Cell Research (2011) 21:911-921.
©2011 IBCB, SIBS, CAS Al rights reserved 1001-0602/11 $ 32.00
www.nature.com/cr

e

ORIGINAL ARTICLE

Smek promotes histone deacetylation to suppress
transcription of Wnt target gene brachyury in pluripotent
embryonic stem cells
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In embryonic stem cells (ESCs), Wnt-responsive development-related genes are silenced to maintain pluripo-
tency and their expression is activated during differentiation. Acetylation of histones by histone acetyltransferases
stimulates transcription, whereas deacetylation of histones by HDAC:s is correlated with transcriptional repression.
Although Wnt-mediated gene transcription has been intimately linked to the acetylation or deacetylation of histones,
how Whnt signaling regulates this type of histone modification is poorly understood. Here, we report that Smek, a reg-
ulatory subunit of protein phosphatase 4 (PP4) complex, plays an important role in histone deacetylation and silenc-
ing of the Wnt-responsive gene, brachyury, in ESCs. Smek mediates recruitment of PP4c and HDACT to the Tef/Lef
binding site of the brachyury promoter and inhibits brachyury expression in ESCs. Activation of Wnt signaling during
differentiation causes disruption of the Smek/PP4c/HDAC1 complex, resulting in an increase in histones H3 and H4
acetylation at the brachyury gene locus. These results suggest that the Smek-containing PP4 complex represses tran-
scription of Wnt-responsive development-related genes through histone deacetylation, and that this complex is essen-
tial for ESC pluripotency maintenance.
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Introduction

Once activated by the Wnt-signaling pathway,
[-catenin is stabilized by inactivation of GSK-3f3 and en-
ters the nucleus, where it interacts with DNA-bound Tcf/
Lef factors to activate transcription of Wnt target genes
[1]. Several studies revealed a correlation between the
acetylation of histones and transcriptional activity. Acety-
lation of nucleosomal histones by histone acetyltrans-
ferases stimulates transcription, whereas deacetylation of

Correspondence: Wange Lu’, Jungmook Lyu”

"Tel: +1-323-442-1618; Fax: +1-323-442-4040

E-mail: wangelu@usc.edu

"Tel: +1-323-442-2497

E-mail: jungmool@usc.edu

Received 15 September 2010; revised 22 November 2010; accepted 25
November 2010; published online 22 March 2011

nucleosomal histones by HDACs is correlated with tran-
scriptional repression [2, 3]. The transcription induced
by Wnt signaling is accompanied by histone acetylation
[4]. Inhibition of HDAC activity enhances Wnt-mediated
transcriptional activation. In contrast, overexpression
of HDACI represses Wnt-induced transcription by
deacetylating histone [5]. A known regulatory mecha-
nism of HDAC function in transcriptional repression of
Wnt-responsive genes is through interacting with Tcf/
Lef proteins [6]. B-catenin converts Tcf/Lef transcrip-
tional repression complex containing HDACI into a
transcriptional activator [6]. However, a recent study has
shown that overexpression of B-catenin in the presence
of extracellular Wnt inhibitor, Dickkopf-1 (Dkk1), does
not cause brachyury expression during differentiation
of ESCs [7]. These results suggest a possibility that the
silencing of Wnt-mediated development-related genes in
ESC requires transcriptional repressors that are affected
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by Wnt signaling upstream of B-catenin.

Smek1 and Smek?2 (also termed PP4R3a and PP4R3p,
respectively) are regulatory subunits of PP4 complex [8,
9]. Smek functions in a variety of molecular processes,
including regulation of MEK in Dictyostelium cells [10],
dephosphorylation of y-H2AX in somatic mammalian
cells [9], transcriptional modulation of DAF-16/FOX03a
in C. elegans [11], and regulation of the intracellular
localization of Miranda in Drosophila neuroblasts [12].
However, the role of Smek in molecular and cellular pro-
cesses in ESCs is unknown. We show here that a Smek/
PP4c complex binds to HDAC1 and occupies the Tef/
Lef binding region of brachyury promoter. Furthermore,
activation of Wnt signaling promotes disruption of the
Smek/PP4c/HDAC1 complex, resulting in transcriptional
activation of the brachyury gene. These results suggest
that Smek/PP4c functions as a transcriptional repressor
to silence Wnt-responsive development-related gene and
is required for ESC self-renewal.

