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Dax1 Up-Regulates Oct4 Expression in Mouse
Embryonic Stem Cells via LRH-1 and SRA
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Dax1 (NrOb1) is an atypical orphan nuclear receptor that has recently been shown to play a role in
mouse embryonic stem (mES) cell pluripotency. Here we describe a mechanism by which Dax1
maintains pluripotency. In steroidogenic cells, Dax1 protein interacts with the NR5A nuclear
receptor steroidogenic factor 1 (Nr5a1) to inhibit transcription of target genes. In mES cells, liver
receptor homolog 1 (LRH-1, Nr5a2), the other NR5A family member, is expressed, and LRH-1 has
been shown to interact with Dax1. We demonstrate by coimmunoprecipitation that Dax1 is,
indeed, able to form a complex with LRH-1 in mES cells. Because Dax1 was historically character-
ized as an inhibitor of steroidogenic factor 1-mediated transcriptional activation, we hypothe-
sized that Dax1 would inhibit LRH-1 action in mES cells. Therefore, we examined the effect of Dax1
on the LRH-1-mediated activation of the critical ES cell factor Oct4 (Pou5f1). Chromatin immuno-
precipitation localized Dax1 to the Oct4 promoter at the LRH-1 binding site, and luciferase assays
together with Dax1 overexpression and knockdown experiments revealed that, rather than re-
press, Dax1 accentuated LRH-1-mediated activation of the Oct4 gene. Similar to our previously
published studies that defined the RNA coactivator steroid receptor RNA activator as the critical
mediator of Dax1 coactivation function, Dax1 augmentation of LRH-1-mediated Oct4 activation is
dependent upon steroid receptor RNA activator. Finally, utilizing published chromatin immuno-
precipitation data of whole-genome binding sites of LRH-1 and Dax1, we show that LRH-1 and
Dax1 commonly colocalize at 288 genes (43% of LRH-1 target genes), many of which are involved
in mES cell pluripotency. Thus, our results indicate that Dax1 plays an important role in the
maintenance of pluripotency in mES cells through interaction with LRH-1 and transcriptional
activation of Oct4 and other genes. (Molecular Endocrinology 24: 2281-2291, 2010)

NURSA Molecule Pages: Nuclear Receptors: DAX1 | LRH-1; Coregulators: SRA.

elf-renewal and pluripotency are essential properties
Sthat allow embryonic stem (ES) cells to form every cell of
an organism. In the case of mouse embryonic stem (mES)
cells, the network circuitry that maintains the undifferenti-
ated state is complex and involves several transcription fac-
tors, including Oct4, Nanog, Sox2, and signal transducer
and activator of transcription 3 (for review, see Ref. 1). The
regulation of expression of these factors is marked by a high
degree of redundancy, likely due to their critical roles in
maintaining pluripotency. For example, Oct4 levels in mES
cells must remain within an exquisitely tight window, be-
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cause only 2-fold increase in expression of Oct4 results in
endoderm/mesoderm differentiation (2). Indeed, there have
been reports that at least eight factors, including Oct4 itself,
regulate the proximal Oct4 promoter (reviewed in Ref. 1).
Dax1 is an atypical orphan nuclear receptor that was
cloned more than a decade ago as the gene mutated in pa-
tients with X-linked congenital adrenal hypoplasia (3). Since
that time, Dax1 has been characterized as a transcriptional
repressor that binds the nuclear receptor steroidogenic fac-
tor 1 (Sf1) to inhibit Sf1-dependent transcription of steroi-
dogenic genes (reviewed in Ref. 4). Recently, our under-

