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Summary
Werner syndrome (WS) is an autosomal recessive disorder, the hallmarks of which are premature
aging and early onset of neoplastic diseases (Orren 2006; Bohr 2008). The gene, whose mutation
underlies the WS phenotype, is called WRN. The protein encoded by the WRN gene, WRNp, has
DNA helicase activity (Gray et al. 1997; Orren 2006; Bohr 2008; Opresko 2008). Extensive
evidence suggests that WRNp plays a role in DNA replication and DNA repair (Chen et al. 2003;
Hickson 2003; Orren 2006; Turaga et al. 2007; Bohr 2008). However, WRNp function is not yet
fully understood. In this study, we show that WRNp is involved in de novo DNA methylation of
the promoter of the Oct4 gene, which encodes a crucial stem cell transcription factor. We
demonstrate that WRNp localizes to the Oct4 promoter during retinoic acid-induced
differentiation of human pluripotent cells, and associates with the de novo methyltransferase
Dnmt3b in the chromatin of differentiating pluripotent cells. Depletion of WRNp does not affect
demethylation of lysine 4 of the histone H3 at the Oct4 promoter, nor methylation of lysine 9 of
H3, but it blocks recruitment of Dnmt3b to the promoter and results in reduced methylation of
CpG sites within the Oct4 promoter. The lack of DNA methylation was associated with continued,
albeit greatly reduced, Oct4 expression in WRN-deficient, retinoic acid-treated cells, which
resulted in attenuated differentiation. The presented results reveal a novel function of WRNp, and
demonstrate that WRNp controls a key step in pluripotent stem cell differentiation.
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Introduction
Werner syndrome (WS) is an autosomal recessive disorder, the hallmarks of which are
premature aging and the early onset of degenerative and neoplastic diseases (Orren 2006).
Gene expression in WS closely resembles that of normal aging and supports the use of WS
as a model of aging (Orren 2006). The gene, whose mutation underlies the WS phenotype, is
called WRN. Mutations in WRN result in the instability of WRN mRNA, as well as
truncation of the protein with loss of the nuclear localization signal (NLS) and all or some
enzymatic domains of the protein (Orren 2006; Bohr 2008). The protein encoded by the
WRN gene, WRNp, has DNA helicase activity (Gray et al. 1997). WRNp is a member of
the RecQ DNA helicase family, which in humans includes four other members [RecQ1,
Bloom Syndrome Protein (BLM), RecQ4 and RecQ5 (Hickson 2003)]. WS cells exhibit
high sensitivity to the topoisomerase I poison camptothecin (Lebel & Leder 1998). These
and other data suggest that WRNp plays a role in DNA replication, recombination and repair
(Orren 2006; Bohr 2008). In addition, it has been shown that WRNp is involved in telomere
maintenance (Opresko et al. 2004). Finally, the similarities in transcriptional profiles of aged
and WS cells suggest that WRNp might be involved in transcriptional regulation (Kyng et
al. 2003). However, WRNp function is not yet fully understood, nor it is known if WRNp
plays a role in cellular processes that are unique to certain cell types and that are at the same
time crucial for the well-being of the whole organism. An example of such cell type-specific
process is stem cell differentiation.

Stem cells are undifferentiated cells that are capable of self-renewal and differentiation.
Most human tissues are composed of a majority of differentiated cells with a limited life
span. These cells die and the tissue shrinks, unless replenished by new cells. These new cells
originate from tissue stem cells, which compose only a small minority of the tissue cells.

A subspecies of stem cells are embryonic stem (ES) cells. These are pluripotent cells, which
can be obtained from early stage embryos (blastocyst) and can differentiate into all three
primary germ layers (Okita & Yamanaka 2006).

ES cells are characterized by the expression of stem cell transcriptional factors (ESTF),
which include Oct4, Nanog and Sox2 (Boiani & Scholer 2005; Okita & Yamanaka 2006;
Sun et al. 2006; Loh et al. 2008; Hu et al. 2009). Animal and other studies have suggested
that ESTFs are crucial for self-renewal of ES cells and pluripotency (Okita & Yamanaka
2006). This hypothesis was recently confirmed by reprogramming adult somatic cells into
induced pluripotent stem (iPS) cells, which posses ES cell properties (Wernig et al. 2007;
McDevitt & Palecek 2008). The reprogramming was achieved by re-introduction of ESTFs
into the somatic cells and it has been very recently shown that Oct4 alone is sufficient to
achieve reprogramming (Kim et al. 2009). However, recent studies demonstrated that Oct4
is not present solely in ES cells (or iPS cells), but that an Oct4-expressing subpopulation of
stem cells also exists in adults (Jiang et al. 2002; D'Ippolito et al. 2004; Kucia et al. 2006;
Pallante et al. 2007; Ratajczak et al. 2007). These Oct4-expressing cells might be critical to
the adult regenerative capacity (Edelberg & Ballard 2008).

