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The homeodomain transcription factor Nanog plays an important
role in embryonic stem cell (ESC) self-renewal and is essential for
acquiring ground-state pluripotency during reprogramming. Understanding how Nanog is transcriptionally regulated is important
for further dissecting mechanisms of ESC pluripotency and somatic
cell reprogramming. Here, we report that Nanog is subjected to a
negative autoregulatory mechanism, i.e., autorepression, in ESCs,
and that such autorepression requires the coordinated action of the
Nanog partner and transcriptional repressor Zfp281. Mechanistically, Zfp281 recruits the NuRD repressor complex onto the Nanog
locus and maintains its integrity to mediate Nanog autorepression
and, functionally, Zfp281-mediated Nanog autorepression presents
a roadblock to efﬁcient somatic cell reprogramming. Our results
identify a unique transcriptional regulatory mode of Nanog gene
expression and shed light into the mechanistic understanding of
Nanog function in pluripotency and reprogramming.
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A

n understanding of the molecular underpinnings of stem cell
pluripotency and somatic cell reprogramming is a prerequisite
for therapeutic application of embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs). Initial efforts in dissecting
transcriptional (1) and protein interaction (2–4) networks operative in ESCs form a foundation for such mechanistic studies. The
common view of the Oct4-Sox2-Nanog network suggests that these
core factors activate their own expression and each other’s expression to form a positive feedback circuit (5). Although it is well
recognized that a negative feedback mechanism must exist to ﬁnetune this core network and allow for optimal expression of these
dosage-sensitive transcription factors, it remains to be determined
how these core factors execute a “self-control” regulatory mechanism to prevent excessive expression in maintaining the ESC state.
Enforced expression of Nanog relieves ESCs from their leukemia inhibitory factor (LIF) requirement (6), promotes transfer of
pluripotency after cell fusion (7), and ensures direct reprogramming of somatic cells to the pluripotent ground state (8). How
Nanog is transcriptionally regulated and participates in the transcriptional machinery to control pluripotency and reprogramming
is still poorly understood. Several modes of Nanog gene regulation
have been published. First, during the early differentiation process
of ESCs Nanog (and Oct4) is subjected to epigenetic regulation at
its enhancer/promoter region by DNA methyltransferases (9) and
histone methyltransferases (10). Second, studies have documented
direct transcriptional regulation of Nanog by both positive and
negative regulators (11). Third, the Nanog interactome contains
many factors whose genes are also downstream targets of themselves, thus forming autoregulatory loops in the pluripotency
network (3, 12). Nanog is known to regulate its own expression by
positive feedback in ESCs (i.e., autoactivation) (13), which in one
case was shown to be mediated by the Nanog partner and transcriptional regulator Sall4 (14). However, the ﬁne-tuning of Nanog
levels is necessary for balancing self-renewal and pluripotency of
ESCs as too much Nanog favors self-renewal and impedes the
execution of pluripotency under proper differentiation cues (6).
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Little is known about whether negative autoregulatory feedback,
i.e., autorepression, exists in ESCs to control Nanog expression
and how such autorepression relates to its function in pluripotency
and reprogramming.
In this study, we provide molecular and biochemical data
uncovering Nanog autorepression as a unique transcriptional regulatory mode of Nanog expression in ESCs. We establish Zfp281 as
an important Nanog regulator and cofactor that mediates Nanog
autorepression through recruitment and maintenance of the
NuRD repressor complex on the Nanog locus and that restricts
Nanog reactivation during somatic cell reprogramming.
Results
Nanog Is Subjected to Autorepression in ESCs. To test whether