Results

Smek is required for ESC self-renewal by suppressing
differentiation into mesoderm

In order to elucidate functions of Smek in ESCs, ESC
lines expressing stable shRNAs targeting Smekl, Smek2,
or both (Smeki/2 shRNA), were generated. These shR-
NAs effectively inhibited expression of their targets
(Figure 1A, a). Pluripotency was maintained in ESCs
expressing sShRNA for either Smek! or Smek2, as cells re-
vealed no change in morphology or alkaline phosphatase
staining (Figure 1A, ¢ and d) when compared with con-
trol shRNA-expressing ESCs (Figure 1A, b). Remark-
ably, double knockdown of Smekl and Smek2 resulted
in ESC colonies composed of morphologically altered
cells and reduced alkaline phosphatase staining (Figure
1A, e), indicative of differentiation. Quantitative analysis
of colonies with alkaline phosphatase staining showed
that double knockdown, but not single knockdown, led
to differentiation of ESCs (Figure 1A, f). ESCs are ca-
pable of producing ectodermal, endodermal, and meso-
dermal germ layers [13]. To determine whether loss of
pluripotency in Smeki/2 knockdown cells was caused by
differentiation into specific lineages, we analyzed the ex-
pression of markers of stemness (oct4, nanog, and rexl),
endoderm (gata6 and sox!7), ectoderm (fgf3), and me-
soderm (brachyury and goosecoid) (Figure 1B). The in-
dividual ESC lines expressing Smekl/2 shRNAs showed
significant increases in brachyury and goosecoid mRNA
levels. In these cells, nanog and rex] mRNA levels de-
creased compared with cells expressing control shRNA,
Smekl shRNA, or Smek2 shRNA. In addition, brachyury-

positive cells increased in Smek1/2 knockdown ESC line
(Figure 1C). To further confirm mesoderm differentiation
in ESCs deficient in both Smekl and Smek2, we next ana-
lyzed the differentiation into mesoderm-derived lineage
[14, 15]. Expression levels of brachyury and goosecoid,
and the mesodermal lineage-progenitor markers fk/ and
isletl, were compared by real-time PCR between cul-
tures expressing control and Smekl/2 shRNA during EB
formation (Figure 1D). Notably, Smekl/2 knockdown
caused significant increase of islet/ expression. Immu-
nostaining with anti-isletl antibody in the cells re-plated
from dissociated EBs between days 6 and 8, exhibited
increased number of islet1-positive cells in cultures lack-
ing expression of both Smek! and Smek2 (Figure 1E). In
addition, overexpression of Smekl and Smek2 reduced
expression of mesoderm markers brachyury, goosecoid,
flkl, and islet] during EB formation when compared
with control cells (Supplementary information, Figure
S1). Expression of endoderm and ectoderm markers
gata6, sox17, and fgf5 did not change (data not shown).
Taken together, our results suggest that Smek is required
for suppression of mesoderm differentiation to maintain
ESC pluripotency.

