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Letter

Histone H3.3 incorporation provides a unique
and functionally essential telomeric chromatin

in embryonic stem cells

Lee H. Wong,'> Hua Ren," Evan Williams,' James McGhie,' Soyeon Ahn,' Marcus Sim,’
Angela Tam,' Elizabeth Earle,' Melissa A. Anderson,' Jeffrey Mann,? and K.H. Andy Choo'-?

"Chromosome and Chromatin Research Laboratory, Murdoch Childrens Research Institute, Department of Paediatrics, University of
Melbourne, Royal Children’s Hospital, Parkville 3052, Victoria, Australia; 2Stem Cell Epigenetics Research Laboratory, Murdoch
Childrens Research Institute, Department of Paediatrics, University of Melbourne, Royal Children’s Hospital, Parkville 3052, Victoria,

Australia

Little is known about the telomere chromatin dynamics of embryonic stem (ES) cell. Here, we demonstrate localization of
histone H3.3 at interphase telomeres and enrichment of Ser3l-phosphorylated H3.3 at metaphase telomeres in pluripotent
mouse ES cells. Upon differentiation, telomeric H3.353IP signal decreases, accompanied by increased association of
heterochromatin repressive marks and decreased micrococcal nuclease sensitivity at the telomeres. H3.3 is recruited to the
telomeres at late S/G2 phase, coinciding with telomere replication and processing. RNAi-depletion of H3.3 induces
telomere-dysfunction phenotype, providing evidence for a role of H3.3 in the regulation of telomere chromatin integrity
in ES cells. The distinctive changes in H3.3 distribution suggests the existence of a unique and functionally essential
telomere chromatin in ES cells that undergoes dynamic differentiation-dependent remodeling during the process of

differentiation.

[Supplemental material is available online at www.genome.org.]

Pluripotent embryonic stem (ES) cells possess an unlimited ca-
pacity for self-renewal and the potential to differentiate into
multiple lineages. Upon cellular differentiation, they undergo
dramatic morphological and molecular changes through selective
silencing and activation of specific genes. Recent studies have
pointed to epigenetic phenomena as having fundamental roles in
the differentiation process (Martens et al. 2005; Meshorer et al.
2006). Examples are the differentiation-dependent increase in the
silenced chromatin marks, including H3K9me3, H3K20me2,
H4K20me3, and H3K27me3, and a decrease in the level of acety-
lated H3 and H4. The hyperdynamic binding of structural chro-
matin proteins is also a hallmark of ES cells, but not of cells that are
already lineage committed.

While epigenetic factors are essential for maintaining pluri-
potency, the capacity for continual telomere renewal is also criti-
cal. In vertebrates, telomeres consist of tandem arrays of TTAGGG
repeats that are bound by a specialized multiprotein complex
“shelterin.” Telomere length is maintained by telomerase, a re-
verse transcriptase that adds telomere repeats de novo after each
cell division. High telomerase activity is a key factor that main-
tains telomere self-renewal and proliferative capacity in ES cells.
Mammalian telomeres contain epigenetic markers such as
H3K9me3 and H4K20me3 that are characteristic of silenced
chromatin, and DNA hypermethylation at subtelomeric regions
(Garcia-Cao et al. 2004; Gonzalo et al. 2006). Loss of these mod-
ifications results in defective telomere functions as shown by ab-
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errantly increased telomere length and chromosomal instability,
indicating that these repressive markers are essential for the for-
mation of a compacted telomere chromatin and the regulation of
telomere length.

The nucleosome consists of an octamer of four core histones,
H2A, H2B, H3, and H4, wrapped inside 146 bp of dsDNA. Adjacent
nucleosomes are connected via linker DNA bound by the linker
histone H1. Higher-order organization of this basic subunit
defines the nature of the chromatin structure and accessibility.
Beside the core histones, several additional histone variants are
present in mammalian cells. Histone H3.3 is highly evolutionarily
conserved and is found in organisms ranging from yeasts to
humans. It is a universal histone variant associated with active
chromatin and is incorporated into sites of transcription in-
dependently of DNA replication (Ahmad and Henikoff 2002;
McKittrick et al. 2004). Dynamic incorporation of H3.3 alters
the chromatin state of the nucleosome by enriching it in post-
translational covalent modifications that are associated with
active chromatin and by depleting it in modifications associated
with silent chromatin.

Although chromatin status is known to influence telomere
structure and length, little is known about the epigenetic factors
that drive continual telomere-length renewal in ES cells and
changes in telomere chromatin during differentiation. In this
study, we examine the epigenetic factors that regulate telomere
chromatin in pluripotent mouse ES cells and changes in telomere
chromatin properties during cellular differentiation, and perform
our initial experiments using antibodies against histone variants
and modifications. We report here the enrichment of Ser31-
phosphorylated H3.3 at metaphase telomeres and localization of
H3.3 at interphase telomeres in ES cells. We also show the
dynamic changes in epigenetic modifications associated with
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telomeric chromatin during the cellular
differentiation of ES cells, indicated by
a decrease in the H3.3S31P signal and an
increase in the association of repressive
chromatin marks, including H3K9me3
and H4K20me3 at the telomeres in dif-
ferentiated ES cells. In addition, we show
that the recruitment of H3.3 to the telo-
meres coincides with telomere replica-
tion and processing at late S/G2 phase.
Furthermore, RNAi-mediated inhibition
of H3.3 induces an increased telomere-
dysfunction phenotype, providing evi-
dence for a functional role of H3.3 in
the regulation of telomere structural in-
tegrity in ES cells. Our results indicate the
presence of a distinctive telomere chro-
matin in ES cells that undergoes dynamic
differentiation-dependent epigenetic re-
modeling and an essential function of
H3.3 in modulating telomere chromatin
dynamics.