Nanog autorepression exists in ESCs, we performed both Nanog
overexpression and knockdown studies in NG4 transgenic ESCs
expressing the enhanced green ﬂuorescent protein (GFP) reporter
gene under the control of the endogenous Nanog promoter
(PNanog) (Fig. 1A, Left) (15). First, we introduced a doxycycline
(Dox)-inducible Nanog transgene bearing a Flag-biotin dual tag
(FLbio) and established stable clones by puromycin selection (Fig.
1A, Right). We found that induced expression of FLbioNanog upon
Dox treatment (Fig. 1B, Left and C) resulted in down-regulation
of both endogenous Nanog (EndoNanog) transcripts (Fig. 1B, Right)
and protein (Fig. 1C) and Nanog-GFP reporter activity (Fig. 1D)
in a dose-dependent manner. We then asked whether knockdown
of EndoNanog expression would enhance transgenic Nanog-GFP
reporter expression. We infected NG4 cells with lentiviruses
expressing a constitutive shRNA against the 3′-UTR of Nanog
(shNanog) (Fig. 1A and Table S1). Nanog-GFP reporter activity
was measured over a 5-d period by ﬂow cytometry. We conﬁrmed
efﬁcient knockdown of Nanog by RT-quantitative PCR (qPCR)
(Fig. 1E), and more importantly, we found that Nanog-GFP reporter activity was up-regulated over the time course (Fig. 1F). In
contrast, the control shRNAs (shEmpty and shLuci) affected
neither EndoNanog expression levels (Fig. 1E) nor Nanog-GFP
reporter activity (Fig. 1F). These results support the existence of
Nanog autorepression as a regulatory mode of Nanog expression
in ESCs.
To conﬁrm that Nanog autorepression is a general phenomenon in ESCs, we further examined the effects of enforced
Nanog expression on EndoNanog levels in a previously published
episomal overexpression system in E14T ESCs (6) (Fig. S1A).
Consistent with the published study, we conﬁrmed enhanced
ESC self-renewal (Fig. S1B) and an overall increase in Nanog
expression at both total transcript (Fig. S1C) and protein levels

Author contributions: M.F. and J.W. designed research; M.F., F.F., C.-F.P., J.D., A.S., J.G.,
and J.W. performed research; C.S., I.R.L., and J.C.R.S. contributed new reagents/analytic
tools; M.F., F.F., C.-F.P., J.G., and J.W. analyzed data; and M.F. and J.W. wrote the paper.
The authors declare no conﬂict of interest.
*This Direct Submission article had a prearranged editor.
1

To whom correspondence should be addressed. E-mail: jianlong.wang@mssm.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1208533109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1208533109

(Fig. S1D). More importantly, we found that ectopic Nanog expression led to down-regulation of EndoNanog transcript levels
(Fig. S1E), supporting Nanog autorepression in ESCs. Together,
these results establish a mode of Nanog transcriptional regulation, i.e., Nanog autorepression, in ESCs.
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Zfp281 Is Required for Nanog Autorepression via Its Association with
the NuRD Repressor Complex in ESCs. To gain insight into the

molecular mechanism of Nanog autorepression in ESCs, we
focused on the Krüppel-like zinc ﬁnger transcription factor
Zfp281. We reported it to be a close partner of Nanog (3) and
later demonstrated it to be a transcriptional repressor to restrict
Nanog expression in maintaining ESC pluripotency (16). In this
study, we evaluated how knockdown of Zfp281 might affect
Endo
Nanog and Nanog-GFP reporter expression in NG4 cells
(Fig. 2A). Using a Dox-inducible Zfp281 shRNA (Table S1), we
demonstrated that down-regulation of Zfp281 upon Dox induction (Fig. 2C, gray bars) led to an increase in both transgenic
Nanog-GFP reporter activity (Fig. 2B) and EndoNanog transcript
levels (Fig. 2C, blue bars). These results conﬁrm that Zfp281
functions as a transcriptional repressor for Nanog expression in
ESCs and suggest that Zfp281 may play a role in Nanog autorepression. To test whether Zfp281 is necessary for Nanog
autorepression, we infected both Zfp281 wild-type (Zfp281+/+)
and null (Zfp281−/−) ESCs (16) with lentiviruses expressing
a Dox-inducible FLbioNanog transgene (Fig. 2D) and examined
Endo
Nanog expression upon Dox treatment. We conﬁrmed DoxFidalgo et al.

