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Dax1 and Nanog act in parallel to stabilize mouse
embryonic stem cells and induced pluripotency

Junlei Zhang“, Gaoke Liu"*, Yan Ruan?*, Jiali Wang3'*, Ke Zhao?, Ying Wan>¢, Bing Liu%,
Hongting Zheng’, Tao Peng® Wei Wu®, Ping He®, Fu-Quan Hu' & Rui Jian?

Nanog expression is heterogeneous and dynamic in embryonic stem cells (ESCs). However,
the mechanism for stabilizing pluripotency during the transitions between Nanoghigh and

low

Nanog°V states is not well understood. Here we report that Dax1 acts in parallel with Nanog
to regulate mouse ESC (mESCs) identity. Dax1 stable knockdown mESCs are predisposed
towards differentiation but do not lose pluripotency, whereas Dax1 overexpression supports
LIF-independent self-renewal. Although partially complementary, Dax1 and Nanog function
independently and cannot replace one another. They are both required for full reprogramming
to induce pluripotency. Importantly, Dax1 is indispensable for self-renewal of NanogIOW
mESCs. Moreover, we report that Dax1 prevents extra-embryonic endoderm (ExEn)
commitment by directly repressing Gata6 transcription. Dax1 may also mediate inhibition of
trophectoderm differentiation independent or as a downstream effector of Oct4. These
findings establish a basal role of Dax1 in maintaining pluripotency during the state transition
of mESCs and somatic cell reprogramming.
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mbryonic stem cells (ESCs), derived from the inner cell

mass of blastocyst-stage embryos, can maintain self-renewal

and multilineage differentiation potential in vitrol.
Understanding mechanisms for maintenance of pluripotency
not only promotes advances in tissue engineering, embryonic
development and cancer research?, but also allows %eneration of
induced pluripotent stem cell (iPSC) technology”. Oct4 and
Nanog are the most well-characterized pluripotency factors in
ESCs. The Oct4/Nanog-centred regulatory network has been
shown to play key roles in ESC fate determination®°. However,
while the list of network factors is rapidly expanding®’, the
functional relationships of these factors with Oct4 and Nanog are
largely unknown.

Overexpression (OE) of Nanog blocks the differentiation of
ESCs into extra-embryonic endoderm (ExEn), and confers
cytokine-independent  self-renewal®®.  Mutual —antagonism
between Gata6 and Nanog is thought to determine ExEn versus
stem cell fate!®, In particular, excess Gata6 gives rise to the ExEn
lineage!!, whereas excess Nanog results in the stem cell state.
Unlike Nanog, Oct4 expression must be tightly regulated to
maintain ESC pluripotency. Reduction of Oct4 expression below
50% induces differentiation into trophectoderm (TE) by
upregulating transcription factors Cdx2 and Eomes. When Oct4
expression exceeds 150%, ESCs differentiate chiefly into ExEn
cells with increased Gata6 expression!>13.

Compared with the relatively uniform expression of Oct4,
Nanog expression is not only heterogeneous but also dynamic in
ESCs'®1%. NanogM8" ESCs possess high self-renewal efficiency,
whereas Nanog'® ESCs have increased propensity to ExEn
differentiation and upregulated Gata6, but do not undergo
commitment!®. So far, little is known about the mechanism for
stabilizing ﬁ)luripotency during the transition between Nanog"i
and Nanog®" states. Nanog®" or even Nanog™! ESCs retain a
self-renewal capacity and pluripotency, suggesting that increased
Gata6 is insufficient to induce ExEn differentiation. Therefore,
possibly other ESC-specific transcription factors, which should be
functionally independent of Nanog, may be involved in inhibitin
full activation of Gata6 and ExEn differentiation in Nanogl®"/™
ESCs.

Dax1 (dosage-sensitive sex reversal-AHC critical region on the
X-chromosome gene 1, also known as Nr0Obl) is a transcriptional
repressor'® that has been identified as a major component in
both Oct4-centred and Nanog-centred protein interaction
networks!”~1°, However, its mechanisms of action with respect
to pluripotency are not well understood (Supplementary Table 1).
Here, through systematic molecular and cellular functional
analysis, we wuncover a previously unknown functional
relationship between Daxl and Nanog, and suggest that these
two factors function synergistically to stabilize both ESC and
induced pluripotency.

Results

Dax1-knockdown ESCs can maintain self-renewal. The Dax1
gene was expressed highly in ESCs and was rapidly down-
regulated during differentiation?®?!, suggesting a functional role
for Dax1 in maintaining pluripotency of ESCs. To investigate this,
we used short hairpin RNA (shRNA) lentiviral vectors to stably
knockdown (KD) Daxl in ESCs. Seven shRNAs targeting
different regions of Daxl complementary DNA were tested.
Dax1 was effectively silenced by two constructs, designated Dax1
KD-2 and Dax1 KD-5, which target the CDS (coding sequence)
and 3’ untranslated region (3’ UTR), respectively (Fig. lab;
Supplementary Fig. 1a,b). We found that the depletion of Dax1
resulted in more differentiation-like cells and slower cell
expansion compared with wild-type (WT) and luciferase KD

2

(Luc KD, serving as a negative control) cells (Fig. 1c,d). However,
Dax1 KD cells could be continuously propagated (for at least 30
passages) in the presence of leukaemia inhibitory factor (LIF) and
retained the capacity to form ESC colonies (Fig. 1c). Colony
formation assays showed that Dax1 KD cells formed less wholly
undifferentiated alkaline phosphatase (AP)-positive colonies and
more mixed (partially differentiated) colonies compared with
control cells (Fig. le; Supplementary Fig. 1c). Consistent with the
increase in partially differentiated colonies, ExXEn markers (Gata6,
Foxa2, Sox17, Afp, Ihh, LamininB1 and Dab2) were significantly
upregulated in Dax1 KD cells as shown by quantitative reverse
transcriptase-PCR (qQRT-PCR) analysis (Fig. 1f). Also, there was
a weak induction of mesoderm (FlkI1) and TE markers (Handl,
Cdx2 and Eomes), but not of the neuroectoderm (SoxI and
Nestin) and other mesodermal markers (Brachyury and
Goosecoid). Nonetheless, expression of pluripotency-associated
transcripts were maintained (Fig. 1g). Immunostaining revealed
that the number of Gata6-positive cells increased, but Oct4
expression appeared to be comparable in Dax1 KD and Luc KD
cells (Fig. 1h).