Abbreviations: AP, Alkaline phosphatase; ChIP, chromatin immunoprecipitation; co-IP, coim-
munoprecipitation; ES, embryonic stem; GFP, green fluorescent protein; LIF, leukemia-inhib-
itory factor; LRH-1, liver receptor homolog 1; mES, mouse embryonic stem; PP, proximal
promoter; QPCR, quantitative PCR; Sf1, steroidogenic factor 1; shRNA, short hairpin RNA,;
SRA, steroid receptor RNA activator.
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standing of the roles of Dax1 has expanded enormously.
The observation that Dax1 is expressed in mES cells sug-
gested that Dax1 participates in cellular processes in addi-
tion to the inhibition of steroidogenesis (5, 6). Indeed, dele-
tion or knockdown of Dax1 results in differentiation of mES
cells to multiple lineages, showing that Dax1 is required for
the maintenance of pluripotency (6-38). Additionally, mi-
croarray and whole-genome binding studies in mES cells
have shown that Dax1 binds to and regulates expression of
thousands of genes (7, 9). These reports illustrate that Dax1
plays a significant, but largely undefined, role in the main-
tenance of pluripotency of mES cells.

Although an early study suggested that Dax1 can bind
to a hairpin loop structure in the promoter of the steroi-
dogenic acute regulatory protein, minimal evidence exists
for direct DNA binding by Dax1 (10). Therefore, we be-
gan to explore a role for Dax1 in mES cells by hypothesizing
a protein-protein interaction to provide clues to its targets.
Indeed, a recent publication (11) showed that Dax1 could
bind directly to Oct4 protein and inhibit its activation of
target genes, indicating one way in which Dax1 regulates
gene transcription in mES cells. In steroidogenic cells, Dax1
interacts with Sf1 protein and through this interaction alters
target gene activation (12, 13). Sf1 is not expressed in mES
cells, but liver receptor homolog 1 (LRH-1), the closest nu-
clear receptor family member, is expressed in these cells, and
furthermore is required for expression of the critical ES cell
factor Oct4 (14). We therefore hypothesized that Dax1 may
interact with LRH-1 in mES cells to regulate mES cell plu-
ripotency. In this report, we set out to define molecular in-
teractions between LRH-1 and Dax1 and resultant target
gene regulation in mES cells. As detailed below, we uncover
novel mechanisms of Dax1-mediated transcriptional con-
trol of Oct4 and other genes that contribute to mES cell
pluripotency.

Results

Dax1 and LRH-1 interact in mES cells

To further our understanding of the role for Dax1 in mES
cells, we began by looking for a protein-protein interaction.
Dax1 is an atypical nuclear receptor with a well-conserved
ligand-binding domain, but no conserved DNA-binding do-
main (3). Although there is a report suggesting that Dax1
can bind specific DNA structures within a promoter, the
predominant role of Dax1 has been to interact with the
nuclear receptor steroidogenic factor 1 (Sf1) to inhibit trans-
activation of target genes (10, 12, 15-17). Although Sf1 is
not expressed in mES cells, the closest nuclear receptor fam-
ily member liver receptor homolog 1 (LRH-1), is highly ex-
pressed. Because Sf1 and LRH-1 share similar protein struc-
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FIG. 1. Dax1 and LRH-1 cooperate to up-regulate Oct4 in mES cells.
A, Dax1 and LRH-1 interact in mES cells. mES cell lysates were
immunoprecipitated (IP) with anti-LRH-1 antibody and Protein A
agarose beads. Bound proteins were subjected to SDS-PAGE, and
immunoblotting (IB) was performed with anti-Dax1 antibody as
described in Materials and Methods. B, Dax1 up-regulates LRH-1-
mediated Oct4-Luc activation in F9 cells. F9 embryonal carcinoma cells
in 24-well plates were transfected with 200 ng Oct4-Luc and
cotransfected with 200 ng empty vector, pcDNA3.1 LRH-1, and/or
empty vector or 150-300 ng Dax1. Luciferase assays were carried out
on lysates 48 h after transfection, and values were normalized to
Renilla luciferase internal control. Data are presented as relative to
empty vector control. *, P < 0.03; **, P < 0.002. C, Overexpression or
knockdown of Dax1 in mES cells alters Oct4-Luc reporter expression.
mES cells in 24-well plates were transfected with 200 ng Oct4-Luc and
cotransfected with 200 ng empty vector, pcDNA3 Dax1, scramble, or
short hairpin Dax 1 (shDax1) vector. For Dax1 and empty vector
transfection, cells were harvested 48 h after transfection, and lysates
were subjected to luciferase assay. shDax1 and scramble transfected
cells were harvested 24 h after transfection, and the luciferase assay
was carried out as described above. Data are presented as relative to
empty vector and scramble controls.