Results

Dynamic changes in the chromatin
properties of the telomeres during
cellular differentiation of mouse
ES cells

To study changes in telomere chromatin

during mouse ES cell differentiation, we induced mouse ES cell
differentiation by withdrawing leukemia inhibitory factor (LIF)
and supplementing the culture with retinoic acid (RA). Prior to
differentiation, >90% of the ES cells, ES129.1 and ES-W9.5,
expressed stem cell surface marker POUSF1 (also known as OCT4).
After 3 d, <50% expressed POUSF1. By 6 d, POUSF1 was barely
detectable (data not shown). Induction of differentiation has no
obvious effect on H3K4me2 (a euchromatin marker) distribution
but resulted in increased H3K9me3 (a heterochromatin marker)
level at the pericentric heterochromatin in ES129.1 (Supplemental
Fig. 1A-D) and ES-W9.5 (data not shown) cells, as previously
reported (Azuara et al. 2006; Meshorer et al. 2006). No significant
increase in telomeric H3K9me3 signal was detected both before
and after differentiation. The overall H4K20me3 (another marker
of “repressed” chromatin) staining was weak in undifferentiated
ES129.1 (Fig. 1A) and ES-W9.5 (data not shown) cells with some
telomeric staining. Three days of induction of differentiation led
to a significant increase in H4K20me3 level at both the telomeres
and pericentric heterochromatin (Fig. 1B; Supplemental Fig. 2). Six
days of differentiation led to an even greater increase in
H4K20me3 level at both the telomeres and pericentric hetero-
chromatin (Fig. 1C; Supplemental Fig. 2), indicating an increase in
chromatin repression at pericentric heterochromatin and telo-
meric chromatin following ES cell differentiation.

H3.3S31P is enriched at the telomeres in mouse ES cells
during mitosis

H3.3 is a universal histone variant associated with transcription-
ally active, open chromatin (Ahmad and Henikoff 2002; McKittrick

Figure 1. Immunofluorescence analysis of H4K20me3 in mouse ES cells. (A) H4K20me3 (ii, green;
Abcam) staining in ES129.1 cells was weak, with enrichment on pericentric heterochromatin (arrow-
heads) and on some telomeres (arrows) as indicated by TERF1 staining (iii, red). (B-C) Three days (B) to
6 d (C) of differentiation increased H4K20me3 staining (i, green) at the pericentric heterochromatin
(arrowheads) and telomeres (arrows) in ES129.1 cells.

et al. 2004). There is currently no specific antiserum against un-
modified H3.3. Immunofluorescence analysis was performed us-
ing anti-H3.3 phosphorylated at Serine 31 (H3.3S31P) antiserum.
Specificity of the antiserum was confirmed by competitive im-
munofluorescence analysis with H3.3S31P peptide (Supplemental
Fig. 1E-]). H3.3831P is a mitotic-specific modification enriched in
the pericentric heterochromatin (Hake et al. 2005). However,
H3.3831P mainly localized to the telomeres of metaphase chro-
mosomes in undifferentiated ES129.1 (Fig. 2A) and ES-W9.5 cells
(Supplemental Fig. 3A). Telomeric localization of H3.3S31P was
confirmed by FISH analysis using a telomere-specific TTAGGG
probe. Similar results were obtained using a different source of
anti-H3.3S31P antibody (Upstate Biotechnology; data not shown).
We also observed distinct H3.3S31P telomeric localization on
a neocentromere-based human marker chromosome mardel(10)
in ES129.1mar(10) cells (Supplemental Fig. 4A; Wong et al. 200S5).
In nonpluripotent mouse and human cells, including mouse
NIH3T3 and L cells, and human primary fibroblast (telomere
length of 7-8 kb), HT1080, and CCRF/CEM cells (telomere length
of 15-20 kb; maintained via the Alternate Telomere Maintenance
pathway) (Supplemental Fig. 4B-D), H3.3S31P mainly accumu-
lated at the pericentric heterochromatin of metaphase chromo-
somes, with relatively little telomeric signal.

Cellular differentiation of mouse ES cells leads to decreased
H3.3S3IP signals at the telomere ends but increased H3.3531P
signals at the pericentric heterochromatin

In ES129.1 (Fig. 2B,C; Supplemental Fig. 3D,E) and ES-W9.5 (Sup-
plemental Fig. 3B,C) cells subjected to 3-6 d of differentiation,
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H3.3S31P

Figure 2. Immunofluorescence analysis of H3.3S31P in mouse ES cells. (A) H3.3S31P (ii, green;
Abcam) is enriched at the telomeres of all the chromosomes in ES129.1 cells, as confirmed by telomere
FISH (iii, red). A second source of anti-H3.3S31P antiserum (Upstate; data not shown) gave a similar
staining pattern. (B) Three days of differentiation resulted in decreased telomeric H3.3S31P signal (iii,
red; some circled examples are shown) but enhanced staining at the pericentric DNA (arrowheads). (C)
Six days of differentiation led to a near complete loss of telomeric H3.3S31P signals (iii, red) and a major

ferentiation led to a significant reduction
in H3.3S31P signal at the telomeres and
a concomitant substantial increase in
H3.3S31P and H4K20me3 levels at the
pericentric region (Fig. 3B,D). No signifi-
cant change in H4K20me3 signals was
seen at the telomeres in differentiated EG
cells, suggesting that unlike the situation
in differentiated mouse ES cells, de-
localization of H3.3S31P in mouse EG
cells is not directly correlated with an in-
crease in the repressive chromatin marker
H4K20me3.

H3.3 also associates with the telomeres
in mouse ES cells during interphase

To determine if H3.3 was present at the
telomeres during interphase, ES129.1
cells were transfected with tetracycline-
inducible vectors expressing H3.3 protein
tagged with a MYC (Myc epitote tag) se-
quence at the N terminus, and examined
for chromosomal localization 24 h post-
transfection (Fig. 4A,B). In metaphase
cells, MYC-H3.3 localized extensively to
the chromosome arms and noticeably
also to the telomeres. An enrichment of
MYC-H3.3 at the telomeres was similarly
seen in interphase cells, as indicated by
colocalization with TERF1. In addition,
MYC-H3.3 showed colocalization with
H3.3S31P in metaphase but not in inter-
phase cells (Fig. 4D,E). Similar results
were obtained with the C-terminal con-

increase in signals at the pericentric DNA. Centromeres were stained with CREST serum (B,C, ii, green).

adecrease of H3.3S31P telomeric signal but a concomitant increase
in pericentric H3.3S31P signal was detected. There was no change
in telomere length in cells following differentiation (Supplemental
Fig. 5), indicating that the post-differentiation reduction of
H3.3S31P telomeric signal was not a consequence of telomere
shortening but rather that of the existence of a distinctive telomeric
chromatin in ES cells that undergoes dynamic differentiation-
dependent remodeling.