Smek represses transcriptional activity of Wnt/B-catenin
target genes

As described previously, activation of Wnt/B-catenin
induces the differentiation of ESCs into mesoderm, and
antagonizes neuroectoderm differentiation [16]. Activa-
tion of Wnt/B-catenin signaling leads to expansion of
islet-positive progenitors [17, 18]. Smek1/2 knockdown
in ESCs causes differention of mesoderm lineages.
However, Smek1/2 knockdown prevents differentiation
of ESCs into neural/neuronal lineages (Supplementary
information, Figure S2). These results raise the possibil-
ity that depletion of Smek/2 might lead to sustained
Wnt/B-catenin-signaling activation. To this end, we
analyzed transcriptional activity that is directed by Wnt/
B-catenin signaling. Wnt target genes, brachyury, pitx2,
isletl, axin2, lefl, and sox2, were analyzed by real-
time PCR in ESCs expressing control, Smekl, Smek2,
or Smekl/2 shRNAs (Figure 2A). Quantitative real-time
PCR revealed that expression of brachyury, pitx2, axin2,
and /ef] significantly increased in ESCs expressing
Smekl/2 shRNA compared with control cells, whereas
sox2 had no significant change. Although depletion of
Smek during differentiation increased islet/ expres-
sion (Figure 1D), its expression in undifferentiated state
did not change. Activity of a luciferase reporter Super-
TOPFLASH, which contains 8% of the Tcf/lef bind-
ing site, further confirms that Smek deficiency induces
transcriptional activation of Wnt/B-catenin target genes
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Figure 1 Smek1 and Smek2 are required for maintenance of pluripotency in ESCs. (A) Cells expressing control shRNA, or
shRNA for Smek1, Smek2, or both, were lysed and subjected to western blot analysis with anti-Smek1 and -Smek2 antibod-
ies (a). Alkaline phosphatase (AP) staining (blue) of ESCs expressing control shRNA (b), Smek1 shRNA (c), Smek2 shRNA
(d), or both (e). Notably, double knockdown for both Smek?1 and Smek2 reduces AP expression and morphological change of
ESCs, reflective of differentiation. ESC status was evaluated by quantifying the number of colonies consisting of AP-negative
cells (differentiated), positive cells (undifferentiated), and both AP-negative and -positive cells (mixed) (f). Scale bars, 100
um. (B) Expression of genes characteristic of ESC stemness (oct4, nanog, and rex1), endoderm (gata6 and sox17), primitive
ectoderm (fgf5), and mesoderm (brachyury and goosecoid) were measured by RT-PCR in ESC lines cultured in the presence
of LIF. Gapdh was used as an internal control. Two independent ESC lines were examined for each shRNA construct. EB
was used as a positive control for differentiation of ESC. (C) ESC lines expressing control or Smek1/2 shRNA were stained
for brachyury. Scale bar, 100 pm. (D) Quantitative real-time PCR analysis of early mesodermal and cardiac progenitor mark-
ers during differentiation of ESCs expressing control shRNA or Smek1/2 shRNA. (E) Cells dissociated from EB expressing
control or Smek1/2 shRNA were cultured on gelatin-coated plates and subjected to immunostaining with antibodies against
a cardiac progenitor marker islet1. Hoechst dye was used as a counterstaining. Scale bar, 100 pm. Depletion of Smek facili-
tates differentiation into islet1-positive cardiac progenitors from mesoderm.

(Figure 2B). Although double knockdown for Smekl and  ferentiation, each single knockdown ESCs also showed
Smek2 increases remarkably transcriptional activity of  increase in transcriptional activity for brachyury and
brachyury and TOPFLASH and leads to mesoderm dif- TOPFLASH. This implies that Smekl and Smek2 are
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analogous and redundant for the function that regulates
transcription. To confirm this, TOPFLASH and plasmids
containing cDNA encoding Smek1 or Smek2 were tran-
siently transfected with or without B-catenin or Wnt3a
into HEK293T cells. Luciferase-activity assays showed
that overexpression of Smek1 or Smek2 significantly re-
duced the transcriptional activity stimulated by Wnt3a or
B-catenin (Figure 2C).

Since B-catenin is a key player in the Wnt-signaling
cascade, it is possible that the knockdown of Smek
could increase the amount of nuclear B-catenin. How-
ever, ESCs expressing Smekl/2 shRNAs did not alter
B-catenin localization (Supplementary information, Fig-
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ure S3A-S3C). Smek! and Smek?2 proteins are predomi-
nantly localized in the nucleus in ESCs (Supplementary
information, Figure S3D). Thus, Smek may contribute
to the immediate regulation of gene transcription. To
this end, ChIP was performed in HEK293T cells trans-
fected with Flag-Smek1 and TOPFLASH or FOPFLASH
reporter construct. The DNA fragment containing the
Tcf/Lef binding site in the TOPFLASH plasmid was
enriched in DNA precipitated with anti-Flag antibody
from HEK293T cells transfected with Flag-Smek1 and
TOPFLASH as compared to that of cells transfected with
Flag-Smek1 and FOPFLASH, which lacks the Tcf/Lef
binding site (Figure 2D). This indicates that Smek may
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Figure 2 Smek represses the transcription of Wnt target genes. (A) Expression of Wnt/B-catenin target genes, brachyury,
pitx2, islet1, axin2, lef1, and sox2, was analyzed by quantitative real-time PCR in undifferentiated ESC lines. (B) ESC lines
were transfected with the TOPFLASH reporter and were cultured under ESC conditions for 2 days. Luciferase activity in each
sample was measured as described in the methods. Data are presented as mean + S.D. of three independent experiments. (C)
Smek1, Smek2, Wnt3a, B-catenin, or control vectors were transfected into HEK293T cells with TOPFLASH reporter. Data are
presented as mean + S.D. of four independent experiments. (D) The plasmid encoding Flag-tagged Smek1 was transiently
transfected into HEK293T cells with TOPFLASH or FOPFLASH. Cells were lysed 48 h after transfection and were subjected
to ChIP with anti-Flag antibody. Quantitative real-time PCR using a primer set, which is specific for —20 bp upstream and
+170 bp downstream of the /uciferase transcriptional start site, show that enrichment of Smek at Tcf/Lef binding sites of TOP-
FLASH DNA compared with that of mutated Tcf/Lef binding sites of FOPFLASH DNA. (E) HEK293T cells transfected with
TOPFLASH and plasmids expressing control, Flag-Smek1, and HA-B-catenin, were subjected to western blot analysis (top)
and ChIP with anti-HA or Flag antibodies, and the precipitated DNAs were analyzed by quantitative real-time PCR using a