During stem cell differentiation, the Oct4 gene is rapidly, and irreversibly repressed
(Feldman et al. 2006). This process of Oct4 inactivation involves a cascade of histone and
DNA modifications. First to occur is deacetylation of lysines 9 and 14 of histone H3. This is
accompanied by demethylation of the lysine 4 of H3 (H3K4). Later, trimethylation of lysine
9 of histone H3 (H3K9) can be observed. The histone methyltransferase responsible for this
event is G9a (also known as EHMT2). Trimethylated H3K9 (H3K9me3) serves as a binding
site for the heterochromatin protein 1 beta (HP1β). Finally, Oct4 promoter DNA is
methylated by the de novo DNA methyltransferase Dnmt3a/3b, the recruitment of which
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depends on G9a (Feldman et al. 2006; Li et al. 2007; Yeo et al. 2007; Epsztejn-Litman et al.
2008). DNA methylation makes Oct4 inactivation irreversible, and thus prevents Oct4 re-
expression. Although the process of Oct4 promoter suppression was thus described in some
detail, fundamental questions remain. One of these is the identity of putative cellular co-
factors that may cooperate with Dnmt3a/3b. In this study, we tested the hypothesis that the
Werner syndrome protein, WRNp, plays such a role and is required to ensure efficient DNA
methylation at the Oct4 promoter.

Results
As a cell model to study the potential role of WRNp in stem cell differentiation, we have
chosen NCCIT cells. NCCIT are a developmentally pluripotent cell line that can
differentiate into derivatives of all three embryonic germ layers and extraembryonic cell
lineages (Damjanov et al. 1993; Taranger et al. 2005). NCCIT cells express stem cell
markers at high levels, and extracts of NCCIT cells were shown to reprogram somatic cells
into pluripotent stem cells (Taranger et al. 2005). Following retinoic acid (RA) stimulation
to differentiate, NCCIT cells readily suppress, in an ES cell-like manner, Oct4 expression
(Cheng et al. 2007; Dahl & Collas 2007).

It has been noted that the RecQ helicases, including WRNp, engage in dynamic subnuclear
relocalizations in response to different stimuli, which include DNA damage and aberrations
in chromatin structure (Turaga et al. 2007; Bohr 2008). We first examined WRNp
association with the Oct4 promoter in undifferentiated cells and cells stimulated to
differentiate with varying amounts of RA using quantitative chromatin immunoprecipitation
(Q-ChIP). We observed a high degree of enrichment of WRNp at the Oct4 promoter of
undifferentiated cells (15 fold over background, Fig. 1). To determine if WRNp associates
with the Oct4 promoter during differentiation, we have examined WRNp accumulation at
the Oct4 promoter of RA-induced cells. We observed an accumulation of WRNp at three
days after RA addition (53 fold over background in cells stimulated with 1 µM RA and 112
fold over background in cells stimulated with 10 µM RA, Fig. 1A). We conclude that
WRNp associates with the Oct4 promoter in pluripotent cells, and accumulates at the
promoter during RA-induced differentiation.

To determine if the observed association of WRNp with the Oct4 promoter could be due to
an overall WRNp association with genomic DNA, we have investigated the presence of
WRN on the Nanog, CD4 promoters and β-globin promoters. The Nanog promoter is RA-
responsive, whereas the CD4 and β-globin promoters do not appear likely to respond to RA
(Feldman et al. 2006). We have found only a very weak association of WRNp with these
promoters (Fig. 1B). We conclude that the observed WRNp association with a promoter is
highly specific for Oct4.

To determine if WRNp plays a role in Oct4 regulation, we have transfected NCCIT cells
with shRNAs targeting WRN. Following selection in puromycin, we have obtained six
clones that expressed very low or undetectable levels of WRNp (Fig. 2). Four of these
clones were transfected with shRNA targeting nucleotides 1362 – 1390 of WRN (clones 31–
34, see Supplementary Table 3) and two clones (61 and 62) were transfected with shRNA
targeting nucleotides 3743 – 3771 of WRN. We have also developed a clone, in which G9a
was knocked down by shRNA. G9a knockdown did not affect intracellular levels of WRNp
(Fig. 2). These and control clones that were transfected with control plasmids (either the
empty vector or the vector encoding a non-effective scrambled shRNA cassette) were then
stimulated with RA to differentiate.
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First we investigated whether WRNp associates with the Oct4 promoter in WRNp-deficient
cells. As expected, we did not find enrichment of WRNp at the promoter (Supplementary
Fig. 1). We then studied the effect of WRNp knockdown on H3K4 demethylation, which is
an early histone modification during RA-induced differentiation. Three days after RA
addition, control, WRNp-expressing cells exhibited 97% decrease in the H3K4me2 at the
Oct4 promoter, when compared to nontreated cells (Fig. 3). RA treatment decreased
H3K4me2 at the Oct4 promoters of all WRNp-deficient clones, with the decrease ranging
from 83% to no detectable H3K4me2 after RA treatment (Fig. 3). We conclude that H3K4
demethylation appears to proceed normally in all WRNp-deficient clones. We then
examined H3K9 methylation. RA was reported to induce a dramatic accumulation of
trimethylated H3K9 (H3K9me3) at the Oct4 promoter (Feldman et al. 2006). We observed
that at three days after RA addition, control cells showed 9.4 fold upregulation of H3K9me3
when compared to untreated cells. WRNp-deficient, RA-stimulated clones exhibited similar
increases of H3K9me3 at the Oct4 promoter (5.1 to 16.3 fold, Fig. 3). We conclude that
WRNp knockdown does not reduce H3K4 demethylation, nor does it reduce H3K9
methylation at the Oct4 promoter.