Mouse embryonic germ cells also show H3.3531P
enrichment at the telomeres during mitosis

To further demonstrate that H3.3S31P incorporation at the telo-
mere may be a feature associated with cellular pluripotency, we
included embryonic germ (EG) cells in our analysis. We observed
distinct H3.3S31P localization at the telomeres in two different
mouse EG cell lines, EGRA2 (Fig. 3A) and EGRA3 (Supplemental Fig.
6A), although, interestingly, the telomeres on the short-arm ends of
the chromosomes appeared to show, in general, more variable and
weaker H3.3S31P staining compared to those seen on the long-arm
telomeres. Furthermore, unlike the situation in ES cells, some
H3.3S31P staining on chromosome arms was observed. It is in-
teresting to note that H4K20me3 staining was also weakin EG cells,
with slightly stronger signals at some of the telomeres (mostly at
the long arms) (Fig. 3C; Supplemental Fig. 6B). Induction of dif-

structs (data not shown). In parallel,

we also transfected cells with N- and
C-terminal MYC-tagged histone H3 expression-constructs into
ES129.1 cells. In both metaphase (data not shown) and interphase
(Fig. 4C) cells, MYC-H3 was incorporated into the entire chro-
mosomes, with no observable enrichment at the telomeres.

Cellular differentiation-mediated epigenetic modifications
at the telomeres affect the underlying telomeric
nucleosomal organization

Combined cross-linked chromatin immunoprecipitation (ChIP)
and quantitative telomere PCR assays (Cawthon 2002) were
performed to assess changes in telomeric chromatin during
ES129.1 differentiation (Supplemental Fig. 7). The telomere PCR
assays method offers excellent sensitivity, accuracy and re-
producibility compared with other protocols developed for telo-
mere measurements, such as flow cytometry and cytometric assay.
Data obtained by telomere PCR assays were also validated by dot
blot analysis of the ChIP samples using a telomere DNA probe
(Supplemental Fig. 8). Real-time PCR analysis of the ChIP samples
showed decreased H3.3S31P but increased H3K9me3 and
H4K20me3 levels at the telomeres in differentiated ES129.1 cells
(Fig. 5A; Supplemental Table 1). ChIP using anti-TERF1 also showed
anincreased enrichment of TERF1 at the telomeres in differentiated
ES129.1 cells. In parallel, we performed ChIP/real-time PCR using
maijor satellite primers specific for mouse pericentric heterochromatin
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ili H4K20me3

Figure 3. Cellular distribution of H3.3531P and H4K20me3 in mouse EG cells. (A) H3.3S31P is enriched at the telomeres of EG cell lines EGRA2 using
antiserum against H3.3S31P (ii, red; Abcam; some circled examples are indicated). Signals at the “short-arm” telomeres (arrowheads) of the telocentric
chromosomes are in general weaker and more variable than those on the “long-arm” telomeres (arrows); telocentric ends are easily identifiable by their
close proximity to the centromere, as marked by CREST staining (iii, green). (B) Some H3.3S31P signals are also detected on the long arms of the
chromosomes. Six days of LIF depletion/RA treatment resulted in a significant decrease in telomeric H3.3S31P (ii, red) and increase in H3.3S31P signal at
the pericentric heterochromatin (some examples are indicated by arrows). (C) Overall H4K20me3 (iii, green; Abcam) staining in EGRA2 cells was weak
with some telomeres showing slightly stronger signals (arrowheads). (D) Six days of differentiation led to increased H4K20me3 signal (iii, green) at the
pericentric heterochromatin (arrows). Red signals (C,D, ii) represent CREST at the centromeres. Immunofluorescence analysis of H3.3S31P and

H4K20me3 in another mouse EG cell is shown in Supplemental Figure 6.

(Fig. 5A; Supplemental Fig. 7; Supplemental Table 1). Following
differentiation, thelevels of H3.3S31P, H3K9me3A, and H4K20me3
were increased at the pericentric region. Altogether these ChIP
results indicate the dynamic changes in H3.3 localization and
chromatin modifications at the telomeres and pericentric hetero-
chromatin during ES cell differentiation.

To understand how the above-observed differentiation-
dependent epigenetic modifications affected the underlying
chromatin structure at the telomere, we assessed the micrococcal
nuclease (MNase) sensitivity (Gilbert et al. 2007) of the telomeric
chromatin over a time-course and at various concentrations (Fig.
5B; Supplemental Fig. 9). Both undifferentiated and differentiated
ES129.1 cells showed identical digestion kinetics of bulk chro-
matin and nucleosome repeat length of the telomere. However,
the telomere chromatin in ES129.1 cells became more resistant to
MNase following differentiation, presumably as a result of a
change in the telomere chromatin structure. As a control, we also

compared the MNase sensitivity of centromeric and pericentric
chromatin (as defined by the occupancy of the minor and major
satellite DNA, respectively). There was no significant change in the
MNase sensitivity of centromeric and pericentric chromatins
(Supplemental Fig. 10), except for a slight increase in MNase re-
sistance in the pericentric heterochromatin in differentiated ES
cells during the early stage of nuclease treatment.