dependent up-regulation of FLbioNanog expression in both
Zfp281+/+ and Zfp281−/− ESCs (Fig. 2 E and F, Left). Importantly, although we observed (as expected) down-regulation of
Endo
Nanog transcript levels in Zfp281+/+ ESCs (Fig. 2E, Right),
we found that inducible FLbioNanog overexpression in Zfp281−/−
cells failed to repress Nanog promoter activity. Intriguingly,
Endo
Nanog expression increased in a dose-dependent manner
(Fig. 2F, Right). These results demonstrate that Zfp281 is required for Nanog autorepression, and that Nanog is able to activate its own promoter, either directly or indirectly, in the
absence of Zfp281 (see more in Discussion).
To further explore the molecular mechanism by which Zfp281
mediates Nanog autorepression, we tested whether Zfp281 may
assist Nanog in recruiting certain corepressor complexes into the
Nanog promoter/enhancer region for transcriptional repression.
We performed afﬁnity puriﬁcation of Zfp281 protein complexes in
wild-type ESCs by using an anti-Zfp281 antibody (Fig. S2) and
identiﬁed Zfp281-associated proteins by mass spectrometry. Our
results indicate a preferential association of Zfp281 with all the
major NuRD components in ESCs (Fig. 2G). We conﬁrmed
the endogenous association of Zfp281 with Nanog and with the
NuRD components Mta1/2, Hdac2, and Chd4 (Mi-2β) by performing immunoprecipitation (IP) with antibodies against Nanog,
Zfp281, and NuRD proteins in both Zfp281+/+ and Zfp281−/−
ESCs (Fig. 2H). Interestingly, we found that, although endogenous
association of the core NuRD protein Chd4 with Mta1/2 and
Hdac2 is readily detected in wild-type ESCs, it is greatly diminished
PNAS | October 2, 2012 | vol. 109 | no. 40 | 16203
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Fig. 1. Nanog autorepression in ESCs. (A) The strategy for inducible FLbioNanog expression or constitutive Nanog knockdown by shRNA (shNanog) in NG4
ESCs. (B) RT-qPCR analyses of ectopic (FLbioNanog)
and endogenous (EndoNanog) expression of Nanog
upon Dox (0, 0.625, 1.25, or 2.5 μg/mL) treatment.
(C) Western blotting (WB) analyses of FLbioNanog
and EndoNanog expression upon Dox treatment.
Western gel images are shown on Left, and quantitation of the western signals is on Right. N.S.,
nonspeciﬁc signal. (D) Flow cytometry analyses of
Nanog-GFP reporter activity upon Dox treatment
for 24 and 48 h. The parental ESC line of NG4 cells
(ECC) was used as a GFP negative control. (E) RTqPCR analyses of EndoNanog expression upon Nanog
knockdown (shNanog) in NG4 ESCs. ECC line and
stable NG4 transgenic lines infected with pLKO
lentivirues expressing no shRNA (shEmpty) or shRNA
against luciferase (shLuci) were used as controls. (F)
Flow cytometry analyses of Nanog-GFP reporter activity upon shRNA-mediated knockdown as indicated.

Fig. 2. Zfp281 is required for Nanog autorepression
and the integrity of the NuRD repressor complex in
ESCs. (A) The strategy for inducible knockdown of
Zfp281 in NG4 cells. (B) Flow cytometry analyses of
Nanog-GFP reporter activity upon shRNA-mediated
knockdown of Zfp281. Nanog-GFP was analyzed 3d
after puromycin selection and Dox treatment. (C)
RT-qPCR analyses of EndoNanog and Zfp281 expression in the samples described in B. (D) The strategy
for inducible FLbioNanog expression in both Zfp281+/+
and Zfp281−/− ESCs. (E and F) RT-qPCR analyses of
FLbio
Nanog and EndoNanog expression upon Dox
treatment in Zfp281+/+ (E) and Zfp281−/− (F) ESCs.
(G) Zfp281 is associated with the NuRD repressor
complex in ESCs. Total peptide numbers identiﬁed
by mass spectrometry are listed. (H) Conﬁrmation of
endogenous association of Zfp281 with Nanog and
the NuRD proteins by immunoprecipitation (IP) and
WB analyses in Zfp281+/+ and Zfp281−/− ESCs. (I)
Zfp281 is required for the integrity of the NuRD
repressor complex. (J) Interaction between Mta1/2
and Hdac2 is not affected by Zfp281 depletion.