The last step of Oct4 repression is DNA methylation of its promoter, which results in its
irreversible inactivation (Feldman et al. 2006; Epsztejn-Litman et al. 2008). To measure the
WRNp effect on this process, we have developed an HpaII and HhaI-based assay. These two
enzymes only cut unmethylated CpG sites. We have identified two HpaII sites – one in the
distal enhancer and another in the proximal enhancer – of the Oct4 promoter (GenBank No.
AJ297527, positions −2317 and −1399, Fig. 4A), and two HhaI sites in the proximal
enhancer (−759 and −231, Fig. 4A). We have digested DNA from undifferentiated and RA
treated cells with these enzymes and measured methylation of CpG sites in the Oct4
promoter using real-time PCR instead of the more traditional Southern blotting assay. The
real-time PCR assay allows us an accurate quantitation of DNA methylation in the cultured
cell population. CpG methylation blocks HpaII or HhaI digestion and thus increases the
PCR signal. WRNp-deficient and control cells were treated with RA for seven days. As
shown in Fig. 4 (and Supplementary Fig. 2), RA treatment induces methylation at CpG sites
in the distal enhancer (DE) and proximal enhancer (PE) regions of the Oct4 promoter of
control cells. We then analyzed DNA methylation at Oct4 promoters of the WRNp-deficient
clones 31–34 (see Fig. 2). We observed a dramatic reduction in DNA methylation in the DE
region of the promoter: 78–92% reduction in the B segment of DE (spaning the −2317 site,
Fig. 4B), and 66%-93% reduction in DNA methylation in the D segment (Fig. 4C).
37%-78% reduction was also found in the E segment of the PE region (Fig. 4D). No
significant reduction was observed in the F segment (Fig. 4E). Similarly, WRNp deficient
clones 61 and 62 showed a 67%-90% reduction in DNA methylation in the DE region (B
segment, Fig. 4F, Supplementary Fig. 3) and 29%-84% and 30%-65% reduction at the sites
in the PE region (D and E segment, Fig. 4G and 4H). No significant RA-induced differences
in DNA methylation were observed at one CpG site in the PE region (F segment, Fig. 4I).
As expected, G9a-deficient cells showed a similar degree of reduction in DNA methylation
(Fig. 4). To confirm that the observed reduction in DNA methylation is due to WRNp
knockdown, we have transduced NCCIT cells with lentiviral particles that contain three
expression constructs encoding shRNA targeting WRN. The three sequences target
nucleotides 3927 – 3945, 3974 – 3992, and 4312 – 4330. A polyclonal population of
puromycin-resistant cells expressed reduced levels of WRNp, when compared to control
cells (Supplementary Fig. 4A). An analysis of DNA methylation at the Oct4 promoter of
these cells demonstrated a 69% and 51% drop in the rate of methylation in the B and D
segments respectively of the WRNp-deficient population when compared to the control
population (Supplementary Fig. 4B). Taken together, the presented evidence indicates that
WRNp plays a role in DNA methylation at the Oct4 promoter.
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To determine if WRNp may play this role on different promoters, we have identified
potential methylation sites in the Nanog, CD4 and β-globin promoters. We note that the
Nanog promoter may be predominantly controlled by RA-induced histone modifications,
rather than DNA methylation, although some DNA methylation has been reported to occur
(Feldman et al. 2006; Dahl & Collas 2007; Barrand & Collas 2010). The CD4 promoter was
not reported to be methylated in response to RA; however, it does contain a potential
methylation site. We did not identify a potential methylation site in the β-globin promoter.
As shown in Fig 5, the Nanog promoter is somewhat methylated in response to RA
treatment, but to a much lower degree than the Oct4 promoter. Nanog promoter methylation
occurs even in WRNp-deficient cells and is thus not dependent on WRNp. The CD4
promoter is not methylated in response to RA (Fig. 5). We conclude that the WRNp role in
methylation of promoter DNA appears to be specific for the Oct4 promoter, and correlates
with the presence of WRNp on the promoter (see Fig. 1).

Finally, we have analyzed the potential WRNp role in the maintenance of Oct4 promoter
methylation in somatic cells. We have treated normal primary fibroblasts with WRNp
siRNA, or knocked down WRNp using an shRNA approach. We have observed that the
Oct4 promoter is methylated in these cells, and the levels of promoter methylation do not
depend on WRNp (Supplementary Fig. 5). This result may suggest that WRNp does not
control the maintenance of Oct4 promoter methylation, and its effect may be limited to de
novo methylation, as demonstrated above (Fig. 4). However, we cannot exclude the
possibility that other differences between NCCIT cells and primary fibroblasts may underlie
different effects of WRNp knockdown in the two settings.