H3.3 telomeric incorporation synchronizes with telomeric
replication and processivity activities

To determine the timing of H3.3 telomeric incorporation, com-
bined 5-bromo-2’-deoxyuridine (BrdU) staining and immunoflu-
orescence analysis was performed on ES129.1 cells expressing
MYC-H3.3 (Fig. 6A-C). We also correlated the staining pattern of
BrdU with that of DNA replication processivity marker PCNA
(proliferative cell nuclear antigen—a DNA replication processivity
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Ei H3.3S31P

Figure 4. Cellular distribution of MYC-H3.3 and MYC-H3 in mouse ES cells. (A-C) MYC-H3.3 and MYC-H3 constructs were transfected into ES129.1
cells and examined for chromosomal localization 24 h post-induction with 1 uM doxycycline. Both N-terminal and C-terminal (data not shown) MYC-
H3.3 was enriched along the chromosome arms and at the telomeres in metaphase (4, ii, red) and interphase (B, ii, red) (arrowheads show some
examples) ES129.1 cells, as indicated by costaining with anti-TERF1 antibody (A, B, i, green). N-terminal (C, ii, red) and C-terminal (data not shown) MYC-
H3 localized to all regions of the chromosomes. (D,E) MYC-H3.3 (ii, red) also showed colocalization with H3.3S31P in metaphase (D, iii, green) but not

interphase (E, iii, green) ES129.1 cells.

marker; data not shown). In BrdU-negative non-S-phase cells,
MYC-H3.3 staining pattern showed no observable colocalization
with TERF1 at the telomeres. Whereas in BrdU-positive cells,
telomeric colocalization of MYC-H3.3 and TERF1 increased in
prominence from early to late S/G2 phase, suggesting that MYC-
H3.3 telomeric loading is coupled with the timing of telomere
replication and processing (Verdun and Karlseder 2006).

For further investigation, we performed ChIP/real-time PCR
assays on synchronized ES129.1 cells (arrested at G1/S using
a thymidine block protocol) expressing MYC-H3.3, using anti-sera
against MYC tag, TERF1, phosphorylated ATM at Ser1981
(ATMS1981P; a DNA damage machinery marker) and PCNA (Fig.
6D; see Supplemental Fig. 11 for an example of ChIP/real-time
PCR assays on synchronized ES129.1 cells; Supplemental Table 2).
Following the release from G1/S thymidine-induced block, cell-
cycle progression was determined by fluorescence-activated cell
sorting (FACS) analysis. ES129.1 cells released from G1/S block

progressed through S phase at 4-6 h post-release, entered M phase
at 8-10 h, and re-entered G1 phase at 10-12 h. PCNA association
indicated an increase in replication activity at the telomeres at
4-6 h post-G1/S-release. TERF1 association at the telomeres in-
creased after 6 h post-G1/S-release. As previously reported (Verdun
and Karlseder 2006) to be essential for telomere replication,
ATMS1981P was also found associated with the telomeres during S
phase. The real-time PCR analysis also showed increased load-
ing of MYC-H3.3 at the telomeres during late S/G2 phase, in
synchrony with the timing of telomere replication and process-
ing.

We also performed immunofluorescence analysis on syn-
chronized ES129.1 cells (Fig. 7A; Supplemental Table 3). During
the initial 4 h post-G1/S release, only 0%-20% of cells showed
positive telomeric localization of MYC-H3.3. H3.3 recruitment
predominantly occurred at late S/G2 phase, with 48%, 64%,
and 80% of cells showing MYC-H3.3 incorporation following
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Figure 5. Chromatin immunoprecipitation (ChIP)/PCR analysis and
MNase digestion assays. (A) ChIP was performed on undifferentiated and
differentiated ES129.1 cells using anti-sera against TERF1, H3.3S31P,
H4K20me3, and H3K9me3, followed by real-time PCR analysis using
primers specific for telomere or pericentric major satellite DNA. Fold-dif-
ferences in the enrichment of the ChIP/PCR products (n = 3) were pre-
sented as histograms. Following differentiation, H3.3S31P levels at the
telomeres was only 0.54-fold (i.e., reduced by 46%) of those in un-
differentiated cells, whereas H3K9me3 and H4K20me3 levels at the
telomeres were increased by 1.2- and 2.5-fold, respectively. At the peri-
centric heterochromatin, the levels of H3.3S31P, H3K9me3 and
H4K20me3 were increased by 3.0-, 3.6-, and 3.3-fold, respectively. Data
for the analysis are shown in Supplemental Table 1. (B) MNase assays
(n = 3) were performed on both undifferentiated (i) and differentiated (i,
6 d) ES129.1 cells by MNase digestion over a time-course (i, 4 units
MNase/mg DNA for 5 to 30 min at 37°C) and with various concentra-
tions of MNase (ii, 4-16 units/mg DNA for 5 min at 37°C). Southern blot
analysis was performed using radioactive-labeled telomere probe.
Change in MNase sensitivity was quantitated by measuring the distance
between nucleosomes with the highest and lowest molecular sizes
(Gilbert et al. 2007). Results were presented as percentage of loss of high-
molecular-weight (MW) chromatin. Telomeric chromatin in differentiated
cells was less sensitive to MNase digestion. Examples of individual
MNase/Southern analysis are shown in Supplemental Figure 9.

6, 8, and 10 h post-release, respectively, providing further
support that H3.3 telomeric loading coupled with telomere repli-
cation and processivity. Furthermore, H3.3 loading is likely to
be facilitated by nucleosome assembly factor HIRA (a chaperon
that promotes H3.3 nucleosome assembly) (Tagami et al. 2004),
given that GFP-HIRA also localized to the telomeres in both
ES129.1 and ES-W9.5 cells (Fig. 7B,C). Interestingly, the level of
GFP-HIRA at the telomeres in metaphase cells showed with an
increase in signals at the pericentric heterochromatin (Supple-
mental Fig. 4E-G). Following 3 d of differentiation, the increase of
GFP-HIRA signals at the pericentric heterochromatin also became
more prominent.

