 D HMGB1%

3000 | o

S A 3L

.-
H_F

a_ . 2L 2R

Fig. (2). Telomere length at individual chromosome arms. A) Ex-
ample of PETRA analysis (Primer Extension Telomere Repeat
Amplification) which is based on extension of a primer annealed to
the telomeric G-overhang towards the subtelomeric region, and
subsequent amplification of the primary extension product using a
second primer derived from a unique subtelomeric sequence
(primer from the 4L arm has been used in the example shown here).
Products were separated on agarose gel, Southern-hybridised to
telomeric probe and visualised as described in Fig. (1). B) Results
of analysis of telomeres at four different chromosome arms (4L, 3L,
2L and 2R). Distances between the telomere-subtelomere junction
and the position of a given subtelomeric primer were subtracted
from the total size of the PCR product.
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Fig. (3). Graphical evaluation of the fluorescence in situ (FISH)
analysis of the telomeric tracts. In nuclei of Col-0 and AtHMGB1°"
plants, the telomere-specific signal (PNA probe with Cy3 dye) was
related to that of DAPI and processed using the ISIS imaging soft-
ware. Terms were evaluated with paired-t-test with statistical sig-
nificance at alpha 0.05; dots represent outlying samples.
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Fig. (4). Telomerase activity. Ladder of telomeric repeats produced
in TRAP assay (Telomere Repeat Amplification Protocol). No dif-
ferences in the AtHMGBI1 null or overexpressing lines were ob-
served in comparison to wild-type (Col-0) plants in either telom-
erase processivity or activity. - Negative control: - line; no protein
extract in the reaction.

HMGB PROTEINS PARTICIPATE IN THE RE-
SPONSE TO STRESS STIMULI

HMGB proteins in plants apparently exert their assistant
role in gene expression by influencing stress- and stimulus-
responsive pathways [38]. Plants with altered levels of
HMGB proteins were found to be affected in their responses
to abiotic stress treatments. Compared to control plants,

Schrumpfovd et al.

transgenic Arabidopsis plants overexpressing AtHMGB?2,
under salt and drought stress display retarded germination
and subsequent growth. Overexpression of AtHMGB4 did
not influence seed germination and plant growth under stress
condition [39]. While Arabidopsis plants overexpressing
AtHMGBS behave like wild type, plants lacking AtHMGBS
under stress conditions show retarded germination and sub-
sequent growth. Overexpression of AtHMGB2 did not affect
the expression of a selection of stress-related genes, whereas
the expression of several germination-responsive genes was
altered [39]. Both the absence and overexpression of
AtHMGBI in Arabidopsis resulted in an increased sensitivity
towards the genotoxic agent methyl methane sulphonate.
When exposed to elevated NaCl concentrations, the germina-
tion of AtHMGBI1-overexpressors was reduced, whereas the
athmgbl mutant germinated normally [38].

In tobacco BY-2 culture cells, significant increase of te-
lomerase activity during cadmium-induced genotoxic stress
and recovery stage was described [40]. Based on these par-
ticular results, changes in telomerase activity in athmgbl or
AtHMGB®® plants under cadmium-induced stress conditions
could be expected. However, in A. thaliana seedlings, no
significant and reproducible response of telomerase activity
to the cadmium treatment (up to 50 uM CdSO,) was detected
either in wild type Col-0 or in athmgbl and AtHMGB1°*
lines (data not shown). Similarly, no signs of increased ge-
nomic instability (chromosome bridges, fusions etc.) were
observed using the chromosome staining with 4°,6-
diamidino-2-phenylindole =~ (DAPI). In  contrast to
AtHMGB1° plants exposed to salinity (NaCl) or other type
of genotoxic stress (MMS) where seeds germination is re-
tarded [38], no similar effect of cadmium treatment on seed
germination was observed in athmgbl and AtHMGBI1°F
lines.

EMERGING CONNECTION BETWEEN HMGB1 AND
TRANSCRIPTION OF TELOMERE REPEATS?

TERRA transcripts, non-coding RNA molecules derived
from telomeric repeats, represent another level of regulation
of telomerase activity and telomere homeostasis. In mam-
mals, the presence of telomeric and subtelomeric hetero-
chromatin-specific epigenetic marks was shown to influence
telomerase activity, telomere length and level of TERRA
[36, 41]. Moreover, TERRA transcripts are able to inhibit
telomerase activity in vitro [42]; recently, direct binding of
TERRA to human telomerase subunits in cell extract result-
ing in inhibition of telomerase activity was reported [43].
Complexity of plant-specific epigenetic pattern including
massive methylation of cytosines outside CpG sequence con-
text (reviewed in [44]), DNA methylation pathway directed
by non-coding RNA molecules [45], active DNA demethyla-
tion [46] and the existence of specific RNA polymerases IV
and V [47], are also reflected in the pattern of TERRA trans-
cripts. While in mammals most of TERRA consists of
UUAGGG repeats (which means that they are transcribed
from C-rich telomeric strand in centromere to telomere di-
rection), in plants both TERRA (UUUAGGG) and ARRET
(antisense telomeric transcripts, AAAUCCC) were detected.
These transcripts arise either directly from telomeres or are
generated from the relatively abundant telomeric tracts lo-
cated near the centromeres; their processing into siRNA
molecules was demonstrated [30].
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Analysis of TERRA transcript by northern blot which
was followed by hybridisation against radioactively labelled
telomeric probe showed a slight increase of TERRA level in
AtHMGBI1-deficient line, and a decrease in the overexpress-
ing line Fig. (5). This observation may reflect local changes
in chromatin structure and accessibility. AtHMGBI, acting
as general co-regulator of transcription, may in this context
facilitate “normal” transcription of coding genes located in
subtelomeric regions, thus impairing transcription of the
non-coding TERRA. However, the observed differences in
TERRA levels (increase to about 1.8 fold in athmgbl, de-
crease to about 0.7 fold in AtHMGBI1°® as compared to
Col-0) are relatively moderate. In plants, any influence of
telomerase activity by TERRA transcripts has not been re-
ported yet. Based on the studies in mammalian models show-
ing a direct association of TERRA to telomeric sequences
[32, 42] and inhibition of telomerase activity by TERRA
[43], it is possible to assume that chan%es of TERRA tran-
script levels in athmgbl and AtHMGBI1°" plant lines are not
marked enough to be reflected in the alteration of telomerase
activity and the observed changes in telomere length are in-
duced independently of telomerase. In this context, the in-
creased and decreased accessibility of chromosome ends to
telomerase in AtHMGBI1°® and athmghl plants, respec-
tively, may be a prospective possibility.

HMGB AS AN ENIGMATIC EPIGENETIC PLAYER

Despite of the documented effect of AtHMGBI1 on te-
lomere maintenance, a detailed mechanism of its involve-
ment is far from being clear. In the meantime, we can at least
draw a couple of various conclusions that could slightly elu-
cidate this issue:

1) AtHMGBI does not exert its effect on telomere
length via direct regulation of telomerase. We cannot ex-
clude a possibility that the effect on telomerase assem-
bly/activity observed in mammalian cells is mediated by
another member of HMGB protein family in Arabidopsis
due to possible functional overlaps among the different
HMGB-type proteins found in plants: the process of their
sub-functionalisation. Another possibility is the indirect ef-
fect of AtHMGBI1 on TERRA levels, which escapes detec-
tion by the in vitro TRAP assay, but can occur in vivo.

2) AtHMGBI loss or overexpression do not cause any
massive/general changes in chromatin architecture. (e.g.,
at the level of nucleosome spacing or size of chromocenters
[38]). This would correspond to the proposed role of HMGB
proteins as specific co-factors of transcriptional regulators.
Increased occurrence of chromosome fusions and other cyto-
genetic abnormalities due to the loss of AtHMGBI1 were also
not observed in Arabidopsis, in contrast to mammalian cells.
Arabidopsis telomeres thus appear to remain functional de-
spite of shortening in athmgbl mutants [38].

3) AtHMGBI is involved in the stress- or stimulus-
responsive pathways. Most of the AtHMGB proteins were
shown to be involved in various stress-response pathways
and it seems that different types of stress could initialise dis-
tinct paths containing an appropriate AAHMGB member. E.g.
the expression of AtHMGB2 and AtHMGB3 was up/down
regulated by cold and salt treatment and dehydration, while
AtHMGBI expression is affected only by the salt stress [38,
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39]. Response to the genetoxic stress could also vary accord-
ing to the type of genotoxic agents; AtHMGBI is involved in
the response to MMS [38] but not to cadmium ions. Recent
data indicate that HMGB proteins also affect efficient DNA
repair in various organisms, including human [48, 49]. Simi-
larly, diverse expression of DNA repair-related factor in
athmgbl mutant compared to Col-0 plants denotes that
AtHMGB proteins could be involved in DNA-repair ma-
chinery in plant model [38].
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Fig. (5). Telomeric transcripts. A) RNA isolated from 7-day seed-
lings was transferred to the nylon membrane using vacuum and
hybridised with radioactively labelled telomeric oligonucleotide
(CCCTAAA), and ubiquitin probes. The amount of RNA loaded on
the membrane is given on the right. B) The intensity of hybridisa-
tion signal for telomeric RNA was determined and expressed rela-
tive to the ubiquitin to eliminate possible inaccuracy in loading.
Slight increase of telomeric transcript levels in athmgbl mutants
and decrease in overexpressing lines (as compared to the Col-0 wild
type) was observed.
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Abstract

Telomerase, an enzyme responsible for the maintenance of linear chromosome ends, is precisely regulated during
plant development. In animals, involvement of the epigenetic state of the telomerase reverse transcriptase (TERT)
gene in the complex regulation of telomerase activity has been reported. To reveal whether epigenetic mechanisms
participate in the regulation of plant telomerase, the relationship between telomerase activity in tissues of
Arabidopsis thaliana and DNA methylation and histone modifications in the A. thaliana TERT (AtTERT) upstream
region was studied. As expected, a gradual decrease of telomerase activity during leaf maturation was observed.
A different pattern with a more progressive loss of telomerase activity and AtTERT transcription during leaf
development was revealed in MET1 gene-knockout mutants. Analysis of DNA methylation in the AtTERT upstream
region showed low levels of methylated cytosines without notable differences between telomerase-positive and
telomerase-negative wild-type tissues. Surprisingly, a high level of CG methylation was found in the AtTERT coding
region, although this type of methylation is a characteristic attribute of constitutively expressed genes. Analysis of
chromatin modifications in the AtTERT upstream region and in exon 5 showed increased loading of the H3K27me3
mark in the telomerase-negative mature leaf compared to telomerase-positive seedlings, whereas H3K4me3,
H3K9Ac, and H3K9me2 were approximately at the same level. Consistently, the chromatin structure of the A{TERT
gene was maintained. These results are discussed in the context of the general involvement of epigenetic
mechanisms in the regulation of gene expression and with respect to similar studies performed in animal models.

Key words: Arabidopsis thaliana, developmental regulation, DNA methylation, histone modifications, telomerase.

Introduction

Telomerase is a ribonucleoprotein enzyme complex responsible
for the synthesis of telomeres, specialized nucleoprotein
structures at the ends of linear cukaryotic chromosomes.
Telomerase consists of a catalytic subunit, telomerase reverse
transcriptase (TERT), and a telomerase RNA (TR) subunit
which serves as a template for the elongation of the telomere
motif. Telomerase activity is strictly regulated during plant
development. Analysis of model plants including Arabidopsis
(Fitzgerald et al, 1996), Silene latifolia (Riha et al, 1998),
tobacco (Fajkus et al, 1998), barley (Heller er al, 1996),

soybean (Fitzgerald et al, 1996), and tomato (Broun et al.,
1992) has revealed active telomerase in organs and tissues
containing dividing meristem cells (seedlings, root tips,
blossoms, floral buds) and in cell cultures (Fajkus ef al., 1996).
On the other hand, telomerase activity was abolished in organs
formed by terminally differentiated cells, e.g. stems or mature
leaves. In this respect, the pattern of telomerase activity in
plants resembles that in humans, but with a notable difference:
telomerase down-regulation in terminally differentiated plant
cells is reversible and highly dynamic, as is their differentiation

Abbreviations: AtTERT, A. thaliana TERT; ChIP, chromatin immunoprecipitation; hTERT, human TERT; TERT, telomerase reverse transcriptase; TR subunit, telomerase

RNA subunit.
© 2012 The Author(s).
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status itself, and reflects the totipotent character of plant cells
(Fajkus et al, 1998). Nevertheless, the general pattern of
telomerase activity is different even among mammalian model
species; while in most human adult somatic tissues telomerase
expression and activity are undetectable or very low, mouse
somatic tissue cells express a detectable amount of the TERT
mRNA (Horikawa et al, 2005). This indicates that develop-
mental regulation of telomerase is not driven by simple and
generally valid mechanisms.

In plants, the molecular mechanisms of telomerase
regulation at both the cellular and organism levels are far
from being elucidated. These processes include regulation of
telomerase transcription (Fitzgerald er al, 1996; Oguchi
et al., 1999), alternative splicing of TERT gene transcripts
(Heller-Uszynska et al., 2002; Rossignol et al., 2007), and
post-translational modifications of telomerase (Oguchi
et al., 2004). A recent description of the Arabidopsis TR
subunit suggested a possible involvement of two variant
RNA subunits in formation of telomerase nucleoprotein
complexes, yielding telomerases of different activity
(Cifuentes-Rojas et al., 2011). Moreover, strong regulatory
elements downstream of the transcription start site were
identified in our previous study (Fojtova et al, 2011),
demonstrating an enormous complexity of the plant
telomerase regulation process.

The involvement of the chromatin state and epigenetic
mechanisms in regulation of the TERT gene were
demonstrated in animal models (reviewed in (Zhu et al,
2011)). Hyperacetylated and H3K4-methylated histones were
associated with human TERT (hTERT) expression in
telomerase-positive cells, while H3K9 and H3K20 methyla-
tion marked histones in telomerase-negative cells. Although
the sequence of the ATERT locus including the promoter
region meets parameters for the CpG islands, no unambigu-
ous correlation between promoter methylation and activity
exists. Association of A”TERT promoter methylation with the
loss of its activity is evidenced by the demethylation-induced
increase of ATERT transcription in immortalized fibroblasts
(Devereux et al., 1999) and binding of methyl-CpG-binding
domain protein 2 (MBD 2) to the hypermethylated hTERT
promoter in HeLa cells (Chatagnon et al, 2009). On the
other hand, demethylation in tumour cell lines with high
telomerase activity was correlated with a significant reduction
of ATERT transcription (Guilleret and Benhattar, 2003). It is
supposed that in this case methylation prevents the transcrip-
tional repressors from binding, but a small methylation-free
region near the transcription start site is able to ensure
hTERT transcription. Nevertheless, in most normal somatic
cells with a basal level of telomerase activity the hTERT
promoter is hypomethylated (Dessain et al, 2000). As
regards chromatin structure, it was shown that cell differen-
tiation was associated with the loss of DNasel-hypersensitive
sites in the human and mouse TERT promoters and their
upstream regions (Wang ez al., 2009), showing that changes
of chromatin structure leading to its more condensed state
are connected with ATERT transcriptional silencing.

In this work, telomerase activity during Arabidopsis
thaliana development was correlated with the A. thaliana

TERT (AtTERT) epigenetic pattern. While DNA methyla-
tion did not seem to be involved in the gradual attenuation
of telomerase transcription during leaf maturation, the
repressive chromatin modification signal — trimethylation
of lysine 27 in histone H3 (H3K27me3) — was installed in
the AtTERT upstream and gene body regions in telomerase-
negative tissue. Nevertheless, no significant change in the
general chromatin structure accompanied the H3K27me3
loading, and developmentally silenced 4¢TERT maintained
the euchromatin-specific modifications.

Materials and methods

Plant material

A. thaliana seedlings of the Columbia-0 ecotype and a ddml
(At5g66750) mutant (ddmli-8 strain, SALK000590) were purchased
from the Nottingham Arabidopsis Stock Centre (Alonso et al.,
2003), and seedlings of the mutant plant with a T-DNA insertion in
the METI gene (At5g49160, metl-3 strain; Saze et al., 2003) were
kindly provided by Dr Ales Pecinka (GMI, Vienna, Austria).
Primers for genotyping are described in Supplementary Table SI.
Seeds were placed on half-strength Murashige-Skoog (Duchefa
Biochemie, Haarlem, The Netherlands) agar plates and grown under
cycles of 8 h light (illumination 100 pmol m~2 s™1), at 21 °C and
16 h dark at 19 °C. After 7 days, seedlings were collected for
analyses. Plants were grown in soil from 2 week-old seedlings under
the same light/dark conditions favouring leaf growth. Leaves were
harvested from 6-8 week-old plants as depicted in Fig. 1A.

Analysis of telomerase activity (TRAP assay)

Telomerase extracts from Arabidopsis tissues were prepared as
described (Fitzgerald et al., 1996; Sykorova et al., 2003). Telomerase
activity was analysed according to the protocol in (Fajkus et al.,
1998). First, 1 pl of 10 pM TS21 substrate primer (Supplementary
Table S1) was mixed with 1 pl of telomerase extract (protein
concentration 50 ng pl~"). Primer elongation proceeded in 25 pl of
the reaction buffer at 26 °C for 45 min. After extension, telomerase
was heat-inactivated and samples were cooled to 80 °C. Then, 1 pl
of 10 uM TELPR reverse primer (Supplementary Table S1) and
2 units of DyNAzymell DNA polymerase (Finnzymes, Espoo,
Finland) were added to start PCR amplification of telomerase
extension products (35 cycles of 95 °C/30 s, 65 °C/30 s, 72 °C/30 s)
followed by a final extension (72 °C/5 min). Products of TRAP
reactions were analysed by electrophoresis on a 12.5% polyacryl-
amide gel in 0.5XTBE buffer; the gel was stained with GelStar
Nucleic Acid Gel Stain (LONZA, Basel, Switzerland) and signals
were visualized using the LAS-3000 system (FujiFilm, Tokyo,
Japan). Telomerase activity and processivity were deduced from the
intensity and extension of the TRAP products ladder, respectively.

The quantitative version of the TRAP assay was performed as
described in Herbert ez al. (2006) using FastStart SYBR Green
Master (Roche, Basel, Switzerland) and TS21 and TELPR
primers. Samples were analysed in triplicates in a 20 pl reaction
mix. Ct values were determined using Rotorgene6000 (Qiagen,
Hilden, Germany) software and relative telomerase activity was
calculated by the ACt method (Pfaffl, 2004).

RNA isolation and RT-PCR analysis

Total RNA was isolated from Arabidopsis tissues using the
RNeasy Plant Mini Kit (Qiagen) followed by DNase I treatment
(TURBO DNA-free; Applied Biosystems/Ambion, Foster City,
CA, USA) according to the manufacturer’s instructions. The
quality and quantity of RNA was checked by electrophoresis on 1%
(w/v) agarose gels and Dby absorbance measurements
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(NanoPhotometr IMPLEN). cDNA was prepared by reverse tran-
scription of 1 ug of RNA using M-MulLV reverse transcriptase (New
England Biolabs, Hitchin, Herts, UK) and Random Nonamers
(Sigma-Aldrich, St Louis, MO, USA). Quantification of the AtTERT
transcript relative to the ubiquitin reference transcript was done using
FastStart SYBR Green Master (Roche) on the Rotorgene6000
(Qiagen). One pl of five-times-diluted cDNA was added to the 20 pl
reaction mix; the final concentration of each forward and reverse
primer was 0.25 pM (Supplementary Table S1). Reactions were done
in triplicates; the PCR programme consisted of 15 min of initial
denaturation at 94 °C followed by 40 cycles of 30 s at 94 °C, 30 s at
56 °C, and 30 s at 72 °C. Analyses were performed for at least two
biological replicates in three technical replicates. Transcription in the
respective tissue was calculated as the fold increase/decrease relative
to wild-type 7 day seedlings (AACt method (Pfaffl, 2004)).

DNA isolation and analysis of DNA methylation

Total genomic DNA was isolated from 1 g of 7 day seedlings and
6-8 week-old leaves by the cetyltrimethylammonium bromide
method as described in Kovarik ez al. (2000).

Bisulphite conversion of genomic DNA was done by the EpiTect
Bisulfite Kit (Qiagen) in which non-methylated cytosines are
converted to uracils and amplified as thymines in the subsequent
PCR, while 5-methylcytosines are resistant in this reaction (Clark
et al, 1994). Sequences of primers for amplification of the
AtTERT upstream region (284 bp fragment) and AtTERT exon 5
(476 bp fragment) are listed in Supplementary Table S1. PCR was
done using DyNAzymell DNA polymerase in a programme
consisting of initial denaturation (2 min) and 40 cycles of 30 s at
94 °C, 30 s at 56 °C and 40 s at 72 °C followed by a final extension
(72 °C/5 min). PCR products were cloned using a TOPO TA
cloning kit (Invitrogen, Carlsbad, CA, USA) and sequenced
(Macrogene, Seoul, South Korea). Methylation of cytosines
located in the respective sequence context was analysed by
CyMATE software (Hetzl er al, 2007) in the 224 bp AtTERT
upstream region (close to the ATG site) where the sequencing
signals were convincingly seen, and in the AtTERT exon 5.

Analysis of histone modifications by chromatin
immunoprecipitation

Histone modifications by chromatin immunoprecipitation (ChIP)
were analysed using the EpiQuik™ Plant Chip Kit (Epigentek,
Farmingdale, NY, USA). Chromatin was crosslinked for 15 min in
1% formaldehyde (Sigma-Aldrich), fragmented by sonication
(Bioruptor; Diagenode, Liege, Belgium) to an average fragment
length of 500 bp, and immunoprecipitated by antibodies against
H3K9me2 (Abcam, Cambridge, UK), H3K4me3 (Abcam), H3K9Ac
(Abcam), or H3K27me3 (Millipore, Billerica, MA, USA). A total of
20 ng of purified DNA from the immunoprecipitated fractions was
subjected to PCR using primers for the AtTERT upstream region
and the exon 5 (Supplementary Table S1) and DyNAzymell DNA
polymerase with the same PCR programme as described for analysis
of DNA methylation. Quantitative PCR was performed as described
for RT-PCR analysis. Results were evaluated statistically using the
two-tailed Student’s ¢ test; a P value of <0.05 was considered as
statistically significant.