tures, we hypothesized that LRH-1 and Dax1 may interact
in mES cells. Indeed, the crystal structure of a LRH-1/Dax1
protein complex has recently been published (18). To deter-
mine whether this interaction occurs in mES cells, we per-
formed coimmunoprecipitation (co-IP) experiments. When
we immunoprecipitated with anti-LRH-1 antibody, immu-
noblotting with an anti-Dax1 antibody shows enrichment of
Dax1 protein over control immunoprecipitation with nor-
mal serum (Fig. 1A). These results demonstrate that LRH-1
and Dax1 are present in a protein-protein complex in mES
cells.
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assay only 24 h after transfection to ex-
amine direct effects of Dax1 knock-
down and not differentiation. Knock-
down of endogenous Dax1 inhibited
Oct4 promoter activity when com-
pared with scramble control (Fig. 1C).
These data confirm that Dax1 acts as
an activator of Oct4 promoter activity
in mES cells.

Dax1 overexpression does not

Pax6 Rhox6

B

Foxa2 Fgfr2

Percent AP+ cells

pEGFP Dax1 GFP-  pEGFP Dax1 GFP+

FIG. 2. Transient overexpression of Dax1 does not drive differentiation. A, mES cells in 10-
cm plates were transfected with 10 ug pEGFP Dax1 and 48 h later sorted for GFP-positive
and -negative cells. Cells were harvested for QPCR analysis. As positive controls, cells
differentiated by retinoic acid (RA) treatment or withdrawal of LIF (—LIF) were also subjected
to QPCR analysis (as described in Materials and Methods; RA: Cdx2, Pax6, Rhox6, Foxa2,
Fgfr2; -LIF: T, Fgf5). B, Sorted cells were replated and AP staining was performed. Percent of

AP-positive cells was determined by Metamorph software.

Dax1 coactivates LRH-1-mediated Oct4 activation
Because Dax1 is known to inhibit Sf1-mediated acti-
vation of transcription, we hypothesized that Dax1 sim-
ilarly inhibits LRH-1 activity. LRH-1 has been shown to
be critical in regulating the expression of Oct4 (2, 14). As
such, we predicted that Dax1 would regulate LRH-1-
mediated activation of the Oct4 promoter to maintain the
appropriate expression level of Oct4 in mES cells. To
investigate this possibility, we carried out luciferase re-
porter assays utilizing a cell line that lacks endogenous
LRH-1, F9 embryonal carcinoma cells. When we trans-
fected an Oct4-luciferase reporter along with the LRH-1
expression vector, we saw the expected LRH-1-depen-
dent increase in reporter expression (Fig. 1B). However,
when we cotransfected increasing amounts of pcDNA3
Dax1, we found that Oct4 promoter activity increased
above the level with LRH-1 alone, indicating that Dax1
coactivated LRH-1-mediated Oct4 promoter activity.
To confirm that Dax1 activated Oct4 promoter activ-
ity, we carried out luciferase assays in mES cells. When we
transfected cells with the luciferase reporter driven by the
Oct4 promoter and cotransfected a Dax1 expression vec-
tor, we observed a modest, but statistically significant,
increase in Oct4 promoter activity (Fig. 1C). Conversely,
we transfected the Oct4-luciferase reporter and cotrans-
fected a vector that codes for a short hairpin RNA
(shRNA) against Dax1, and harvested cells for luciferase