Knockout experiments demonstrated that DNA methylation at the Oct4 promoter depends
on Dnmt3b (Feldman et al. 2006). Since WRNp appears to control this methylation, we
examined the putative interaction between Dnmt3b and WRNp. A western blotting analysis
demonstrated that Dnmt3b is present in the chromatin fraction of both control and WRNp-
deficient cells (Fig. 6A). We note that Dnmt3b migrates as two bands on SDS-PAGE, which
likely reflect different Dnmt3b isoforms [Fig. 6A, (Okano et al. 1998; Xie et al. 1999)]. An
immunoprecipitation analysis revealed that Dnmt3b is present in the chromatin fraction of
WRNp immunoprecipitates (Fig. 6B, top). RA treatment upregulates the amount of Dnmt3b
which immunoprecipitates with WRNp (Fig. 6B). To test the possibility that Dnmt3b is
recognized by the WRNp antibody, we performed the immunoprecipitation analysis on
WRNp-deficient cells (Fig. 6B, bottom). We did not detect the presence of Dnmt3b in
WRNp immunoprecipitates in these cells. In addition, we performed reverse co-
immunoprecipitation and investigated the presence of WRNp in Dnmt3b
immunoprecipitates from RA treated cells. Fig. 6C shows that WRNp co-
immunoprecipitates with Dnmt3b, when the latter is immunoprecipitated with the Dnmt3b
antibody. We conclude that Dnmt3b is present in a protein complex that contains WRNp,
and the accumulation of this complex increases upon the induction of differentiation. A
densitometry analysis showed that less than 10% of chromatin bound Dnmt3b associates
with WRNp in RA-treated cells (Fig. 6B, data not shown). On the other hand, approximately
20% of chromatin-bound WRNp immunoprecipitates with Dnmt3b in RA-treated cells (Fig.
6C, data not shown). Finally, we investigated the possibility that the WRNp and Dnmt3b
association is mediated by DNA. We used a dual approach. In some samples, we treated the
cell lysates with DNAse, which has been employed to this purpose previously (Otterlei et al.
2006). Other samples were treated with ethidium bromide (EtBr) in immunoprecipitation,
because EtBr was shown to reduce association of proteins with DNA (Lai & Herr 1992;
Monahan et al. 1998). However, neither of these treatments reduced the association of
Dnmt3b and WRNp (Fig. 6D). We conclude that the observed association of WRNp and
Dnmt3b is due to a protein-protein interaction.
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The case for a Dnmt3b role in DNA methylation at the Oct4 promoter is based on the
finding that the Oct4 promoter remains unmethylated in Dnmt3b-deficient cells (Feldman et
al. 2006). This result suggests that Dnmt3b should accumulate at the Oct4 promoter in RA-
treated NCCIT cells. To test this hypothesis, we performed the Q-ChIP assay and
determined that Dnmt3b is highly enriched at the promoter of RA-treated control cells. The
number of Oct4 amplicons associated with Dnmt3b in RA-treated control cells was about 58
fold higher than the number amplicons detected by Q-ChIP analysis of untreated cells (Fig.
6E). On the other hand, WRNp-deficient cells displayed minimal enrichment of Dnmt3b at
the Oct4 promoter in RA-treated WRNp-deficient clones when compared to untreated
WRNp-deficient cells (0.88–3.68 fold enrichment, Fig. 6E). We conclude that WRNp
facilitates Dnmt3b recruitment to the Oct4 promoter. The co-immunoprecipitation analysis
suggests that WRNp may physically interact with Dnmt3b in this process.

RA treatment of ES cells results in a complete inactivation of the Oct4 promoter and
disappearance of the Oct4 protein. We demonstrated in this study that the Oct4 inactivation
process in NCCIT cells mirrors that of ES cells. We then tested if the Oct4 protein is absent
in RA-treated NCCIT cells. Seven days of RA treatment results in complete repression of
Oct4 expression in WRNp-expressing NCCIT cells (Fig. 7A). As expected, G9a knockdown
resulted in continued, but weaker Oct4 expression in RA-treated cells. Interestingly, WRNp-
deficient NCCIT cells also continue to express the Oct4 protein after RA treatment, albeit at
highly reduced levels (Fig. 7A). This was an unexpected finding, since DNA methylation of
the Oct4 promoter is secondary in ES cells to chromatin changes and not necessary to
achieve full suppression of Oct4 (Feldman et al. 2006). To determine if the observed
“leaky” expression of Oct4 can be attributed to the deficient DNA methylation at the Oct4
promoter, we have asked if increased Dnmt3b expression can revert this phenotype and
induce full suppression of Oct4. Dnmt3b expression is controlled by retinoblastoma like
protein 2 [Rbl2, (Benetti et al. 2008;Sinkkonen et al. 2008)]. We have knocked down Rbl2
expression in RA-treated cells by siRNA treatment and measured Dnmt3b expression in
these cells. We observed that Dnmt3b is strongly upregulated in RA-treated, Rbl2-deficient
cells (Fig. 7B, left). We then asked if this treatment results in increased methylation of the
Oct4 promoter. As shown in Fig. 7B (right), Rbl2 knockdown reverts the hypomethylation
of the Oct4 promoter in WRNp-deficient cells and increases the methylation by about 3 fold.
Finally, we assayed for Oct4 expression. The Oct4 protein was completely absent in RA-
treated Rbl2- and WRNp-deficient cells, but not in RA-treated WRNp-deficient cells that
were treated with control siRNA (Fig. 7C).

Finally, we have performed a Dnmt3b overexpression experiment. We transfected an
expression vector encoding Dnmt3b into control and WRNp-deficient cells, both in the
presence and absence of RA. Similarly to Rbl2 knockdown, Dnmt3b overexpression
extinguished the residual Oct4 expression in RA-treated WRNp-deficient cells
(Supplementary Fig. 6A). Analysis of methylation at the Oct4 promoter in these cells
demonstrated increased methylation of promoter DNA, similar to that obtained by Rbl2
knockdown (Supplementary Fig. 6B). We conclude that at least in a fraction of cells, DNA
methylation is necessary for a complete suppression of Oct4 expression, and increased
Dnmt3b expression can compensate for the reduced Oct4 promoter DNA methylation in
WRNp-deficient cells.