To rule out shRNA off-target effects, we transfected an
expression vector containing Daxl cDNA (Dax1l OE) into Dax1
KD-5 ESCs. Because cDNA does not contain the 3’ UTR of Daxl,
the Daxl KD-5 construct does not affect this exogenous
transcript (Supplementary Fig. la,d). Re-expression of Daxl
could completely rescue the upregulation of ExEn markers in
Daxl KD cells (Supplementary Fig. le), indicating that the
observed phenotypes are specifically due to loss of Dax1 function.

Furthermore, stable Daxl KD were also generated in an
Oct4:GFP reporter iPSC line. We found that Oct4:GFP was
expressed in Daxl KD iPSCs (Supplementary Fig. 1f), whereas
Gata6-positive cells increased and were mainly Nanog®¥ cells
(Supplementary Fig. 1g). A colony-forming assay and qRT-PCR
analysis for pluripotency and differentiation markers also
produced consistent results with that of Daxl KD ESCs (data
not shown). Collectively, these results suggest that a large number
of, if not all, Dax1 KD ESCs/iPSCs can maintain undifferentiated
states, despite an increased differentiation propensity and reduced
self-renewal efficiency.

Dax1 KD ESCs retain multilineage differentiation potential.
To assess whether Dax1 KD affects the multilineage differentia-
tion potential of ESCs, we measured marker gene expression in
day 9 embryoid bodies (EB) derived from Daxl KD ESCs. As
shown in Fig. 2a, pluripotency genes were downregulated in Dax1
KD cells on EB differentiation similar to Luc KD cells. No con-
sistent significant variation was detected for the transcripts of
neuroectoderm, mesoderm and TE, but ExEn markers were
upregulated more when compared with control cells (Fig. 2a).
Next, we used lineage-specific differentiation models to clarify the
effect of Dax1 KD. In the presence of low-dose retinoic acid (RA),
which promotes ExEn differentiation®?, ~85% of Dax1 KD cells
were Gata6 positive, compared with ~60% of Luc KD cells
(Fig. 2b). Under conditions for neuroectoderm?3, TE* or
mesoderm?® differentiation, however, expression of lineage-
specific markers did not significantly differ from those in
control cells (Fig. 2¢,d). Notably, Daxl KD ESCs also had the
capacity to generate teratomas consisting of all three germ-
derived tissues, suggesting that these cells still maintain
pluripotency in vivo (Fig. 2e). These data indicate that Daxl
KD ESCs retain a multilineage differentiation potential, but have
an enhanced propensity for differentiating into ExEn lineages.

Dax1l OE confers LIF-independent self-renewal on ESCs. To
investigate the effect of Dax1 gain of function on ESC self-renewal
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Figure 1 | Dax1 knockdown predisposes ESCs to differentiation but with no loss of self-renewal capacity. (a,b) gRT-PCR (a) and immunoblot

(b) analyses after Dax1 KD. (¢) Morphology of colonies formed by the indicated lines. Cells were grown with LIF for three passages after zeocin selection.
Scale bar, 100 um. (d) ESCs (200 cells per cm? in 12-well plates) were cultured for 5 days with LIF and cell numbers were counted. (e) Quantitative
analysis of colony formation assay in the indicated lines. Cells were plated at clonal density and cultured for 6 days with LIF. Colonies were fixed and
stained for AP and scored as undifferentiated (undiff.), mixed or differentiated (diff.). (fg) gRT-PCR analyses of germ layer (f) and pluripotency

(g) marker expression levels in the indicated lines cultured with LIF. All data are normalized to Gapdh and shown relative to WT ESCs (set at 1.0).

(h) Immunofluorescence analysis of Oct4 (green) and Gata6 (red) in the indicated lines. Cells were cultured with LIF for 5 days and counterstained with
DAPI (blue). Scale bar, 100 um. Data in a,d-g are represented as mean £ s.d.; n=3. *P<0.05; **P<0.01. All P values were calculated using Student's t-test.

and pluripotency, full-length cDNA for Dax1 was cloned into the
pPyCAGIP-based vector and stable Daxl OE ESC lines were
established. Under + LIF conditions, Dax1 OE cells formed more
disorganized semi-differentiated-like colonies (Fig. 3a, left). qRT-
PCR and immunostaining analyses showed that expression of
some differentiation markers (Flk1, Goosecoid, Cdx2 and Hand]1)
were upregulated, whereas that of the pluripotency markers were
normal (Fig. 3b, upper; Supplementary Fig. 2a). After two pas-
sages without LIF, the control cells (empty vector-transfected)
underwent complete differentiation. In contrast, Daxl OE cells
could form undifferentiated AP-positive colonies with a typical
ESC morphology (Fig. 3a, right; Fig. 3c,d). Both mRNAs and

proteins examined for lineage markers’ expression showed that,
in the absence of LIF, expression of Oct4 and Nanog continued,
and all differentiation markers were significantly repressed in
Dax1 OE cells (Fig. 3b, lower; Fig. 3e). Cell proliferation experi-
ments showed that despite reduced growth and increased apop-
tosis under —+ LIF conditions (Fig. 3f; Supplementary Fig. 2b),
Dax1 OE ESCs could be serially passaged without LIF (Fig. 3g).

Overexpression of Dax1 at high levels creates the possibility of
neomorphic effects, which may impair self-renewal of ESCs by
sequestering other pluripotency factors, as reported pre-
viously?6?”. We therefore used low-dose puromycin selection to
generate an ESC line expressing Dax1 at nearly endogenous levels
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Figure 2 | Dax1-knockdown ESCs retain multilineage differentiation potential. (a) qRT-PCR analysis of gene expression in the indicated lines after 9 days
of EB differentiation. All data are normalized to Gapdh and shown relative to WT ESCs (set at 1.0). Data are represented as mean * s.d.; n=3. (b) Enhanced
ExEn differentiation is observed in Dax1 KD ESCs. Monolayer cultures were treated with RA (0.1uM) for 4 days and costained with Gata6 and DAPI.
Scale bar, 100 um. Proportions of Gata6 + cells are shown in the bar graph next to the images. Data are represented as mean £ s.e.m. (n=3). *P<0.05.
P values were calculated using Student's t-test. (¢) Flow cytometric analysis of mesoderm induction, as measured by the FIk1+ population, from Luc KD
(control) and Dax1 KD ESCs. Numbers in quadrants indicate the percentage of each population. (d) Immunofluorescent analyses of neuroectoderm

(Nestin, red) and TE (Cdx2, red) induction from Luc KD (control) and Dax1 KD

ESCs. Scale bar, 100 um. Proportions of Nestin + cells and Cdx2 + cells are

shown in the bar graph next to the images. Data are represented as mean £ s.e.m. (n=3). (e) Neuroectoderm, mesoderm and ExEn-derived structures are
present in teratomas from Dax1 KD ESCs. Hematoxylin and eosin-stained tissue sections are shown. Scale bar, 50 pum.