drive differentiation

Stable overexpression of Dax1 has
been shown to result in differentiation
of mES cells (7, 11). Because both Oct4
and Dax1 have been shown to induce
mES cell differentiation when stably
overexpressed, it is possible that any
changes observed in our studies reflect
secondary effects of the Dax1-medi-
ated differentiation and not primary ef-
fects of Dax1 on LRH-1-mediated ac-
tivation of Oct4. To rule out this
possibility, we overexpressed a Dax1-
green fluorescent protein (GFP) fusion
protein in mES cells and sorted for
Dax1 overexpressing cells by GFP. Quantitative PCR
analyses of these cells indicate that markers of differenti-
ation to the germ layers and trophectoderm are not up-
regulated, relative to their levels in cells differentiated by
retinoic acid or withdrawal of leukemia-inhibitory factor
(LIF) (Fig. 2A). Additionally, to confirm that overexpres-
sion of Dax1 does not change the number of undifferen-
tiated cell colonies, we replated the pEGFP Dax1 trans-
fected/sorted cells and counted the percentage of alkaline
phosphatase (AP) staining cells in GFP-positive vs. nega-
tive cells. Overexpression of Dax1 did not change the
percentage of undifferentiated colonies (Fig. 2B). There-
fore, in D3 mES cells, after transient overexpression of
Dax1, there is no loss of pluripotency.

Dax1 activates the Oct4 promoter through the
LRH-1 proximal promoter site

Based on our data that Dax1 activates Oct4 promoter
activity through interaction with LRH-1, we investigated
whether Dax1 is localized to the Oct4 promoter at a pre-
viously characterized site of LRH-1 binding (14). To this
end, we performed chromatin immunoprecipitation
(ChIP) assays that detect protein bound to DNA either
directly or through a complex. Immunoprecipitation with
anti-Dax1 antibody, and not with normal serum, en-
riched for the LRH-1 site within the proximal promoter
(PP) of Oct4 (Fig. 3A) (14). These data, together with the

Zz0oz ¥snbny 9| uo isenb Aq 896/€.2/1822/2 |/¥2/3101E/pUSW/WOD dNO°djWwapede//:sdjy Woly papeojumoq



2284 Kelly et al. Dax1 Up-Regulates Oct4 via LRH-1 and SRA

A 35 —_— aOct4 PP S R
% aOct4 PE ISEC
oControl & 6@ O
R\ X

Oct4 PP

% Input
9SS e S
%
—y

Normal serum anti-Dax1
B «g 2 « s = Oct4-Luc wt
E o Oct4-Luc mPP
o 1.6
(2]
©
j_, 1.2
)
2038
[
204
©
g0
Empty vector Dax1

FIG. 3. Dax1 binds to and up-regulates Oct4 transcription through
the LRH-1 proximal promoter site. A, ChIP was performed in mES cells
as described in Materials and Methods. Immunoprecipitation (IP) was
performed with normal serum or anti-Dax1 antibody, and QPCR was
carried out with primer sets flanking the Oct4 PP LRH-1 site, proximal
enhancer site (PE), or control site. Results are shown from independent
experiments quantitated by either QPCR or PCR and agarose gel
analysis. *, P < 0.02; **, P < 0.006. B, mES cells were transfected
with either 200 ng wild-type (wt) Oct4-Luc reporter or reporter in
which the LRH-1 PP site is mutated. Cells were cotransfected with 200
ng empty vector or Dax1 and 48 h later were harvested and luciferase
assay was carried out.

lack of enrichment of sequence in the proximal enhancer
or control sites, are consistent with Dax1 localization to
the Oct4 promoter at the LRH-1 binding site within the
PP. These results were observed by both quantitative PCR
(QPCR) and PCR followed by agarose gel electrophoresis
(Fig. 3A, right).