The primary function of the Oct4 protein is to maintain pluripotency (Boiani & Scholer
2005). The residual Oct4 expression in RA-treated cells might thus suggest a potential
defect in differentiation. To investigate this possibility, we have assayed the expression of
stem cell markers in RA-treated control and WRNp-deficient cells. We have analyzed the
expression of TRA-1-60 and TRA-1-81 markers, as well as the presence of EpCAM, which
was recently identified as a marker of undifferentiated human ES cells (Damjanov et al.
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1993; Lu et al. 2010; Ng et al. 2010). RA treatment highly reduced or extinguished
expression of these markers in control cells (Fig. 8A). However, WRNp-deficient cells still
expressed significant amounts of these proteins one week after they were stimulated to
differentiate (Fig. 8A). To investigate the relationship between the residual Oct4 expression
and the expression of the above mentioned stem cell markers, we knocked down Oct4
expression using siRNA treatment. Using this approach, Oct4 expression was completely
extinguished in RA-treated WRNp-deficient cells (Fig. 8B). We then again assayed the
expression of stem cell markers. As shown in Fig. 8B, Oct4 knockdown resulted in
suppression of all examined markers. We conclude that the residual Oct4 expression in RA-
treated WRNp-deficient cells leads to the maintenance of stem cell markers in cultures.
These data suggest that WRNp deficiency attenuates stem cell differentiation.

Discussion
In this study, we identify a previously unknown function of the Werner syndrome protein.
We demonstrate that WRNp translocates to the promoter of a stem cell transcription factor
during retinoic acid-induced differentiation, and regulates recruitment of a de novo DNA
methyltransferase to this promoter (Fig. 9). Our data show for the first time that WRNp is
involved in de novo DNA methylation, and a key step of stem cell differentiation, which is
silencing of the Oct4 gene. Studies in plants, and recently mice, suggest that DNA helicases
of the SNF2 family are involved in DNA methylation (Bourc'his & Bestor 2002;Xi et al.
2009). In contrast, the human WRN gene belongs to the RecQ family of DNA helicases,
which was shown to play a role in replication-associated DNA repair (Hickson 2003;Bohr
2008). The presented results thus open up the possibility that the RecQ family plays a wider
role in cellular processes than previously suspected.

We have observed that WRNp accumulates at the Oct4 promoter in RA-induced pluripotent
cells. To study the potential WRNp role in regulation of the Oct4 promoter, we have
developed WRNp-deficient cells. We have used an shRNA approach, since inactivation of
Oct4 in differentiating cells is a process that takes up to one week and thus long-term
suppression of WRNp is needed. To minimize any potential effects that could be due to
either clonal selection or to some shRNA effect that is not due to WRNp suppression, we
have used a three-pronged approach. We have developed clones, where WRNp was
suppressed by one of two different shRNAs, and we have also employed a pool of clones,
where WRNp was suppressed by a mixture of lentivirus-delivered shRNAs (Fig. 2 and
Supplementary Fig. 3). All of the clones showed defects in de novo methylation at the Oct4
promoter. These results indicate that the observed phenotype is indeed due to knockdown of
WRNp.

In contrast, WRNp knockdown in differentiated cells (primary fibroblasts) did not affect the
maintenance of Oct4 methylation in these cells. This finding again supports the role of
WRNp in de novo, but not maintenance methylation.

Inactivation of Oct4 is a multistep process, in which a key role is played by the G9a histone
methyltransferase. G9a methylates the H3K9 residue, and is required for the recruitment of
Dnmt3b (Feldman et al. 2006). We observed that WRNp-deficient clones show a lack of
DNA methylation similar to that of G9a-deficient cells (c). These data led us to examine the
G9a function in RA-induced WRNp-deficient cells. However, we observed that G9a-
dependent H3K9 methylation does not appear to be affected in WRNp-deficient cells. This
result places WRNp downstream of G9a in the process of Oct4 inactivation. On the other
hand, co-immunoprecipitation results indicate that WRNp is in a protein complex with
Dnmt3b. The formation of this complex is inducible by RA, and the complex is present
almost exclusively in the chromatin of cell lysates. In the absence of WRNp, Dnmt3b
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recruitment to the Oct4 promoter is dramatically reduced. Consistently, WRNp-deficient
cells show profound differences in Dnmt3b-dependent DNA methylation. These data
indicate that WRNp acts exclusively at the last step of Oct4 inactivation.

What is the mechanism involved in Dnmt3b recruitment? One possibility is a direct
interaction between the WRNp and Dnmt3b proteins, which are apparently present in the
same protein complex. Dnmt3b was reported to directly bind to the ankyrin domain of G9a,
and this interaction was shown to be necessary for Dnmt3b recruitment to the Oct4 promoter
(Epsztejn-Litman et al. 2008). One possible explanation for the WRNp effect on Dnmt3b
recruitment is that WRNp may enhance the association of Dnmt3b with G9a. However,
WRNp could also facilitate Dnmt3b binding to Oct4 promoter DNA, possibly through its
own binding to DNA. We cannot also exclude a possibility that the WRNp helicase activity
may play a role, and changes in DNA structure due to this activity may contribute to
Dnmt3b recruitment. A deletion analysis, included in our future experiments, will determine
if the helicase function, or even possibly the N-terminus of WRNp, which has a nuclease
function, are involved.

It has been proposed very recently that one of the main causes of aging might be a reduced
ability of stem cells to differentiate (Edelberg & Ballard 2008). We have observed that the
residual expression of Oct4 in RA-treated WRNp-deficient cells leads to persistence of stem
cell makers in the culture and thus appears to attenuate differentiation. The presented results
are consistent with the hypothesis that inefficient stem cell differentiation may contribute to
aging, due to a reduced number of some cell types in developed organs. We also note that
Oct4 expression was recently reported, in addition to human ES cells, in adult stem cells
(Edelberg & Ballard 2008). It will be intriguing to investigate whether the regulation of Oct4
expression in these cells changes with age, due to either epigenetic inactivation or mutations
in WRNp, or other proteins that are involved in Oct4 regulation. However, we note that
given the fact that both WRNp-deficient individuals and mice develop relatively normally
(Lebel & Leder 1998; Lombard et al. 2000), alternative, WRNp-independent mechanisms
that control de novo methylation must exist, even if they may not be as efficient as normal
WRNp. To test this hypothesis, we have investigated methylation of the Oct4 promoter in
differentiated fibroblasts of two WS patients. We found in one case, hypomethylation at the
D segment of the promoter. However, in the other case, the Oct4 promoter was fully
methylated (data not shown). It thus appears that other, alternative pathways may, to some
extent, replace the WRNp function. It remains to be seen if these pathways involve DNA
helicases and/or other proteins that may repress Oct4 expression, such as histone
deacetylases, and methyltransferases.