(Dax1-NE; Supplementary Fig. 2c). In contrast to the pro-
differentiation phenotype induced by Daxl OE, these cells
exhibited normal ESC morphology and marker gene expression
under + LIF conditions, with only a slight reduction in the AP-
positive colony-forming and proliferation ability (Supplementary
Fig. 2d-h). However, in the absence of LIF, Daxl1-NE ESCs
recapitulate the phenotype of Daxl OE cells, including:
(1) undifferentiated morphology (Supplementary Fig. 2d);
(2) continuous expression of pluripotency genes; (3) decreased
expression of differentiation markers (Supplementary Fig. 2e);
and (4) capacity to form self-renewing colonies (Supplementary
Fig. 2f,g) and to expand (Supplementary Fig. 2h). Taken together,
these results indicate that Dax1 can prevent differentiation and
confer LIF-independent self-renewal in ESCs, but it may not be a
self-renewal-promoting factor.

4

Dax1 directly inhibits Gata6 transcription. The above obser-
vations suggested that Dax1 may play a role in inhibiting ExEn
differentiation, in which Gata6 transcriptional activation is the
key'!. We thus performed chromatin immunoprecipitation
(ChIP) to assess whether Daxl binds to the Gata6 locus
in vivo. Significantly, an enhanced enrichment of Daxl on
Gata6 proximal promoter was observed (Fig. 4a). To rule out
other pluripotency factors that may mediate Dax1 binding to the
Gata6 promoter, we co-transfected 3Flag-Dax1 expression vector
and the Gata6 proximal promoter fragment into 293FT cells.
ChIP-qPCR analysis validated that Dax1 specifically bound to this
DNA segment (Supplementary Fig. 3a).

To determine whether the binding was associated with the
regulation of Gata6 transcription, we performed a luciferase assay.
Data showed that Gata6 promoter activity was repressed by Dax1
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Figure 3 | Dax1 overexpression confers LIF-independent self-renewal on ESCs. (a) Morphology of empty vector and Dax1-overexpressing ESCs. Cells
were grown for 5 days with LIF (left), or induced to form EBs for 5 days followed by culture without LIF for two passages (right). Scale bar, 100 pm.
(b) gRT-PCR analysis of gene expression in control (Empty) and Dax1 OE ESCs. Cells were cultured with (upper) or without LIF (lower) for 5 days. All data
are normalized to Gapdh and shown relative to WT ESCs (set at 1.0). (¢) Control (Empty) or Dax1 OE ESCs were passaged every 4 days without

LIF and stained for AP. Scale bar, 100 um. (d) Quantitation of colony types formed by cell lines shown in €. () Immunoblot analysis of Dax1, Oct4, Nanog
and Gata4 protein in the indicated lines after 5 days of culture without LIF. B-Actin was used as an internal control. (f) Control (Empty) or Dax1

OE ESCs (200 cells per cm? in 12-well plates) were cultured for 5 days with LIF and cells were counted. (g) Total cell number of the indicated lines cultured
for multiple passages without LIF. Data in b,d f.g are represented as mean £ s.d.; n=3. *P<0.05; **P<0.01; ***P<0.001. All P values were calculated

using Student's t-test. Diff.,, differentiated; Undiff., undifferentiated.

OE and increased by Daxl KD (Fig. 4b). Likewise, Daxl OE
effectively repressed Gata6 promoter activity in RA-treated
differentiated cells (Supplementary Fig. 3b), in which Gata6
expression was activated, whereas Oct4 and Nanog were
undetectable??. These results suggest that Daxl can repress
Gata6 transcription in the absence of other pluripotent factors.
To map the Daxl1-binding region, we generated serial deletion
Gata6 promoter/enhancer reporter constructs. The luciferase assay
indicated that the Dax1-binding motif was located between — 710
and — 570bp of the Gata6 promoter (Supplementary Fig. 3c).
To verify whether Dax1-mediated Gata6 repression contributes
to the ExEn differentiation defect of Dax1 OE ESCs, we compared
phenotypes of Dax1 OE, Gata6 OE and Dax1 OE/Gata6 OE cells

(Fig. 4c). Under + LIF conditions, Gata6 OE and Dax1 OE/Gata6
OE cells exhibited a completely differentiated morphology
(Fig. 4d). No AP-positive colonies appeared in these cell cultures
(Supplementary Figs 3d and 4e). mRNA and protein analyses
showed that pluripotency markers were lost and ExEn lineage
markers were strongly upregulated in both Gata6 OE and Dax1
OE/Gata6 OE cells (Fig. 4f,g; Supplementary Fig. 3e). These data
indicate that as a downstream target of Daxl, Gata6 can
compensate for ExEn differentiation defects caused by Dax1 OE.

Dax1 and Nanog function in parallel to maintain pluripotency.
Features of Daxl strongly suggest a functional similarity to
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Nanog®>!5, Analysis using published microarray data sets®®?°  respect to expression after Daxl or Nanog KD (Supplementary

showed that, in contrast to significant downregulation after Oct4  Fig. 4a), as validated by qRT-PCR (Supplementary Fig. 4b). After
or Sox2 KD, pluripotency genes only slightly changed with 72h of Daxl and Nanog depletion, 242 and 761 genes were
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differentially expressed, respectively, and 133 genes were
common (Supplementary Fig. 4c). In contrast, 298 and 490
genes had >1.5-fold expression changes after induction of
Daxl or Nanog (Supplementary Fig. 4d). The statistically
significant P values were corrected using the Benjamini and
Hochberg false discovery rate test (FDR<0.05)%. Interestingly,
only nine differentially expressed genes were found in both Dax1
OE and Nanog OE ESCs, suggesting that they may function
independently.

To better understand the functional relationship between Dax1
and Nanog, we compared the phenotypic differences on Nanog
KD, Dax1 KD and Dax1 plus Nanog KD (Dax1 KD/Nanog KD)
in ESCs under LIF conditions (Fig. 5a). Nanog KD cells could be
continuously propagated and form undifferentiated AP-positive
colonies that express Oct4 and Daxl, despite an increase in
differentiated-like cells and upregulation of ExEn markers
(Fig. 5a-€). These phenotypes resembled those of Dax1 KD cells
(Fig. 5a—e) and were consistent with the previously described
phenotypes of Nanog =/~ cells'. In contrast to individual KD
cells, Daxl KD/Nanog KD cells were fully differentiated and
could not generate AP-positive colonies. Oct4 expression was
markedly downregulated, and ExEn differentiation markers were
significantly further upregulated (Fig. 5a-e), indicating that a
simultaneous depletion of Daxl and Nanog induces terminal
differentiation of ESCs even in the presence of LIF.