Results

Gradual decrease of telomerase activity during leaf
maturation

Telomerase activity was determined by the TRAP assay in
A. thaliana 7 day seedlings and leaves of different ages
(Fig. 1A). A gradual decrease of telomerase activity during
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leaf maturation was observed (Fig. 1B, 1C). Telomerase
activity comparable to or even higher than that in 7 day
seedlings was observed in young leaves (leaf A, Fig. 1A). In
a so-called middle-aged leaf (leaf B), telomerase activity was

A
young leaf (,,A“)
middle-aged leaf
(B~
old leaf
(.C*)
B 23 % 2y
[+o]
o 2 Ecmo £ «0 £<o0
-~ &= E TEE S 8 5% 8% %
S g8 3 . . 2 0 90 P oo Po oo
e e ey ey p— .
s
[
- :E._, = -
— — S— R St —'. —_—
S - e i oo
— — — d s —— — —
— — — \ N —y — —_——
= e e ---_ - — -
seedlings Col met1-3 ddm1-8
C 6
o Col met1-3 ddm1-8
S w
2o §
oc
£ =
T9 4
= 9
£
28 ,
=9
‘sh-
L
2o 2
@ =
Fa~] leaf  |eaf leaf
2% & L —%
ol—
° leaf
< B A

Fig. 1. Telomerase activity dynamics in Arabidopsis wild-type and
methylation mutant tissues. (A) Strategy for collection of leaves at
different developmental stages. (B) In vitro telomerase activity
assays. Telomerase activity was determined in extracts from 7 day
seedlings and from leaves collected from the Columbia wild-type
(Cal), met1-3, and ddm17-8 plants using the TS21 and TELPR
primers (Supplementary Table S1). Lanes show: —, negative
controls (no protein extract in the reaction); leaf A, young leaf; leaf
B, middle-aged leaf; leaf C, mature leaf. (C) Quantitative analysis of
telomerase activity in leaves. Analysis was based on SYBR Green |
fluorescence detection and was performed using at least two
biological replicates (three technical replicates for each). The ACt
method (Pfaffl, 2004) was used to calculate relative telomerase
activity. Analyses were done for two biological replicates in three
technical replicates; error bars show SD.
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around the level in seedlings and was absent or very low in
mature leaves (leaf C).

The dynamics of telomerase activity during plant
development are believed to be correlated with TERT
promoter activity, i.e. with the level of the transcript for the
telomerase protein subunit. A good correlation between
AtTERT transcription and telomerase activity was observed
(Supplementary Fig. S1).

Telomerase dynamics is affected in leaves of the met1-3
mutant

Numerous studies have shown that DNA methylation plays
an important role in the modulation of promoter activity.
Although the precise range of the AtTERT promoter has not
been characterized yet, a minimal telomerase promoter has
recently been identified using a collection of T-DNA insertion
lines as a sequence 271 bp upstream of the ATG signal
(Fojtova et al, 2011). To investigate cytosine methylation in
this putative promoter, primers delimiting the region from
position —284 to the ATG codon (Supplementary Table S1)
were designed to amplify sodium bisulphite-modified DNA
templates. The number of methylated cytosines is very low in
this region and there is no notable difference in cytosine
methylation between telomerase-positive (7 day seedlings)
and -negative (mature leaves) tissues (Supplementary Fig.
S2). Based on these results, DNA methylation in the putative
promoter region is not a dominant factor in the regulation of
AtTERT transcription.

The above results were complemented by an analysis of
mutant plants defective in pathways crucial for the mainte-
nance of cytosine methylation. Analysis of telomerase
activity in seedlings of met1-3 and ddmI-8 mutants revealed
patterns fully comparable to the wild type (Fig. 1B, left
panel), and no significant changes in AzTERT transcription
were detected (Fig. 2A).

The ddmli-8 mutant plants showed telomerase activities in
young (leaf A) and old (leaf C) leaves to be more or less
comparable to those in Ileaves of the corresponding
developmental stage in wild-type plants (Fig. 1B), although —
according to the results of quantitative assays (Fig. 1C) —
telomerase activity in the ddmlI-8 young leaf is lower than in
wild-type Columbia tissues, approaching the value observed
in the middle-aged wild-type leaves (leaf B). Surprisingly, in
repeated analyses metl-3 mutants revealed considerably lower
telomerase activity in young leaves (Fig. 1B, 1C). The
amounts of AtTERT transcript in young leaves of one plant
heterozygous for a T-DNA insertion in the METI gene and of
two plants homozygous for this insertion were close to the
detection limit (Fig. 2B), i.e. significantly lower than in the
corresponding wild-type samples, in which 4tTERT transcrip-
tion was even higher as compared to that in 7 day seedlings
(Supplementary Fig. S1). Based on these analyses, it is
possible to hypothesize that a complex pattern of phenotypic
defects connected to the loss of METI function (Mathicu
et al., 2007) encompasses disruption of telomerase develop-
mental regulation, leading to an early loss of telomerase
expression and activity in the mutant leaves. But in contrast
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Fig. 2. Analysis of AtTERT transcription in methylation mutants.

(A) AtTERT transcription in 7 day seedlings from methylation mutants.
Analysis was done using four biological replicates of seedlings from
four ddm1-8 homozygous plants and from four met1-3 heterozygous
plants. Amplification of a 110 bp fragment of the A{TERT exon 1 was
expressed relative to the ubiquitin endogenous control. The AACt
method (Pfaffl, 2004) was used to calculate AfTERT transcription.
Error bars show SD. No significant change of the AtTERT transcript
level as compared to wild-type seedlings was observed. Col,
Columbia wild-type. (B) AtTERT transcription in young leaves from
met1-3 plants (one heterozygous and two homozygous representa-
tives; homozygous plants were selected with extremely low fre-
quency and did not grow up to the reproductive stage, as previously
reported by Saze et al., 2003) and from segregated wild-type plants.
AtTERT transcription in met1-3 young leaves was significantly lower
compared to wild-type samples (Supplementary Fig. S1).

to observations suggesting that the phenotypic consequences
of CG methylation erasure are not simply overcome by the
reintroduction of the function of both METI alleles,
AtTERT transcription (Fig. 2B) and telomerase activity (not
shown) are fully reverted in plants segregated from the
mutant background.

AITERT is CG-methylated in the gene body region

Although the A¢tTERT putative promoter region is not
methylated in either of the tissues tested, methylation in exon
5 in Arabidopsis was detected by high-throughput methylation
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analysis (http://signal.salk.edu/cgi-bin/methylome?GENE=
At5g16850) (Zhang et al, 2006). In agreement with this
report, a relatively high level of CG methylation was detected
in 7 day seedlings and mature leaves of wild-type plants using
a primer set delimiting a 476 bp region of the AtTERT fifth
exon (Fig. 3). CHG and CHH methylations were low and
close to the average levels reported for the whole A. thaliana
genome (6.7 and 1.7%, respectively). A significant decrease of
methylation in CG doublets was observed in met/-3 and
ddmlI-8 tissues, which was more pronounced in metl-3
mutants where CG methylation dropped to a level comparable
to those of CHG and CHH. As in the wild type, the amount
of methylated cytosines was comparable in different tissues of
both mutant plants (Fig. 3).

AtTERT gene silencing is accompanied by increased
loading of the H3K27me3 epigenetic mark, but the
region maintains its euchromatic nature

Modifications of histone amino acid residues represent
crucial determinants of chromatin structure and activity of
the corresponding DNA regions. We analysed the distribu-
tion of four selected chromatin epigenetic marks in the
AtTERT upstream region and in exon 5 of telomerase-
positive (7 day seedlings) and telomerase-negative (mature
leaf) tissues. Crosslinked and sonicated chromatin was
immunoprecipitated using antibodies against H3K4me3 (a
euchromatin-specific epigenetic mark), H3K9me2 (hetero-
chromatin, mainly constitutive), H3K27me3 (heterochroma-
tin in developmentally silenced regions), and H3K9Ac
(euchromatin). Primers for PCR covered the region from
-336 bp to the ATG position and 476 bp region of exon 5
(Supplementary Table S1).

AtTERT upstream and exon 5 regions are clearly
associated with the euchromatin-specific histone modifica-
tions H3K4me3 and H3K9Ac in both telomerase-positive
and telomerase-negative tissues, while levels of H3K9me2
are low (Fig. 4). These results suggest that the general
chromatin environment in the A¢tTERT gene is not mark-
edly altered during plant development. Correspondingly,
the pattern of micrococcal nuclease digestion of AtTERT
chromatin is comparable in nuclei isolated from 7 day
seedlings and from mature leaves (Supplementary Fig. S3).
In agreement with previously published results obtained from
analysis of 10 day seedlings (Turck ez al, 2007; Zhang et al.,
2007; Roudier et al., 2011), low signals for the H3K27me3
fraction were detected in 7 day seedlings. In the mature leaf,
the intensity of this signal increased significantly in both
analysed regions (Fig. 4). A similar pattern of distribution of
chromatin marks was observed in 7 day seedlings and mature
leaves of metl-3 mutant plants (Supplementary Fig. S4).

Discussion

Epigenetic modifications of promoter sequences are strong
determinants of their transcriptional potency. While
promoter-associated DNA methylation is generally consid-
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ered as a silencing mark, the pattern of histone modifica-
tions is more complex and displays both organism- and
locus-specific features (Fransz et al., 2006; Hon et al., 2009).

A detailed methylation map of the A. thaliana genome was
obtained using high-throughput sequencing approaches
(Zhang et al., 2006), and the low level of methylated cytosines
observed in the A:TERT upstream region (Supplementary
Fig. S2) is in accordance with this map. Using mammalian
models, convincing data showing involvement of epigenetic
mechanisms in telomerase developmental regulation have
been reported. While the function of TERT promoter
methylation was rather ambiguous, as an increase of pro-
moter activity was observed to accompany both hypo- and
hypermethylated states, the role of native chromatin environ-
ment including histone modifications for tight A”TERT gene
regulation was clearly demonstrated (reviewed in Zhu er al.,
2011). In our study, no correlation was observed between
AtTERT transcription and methylation of the putative
minimal promoter. Nevertheless, based on the conclusions of
Vaughn et al. (2007), methylation of promoters in Arabidopsis
is a relatively rare event and in this respect DNA methylation
is not broadly involved in the regulation of gene expression.

Interestingly, along the AtTERT gene methylation in the
CG sequence context was detected in the fifth exon (Fig. 3).
This type of methylation, termed gene body methylation, has
been found in both plant and mammalian genomes (Lorincz
et al., 2004; Cokus et al., 2008; Lunerova-Bedrichova et al.,
2008). In Arabidopsis, genes methylated in transcribed
regions are generally constitutively expressed and display
lower tissue specificity compared to genes with methylated
promoters (Zhang et al, 2006). In a more detailed study
(Aceituno et al., 2008) gene body methylation was negatively
correlated with gene responsiveness, i.e. capacity to change
expression under developmental and environmental stimuli.
The protein subunit of telomerase does not fit this general
rule, because its expression changes significantly during plant
development and the function of the gene body methylation
in the AtTERT locus remains enigmatic. A connection
between AtTERT gene methylation and alternative splicing
of the AtTERT transcript (Rossignol et al, 2007) may be
a promising possibility. Unfortunately, testing of this hy-
pothesis is methodically rather difficult due to the very low
level of the alternatively spliced AtTERT transcript which
reduces the reproducibility of quantitative RT-PCR assays
(M. Fojtova, unpublished results).

Interesting findings arise from the analysis of the 4tTERT
transcription in metl-3 mutant leaves. Low levels of AtTERT
transcripts and telomerase activity were found in developing
leaves of metl-3 mutants (Fig. 1B, 1C, 2B), while in wild-type
young leaves both values were even higher as compared to
seedlings (Supplementary Fig. S1). This observation might
indicate impaired developmental regulation of the AtTERT
gene in met! mutants. We should however be careful about
drawing such conclusions, and take into consideration
possible moderate variations in the leaf developmental stage
(although in all cases, leaves of approximately the same age
were collected for analyses), and the very small size (due to
their retarded growth) of met/-3 mutants leaves considered as
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Fig. 3. Analysis of DNA methylation in AtTERT exon 5 by bisulphite genomic sequencing. (A) Distribution of methylated cytosines along
the 476 bp region of exon 5. Seven day seedlings and mature leaves (leaf C, Fig. 1A) from wild-type and methylation mutants were
subjected to analysis. Col, Columbia wild-type; CG methylation, red circles; CHG methylation, blue squares; methylation of cytosines in
a non-symmetrical sequence context, green triangles; filled symbols, methylated cytosine; empty symbols, non-methylated cytosine.
Twelve cytosines in CG, 14 cytosines in CHG, and 53 cytosines in CHH were evaluated. (B) Graphical representation of the methylated
cytosine content in the respective sequence context in tissues of wild-type and methylation mutant plants. Note the comparable level of
methylated cytosines in tissues of the same genotype. In all met7-3 and ddm1-8 clones, the level of methylated cytosines in a CG
sequence context was decreased significantly, and this drop was more pronounced in the met7-3 mutant background. meAVG, average
cytosine methylation.
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Fig. 4. Analysis of histone modifications in the AtTERT upstream
region and in exon 5 by ChiIP. DNAs from immunoprecipitated
fractions of chromatin were purified and a 336 bp region upstream
of the ATG signal and a 476 bp region of the fifth exon were
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young leaves. Further comprehensive research including
analysis of other crucial mutations in related pathways is
necessary to clarify this topic definitely.

The recently published map of the main epigenetic states in
Arabidopsis chromatin revealed distinct combinations of 12
chromatin marks defining active genes, repressed genes, silent
repeat elements, and intergenic regions (Roudier ez al, 2011).
According to the present data, AtTERT chromatin was
associated with the histone marks H3K4me3, H3K4me2,
H3K36me3, and H3K27mel in 10-day seedlings. Except for
the H3K27mel modification which is prevalent in silent
transposable elements, the other modifications are convinc-
ingly linked with transcriptionally active genes, in accordance
with our result demonstrating enrichment of AtTERT chro-
matin in H3K4me3 and H3K9Ac marks in 7 day seedlings.
In telomerase-negative samples, increased H3K27me3 loading
in the AtTERT upstream and exon 5 regions was observed
(Fig. 4) while signals for the other modifications (H3K4me3,
H3KAc, and H3K9me2) were more or less comparable in
both telomerase-positive and telomerase-negative tissues. The
simultaneous presence of H3K4me3 and H3K27me3 in this
locus seems to be rather contradictory with the data of
Roudier et al. (2011) and Ha et al (2011), which show low
association of these marks. Because the levels of H3K4me3
and H3K9Ac remained reproducibly high in both regions
analysed and based on results of micrococcal nuclease di-
gestion (Supplementary Fig. S3), one can speculate that —
despite the increased H3K27me3 loading — the AtTERT
chromatin maintained the euchromatin state in telomerase-
negative tissue. Moreover, silencing of FLC gene transcription
during the plant transition to flowering — representing a typical
example of developmental gene regulation — is accompanied,
besides distinctive H3K27me3 loading, by a significant de-
crease of H3K4me3 and H3KAc and even an increase of
H3K9me?2 (see Bastow er al, 2004; reviewed by Deal and
Henikoff, 2011). To verify the necessity of H3K27me3 for the
AtTERT silencing, analysis of telomerase dynamics in plants
with loss of function of terminal flower 2 (TFL2)/like
heterochromatin protein 1 (LHP1) might be informative.
TFL2/LHP1 is essential for the establishment of the
H3K27me3 repressive modification at developmentally
regulated genes (Turck er al., 2007) and loss of its

amplified using classical (A) or quantitative (B) PCR (gPCR).

(A) A representative example of PCR amplification of the AtTERT
upstream region and of exon 5 in immunoprecipitated fractions.
Signals of euchromatin-specific marks (H3K4me2, H3K9Ac) were
strong in both tissues analysed; signals for the modification typical
for constitutive heterochromatin (H3K9me2) were below the de-
tection limit. Note the distinct H3K27me3 band in the leaf samples.
(B) Two biological replicates of wild-type seedlings and mature
leaves were immunoprecipitated and subjected to quantitative
PCR. Signal from the immunoprecipitated fractions was expressed
relative to that from the total input chromatin. The amount of the
H3K27me3 mark increased in the telomerase-negative tissue (leaf)
in both regions analysed (P < 0.01 in the AtTERT upstream region;
P < 0.05 in the exon 5).
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function leads to a broad range of developmental defects
(Gaudin et al., 2001).

In recent reports, independence of H3K27me3 and DNA
methylation (Zhang et al., 2007) and even mutual exclusiv-
ity of these modifications (Weinhofer er al, 2010) were
demonstrated. In this context, essentially the same patterns
of histone modifications, including increased H3K27me3
loading in telomerase-negative tissue in the methylation-free
upstream region and in exon 5 with an increased level of
methylated cytosines, are very interesting. Since histone
modifications are comparable in mature leaves of the metl-3
mutant (Supplementary Fig. S4) and of the wild type
(Fig. 4), it seems that H3K27me3 loading is in no way
affected by cytosine methylation in exon 5.

Taken together, our analysis of the epigenetic states of the
TERT gene in telomerase-positive and telomerase-negative
Arabidopsis tissues reveals differential levels of H3K27me3
modification. Nevertheless, in contrast to the situation in
mammalian cells where chromatin surrounding the active
TERT gene is associated with euchromatin-specific histone
modifications (hyperacetylation and H3K4 methylation),
while chromatin of the silenced A”TERT gene is marked by
H3K9 methylation and H4K20 methylation (i.e. modifica-
tions typical for silenced and even heterochromatic regions;
Wang et al., 2009), such notable changes of native chromatin
environment are not associated with TERT gene silencing in
Arabidopsis. Although immediate promoter status generally
results from a complex interplay of many cellular factors, the
observed differences between animal and plant cells in the
mechanisms involved in developmental regulation of TERT
may reflect a unique attribute of plants — their totipotency —
which accords with a reversible and dynamic character of
telomerase silencing (Fajkus ez al., 1998).

Supplementary material

Supplementary material is available at JXB online.

Supplementary Table S1. Sequences of primers used in
genotyping the mutant lines, telomerase activity assay,
quantitative analysis of transcription, analysis of methyla-
tion by bisulphite genomic sequencing (BGS), and analysis
of chromatin modifications (ChIP).

Supplementary Fig. S1. AtTERT transcription in wild-
type leaves.

Supplementary Fig. S2. Analysis of DNA methylation in
AtTERT upstream region by bisulphite genomic sequencing.

Supplementary Fig. S3. Micrococcal nuclease digestion of
nuclei isolated from Arabidopsis seedlings and leaves.

Supplementary Fig. S4. Analysis of histone modifications
in the metl-3 seedlings and mature leaves.
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Abstract Telomerase is essential for proper function-
ing of telomeres in eukaryotes. We cloned and char-
acterised genes for the protein subunit of telomerase
(TERT) in the allotetraploid Nicotiana tabacum
(tobacco) and its diploid progenitor species Nicotiana
sylvestris and Nicotiana tomentosiformis with the aim
of determining if allopolyploidy (hybridisation and
genome duplication) influences TERT activity and
divergence. Two of the three sequence variants present
in the tobacco genome (NtTERT-C/s and NtTERT-D)
revealed similarity to two sequence variants found in
N. sylvestris and another variant (NtTERT-C/t) was
similar to TERT of N. tomentosiformis. Variants of N.
sylvestris origin showed less similarity to each other
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(80.5 % in the genomic region; 90.1 % in the coding
sequence) than that between the NtTERT-C/s and
NITERT-C/t variants (93.6 and 97.2 %, respectively).
The NtTERT-D variant was truncated at the 5’ end, and
indels indicated that it was a pseudogene. All tobacco
variants were transcribed and alternatively spliced
sequences were detected. Analysis of gene arrangements
uncovered a novel exon in the N-terminal domain of
TERT variants, a feature that is likely to be commonly
found in Solanaceae species. In addition, species-
specific duplications were observed within exon 5. The
putative function, copy number and evolutionary origin
of these N*TERT sequence variants are discussed.

Keywords telomerase - telomere - TERT -
evolution - Solanaceae - polyploidy

Abbreviations

BLAST Basic Local Alignment Search Tool
DAPI 4',6-Diamidino-2-phenylindole
EST Expressed Sequence Tags

FISH Fluorescence in situ hybridization

GISH Genome in situ hybridization
GRS Gazdova repetitive sequence
gss Genome Survey Sequences

HRS highly repetitive sequence

MITE Miniature inverted-repeat transposable
element

MS Murashige — Skoog

NLS Nuclear localization signal

PCR Polymerase chain reaction
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rDNA ribosomal DNA

RT- Reverse transcriptase polymerase chain
PCR reaction

SDS Sodium dodecyl sulfate

SINE Short interspersed nuclear elements
SSC Saline-Sodium Citrate

TAE Tris-acetate-EDTA

TERT Telomerase reverse transcriptase

UTR Untranslated region

wgs whole-genome-shotgun

Introduction

Telomeres are maintained by a special enzyme, telomer-
ase, which adds telomeric repeats to the ends of linear

chromosomes (Blackburn and Gall 1978). Telomerase
consists of a protein subunit with reverse transcriptase
motifs (telomerase reverse transcriptase (TERT)) and an
RNA subunit which provides a template for synthesis
of telomere repeat DNA. Nicotiana tabacum (tobacco)
has been used in pioneering research on telomere and
subtelomere structure (Koukalova et al. 1989; Fajkus
et al. 1995a, b) and for detection of telomerase activity
in plant cells (Fajkus et al. 1996). Stable telomere
maintenance and reversible up- and down-regulation
of telomerase during plant development was first
described in tobacco (Fajkus et al. 1998), as well as
telomere-binding proteins that influence the accessi-
bility of telomeres to telomerase (Fulneckova and
Fajkus 2000). Tobacco BY-2 cells have also been used
to describe cell-cycle-dependent regulation of

a
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Fig. 1 Arrangement of the C/s variant of N¢TERT. a The con-
served regions of the NtTERT protein (telomerase specific
motifs—72, CP, QFP, and T; reverse transcriptase motifs—1/, 2,
A-F; nuclear localisation-like signal—NLS (Sykorova et al. 2006))
are highlighted. b The exon/intron arrangement of the NtTERT
gene sequence is shown including the position of conserved
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regions as in (a); positions of PCR primers (Table S2) are marked
by arrows. ¢ Arrangement of clones with alternatively spliced
sequences from N. tabacum (Nf) and N. tomentosiformis (Ntom).
Putative translated regions are shaded, dagger premature stop
codon, 10p and 10p*—two different alternative splicing sites
inside exon 10
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telomerase activity and its response to plant hormones
(Tamura et al. 1999) or abiotic stress (Fojtova et al.
2002). These cells have also been used to demonstrate
that tobacco telomeres are methylated and that
drug-induced hypomethylation increases telomerase
activity, without a change in telomere length (Majerova
etal. 2011a, b).