Finally, the role of WRNp in Oct4 inactivation may suggest a new link between tumor
formation and WRNp. WRN is a tumor suppressor gene and its mutations or epigenetic
inactivation have been associated with tumorigenesis (Hickson 2003; Esteller 2007; Bohr
2008). The exact mechanism of how a loss of WRNp contributes to tumor formation is not
yet known, although the relationship between DNA repair deficiencies and cancer is well
established. One can thus assume that there is a causal link between the role of this protein
in DNA repair and cancer development in its absence. However, it has also been repeatedly
shown that aberrant DNA methylation is associated with cancer (Laird & Jaenisch 1996;
Linhart et al. 2007; Meissner et al. 2008). A loss of WRNp may affect de novo methylation
by Dnmt3b and contribute to cancer development in this way. In addition, several types of
cancer stem cells were recently shown to express Oct4, and ectopic expression of Oct4
promotes tumorigenesis in mice (Hochedlinger et al. 2005; Ben-Porath et al. 2008; Tang et
al. 2008; Du et al. 2009; Suva et al. 2009). A lack of DNA methylation of the Oct4
promoter due to a loss of WRNp function may lead to Oct4 re-expression, and thus
contribute to tumor development.
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Methods
shRNA and siRNA reagents

Plasmids encoding shRNA were transfected with Lipofectamine™ 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instructions. shRNA against WRNp
was purchased from Origene [TI333413 (clones 31–34) and TI333416 (clones 61 and 62),
(Rockville, MD, USA)]. An empty control plasmid (TI20003, Origene) and control non-
targeting shRNA (TI30003, Origene) were utilized. A plasmid encoding shRNA against G9a
was also stably transduced into NCCIT cells (TI1319244, Origene). siRNA targeting Rbl2,
Oct4, and control siRNA were obtained from Dharmacon (M-003299-03, M-019591-03, and
D-001206-13, and D-001210-02-05, Lafayette, CO, USA). siRNA targeting WRN was
obtained from Qiagen (SI02663759) and the control siRNA for this experiment was
purchased from Dharmacon (D-001210-02-05). Lentiviral particles encoding 3 shRNAs
targeting WRN (sc-36843-v) or scrambled control shRNA (sc-108080) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). See Supplementary Table 3.

Cell culture and transfections
NCCIT cells (ATCC, Manassas, VA, USA) were propagated in RPMI 1640 medium with
10% fetal bovine serum, non-essential amino acids, and antibiotics. The primary fibroblasts
(GM00200) were obtained from the Coriell Institute for Medical Research (Camden, NJ)
and propagated in the above described medium. NCCIT were stimulated with 10 µM
retinoic acid (Sigma, St. Louis, MO, USA) to differentiate for the indicated time periods. To
knock down WRNp, cells were transfected with plasmids encoding shRNA (Supplementary
Table 3) and a puromycin resistance marker using Lipofectamine™ 2000 (Invitrogen,
Carlsbad, CA, USA). Two days post-transfection, cells were selected for puromycin
resistance by addition of the drug [2 µg/ml (MP Biomedicals, Solon, OH, USA)]. Individual
puromycin-resistant clones were then analyzed by western blotting to determine WRNp
levels. siRNA against Rbl2, Oct4 or WRN were transfected with Lipofectamine™
RNAiMAX (Invitrogen) as described in the manufacturers instructions. The Dnmt3b-
encoding plasmid was obtained from Origene (RC223206). It and a control noncoding
plasmid (pcDNA3.1) were transfected into cells using Lipofectamine™ 2000 (see above).

Western blot analyses and co-immunoprecipitations
Cells were lysed in a lysis buffer containing 1% Triton X-100 and the chromatin fraction
was separated from the rest of the lysate as described (Smith et al. 2008). For western
blotting analyses, lysates were run on SDS-PAGE. Blots were probed with antibodies
specific for WRN, Oct4, Dnmt3b, and histone H3, as listed in Supplementary Table 1.
Bands were detected using chemiluminiscence (see Supplementary Table 1 for antibodies
used). For co-immunoprecipitations, lysates of 1×106 cells per sample were used. Chromatin
fraction was resuspended in 250 µl of the lysis buffer, briefly sonicated to break DNA and
cleared by centrifugation prior to addition of the antibody (WRN or IgG control antibody).
For DNAse treatment, lysates were treated with 300 U/ml DNAse for 30 min at room
temperature prior to immunoprecipitation. Antibody-protein complexes were then isolated
by binding to protein A/protein G+ agarose (Calbiochem, Gibbstown, NJ, USA) and
analyzed on 7.5% SDS-PAGE.

Chromatin immunoprecipitation
Q-ChIP experiments were performed essentially as described (Dahl & Collas 2007). NCCIT
cells were treated with RA (Sigma, St. Louis, MO, USA) for indicated periods of time and
equal amounts of cells (1–3×106 per sample) were then harvested, treated with crosslinking
agents and processed for Q-ChIP. Immunoprecipitations were performed with following

Smith et al. Page 9

Aging Cell. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antibodies: anti-WRNp, H3K4me2, H3K9me3 and Dnmt3b. For real-time PCR, 2 µl of the
50 µl DNA extract was used, with Oct4 primers and probes indicated in Supplementary
Table 2.