In addition to Nanog, KlIf4 and Esrrb have also been shown to
be dispensable for ESC self-renewal. Artificial expression of Klf4
or Esrrb is sufficient to maintain pluripotency in the absence of
LIF31-35, Therefore, functional analyses of the single KD, as well
as double KD of each gene with Dax1 and Nanog were performed
in parallel. Two shRNA sequences, which have been previously
validated>%, were used to silence Kif4 and Esrrb, respectively
(Supplementary Fig. 5a). In accordance with previous
studies>>37-38, no obvious phenotypic changes were observed in
Klf4 KD cells, whereas Esrrb KD cells displayed an increased
differentiation propensity, with the upregulation of TE and
neuroectoderm markers (Supplementary Fig. 5b-d). By
comparison, however, Dax1/Klf4, Dax1/Esrrb, Nanog/Klf4 and
Nanog/Esrrb double KD all showed significantly weaker additive
effects than Dax1/Nanog KD (Supplementary Fig. 5b-d).

Next, to test whether Nanog and Daxl are functionally
redundant, we measured the expression of ExEn markers in
Dax1 KD/Nanog OE and Nanog KD/Daxl OE cells. Immuno-
blotting analysis showed that both Daxl and Nanog were
comparably overexpressed after transfection (Supplementary
Fig. 6a,b). Under + LIF conditions, Dax1 could not completely
rescue increased expression of EXEn markers induced by Nanog
KD. Also, Nanog could not completely rescue the effect of Dax1
KD (Fig. 6a). Under RA-induced differentiation conditions,
individual Daxl OE or Nanog OE effectively inhibited the
expression of Gata6 and formed undifferentiated AP-positive
colonies. In contrast, both Daxl KD/Nanog OE and Nanog KD/
Dax1 OE cells could not completely suppress Gata6 upregulation,
although they partially retained the capacity to form AP-positive
colonies (Fig. 6b; Supplementary Fig. 6c). These results
indicate that functions of Daxl and Nanog are partially
complementary but cannot replace each other, even though they
are overexpressed.

Collectively, these data suggest that Nanog is not a downstream
effector of Daxl, and vice versa. These two factors most likely
function in a parallel and cooperative manner to maintain
pluripotency.

Daxl is indispensable for self-renewal of Nanog!®" ESCs. ESCs
have been reported to fluctuate between a Nanogh8h and a

Nanog®" state!®. In contrast, Dax1 was uniformly expressed in

ESCs (Supplementary Fig. 7a). Nanog KD could induce Gata6
expression in Dax1™ cells, whereas Daxl KD induced Gata6
derepression mainly in Nanog™ cells and in only a minority
of Nanog™ cells (Supplementary Fig. 7b-d). In addition,
fluorescence-activated cell sorting (FACS)-sorted Nanogl®"
ESCs had reduced expression of Kif4 and Esrrb but relatively
normal expression of Oct4 and DaxI (Supplementary Fig. 7e).
These results are consistent with the previous findings that Kif4
and Esrrb are direct downstream targets of Nanog®>3%, and
suggest that Daxl, but not Klf4 or Esrrb, is required for
preventing Nanog!®” ESCs from differentiating. To confirm
this, we established stable Dax1 KD in Nanog:GFP reporter ESCs
(Supplementary Fig. 7f).

In agreement with previous reports'®, GEPP8M (green
fluorescent protein) and GFP°Y populations sorted from
control (Luc KD) cells were interconvertible, although GFplow
cells showed obviously reduced ability of self-renewal and
proliferation (Fig. 7). Comparatively, Dax] KD-Nanog:GFPhigh
populations exhibited a higher self-renewal efficiency than Luc
KD-Nanog:GFP'®" cells. However, upregulated ExEn marker
expression as well as reduced colony-forming and proliferation
abilities were observed in contrast to control Nanog:GFP" cells
(Fig. 7b-g), indicating a relatively increased differentiation
propensity in Daxl KD-Nanog"8" cells. In contrast, Dax1 KD-
Nanog:GFP'®" populations had more dramatically upregulated
ExEn transcripts and were hardly expanded (Fig. 7b-g),
indicating that Dax1 KD-NanogIOW cells cannot survive and/or
self-renew. Accordingl?r, Daxl KD-GFPig! cells regenerated
GFP'% cells, but GFPY cells could not give rise to GFPMigh
cells (Fig. 7a,f). These data suggest that Dax1 is not only essential
but also sufficient for stabilizing ESC pluripotency during the
dynamic transition between Nanogh¢" and Nanog'®" states.

Daxl1 is required for full somatic cell reprogramming. Given
the importance of Daxl1 in pluripotency maintenance, we then
asked whether it is necessary for efficient somatic cell repro-
gramming. Daxl expression was absent in mouse embryonic
fibroblasts (MEFs) but upregulated during iPSC generation
alongside Nanog, Sox2 and Rex!1 (Fig. 8a; Supplementary Fig. 8a).
It has been reported that Daxl is not in the original repro-
gramming factor cocktail Oct4, Sox2, Klf4 and c-Myc (OSKM)3.
Moreover, addition of Dax1 to this quartet has not been shown to
increase efficiencies®. However, whether Daxl is, like Nanog*’,
required for attaining pluripotency at the final stage of the
reprogramming process is unclear. Thus, we introduced Daxl
RNA interference lentivirus into Oct4-GFP MEFs*! together with
OSKM reprogramming factors (Fig. 8b).