primer set as in D (bottom).
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associate with gene loci containing the Tcf/Lef binding
site. Since B-catenin binds to Tcf/Lef binding site to ac-
tivate gene transcription [6], repressive effect of Smek
(Figure 2C) could be due to inhibition of the recruitment
of B-catenin to its binding site. Indeed the enrichment
of HA-B-catenin at TOPFLASH DNA was decreased in
HEK293T cells transfected with both Flag-Smek1 and
HA-B-catenin as compared to cells transfected with HA-
B-catenin alone, whereas the enrichment of Flag-Smek1
revealed similar levels in the presence or absence of HA-
B-catenin (Figure 2E).

The Smek/PP4c complex directly represses brachyury
expression through recruitment of HDACI

The transcription factor brachyury has been implicat-
ed in mesoderm formation during early development [19],
and we showed that brachyury expression was remark-
ably induced by depletion of Smek (Figure 1A and 1B).
Since brachyury has Tcf/Lef binding sites at its promoter
region [20], it is possible that Smek proteins could oc-
cupy the promoter of brachyury gene. To this end, ChIP
was performed in ESCs using antibodies against Smek1
and Smek2. Quantitative real-time PCR was used to
monitor the enrichment of specific promoter sequences
in the precipitated DNA. Q-PCR results suggested that
the brachyury gene was occupied by Smek1 and Smek2
around 300 bp upstream of the transcription start site,
which contains two Tcf/Lef binding sites (Figure 3A). In
addition, Smek1 and Smek?2 were enriched at the Tcf/Lef
binding region of islet! and pitx2, but not sox2 (Supple-
mentary information, Figure S4)

PP4c interacts with HDACT [21]. Tcf/Lef proteins in-
teract with HDACT [5], and this interaction was reduced
when Smek expression was decreased (Supplemen-
tary information, Figure S5). We found that PP4c and
HDACI1 were present at the brachyury promoter occu-
pied by Smek (Figure 3B). HDAC1 removes the acetyla-
tion of histones H3 and H4 and represses gene transcrip-
tion [22]. Therefore, we next tested if binding of Smek
at the brachyury promoter correlated with the presence
of HDACI and/or acetyl histones. ESCs were subjected
to ChIP analysis using anti-Smek1, Smek2, HDACI,
PP4c, and acetyl histones H3 and H4 antibodies. Inter-
estingly, acetyl histones H3 and H4 were increased at the
brachyury promoter when ChIP was performed using cell
lysates from ESCs expressing Smeki/2 shRNA, whereas
binding of PP4c and HDAC1 was reduced (Figure 3C).
These data suggest that Smek mediates recruitment of
HDACIT and PP4c to the brachyury promoter to suppress
transcription of brachyury.

To gain insight into the functional significance of the
Smek/PP4c phosphatase complex on transcriptional re-
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pression through histone deacetylation, we examined the
binding of Smek/PP4c to HDAC1. HDACI1 and PP4c
were detectable in anti-Smek immunoprecipitates (Figure
3D). Notably, the protein level of HDAC1 was reduced
both in anti-Smek1 immunoprecipitates from ESC lines
expressing PP4c shRNA (Figure 3E, left) and in anti-
PP4c immunoprecipitates from ESC lines expressing
Smek1/2 shRNA (Figure 3E, right) when compared with
that of ESC lines expressing control shRNA. This result
suggests that assembly of the HDAC1 complex requires
both PP4c and Smek. We next tested if the Smek/PP4c
complex has deacetylase activity using HDAC-activity
assay. Anti-Smek1 or Smek2 immunoprecipitates ex-
hibited an increase in HDAC activity compared with
those of IgG immunoprecipitates (Figure 3F). HDAC
inhibitor, TSA, inhibited this activity, indicating specific
HDAC activity of Smek complexes. Furthermore, ESC
lines expressing PP4c or Smekl/2 shRNA exhibited
reduced HDAC activity in anti-Smek1 or anti-PP4c¢ im-
munoprecipitates (Figure 3G) because of reduced bind-
ing of HDAC1 (Figure 3E). We also found that Smek-
mediated deacetylation of histones H3 and H4 requires
PP4c, using ChIP assay that was performed with the in-
dicated antibodies in ESC lines expressing PP4c shRNA
(Figure 3H). Quantitative real-time PCR revealed that
knockdown of PP4c reduces enrichment of HDAC1 and
increases acetyl histones H3 and H4 at the brachyury
promoter when compared with those of control shRNA-
expressing ESC. Interestingly, knockdown of PP4c did
not affect binding of Smek1 and Smek?2 to the brachyury
promoter region, whereas depletion of Smek led to de-
creased binding of PP4c (Figure 3C). This indicates that
Smek mediates the recruitment of PP4c and HDACI pro-
teins to the brachyury promoter. These results, together
with the observation of the induction of brachyury by the
knockdown of PP4c (Supplementary information, Figure
S6), demonstrate that the Smek/PP4c/HDAC1 complex
suppresses transcription of brachyury through deacetyla-
tion of histones H3 and H4 in undifferentiated ESCs.