in the absence of Zfp281 (Fig. 2I, Left). In contrast, the interactions
between other “peripheral” NuRD proteins (e.g., Hdac2 and Mta1/
2) are maintained regardless of Zfp281 expression (Fig. 2J), suggesting that Zfp281 might be an important factor to maintain the
physical and functional integrity of the NuRD complex in ESCs.
Taken together, our data demonstrate a critical role of Zfp281 in
mediating Nanog autorepression through its interaction with the
NuRD repressor complex.
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Zfp281 Mediates Nanog Autorepression by Directly Recruiting the
NuRD Repressor Complex to the Nanog Locus. The association of

both Nanog (3, 17) and Zfp281 (Fig. 2 G and H) with the NuRD
repressor complex prompted us to investigate the mechanistic
action of the NuRD complex in Nanog autorepression. First, we
used chromatin immunoprecipitation (ChIP) coupled with qPCR
(ChIP-qPCR) to analyze whether Zfp281 is required for recruitment of NuRD proteins to the Nanog regulatory regions (Fig.
3A). Consistent with a previous report (17) and our coimmunoprecipitation (co-IP) data (Fig. 2H), we conﬁrmed that Nanog,
Mta1/2, and Hdac2 occupy the Nanog enhancer region (sites B′
and B′′) and, to a lesser extent, the promoter region (site C) (Fig.
3B, black bars), but not a remote control region (Fig. 3A, A).
More importantly, we found that binding of Nanog, Mta1/2, and
Hdac2 to these regulatory regions (B′, B′′, and C) is drastically
diminished upon Zfp281 depletion (Fig. 3B, gray bars), an effect
that is not due to down-regulation of protein levels (Fig. 3C).
Next, we examined the occupancy of Nanog, Zfp281, and
NuRD proteins on the Nanog enhancer upon inducible Nanog
overexpression in NG4 ESCs (Fig. 3D). ChIP-qPCR analysis not
only conﬁrmed binding of endogenous Nanog, Zfp281, and
Mta1/2 to the Nanog enhancer (site B′) in these cells (Fig. 3E,
black bars), but also revealed enhanced binding of these factors
upon Dox-induced FLbioNanog expression (Fig. 3E, gray bars).
These data support the notion that Nanog autorepression is
likely mediated by Zfp281 and its associated NuRD repressor
complex. To address whether Nanog autorepression depends on
the NuRD repressor complex, we introduced lentiviral shRNAs
against NuRD complex proteins (Chd4, Gatad2b, Mta2, and
16204 | www.pnas.org/cgi/doi/10.1073/pnas.1208533109

Mta3) into the Dox-inducible FLbioNanog transgenic line as
shown in Fig. 3D (Fig. 3F). The expression of these shRNAs in
NG4 ESCs caused a reduction of corresponding gene expression
by 80–90% compared with the control knockdown (shEmpty)
(Fig. 3G). As expected, control cells without virus infection or
with infection of empty shRNA virus (shEmpty) exhibit Nanog
autorepression upon inducible FLbioNanog expression (+Dox), as
measured by ﬂow cytometry of Nanog-GFP reporter activity (Fig.
3H, compare the black bars with the gray bars in the ﬁrst two
columns). Importantly, down-regulation of the NuRD proteins
Chd4, Gatad2b, Mta2, and Mta3 by shRNAs attenuates or
abrogates such autorepression (Fig. 3H, bars in the last four
columns), which indicates that the NuRD complex is necessary
for Zfp281-mediated Nanog autorepression. Together, these
data demonstrate that Zfp281 mediates Nanog autorepression
through recruitment of the NuRD repressor complex onto the
Nanog locus in ESCs.
Zfp281 Restricts Nanog Reactivation and Inhibits Somatic Cell
Reprogramming. Because Nanog is essential for achieving ground-