RNAi-depletion of H3.3 expression in mouse ES cells induces
the formation of TIFs

To study the functional role of H3.3 at the telomeres, we trans-
fected ES129.1 cells with RNAi-duplex oligonucleotides corre-
sponding to H3.3A and H3.3B genes. Specificity and efficiency of
three sets of oligonucleotides were tested, with one giving up to
66.64% depletion of H3.3 expression (Supplemental Table 4). H3.3
RNAi-depletion had no significant effect on cell growth during the
initial 24 h, although it led to a slight reduction in cell growth 48 h
post-RNAi knockdown (data not shown). It also did not induce
any formation of telomeric replication intermediate as shown by
the two-dimensional gel electrophoresis analysis (Cesare and
Griffith 2004) (Supplemental Fig. 12). Next, we quantitated telo-
mere dysfunctional-induced foci (TIFs, cytological telomeric foci
containing DNA damage response factors, such as gamma-H2AX)
to assess the integrity of telomeric structure (Hockemeyer et al.
2005). ES129.1 cells containing five or more TIFs increased by
13.53% and 26.37%, following 24 and 48 h of H3.3 RNAi knock-
down, respectively (Fig. 8; Supplemental Fig. 13A). Whereas, H3.3
RNAi knockdown in NIH3T3 did not lead to a significant increase
in the number of cells containing five or more TIFs (Supplemental
Fig. 13B). These results suggest that H3.3 contributes to the
functional integrity of telomere chromatin in ES cells.

Discussion

In this study, we examine the epigenetic factors that regulate
telomere chromatin dynamic in ES cells. Specifically, we showed
localization of histone H3.3 at interphase telomeres and en-
richment of H3.3S31P enrichment at the telomeres in ES cells
(and EG cells) during mitosis, instead of localizing at pericentric
heterochromatin as reported for non-ES cell types (Hake et al.
2005). The telomeric enrichment of H3.3S31P is also observed
in pluripotent mouse EG cells but not in other nonpluripo-
tent mouse and human cell types, including NIH3T3, L cells,
HT1080, 293T, and CCRF/CEM cells (with exceptional telomere
length of 15-20 kb), suggesting a unique function of H3.3 in
the control of chromatin properties at the telomeres that is dis-
tinct from its proposed role in transcription activation. The ob-
served presence of H3.3 at the telomeres of EG cell chromosomes
and its delocalization from the telomeres following cellular dif-
ferentiation also suggest the possibility of a more general role of
H3.3 in modulating telomere chromatin dynamics in a wide range
of other pluripotent cells.

In this study, we also show that the telomere chromatin in
pluripotent mouse ES cells undergoes dynamic epigenetic
remodeling during cellular differentiation. Upon differentiation,
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Figure 6. Cell cycle-dependent telomeric incorporation of MYC-H3.3. (A-C) Immunofluorescence analysis of ES129.1 cells expressing MYC-H3.3.
MYC-H3.3 is induced by doxycycline for 12 h. No MYC-H3.3 (4, ii, red) was detected at the telomere in non-S-phase cells (negative BrdU-staining; A, iii,
green). MYC-H3.3 (B, ii, red) was enriched at the telomeres (as shown by costaining with TERF1 [A-C, iv, blue]; arrowheads) in replicating S-phase cells
(positive BrdU-staining; B, iii, green), with even more prominent telomeric signals detected by late S/G2 phase (C ). (D) ChIP/real-time PCR analysis (n=3;
using primers specific to telomere) of synchronized (thymidine-blocked) ES129.1 cells using antibodies against TERF1, MYC tag, ATMS1981P, and PCNA.
MYC-H3.3 expression was induced by doxycycline for 12 h. Data and calculations for the experiments are shown in Supplemental Table 2. An example of
the ChIP/PCR experiment is shown in Supplemental Figure 11. PCNA association indicated an increase in replication activity at the telomeres following
2-6 h of release from thymidine-induced G1/S block. TERF1 association at the telomeres increased after 6 h post-G1/S-release. ATMS1981P association
with the telomeres also increased during S phase. MYC-H3.3 incorporation at the telomeres occurred predominantly after 6 h of release at late S/G2
phase, in synchrony with the timing of telomere replication and processing.

H3.3S31P signals are greatly reduced at the telomeres without any
observable telomere-length shortening. In parallel, the telomere
chromatin concomitantly becomes more “repressed/closed,” as
indicated by increased association of H3K9me3 and H4K20me3 and
decreased MNase sensitivity following differentiation. Furthermore,
we show that the underlying changes in epigenetic modifications
and chromatin properties at the telomeres are not a consequence
of the shortening of telomere lengths following the process of
cellular differentiation.

Telomere-length homeostasis is achieved via a binary switch
between telomerase-extendible and nonextendible state; however, it
is unclear how the equilibrium is achieved. Blasco (2007) has re-
cently suggested that the assembly of heterochromatin at the telo-
meres forms a “closed” conformation that results in less accessibility
to telomere-elongating machinery/telomerase activity. A relatively
more “open” telomeric chromatin structure in ES cells, as shown in
our study, compared with their differentiating counterparts should
favor a greater accessibility to telomere-elongating activities. How-
ever, whether the unique composition of telomere chromatin con-
tributes directly to the equilibrium of telomere-length homeostasis
and the capacity for continual telomere-renewal in pluripotent ES
cells awaits further investigation.

We also show that telomeric MYC-H3.3 incorporation in ES
cells during late S/G2 phase is coupled with the events of telomere
replication and processing. Although mammalian telomeres rep-
licate throughout S phase, telomere replication is completed at late
S/G2, facilitated by the DNA damage machinery to ensure optimal
end-replication and acquisition of a functionally essential telo-
mere structure (Verdun and Karlseder 2006). Despite that H3.3
RNAi knockdown over 24 to 48 h does not induce extremely se-
vere telomere dysfunction phenotype, including the formation of
replication intermediates (also indicating no severe compromise
in telomere DNA replication) and telomere fusions, it noticeably
induces an increase in DNA damage/TIF phentotype, suggesting
that H3.3 loss compromises the proper formation of telomere
chromatin structure.