Wnt, not p-catenin, disrupts the Smek/PP4c/HDACI
complex

Although Smek represses Wnt3a-mediated transcrip-
tional activation (Figure 2C), high concentration of Wn-
t3a protein overcomes the repressive effect (Supplemen-
tary information, Figure S7). Therefore, we asked if the
Smek repression complex is regulated by Wnt. To test
this, ESCs were exposed to recombinant Wnt3a or GSK-
3 inhibitor BIO to activate Wnt signaling, and to recom-
binant Dkk1 to inhibit activation of Wnt signaling during
EB formation. ESCs and EBs incubated with Wnt3a,
BIO, or Dkk1 were initially analyzed by real-time PCR
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Figure 3 The brachyury promoter is occupied by the Smek/PP4c complex containing HDAC1. (A) Quantitative real-time
PCR was performed using ChIP DNA with anti-Smek1 and -Smek2 antibodies and the primer set specific for regions of the
brachyury promoter as indicated at the top of the figure. Data are presented as fold change as compared to cell lysates pre-
cipitated with control antibody. (B) PCR products amplified with the =317/-61 primer from control input DNA and ChIP DNA
with control IgG, anti-Smek1, Smek2, PP4c, and HDAC1 antibodies show that PP4c and HDAC1 are associated with promot-
er of brachyury gene occupied by Smek1 and Smek2. (C) Depletion of Smeks inhibits the occupancy of PP4c and HDACA1,
and increases the acetylation of histones H3 and H4. ChIP DNA precipitated with the indicated antibodies from ESCs ex-
pressing control or Smek1/2 shRNA and analyzed by quantitative real-time PCR with the —317/-61 primer set as in panel
(A). (D) Binding of HDAC1 to Smek/PP4c complex. Nuclear extracts from ESCs were immunoprecipitated with anti-Smek1
(left) and Smek2 (right) antibodies and subjected to western blot analysis using anti-HDAC1 or PP4c antibody. (E) Western
blot analysis of anti-Smek1 and anti-PP4c immunoprecipitates in ESCs knocked down for PP4c (left) and both Smek? and
Smek2 (right). (F, G) HDAC activities in immunoprecipitates from panels (D and E), respectively, were measured using a
fluorescence-producing substrate in the presence or absence of TSA. Data were normalized to the HDAC activity of the anti-
HDAC1 immunoprecipitate, and are presented as mean + S.D. of three independent experiments. (H) ESCs expressing con-
trol and PP4c shRNA were subjected to ChIP using the indicated antibodies and analyzed by quantitative real-time PCR with
the —=317/-61 primer set.

for brachyury expression and ChIP assays for associa-
tion of the Smek complex to its promoter. ESCs treated
with Wnt3a protein or BIO exhibited significant increase
in brachyury expression compared with ESCs treated
with vehicle (Figure 4A). Addition of Dkkl during EB
formation significantly inhibited brachyury expression
induced by EB formation (Figure 4B). ChIP analysis us-
ing anti-Smek1, PP4c, HDACI, and acetyl histones H3
and H4 antibodies revealed that the amount of PP4c and