state pluripotency of iPSCs, we examined whether Zfp281 may play
a role in somatic cell reprogramming by inﬂuencing Nanog expression. We used mouse embryonic ﬁbroblasts (MEFs) harboring an
Oct4 promoter-driven GFP reporter transgene (Oct4-GFP) for iPSC
generation by following the standard iPSC generation protocol (18)
with modiﬁcations (Fig. 4A). First, we evaluated relative Zfp281 and
Nanog gene expression during the reprogramming process. We
found that both Zfp281 and Nanog are up-regulated during
reprogramming, and up-regulation of Zfp281 precedes the reactivation of Nanog gene expression (Fig. 4B). This result suggests that
Zfp281 may restrict Nanog reactivation during the reprogramming
process and likely also plays a similar role in ﬁne-tuning Nanog levels
in iPSCs as that in ESCs (16) to maintain pluripotency.
We then tested the effects of Zfp281 knockdown (KD) on
Nanog reactivation during iPSC generation (Fig. 4A). We
coinfected Oct4-GFP MEFs with lentiviruses constitutively
expressing the reprogramming factor mixture (Oct4, Sox2, Klf4,
and c-Myc; OSKM) and short hairpin RNAs (shRNAs) against
Fidalgo et al.

Zfp281. We used three independent shRNAs that reduced
Zfp281 expression by 60–80% relative to the control scramble
shRNA (shSCR) (Fig. S3A). Consistent with its function in
mediating Nanog autorepression, knockdown of Zfp281 resulted in up-regulation of Nanog during the reprogramming process, in particular, during the late stages (d17 and thereafter) of
reprogramming (Fig. 4C). We conﬁrmed that there is no signiﬁcant change in MEF growth rates between scramble (shSCR)
and Zfp281 shRNAs (Fig. S3B). Importantly, we found that,
although loss of Zfp281 minimally affects the total number of
AP-positive colonies (Fig. 4D and Fig. S3C), it markedly reduces
the number of Oct4–GFP-negative, partially reprogrammed
colonies (Fig. 4E, yellow bars/pies) and increases the percentage
of overall Oct4–GFP-positive, fully pluripotent iPSC colonies
(Fig. 4E, green bars/pies and Fig. S3D). Flow cytometry analysis
of Oct4-GFP reporter activity further conﬁrmed an increase in
the percentage of GFP-positive cells when Zfp281 is downregulated during reprogramming (Fig. S3E).
Together, our data demonstrate that the transcriptional repressor Zfp281 restricts Nanog reactivation during the reprogramming process and, thus, functions as a molecular barrier to
the transition of intermediate cells or so-called “pre-iPSCs” (19)
into ground-state, pluripotent iPSCs.
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Zfp281 Depletion Promotes the PreiPSC to iPSC Transition Through
Nanog Regulation. To directly address whether Zfp281 depletion

can promote the preiPSC to iPSC transition as suggested above,
we used a published reprogramming system that allows direct
investigation of the preiPSC to iPSC transition (19). In this
system, preiPSCs generated from Oct4, Klf4, and c-Myc (OKM)transduced wild-type neural stem cells harboring an Oct4-GFP
reporter transgene are maintained in normal serum/LIF culture.
Fidalgo et al.