In our experiment, cell colonies started to emerge at day 9 post
infection. After AP staining at day 18, no differences were found
between Luc KD and Daxl KD, as well as Nanog KD MEFs
(Fig. 8¢). As described previously*?, rarer cells were GFP positive
at this stage, indicating incomplete induced reprogramming
(Fig. 8d). After replating onto gelatin-coated dishes and inducing
for an additional 6 days, an estimated 25.4% of control cells were
GFP positive. But in Dax1 KD cells, this ratio was <3.2%, which
was approximate to that of Nanog KD cells (Fig. 8d). A significant
decrease in the number of Nanog/Oct4-GFP-positive colonies
and a marked reduced endogenous Sox2 and Rexl expression
were observed in both Daxl KD and Nanog KD MEF-derived
cells (Fig. 8e,f). Notably, these cells were SSEA-1 positive and
proliferation was not adversely affected (Fig. 8d; Supplementary
Fig. 8b). A similar reprogramming block was also observed
when we used a clonal line of Oct4-GFP MEF-derived pre-iPSCs.
This cell line expressed SSEA-1 and was able to spontaneously
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Figure 6 | Functions of Dax1 and Nanog are partially complementary but they cannot replace each other. (a) gRT-PCR to measure expression of
pluripotency and EXEn markers in the indicated lines after 5 days culture with LIF. All data are normalized to Gapdh and shown relative to WT ESCs (set at
1.0). Data are means  s.d.; n=3. (b) Immunofluorescence analysis of Gata6 in the indicated lines. Monolayer cultures were treated with RA (0.1uM)

for 4 days and counterstained with DAPI. Scale bar, 100 pm.

give rise to fully reprogrammed cells after passaging®?
As Supplementary Fig. 8c—e showed, SSEA-1 expression was
unchanged in both Dax1 KD and Nanog KD pre-iPSCs, but the
GFP-positive cells appeared at a significantly lower frequency
after prolonged culture, in comparison with control pre-iPSCs.
These data suggest that Dax1 is not required for the initiation
phase but may play a role in acquiring the authentic pluripotency
at the final stage of somatic cell reprogramming.

Relationship of Daxl with other ESC regulators. Activation
of STAT3, a key downstream transcription factor of the

LIF/gp130 pathway, is sufficient and necessary for self-renewal
in ESCs**. Dax1 OE can maintain ESC self-renewal without
LIF, but STAT3 activation was affected by neither Daxl OE
nor Daxl KD in the presence or absence of LIF (Fig. 9a).
Suppression of the extracellular signal-regulated kinase (ERK)
pathway, which is also activated by LIF signalling, promotes
self-renewal of ESCs*. Total ERK and ERK phospho-
rylation were shown to be indistinguishable in WT, Daxl
OE or Daxl KD cells (Fig. 9a). Therefore, Dax]1 OE ESC
self-renewal in LIF-independent cultures is an unlikely
consequence of directly activating STAT3, or suppression of the
ERK pathway.
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silenced in both sorted Dax1 KD-Nanog:GFP populations. (b) gRT-PCR to measure expression of ExXEn markers in the indicated FACS-purified cells. All data
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Undiff., undifferentiated.

Oct4 is a master regulator for ESC pluripotency. Daxl KD
or OE had no significant effect on Oct4 expression, whereas
Oct4 KD reduced Daxl and Oct4 OE increased Daxl mRNA
levels as early as 12h post transfection (Fig. 9b). ChIP-qPCR
analysis showed that Oct4 bound to the promoter of
Daxl, whereas the enrichment of Daxl on the Oct4 gene
locus (spanning from ~5kb upstream to 2kb downstream)
was not observed (Fig. 9c,d). These results and those of
previous reports*® support that Daxl is a direct downstream
target of Oct4.

We then examined the functional relationship between Dax1
and Oct4. Although forced expression of Daxl conferred LIF-
independent self-renewal of ESCs, Daxl OE could not prevent
differentiation induced by Oct4 KD, as shown by colony-forming
assays (Fig. 9e,f). These data indicate that Oct4 persistence is
required for Dax1-mediated self-renewal. Nevertheless, Daxl OE
could partially rescue Oct4 KD-induced upregulation of ExEn
and TE markers’ expression (Fig. 9g), suggesting that the function
of Oct4 in the maintenance of pluripotency is at least partly
mediated by Daxl1.
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Figure 8 | Dax1 and Nanog are both required for full reprogramming to induce pluripotency. (a) gRT-PCR analysis of the endogenous Rex1, Nanog and
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It has been reported that Dax1 binds to Oct4 and inhibits its
transcriptional activity in ESCs, which in turn induces TE
differentiation®®. Consistently, our earlier findings showed that
Dax1 OE led to an increased expression of TE markers (Fig. 3b).
However, we also found that Dax1 KD induced the derepression
of Cdx2 and Eomes without altering Oct4 expression (Fig. 1f,g)
and, moreover, Dax1 OE rescued Oct4 KD-induced upregulation
of these transcription factors to a large extent (Fig. 9g). These data
therefore suggest that Daxl can inhibit TE differentiation
independently or as a downstream effector of Oct4.

Discussion

Dax1, a member of the orphan nuclear receptor superfamily, has
been suggested to play important roles in reproductive develoLF—
ment, sex determination, steroidogenesis and tumorigenesis”’ °,
Attempts to generate Daxl-knockout mice have failed,
suggesting an early role in embryogenesis. Loss of function of
Dax1 has been reported to induce ESC differentiation, but the
phenotypes arising from stable suppression of Daxl have not
been observed in these studies (Supplementary Table 1).
Specifically, there was no evidence to show that Daxl KD
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Figure 9 | Relationship of Dax1 with other ESC regulators. (a) Immunoblot analysis of phospho-STAT3, total STAT3, phospho-ERK and total ERK in the
indicated cells after treatment with or without LIF for 12h. (b) gRT-PCR analysis of the DaxT mRNA expression in the Oct4 KD (left) or Oct4 OE
(right) vector-transfected ESCs at 12, 24 and 36 h after transfection. All data are normalized to Gapdh and shown relative to the mean of untreated cells
(Oh; set at 1.0). Data are means £ s.d.; n=3. (¢) ChIP-gPCR analysis of Oct4 occupancy at Dax1 locus. Numbered grey bars indicate primer locations
(upper). ESCs were transfected with 3Flag-tagged Oct4 expression vector or the 3Flag-empty vector as a control. ChIP was performed using anti-Flag
antibody and gPCR analysis was performed with the primers indicated. Values are expressed as percent of input DNA (lower). Data are means £ s.d.; n=3.
(d) ChIP-gPCR analysis of Dax1 occupancy at Oct4 locus. Data are means = s.d.; n=3. (e) Immunoblot analysis of Oct4 and Dax1 protein levels

in WT, Dax1 OE, Oct4 KD and Oct4 KD/Dax1 OE (Dax1 OE ESCs transduced with Oct4 shRNA lentivirus) cells after 5 days of culture with LIF. B-Actin was
used as an internal control. (f) AP staining of colonies formed by plating the indicated cells at clonal density and culturing for 6 days with LIF (upper). Scale
bar, 100 um. Percentage of colony types formed by cells is shown (lower). Data are means £ s.d.; n=3. (g) gRT-PCR analysis of gene expression in
Luc KD, Oct4 KD and Oct4 KD/Dax1 OE cells after 5 days of culture with LIF. All data are normalized to Gapdh and shown relative to WT ESCs (set at 1.0).