HDACI bound to brachyury promoter region was re-
duced in ESCs treated with Wnt3 or BIO when compared
with those of ESCs treated with vehicle (~2.8- and ~3.3-
fold, respectively; Figure 4C). Likewise, the amount
of acetyl histones H3 and H4 (~4.7- and ~3.3-fold, re-
spectively) were increased (Figure 4C). Similar to what
was observed when Wnt3a or BIO was added to ESCs,
enrichment of PP4c and HDACI at the brachyury pro-
moter in EBs was reduced compared with those of un-
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differentiated ESCs (~5.0- and ~5.8-fold, respectively),
whereas that of acetyl histones H3 and H4 increased by
~8.1- and ~6.5-fold, respectively (Figure 4D). Addition
of Dkk1 during EB formation inhibited these alterations
at the brachyury promoter (Figure 4D). The occupancy
of PP4c, HDACI, and acetyl histones at brachyury pro-
moter region is consistent with the brachyury expression
pattern shown in Figure 4A and 4B.

The enrichment of Smek1 (Figure 4C and 4D) or
Smek?2 (data not shown) at the brachyury promoter re-
gion was unchanged in both ESCs and EBs regardless
of Wnt-signaling status. This suggests that activation of
Wnat signaling induces dissociation of PP4c and HDAC1
from Smek. To test this idea, the interaction of PP4c¢ and
HDACI1 with Smekl was analyzed using immunopre-
cipitation with anti-Smek1 antibody. When cells were in-
cubated with Wnt3a or BIO, Smek] immunoprecipitates
contained reduced levels of HDAC1 and PP4c (Figure
4E). Likewise, Wnt3a and BIO consistently resulted in
decreased HDAC activity of Smekl immunoprecipitates
(Figure 4F). Binding of PP4c and HDACI1 to Smekl1 in
ESCs was significantly reduced during EB formation
(Figure 4G). Addition of Dkk1 during EB formation
inhibited the dissociation of PP4c and HDACI1 from
Smek1 (Figure 4G), and rescued the HDAC activity of
Smek1 complex (Figure 4H). Wnt3a and BIO lead to
accumulation of B-catenin in the nucleus, which could
potentially cause the disruption of Smek complex to in-
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duce brachyury expression. However, overexpression of
B-catenin in ESCs did not interfere with the occupancy
of PP4c and HDACI at the brachyury promoter (Figure
41). In addition, B-catenin overexpression does not sig-
nificantly increase brachyury expression compared with
Wnt3a treatment (Supplementary information, Figure
S8). Taken together, these data suggest that the repres-
sion activity of the Smek complex for brachyury expres-
sion is specifically inhibited by a B-catenin-independent
mechanism of the Wnt-signaling pathway.

Discussion

Activation of Wnt signaling increases expression of
pluripotent factors, nanog and oct4 [23, 24]. It can also
activate expression of mesodermal differentiation factors,
including brachyury [17, 20, 25]. Although Wnt signal-
ing in ESCs directs two opposite outputs, enhancement
of self-renewal and differentiation, Wnt-responsive dif-
ferentiation factors should be transcriptionally repressed
to maintain pluripotency. Here, we report Smek as a spe-
cific transcriptional repressor for ESC differentiation. We
show that Smek is required for repression of brachyury
gene expression, a DNA-binding transcription factor
that is a direct target of Wnt signaling and is required for
mesoderm formation. This repression occurs when the
Smek/PP4c complex binds HDACI. Deficiency of either
Smek or PP4c displaces HDAC]1 from the brachyury