In summary, our results provide evidence for the existence
of a distinctive telomere chromatin in ES cells that undergoes
dynamic differentiation-dependent epigenetic remodeling, and
suggest a unique function of H3.3 in modulating telomere chro-
matin dynamics. Consistent with recent studies that have
shown the ability of H3.3 in chromatin remodeling during
mammalian sex chromosome inactivation (van der Heijden et al.
2007) and Drosophila sperm nucleus decondensation upon
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Bi ES129.1
A

Figure 7. Immunofluorescence analysis of MYC-H3.3 telomeric loading and GFP-HIRA. (A) Immunofluorescence analysis of synchronized ES129.1 cells.
MYC-H3.3 was induced by doxycycline. MYC-H3.3 (red) distribution was homogenous in cells 0-4 h post-release from thymidine-G1/S block. MYC-H3.3
was mostly loaded onto telomeres (indicated by colocalization with TERF1, green; indicated by arrowheads) after 6 h of release, and became even more
apparent 8 h of release. MYC-H3.3 remained associated with the telomeres as cells entered metaphase after 10 h of release. (B,C) Immunofluorescence
analysis of ES129.1 (B) and ES-W9.5 (C) cells 24 h post-transfection with N-terminal GFP-HIRA construct. Telomeric localization of GFP-HIRA (B,C, ii,
green) was indicated by colocalization with telomere FISH signals (B,C, iii, red). Cellular localization of GFP-HIRA in differentiated cells is shown in

Supplemental Figure 4E-G.

fertilization (Loppin et al. 2005), the loading and unloading of
the chromatin-remodeling histone H3.3 variant at the telomeres
may potentially serve as a primary epigenetic reprogramming cue
operating at the nucleosomal level that controls telomere-length
homeostatic equilibrium and structural organization in pluripo-
tent ES cells.

Methods

Cell cultures

Cell lines including human HT1080 (fibrosarcoma), primary
human fibroblast (derived from a S-yr-old child), CCRF/CEM
(acute lymphoblastic leukemic cells; ECACC), and mouse NIH3T3
and L cells (transformed fibroblasts) were cultured in DMEM with
10% FCS. Mouse ES129.1, ES-W9.5, and ES129.1mar(10) (ES129.1
cell hybrid carrying a neocentromeric chromosome mardel(10)
that was tagged with zeocin-resistance gene; 100 pg/mL zeocin
was added into the culture) (Wong et al. 2005) in DMEM with 15%
heat-inactivated FCS and 10> units/mL of leukemic inhibiting
factor (LIF) and 0.1 mM B-mercaptoethanol. EG cell lines EGRA2
and EGRA3 were derived from primordial germ cells of strain 129
mice (J. McWhir, Roslin Institute, Edinburg, UK). They were cul-
tured on LIF expressing STO fibroblast feeder cells.

Antibodies

Primary antibodies used were as follows: rabbit polyclonal anti-
sera against TERF1, H3K4me2 (Upstate Biotechnology), H3K9me3
(Upstate Biotechnology), H4K20me3 (Abcam and Upstate Bio-
technology), H3.3S31P (Abcam and Upstate Biotechnology), and
GFP (Abcam); mouse monoclonal antiserum against MYC tag
(Invitrogen), POUSF1 (Santa Cruz); gamma-H2AX phosphory-
lated at Ser139 (Upstate Biotechnology), ATM kinase phophory-
lated at Ser1981 (Upstate Biotechnology), PCNA (Oncogene),
and BrdU (Roche; conjugated with FITC); human autoimmune anti-
centromere anti-serum CREST6 (predominantly anti-CENPA and
CENPB). Secondary anti-sera were donkey anti-human Texas red
(Jackson Laboratory), and donkey anti-mouse or anti-rabbit Alexa
Fluoro 488/594/647 (Molecular Probes). AlexaFluoro rabbit poly-
clonal 488 and 594 conjugation kits were used for the conjugation
of anti-sera (Invitrogen).

Immunofluorescence analysis, FISH, and BrdU incorporation

Cells were treated with microtubule-depolymerizing agent Colce-
mid for 1 h at 37°C, harvested for hypotonic treatment in 0.075 M
KCl, cytospun on slides, and incubated in KCM buffer (120 mM
KCI, 20 mM NacCl, 10 mM Tris.HCl at pH 7.2, 0.5 mM EDTA, 0.1%
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Cells were treated with 2 mM thymidine
for 12 h, released from cell cycle blockage
by washing with warm medium, and in-
cubated in medium at 37°C for various
time points. For FACS analysis, cells were
harvested, washed in 1X PBS, fixed
with ice-cold ethanol, stained with pro-
pidium iodide, and analyzed on a LSR
II Becton Dickinson Flow Cytometry
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Figure 8. Telomere damage response upon H3.3-depletion. (4,B) Immunofluorescence analysis of
ES129.1 cells subjected to 48-h knockdown with either control or H3.3-specific RNAi-duplex oligo-
nuclotides using anti-gamma-H2AX (A, B, ii, red) antiserum. Increased number of TIFs was detected at
the telomeres (indicated by colocalization with TERF1; A,B, iii, green) in cells depleted of endogenous
H3.3 (B) (arrowheads show some examples of TIFs). (C) Induction of TIFs by H3.3 inhibition for 48 h.
Data are presented in histograms by subgrouping the cells according to the number of TIFs per cell (<5
TIFs, 5-9 TIFs, 10-14 TIFs, and =15 TIFS). A normal cell can contain 1-2 TIFs on average, thus,
a threshold of 5 TIFs was used, as described in other studies (Hockemeyer et al. 2005). When transfected
with H3.3-RNAi oligonuclotides, the number of cells with =5 TIFs increased from 12.94% to 37.65% (n=
85; 24.71% increase; P = 3.80 X 107°) and 11.76% to 40.0% (n = 85; 28.24% increase; P = 6.26 X
1073) for the two experiments (i and ii ), respectively, with an average increase of 26.47%, compared
with the population transfected with control scrambled RNAi-oligonucleotide. Data for 24-h H3.3
depletion in ES129.1 and NIH3T3 cells are shown in Supplemental Figure 13.

[v/v] Triton X-100 and protease inhibitor) (Uren et al. 2000;
Wong et al. 2005). Slides were blocked in KCM buffer containing
1% BSA and incubated with the relevant primary and secondary
antibodies for 1 h at 37°C. After each round of antibody
incubation, slides were washed three times in KCM buffer.
Slides were then fixed in KCM with 4% formaldehyde and
mounted in mounting medium (Vetashield). Images were col-
lected using a fluorescence microscope linked to a CCD camera
system.