Genes coding the plant TERT subunit have been
identified experimentally and characterised in
model species Arabidopsis thaliana, Oryza sativa
(Fitzgerald et al. 1999; Heller-Uszynska et al.
2002; Oguchi et al. 2004), Zea mays and in Aspar-
agales (Sykorova et al. 2006). The TERT gene
structure of 12 exons was revealed in plants with
typical plant-type telomeres and those with human-
type telomeres (reviewed in Sykorova and Fajkus
2009). The telomerase-specific motifs (T2, CP,
QFP and T) important for binding the telomerase
RNA subunit are localised in the N-terminal part
of TERT comprising exons 2-9, and the reverse
transcriptase motifs (1, 2 and A-E) essential for
enzyme activity are located inside exons 9 and 10
(Fig. 1). Alternatively spliced variants of TERT
transcripts with out-of-frame and/or in-frame muta-
tions were identified in all studied species. In
particular, in vitro interaction of the protein prod-
uct of AtTERT V(I8) splicing variant with the
putative telomere binding protein AtPOTla sug-
gests its putative function in telomere maintenance
(Rossignol et al. 2007). The role of the other
splicing variants in plants has not been elucidated
yet, but analogous to human splicing variants, they
could be involved in tissue specific regulation of
TERT transcription (reviewed in Sykorova and Fajkus
2009).

Tobacco is an allopolyploid species that formed
within the last 200,000 years from the diploid
progenitors of N. sylvestris (the maternally derived
S-genome donor of tobacco) and N. tomentosiformis
(the paternally derived 7-genome donor of tobacco)
(Murad et al. 2002; Lim et al. 2004; Clarkson et al.
2010). In genomes of higher eukaryotes, including
that of the most common model plant A. thaliana, a
paleotetraploid species, a parallel existence of two or
more variants of the TERT gene has not been
described, suggesting that some unknown restrictions
control the number of copies of this particular gene per
genome. We have therefore analysed the TERT genes
in N. tabacum and in its diploid progenitors N. sylvestris

and N. fomentosiformis, to reveal the outcome of the
allopolyploidisation process in the case of the TERT
gene.

Materials and methods
Plant material, DNA and RNA extraction

N. tabacum L. (cv. Vielblattriger, line T3 and cv. Petit
Havana SR1), N. sylvestris (Speg. & Comes) and
Nicotiana tomentosiformis (Goodsp.) plants were
grown from seeds in the greenhouse. Genomic DNA
was extracted from leaves following the protocol from
Dellaporta et al. (1983). Total RNA was isolated from
seedlings grown on agar plates supplemented with
Murashige—Skoog media (1/2 MS, Duchefa, Haarlem,
The Netherlands) for two weeks. RNA was prepared
and purified using NucleoSpin® RNA Plant kits
(Machery Nagel) followed by treatment by Turbo
DNA-free kits (Ambion).

PCR, RT-PCR and cloning

PCR reaction conditions were based on the manufac-
turer recommendations. We used a highly precise
Phusion® High-Fidelity DNA Polymerase (error rate,
4.4x10e”’, Finnzymes) for cloning of genomic DNA
sequences (e.g. sequences linking exons 1 and 4, 4 and
9, 9 and 12, see also Appendix S1), a one-step
protocol with Transcriptor reverse transcriptase and
Expand System (error rate, 4.6x 10e ¢, Transcriptor
One-Step RT-PCR Kit, Roche) for RT-PCR, and short-
distance PCR amplification (analysis of exons 4+35,
intron 8 and exon 9) was performed by DyNazyme™
DNA Polymerase (error rate, 2.28x 10e *, Finnzymes).
The PCR products were cloned into TOPO vectors
according to type of PCR products produced by poly-
merases (pCR®II-TOPO® and pCR®-Blunt I[I-TOPO®,
respectively, Invitrogen) and sequenced (Cogenics Ltd.,
UK). Initial thermocycler conditions for most PCR reac-
tions were as follows: (1) DyNazyme 1I—35 cycles of
94°C/30 s, 56°C/30 s and 72°C/1 min, (2) Phusion—35
cycles 0f 98°C/10 s, 56°C/10 s and 68°C/2 min30 s. RT-
PCR reactions were performed using Transcriptor
One-Step RT-PCR Kit (Roche) and products were
sequenced directly and/or cloned into pCR®II-
TOPO® vector. PCR and RT-PCR reactions were opti-
mised using temperature gradient and time extension

@ Springer



E. Sykorova et al.

(see Electronic supplementary material). TERT sequen-
ces were deposited in GenBank (Table S3).

Primer design and sequence analysis

Candidate TERT sequences from plants (see Table S1)
were identified in the GenBank database using
BLAST searches and aligned manually. Prediction of
exon/intron boundaries was done manually using con-
sensus AG/GT borders. The BLAST search was per-
formed repetitiously using our cloned sequences as
queries to identify sequences from low conserved
regions (Fig. S1). The presence of sequence motifs
like repeats was analysed by DNasis software, and
sequence alignments and similarity calculations were
done by Winstar software (WINSTAR, Inc.) or manu-
ally. Primers (Fig. 1) were designed using Winstar
software or manually; all primer sequences are listed
in Table S2.

Restriction digestion and Southern hybridisation

Genomic DNA samples (N. tabacum cv. T3, N. syl-
vestris and N. tomentosiformis) were digested by Mspl
and/or EcoRlI restriction endonucleases cutting inside
the TERT gene and run using conventional electropho-
resis on 0.9 % agarose gels in TAE. Gels were alkali
blotted and hybridised at 65°C (Fajkus et al. 1995a)
with a probe derived from the clone 1CDTAG35
(Table S3). The probe was radioactively labelled using
the DecaPrime kit (MBI Fermentas GMBH, St. Leon-
Rot, Germany). The membrane was washed under
high stringency conditions (0.2x SSC, 0.1 % SDS at
65°C) and signals were visualised by the FLA7000
phosphoimager (FujiFilm). Densitometry and pixel
intensities were evaluated by MultiGauge software
(FujiFilm).

Fluorescent in situ hybridisation

Chromosome preparations and squashes were per-
formed as published previously (Lim et al. 1998,
2000). DNA probes were labelled with AlexaFluor488-
dUTP (Molecular Probes) or Cy3-dUTP (Amersham
Pharmacia Biotech) by nick translation and the concen-
tration of NtTERT probes for visualisation was opti-
mised. The hybridisation mix (30 pl/slide) contained
40, 100, 160 or 500 ng of each labelled DNA probe
(signals were visible from 100 ng, and 160 ng was used
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finally), 10 % dextran sulphate and 50 % formamide in
2x SSC. The probe and chromosomes were denatured
together on a hot plate at 80°C for 2 min and incubated in
a moist chamber at 37°C for 18 h. After hybridisation
slides were washed in 35 % formamide in 2x SSC at
42°C and mounted in Vectashield (Vector Laboratories)
with 1 pg/ml 4',6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich) as DNA stain. For rehybridisation, the
slides were washed twice with 2x SSC and postfixed in
4 % formaldehyde.

Fluorescence signals were analysed with an Olym-
pus BX-61 epifluorescence microscope equipped with
an AxioCam CCD camera (Zeiss). Images were cap-
tured and processed with ISIS imaging software
(MetaSystems). Images were manipulated using Adobe
Photoshop by changing the colour balance, contrast, and
brightness uniformly across the image.

For localisation of the N*TERT gene loci, the clones
1B4AB-1, 4AB1C-28 and 1CDTAG-35 from M. taba-
cum representing the C/s variant of NtTERT, or alter-
natively the clone 4AB1C-9 from N. tomentosiformis,
were used separately or in various combinations as
described in Results. The S-genome-specific probe of
the HRS60 repeat is a 183-bp monomeric unit organ-
ised in a tandem array, localised in heterochromatic
blocks of chromosomes of N. sylvestris and N. taba-
cum (Koukalova et al. 1989). The plasmid pGRS1.3
(GenBank X78263.1, kindly provided by Dr. A.
Kovarik, Institute of Biophysics, Czech Republic)
was used for preparation of a probe for the GRS
satellite (Gazdova et al. 1995) which has a 180- to
182-bp monomeric unit organised in a tandem array
and occurring as heterochromatic blocks on N. taba-
cum and N. tomentosiformis chromosomes. For visual-
isation of the 45S rDNA loci, an internal 2,478 bp
(EcoR]) fragment of the 25S rRNA gene was used
(Kiss et al. 1989). The clone pCT4.2 (Mozgova et al.
2010), corresponding to a 500-bp 5S rRNA repeat
(GenBank M65137), was used for localisation of 5S
rDNA loci.

Results

The N. tabacum genome contains three variants
of the Nt«TERT gene

Using our knowledge about conserved protein regions
of plant telomerases ( Sykorova et al. 2006; Sykorova
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and Fajkus 2009), we searched public databases for
candidate TERT sequences from plants, especially
from Solanaceac. Our BLAST search revealed EST
sequences from I[pomoea nil and several other sequences
from Solanaceae and gss sequences from N. tabacum
and Solanum tuberosum (GenBank ER831256) that
we identified as candidate TERT sequences (Table S1).
The gss sequences were highly similar, especially in
putative exon regions, but they contained nucleotide
(nt) polymorphisms and insertions/deletions (indels)
across aligned regions. The variant sequences occurred
in three regions identified by putative exon/intron
boundaries in TERT (see Electronic supplementary
material, Fig. S1 and Table S1). These were between:
(1) exon 1 to intron 4 including upstream of the ATG
start codon, (2) exon 9 to intron 9 and (3) exons 10 to
12 including a sequence downstream of the stop codon
(the nomenclature follows Fitzgerald et al. (1999)).
Analysis of polymorphisms showed that several indels
found within putative exons were out-of-frame muta-
tions leading to premature stop codons. This finding
suggested the presence of a pseudogene variant in
addition to a functional gene variant. We hypothesised
that one copy had come from each of the diploid
progenitors, but that one had became nonfunctional
during the evolution of divergence in the allopolyploid
N. tabacum. Such a view was supported also by the
gss sequence (GenBank ET861330) of putative pseu-
dogene exon 12, which contained a highly divergent
sequence including a premature stop codon; however,
this hypothesis turned out to be too simplistic.

To test the hypothesis, we designed specific primers
against the putative exon 9 for candidate NtTERT
variants named C (coding putative functional variant)

and D (putative pseudogene variant) and also primers
from homologous regions of both variants (Fig. 1;
Table S2). Surprisingly, sequencing of cloned PCR
products revealed three NtTERT sequence variants in
N. tabacum (see Electronic supplementary material
and Appendix S1 for details). The same experimental
design using a genomic DNA template of N. sylvestris
and N. fomentosiformis revealed two variants in N.
sylvestris and one variant in N. fomentosiformis. In
summary, a comparison of these sequences revealed
that the genomic variants found in putative ancestral
species corresponded to variants identified in tobacco,
resulting in two C variants (named C/t for putative 7-
genome origin and C/s for putative S-genome origin)
and one D variant (found also in N. sylvestris).

Nicotiana TERT-C variants represent full length
sequences, while the TERT-D variants show truncation
at the 5" end

Because alignments of gss sequences showed only
two variants in all three partially contiguous regions,
there was a question to which variant they belong. In
attempt to cover the whole gene sequence and to link
together regions (1), (2) and (3) identified in silico (see
above and Fig. S1), we performed PCR reactions on
genomic DNA of N. tabacum with primers designed to
amplify the regions between exons | and 4, exons 4
and 9 and between exon 9 and the stop codon (Fig. 1b;
Appendix S1). Sequencing of genomic and RT-PCR
clones (Table S3, see below) enabled us to link all
regions and to determine that the contiguous C/s var-
iant of the N¢tTERT genomic sequence was 11.7 kb
long (Fig. 1b). The N¢tTERT-C/t variant includes

Table 1 Similarity among Nicotiana TERT variants analysed by ClustalW

cDNA*® vs. gene c¢DNA similarity

Ntab-C/t Ntom-C Ntab-C/s Nsyl-C Ntab-D Nsyl-D
Gene similarity Ntab-C/t X 98.7 97.2 96.9 90.3 90.3
Ntom-C 98.8 X 97.1 96.8 90 90
Ntab-C/s 93.6 93.5 X 99.4 90.1 90.1
Nsyl-C 93.4 93.4 99.7 X 89.8 89.8
Ntab-D 77.3 77.2 80.5 80.6 X 99.9
Nsyl-D 77.4 77.3 80.7 80.7 99.3 X

Exon 9 to stop codon (1CDf x12Dr primers)

 Putative exon regions of D variants for analysis corresponded to C variants
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Fig. 2 Restriction digestion of N. tabacum and N. sylvestris
genomic DNA and Southern hybridisation. Three and two
variant-specific bands (arrows) of the predicted length were
identified in N. tabacum and N. sylvestris, respectively (above).
Schematic diagram of variant-specific genomic sequences
(MtTERT-C/t, C/s, D) showing the positions of EcoRI (E) and
Mspl (M) cutting sites derived from cloned sequences or
predicted from in silico sequences (closed triangles) and length
of restriction fragments. Putative positions of the cutting sites
(open triangles) in unknown parts of the variants (dashed line)
were deduced from the hybridisation patterns when the probe
covered exon 10 to the stop codon

several insertions/deletions in exon and intron regions
caused mainly by the presence of repetitive sequences
(see below). Comparison with the gss sequences iden-
tified in silico from contig (1) (exon 1 to 4) confirmed
that they represent only the N¢TERT-C/s and NtTERT-
C/t variants. The gss sequences corresponding to the
N{TERT-D variant were found only in contigs (2) and
(3) that cover regions from exons 9 to 12. Moreover,

@ Springer

the gss sequence upstream of exon 9 (GenBank
FHO054998, D variant including the putative intron 8§,
see Electronic supplementary material and Table S1)
showed no similarity with any of the C-variant gss
sequences, suggesting the truncation of the putative
pseudogene variant at the 5’ end. Also, attempts to
amplify the D-variant-specific region upstream of exon
9 using different combinations of primers were not
successful (not shown, see additional information in
Appendix S1).

A comparison of N. tabacum TERT genomic
sequences with N. sylvestris and N. tomentosiformis
sequences revealed a high similarity among variants
from all three species (Table 1). The highest similarity
in the corresponding coding regions exists between the
D variants of N. tabacum and N. sylvestris (99.9 %)
and between the NtTERT-C/s and the C variant from
N. sylvestris (99.4 %), and a slightly lower similarity is
seen between the NtTERT-C/t and the C variant from
N. tomentosiformis (98.7 %). A notably low similarity
is seen between the C and D variants from N. sylvestris
(or C/s and D from N. tabacum, Table 1).

We also examined the arrangement of NtTERT var-
iants in the tobacco genome with a special focus on the
D-variant, using restriction digestion of genomic DNA
by enzymes specific for variants (EcoRI or double
digestion with EcoRI and Mspl, Fig. 2) and long
template PCR (additional information in Appendix S1).
We used a radioactively labelled probe specific for the
region from exons 10 to 12 which allowed us to
identify all three variants. EcoRI cuts specifically
inside intron 9 of the D variant and both C variants
have the EcoRI site inside intron 7. Using our gss
sequence alignment, we identified another EcoRI site
in the 3’ UTR region of the N¢TERT-C/t variant but we
did not have sequence information on other variants.
Mspl cuts the NtTERT-C/t variant specifically inside
intron 9 and in theory, its combination with EcoRI
would shorten the EcoRI product to distinguish
NtTERT-C/t and N¢tTERT-C/s variants. Southern
hybridisation showed three bands in the EcoRI digest
of tobacco genomic DNA corresponding to the
NtTERT variants, and two bands from restriction
digestion of N. sylvestris genomic DNA which con-
firmed the inheritance of tobacco NtTERT-C/s and
N!TERT-D variants from the N. sylvestris progenitor.
The double digest clearly identified the NtTERT-C/t
variant and revealed the presence of the second Mspl
site in the 3' UTR region in the tobacco D variant that
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a b

genomic cDNA NL-like signal (NLS)

N.tabacum
N.sylvestris
N.tomentosiformis
5. tuberosum
S.lycopersicum

N. tabacum Cit
N. tomentosiformis C

N. tabacum Cls Arabidopsis
Oryza
Zea
Doryanthes
N.sylvestris C Iris
Scilla
c NtF&09 alt. splicing site exon 4/5a
tobacco AGTAGATCTGAGTGCGACATTGTTTGARTTATTGTGAAA ===ATTGCTACTY ATCTAGGAARAAGAGAAGTGTAGATGAAGTTTACTCATCARTGAGGAARAAGATGTG
tomato AGTAGATCTGATTT-~ ——A'1"1‘GTTTGAATTGTHTAMTTTTMCCGTTGCTMTCC%TCWGT TCATCAGCAAGGAARGAAATGGG
potato TATGTATCTGATTTCCACATTGTTTGAATTATTGTAAATCTTTTAACCAT TGCTAATCCOAGAATC TAGGAAARAGAGAAGT GTAGACGAAGT TTACTCATCAGCAAGGAAAGARATGGE
exon 5
tobacco CATTAGGTTTGTGTCCTGACGTCGTTACTGTARACTCTGCTAGC TGGATTGGCTGCAATTGTAGGGATTATATTTTCCATGCCCTGTTGC TGCAGGARARAATTGTGCTGCGGAGAAGTTA
tomato GATTAGGTTTGTGTTCTGATGT TGTTACTGTARATTGTACTAGCTGGCTTTGCTGTCATTGTAGG-ATTATAGT TTCCATGCCCTGGOGCTGCAGGARAAAATGTGAGACGGAGAAGTTA
potato CATTAGGTTTGTGTTCTGATGT TGTTACTGTAAAT TGTACTACCTGGCTTTGCTGTCATTGTAGG-ATTATAGT TTCCATGCCTTGGTGCTGCAGGAARATATATGAGATGGAGAAGTTA
T
tobacco TCGACAGAAACTACAAAATCTGCT - —~—~—==--==-=~ TCTGGTGACGTGCTTCCATCTAGGGARGGCCAATTTTACTCAATTACACATACTTCCTTGTGTGGAAAGCGTAAAAGACAG
tomato TCTGCAGARACTACAGTATCTGTTGAAGTTAATTCTGCTIGT TGTGAAGT TCTTCCATCGAGGGAAGGACAATGTTACTC TAATAGACATACTCCATTGCATGGARAAGTGTARAAGACTG
potato mrmmc:mm'rmcmmc'zTmmcGcr'rGﬂmmxmmmmmwmmmwmnmcumm?m
N. sylvestris C h_!_‘mmem‘l‘CTGCTTCTGGTGBCGTGCTTOCATCTAGGGMGGCCAATTTTACTGM\TTMTM1u.\.;uu
NL-like signal (NLS) | —
tobacco TTTARATGGCAGCGET! AGCGTAAGC Y TCAAGAAAAATATTCCTTAATCCCTTGTATGAATTCCAACACTAAGGACAACTGGECL CCAGAATTGTGATTCC
tomato TTTARA ITGCGTCAARGGAR AGGCTC. ACATTCCTTAAGCCCTTGTATGAGTTTTAACACTAAGGACGAGTCGTTGEGAGATGTGAAGAGTGAT - -
potato TCTARATGGC TGCGTCAAAGGARGCTTAGGCAGTTGAAGGCTC TAAGGACGAGTGGTTGGGAGACGTGAAGTGTGAT-- -
tobacco TTAATCTCTTGTATGAATTCCAACACTAAGGACARCTGGCC CAGAATTGTGATGTAAGCTCARATTCAGTGCTTCTTCTTGAAAAGGTGATTTGCGARACTTACACTG
tomato - GTAATCTTARATTCAAGACCTCCTCTTGARAAGGTGATTTATGARACTTATACTG
potato S -GTAATCTTAAATTCAAGACCTCCTCTTGARAAGGTGATTTATGARACTTATACTG

Fig. 3 Arrangement of the exon 4/5a and adjacent regions. a
Variant-specific organisation of genomic and cDNA sequences
from Nicotiana species. Repeats inside exon 5 are highlighted. b
Conserved nuclear localisation-like signal (NVLS, arrows in (a)
and boxed in (c)) identified inside exon 5 in plant TERT
sequences. ¢ Alignment of candidate TERT sequences from

illustrates a difference in the genome vicinity of the D
variant in tobacco and N. sylvestris.