DNA methylation assay
Cells were stimulated with 10 µM RA (Sigma, St. Louis, MO, USA) for 7 days, then
harvested, DNA extracted and digested (600ng) with the methylation-sensitive enzymes
HpaII or HhaI [R0171 and R0139 respectively (New England Biolabs, Ipswich, MA, USA)],
see Fig. 4 for location of restriction sites]. The digested DNA was then subjected to real-
time PCR with primers targeting regions of the Oct4 promoter that flank the restriction sites.

Real-time PCR
Primer/probe sets were designed using the IDT RealTime PCR SciTool. FAM™/Iowa
Black® FQ dual-labeled probes were utilized [PrimeTime qPCR Assays, (Integrated DNA
Technologies, Coralville, IA, USA)]. Real-time PCR was performed using a LightCycler 1.5
with software 3.5.3 (Roche) or a Stratagene Mx3000P with the MxPro software. Reaction
mixtures contained QuantiFast Probe 2x mix (Qiagen, Valencia, CA, USA), 100nM probe,
and 200nM primers. The standard cycling conditions were 95° for 3 min followed by 50
cycles at 95 ° for 3 s and 60 ° for 30 s. Samples were run in triplicate, except Supplementary
Fig. 4, where they were run in duplicate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Enrichment of WRNp at the Oct4 promoter
(A) Q-ChIP analysis of WRNp levels at the Oct4 promoter in undifferentiated pluripotent
cells and cells stimulated to differentiate with either 1 or 10 µM RA for three days. WRNp
was immunoprecipitated from NCCIT lysates and the amount of associated Oct4 promoter
DNA was measured by real-time PCR using the Oct4 B probe and primers (See
Supplementary Table 2). Left – raw data, Oct4 promoter amplicons detected in samples with
0, 1, or 10 µM RA, immunoprecipitated with a WRN antibody (WRNp), or without antibody
to determine extent of background signal (Background). Error bars indicate standard
deviation. Right – ratio of Oct4 promoter amplicons detected in lysates immunoprecipitated
with the antibody over the signal detected in no antibody control samples. (B) WRNp
enrichment at the Nanog, CD4 and β-globin promoters in the presence and absence of RA
(fold enrichment over background). Cells were treated as in A.
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Fig. 2. shRNA-mediated knockdown of WRNp in NCCIT cells
NCCIT cells were transfected with plasmids encoding one of two types of shRNA against
WRN, or shRNA against G9a, or one of two control plasmids (CV – empty vector, CS –
vector control expressing a scrambled, non-targeting sequence, G(−) – G9a-deficient clone,
31–34, 61, and 62 – WRNp deficient clones, see Supplementary Table 3). Transfected cells
were selected in puromycin and individual clones were isolated and subjected to western
blotting analysis with a WRNp antibody or a γ-tubulin control.
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Fig. 3. WRNp knockdown does not affect changes in histone methylation during pluripotent cell
differentiation
Q-ChIP analysis of Oct4 promoter DNA associated with H3K4me2 (dimethylated lysine 4
of H3) and H3K9me3 (trimethylated lysine 9 of H3) in undifferentiated and RA treated
cells. Results are presented as a ratio of amplicons (Oct4 B primer/probe set, see
Supplementary Table 2) detected in differentiated over non-differentiated samples. Cells
were treated with 10 µM RA for 72 hrs, when histone methylation changes were shown to
peak (Feldman et al. 2006).
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Fig. 4. Deficient DNA methylation of the Oct4 promoter in WRNp-deficient clones
During the differentiation of NCCIT cells, Oct4 promoter DNA is progressively methylated
and thus becomes resistant to the methylation-sensitive enzymes HpaII and HhaI. Cells were
stimulated with 10 µM RA for 7 days then harvested, DNA extracted and digested with the
methylation-sensitive enzymes HpaII or HhaI. The digested DNA was then subjected to
real-time PCR with primers targeting segments of the Oct4 promoter that flank the
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restriction sites. Error bars indicate standard deviation. (A) Map of the Oct4 promoter with
the location of the HpaII and HhaI restriction sites and DNA methylation sites (GeneBank
No. AJ297527) and amplified Oct4 segments (B, D, E, and F). (B) CpG methylation status
in the Oct4 B region of undifferentiated and RA treated WRNp-deficient, G9a-deficient and
control cells (see Fig. 2 for terminology). The results are shown as the number of amplicons
obtained with DNA from undifferentiated cells (−) as well as cells that were stimulated to
differentiate with RA (+) (left panels). Right – a ratio of the number of amplicons detected
in stimulated vs. non-stimulated samples (after adjustment to DNA input according to qPCR
signal of undigested samples). (C) CpG methylation status in the Oct4 D region. (D) CpG
methylation status in the Oct4 E region. (E) CpG methylation status in the Oct4 F region. (F)
CpG methylation status in the Oct4 B region of undifferentiated and RA treated WRNp-
deficient clones 61 and 62 and control cells. Cells were treated as in Fig. 4A-E. (G) CpG
methylation status in the Oct4 D region of 61 and 62 clones. (H) CpG methylation status in
the Oct4 E region. (I) CpG methylation status in the Oct4 F region of 61 and 62 clones. See
Supplementary Figs. 2 and 3 for additional information.
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Fig. 5. Methylation on Nanog, CD4 and β-globin promoters