For peptide blocking experiments, the peptide (see below) was
incubated together with the primary antibody for 1 h at 37°C.
Specificity of the antiserum against H3.3S31P (Abcam) was vali-
dated by successful competition with a synthetic H3.3S31P peptide
derived from within residues 1-100 of human H3.3S31P protein
(Abcam).

For telomere-FISH, slides were fixed in cold methanol fol-
lowed by dehydration in an ethanol series prior to denaturation
and hybridization with Cy3-conjugated telomere DNA probe
(Dako). For BrdU staining, cells were incubated with 10 uM
BrdU (Sigma) for 1 h. BrdU incorporation was assessed by a de-
naturation protocol using 0.5 N hydrochloric acid; followed by
immunofluorescence analysis with anti-BrdU FITC antibody
(Roche).

tetracycline repressor); pcDNA4/TO/
MYC-HisA (tetracycline-inducible ex-
pression vector) carrying either N- or
C-terminal tagged MYC-H3.3, H3.3-MYC,
MYC-H3, or H3-MYC; or GFP-HIRA
(Green Fluorescent Protein mammalian
expression vector) using Lipofectamine LTX
(Invitrogen). Overexpression of MYC-H3.3,
H3.3-MYC, MYC-H3, or H3-MYC was in-
duced by addition of 1 pM doxycycline (a
tetracycline analog) for either 12 or 24 h.

H3.3 ¢DNA was generated using
H3.3cDNAforward and H3.3cDNAreverse.
To generate C-terminal MYC-tagged H3.3
construct, H3.3 cDNA was amplified us-
ing H3.3mycForward and H3.3cmycRe-
verse and was cloned into a tetracycline-
inducible expression vector, pcDNA4/
TO/myc-His A (Invitrogen; containing
MYC sequence and 6X histidines epito-
pes), at BamHI and Apal. The sequences of the primers were as
follows:

H3.3cDNAforward (5'-GTAAGTAAGGAGGTCTCTGTACCATGGC
T-3") and H3.3cDNAreverse (5'-CCATCATAGTGGATTCTTAAGC
ACGTTCTC-3'); and

H3.3mycForward (5'-CGGGATCCACCATGGCTCGTACAAAGCAG-3’
[carrying a BamHI site, underlined, and a start codon, italic]) and
H3.3amycReverse (5'-GAAGGGCCCAGCACGTTCTCCACGTATGC-3'
[carrying an Apal site, underlined]).

To generate N-terminal MYC-tagged H3.3 and H3 constructs, three
rounds of PCR extensions were performed using forward and re-
verse primer corresponding to H3.3 and H3 cDNA sequences, re-
spectively. The resulting H3.3 and H3 fragments were cloned into
pcDNA4/TO/myc-His A at BamHI and Apal. The sequences of H3.3
primers for serial PCR extension were as follows:

First PCR, Forward H3.3a primer 5'-CAGAAGAGGATCTGGCTCG
TACAAAGCAGA-3;

Second PCR, Forward H3.3b primer 5'-ACAAAAACTCATCTCAGA
AGAGGATCTGGC-3;

Third PCR, Forward H3.3c primer 5'-CGGGATCCACCATGGAACA
AAAACTCATCT-3' (carrying a BamH1 site, underlined, and
a start codon, italic); and
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Reverse H3.3 primer 5'-GAAGGGCCCTTAAGCACGTTCTCCACG
TAT-3' (carrying a Apal site, underlined, and a stop codon,
italic).

The sequences of H3 primers for serial PCR extension were as follows:

First PCR, Forward H3a primer 5'-CAGAAGAGGATCTGGCCCGG
ACGAAGCAGA-3;

Second PCR, Forward H3b primer 5'-ACAAAAACTCATCTCAGAA
GAGGATCTGGC-3'; and

Third PCR, Forward H3c primer 5'-CGGGATCCACCATGGAACAA
AAACTCATCT-3' (carrying a BamHI site, underlined, and a start
codon, italic); and

Reverse H3 primer 5'-GAAGGGCCCTTATGCTCGCTCGCCACGG
AT-3’ (carrying a Apal site, underlined, and a stop codon, italic).

To generate C-terminal GFP-tagged HIRA construct, mouse HIRA
cDNA was PCR amplified using XhoIHIRAforward and SaclIHIR
Areverse and was cloned into pEGFP-C1 mammalian expression
vector (GIBCO) at Xhol and Sacll. The sequences of the primers
were:

XhoIHIRAforward 5'-CCGCTCGAGCTATGAAGCTCTTGAAGCC
AACC-3' (carrying a Xhol site, underlined) and

SacllHIRAreverse 5'-TCCCCGCGGTCTTGCCCCACAGGATGTC
CAG-3’ (carrying a Sacll site, underlined).

RNAi-depletion of H3.3 and real-time PCR analysis

Transfections of H3.3-RNAi-duplex oligonucleotides were per-
formed using Lipofectamine LTX (Invitrogen). The RNAi-duplex
oligonucleotides (three sets of oligonucleotides corresponding to
both H3.3A and H3.3B genes) were purchased from Invitrogen.
These oligonucleotides have been prevalidated to confirm their
targeting specificity to H3.3A and H3.3B mRNAs. A set of control
scrambled RNAi-duplex oligonucleotides was also used. Cells were
harvested 24-48 h post-RNAi knockdown for the assessment of
the levels of endogenous H3.3 by real-time PCR analysis using the
SYBR system (Applied Biosystem). As internal controls, specific
primers corresponding to house-keeping gene Actin were used in
real-time PCR analysis. Changes in expression levels were calcu-
lated according to the manufacturer’s instruction . The sequences
of the H3.3 RNAi-duplexes were as follows:

H3.3A2 (AUGUACUUGCAUGUAGGACAACUCA and UGAGUUG
UCCUACAUGCAAGUACAU);

H3.3A3 (UUACAGGAACAGCACAGAAGACAGA and UCUGUC
UUCUGUGCUGUUCCUGUAA);

H3.3B2 (UUAGCGUGGAUGGCACACAGGUUGG and CCAACC
UGUGUGCCAUCCACGCUAA); and

H3.3B3 (AACUGGAUGUCUUUGGGCAUGAUGG and CCAUCA
UGCCCAAAGACAUCCAGUU).