Variants of MtTERT, including pseudogene variants,
are transcribed

Telomerase is active in meristemic tissues (e.g. seed-
lings and buds) where its protein subunit is tran-
scribed, as shown for model plants (Fitzgerald et al.
1999; Heller-Uszynska et al. 2002; Fojtova et al.
2011), reviewed in Sykorova and Fajkus (2009).
Direct sequencing and cloning of RT-PCR products
from seedlings allowed us to define exon/intron borders
and to estimate the length of the entire cDNA of the
NtTERT-C/s variant from N. tabacum (3,687 nt), the C
variant from N. sylvestris (3,687 nt), a partial cDNA

Solanaceae model species shows the presence of the conserved
exon 4/5a region, the tobacco specific alternative splicing site
upstream of exon 4/5a and repetitive sequences (boxed as in (a)).
The insertion of the repetitive sequence specific for the C variant
of N. sylvestris is marked by the arrow and boxed as in (a)

sequence of the C-variant from N. tomentosiformis
(3,126 nt, from exon 4 to stop), and the Nt TERT-C/t
variant from N. tabacum (2,023 nt, from exon 9 to
stop). In addition, the RT-PCR clones from amplifica-
tion of the 5" and 3’ part of TERT revealed several
alternatively spliced isoforms (Fig. lc; Table S3).
Comparison of sequences from N. fabacum and its
progenitor diploids using different primer combina-
tions revealed that the same alternative splicing as in
the MtTERT-F609 isoform (Figs. 1c and 3c¢) is utilised
by all three species. This alternative splice site is 17
nucleotides upstream of exon 4/5 and results in out-of-
frame mutations leading to a premature stop codon,
and lack of exons 7 and 8 (Fig. 3c). In the 3’ part of the
TERT, three splicing isoforms were identified among
N. tomentosiformis clones (Fig. 1¢), two of them being
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45S rDNA
5S rDNA

Fig. 4 Localisation of the NtTERT gene in Nicotiana species by
FISH. Mitotic chromosomes of N. sylvestris (a), N. tomentosi-
formis (b) and N. tabacum (c) labelled with a probe for NtTERT
(red) and overlaid with DAPI staining for DNA (blue). The
rDNA loci are labelled with probes for 45S rDNA (green) and
5S rDNA (yellow). The positions of TERT loci are marked by
arrows. Two rounds of FISH were used to identify N. tabacum
chromosomes bearing NtTERT loci (d, e). The chromosomes of
N. tabacum were labelled with probes for N¢TERT (red, d) and

in-frame mutations with partial deletion of exon 10
(Ntom-K509 and Ntom-L709) and one lacking exon
10 (Ntom-L2209).

Next, we analysed which variants are transcribed and
may be translated to a functional protein. We first ana-
lysed the presence of transcribed sequence variants in V.
tabacum using RT-PCR primer sets from exon 9. Direct
sequencing of the RT-PCR products confirmed the tran-
scription of both C variants (Fig. S4). Surprisingly, RT-
PCR products were observed also in control reactions
with the primer set specific for the D variant. Sequenc-
ing of the cloned products revealed that the D variant is
transcribed in N. tabacum and N. sylvestris. Further-
more, we used primer sets spanning introns to exclude
false positives due to genomic DNA contamination.
Results from one-step RT-PCR clearly showed that the

@ Springer

45S rDNA 455 rDNA
5S rDNA

5S rDNA

gDNA

the tandem repeat GRS (green, d) and counterstained with DAPI
(d, f). After stripping of probes, the slides were hybridised in a
second round to show the S-genome specific translocations by
GISH using total genomic DNA from N. sylvestris (e, green)
and the tandem repeat HRS60 (red, e). f Detail of identified
chromosomes S2/t and T5/s showing alternation of signals after
two rounds of FISH. Note the small HRS60 signal at the
chromosome tip specific for the T5/s chromosome. The nomen-
clature follows (Lim et al. 2000). Bar=10 pm

D variant is transcribed and utilises the same alternative
splicing site inside exon 10 as the N. tomentosiformis
splicing isoform NtomL709 (Table S3 and Fig. 1c¢).

Fluorescent in situ hybridisation shows two loci
for the NtTERT gene

For localisation of NtTERT variants, we used three
genomic clones (Table S3) covering the entire length
of the NtTERT-C/s variants 1B4AB1 (3.25 kb, exons 1
to 4), 4AB1C28 (6.08 kb, exons 4 to 9), and
ICDTAG35 (3.36 kb, exon 9 to stop), separately or
in combinations. The longest clone 4AB1C28 showed
four strong signals on N. tabacum chromosomes
(Fig. 4c, d) and two signals on N. sylvestris and N.
tomentosiformis chromosomes (Fig. 4a, b).
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Alternatively, we used a genomic clone from N. tomen-
tosiformis covering the same region as the N. tabacum
clone 4AB1C28 with the same result (not shown). The
clones 1B4AB1 and 1CDTAG35 did not show signals
when used separately, and in combination they showed
signals at the same positions as the clone 4AB1C28
when a high amount of probe (500 ng/slide) was applied
(not shown). The absence of additional signal represent-
ing the NtTERT-D variant could be caused by technical
reasons, e.g. short probe length and limited similarity to
the NtTERT-C/s variant, or the NtTERT-D variant could
be located proximal to the N¢TERT-C/s variant and
below the detection limit on mitotic chromosomes. In
attempt to specify NtTERT chromosomal locations, we
used combinations of TDNA-specific probes, genome in
situ hybridisation (GISH), and the tobacco S- and 7+
genome-specific satellite probes HRS60 and GRS.
Hybridisation with the 5S and 45S rDNA probes clearly
excluded several chromosomes (Fig. 4a-c). GISH using
a N. sylvestris DNA probe labelled the S-genome in
tobacco and clearly distinguished the NtTERT locus
near the centromere on the short arm of chromosome
S2/t bearing a large translocation from the 7-genome
(Fig. 4e, f; the nomenclature follows (Lim et al. 2000)).
The second NtTERT locus was identified using a com-
bination of clone 4AB1C28 and GRS probes, which
localised both sequences on the chromosome with the
strongest GRS signal in the 7T-genome (Fig. 4d, f). To
confirm its chromosomal position, we re-probed the
slide with the HRS60 probe which showed signals only
on four 7-genome chromosomes bearing small S-ge-
nome translocations (Fig. 4e, f). Comparison of these
signals identified the second NtTERT locus in the termi-
nal part of the long arm of chromosome T5/s. The N.
sylvestris and N. tomentosiformis TERT signals showed
similar locations near the centromere and near the ter-
minus (probably of chromosomes 2 and 5, respectively;
Fig. 4a, b) confirming the additive character of N¢«TERT
variants in the evolution of the tobacco genome.

Exon/intron arrangement of the N¢tTERT gene reveals
the presence of a novel exon 4/5a and repeat motifs
inside exon 5

Plant TERT genes characterised previously using mo-
lecular biology methods contain conserved protein
motifs, useful for identification of candidate sequences,
and a conserved gene structure of 12 exons (see Sykor-
ova and Fajkus 2009 for a review). Generally, plant

TERT gene structure is characterised by long exons in
the 3’ region and relatively short exons in the 5' region
(see Fig. 1a, b). Several exons in the 5’ part of the TERT
gene code for linker regions with low similarity in TERT
protein sequences, making it difficult to predict exon/
intron boundaries for exons 4, 5, 6 and 7. We performed
RT-PCR reactions using the same primer sets as for gene
cloning (see above) to identify coding regions of the
NtTERT gene. Alignment of genomic and cDNA
sequences showed the presence of a new exon (4/5a)
between exons 4 and 5 (Figs. 1b, 3). The exon 4/5a is
64 bp long, the introns upstream and downstream of the
exon 4/5a in N. tabacum are short (148 and 89 bp,
respectively), and the same arrangement is present in
N. sylvestris and N. tomentosiformis. Because of the low
protein similarity common for this TERT region, we are
unable to determine if the evolutionary origin of exon 4/
Sais by insertion of a novel exon or by the splitting of an
existing ancestral exon.

Further detailed analysis revealed other unexpected
features inside exon 5. We found a 63-bp duplication
resulting in the repetition of 21 amino acids (aa) in the
protein sequence. To examine the whole region, we
performed PCR and RT-PCR reactions to amplify
sequences from exon 4 to the end of exon 5 (Figs. 1b,
3) of N. sylvestris and N. tomentosiformis TERTS. The
results clearly showed that the 21aa duplication inside
exon 5 is not present in N. tomentosiformis (Fig. 3,
Table 2, also Electronic supplementary material and
Appendix S1). Moreover, another 93 bp duplication
within exon 5 was found in N. sylvestris but surprisingly,
this duplication was not present in cloned RT-PCR prod-
ucts from N. sylvestris (Fig. 3; Table 2) suggesting a
possible alternative splicing event. However, the
borders of the duplicated region do not precisely follow
the AG/GT splice site consensus, suggesting that more
than one C variant may be present in N. sylvestris (Fig. 3;
see also “Discussion”). Examination of the protein
sequences of exons 5 from all species revealed that both
tandem repeats occur in positions outside of the nuclear
localisation signal (NLS)-like motif conserved in plant
TERTs (Sykorova et al. 2006; Figs. 1a, b and 3).

Repetitive sequences reflect evolutionary genome
changes

In addition to the repeats described within exon 5,

several other repetitive sequences were identified
inside the tobacco TERT genes (Table 2):
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1.

A variant specific repeat, e.g. a putative DNA
transposon inside intron § found in N. sylvestris
and the NfTERT-C/s variant. This is 222 bp long
and has characteristic features of SINE (short
interspersed nuclear elements), specifically of the
Stonaway-like MITE superfamily (miniature
inverted-repeat transposable element (Schenke et al.
2003; Kuang et al. 2009)). These non-autonomous
transposable elements are characterised by the
presence of 32-bp long inverted repeats at the
borders, TA target site duplication, and lack of an
open reading frame. BLAST (Fig. S1) revealed this
MITE could be found in many sequences from
Solanaceae including genes, e.g. MADSI (Kelly et
al. 2010).

A 64-bp long indel within intron 8 was identified
by sequencing of RT-PCR products. This sequence
is framed by a duplication of 17 bp including a
splice site-like sequence, AG/GT. Perhaps this gen-
erates an alternatively spliced variant or represents
a target sequence duplication site differing between
genomic sequence variants. To examine the intron
8 region in detail, we sequenced PCR products
from genomic DNA of N. sylvestris and N. tomen-
tosiformis (Fig. 1b, see Electronic supplementary
material, Table S2 and Appendix S1). We found
that both features (MITE and indel) are present in
N. sylvestris but not in N. tomentosiformis, and so
are probably inherited in N. tabacum from a N.
sylvestris progenitor (Table 2).

BLAST searches identified two other regions with
similarity to many plant DNA sequences from the
est and nr databases within introns 7 and 9 (Fig. S1).
A 175-bp long sequence from intron 7 is present in
all the Nicotiana TERT variants examined, indicat-
ing its ancient origin.

A 506-bp long sequence within intron 9 is
specific to the D variants of N. tabacum and
N. sylvestris (see Table 2), suggesting that it
was introduced to a pseudogene variant in the
N. sylvestris ancestor before the formation of
N. tabacum.

Intron 9 also contains two more tandem repeats—
a 101-bp repeat present in all Nicotiana TERTS,
and a 94-bp sequence with two copies in N.
tomentosiformis TERT and the NtTERT-C/t variant
(Table 2). None of these sequences showed simi-
larity to other sequences accessible in public
databases.

Discussion

Studies of telomerase evolution are linked to funda-
mental questions addressing the regulation of telomere
length, arrangement of telomere and subtelomere
regions, and the relation between genome size and
chromatin structure. The data suggest a high rate of
sequence divergence in 7ERT during the evolution of
species in the genus Nicotiana. Experimental data,
analysis in silico, and BLAST searches revealed sev-
eral specific features of Nicotiana TERT sequences:
(1) the presence of three NtTERT gene variants
inherited by N. tabacum from the progenitor diploids;
(2) transcription of all variants, including a processed
pseudogene found in N. fabacum and N. sylvestris; (3)
a novel arrangement of the TERT genes with the
presence of an additional exon (exon 4/5a), compared
with other published TERTs (Figs. 1 and 3; Fig. S2);
and (4) the presence of repetitive sequences with
tandem duplications, including variant-specific repeats
within exon 5 (Fig. 3; Table 2).

As described for other tobacco genes, the NtTERT-
C/s variant is more similar to the N. sylvestris C
variant than the NtTERT-C/t variant to the N. tomen-
tosiformis C variant. The D variant from the N. syl-
vestris progenitor is interesting; it has indels within
exon regions, leading to premature stop codons and
putative gene truncation at the 5’ end, suggestive of a
pseudogene. However, the variant is transcribed, and
so may be involved in the regulation of TERT expres-
sion, presumably via RNA interference mechanism.
Pseudogenes may act in two ways here. First, pseudo-
gene genomic sequences can encode siRNAs. Second,
pseudogene transcripts can act as indirect post-
transcriptional regulators decoying ncRNA, in partic-
ular miRNAs that target the parental gene (reviewed in
Muro et al. 2011). Several scenarios are possible for its
origin, e.g. from ancient gene/genome duplication,
from recombination between separate alleles, and/or
maybe from another diploid donor genome (Kelly et
al. 2010). Several studies of nuclear genes in N. faba-
cum reveal that parental homologues are maintained
(Fulnecek et al. 2009; Clarkson et al. 2010), as observed
here for TERT sequences, despite apparent gene
redundancy in this allopolyploid species for up to
200,000 years (Lim et al. 2004). Using simple
approaches of sequence comparison (see Electronic
supplementary material, Appendix S1 and Fig. S3), it
is difficult to decide if the difference between the C
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and the D variants could originate from different
selective pressure in these two regions or from another
donor species. To evaluate these hypotheses, it will be
necessary to perform cloning and analysis of more
Nicotiana TERT genomic sequences including those
from other polyploid species with N. sylvestris pro-
genitors as ancestral genome donors. Such a series
exists in Nicotiana in the polyploid section Repandae,
formed ~5 million years ago, and in the polyploid
section Suaveolentes, formed 10 million years ago
(Lim et al. 2004).

Several interesting features specific for TERT were
revealed. The novel exon 4/5a, which was identified in
RT-PCR products, occurs in a region of low protein
sequence conservation. Experimentally characterised
plant TERTs have 12 exons, although a discrepancy in
this number had been predicted from in silico analyses
of genome sequencing datasets (reviewed in Sykorova
and Fajkus 2009). The structures of TERT genes are
largely conserved (e.g. among vertebrates), although
differences were reported in related urochordates, e.g.
two species of Ciona; Ciona intestinalis has 17 exons
and a gene structure similar to vertebrate 7ERT, while
an intronless TERT was found in Ciona savignyi (Li et
al. 2007). The discovery of exon 4/5a in all three
Nicotiana species shows the need to experimentally
validate predicted gene structures.

The duplication within exon 5, resulting in a tan-
dem repeat in the protein sequence, was identified in a
region outside of the conserved NLS signal position,
confirming its potential importance for the TERT pro-
tein. The translated 63-bp-long duplication possesses
strongly acidic and polar amino acid residues which
contribute negative charges to the basic amino acid
composition of exon 5 (not shown). This duplication
has no obvious function. The exon 5 codes for the
linker sequence between the telomerase-specific T2
(exons 2, 3 and 4) and CP motifs (exon 8), and this
region has not been analysed in structural studies of
TERT from Tetrahymena and Tribolium (Rouda and
Skordalakes 2007; Gillis et al. 2008). The function of
this region (except for the predicted NLS signal) and
its importance for the structure of the TERT protein
are unknown. The exon 4/5a, which precedes exon 5,
codes for part of the protein linker without any con-
served features. Its origin and functional importance
cannot be assessed, but it would be interesting to
examine Solanaceae/Solanales relatives to track its
evolutionary past.

@ Springer

Our experimental data revealed the possibility that
the TERT gene may be present in Nicotiana genomes
in several copies. Southern hybridisation showed three
bands corresponding to three TERT variants from N.
tabacum DNA digest, and two signals as expected for
two variants in N. sylvestris (Fig. 2). Quantitative
evaluation of the signal of the N. fabacum and N.
sylvestris bands showed the tobacco bands as equal,
but the band corresponding to the N. sylvestris C
variant was twice as strong as the D variant band
(not shown). This leaves open the question about the
copy number of TERT variants in the N. sylvestris
genome and underlines the need to investigate other
Nicotiana polyploids. Nevertheless, it is also possible
that there is another gene variant differing, e.g. by the
number of tandem repeats of the 31 amino acid motif
in exon 5, as previously shown for the putrescine
N-methyltransferase genes (Hashimoto et al. 1998).

Genome sequences of Solanum lycopersicum
(tomato) and S. tuberosum (potato) have been released
in the GenBank database, although neither is fully
assembled. Nevertheless, they enabled us to compare
our findings about the Nicotiana TERT gene structure
with other species from Solanaceae (Fig. 3; Table 2).
The data analysed are derived from three scaffold
sequences of S. tuberosum and one of S. lycopersicum
(wgs GenBank database, whole-genome-shotgun
sequences), although these might change in subse-
quent genome assembly releases. Nevertheless, com-
parison with the N. tabacum TERT sequence showed
that both Solanum species contain a TERT region
corresponding to exon 4/5a (Fig. 3), and thus this
may originate in the deep past of Solanaceae TERTs.
Alignments to other regions showed that the highly
repetitive sequences from introns, e.g. the putative
Stonaway-like MITE and the 506-bp long D-variant
specific sequence (Table 2), are absent in these Solanum
species. Other repetitive sequences forming tandem
duplications in Nicotiana TERTS are present only in
one copy in Solanum TERTSs (except the 101-bp tan-
dem repeat, Table 2, see also Electronic supplementary
material, Appendix S1, Fig. S2) and show a low
similarity. The alternative splice site upstream of the
exon 4/5a which is utilised in the abundant transcript
NtTERT-F609 (Figs. lc, 3) and the tandem duplica-
tions inside exon 5 are not present in Solanum TERT
sequences (Fig. 3). The alternative splice sites inside
exon 10 identified in the isoforms NtomTERT-K509,
NtomTERT-L709 and in the D-variant transcript are
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present and might be utilised also in Solanum tran-
scripts. The fact that we were not able to link potato
scaffolds containing 7ERT sequences leaves open the
similar question about the number of TERT copies in
the S. tuberosum genome, as discussed above.

Interspecific hybridisation and genome multiplica-
tion have been considered to be major forces in the
evolution of angiosperms (Soltis and Soltis 1995;
Leitch and Leitch 2008). Polyploidy is associated with
changes in gene copy number, reflecting genome
duplication and the subsequent fate of genes associated
with inherent gene redundancy. The protein subunit of
human telomerase has been shown to regulate telo-
merase action at the transcriptional level, and TERT
genes from model organisms have been described as
single copy genes (with the exception of developmen-
tally regulated TERT genes in Euplotes (Karamysheva
et al. 2003)). Increases of the copy number of human
TERT and TERC (coding the RNA subunit) genes
have been reported in cancer cells (Cao et al. 2008).
Our study reveals the transcription of three TERT
genes in N. tabacum and at least two genes in N.
sylvestris. It remains to be determined how these
multiple 7ERT alleles influence telomere activity and
telomere maintenance.
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Although telomerase (EC 2.7.7.49) is important for genome stability and
totipotency of plant cells, the principles of its regulation are not well
understood. Therefore, we studied subcellular localization and function of
the full-length and truncated variants of the catalytic subunit of Arabidopsis
thaliana telomerase, AtTERT, in planta. Our results show that multiple sites
in AtTERT may serve as nuclear localization signals, as all the studied
individual domains of the AtTERT were targeted to the nucleus and/or the
nucleolus. Although the introduced genomic or cDNA AtTERT transgenes
display expression at transcript and protein levels, they are not able to
fully complement the lack of telomerase functions in tert —/— mutants. The
failure to reconstitute telomerase function in planta suggests a more complex
telomerase regulation in plant cells than would be expected based on results
of similar experiments in mammalian model systems.
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during development and germ cells possess unshortened
telomeres although these cells differentiate only late in

Introduction

Telomerase is a hot topic of research in molecular,
cellular, developmental and cancer biology since its dis-
covery (Greider and Blackburn 1985) and especially,
upon finding of its association with cellular immortal-
ization and cancer (Counter et al. 1992, Kim et al. 1994,
Bodnar et al. 1998). Plant systems proved to be particu-
larly useful in telomere research as they are telomerase-
competent, i.e. their telomerase activity is downreg-
ulated during differentiation, but can be upregulated
again in response to induction of cell division. There-
fore, plant cells are able to maintain stable telomeres

Abbreviations — Ct, cycle threshold;
fluorescent protein;  HRP, horseradish peroxidase;
PCR, polymerase chain reaction;
reverse transcriptase;
telomere-repeat amplification protocol;
wt, wild type.

CTE, C-terminal-extension domain;
NES, nuclear export signal;
RID1, RNA-interacting domain 1;
TEN, telomerase essential N-terminal domain;
TRBD, telomerase RNA binding domain;

development (Fajkus et al. 1996, Fajkus et al. 1998, Riha
et al. 1998, Holt et al. 1999, Fojtova et al. 2002). Sev-
eral factors involved in telomerase regulation have been
reported, including changes in accessibility of telomeres
to telomerase caused by telomere-binding proteins (Ful-
neckova and Fajkus 2000), regulation of transcription
and alternative splicing of the catalytical telomerase
subunit TERT (Fitzgerald et al. 1999, Oguchi et al. 1999,
Heller-Uszynska et al. 2002), regulation of the phos-
phorylation state of TERT induced by phytohormones
(Tamura et al. 1999; Yang et al. 2002) or association
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of TERT with alternative RNA subunits (Cifuentes-Rojas
et al. 2011). In analogy with mammalian systems, sub-
cellular trafficking of telomerase components and their
assembly into the functional nucleoprotein holoenzyme
complex promoted by distinct molecular chaperones
might represent another important level of telomerase
regulation (Holt et al. 1999, Collins 2008, Woo et al.
2009).

Here, we report on telomerase regulation at the
level of expression of the Arabidopsis thaliana gene
encoding the catalytic subunit of telomerase (AtTERT),
and its individual domains. Functional importance
and subcellular localization of the AtTERT protein
domains were tested by expression in wild-type (wt) and
mutant plants and transiently in protoplasts or Nicotiana
benthamiana leaves. The ability of distinct domains
to reconstitute telomerase activity and to maintain
telomeres was analyzed in parallel.

Materials and methods

Plant material, Agrobacterium-mediated
transformation and transient expression

The Agrobacterium tumefaciens hypervirulent strain
LBA4404. pBRTMCS-virGN54D (van der Fits et al.
2000) was used for transformation of A. thaliana wt
plants (Col-0, C24) and of the homozygous tert —/—
T-DNA insertion line (FLAG_493F07, Versailles INRA
collection, http:/dbsgap.versailles.inra.fr/portail/)  (for
detailed description see Fojtova et al. 2011) by the
flower-dip method. Due to the original bar resistance
gene within the T-DNA insertion (Brunaud et al.
2002; Samson et al. 2002), the tert —/— line could
be transformed only using vectors with hygromycin
resistance. Cultures of Agrobacterium strain LBA4404
with AtTERT constructs (in ratio 1:1 with a culture
strain containing the p19 to prevent gene silencing;
Voinnet et al. 2000) were used for transient expression
in N. benthamiana leaves via syringe infiltration. The
construct 35S:YFP in the pC-TAP Gateway vector
(Rubio et al. 2005) was used as a positive control.
For transient expression in protoplasts, 1pg of plasmid
DNA of pBM35s-YFP constructs (see below and Table
S2, Supporting information) was electroporated into A.
thaliana protoplasts according to Schallau et al. (2008).