Data are means £s.d.; n=3. *P<0.05; **P<0.01; ***P<0.001. All P values
undifferentiated.

induced a significant downregulation of pluripotent markers. In
the present study, we observed that stable Dax1 KD ESC lines can
be established and maintained in culture by serial passages. Dax1
KD ESCs are prone to differentiation, but retain pluripotency
despite reduced self-renewal efficiency. That Daxl KD decreases
the proliferation of ESCs suggests that Dax1l-null ESCs cannot
survive, which may be why several laboratories have tried but
failed to create Dax1-knockout ESC lines or mice.

Daxl OE also inhibits the proliferation of ESCs and
upregulates some differentiation markers. Nevertheless, Dax1
OE ESCs can be continuously propagated without LIF and
maintain self-renewal. These seemingly contradictory phenotypes
suggest that Dax1 may not be a self-renewal-promoting factor. In
earlier studies, Dax1 OE was reported to induce ESC differentia-
tion because Daxl binds Oct4 and inhibits its transcriptional
activity?®. However, we report that Daxl OE ESCs can be
established and retain normal expression of pluripotent markers.
This discrepancy may be due to different expression levels of

12
© 2014 Macmillan Publishers

were calculated using Student's t-test. Diff,, differentiated; Undiff.,

extrinsic Dax1 in ESCs. Sun et al.?® observed the phenotypes of
primary transfectants after supertransfection of an episomal
expression vector, which directs strong expression of extrinsic
Dax1 in ESCs. In this study, we also use the episomal vector
system for forced expression of Daxl. However, we obtained
stable transfectants by conventional transfection and drug
selection. Differentiated cells in response to Daxl OE were
gradually eliminated during the culture.

Cellular phenotypic analysis indicates that Daxl functions
similarly to Nanog in regulating pluripotency. It has been
reported that Nanog and its downstream target Esrrb regulate
Daxl transcription?”°!. Our work and that of others!® suggest
that Nanog deficiency in ESCs does not affect expression of Dax1.
In contrast, Nanog expression is also persistent in Dax1 KD ESCs.
The Dax1 KD phenotype can be completely rescued by Dax1, but
only partially rescued by Nanog OE, and vice versa. Moreover,
co-knockdown of Daxl and Nanog shows an additive effect. If
Daxl1 is simply a downstream effector of Nanog (or the contrary),
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these results cannot be explained. In fact, high-throughput
experiments have also revealed that Daxl and Nanog are two
independent target ‘hubs’ within the ESC pluripotency network!®.
Thus, we suggested that Daxl and Nanog are functionally
independent,  partially = complementary, but ultimately
irreplaceable.

Although it is not among the collection of genes for somatic
cell reprogramming, Nanog has been proven to be key to the
acquisition of both embryomc and induced pluripotency’.
However, Nanog expression is heterogeneous and dynamic in
ESCs/iPSCs. Fluctuating Nanog expression will inevitably lead
the gene regulatory network centred around Nanog to be broken
and reconstructed repeatedly, and thereby cause fluctuations
in cellular function and potential. Thus, maintenance of
pluripotency and self-renewal in the absence of Nanog is
worthy of understanding. A logical corollary is that different
populations of stem cells have networks comprlsed of different
elements but with similar functions to Nanog®2. Our findings
provide experimental evidence not only to support this theoretical
model, but also to extend recent reports establishing critical roles
for Nanog in true iPSC generation. We therefore proposed a
‘double-insurance’ mechanism that Dax1 and Nanog cooperate to
stabilize the ESC and induced pluripotency (Fig. 10a). In
ESCs, each factor is necessary but neither Daxl nor Nanog
alone is sufficient to maintain an optimal pluripotent state.
Nanog ™ /Dax1 T cells possess the most prominent self-renewal
efficiency; Nanog ™ /Dax1 ™ ESCs have reduced self-renewal
efficiency and an increased ExEn differentiation propensity,
whereas Nanog ~ /Dax1 ~ ESCs irreversibly lose pluripotency. As
a result, Dax1 is indispensable for keeping Nanog ~ populations
from differentiating. In producing iPSCs, Daxl and Nanog are
both needed to obtain authentic pluripotency at the final stage.
Lack of each blocks the transition of reprogramming cells from
the intermediate to the maturation phase.

Both Daxl- and Nanog-deficient ESCs have an increased
differentiation proEensuy for ExEn cells, in which Gata6 is the
critical regulator!>3, Co-knockdown of Dax1 and Nanog induces
ExEn commitment, which might be due to full activation of
Gata6. The combined effect of Daxl and Nanog suggests that
these two factors may cooperate to control expression of Gata6,
and thereby determine the degree of pluripotency in ESCs
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(Fig. 10a). At this time, no direct evidence for the repress1on of
Gata6 by pluripotent factors has been reported®. Our
observations show that Daxl blocks ExEn dlfferentlatlon by
transcriptional repression of Gata6. Early studies suggest that
Dax1 may repress gene expression by recrultmg CO-repressors or
by interacting with stem-loop structures®>>®. We identified a
putative Dax1-binding site that is located 7710 to —570bp
upstream from the transcription start site of the Gata6 gene.
Sequence analysis indicates that there is no proper stem-loop
structure that can be formed by the DNA. Thus, other
mechanisms may contribute to Daxl-mediated transcriptional
regulation of Gata6. Nanog has also been re 7ported to bind to the
proximal region of the Gata6 promoter!*>’, indicating the tight
control of this crucial target gene by Dax1 and Nanog in ESCs.

Oct4 is the core regulator of ESC pluripotency. Oct4 OE can
also upregulate the expression of Gata6'2. However, because Oct4
expression is not affected by Dax1 KD and Gata6 is only weakly
induced by Oct4 OE!!, we suggest that the predisposition of Dax1
KD ESCs to differentiate into ExEn is Oct4 independent. Both
Daxl and Nanog are regulated by Oct4 at the transcriptional
level*68, and they also form negative- and positive-feedback
loops with Oct4, respectively?”>°. This model would balance
expression and functional activity of Oct4 (Fig. 10b), and thereby
ensure the ability of ESCs to self-renew and appropriately
respond to differentiation signals.