Cells were treated with RA as described in Fig. 4. DNA was extracted and digested with
HpaII. The digested DNA was then subjected to real-time PCR with primers targeting
segments of the Nanog and CD4 promoter that flank the HpaII restriction sites in these
promoters. No such restriction site was found in the β-globin promoter. Control cells – CV
(see Fig. 4), WRNp-deficient cells – clone 61 (see Fig. 4).
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Fig. 6. WRNp is in a complex with and is required for Dnmt3b recruitment to the Oct4 promoter
(A) Dnmt3b is localized in the chromatin fraction of control and WRNp-deficient cells. CV
and WRNp-deficient cells (clone 61) were treated with 10 µM RA for 3 days. Chromatin
fraction was then separated and both chromatin-lacking lysates (L) and the chromatin
fraction (Ch) were analyzed by western blotting. H3 – histone H3, loading control for the
chromatin fraction, Trim5α – cytoplasmic fraction loading control. (B) Dnmt3b is present in
WRNp immunoprecipitates. Top: WRNp-proficient control cells (CV, see Fig. 2) were
stimulated with 10 µM RA for 3 days. WRNp then was immunoprecipitated from the
chromatin-lacking lysates and from the chromatin fraction of undifferentiated and RA
treated cells. WRNp immunoprecipitates were resolved on SDS-PAGE and Dnmt3b was
detected by western blotting analysis. ChI – whole chromatin input lysate of RA-treated
cells (1/10 of the immunoprecipitation input), D3 – chromatin input lysate
immunoprecipitated with the Dntm3b antibody, W – lysates immunoprecipitated with a
WRNp antibody, I – lysates immunoprecipitated with normal rabbit IgG. Bottom: Control
cells and WRNp-deficient cells (clone 61) were stimulated with 10 µM RA for 3 days.
WRNp then was immunoprecipitated from the chromatin fraction of undifferentiated and
RA treated cells. (C) WRNp is present in Dnmt3b immunoprecipitates. WRNp-proficient
control cells (CV, see Fig. 2) were stimulated with 10 µM RA for 3 days. WRNp and
Dnmt3b then were immunoprecipitated from the chromatin fraction. Immunoprecipitates
were resolved on SDS-PAGE and WRNp was detected by western blotting analysis. ChI –
whole chromatin input lysate of RA-treated cells (1/10 of the immunoprecipitation input), W
– lysates immunoprecipitated with a WRNp antibody, D3 - lysates immunoprecipitated with
a Dnmt3b antibody, I – lysates immunoprecipitated with normal rabbit IgG. (D) Effect of
EtBr and DNAse on Dnmt3b and WRNp co-immunoprecipitation. WRNp-proficient control
cells (CV, see Fig. 2) were stimulated with 10 µM RA for 3 days. WRNp was
immunoprecipitated from the chromatin fraction as in Fig. 6B and C, except cell lysates
were treated with EtBr (100 µg/ml) or DNAse prior to immunoprecipitation (see Methods).
Immunoprecipitates were resolved on SDS-PAGE and Dnmt3b was detected by western
blotting analysis. Et – EtBr-treated lysates, Ds – DNAse-treated lysates, M – mock-treated
lysates, W – lysates immunoprecipitated with a WRNp antibody, I – lysates
immunoprecipitated with normal rabbit IgG. (E) Q-ChIP analysis of Dnmt3b levels at the
Oct4 promoter regions of control and WRNp-deficient cells. Cells were treated with RA for
three days as described above and then subjected to Q-ChIP analysis using a Dnmt3b
antibody.
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Fig. 7. Oct4 expression and Oct4 promoter methylation status in RA-treated WRNp-deficient
cells
(A) RA-treated WRNp-deficient cells continue to express Oct4. WRNp-deficient (31–62),
G9a-deficient [G(−)] and control (CV) cells were treated with 10 µM RA for 7 days, after
which cells were harvested and Oct4 expression analyzed by western blotting (+, cells
treated with RA; −, untreated, control samples). (B) Rbl2 knockdown stimulates Dnmt3b
expression and reverses the Oct4 promoter methylation defect of WRNp-deficient cells. The
day following RA addition, cells were treated with siRNA targeting Rbl2. Left – Dnmt3b
expression in WRNp-deficient cells (61) treated with control (Ci) or Rbl2 siRNA (Ri) at 5
days after RA addition. Right – DNA methylation in the Oct4 promoter B region. (C) Oct4
expression in differentiated (+RA) and undifferentiated (−RA) control and WRNp-deficient
cells treated with siRNA. Cells were treated as in B. Oct4 expression was analyzed by
western blotting 7 days after RA addition.
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Fig. 8. Expression of stem cell markers in WRNp-deficient cells
(A) Control (CV, CS) and WRNp-deficient cells (31) were treated with RA for 7 days. Cells
were then harvested and the presence of stem cell markers was analyzed by western blotting
(+, cells treated with RA; −, untreated control samples). TRA-1-60, TRA-1-81 and EpCAM
bands are indicated. γ-tubulin served as a loading control. (B) WRNp-deficient cells (31)
were treated with RA for 7 days. Cells were then transfected with Oct4 siRNA (Oi) or
control siRNA (Ci). Three days after transfection, cells were harvested and the expression of
stem cell markers analyzed as described above (−RA – untreated cells, +RA − RA treated
cells).
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Fig. 9. Model of the WRNp role in the regulation of Oct4 inactivation in differentiating
pluripotent cells
For details see text.
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