Generation of partial and full-length
AtTERT constructs

The cloned cDNA sequence of A{TERT (Oguchi et al.
1999; GenBank AF135454) was used as a template
for preparation of constructs (Fig. 1) via polymerase

chain reaction (PCR) with specific primers (1) con-
taining restriction sites for ligation into pBM35s-C-YFP
(Lermontova et al. 2006) or pBM35s-N6xHis+2xc-myc
(see Appendix S1 and Fig. S1, Supporting Information)
vectors or (2) containing recombination sites for cloning
into the Gateway® entry vector (pDONR™/Zeo,
Invitrogen, Carlsbad, CA) according to manufacturer’s
instruction. The full-length genomic AtTERT insert was
amplified by PCR from genomic DNA and cloned
into the pDONR™/Zeo entry vector. All Gateway
entry clones and cassettes in pBM35s vectors were
sequenced before the construction of destination
binary vectors. Cassettes with AtTERT constructs were
inserted either into pLH binary vectors (www.dna-
cloning-service.de) or Gateway destination vectors.
The used Gateway destination vectors (obtained from
ABRC stock center; www.arabidopsis.org) were (1)
pMDC32 (no tag), pMDC43 (N-GFP), pMDC83 (C-GFP)
(Curtis and Grossniklaus 2003); (2) pEarleyGate101
(C-YFP), pEarleyGate103 (C-GFP) (Earley et al. 2006);
(3) pGWB20 (C-fused 10x c-myc), pGWB21 (N-fused
10x c-myc) (Nakagawa et al. 2007). Primer sequences
and cloning procedures are described in Supporting
Information. A description of vector/insert combinations
is given in Table S2.

Microscopic analysis of fluorescent signals

Fluorescent signals of green/yellow fluorescent pro-
tein (GFP)/YFP in GFP/YFP-AtTERT fusion constructs
were analyzed using an epifluorescence microscope
Olympus BX-61 (www.olympus-global.com) equipped
with a DP70 CCD camera using appropriate excitation
and emission filter for GFP/YFP (AHF Analysentechnik,
Tlbingen, Germany) and bright field to detect sub-
cellular structures. Non-transformed plants were taken
as a negative control and background fluorescence
was determined by using the same exposure time for
the wt and transformed plants. Fluorescence images
were processed using ADOBE PHOTOSHOP. The proteasome
inhibitor MG132 was used to prevent degradation and to
increase accumulation of transgenic proteins in plants.
One-week-old transgenic Arabidopsis seedlings were
incubated in liquid Murashige and Skoog (Duchefa Bio-
chemie, Haarlem, The Netherlands) medium with either
50 uM MG132 (Calbiochem, Merck Millipore, Billerica,
MA; dissolved in DMSO, dimethylsulfoxide) or 50 uM
DMSO solution (mock treatment) for 10—16 h. The fusion
proteins were detected microscopically. As positive
controls we used 35S::YFP or 35S::GFP constructs for
transient transformations and A. thaliana stable transfor-
mants bearing a 35S::GFP construct obtained from Keke
Yi (Zhejiang University, Hangzhou, China) were used.

Physiol. Plant. 2013



A TEN TRBD RT
ANALYSES
T2 ME CPOFP T12 A B CDE
acrert IO LOCALIZATION WESTERN RT.PCR TRAP  TRF EXPRESSION TAGREPORTER
O ] .
cDMNA — -.—- - — FwiC weciarteucholr  canyc m&ﬁ: Snslyeed  miysed ::m‘;; H:E’.‘:’;‘fzfcﬂ?mﬁn*;ﬂ
— - TEN nuslenrecels N na fa na. N MCGFP
L, NebaMish . CYFP
— RID1 P lc-GnFl':"\: ﬂ:ﬂ na - p':m.“ emye,
— O —— - FwiN nuclearnuclesiar .:Eﬁ:: MTERT anysd  na. w:{n::-n. N-aHisdue-mye, C-YFR
——— . Fw2N na signal na. na na na. profoplast C-YFP
—— e w ee—— FW2IC o sigaal na na na na.  protoplast CAFP
I— FwW3N-NLS nucleasnucleclar  GEP na na na wi, Mk, HCGFP
— - FwiN nucleadnucleolar  GFP ;:E:T anatysed . Wt HE C-GFP
n
= CTE nuclenechiolsr  GFP ATERT analysed  na wt, Wb, CGFP
icytoplasm doman
- CTE2 nuclearinuclesar  na. (™ na na. Nb HCGFP
B
ATG stop
A GFP lisit - C-YFF, LC-GFP
arerr BUIULEE DN N DO WM ATgene s SE AR s e N C-Atne-mye
gDNA notag

ATG stop

c -,I,I,L.J_l[,l_l s ATERTV(18)

Fig. 1. Overview of the AtTERT genomic and cDNA constructs (on left) and experimental approaches (on right). (A) Composition of the AtTERT
constructs derived from full-length cDNA and positions of functional motifs along the AtTERT protein are shown. The regions of structural domains
TEN, TRBD and RT are depicted above the conserved RT motifs (1, 2, A, B/, C, D and E), telomerase-specific motifs (T2, CP, QFP and T) and a NLS,
nucleus localization-like signal. A mitochondrial target signal (m) and further NLS positions predicted in silico per site (triangles) are shown below
the AtTERT protein. Positions of a region bearing a NES and a nucleolar targeting signal identified in C-terminal hTERT (closed circles, see Fig. S5)
and the putative NES sequences identified in silico in AtTERT (open circles, Table S3) are indicated. The analyses performed are summarized in right
columns: transient expression in Arabidopsis thaliana protoplasts (protoplast), in Nicotiana benthamiana-infiltrated leaves (N.b.) and stable expression
in transformed wt or mutant (tert —/—) A. thaliana plants; expression of transgenes was tested also on Western blots using tag-specific antibodies.
Microscopic studies comprise reporter subcellular localizations. RT-PCR analyses include natural AtTERT transcription; over-expression of AtTERT
domains and analysis of splicing (ATgene) in combination with telomerase activity assay (TRAP). The tert —/— mutant transformed by full-length
ALTERT constructs was analyzed for telomere length (TRF) and reconstitution of telomerase activity. The composition of the AtTERT genomic construct
and performed analyses are shown in (B) and the structure of alternatively spliced variant AtTERT V(18) in (C). Full details about expression systems
using specific combinations of constructs and vectors, including results; and of localization-signal predictions in silico are given in Tables S2 and S3.
n.a., not analyzed.

Western blot analysis Chalfont, UK). Membranes were blocked using 5%
powdered milk in 1 x TBS/(Tris-Buffered Saline, 20
mM Tris, 137 mM NaCl, pH 7.4) supplemented with
0.5% Tween for 2 h. Then the primary antibody was
added and incubated with the membrane for 2 h (anti-
GFP Roche, Basel, Switzerland, 1181446001, 1:3000
dilution or anti-myc clone 9E10, Sigma, St. Louis,

Total proteins from one mature leaf of A. thaliana
transformants, from three leaf discs of infiltrated N.
benthamiana or approximately 200 mg of Arabidopsis
seedlings were extracted using extraction buffer (20 mm
Tris—Cl, pH 8, 300 mM NaCl, 5mM MgCl,, 0.1% NP-
40, 5 mM dithiothreitol, 5 mM EDTA, protease inhibitor;

Roche), or the RIPA (radio-immuno-precipitation-assay)
extraction buffer (50mM Tris—Cl, 150mM NacCl,
1% NP-40, 0.5% Na deoxycholate, 0.1% SDS,
5mM dithiothreitol, protease inhibitor). Alternatively,
homogenization of the plant tissue was performed
directly in loading buffer for sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE). The
protein concentration was measured according to
Bradford (1976). Samples (30 ug of total protein) were
heat denatured in Laemmli buffer (Laemmli 1970),
separated in 8—12.5% SDS-PAGE gel and proteins were
transferred onto a nitrocellulose membrane (Hybond
ECL, Amersham Biosciences, GE Healthcare, Little
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MO, 1:1000). After washing 3 x T0min in T x TBS/0.5%
Tween, membranes were incubated with the secondary
antibody for 30min and washed again. Secondary
antibody conjugated to horseradish peroxidase (HRP,
Sigma, 1:10 000) was applied and detected using ECL
West Dura (Pierce Biotechnology, Rockford, IL) as a
substrate for HRP. Chemiluminescence signals were
detected using Las3000 (Fujifilm, Tokyo, Japan). To
confirm the antibody created no background signal and
reliably recognized GFP transgene protein, we used
non-transformed N. benthamiana leaves as a negative
control and our previously defined construct GFP-TRB1
(Dvorackova et al. 2010) as a positive control.



RNA isolation and analysis of AtTERT transcription

Total RNA was isolated from 7-day-old seedlings and
separately from roots and shoots of the seedlings,
mature rosette leaves of A. thaliana plants and from
transformed leaf discs of N. benthamiana with the
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
followed by the DNasel treatment (TURBO DNA-free;
Applied Biosystems/Ambion, Austin, TX) according to
manufacturer’s instruction. Quality and quantity of RNA
were checked by electrophoresis on 1% (w/v) agarose
gels and by absorbance measurement (NanoPhotometr
IMPLEN, Miinchen, Germany). For reverse transcription
polymerase chain reaction (RTPCR) analysis of transient
expression, cDNA was prepared using the EP0451 kit
(MBI Fermentas, Vilnius, Lithuania) and PCR was run
with Go-Tag DNA Polymerase (Promega, Madison, WI)
according to manufacturer’s recommendation. Primer
sequences are given in Table S1.

cDNA for quantitative RT-PCR assays (qQRT-PCR) was
prepared by reverse transcription of 1ug of RNA using
the M-MuLV (New England Biolabs, Ipswich, MA) RT
and Random Nonamers (Sigma). Quantification of the
ALTERT transcript level related to the UBIQUITINE-10
(UBQ-10) reference gene was done using FastStart SYBR
Green Master (Roche) and the ROTORGENE3000 (Qiagen)
machine. One microliter of cDNA was added to the
20-ul reaction mix. The final concentration of each
primer was 0.25 UM (sequences are given in Table S1).
Reactions were done in triplicates. The PCR cycle was
15 min initial denaturation followed by 40 cycles of 20s
at 94°C, 20s at 56°C and 20s at 72°C. Sybr Green
| fluorescence was monitored consecutively after the
extension step. The amount of the respective transcript
was determined for at least two individuals of each
transgenic line. The AtTERT expression was calculated
as a fold increase or decrease relative to the wt tissue
(AACt method; Pfaffl 2004).

Analysis of telomerase activity (TRAP assay)

Protein extracts from 7-day-old seedlings of A. thaliana,
shoot and root parts of the seedlings were prepared
as described (Fitzgerald et al. 1999; Sykorova et al.
2003) and tested for telomerase activity according to the
protocol of Fajkus et al. (1998). Briefly, 1ul of 10uM
TS21 substrate primer (Table ST) was mixed with 1l
of telomerase extract (protein concentration 50 ng ul=h.
Primer elongation proceeded in 25 ul of reaction buffer
at 26°C for 45 min. After extension, telomerase was
heat-inactivated for 10 min at 95°C and cooled to 80°C.
One microliter of 10uM of the TELPR reverse primer
(Table S1) and two units of DyNAzyme DNA Polymerase
(Finnzymes, Espoo, Finland) were added to start the PCR

step of the telomere-repeat amplification protocol (TRAP)
assay (35cycles of 95°C/30s, 65°C/30s, 72°C/30s)
followed by a final extension (72°C/5 min). Products
of the TRAP reaction were analyzed by electrophoresis
on a 12.5% polyacrylamide gel in 0.5 x TBE buffer.
Gels were stained with GelStar Nucleic Acid Gel Stain
(LONZA, Rockland, ME) and signals were visualized
using the LAS-3000 system (Fujifilm). The quantitative
variant of the TRAP analysis was performed as described
(Herbert et al. 2006) using FastStart SYBR Green Master
(Roche, Mannheim, Germany) and TS21 and TELPR
primers. Samples were analyzed in triplicates. One
microliter protein extract diluted to 50 ng/ul protein
was added to the 20-ul reaction mix. Cycle threshold
(Ct) values were determined using the ROTORGENE3000
(Qiagen) machine software and the relative telomerase
activity was calculated by the ACt method (Pfaffl 2004).

Analysis of telomere lengths using TRF analysis

Terminal restriction fragment (TRF) analysis in tert —/—
transformants was performed as described in Fojtova
et al. 2011. Briefly, genomic DNA samples from
two individual plants homozygous for each transgene
construct (Fig. S4) were digested by Trull cutting near
(but not inside) telomeres, separated on 0.8% agarose
gel and alkali-blotted onto Hybond-XL (Amersham
Biosciences) membrane. The membrane was hybridized
with telomeric probe (Table S1) at 55°C overnight. After
washing, the signals were visualized by the FLA7000
phosphoimager (FujiFilm) and the grayscale intensity
profile of telomeric signals was generated by MULTIGAUGE
software (FujiFilm). The unweighted mean TRF length
(Fig. 5A) was calculated as Y (ODj x Lj)/3_(OD;), where
OD; is the signal intensity above background within
intervals i, and L; is the molecular weight (kb) at the
mid-point of interval i.

Results

Experimental strategy and description of AtTERT
constructs used for the transformation of the wt
and tert —/— Arabidopsis lines

The constructs summarized in Fig. 1 were used to
study (1) subcellular localization of AtTERT domains
and of the full-length AtTERT gene in vivo and (2)
the influence of over-expressed partial AtTERT cDNA
constructs on natural telomerase activity. In addition,
we investigated the potential of the full-length AtTERT
constructs to reconstitute telomerase (3) in mature leaves
(i.e. telomerase-negative tissue) of A. thaliana wt and (4)
in seedlings and leaves of tert —/— mutant plants. For
these purposes, we generated constructs with full-length
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and partial cDNA AtTERT sequences, and with the full-
length genomic AtTERT sequence (from start to stop
codon). The cDNA constructs and the genomic construct
were used to stably transform wt (Col0 and C-24) or tert
—/— mutant plants (WS4 ecotype). Transient expression
of selected constructs was performed in N. benthamiana
leaves or A. thaliana protoplasts. All cDNA and full-
length genomic AtTERT constructs with or without tags
(c-myc-, His- and fluorescent proteins) were controlled
by the 35S promoter (see section Materials and methods,
Figs 1 and S1, Table S2). Expression of constructs was
monitored on Western blots using antibodies against
the corresponding tag and/or by RT-PCR. Expression of
GFP/YFP-fused constructs was investigated in vivo by
fluorescence microscopy (all analyses are specified in
Table S2).

AtTERT protein and its domains localize mainly
within the nucleus and the nucleolus

Transient expression of the full-length AtTERT cDNA
fragment Fw1C (Fig. 1) in N. benthamiana leaves was
microscopically detected using N-GFP as well as C-
GFP-fused constructs, i.e. vector pMDC43 (stronger
signal, Fig. 2A) and vector pMDC83 (weaker signal),
respectively. Both GFP constructs showed signals within
the nucleus and the nucleolus. Signals of the AtTERT
cDNA construct Fw1C were generally weaker (Fig. 2A)
than that of the full-length AtTERT genomic construct
ATgene (Fig. 2B). Next, we studied the localization
of truncated A{TERT cDNA variants to assess which
part of the protein is responsible for the nuclear
localization. Plant telomerases contain a conserved
nuclear localization signal (NLS) within their N-terminal
part (Sykorova et al. 2006, Fig. 1). Arabidopsis thaliana
transformants stably over-expressing AtTERT (over-
expression confirmed by gRT-PCR, Fig. 3B) revealed
no detectable signals except seedlings treated by
proteasome inhibitor MG132 (Fig. 2C—F). This finding
is consistent with our observation that AtTERT fragments
co-purify with proteasome components during tandem
affinity purification (Majerskd et al., manuscript in
preparation). We also experienced problems with RID1
(RNA-interacting domain 1) transformants tagged with
GFP/YFP that displayed no signals (C-GFP and C-YFP
tag) or no transformants were selected (C-GFP); thus,
finally only transient expression in A. thaliana protoplasts
was successful (Fig. 2H). Transient expression in N.
benthamiana leaves (Fig. 2A, B, 1-O, Table 1) and
A. thaliana protoplasts (Fig. 2G, H) yielded signals
with most constructs within the nucleus and the
nucleolus, including the cDNA fragments possessing
the designated NLS (Fig. 1, RIDT, Fw1N and Fw3N-NLS)
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as well as fragments without the NLS [TEN (telomerase
essential N-terminal domain) and Fw3N]. Comparison of
localization patterns showed a preferential localization
in nucleolus for FW3N (Fig. 2J) and Fw3N-NLS (Fig. 21)
fragments while the N-terminal fragment TEN localized
more evenly within nucleus and nucleolus (Fig. 2K,
L, Table 1). Transiently expressed fragments showed
nuclear speckles (Fig. 2L) which were occasionally
visible also in stably transformed A. thaliana plants. Two
fragments of the telomerase C-terminus — CTE, CTE2
(Fig. 2M-0) - localize to the nucleus and nucleolus.
CTE displayed additional signals in cytoplasm of N.
benthamiana cells (Fig. 20, Table 1). Apparently, the
preferential localization of telomerase within nucleolus
and nucleus is mediated through several localization
signals in various domains.

AtTERT genomic constructs display correct mRNA
splicing and protein translation

The ATgene insert represents full-length genomic DNA
with exons and introns (Fig. 1). Its mRNA is spliced.
Among all samples bearing the ATgene insert, only
the construct in pMDC43 (N-fused with GFP) was
microscopically detectable after transient expression in
N. benthamiana leaves (Figs 2B and S2). Fluorescence
signals in lines harboring the ATgene construct within
the pMDCA43 vector were found to be dispersed in the
nucleus, in nuclear speckles and in the nucleolus (Fig.
S2A, D—F). The same localization was observed in tert
—/— plants for the ATgene construct (Fig. 2C).

A successful expression of ATgene constructs at
mRNA level was confirmed by RT-PCR including a
splicing of the sixth intron typical for the AtTERT
V(I8) isoform (Rossignol et al. 2007). A qualitatively
similar pattern of RT-PCR products was detected in
all samples with or without tag (Fig. 4A, C). The
samples from transiently transformed N. benthamiana
leaves showed a quantitative imbalance of splicing
products in comparison to wt A. thaliana plants (Fig. 4A)
and contrary to stably transformed tert —/— mutant
plants over-expressing ATgene constructs (Fig. 4C).
Western blot analyses confirmed expression of a
protein of the expected size using C-GFP- (pEarleyGate
103) and C-YFP- (pEarleyGate 101) fused constructs
(Fig. 4B). Altogether, these results suggest correct mRNA
splicing and translation of AtTERT (Fig. 4). The protein
derived from the N-GFP-fused construct (in pMDC43,
microscopically detectable) was slightly shorter than
expected (Fig. 4b), and proteins extracted in RIPA
buffer (see Materials and methods) contained strong
additional short bands (Fig. 4B, right panel). RIPA buffer
contains the ionic detergent sodium deoxycholate as an



Fwi1C N-GFP ATgene N-GFP

ATgene N-GFP

Fig. 2. Localization of AtTERT domains and of a full-length AtTERT
genomic construct in stable Arabidopsis thaliana transformants and in
transiently expressing Nicotiana benthamiana leaves. Localization of a
representative set of the AtTERT constructs including the full-length
cDNA (Fw1C, A) or genomic AtTERT (ATgene, B, C) constructs and the
partial cDNA constructs — Fw1N (D, G), RID1T (H), Fw3N-NLS (I), Fw3N
(E, J), CTE2 (M, N), CTE (F, O), TEN (K-L) is shown after transient
expression in Arabidopsis protoplasts (G, H), N. benthamiana leaves (A,
B, 1-0), or in seedlings of stable transformants of wt A. thaliana (D—F)
or tert —/— mutant (C) plants visualized after MG132 treatment. The
constructs were C-terminally fused with YFP (G, H), GFP (D-F, I, J, L,
N, O) or N-terminally fused with GFP (A—C, K, M). Signals appear in
nuclei and nucleoli (white arrow). Localization of unfused YFP protein in
Arabidopsis protoplasts (I), and unfused GFP in N. benthamiana leaves
(Q) or A. thaliana stable transformant (R). Bar=10um.

Table 1. Localization pattern of AtTERT constructs transiently expressed in Nicotiana benthamiana leaves. N.D., not detected.