The H3.3 and Actin primer sets used for real-time PCR analysis
were as follows:

H3.3AutrF1 (ATTTCTTATTGACGGCAACTAAATG) and H3.3AutrR1
(AATAGCAAACTTACAGGAACAGCACQ);

H3.3ButrF1 (TTGCTTGGTTAGAAAAGGCTAAAGTA) and H3.3ButrR1
(CCTATTAGAAAGATCCAAAACAGCA); and

Actin §'- TCCCTGGAGAAGAGCTACGA and Actin 3'- AGCACT
GTGTTGGCGTACAG.

ChIP assays

Cells were fixed in 0.8% paraformaldehyde in 1X PBS, washed ex-
tensively in 1 PBS, lysed in ice-cold Lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris-HCl at pH 8.0 and protease inhibitors; sonicated

chromatin products of ~100-300 bp), and diluted 10X in dilution
buffer (20 mM Tris-HCI at pH 8.0, 150 mM NacCl, 2 mM EDTA,
protease inhibitors, and 1 mg/mL bovine serum albumin). ChIP
was performed with the relevant antibody and captured with Pro-
tein A/G-Sepharose. DNA-protein complex was washed with 1x
wash buffer I (20 mM Tris-HCl at pH 8.0, 150 mM Nacl, 0.1% SDS,
1% Triton X-100, and 2 mM EDTA), 2 X wash buffer II (20 mM Tris-
HCI at pH 8.0, 250 mM NacCl, 0.1% SDS, 1% Triton X-100, and 2
mM EDTA) and eluted in 1% SDS and 100 mM NaHCOs;. Eluate
fraction was de-cross-linked by high-salt treatment (200 mM NacCl)
at 60°C followed by proteinase K treatment at 50°C. DNA extracted
was subjected to either PCR or dot blot analysis (see below).

Standard and telomere PCR analysis

PCR analysis was performed using the primer sets specific for
telomere (for details on Telomere PCR assays, see below) (Cawthon
2002) and major satellite DNA, followed by gel electrophoresis.
Signal intensities of the products were quantitated using Syngene
Gene Tools software (Synoptics Ltd). Telomere PCR assay (Cawthon
2002) has been widely used for quantitative measurement of
telomere length for a variety of cell types. It offers excellent ac-
curacy, sensitivity, and reproducibility compared with other
protocols developed for telomere measurements such as flow
cytometry and cytometric assay. PCR amplification of telomere
DNA was performed using primers tell and tel2 according to
a modified protocol (Cawthon 2002) with PCR cycling parameter
as described—10 min at 95°C, followed by 30 cycles of 15 sec at
95°C, and 2 min at 54°C. Real-time PCR was performed using Gold
AmpliTaq (Applied Biosystem). PCR amplification of pericentric
major satellite DNA was carried out by standard PCR procedure
using primers major satellitel and major satellite2. The sequences
of the primers were as follows:

tell (5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAG
GGT-3') and

tel2 (5'-TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCC
TA-3");

Major satellitel (5'-TGGCGAGAAAACTGAAAATCACGGA-3’) and

Major satellite2 (5'-TCTTGCCATATTCCACGTCCTACAG-3').

Dot blot analysis

DNA (50 ng) was diluted with 0.6 M NaCl, denatured (by heating
DNA at 100°C for 5 min and cooling on ice for 5 min), and trans-
ferred onto Hybond N+ nitrocellulose membrane. The membrane
was washed in 0.4 N NaOH at RT for 5 min, followed by neutral-
ization with 2Xx SSC twice. Subsequently, the membrane was sub-
jected to Southern blot analysis with [y->’P]ATP-end-labeled
(TTAGGG), telomere probe. Signal intensities were analyzed with
Typhoon Phospholmager System and ImageQuant software.

Pulse field gel electrophoresis and Southern blot analysis

Total genomic DNA was digested with Rsal and Hinfl and sub-
jected to either standard or pulse field (6 V/cm for 20 h at 14°C;
switch times ramped linearly from 0.5 to 6 sec using CHEF PFGE
Biorad system) gel electrophoresis, followed by Southern blot
analysis with a [y->’P]ATP-end-labeled (TTAGGG), telomere repeat
probe. Signal intensities were analyzed with Typhoon Phos-
pholmager System and ImageQuant software.

MNase digestion assays

Cells were lyzed in ice-cold TBS buffer (10 mM Tris at pH 7.5, 3 mM
CaCl,, 2 mM MgCl,, and protease inhibitor) containing 0.5%
Tween40 for 1 h and homogenized using a Dounce Homogeniser
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Tight/A pestle. Nuclei were pelleted and incubated in digestion
buffer (50 mM Tris at pH 7.5, 320 mM sucrose, 1 mM CaCl,, 4 mM
MgCl,, and protease inhibitor) with MNase (4-16 units/ug DNA)
at 37°C for various time course. Reaction was stopped with the
addition of 1/100 of 0.5 M EDTA, followed by gel electrophoresis
and Southern blot analysis with either [y-32P]ATP-end-labeled
(TTAGGG)4, a-*?P-labeled centromeric minor, or peticentric major
satellite probe. Signal intensities were analyzed with Typhoon
Phospholmager System and ImageQuant software.

Two-dimensional gel electrophoresis

Cells were resuspended in 1X PBS with 1.4% agarose (1:1 v/v),
digested with 1mg/mL Proteinase K in TENs buffer (100 mM EDTA,
0.2% sodium deoxycholate, and 1% sodium lauryl sarcosine) and
washed in 1X TE buffer (10 mM Tris at pH 7.5 and 1 mM EDTA). For
the first dimension, DNA plugs digested with Hinfl and Haelll were
fractionated on a 0.4% agarose gel at 1 V/cm for 25.5 h, followed by
second-dimensional electrophoresis on a 1% agraose gel at 6 V/cm
for 8 h and Southern blot analysis with a [y->*P]ATP-end-labeled
(TTAGGG),4 .probe. Signal intensities were analyzed with Typhoon
Phospholmager System and ImageQuant software.
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