The interaction between Oct4 and Cdx2, which form a
complex for the reciprocal repression of their target genes in
ESCs, has been shown to regulate TE hneage determination!?. Tt
was reported that a 50% decrease in Oct4 induces TE
differentiation!?. However, recent studies indicate that reduced
Oct4 expression (up to sevenfold) directs a more robust
pluripotent state®®®!, This discrepancy may suggest that Oct4 is
not an exclusive factor responsible for inhibiting TE
differentiation. Here we observed that both KD and OE of
Daxl lead to derepression of Cdx2 expression, but the
mechanisms involved may be different. Given that Daxl OE
induced Cdx2 upregulation is due to Oct4 activity inhibition?®
Dax1 KD-induced derepression of Cdx2 and Daxl OE resculng
the Oct4 KD-induced Cdx2 upregulation should not be caused by
functional inhibition of Oct4. Thus, these data suggest that Cdx2
can be regulated in an Oct4-independent manner, and conversely,

ES cell

A

7 -]
Trophectoderm

Extraembryonlc
endoderm

Figure 10 | Dax1 and Nanog offer double insurance for stabilizing ESC and induced pluripotency. (a) Schematic representation of the functional roles of
Dax1 and Nanog in stabilization of ESC and induced pluripotency. See the text for details. (b) Proposed model of the interplay of Dax1, Oct4 and
Nanog in regulating ESC self-renewal and differentiation into either the TE or ExEn. Red indicates positive regulation; black indicates repression; and blue
indicates parallel function. It is unclear whether Dax1 regulates Cdx2 directly (dashed black line). See the text for details.
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Dax1 is required, at least partially, for Oct4-mediated Cdx2
repression. We suggest that Dax1 may play an important role in
TE differentiation by interacting with Cdx2 and/or Eomes
(Fig. 10b). Future studies should elucidate such mechanisms.

In conclusion, our findings reveal functional relationships of
Dax1 with Nanog and Oct4, and provide new insights into the
molecular mechanisms underlying somatic cell reprogramming
and the dynamic equilibrium of pluripotent states. Mouse and
human ESCs fluctuate between the primed state, in which they
are ready for lineage commitment, and the naive/ground state, in
which they have enhanced self-renewal efficiency and even
totipotent properties®®®2-64, Understanding the mechanism for
stabilizing the pluripotent state is required for exploiting the full
potential of ESCs and creating high-quality iPSCs. Further
experiments will be needed to demonstrate the exact biological
role of Daxl in stem cell state determination and elucidate
precisely the interconnection between Daxl and other
pluripotency-regulating factors.

Methods

Plasmid construction. pLL3.7 vector (provided by Luk Van Parijs) was modified
by replacing the EGFP gene with the zeocin or hygromycin-resistance gene. All
shRNA-targeting sequences (Supplementary Table 5) were designed and BLASTed
to ensure specificity. The oligonucleotides encoding target sShRNA were cloned as
described before®. pPyCAGIP expression vector (a gift from Ian Chambers) was
modified by replacing the IRES-pac cassette with the 2A sequence hygromycin-
resistance gene. The new vector was named pCAG-2AH. The full-length open
reading frames of DaxI, Nanog and Gata6 were PCR amplified from mouse ESC
cDNA using KOD-Plus- (TOYOBO) and cloned into pGEM-T Easy (Promega).
After DNA sequence verification, the open reading frames were subcloned into
pPyCAGIP or pCAG-2AH. For construction of Flag-tagged expression vectors, the
3 x FLAG fragments were obtained from p3 x FLAG-CMV plasmid via PCR, and
subcloned in-frame into the respective expression vectors. Gata6 promoter
(positions — 2,097 to + 13, —1,007 to + 13, —863 to +13, —710 to + 13,
—570 to + 13 and — 280 to + 13) and enhancer (positions + 247 to + 1,539)
fragments were amplified by PCR from mouse genomic DNA and inserted into
pGL3-basic vector (Promega). The primers for construction are listed in
Supplementary Table 6. The DNA sequences of these plasmids are available on
request.

Cell culture. Mouse ESC lines and iPSCs (Supplementary Table 2), including R1
(American Type Culture Collection), CCE (Stemcell Technologies), E14/T (pro-
vided by Ian Chambers), Nanog:GFP (a gift from Shaorong Gao) and iP14D (a gift
from Qi Zhou), and their derivatives were cultured on 0.2% gelatin-coated plates in
ESC medium (DMEM, 5% ES cell-qualified fetal bovine serum (FBS), 15% KSR,
2mM GlutaMAX, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids,
0.1 mM B-mercaptoethanol (all from Invitrogen) and 10 ng ml~! LIF (Milipore)).
Cells were routinely propagated by trypsinization and replated every 2-3 days, with
a split ratio of 1 in 8. 293FT cells (Invitrogen) were maintained in DMEM sup-
plemented with 10% FBS. All cell cultures were maintained at 37 °C with 5% CO,.

ESC transfection. The plasmid DNA was transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Cells were cultured in
the presence of 2 pgml ~! puromycin (Invitrogen) or 200 pgml ~ ! hygromycin B
(Invitrogen) for the indicated number of days. For stable transfection, resistant
colonies were pooled and expanded for further analysis.

ESC differentiation. To form EBs, ESCs were trypsinized to single-cell suspen-
sions, plated at a density of 5 x 10* cells per ml in petri dishes and cultured in LIF-
deficient ESC medium for the indicated number of days. The medium was changed
at 2-day intervals.

For the ExEn differentiation, cells in monolayer were treated with 0.1 uM
RA?2% Four days later, cells were fixed with paraformaldehyde and stained with
Gata6, Gata4 or Foxa2 antibody.

Induction of mesodermal cells was performed as described?® with minor
modifications. Briefly, 3 x 10* ESCs were seeded in each well of collagen IV-coated
six-well cluster dishes (BD Biosciences) and incubated for 4 days in o-MEM with
10% FBS and 50 uM B-mercaptoethanol. Cells were collected with cell dissociation
buffer (Invitrogen) and analysed for expression of Flkl by flow cytometry.

Neuroectoderm differentiation was performed as reported?>. Briefly, 1.5 x 10°
ESCs were cultured in six-well plates in ESC medium. After 24 h of culture, the ESC
medium was replaced by differentiation medium (advanced DMEM/F12 and
neurobasal media (1:1), 1 X N2, 1 x B27, 2mM GlutaMAX, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids, 0.1 mM B-mercaptoethanol,
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25 ugml ~ ! insulin and 50 pgml~ ! bovine serum albumin). Six days later, cells
were fixed with paraformaldehyde and stained with anti-Nestin antibody.