Number of examined

Cytoplasm

Nuclei

Nucleoli

Signal detected in:

cells of
N. benthamiana (100%)

N.D. Strong Detectable N.D. Speckles
(%) (%)

Detectable

Strong
(%)

N.D.
(%)

Detectable

Strong

(%)

(%)

(%)

(%)

(%)

(%)

Tag

Construct

31

23
26

10
14
30
20

87

48

52
59
69

23
39
30

77

C-GFP
N-GFP
C-GFP
N-GFP
C-GFP
N-GFP
C-GFP
N-GFP

AtCTE

74
67
133

86

41

61

AtCTE2

13
14
41

70
80

31

70
95

AtCTE2

94
80

Fw3N NLS
Fw3N
TEN

TEN

46

100

15

93

47

100
100
100

26
72
78

72
25
22

96
89
70

76
46

25
26

30

Atgene

Physiol. Plant. 2013



(=3
3 L& 3
HWRIDT FwiN FW3N MCTE FwIN  FwlC . s @&z &
pLHEOOD p103 p103 p103 pLHTO00 pLHEOND 3391‘—;1 5
O+ g (S <
:E' n=2 n=5n=5% n=5 n=5% n=4n=§
2 12
8
o 10
w
]
E g
=] - =
] e e e ]
g et
50 et el
e, L L LT T
B mexl mex® ooexi2
2000 n=3 n=2 n=2 n=3 n=3 n=4

000

1 -"ﬂﬂa..ﬂa-.“ﬂlﬂﬂ.“ﬂﬂ-a- — | —— 8. |

NRID1 FwiN Fw3h BICTE Fwil EwiC
pLHEDOD pi03 p103 pl03 PLHTO00  pLHEDOD

relative TERT transcription
B B8
8 =8

Fig. 3. Analysis of telomerase activity (A) and AtTERT expression (B)
in wt plants transformed by AtTERT constructs. (A) Telomerase activity
was analyzed by quantitative (left panel) and conventional (right panel)
TRAP assay in 7-day-old seedlings of stable Arabidopsis transformants.
Telomerase activity in ColO seedlings was arbitrarily set as 1. (B) AtTERT
transcription was analyzed for exon 1, exon 9 and exon 12 regions,
according to the type of construct used for transformation of Arabidopsis
Col0 wt and related to the transcription level in ColO seedlings which
was arbitrarily set as 1. n, number of individuals analyzed; n.a., not
analyzed.

active constituent and is particularly used for nuclear
membrane disruption in nuclear extracts. Because of
nuclear and nucleolar localization of telomerase in
our experiments, we have chosen RIPA buffer to
increase the nuclear and nucleolar protein fraction in
the protein extracts. Because we could not detect C-
terminal telomerase GFP/YFP microscopically whereas
the N-terminal fusion proteins were clearly visible, we
presume that the majority of microscopically detected
signals might correspond to shorter proteins representing
C-terminally truncated variants and/or products of
alternatively spliced mRNA, e.g. the AtTERT V(I8)
isoform. Thus, fluorescent protein at the N-terminus is
not affected by splicing while the tag might be cut off if
C-terminally located.

Telomerase activity is not significantly affected in
transformed wt Arabidopsis plants

Telomerase activity and AtTERT transcription were
investigated in seedlings (telomerase positive tissue)
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Fig. 4. Transient and stable expression of the full-length genomic
ATTERT transgene (ATgene) (A) RT-PCR analysis of transient expression
in Nicotiana benthamiana leaves and (B) Western blot of full-length
genomic AtTERT-GFP/YFP constructs, (C) stable expression in seedlings
of tert —/— Arabidopsis thaliana mutant plants. (A) ATgene construct
examined for presence of alternatively spliced AtTERT variants showed
two products in RT-PCR with primers 5-6Fw and 7-8Rev indicative of
alternative splicing (marked by asterisk) reported in the AtTERT V(I8)
variant (Rossignol et al. 2007, schema above panels shows position of
primers); retention of intron 6 specific for alternatively spliced variant
was detected using primers surrounding intron 6 to exon 8 region
(primer set 6iFw x 7-8Rev); control of AtTERT transcription with
primer set amplifying exon 10 (10Fw2 x 10Rev2); control of cDNA
quality with primer set amplifying tobacco actin gene (ACT). ATgene
transgenes are marked according to the fusion with protein tag (N,C-
terminal, c-myc, GFP, YFP, no tag); controls — N. benthamiana leaf
(N.b.), seedlings of wt ecotypes Columbia and Wassilewskija (Col and
WS), marker in bp. (B) GFP antibody was used to detect telomerase-
GFP/YFP fusions in transiently transformed N. benthamiana leaves.
The same pattern was detected for the full-length construct ATgene
C-terminally fused with GFP or YFP (black arrow), the N-terminally
GFP-fused ATgene construct displayed C-terminally truncated proteins
(gray arrows) suggesting predominant expression of alternatively spliced
isoforms, different protein extraction efficiency in standard protein
extraction buffer (left panel) and in RIPA buffer (right panel) is shown.
Positive control (+, GFP-TRB1, Dvorackova et al. 2010) and negative
control (—, N.b. leaf) confirmed antibody specificity and low background,
protein marker ladder in kDa. (C) Seedlings of two independent lines (1,
2) of A. thaliana tert —/— mutant transformed with ATgene construct
without tag and wt seedlings (WS) were analyzed for presence of the
alternatively spliced AtTERT variant using primer combinations as in (A),
control of cDNA quality with primer set amplifying A. thaliana ubiquitine
gene (UBQ), negative control (—, no-template).



and mature leaves (telomerase-negative tissue) of
Arabidopsis transformants bearing cDNA  constructs
with AtTERT domains to reveal possible effects of
over-expressed transgenes. In addition to GFP-fused
constructs, we used constructs N-terminally fused to
a short tag (6xHis, 2xc-myc, see Appendix S1 and
Table S2). The transcription of the introduced AtTERT
fragments was markedly increased in transformants
(Fig. 3B). Despite this observation, drop of telomerase
activity was detected in seedlings of all transformed
plants in comparison to wt (Fig. 3A). Nevertheless, this
decrease of activity was not considered as significant
for the following reasons: (1) quantification of the
telomerase activity is related only to the total protein
amount in the extracts, which is less convincing
and reproducible as compared to the reference genes
used routinely in standard quantitative PCR analyses;
(2) standard deviation in Columbia samples (six
independent biological replicates, i.e. 7-day seedling
germinated from the seeds collected from six Columbia
plants) is relatively high and (3) the pattern of the
conventional TRAP is similar in all samples tested
(Fig. 3A, right panel).

We also addressed the question of how AtTERT
transcription and telomerase activity differ in separate
parts of seedlings of A. thaliana wt (ecotype Columbia
— Col0) and transformants. Shoots and roots of 7-day
seedlings were separated and root tips containing
the meristematic region were further dissected from
the upper part of the root (Fig. S3A, right panel).
Results of qRT-PCR and quantitative TRAP showed that
ALTERT transcription and telomerase activity are located
mainly in the root and especially the root tip in wt
A. thaliana seedlings (Fig. S3). Also, two A. thaliana
transformants with different expression level of the same
transgene (fragment Fw1N, Fig. 3B) were investigated
for telomerase activity and natural AtTERT transcription
pattern (analyzing exon 10 transcription, which is not
present in the Fw1N fragment, Fig. 1) in separate parts
of seedlings. No difference compared to wt plants was
detected, suggesting the regulation of the natural AtTERT
gene is not affected by the introduced AtTERT constructs.

In analogy to the observation in humans, over-
expressed full-length AtTERT construct is supposed to
interact with the natural telomerase RNA subunit consti-
tutively expressed in Arabidopsis tissues (Cifuentes-Rojas
etal. 2011) including telomerase-negative leaves. How-
ever, neither the full-length cDNA (Fw1C) nor genomic
ALTERT (ATgene) constructs led to reconstitution of
telomerase activity in leaves. Similarly, none of the
investigated partial cDNA constructs (Table S2) over-
expressing AtTERT domains switched on telomerase
activity in leaves.

Full-length genomic constructs partially restored
telomerase activity in tert —/— mutants but did not
restore telomerase function on telomeres

Full-length protein-expressing constructs are often
used to complement mutations in a gain-of-function
approach. Human telomerase activity is fully restored
to immortalize telomerase-inactive cell lines using
constructs of coding DNA sequence (Bodnar et al.
1998, Bachand and Autexier 1999). We took advantage
of flexibility of the Gateway system and employed a
similar strategy using the full-length cDNA (Fw1C), and
additionally, the full-length genomic (ATgene) AtTERT
constructs with or without tags (Fig. 1 and Table S2). We
used for transformation a tert —/— mutant line in which
T-DNA insertion disrupted the A{TERT gene sequence
resulting in loss of telomerase activity and shortening of
telomeres (Fojtova etal. 2011). The expression of AtTERT
constructs was monitored by Western blot and/or by
gRT-PCR, and reconstruction of telomerase activity
was investigated by the TRAP assay (scheme of the
experiment in Fig. 5D). The majority of genomic AtTERT
constructs showed an AtTERT transcription increased by
more than three orders of magnitude compared to wt,
independently of the vector used (Fig. 5). Nevertheless,
we did not detect the corresponding transgenic proteins
on Western blots using tag-specific antibodies, and
telomerase activity was not detected in whole seedlings
of any transformed mutant plants. Analysis of root tips
(tissue with high telomerase activity in wt seedlings; see
Fig. S3) revealed low but detectable telomerase activity
in tert —/— mutants transformed with the full-length
genomic construct in contrary to those transformed with
the cDNA construct (Fig. 5C). The telomeres remained
significantly shortened in all transformants (Figs 5A and
S4) despite their telomerase activity status in root tips,
displaying a pattern of TRFs similar to that of the tert
—/— mutant used for transformation and no reversal of
telomere length to that of wt was observed (Fojtova et al.
2011).

Discussion

In this study we addressed questions regarding rela-
tionship between the function and the structure of A.
thaliana TERT gene by (1) identification of signals in
AtTERT protein important for its nuclear localization; (2)
monitoring of natural telomerase activity for potential
impact of over-expressed AtTERT cDNA and genomic
constructs; (3) investigation of transcription and trans-
lation pattern of artificial genomic AtTERT constructs
after transient transformation and in mutant plants and
(4) testing for complementation of AtTERT in tert —/—
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mutants and in wt tissues lacking telomerase activity by
full-length genomic and cDNA constructs.

AtTERT possesses multiple nucleus/nucleolus
localization signals

TERT undergoes a dynamic subnuclear shuttling
between the nucleoli and nucleoplasm that depends on
the cell cycle, DNA damage or cellular transformation in
human cells (Tomlinson et al. 2006). Studies of human
TERT showed nuclear localization of C-terminally and
N-terminally truncated fragments and exclusively nucle-
olar localization of the TRBD (telomerase RNA binding
domain) (Etheridge et al. 2002). Human telomerase was
also detected in nuclear speckles due to interaction with
other proteins (Oh et al. 2009) or assembly of telom-
erase holoenzyme (Li et al. 2010, Zhong et al. 2012).
We were searching for AtTERT structural motifs respon-
sible for subcellular localizations. Transient expression
of full-length AtTERT cDNA in N. benthamiana leaves
showed localization within nucleus and nucleolus inde-
pendently of the vector used (Fw1C, Fig. 2A). The C-
terminally truncated fragments RID1 and Fw1N yielded
signals predominantly in the nucleolus, consistent with
a previous report (Rossignol et al. 2007), suggesting a
nucleus/nucleolus targeting sequence in the N-terminal
part of AtTERT. The most conserved NLS motif in this
AtTERT region represents a bipartite NLS identified in sil-
ico in other plants’ TERT (Sykorova et al. 2006, Sykorova
and Fajkus 2009) and described in hTERT (Chung et al.
2012). All AtTERT fragments possessing this signal were
localized within nucleus and/or nucleolus. However,
our in silico analysis identified further protein motifs
with similarity to the NLS-like consensus sequence scat-
tered along AtTERT (Fig. 1, see Table S3 for details)
which might be responsible for nuclear localization of
recombinant proteins lacking the most conserved NLS
sequence. The TEN fragment includes the predicted
bipartite NLS in the linker region adjacent to the T2 motif
and another protein motif which, based on its similarity
to an N-terminal motif of human TERT (Santos et al.
2004), is considered to encode a mitochondrial leader
sequence (Fig. 1). The latter motif was present in several
cDNA fragments, but we did not observe any mito-
chondrial localization of the encoded proteins. Another
NLS-like sequence occurs inside the highly conserved
QFP motif (Sykorova et al. 2006) which may function as
nucleus targeting signal in the Fw3N construct. All con-
structs containing a putative TRBD (Fw3N, Fw3N-NLS,
Fw1N, Fig. 1) localized predominantly to nucleolus. So
far, motifs directing proteins to the nucleolus are not
known. Preferential nucleolar localization of proteins
was shown to occur via interaction with rRNA and/or

with known nucleolar proteins (Becherel et al. 2006).
The TRBD (Fig. TA) is crucial for binding the telomerase
RNA subunit (Lai et al. 2001, Rouda and Skordalakes
2007). One region responsible for nucleolar localiza-
tion in human TERT was mapped to the RNA-binding
domain (Etheridge et al. 2002) roughly corresponding
to the Fw3N fragment of AtTERT. Another nucleolar
targeting signal was suggested in C terminus of hTERT
(Fig. S5; Lin et al. 2008). Human TERT also interacts
with nucleolin (Khurts et al. 2004). Localization within
nucleus and nucleolus was observed also for two frag-
ments of the AtTERT C-terminus (CTE and CTE2) without
a previously identified NLS-like sequence. However, the
NLS Mapper predicted a bipartite NLS in this region too
(Fig. 1, see Supporting Information for detail). Cytoplas-
mic localization of the CTE fragment was detected when
transiently expressed in N. benthamiana leaves but not
in seedlings of stable A. thaliana transformants. This dis-
crepancy is most likely caused by over-expression during
transient transformation. Nevertheless, interaction of the
At4g33945 and At5g10350 proteins with the CTE2 frag-
ment was found in cytoplasm and nucleus, respectively,
of tobacco BY-2 protoplasts confirming potential local-
ization of AtTERT in different subcellular compartments
(Lee et al. 2012). An N-terminally truncated fragment of
hTERT corresponding to the AtTERT CTE2 region was
located in nuclei and nucleoli of Hela cells. Lin et al.
(2008) suggested the presence of a specific nucleolus tar-
geting signal (Figs 1 and S5) in the hTERT region with a
nuclear export signal (NES; Seimiya et al. 2000), indicat-
ing that this region has multiple functions. Comparison
of hTERT and AtTERT proteins reveals some sequence
similarities in this region (Fig. S5) but we found neither
exclusive nucleolar localization nor exclusion from the
nucleus of the CTE2 protein in comparison to the CTE. As
also insilico prediction localized a putative NES within a
different part of AtTERT (Fig. 1 and Table S3, Supporting
information), this problem needs further investigation.
In conclusion, we presume the nucleolar localization
of different AtTERT fragments may have different further
reasons, e.g. interaction with telomerase RNA or with
nucleolar proteins (e.g. nucleolin).

AtTERT gene regulation requires complex
functional elements

In analogy to previous studies in human, we used full-
length cDNA (Fw1C) and a genomic AtTERT construct
(ATgene) to reconstitute telomerase function in tert
—/— mutants. To prevent a possible loss of function
by C-terminal protein tagging reported previously for
hTERT in vivo (Ouellette et al. 1999, Banik et al.
2002), constructs with an N-terminal tag (functional with
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hTERT) or without any tag were chosen for reconstitution
experiments. The transcription level of both AtTERT
constructs was high and the genomic construct displayed
functional and alternatively spliced isoforms as expected
(Fig. 4). The expression at the protein level was confirmed
by Western blot and by microscopic analysis of transient
expression of tagged AtTERT in N. benthamiana leaves
(Figs 2 and 4). No case of telomerase activation or
telomere elongation was observed in leaves of wt plants,
and the low telomerase activity detected in root tips
of tert —/— mutants transformed by genomic AtTERT
constructs did not restore sufficiently telomerase function
on telomeres (Figs 5 and S4).

The fact that transgene products were not detected
in stable Arabidopsis transformants by Western blot
analysis (see Table S2), and microscopic detection
was possible only after MG132 proteasome inhibitor
treatment indicates that TERT protein level in Arabidopsis
is regulated post-translationally via proteasome pathway.
It might be that in stably transformed Arabidopsis
plants exogenous TERT protein cannot be protected
from proteasome degradation, because it cannot be
recognized by molecular chaperones required for the
assembly of active telomerase (Holt et al. 1999, Lee et al.
2010). This can be due to asynchronized expression of
TERT and its stabilizing chaperones due to the 35S
promoter present in all TERT constructs. Our study
of tert mutant lines bearing T-DNA insertion inside
and outside of AtTERT suggested regulatory elements
upstream and downstream of the ATG start codon
(Fojtova et al. 2011). The downstream regions of the
genomic construct are not sufficient for successful
functional AtTERT complementation and apparently the
natural genomic context of the AtTERT gene is necessary
for its correct function.

In summary, we conclude that a crosstalk between
regulatory elements located downstream and upstream
of the start codon might be essential for effective
expression and correct function of the AtTERT, and that
plant TERT expression differs from that of the human
enzyme by a complex multi-level regulation.
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algal cultures, with slight changes during the light period. Significantly increased telomerase activ-
ity was observed at the end of the dark phase, when cell division was complete. In contrast to other

models, a natural separation between nuclear and cellular division typical for the cell cycle in D.
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quadricauda made this observation possible.
© 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

The ends of eukaryotic linear chromosomes are protected from
degradation and fusion by telomeres. The maintenance of telo-
meres is effected in most eukaryotic organisms by telomerase, a
special reverse transcriptase that elongates telomeres, solving the
so-called end-replication problem (see [1] and references herein).
In multicellular organisms, telomerase is predominantly active in
regenerative and stem cell populations, but not in fully differenti-
ated tissues [2,3] where telomeres are shortened after each round
of DNA replication. Renewal of telomerase activity frequently

Abbreviations: CDK, cyclin dependent kinase; CP, commitment point; Ct, cycle
threshold; FACS, fluorescence-activated cell sorting; ND, nuclear division; PEG,
polyethylene glycol; PD, protoplast division; pS, pre-S phase; qTRAP, quantitative
telomere repeat amplification protocol; TRAP, telomere repeat amplification
protocol
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accompanies tumour progression. Telomerase activity and its reg-
ulation during the cell cycle has been investigated in several stud-
ies of vertebrate, yeast, slime mold and plant cells with different
outcomes. Human and hamster cell lines showed a tight regulation
of telomerase activity, with a peak in S phase [4,5]. These findings,
however, were questioned and revised by Holt et al. [6] who did
not find any cell-cycle related changes in telomerase activity in hu-
man cells sorted by flow cytometry [2], in contrast to those syn-
chronized using biochemical inhibitors of the cell cycle [4-6].
Increased telomerase activity occurred in tobacco BY-2 cells in
early S phase [7], but in late S phase for yeasts (see [1] for review)
and slime mold [8].

Synchronization of cell cultures is mainly achieved by metabolic
agents that block the cell cycle at a particular phase, disturbing the
cell’s physiology. Thus, using model systems or synchronization
protocols that better reflect natural processes is preferred. Natu-
rally synchronized cells of the slime mold Physarum polycephalum
offer an uncomplicated cell cycle comprising only S, M and G2
phases [8]. A missing G1 phase and cellular division are advanta-
geous for studies of DNA replication but this system hardly reflects
all biological processes. Synchronization protocols of most green
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Fig. 1. Schematic comparison of classical and multiple fission cell cycle of
Desmodesmus quadricauda. The classical model (A) describes G1 (growth phase), S
(DNA replication), G2 and M phases (nuclear division closely followed by cellular
division). The cell cycle of D. quadricauda (B, C) consists of G1, S, G2 and M phases as
a classical cell cycle but nuclear (M) and cellular divisions (C) are separated by a G3
phase. Progression of a simple binary fission sequence of growth and reproductive
events and light-dependency of key processes is illustrated in (B) with the light/
dark period indicated by white/black bars under the scheme of the DNA-division
sequence (B, C). The synchronized cell cycle is initiated by a light switch and during
the G1 phase the cell grows until its threshold size is attained (marked CP). CP
points to the stage in the cell cycle at which the cell becomes committed to
triggering and terminating the sequence of processes leading to the duplication of
reproductive structures (formally equivalent to start in yeast and the restriction
point in mammalian cells). The processes before attainment of CP are light and
growth dependent while the rest of the cell cycle after CP is light independent. After
CP, the pre-replication phase (pS, syn. late G1 phase) starts and the processes
required for the initiation of DNA replication are assumed to happen during this
phase. The S phase and G2 phase are the same as in the classical model comprising
DNA replication and activation of processes leading to the initiation of mitosis,
respectively. The M phase, during which nuclear division occurs, is followed by the
G3 phase which activates the processes leading to cellular division and finally, by
the C phase during which, cell cleavage produces daughter cells. The multiple
fission cell cycle of D. quadricauda shown in (C) illustrates overlapping sequences of
these events that occur within a single cell (see also Appendix S1 for details).
Depending on the length of illumination and light intensity, the cells can attain one,
two or three CPs for final division into 2, 4 or 8 daughter cells. In experiments
presented in this work, all cells completed the first M phase during the light period
and the final cell population contained only 4- or 8-celled daughter coenobia
(illustrated by dashed line of the first G3 phase and cell dividing to two daughter
cells shown in grey). Modified after [13].

algae use a physiological alternation of light and dark periods as is
present in nature and their telomeres are maintained by telome-
rase [9].

The Arabidopsis-type telomeric repeat forms telomeres of the
green monoplastidic alga Desmodesmus quadricauda (Sphaerople-
ales, Chlorophyceae), an organism that has a long established his-
tory in cell cycle research [10,11]. In contrast to other model
green algae, progression of the D. quadricauda cell cycle more clo-
sely resembles that of other eukaryotes (Fig. 1) and is regulated
by the activities of CDK-like kinases and a histone H1 kinase
[12,13]. D. quadricauda divides by multiple fission cell cycles
(Fig. 1) into 2, 4, or 8 daughter cells [10,11]. The newly formed
cells from a single mother stay connected together in coenobia.
The multiple fission cell cycle consists of several overlapping se-
quences of G1, S, G2 and M phases followed by a D. quadricauda-
specific G3 phase (separating nuclear and cellular divisions) and

cytokinesis. Thus in D. quadricauda cells, nuclear and cellular divi-
sion are naturally separated. Synchronization of D. quadricauda
cell cultures is achieved by the physiological process of alternat-
ing light/dark periods. During the light period, the cells grow and
progress through the cell cycle. During the dark phase, all light-
independent processes (DNA replication, nuclear and cellular divi-
sions) are completed and cells enter the subsequent G1 phase
(designated here as G1’). The dark period ensures that no cells
can grow after finishing cell division and therefore serves as a
major synchronizing factor. Properly synchronized cultures con-
tain cell populations with 100% of the cells entering the cell cycle
and undergoing mitosis within 2-3 h (time ratio of mitosis to cell
cycle is 1:10). The three cell divisions are completed within 4 h
(Fig. 1) [10,11,14]. This is in contrast to synchronization proce-
dures of human or plant cells, during which a limited number
of cells (40-60%) enter the cell cycle and the progression of such
cells through a single mitosis (quantified by mitotic index) takes
3-5h [15].