Only a minority of these preiPSCs will become iPSCs after
switching to the 2i/LIF condition, and the reprogramming efﬁciency can be greatly enhanced if exogenous Nanog is provided
(20). We asked whether down-regulation of Zfp281 could replace the requirement for exogenous Nanog to promote the
Nanog+/+ preiPSC to iPSC transition (Fig. 5A). Indeed, we found
that inducible knockdown of Zfp281 by Dox treatment (shRNA
expression is positively marked by RFP, Fig. 5A, Lower) resulted
in an approximately fourfold increase of both AP(+) (Fig. 5B,
Upper) and Oct4-GFP(+) (Fig. 5B, Lower) iPSC colonies. We
further conﬁrmed enhanced reprogramming of preiPSCs by
Zfp281 down-regulation by using two independent, retrovirally
expressed constitutive shRNAs against Zfp281 (Table S1 and
Fig. S4 A and B).
Next, we asked whether the effect of Zfp281 knockdown in
promoting the preiPSC to iPSC transition is mediated through
endogenous Nanog regulation. To this end, we used Nanog−/−
preiPSCs (8) for the reprogramming assay (Fig. 5C). As reported
(8), we conﬁrmed that these Nanog−/− preiPSCs cannot transit
into ground-state, pluripotent iPSCs under 2i+LIF condition
unless an exogenous Nanog transgene is provided (Fig. 5D, black
bars). More importantly, we found that knockdown of Zfp281
alone upon Dox induction (+Dox) is no longer effective in
promoting the Nanog−/− preiPSC to iPSC transition, which is
reﬂected by no colony formation after Dox treatment (Fig. 5D,
Left, gray bar). These results suggest that the enhanced reprogramming of preiPSCs after Zfp281 down-regulation (Fig. 5B) is
the direct result of endogenous Nanog up-regulation. In addition,
although we observed enhanced reprogramming of Nanog−/−
preiPSCs upon ectopic expression of Nanog (PB-Nanog) in the
presence of Dox (i.e., down-regulation of Zfp281), no additive
effect of shZfp281 and PB-Nanog relative to PB-Nanog alone
was observed (Fig. 5D, Right, compare the gray bar with the black
PNAS | October 2, 2012 | vol. 109 | no. 40 | 16205
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Fig. 3. Requirement of the NuRD repressor complex for
Nanog autorepression. (A) Illustration of the upstream regulatory regions of the Nanog gene. The amplicons corresponding to a control region, the enhancer, and the promoter are
indicated as A, B′/B′′, and C, respectively. TSS, transcription
start site. (B) Relative enrichment of Nanog, Mta1/2, and Hdac2
in the genomic loci of Nanog in Zfp281+/+ and Zfp281−/− ESCs.
(C) WB analyses of Nanog, Mta1/2, Hdac2, and Zfp281 in
Zfp281+/+ and Zfp281−/− ESCs. (D and E) A Dox-inducible
Nanog expression cell system (D) indicates that ectopic Nanog
expression by Dox promotes Nanog, Zfp281, and Mta1/2
binding to the Nanog enhancer (E). ESCs without (−) or with (+)
Dox (1.5 μg/mL) treatment for 48 h were harvested for ChIPqPCR analyses. (F) The strategy for knockdown of NuRD proteins in NG4 ESCs that express inducible FLbioNanog. (G) Efﬁcient knockdown of NuRD proteins in NG4 ESCs analyzed by
RT-qPCR. Expression levels of individual genes upon knockdown were normalized to the control knockdown (shEmpty).
(H) Knockdown of NuRD protein expression reduces or abrogates Nanog autorepression in ESCs. The Nanog–GFP-positive
cell population in uninfected samples (no infection) or the GFP/
mCherry–double-positive cell population (shRNA-transduced
cells) were measured after treatment with or without Dox
(2 μg/mL) for 24 h.

Fig. 4. Loss of Zfp281 facilitates somatic cell
reprogramming. (A) Summary of the procedure for
iPSC generation. (B) RT-qPCR analyses of Zfp281 and
Nanog expression during iPSC generation. Expression levels were normalized to those in wild-type
ESCs. (C) RT-qPCR analyses of relative Nanog expression during iPSC generation upon knockdown
with control scramble (SCR) or Zfp281 shRNA. Expression levels were normalized to those in wildtype ESCs. (D) Minimal reduction of total AP (+)
colony numbers upon Zfp281 knockdown during
reprogramming. (E) Zfp281 knockdown promotes
iPSC generation. Oct4-GFP MEFs were infected with
viruses expressing the four reprogramming factors
(4F), alone (–) or together with three independent
shRNAs against Zfp281 (1–3) and control scramble
shRNA (shSCR). The same reprogramming assays
were repeated independently three times (A, B, and
C) with duplicates each time (1, 2). The average
percentages of GFP (+) and GFP (−) colonies from
three independent experiments are shown in the
pie chart (Upper).
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bar). These data argue strongly that the regulation of endogenous Nanog is the mechanism of Zfp281 action during reprogramming. To further reinforce this conclusion, we performed
a similar reprogramming assay by using the Nanog+/+ preiPSCs in
the presence of both Zfp281 knockdown and ectopic Nanog
expression (Fig. S4A). In this case, we observed additive effects
of the combined action of Zfp281 down-regulation (shZfp281)