Trophoblast stem (TS) cell differentiation assays were performed as previously
described?, 2 x 10> ESCs were cultured in six-well plates in ESC medium without
LIF for 42 h. Wnt3a (50 ngml ~ !) was subsequently added to the culture. After 6h,
cells were trypsinized and replated on six-well plates (1 x 10* cells per well) in TS
medium. The TS medium consisted of 70% MEF-conditioned medium, 30%
RPMI1640 (Invitrogen) supplemented with 10% FBS, 1 mM sodium pyruvate,
0.1 mM non-essential amino acids, 0.1 mM B-mercaptoethanol, 2 pgml~ ! sodium
heparin (Sigma) and 25ngml ~ ! recombinant fibroblast growth factor 4 (Sigma).
Six days later, cells were fixed with paraformaldehyde and stained with the anti-
Cdx2 antibody.

Lentiviral production. Lentiviral vector, pSPAX2 and pMD2G (4:3:1) were co-
transfected into 293FT cells by calcium phosphate transfection. Briefly, 293FT cells
were grown to 80% confluence in DMEM/10% FBS. Then, 12.5 ug total plasmids
were mixed with 50 pul CaCl, (2.5mM) and diluted with 1/10 TE buffer (1 mM
Tris-HCl, 0.1 mM EDTA, pH 7.6) to a final volume of 0.5 ml. The mixture was
added dropwise to 0.5ml 2 x HeBS (HeBS contains 0.28 M NaCl, 0.05M HEPES,
1.5 mM Na,HPO,, pH 7.0) and mixed. After 1 min, the solution was mixed again
and added dropwise into the media. Then, 12 h later, the medium was changed and
virus was collected after a subsequent 48-72h cultivation. Viral supernatant was
centrifuged (10 min at 300 g; 4 °C) to remove cell debris. Viral particles were
concentrated by ultracentrifugation at 70,000 ¢ for 2 h.

Lentiviral infection of ESCs. ESCs were trypsinized and infected in suspension by
the viral supernatant along with polybrene (4 g ml ~1; Sigma) for 30 min at 37 °C.
Cells were then plated at a density of 1 x 10* cells in 24-well plates. After 48 h, cells
were trypsinized, replated at 1 x 10* cells per gelatin-coated 10-mm dish and
cultured in ESC medium supplemented with 15 ugml ~! zeocin (Invitrogen) or
200 pgml ~ ! hygromycin B (Invitrogen) for 7 days.

Somatic cell reprogramming. iPSCs were induced as previously described®” 8.

Briefly, MEFs (passage 2-4) were seeded in gelatin-coated six-well plates at a
density of 1 x 10° cells per well (day — 2). Cells were infected with TetO-4F2A and
M2rtTA lentivirus together with pLL3.7-based lentivirus for shRNAs (day 0).
Infections were performed in the presence of 8 ugml ~! polybrene and 1 pugml !
doxycycline. Two days later, culture medium was replaced by ESC medium
supplemented with doxycycline (1 pgml~!) and changed daily. On day 18, cells
were trypsinized and replated onto gelatin-coated plates at a density of 5 x 103 cells
per cm?. Six days later (day 24), cells were collected for analysis.

Cell proliferation and colony formation assay. For proliferation assay, cells were
plated at a density of 200 cells per cm? in gelatin-coated dishes and cultured in the
presence or absence of LIF. Cells were counted at the indicated time points. Viable
cells were determined by Trypan blue exclusion and manually counted using a
haemocytometer under light microscopy.

For colony formation assay, ESCs were plated at clonal density (50 cells per
cm?) and cultured in the presence (1 ngml ~ 1) or absence of LIF. After 6 days, AP
was measured with a BCIP/NBT alkaline phosphatase detection kit (Beyotime)
according to the manufacturer’s instructions. Colonies were scored in three
categories: undifferentiated, mixed (partially differentiated) and differentiated.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde for 20 min at 4 °C
and permeabilized with 0.1% Triton X-100 for 15 min, followed by blocking with
10% FBS/phosphate-buffered saline (PBS) for 30 min. Cells were stained overnight
with primary antibodies at 4 °C, followed by the appropriate secondary antibodies
detecting mouse and rabbit IgG. A list of antibodies and dilution ratios is available in
the Supplementary Table 4. Cell nuclei were visualized by staining with DAPI
(4',6-diamidino-2-phenylindole). Images were captured with a confocal microscope
(SP1, Leica Microsystems) or inverted biological microscope (Olympus, IX71).

Protein extraction and immunoblotting. To obtain whole-cell extracts, cells were
washed with PBS and incubated for 20 min in cold lysis buffer containing freshly
added protease inhibitors (Beyotime). Protein concentrations were determined
using BCA protein assay (Beyotime). Total protein (10 ug) was separated by SDS—
PAGE and transferred to polyvinylidene difluoride membranes (Millipore).
Membranes were probed with specific primary antibodies, antibody-protein
complex detected by horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence (ECL) exposed (Pierce). Representative full-length
images of immunoblots are shown in Supplementary Fig. 9.

Flow cytometry analysis. Cells were collected using cell dissociation buffer
(Invitrogen). To examine the expression of FIk1, cells were resuspended at
~5x 10° cells per ml in PBS. Phycoerythrin-conjugated anti-FIk1 antibody
(eBioscience) was added, cells were incubated at 4 °C for 30 min and washed in
PBS. For intracellular antigens (Oct4, Nanog, Dax1 and Gata6) staining, 5 x 10°
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cells were washed with PBS and resuspended in 1 ml Foxp3 Fixation/Permeabili- 4. Ng, H. H. & Surani, M. A. The transcriptional and signalling networks of
zation working solution (eBioscience) at 4 °C for 60 min in dark. After washing two pluripotency. Nat. Cell Biol. 13, 490-496 (2011).
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: . . i . ,S. H. . ptional network controlling pluripotency in
analysed using a FACS Calibur or FACS Aria (Becton Dickinson). cells. Cold Spring Harb. Symp. Quant. Biol. 73, 195-202 (2008).
8. Mitsui, K. et al. The homeoprotein Nanog is required for maintenance of
Teratoma formation. Six-week-old male nude mice with BALB/c genetic back- pluripotency in mouse epiblast and ES cells. C.ell 113, 631-642 (20_03)4
ground were used in the experiments. Mice were housed in specific pathogen-free ~ 9- Chambers, 1. et al. Functional expression cloning of Nanog, a pluripotency
conditions. All of the animal experiments were approved by the Animal Ethical and sustaining factor in embryonic stem cells. Cell 113, 643-655 (2003).
Experimental Committee of Third Military Medical University. ESCs were col- 10. Ralston, A. & Rossant, J. Genetic regulation of stem cell origins in the mouse
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