In the present work, we analyzed telomerase dynamics during
the cell cycle of highly synchronized D. quadricauda cultures.
Exceptionally high telomerase activity was detected in algal cul-
tures, with small changes occurring during the light period of the
cell cycle. A marked increase in telomerase activity was observed
during the dark period of culture when cell division of coenobia
was completed, suggesting a link between the regulation of telo-
merase activity and the cell cycle.

2. Materials and methods
2.1. Culture growth conditions and cell cycle synchronization

The chlorococcal alga Desmodesmus quadricauda (Turpin) Hege-
wald (syn. Scenedesmus quadricauda (Turp.) Bréb.), strain Greifs-
wald/15 (CCALA 463) was obtained from the Culture Collection
of Autotrophic Microorganisms maintained at the Institute of Bot-
any ASCR, Trebon, Czech Republic. The cultures were grown at
30 °C in the inorganic nutrient medium described by Ref. [16], aer-
ated with air containing 2% (v/v) CO,, and illuminated by OSRAM
L36/41fluorescent tubes; the light intensity at the surface of the
culture vessels was 490 pmol m~2 s~!. During the synchronization
procedure (at least three consecutive cycles of alternating 15/9 h of
light/dark) preceding the experiment, the cell concentration was
maintained at ~1 x 10° cells ml~! during the light phase in order
to retain cellular synchrony. To initiate the experiment, the culture
was initially diluted to ~2 x 10°cellsml~! to maximize the
amount of material available for biochemical analyses. During
the experiments, the synchronized cultures were either grown un-
der the same conventional conditions, or were exposed to different
light/dark cycles (for details see Section 3).

2.2. Assessment of cell cycle progression

2.2.1. Commitment point curves

Samples were taken hourly or bi-hourly from a synchronous
culture during the light period and incubated under aeration at
30°C in the dark. At the end of the cell cycle, the proportions of
binuclear daughter cells, 4- and 8-celled daughter coenobia, and
undivided mother cells were assessed and plotted against the time
of transfer to darkness [10,17].

2.2.2. Nuclear divisions

Nuclei were stained by SYBR Green | dye (Molecular Probes) and
the percentages of mono-, bi-, tetra- and octonuclear cells were
estimated using fluorescence microscopy technique developed by
Vitova et al. [18].
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2.2.3. Cell division curves

Hourly taken Samples were fixed in 0.25% glutaraldehyde. The
percentage of undivided mother cells, mother cells divided into
two, four, or eight protoplasts, and daughter coenobia were
determined.

2.3. Determination of total DNA, RNA, and protein levels

Total nucleic acids and proteins from control samples were ex-
tracted and measured as described by Zachleder et al. [19].

2.4. Preparation of telomerase extracts

Telomerase activity was determined using a protocol developed
for plant telomerases [3,20] and modified for use with algae [9,21].
Briefly, 20 ml of culture was centrifuged at 5000xg for 5 min, and
cell pellets were disrupted by vortexing with zirconic beads (1 mm
diameter) in extraction buffer [3]. After centrifugation at
100000xg for 15 min, the telomerase-containing fraction was en-
riched from 500 pl of supernatant solution (crude protein extract)
by precipitation with PEG 8000 (10% final concentration) and the
pellet was dissolved in 30 pl of extraction buffer. Alternatively,
samples of crude protein extracts (without PEG precipitation) were
used in a TRAP assay. The amount of total protein in extracts was
determined using the Bradford method [22] or by the Bicinchoni-
nic Acid Kit for Protein Determination (Sigma Aldrich).

2.5. TRAP assay

The telomere repeat amplification protocol (TRAP) assay was
performed using protein extracts containing 50 ng of total protein
and combination of a substrate primer TS21 and reverse primer
(TELPR30-3A) according protocol described in [9]. Products were
analyzed by polyacrylamide gel electrophoresis (PAGE), stained
by GelStar(R) Nucleic Acid Gel Stain (LONZA) and visualized on a
LAS3000 (FujiFilm). The quantitative version of the TRAP assay
was performed as described by Herbert et al. [23] using FastStart
SYBR Green Master (Roche) using the same primers. Samples were
analyzed in triplicate in a 20 pl reaction mix. Ct values were deter-
mined using Rotorgene6000 (Qiagen) software and relative telo-
merase activity was calculated by the ACt method [24].

3. Results

3.1. Optimization of the telomerase purification procedure and qTRAP
analysis

D. quadricauda possesses an Arabidopsis-type telomere and pro-
tocols for telomerase activity, detection and quantification could
be adapted from existing plant telomerase protocols. Telomerase
extracts were prepared from algal samples, roughly corresponding
to G1, S, M, M/D and G1’ phases (Figs. S1 and S2). We tested telo-
merase activity in a pilot experiment by a standard in vitro TRAP
assay using the same input protein level. In the first step of this as-
say, telomerase adds telomeric repeats to non-telomeric substrates
(substrate primer). An extension product is then PCR-amplified in
the second step using the same non-telomeric substrate primer
and a telomeric oligonucleotide as a reverse primer. Telomerase
activity was demonstrated in all samples investigated (Figs. S1
and S2). To determine the conditions for the quantitative analysis
of telomerase activity (qTRAP) in D. quadricauda samples, we opti-
mized the preparation of protein samples (material disruption,
protein extraction, centrifugation, see Section 2) and performed
control qTRAP experiments (see Supplementary material). Finally,
the PEG-precipitation protocol was found suitable for preparation

of telomerase extracts, including efficient removal of inhibitors
(Figs. S1 and S2, Supplementary material).

3.2. Telomerase activity during the multiple fission cell cycle of D.
quadricauda

Pilot experiments (see above) were performed using samples
roughly corresponding to different phases of the cell cycle and
showed a slight increase in telomerase activity during the S phase
(Fig. S1B). A partially different outcome was observed in parallel
experiments (Figs. S1, S2) suggesting a necessity to investigate
changes in telomerase activity in more detail, and also because
each biological replica had its own growth characteristic. Another
pilot experiment was performed under standard conditions (15/
9 h of light/dark) and with hourly collected samples from two bio-
logical replicates, two sub-replicates of the latter also served as a
technical replicate (Fig. 2). Very high synchrony was well docu-
mented by progression through cell division; the cells underwent
two or three rounds of cell division within 3 h (Figs. 2 and S2).
However in several PEG-purified telomerase extracts from the
hourly collected replicates, the protein concentration required for
establishing a qTRAP assay was not determined (the protein level
was below our detection limit), and thus were omitted from the
qTRAP analyses. These excluded samples were collected at the
beginning of the cycle and after the 8th hour, when algal cultures
were diluted to maintain optimal growth conditions. For qTRAP
analysis of other hourly collected samples, results were normalized
to the 7th hour of the cell cycle (before dilution of the culture) and
the relative telomerase activity (increase/decrease) was deter-
mined (Fig. 2A). Generally, absolute telomerase activity in D. quad-
ricauda samples was very high (see Section 4) and small changes
observed during the light period were not significant. However,
telomerase activity was notably increased during the dark period
after cell division of coenobia was complete (Figs. 2A and S2C).
Changes in telomerase activity were different in the biological rep-
licas (Figs. 2, S1 and S2) in last 2 h of the experiment, showing
either a constant level or a mild decrease, thus provoking the ques-
tion of how telomerase activity is equalized at the beginning of a
new cell cycle.

3.3. Increased telomerase activity during the dark phase corresponds
to completion of cell division

We conducted a modified experiment (i) to verify the telome-
rase activity pattern during the dark period; and (ii) to determine
whether lower telomerase activity at the beginning of the cell cycle
might be a light-generated or dilution-generated stress response.
The experimental design was modified as follows - (1) the cultures
were followed during a prolonged dark period after cell division
was completed and during the early hours of the light period of a
new cell cycle, (2) dilution in the 8th hour was omitted and (3)
the initial concentration of cells was 4 x 10° cells ml~. Two exper-
iments were conducted differing only in the timing of the onset of
the light period (Fig. 3A) allowing identification of any light-depen-
dent and/or synchronization regime-dependent changes in telome-
rase activity. Samples from the two experiments (with two
technical replicas each) were collected at distinct time points as
described in Fig. 3. Progression through the cell division within
the population was calculated for both biological replicas as the
division index that sums the numbers of cells divided into 2, 4,
and 8 daughter cells respectively. It confirmed the highly synchro-
nous cell cycle progression because 100% of the cells underwent
two or three nuclear divisions within 4 h (Fig. 3A, see also above).
Telomerase activity in samples from hours 0, 4, and 14 (the end of
light period) of the first cell cycle confirmed telomerase activity
levels similar to those of the previous standard experiment
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Fig. 2. Telomerase activity analysed by qTRAP in synchronized algal cultures during cell cycle progression. Increased relative telomerase activity (A) in the dark period during
and after cellular division was observed. The quantitative analysis was related to the 7 h sample (hatched box) which was analysed in all replicas and was collected before
culture dilution. Several samples were omitted from qTRAP due to their low protein concentration (see Section 3) and data from individual replicas are shown at 2, 3 and 9 h.
Progress of the cell cycle in a population of a representative replica (B) is documented by cellular characteristics of commitment points (CP), nuclear division (ND) and
protoplast division (PD) with a schema of multiple fission cell cycle progression within a single cell related to completion of individual processes in 50% of the population
above the curves. The molecular changes (C) are reflected by curves showing accumulation of RNA, DNA and protein (calculated in pg per mother cell), the mean cell volume
curve clearly shows that most of the cells divided at hour 20. The bars above graphs mark light conditions.

(Fig. 2A). During a prolonged dark period, we again observed an in-
crease in telomerase activity in the hours following completion of
cell division (Fig. 3A). Control measurements of DNA (Fig. 3C) con-
firmed that this increase in telomerase activity was not connected
to DNA replication. No further nuclear division or growth was ob-
served (Figs. 3C and S3). Telomerase activity remained elevated
during the entire dark period and persisted into the light period;
it gradually decreased during the early light period but the de-
crease was not directly linked to the light switch. When compared
to the results of the standard experiments (Fig. 2A), there was a
good agreement in the general pattern of telomerase activity. High
telomerase activity accompanied the completion of cell division
and the activity gradually decreased but stayed elevated until the
attainment of the first CP. Thereafter, it declined until the next cell
division.

4. Discussion

Telomerase regulation during the cell cycle is of longstanding
interest in telomere biology. Telomerase needs to be active in
maintaining telomere length either prior to or early in S phase. Sur-
prisingly, we observed increased telomerase activity concomitant
with and after completion of cellular division (Figs. 2 and 3). In
contrast to other model systems used for studying cell-cycle
dependent telomerase regulation, the D. quadricauda cell cycle nat-
urally separates nuclear and cellular division so our results indicate
a new connection between telomerase regulation and cell cycle
control. Detailed studies of telomerase action on yeast telomeric
ends showed that high telomerase activity in vitro does not neces-
sary lead to telomere repeat synthesis in vivo (see [1] and refer-
ences herein). As no telomere-specific cellular process is assigned
for cellular division or the subsequent G1 phase of the cell cycle
(designated here as G1’), the increase in telomerase activity may
be connected to non-telomeric functions as was presumed for a
human telomerase role in signalling pathways, transcription or in
mitochondria (see [25] for review). Concomitant with cell division
in green algae are chloroplast and mitochondrial divisions [26,27]

which are not fully described yet and might be alternative targets
for telomerase non-telomeric functions. The phase-specific meta-
bolic processes connected to cell cycle progression in the G1 phase
during the dark period or the light period should be technically
identical, except for photosynthesis; however, no systematic stud-
ies of this cell cycle phase have been published. Thus, a connection
between the regulation of telomerase activity and the start of a
new cell cycle is of interest. Assembly of the telomerase complex
is not sufficient to initiate the synthesis of telomeres until other
critical factors are supplied, such as cyclin/cdk activity [28] and
accessibility of telomeric ends (see [1] and references herein). A
complete transit across the G1 phase is governed by the presence
of extracellular growth factors and biochemical processes that al-
low the cell to bypass the restriction point. These include hyper-
phosphorylation of Rb protein, the functional activation of E2F-1,
loss of several cyclin-dependent kinase inhibitors and subsequent
accumulation of a threshold level of cyclin/CDK activity [29], the
homologs of which are present in green algae [30-33]. Telomerase
interacts with the Rb pathway (see [34] for review); its over-
expression caused increased cyclin D1 expression and conse-
quently hyperphosphorylation of Rb [35]. It is conceivable that
these molecules are also one of the targets of telomerase during
the G1 phase. The interaction between telomerase and the Rb path-
way seems to work both ways as functional Rb down-regulates tel-
omerase activity [29]. Therefore the two activities could be
counteracting each other until some cell cycle event (attainment
of restriction point) favours one of them.

Analysis of D. quadricauda telomerase activity by qTRAP re-
vealed high telomerase activity throughout the multiple fission cell
cycle. Although no direct comparison of telomerase activity in cells
of different models (algae, plants) has been made, there were strik-
ing differences between Ct values obtained in our analyses with D.
quadricauda (Ct values in the range of 9-10) extracts diluted to a
protein concentration of 50 ng/ml compared with other models.
For comparison, analysis of telomerase activity of Arabidopsis tha-
liana telomerase positive tissues (buds, 7-day old seedlings),
showed Ct values in the range of 18-20 and ~15 in A. thaliana cell
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Fig. 3. Telomerase activity during experiments with prolonged dark periods. Relative telomerase activity (A, related to the 0 h samples) in two biological replicas (K1, K2)
with different light conditions (marked by bars above graphs) was elevated during and after cellular division, depicted as division index curves (also compare with protoplast
division curves in B) and slightly decreased during a prolonged dark period. Other cell cycle processes (attainment of CP and ND) are not depicted in the graph since the
culture was not sampled during the time at which they usually occur. Progression of the last ND was masked by concurrently undergoing PD. However, the timing and
progression through PD suggests that other cell cycle processes run similarly to the previous experiments. A light switch at hour 25 (replica K1) and hour 27 (replica K2) did
not significantly influence telomerase activity. (C) Cell growth arrest in the dark and progression through cellular division in the population is illustrated by changes in the
mean cell volume; the DNA level in both replicas was not changed after the light switch (grey arrows) but the RNA level was elevated in response to light (both calculated in
pg per mother cell).

cultures, which are the most telomerase-active Arabidopsis sys- results). Ct is the number of PCR cycles in quantitative assay, when
tems. Telomerase activity in crude extracts of cultured dinoflagel- the fluorescence of SYBR Green I dye increases above a threshold;
lates was reflected in a Ct value of 25 (Fojtova, M., unpublished in fact Ct reflects the amount of template in the reaction mixture,
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i.e. lower Ct indicates higher template concentration. Thus differ-
ence in Ct values by 1, 2, 3 reflects 2, 4, 8 times higher/lower rela-
tive telomerase activity. In this respect, the extremely high
telomerase activity in PEG-precipitated extracts from D. quadricau-
da suggests that this is a good model system for further studies,
where changes in telomerase activity (e.g. following various treat-
ments, changed living conditions etc.) can be precisely determined.
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Epigenetic mechanisms are involved in regulation of crucial cellular processes in eukaryotic
organisms. Data on the epigenetic features of plant telomeres and their epigenetic
regulation were published mostly for Arabidopsis thaliana, in which the presence of
interstitial telomeric repeats (ITRs) may interfere with genuine telomeres in most analyses.
Here, we studied the epigenetic landscape and transcription of telomeres and ITRs in
Nicotiana tabacum with long telomeres and no detectable ITRs, and in Ballantinia antipoda
with large blocks of pericentromeric ITRs and relatively short telomeres. Chromatin of
genuine telomeres displayed heterochromatic as well as euchromatic marks, while ITRs
were just heterochromatic. Methylated cytosines were present at telomeres and ITRs, but
showed a bias with more methylation toward distal telomere positions and different blocks
of B. antipoda ITRs methylated to different levels. Telomeric transcripts TERRA (G-rich) and
ARRET (C-rich) were identified in both plants and their levels varied among tissues with
a maximum in blossoms. Plants with substantially different proportions of internally and
terminally located telomeric repeats are instrumental in clarifying the chromatin status of
telomeric repeats at distinct chromosome locations.

Keywords: telomere, chromatin, epigenetics, Nicotiana tabacum, Ballantinia antipoda, histone modifications, DNA
methylation

INTRODUCTION

Epigenetic mechanisms are involved in the regulation of crucial
cellular processes such as gene expression, replication timing, and
cell cycle control. Epigenetic regulation is mediated by changes
in chromatin structure induced by chromatin remodeling com-
plexes, DNA methylation, posttranslational modifications of his-
tones, or via non-coding RNA molecules. As shown previously,
telomeres, complex nucleoprotein structures located at the ends
of linear eukaryotic chromosomes, are subjects of epigenetic con-
trol and their maintenance is influenced by changes in telomeric
and subtelomeric chromatin (reviewed in Galati et al., 2013;
Fojtova and Fajkus, 2014). In human cells, proper telomere func-
tion is crucial for healthy development. Pathological shortening of
telomeres leads to genomic instability and serious malfunctions
or premature death, such as in dyskeratosis congenita, aplastic
anemia, or immunodeficiency centromere instability and facial
anomalies (ICF) syndrome. Reactivation of telomere mainte-
nance in terminally differentiated cells is one of the basic premises
for cellular immortalization and cancerogenesis.

In epigenetic analyses of telomeric chromatin, it is important
to distinguish between terminal and interstitial telomeric repeats
(ITRs), i.e., telomeric repeats without a chromosome capping
function, since their chromatin states may differ. In A. thaliana,
8 regions of ITRs were described on three chromosomes, rang-
ing from 300 bp to 1.2kb (Uchida et al., 2002). Large blocks of

telomeric repeats were recently found in pericentromeric regions
of some chromosomes in representatives of the Solanaceae family
(He et al., 2012). Interestingly, the most recent findings revealed
large blocks of imperfect telomeric repeats in the proximity
of centromeres of all Ballantinia antipoda (Brassicaceae) chro-
mosomes (Mandakova et al., 2010). In Nicotiana tabacum, no
detectable ITR regions were observed (Majerova et al., 2011a)
while telomere lengths ranged from 20 to 160 kb (Fajkus et al.,
1995a; Kovarik et al., 1996).

Methods used for analyses of telomeric chromatin usually
cannot distinguish between ITRs and telomeres. Cytosines in
CCCTAAA telomeric repeats have been reported to be par-
tially methylated in A. thaliana, suggesting their heterochromatic
nature (Cokus et al., 2008). In contrast, telomeric chromatin
of A. thaliana seems relatively “open,” displaying euchromatic
histone modifications such as H3K4me3 (Vrbsky et al., 2010).
Nevertheless, the epigenetic state of telomeric chromatin in
A. thaliana is far from being elucidated because, in contrast
to results demonstrating the existence of intermediate hete-
rochromatin at telomeres (Vrbsky et al., 2010), the heterochro-
matic character of ITRs (including cytosine methylation) and
the euchromatic nature of genuine telomeres were also reported
(Vaquero-Sedas et al., 2011). Our recent findings show that in
tobacco cell cultures, disruption of DNA and histone methy-
lation via drug treatment does not influence telomere length
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(Majerova et al., 2011b), while hypomethylation of the A. thaliana
genome either by genetic manipulation or by drugs leads to signif-
icantly shortened telomeres (Ogrocka et al., 2014). Methylation of
telomeric DNA thus apparently represents an additional layer of
epigenetic regulation of plant telomere maintenance that is absent
in yeast and animal models (reviewed in Fojtova and Fajkus,
2014).

To address open questions regarding the nature of plant
telomeric chromatin, we have expanded the research to plant
models that differ markedly in their telomere/ITR ratios. Here,
we compare the epigenetic state and transcription of telomeric
repeats of N. tabacum with no detectable ITRs and extra-long
telomeres, and of B. antipoda with a major fraction of telom-
eric repeats present as ITRs, forming large centromeric blocks,
and short terminal blocks of telomeres. These plants with sub-
stantially different fractions of internally and terminally located
telomeric repeats facilitate studies on the epigenetic status of
plant chromatin with telomeric repeats at terminal or interstitial
position.

MATERIALS AND METHODS

PLANT GROWTH

N. tabacum and N. tomentosiformis seeds were surface sterilized
with 90% bleach SAVO (Biochemie group, a.s., active substance:
NaClO), and germinated on plates with Murashige—Skoog (MS)
medium (Duchefa Biochemicals) supplemented with 1% sucrose
and 0.8% plant agar. After 10 days, seedlings were potted into soil
and grown under short day conditions (light, 150 mmolm =25~
for 8h at 21°C; darkness for 16 h at 19°C) for 1 month. Plants
were then planted into a greenhouse until they produced seeds.
Plants of B. antipoda were grown from seeds that originated from
Mount Alexander Regional Park, Victoria, Australia (herbarium
sheet no. MEL 2280901). B. antipoda seeds were surface sterilized
with 0.5% NaOCI and germinated on plates with MS medium in
0.8% plant agar. Then seedlings were put into soil and cultivated
in a growth chamber under long day conditions (16 h light, 8h
dark).

FLUORESCENCE /N SITU HYBRIDIZATION (FISH) OF A TELOMERIC
PROBE

Actively growing, young roots of N. tabacum were pretreated
with ice-cold water for 12h and fixed in ethanol:acetic acid
(3:1) at 4°C for 24 h. Entire inflorescences of B. antipoda were
fixed in ethanol:acetic acid (3:1) at 4°C overnight and stored
in 70% ethanol at —20°C until use. Preparation of mitotic and
stretched pachytene chromosomes from N. tabacum root tips and
B. antipoda anthers was as described (Mandakova et al., 2010).
A telomeric FISH probe was prepared (Ijdo et al., 1991), labeled
with biotin-dUTP by nick translation and ethanol precipitated
(Mandakovd et al., 2010). Probes and chromosomes were dena-
tured together on a hot plate at 80°C for 2 min and incubated
in a moist chamber at 37°C overnight. The hybridized probe was
detected by avidin—Texas Red (Vector Laboratories) and amplified
by goat anti-avidin-biotin (Vector Laboratories) and avidin—
Texas Red (Mandakova et al., 2010, 2013). Chromosomes were
counterstained with 4',6-diamidino-2-phenylindole (2 pg/ml)
in Vectashield (Vector Laboratories). Fluorescence signals were

analyzed and photographed using an Olympus BX-61 epiflu-
orescence microscope and a CoolCube camera (MetaSystems),
and pseudocolored/inverted/merged using Adobe Photoshop CS2
software (Adobe Systems).