Figure 4 Wnt, but not B-catenin, disrupts the Smek/PP4c/HDAC1 complex to activate transcription of the brachyury gene.
ESC lines expressing control shRNA or double shRNA were incubated with vehicle, Wnt3a (50 ng/ml), or BIO (5 uM) for 6
h (A, C, E, and F), or were cultured in hanging drops of medium in the presence of vehicle or Dkk1 (100 ng/ml) for 3 days
(B, D, G, and H). (A) Wnt3a or BIO activates brachyury but not Smek1 or Smek2 expression. ESC lines were treated with
vehicle, Wnt3a (50 ng/ml), or BIO (5 uM) for 6 h. Transcript levels of brachyury, Smek1, and Smek2 were determined buy
quantitative real-time PCR. (B) Dkk1 inhibits brachyury expression during ESC differentiation. ESCs were cultured in hanging
drops of medium for EB formation in the presence of vehicle or Dkk1 (100 ng/ml) for 3 days. Transcript levels of brachyury,
Smek1, and Smek2 were determined by quantitative real-time PCR. (C) Activation of Wnt signaling decreases the occupancy
of HDAC1 and PP4c to the brachyury promoter, and increases histones H3 and H4 acetylation. Smek1 occupancy was not
affected. The occupancy of Smek1, PP4c, HDAC1 and histones H3 and H4 acetylation was measured by ChIP followed by
quantitative real-time PCR analysis with primer set of —=317/-61 site of the brachyury promoter. (D) PP4c and HDAC1 oc-
cupancy at the brachyury promoter decreased during ESC differentiation, while histones H3 and H4 acetylation is increased.
Dkk1 inhibits these changes during ESC differentiation. Smek1 occupancy was not affected. (E) Treatment with Wnt3a or BIO
in ESCs decreases interaction of HDAC1 and PP4c proteins with Smek1. Lysates from ESCs were immunoprecipitated with
anti-Smek1 and then subjected to western blot analysis using anti-Smek1, HDAC1, and PP4c antibodies. (F) HDAC activities
in Smek1-immunoprecipitates from (E) were measured by a HDAC-activity assay in the presence or absence of TSA. Data
are presented as mean = S.D. of three independent experiments. (G) HDAC1 and PP4c associated with Smek1 decreased
during ESC differentiation, while addition of Dkk1 inhibits the decrease of association of HDAC1 and PP4c with Smek1. (H)
HDAC activities in immunoprecipitates from panel (G) were measured by a HDAC-activity assay in the presence or absence
of TSA. Data are presented as mean + S.D. of three independent experiments. (I) B-catenin does not affect the occupancy of
PP4c and HDAC1 at the brachyury promoter. ESCs were transiently transfected with control vector or HA-B-catenin construct,
and were then subjected to ChIP with the indicated antibodies followed by quantitative real-time PCR analysis with —=317/-61
primer set at the brachyury promoter (top). Data are presented as mean + S.D. from three independent experiments. Western
blot analysis from nuclear extracts reveals the protein level of B-catenin (top).
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promoter and increases its transcription in ESCs. Fur-
thermore, loss of pluripotency in either Smek- or PP4c-
deficient ESCs suggests that the PP4 complex has an
important role in maintaining pluripotent ESCs.

Nuclear B-catenin converts the Tcf/Lef-repressive
complex into a transcriptional active form by releasing
HDACI from this complex [6, 26]. However, transcrip-
tion of the brachyury gene is silent despite the presence
of nuclear B-catenin in ESCs [27-29]. We show that over-
expression of Smek inhibited Tcf/Lef-mediated transcrip-
tion induced by B-catenin. Smek and HDAC1 simultane-
ously occupied the Tcf/Lef binding motif. The increase
of B-catenin in ESCs does not affect the occupancy of
Smek and HDACT at the brachyury promoter. These data
indicate that by recruiting HDACI1, Smek inhibits the
transcription activity of Tcf/Lef. This represents a new
mechanism by which ESCs restrain the potential of Wnt
target genes to promote differentiation despite the pres-
ence of nuclear B-catenin.

Tef/Lef proteins interact with HDACT through the
co-repressor Groucho/TLE to repress transcription [5].
However, the interaction between Groucho/TLE and
Tcf/Lef family members is restricted. For example, hu-
man Tcfl and X. laevis Tcf3 bind to Groucho/TLE, but
not human Lefl, mouse Tcf3, or mouse Tef4 [30]. This
indicates that Tcf/Lef proteins may interact directly with
HDACI, or require interaction with other conserved
co-repressors. Smek proteins may mediate the interac-
tion of HDACI to Tcf/Lef family proteins. Although we
were not able to examine binding of Smek and Tcf/Lef
proteins at the endogenous protein level due to lack of
antibodies of immunoprecipitation quality, we were able
to demonstrate that both Smek1 and Smek2 bind to LefT,
Tcfl, Tef3, and Tcf4 when overexpressed in ESCs (data
not shown).

We show that depletion of Smek leads to loss of ESC
pluripotency, which occurred due to induction of differ-
entiation rather than by regulation [31] of pluripotency
factors. The pluripotency factors Oct4, Sox2, and Nanog,
which promote self-renewal, are well-characterized in
ESCs. Although they can occupy the promoters of a
large set of development-related genes to repress their
transcription in the ESC state, they play a dominant role
in activating transcription of pluripotency maintenance
genes [32]. In addition, depletion of Smek did not cause
increase of Oct4, Sox2, and Nanog expression. This indi-
cates that the Smek repression complex does not directly
regulate expression of pluripotency factors, but rather
selectively directs expression of genes important for dif-
ferentiation. Given that knockdown of Smek induced ex-
pression of early mesodermal markers, such as brachyury
and goosecoid, but not endoderm and ectoderm markers,
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role of Smek in ESCs is to maintain pluripotency by as-
sisting the inhibition of mesoderm commitment.