Fig. 5. Zfp281 depletion enhances reprogramming through Nanog regulation. (A) The strategy for testing the effect of Zfp281 knockdown in the
preiPSC to iPSC transition. Nanog + /+ preiPSCs harboring an Oct4-GFP
transgene were used for the reprogramming assay as described (19), and
iPSCs generated from Zfp281 knockdown are positive for both RFP (for
pTRIPZ/shZfp281) and GFP (for Oct4-GFP reporter). (B) Zfp281 knockdown
promotes the Nanog + /+ preiPSC to iPSC transition. Dox treatment
(shZfp281) results in a signiﬁcant increase of AP (+) (Upper) and Oct4-GFP
(+) (Lower) iPSC colony numbers. (C ) Nanog−/− preiPSCs lacking the Oct4GFP transgene (8) were used for the reprogramming assay together
with exogenous supply of a Nanog transgene in a PiggyBac (PB) vector
(PB-Nanog). The empty PB vector (PB-Empty) was used as control. (D)
Zfp281 knockdown fails to reprogram Nanog − /− preiPSCs or augment
Nanog-mediated reprogramming of Nanog−/− preiPSCs. A representative
image of AP stained colonies (Upper) and quantitative data on the total
AP (+) colony numbers (Lower) are shown. Error bars denote SDs from
triplicate wells.

16206 | www.pnas.org/cgi/doi/10.1073/pnas.1208533109

and ectopic Nanog expression (pMx-Nanog) in promoting the
Nanog+/+ preiPSC to iPSC transition (Fig. S4C).
Finally, because Nanog overexpressing ESCs can promote
reprogramming efﬁciency when fused with somatic cells (7), we
asked whether Nanog up-regulation in Zfp281−/− ESCs could
also enhance mouse ESC and human B (hB) cell heterokaryon
based reprogramming (21) (Fig. S5A). Our results show that
although reprogramming of hB cells is obvious in both Zfp281+/+
ESC/hB and Zfp281−/− ESC/hB heterokaryons (Fig. S5C), an
enhanced human ES-speciﬁc gene expression proﬁle indicative of
improved reprogramming efﬁciency was observed for Zfp281−/−
ESC/hB heterokaryons (Fig. S5B). These data provide additional
validation of the functional implication of Zfp281 in restricting
Nanog reactivation and impeding reprogramming.
Discussion
In this study, we demonstrate that Nanog is subjected to Zfp281mediated autoregulation of its own promoter by a negative
feedback loop, which we dub Nanog autorepression, and that
Zfp281 mediates autorepression by directly recruiting the NuRD
repressor complex to the Nanog locus and restricts Nanog
reactivation during reprogramming. Together with our previous
study (16), we have thus established a dual role of Zfp281 for
both an important pluripotency factor to ﬁne-tune Nanog expression in maintaining the pluripotent state of ESCs and
a transcriptional repressor to restrict Nanog activation and impede somatic cell reprogramming. These data offer insights into
the regulatory mechanisms underlying optimal ESC state and
efﬁcient reprogramming.
Although our results establish Zfp281 as the key transcription
regulator mediating Nanog autorepression in ESCs, we note that
Zfp281 can directly regulate other pluripotency and developmentally regulated genes as reported (16). Therefore,
Nanog derepression is one of many possible regulatory consequences of Zfp281 depletion. Thus, not surprisingly, we found
that although down-regulation of Nanog alone in Zfp281−/−
ESCs rescues the expression of endodermal markers Gata6 and
Sox17 at a late stage (day 10) of EB differentiation (Fig. S6C), it
fails to rescue other markers such as Oct4 and Cdx2 (Fig. S6C) or
the EB size/morphology (Fig. S6 A and B). We also note that
Nanog is under negative regulation by other factors including
Tcf3 (22). However, the regulatory mechanism is likely different
as the binding loci in the Nanog regulatory region for Zfp281
(16) and Tcf3 (22) are different and no physical association
between the two factors has been detected. In addition, we
recognize the importance of positive feedback loops controlled
by other stem cell factors such as Oct4-Sox2 heterodimers (23)
and Sall4 for Nanog gene activation (14). These observations
suggest that Nanog is subjected to multilayered, tight transcriptional
Fidalgo et al.
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control. Intriguingly, we observed a switch from negative to
positive feedback regulation of EndoNanog by enforced FLbioNanog expression in the absence of Zfp281 (Fig. 2 D and F). Because of the concomitant reduction in Nanog binding to its own
regulatory regions upon Zfp281 depletion (Fig. 3B), we speculate that the activation function of ectopic Nanog observed in
Zfp281−/− ESCs is more likely resulted from transactivation by
other pluripotency factors that act on the endogenous Nanog
locus. For example, Oct4, Esrrb, and Zfp143 are known to form
heterodimers and directly transactivate Nanog promoter activity
(23–25), and Tbx3 was shown to predominantly stimulate Nanog
expression in maintaining pluripotency (26). We conﬁrmed Doxdependent up-regulation of Oct4, Esrrb, Zfp143, Tbx3, and Rex1
in Zfp281−/− ESCs but only slightly up-regulated or unchanged
levels of these genes in Zfp281+/+ ESCs (Fig. S7 A and B), which
may partly explain the Nanog activation in Zfp281−/− ESCs
(Fig. 2F).
The Nanog autorepression deﬁned in this study is unique
among the core pluripotency network. In fact, down-regulation
of other stem cell factor(s) does not lead to the same up-regulation of the corresponding gene promoter activity. For example,
down-regulation of Oct4 by siRNA or shRNA leads only to the
decrease of Oct4 promoter activity measured by Oct4-GFP reporter expression, which forms the basis for several genome-wide
RNAi screening studies for important self-renewal regulators
(27–29). Counterintuitively but reassuringly, we found that
Nanog siRNA used in a genome-wide RNAi study in NG4 cells
resulted in up-regulation of Nanog-GFP reporter activity (Fig.
S8), consistent with our observation using Nanog shRNA in NG4
cells (Fig. 1 E and F).
Our study demonstrates that Zfp281 recruits a repressive
chromatin remodeling complex, NuRD, to target the Nanog
promoter/enhancer regions (Figs. 2 and 3). The NuRD complex
contains histone deacetylase (HDAC) activity, whose inhibition
by valproic acid, an HDAC inhibitor, greatly improves reprogramming efﬁciency (30). Our biochemical puriﬁcation and coIP
data conﬁrmed association of Zfp281 with NuRD proteins (Fig.
2 G and H), and ChIP data indicate that binding of NuRD
proteins Mta1/2 and Hdac2 to the Nanog promoter/enhancer is
dramatically reduced upon Zfp281 depletion (Fig. 3 A–C) and
increased upon ectopic Nanog expression (Fig. 3 D and E).