ANALYSIS OF TERMINAL POSITION OF TELOMERIC REPEATS AND
TELOMERE LENGTHS

The length of telomeres was analyzed by the terminal restric-
tion fragment (TRF) method, which is based on digestion of
genomic DNA by frequently cutting restriction enzyme(s) having
no recognition site within the telomeric repeats. Plant tissues were
embedded in agarose blocks and high molecular weight DNA was
purified as described (Fojtova et al., 2002). Samples were digested
by Bal31 nuclease (NEB) to degrade terminal telomeric sequences
and then by a mix of restriction enzymes NialV, Haelll, Hinfl
(all purchased from NEB) to delimit telomeric regions (Fajkus
et al., 1998). High molecular weight DNA in agarose blocks
was analyzed by pulse field gel electrophoresis and subsequent
Southern hybridization with a radioactively labeled pltel-C probe,
see below. For B. antipoda samples, low molecular weight DNA in
solution was ethanol-precipitated and analyzed by conventional
agarose electrophoresis followed by Southern hybridization.

RELATIVE METHYLATION OF TELOMERES IN NICOTIANA SPECIES

Protoplasts of young leaves of N. tabacum and N. tomentosi-
formis were isolated (Yoo et al., 2007). Cells were exposed to a
mixture of 0.125g Cellulase R10 (Serva); 0.025 g Macerozyme
R10 (Serva) and 0.025 g Pectolyase Y-23 (Duchefa Biochemicals)
in 10 ml digestion buffer (0.4 M mannitol, 20 mM KCl, 20 mM
MES pH 5.7, 10mM CaCl,, 0.1% BSA) for 4h. Fresh pro-
toplasts were embedded into agarose blocks and processed as
described (Fojtova et al.,, 2002). DNA in agarose blocks was
digested with Bal31 nuclease (1U per block) for 15, 45, and
90 min in a total volume of 300 l. One third of the sample
was used for the TRF analysis to check the extent of telom-
ere shortening by Bal31 cleavage. DNA from the rest of the
agarose block was isolated using a QIAEX II Gel Extraction Kit
(Qiagen). Four hundred ng of DNA was treated with sodium
bisulfite (EpiTect Bisulfite Kit, Qiagen) to convert non-methylated
cytosine into uracil (Clark et al., 1994) and transferred onto a
Hybond XL nylon membrane (GE Healthcare) by vacuum dot
blotting (Bio-Rad Dot Blot). As positive hybridization control
untreated tobacco DNA, and as negative control pUC19 plas-
mid DNA were loaded onto the membrane. Membranes were
hybridized with radioactively labeled oligonucleotide probes as
follows: (i) overnight at 55°C in 0.25M Na-phosphate pH 7.5,
7% SDS (w/v), 0.016 M EDTA for the probe pltel-C (CCCTAAA)4
that was used as the loading normalizer; (ii) overnight at 42°C
in ULTRAhyb™-Oligo Hybridization Buffer (Ambion) for the
probe DEGENER (TTAGRRT)4, R = G or A, to detect the methy-
lated or partially methylated fraction of telomeric repeats (for
details see Majerova et al., 2011b). The membrane was washed
3 times in 2 x SSC and 0.1% (w/v) SDS. Hybridization signals
were visualized on a FLA-7000 phosphoimager (FujiFilm) and the
signal intensity was evaluated by MultiGauge Analysis Software
(FujiFilm). To express the relative methylation of cytosines
located in the proximal telomere region vs. the whole length
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telomere, the ratio of DEGENER/loading hybridization signals in
Bal31-digested samples was normalized to that of intact telomeres
((Bal31PEGENER /B131PItelC) /(i tactPEGENER /i g c¢PItelCY),

ANALYSIS OF CYTOSINE METHYLATION IN B. ANTIPODA ITRs BY
BISULFITE SEQUENCING

Two repetitive sequences, Ba493 and Ba576, found in intra-
chromosomal regions of B. antipoda and containing perfect
and degenerated telomeric repeats, were chosen for analysis
of the level of methylated cytosines in ITRs. Identification of
these sequences was based on B. antipoda preliminary whole
genome sequencing data (A. Pecinka laboratory, Max Planck
Institute for Plant Breeding Research, Cologne, Germany; unpub-
lished results). DNA was isolated from B. antipoda leaves, flower
buds and blossoms (Dellaporta et al., 1983), converted by
sodium bisulfite (EpiTect Bisulfite Kit, Qiagen) and amplified by
PCR using 493 and 576 primers (Table S1) and MyTaq DNA
Polymerase (Bioline) in a program consisting of initial denatu-
ration (94°C, 2min) and 35 cycles of 15s at 94°C, 15s at 47°C
for 493 primers and at 52°C for 576 primers, and 10s at 72°C
followed by a final extension (72°C/10 min). PCR products 251
and 264 bp for Ba493 and Ba576, respectively, were cloned using
a TOPO TA cloning kit (Invitrogen) and sequenced (Macrogene).
Methylation of cytosines located in the respective sequence con-
text was analyzed by the CyMATE software (Hetzl et al., 2007).
Statistical evaluation of the data was carried out using a One-
Way independent ANOVA test. Seven clones for each tissue were
analyzed. To take in account natural repeat sequence variability
with respect to consensus sequences, native DNA (without bisul-
fite treatment) was PCR amplified using 493 and 576 primers
(Table S1) and 15 clones per primer pair were sequenced (Figure
S1; GenBank accession numbers KJ922958—K]J922987). Results
of cytosine methylation analyses were compared with the consen-
sus sequence of clones obtained by PCR using the same primer
pairs and unmodified DNA (Figure S1).

ANALYSIS OF HISTONE MODIFICATIONS BY CHROMATIN
IMMUNOPRECIPITATION (ChIP)

Chromatin of N. tabacum and B. antipoda (0.9 g) was cross-linked
with 1% formaldehyde (Sigma) and ChIP was carried out using
the EpiQuik™ Plant ChIP Kit (Epigentek) with the antibodies
against H3K9me3 (Millipore), H3K9me2 (Abcam), H3K4me3
(Abcam), H4K20mel (Millipore), and H3K27me3 (Millipore).
Two different conditions were used for sonication of plant mate-
rial in a Diagenode sonicator (Bioruptor)—13 rounds of pulses
(15s at 160 W, 60 s off) for B. antipoda; and 13 rounds of pulses
(15sat 160 W, 60 s off) and 7 rounds of pulses (15s at 200 W, 60 s
off) for tobacco. Immunoprecipitated DNA was dot-blotted on
a Hybond XL nylon membrane (GE Healthcare) and hybridized
with the radioactively labeled probes pltel-C, Ba493 ITR region
BAC clone, and Ba576 ITR region PCR product (the same primers
as for bisulfite sequencing analysis were used, Table S1). The pltel-
C probe was labeled with y-32P ATP by T4 Polynucleotide Kinase
(NEB) and hybridized for 24 h at 55°C. Ba493 and Ba576 probes
were labeled with a-32P dATP by a DecaLabel DNA Labeling Kit
(Fermentas) and hybridized for 24 h at 65°C. After washing the
membranes (3 x 30min in 2 x SSC + 0.1% (w/v) SDS at 55°C

for the pltel-C probe; 3 x 30 min in 0.2 x SSC + 0.1% (w/v) SDS
at 65°C for Ba493 and Ba576 probes), hybridization signals were
visualized on FLA-7000 (FujiFilm).

ANALYSIS OF TELOMERIC TRANSCRIPTS TERRA AND ARRET

Total RNA was isolated from plant tissues using the RNeasy
Plant Mini Kit (Qiagen) according to manufacturer’s instruc-
tions. Quality and quantity of RNA were checked by elec-
trophoresis on a 1% (w/v) agarose gel and by UV-absorbance
(NanoPhotometr IMPLEN). Five jLg of RNA were transferred to
the Hybond-N membrane (GE Healthcare) and fixed for 15 min
by UV-crosslinking and subsequently for 2 h at 80°C. Membranes
were hybridized with the end-labeled telomeric probes pltel-C
(CCCTAAA)4, and pltel-G (TTTAGGG)4, for 24 h at 50°C. After
washing under low stringency conditions (3 x 15min in 2 X
SSC + 0.1% (w/v) SDS at 50°C), hybridization signals were visu-
alized using a FLA-7000 phosphofluoroimager (FujiFilm) and
evaluated using MultiGauge (Fuji Film) software. Then, mem-
branes were re-hybridized with Ba493 and Ba576 probes, respec-
tively, as described above. Before re-hybridization, the radioactive
telomeric probe was removed by 0.1% SDS (90°C for 5 min) and
membranes were exposed overnight to ensure that there is no
residual signal.

RESULTS AND DISCUSSION

DISTINCT LOCALIZATION OF TELOMERIC REPEATS AT N. TABACUM
AND B. ANTIPODA CHROMOSOMES

In our previous cytogenetic study we showed for B. antipoda,
an endemic Australian cruciferous species (Brassicaceae) with
six chromosome pairs (2n = 12), that Arabidopsis-like telomeric
repeats hybridized to chromosome termini and to all centromeres
(Mandakova et al., 2010).

To specify the localization of ITRs in B. antipoda, we per-
formed FISH on extended meiotic pachytene chromosomes.
FISH analysis corroborated the previous report (Mandakova
et al, 2010) and showed that ITRs localized to highly
condensed centromeric heterochromatin of all chromosomes
(Figures 1A,B). Bal31 digestion of high molecular weight DNA
confirmed the presence of large Bal31-resistant blocks comprising
Arabidopsis-like TTTAGGG telomeric repeats in the B. antipoda
genome (Figure 2A). Approximately 750 bp units of these ITRs
were separated by NlalV, Haelll, and Hinfl recognition sites
(Figure 2B), but a considerable fraction of ITR units was not
digested, forming DNA clusters of ca. 20 kb (Figure 2B). Previous
cytogenetic and phylogenetic analyses showed that the B. antipoda
genome has descended from eight ancestral chromosomes (n =
8) through an allopolyploid whole-genome duplication event.
Due to the extensive reduction of chromosome number (presum-
ably from n = 16 to n = 6), the six B. antipoda chromosomes rep-
resent complex mosaics of duplicated ancestral genomic blocks,
reshuffled by numerous chromosome rearrangements. Based
on knowledge of the exact karyotype structure of B. antipoda
(Mandakova et al., 2010), we can exclude large ITR tracts as being
relics of chromosome rearrangements bringing telomeres into
centromere regions.

N. tabacum was characterized as a species with long genuine
telomeres of relatively heterogeneous length (Fajkus et al., 1995a;
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FIGURE 1 | Fluorescence in situ localization of the telomeric repeats in
B. antipoda and N. tabacum. In B. antipoda, the telomere repeats (red)
hybridize preferentially to centromeres, whereas minor signals at

chromosome termini are less prominent on mitotic (A) and pachytene (B)
chromosomes. The exclusive terminal location of the telomere repeats was
detected on mitotic chromosomes of N. tabacum (C).

Kovarik et al., 1996) and no detectable fraction of internally
located telomeric repeats (Figure 1C; Majerova et al., 2011a).
In this context, tobacco may be considered as an appropriate
model for analysis of epigenetic properties of plant telomeric
chromatin, because the content of ITRs in its genome is by
orders in magnitude lower (if any) compared to the genuine
telomeres and thus allows more straightforward interpretation of
results.

METHYLATION OF CYTOSINES IN NICOTIANA TELOMERES SHOWS
BIAS WITH MORE METHYLATION TOWARD DISTAL TELOMERE
POSITION

Methylated cytosines in plant telomeres were detected by whole-
genome bisulfite shotgun sequencing (Cokus et al., 2008). Since
telomeres are most frequently methylated at the third (inner)
cytosine of the CCCTAAA repeat, we designed a degenerate
oligonucleotide probe (termed DEGENER) that hybridizes to
telomeric sequences methylated at the third cytosine in bisulfite-
modified DNA, while the remaining two (outer) cytosines can
be either methylated or non-methylated (Majerova et al., 2011b).
To evaluate relative telomere methylation in different samples, we
normalized the signal obtained with the DEGENER probe to the
signal generated by a loading probe (pltel-C) that hybridizes to
the G-rich telomeric strand.

Since telomeres in Nicotiana species are relatively long
(20-160kb in N. tabacum and 20—50kb in N. tomentosiformis
Fajkus et al., 1995a; Kovarik et al., 1996) we studied the 5-
methylcytosines (5mC) distribution along these telomere repeat
tracts. For this purpose, high molecular weight DNA was progres-
sively digested with Bal31 exonuclease. Efficient degradation of
telomeres in Bal31-digested samples was checked by (i) TRF anal-
ysis that showed loss of the telomere-specific hybridization signal
(Figure 3A) and by (ii) hybridization using the loading pltel-C
probe. Similarly as in TRF analysis, the telomere-specific signal in
Bal31-digested samples was markedly reduced (Figure 3B).

From the ratio of hybridization signals using DEGENER
and loading probes (Figures 3B,C), it became evident that in
Nicotiana species, 5mCs were not uniformly distributed along
the telomeres. There was a difference in methylation level at
the proximal part of the telomere relative to the whole telom-
ere. In N. tabacum, after 90 min of Bal31 digestion, telomeres
were degraded to ca. 2/3 of their initial amount, as determined
by comparing loading signal intensities in the dot blot analysis
(Figure 3B). In this sample, the relative density of methylated
cytosines decreased to ~80% (Figure 3C), demonstrating that the
level of methylated cytosines is slightly lower in the proximal part
of the telomere compared to the average value along the whole
telomere.
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FIGURE 2 | Internal localization of telomeric repeats in the

B. antipoda genome. (A) High molecular weight DNA digested by Bal31
nuclease and a mix of frequently cutting restriction enzymes was
analyzed by pulse field gel electrophoresis. Signals after hybridization with
the radioactively labeled telomeric oligonucleotide showed resistance of
telomeric sequences to Bal31 cleavage. The apparent decrease in signal
intensity after 30 min of Bal31 digestion reflects variation in sample
loading rather than a change due to the Bal31 treatment (compare to the
signal after 45min of Bal31). (B) DNA released into solution in the
course of Bal31 digestions was purified and subjected to conventional
agarose electrophoresis. The numbers above lines indicate the time of
Bal31 digestion in minutes. M, DNA size markers.

In N. tomentosiformis, the relative decrease in 5mC den-
sity toward the proximal part of the telomere was similar as
in N. tabacum but shifted toward higher relative values corre-
sponding to the shorter total telomere lengths in N. tomentosi-
formis. After 90 min of Bal31 digestion, telomeres were degraded
by ~40% (Figure3B) and the relative density of 5mC in
remaining parts of telomeres was ~50% compared to the sam-
ple with intact telomeres (Figure3C). The level of 5mC in
N. tomentosiformis is thus markedly higher at the distal part of
telomeres.

We conclude that both Nicotiana species show remarkable sim-
ilarities in increased relative methylation density at distal telomere
regions. Strikingly, in tobacco chromosomes, the distal telom-
ere domain, which is maintained by the combined action of
telomerase and the conventional replication machinery, showed a
higher 5mC level than the proximal telomere domain which is (i)
adjacent to the densely methylated subtelomeric heterochromatin
(Fajkus et al., 1995b), is (ii) replicated in a conventional way and
is (iii) closer to the presumed transcription start site of TERRA
transcripts (see below). According to recent findings, transcribed
DNA regions with asymmetry in C/G distribution between the
strands (e.g., telomeres) can be protected from methylation by
formation of RNA-DNA hybrids (R-loops) when the C-rich DNA
strand is transcribed and G-rich RNA is produced (Ginno et al.,
2012). This situation could happen in the case of telomeres pro-
ducing TERRA transcripts (G-rich). These transcripts elongate
toward distal parts of telomeres and may not span the entire
telomere length.

INTERSTITIAL TELOMERIC REPEATS IN THE B. ANTIPODA GENOME
ARE METHYLATED TO A DIFFERENT EXTENT

No unequivocal data about methylation are available for ITRs.
The pilot analysis of A. thaliana telomeric chromatin (Vrbsky
et al., 2010) did not, a priori, distinguish between terminal and
ITRs. However, high stringency hybridization conditions during
their analyses of telomeric cytosine methylation suggested a pre-
dominant detection of perfect repeats in genuine telomeres. In
another study, methylated cytosines were detected only at ITRs
(Vaquero-Sedas et al., 2011). Here, we used two methods to eval-
uate general and specific patterns of methylation of cytosines
located at internal telomeric repeats of B. antipoda: (i) hybridiza-
tion of bisulfite-modified DNA with the DEGENER probe, and
(ii) bisulfite sequencing of selected telomeric repeat-containing
intrachromosomal regions.

Dot blot analyses using bisulfite-treated DNA and radioac-
tively labeled DEGENER and loading probes clearly showed
that cytosines of B. antipoda telomeric repeats were methy-
lated (Figure 4A). The hybridization signal using the DEGENER
probe was persistent after extensive Bal31 digestion, implying the
presence of methylated cytosines in internally located telomeric
repeats that were resistant to the Bal31 treatment. In addition, the
intensities of hybridization signals using the pltel-C probe were
maintained in Bal31-digested samples, which is in agreement with
the data presented in the Figure 2 and confirms localization of a
majority of telomeric repeats at internal positions.

We carried out bisulfite sequencing of two ITR regions—
Ba493 and Ba576. DNAs from leaves, flower buds, and blossoms
were converted by sodium bisulfite and PCR amplified. We found
that 87, 96, and 82% of cytosines of telomeric repeats located
in the Ba493 region were methylated in leaves, flower buds, and
blossoms, respectively (Figures4B,C), while 24% of cytosines
of telomeric sequences of the Ba576 region were methylated in
leaves and flower buds and 56% in blossoms (Figures 4B,C).
Thus, internal telomeric repeats in B. antipoda are methylated and
the level of 5mC varies considerably between Ba493 and Ba576
regions which were subjected to the detailed analysis.

CHROMATIN OF INTERNAL AND TERMINAL TELOMERIC REPEATS
SHOWS DISTINCT HISTONE MARKS

Few studies were focused on chromatin features of plant telom-
eres. In one study, the dual character of A. thaliana telomeres
with prevalent heterochomatic histone modifications, but clearly
detectable euchromatic mark was reported (Vrbsky et al., 2010),
and in another, analysis using different techniques demonstrated
the predominantly euchromatic character of genuine telomeres
and the heterochromatic nature of ITRs (Vaquero-Sedas et al.,
2011). We approached this problem from a new perspective and
compared histone modifications at terminal and internal telom-
eric repeats using plants with a different distribution of telomeric
repeats between ITRs and genuine telomeres.

To investigate the epigenetic patterns of telomere repeat-
containing chromatin at distinct genomic locations, ChIP
analyses were carried out using antibodies against five specific
histone modifications: H3K4me3 and H3K9me3 as euchromatic
marks in plants, H4K20mel and H3K9me2 as heterochromatic
marks, and H3K27me3 as mark of developmentally silenced genes
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chromatin of telomeres and ITRs

FIGURE 3 | Relative cytosine methylation in telomeres of Nicotiana
species. (A) After Bal31 treatment of N. tabacum high molecular weight
DNA, TRF analysis was used to control the efficiency of digestion. A
loss of the telomere-specific hybridization signal was observed in the
course of Bal31 treatment. After 15min of Bal31 digestion loss of the
signal is evident but telomere erosion is not clear, whereas after 45- and
90-min treatments, telomeres were efficiently degraded. Time of Bal31
digestion is given above the lanes. M — DNA size marker. (B) Dot-blot
analysis of Bal31-digested DNA from N. tabacum and N. tomentosiformis
after treatment with sodium bisulfite. Samples were loaded onto a
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membrane and hybridized with radioactively labeled probes to detect the
total signal of telomeres (loading probe pltel-C complementary to the
telomeric G-strand) and the portion of methylated telomeres (DEGENER
probe). Time of the Bal31 digestion in minutes is given above the
membranes. +, positive hybridization control (tobacco DNA without the
bisulfite treatment); —, negative control (DNA from the pUC19 plasmid).
(C) Relative density of methylated cytosines along telomeres, calculated
as the DEGENER/loading hybridization signals ratio. The ratio in Bal31
non-treated samples was arbitrarily taken as 1. Six independent
experiments were performed.

(reviewed in Berr et al., 2011). The telomere-specific probe pltel-
C was applied for hybridization to address telomeric sequences;
in B. antipoda additionally, Ba493 and Ba576 were used to
address ITR regions. In accordance with the previous results for
A. thaliana (Vrbsky et al., 2010), we found that tobacco telom-
eres were significantly enriched in H3K9me2 and H3K27me3
modifications, with a contribution of euchromatic H3K4me3
(Figure 5). Telomeric repeats of B. antipoda showed predomi-
nantly the heterochromatic mark H3K9me2, and a minor signal
for H3K4me3. No H3K27me3 was detected within telomeric
chromatin of B. antipoda. Hybridization with the ITR-specific
probes Ba493 and Ba576 revealed only signals for H3K9me2
(Figure 5). Extensive mapping of chromatin states in A. thaliana
showed that H3K9me2 and H3K4me3 marks are, in essence,
mutually exclusive (Roudier et al., 2011). In this context, the asso-
ciation of both modifications with plant telomeres may indicate
the existence of two distinct fractions of telomeric chromatin; the
dominant heterochromatic fraction associated with H3K9me2
and the second one that is more euchromatin-like. We did not
find any H3K9me3 signal suggesting different roles for H3K9 and
H3K4 trimethylations at plant telomeres, although both these
modifications frequently co-localized at euchromatic genes in
A. thaliana (Roudier et al., 2011). Moreover, we did not detect
H4K20mel at tobacco telomeres, which is astonishing because
the dominant plant telomeric mark H3K9me2 was found mainly

at heterochromatic transposable elements and other repeats, and
overlaps significantly with H4K20mel in A. thaliana (Roudier
etal., 2011). The high density of H3K9me2 (Roudier et al., 2011)
suggests that these marks may occur independently of each other
in distinct chromosome regions, and telomeres may represent
such regions.

Our results support the hypothesis that genuine telomeres
exhibit a 