Although treatment of ESCs with Wnt proteins can
disrupt Smek-mediated transcriptional repressive com-
plex and induce brachyury expression, it is not sufficient
to stimulate mesoderm differentiation. Activation of Wnt
signaling increases expression of nanog and oct4 as well
as brachyury [23, 24]. The increase of pluripotency fac-
tors, thus, may favor ESC self-renewal rather than dif-
ferentiation into mesoderm. On the other hand, sustained
Wnt-signaling activation can induce differentiation of
ESC. A recent study showed that long-term treatment of
ESCs with Wnt3a protein in the presence of LIF induces
differentiation into bipotent mesendodermal cells that
produce mesoderm [33]. Similarly to this, we show that
depletion of Smek proteins induces mesoderm differ-
entiation. Therfore, it is likely that stable expression of
shRNA for Smekl and Smek2 leads to sustained activa-
tion of Wnt/B-catenin signaling.

In conclusion, our study has revealed a function of
PP4 in transcriptional repression that contributes to si-
lencing of key development-related genes in pluripotent
ESCs. Such a function represents a transcriptional regu-
latory mechanism for key Wnt-responsive development-
related genes in ESCs that, to our knowledge, has not
been described before. We demonstrated here that ex-
pression of the Wnt target gene brachyury in the ESC
state can be completely suppressed by the Smek/PP4c
complex recruiting HDACI at the promoter of this gene,
and that this complex is critical for the inhibition of early
mesoderm differentiation gene expression. Furthermore,
we suggest a specific function for the Smek/PP4c phos-
phatase complex in chromatin remodeling. Depletion
of HDACTI simultaneously increases histone H3 phos-
phorylation and deacetylation, stimulating the change
of chromatin structure [22]. Consistent with this, loss of
the Smek/PP4c phosphatase complex induces histone H3
phosphorylation as well as deacetylation [12]. Thus, Wnt
signaling could displace HDACT1 from inactive chro-
matin through disruption of the Smek complex during
differentiation, opening up the chromatin structure at the
brachyury gene locus for initiation of transcription [34],
and subsequently B-catenin translocated into nucleus
could enhance or maintain the transcription.

Materials and Methods

E14 mouse ESCs were cultured without feeder cells in LIF-
supplemented medium as previously described [35]. The shRNA
and overexpression plasmids were introduced into ESCs by us-
ing the Mouse ES Cell Nucleofector Kit (Amaxa) according to
the manufacturer’s instructions. For ESC lines stably expressing
shRNA, each plasmid expressing a shRNA was transfected into
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ESCs by electroporation. Each ESC clone was selected in ES
medium supplemented with 1 pg/ml puromycin (Sigma) and ana-
lyzed by RT-PCR and Western blot. To generate Smek1/2 double
knockdown cell lines, a plasmid containing the Smekl shRNA
and a neomycin resistance cassette and a plasmid containing the
Smek?2 and a puromycin resistance cassette were co-transfected
into the ESC line. Neomycin and puromycin selection was induced
1 day after transfection. For differentiation, ESCs (6 x 10 cells/25
pl) were suspended in a hanging drop of medium in the absence
of LIF. Cell aggregates that formed as EB in the suspended drops
were collected after 2 days and further cultured in low attachment
plates. Fresh medium was applied every 2 days. Differentiation of
ESCs into neuroectoderm on monolayer cultures was performed
as previously described [36]. For luciferase reporter assays, ESCs
were transfected with the reporter plasmids Super 8X TOPFLASH
or FOPLASH (kindly provided by Dr Moon RT) and the internal
control pRL-TK. Cells were plated onto gelatin-coated dishes or
aggregated in a hanging drop of medium, and cells were harvested
3 days after transfection. Luciferase assays were performed us-
ing the Dual-Luciferase Kit (Promega). For alkaline phosphatase
assays, ESCs were plated at 2 x 10” per well in 6-well plates and
cultured for 5 days in the presence of LIF, after which they were
stained with an alkaline phosphatase substrate kit (Vector Labo-
ratories). HEK293T cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum. Cells were transfected with the indicated plasmids using
the calcium phosphatase precipitation method and lysed at 48 h
post transfection for luciferase assays and ChIP. Further details
and other methods can be found in the Supplementary information,
Data S1.
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