Together with up-regulation of Nanog in Hdac1/2 knockout
ESCs (31) and knockdown of NuRD proteins abrogating Nanog
autorepression (Fig. 3 F–H), we provide strong evidence that
Zfp281 mediates Nanog autorepression through recruitment of
the NuRD repressor complex to the Nanog locus. Recent ﬁndings have implicated NuRD in choreographing multiple epigenetic events for stem cell pluripotency (see review; ref. 32).
However, how NuRD is recruited to the ESC genome remains
an open question. It is tempting to ask whether Zfp281 could
serve as a sequence-speciﬁc transcription factor for global NuRD
recruitment to target genes in ESCs. This issue requires delineation of the genomic targets of Zfp281 in ESCs by ChIP-seq.
Understanding how the core pluripotency and reprogramming
factors, Nanog and Oct4 in particular, are transcriptionally regulated and function in orchestrating the genetic and epigenetic
events that maintain stem cell pluripotency and promote somatic
cell reprogramming is subject of intensive studies. We present
a detailed mechanistic study demonstrating that Nanog is subjected
to a unique transcriptional regulatory mode, i.e., autorepression,
which is mediated by one of its transcriptional coregulators, Zfp281
(16). At the molecular level, Nanog autorepression is mediated by
Zfp281 and its associated NuRD repressor complex. At the functional level, Nanog autorepression mediated by Zfp281 presents
a roadblock to efﬁcient reprogramming.
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Methods
ESC Culture and Colony Formation Assays. All mouse ESCs used in this study
were grown under standard ESC conditions as described (3). The colony
formation assay for ESC self-renewal was performed as described (16).

Additional Details. The remaining experimental details can be found in
SI Methods.
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Nuclear Extract Preparation, Coimmunoprecipitation, Western Blot Analysis,
and Afﬁnity Puriﬁcation of Protein Complexes. All of these procedures have
been described in our previous study (2).