The binding of Dax1 to the Oct4 promoter at the
LRH-1 PP binding site suggested that the activation of the
Oct4 promoter by Dax1 was mediated by the LRH-1 PP
site. To test this hypothesis, an Oct4 promoter-luciferase
construct harboring a previously characterized mutation
in the LRH-1 PP site (14) was tested in luciferase assays in
mES cells. When mES cells were transfected with the wild-
type reporter along with either empty vector or pcDNA3
Dax1, a Dax1-dependent up-regulation of the reporter
was observed, but when cells were transfected with the
mutated reporter (Oct4-Luc mPP), there was no increase
in promoter activity upon overexpression of Dax1 (Fig.
3B). The slight decrease in expression of Oct4-Luc mPP
with Dax1 overexpression was not statistically signifi-
cant. These data indicate that Dax1 up-regulates Oct4
promoter activity through interaction with the LRH-1 PP
site.

Dax1 overexpression and knockdown result in
changes in Oct4 mRNA and protein

To examine the effect of Dax1 expression on endoge-
nous Oct4 levels, mES cells were transiently transfected
with pcDNA3 Dax1 and 48 h later harvested for RNA,
and gene expression studies were performed. QPCR re-
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vealed that overexpression of Dax1 resulted in modest,
but statistically significant, up-regulation of Oct4 mRNA
levels (Fig. 4A). Indeed, analysis of Oct4 mRNA levels
from Dax1-GFP-positive cells in Fig. 2 also showed an
up-regulation, with Oct mRNA levels 1.9-fold higher
than in GFP-negative cells. To examine direct changes in
Oct4 mRNA levels with Dax1 knockdown, as opposed
to secondary effects due to differentiation, mES cells
were transfected with a vector containing an shRNA
against Dax1 or scrambled and a GFP cassette, and
sorted for GFP-positive cells 24 h after transfection. Be-
fore any potential differentiation phenotype, a greater
than 50% loss in Oct4 levels was observed (Fig. 4A).
These data indicate overexpression and knockdown of
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FIG. 4. Overexpression or knockdown of Dax1 results in alteration of
endogenous Oct4. A, For overexpression, mES cells were transiently
transfected in a six-well plate with 3 ug empty vector or pcDNA3
Dax1, and 48 h later cells were harvested and RNA was isolated. For
knockdown, mES cells were transfected in a 10-cm plate with 10 ug of
a vector containing shRNA against Dax1 or scrambled control, and a
GFP expression cassette. Cells were harvested 24 h after transfection,
and GFP-positive cells were sorted and then RNA isolated. For both,
cDNA synthesis and QPCR were carried out as described in Materials
and Methods. Oct4 values were normalized to glyceraldehyde-3-
phosphate dehydrogenase and data presented as fold over empty
vector control. *, P < 0.005. B, mES cells were transfected in 10-cm
dishes with 10 g empty vector or pcDNA3 Dax1, and 48 h later cells
were harvested and protein was isolated. Western blot analysis was
performed as described in Materials and Methods with anti-Dax1, anti-
Oct4, and anti-B-actin antibodies. C, mES cells were transfected in a
10-cm plate with 10 ug of a vector containing shRNA against Dax1 or
scrambled control, and a GFP expression cassette. Cells were harvested
24 h after transfection and GFP-positive cells were sorted after which
cells were harvested and protein was isolated. Western blot analysis
was performed as described in Materials and Methods with anti-Dax1,
anti-Oct4, and anti-B-actin antibodies. 1B, Imnmunoblotting; shDax1,
short hairpin Dax1.
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Dax1 result in up-regulation and down-regulation of
Oct4 mRNA, respectively.

To determine whether Oct4 protein levels are altered
with the mRNA levels, mES cells were transiently trans-
fected with pcDNA3 Dax1 and 48 h later harvested for
protein. Western blot analysis determined that when
Daxl1 is overexpressed, Oct4 protein levels are concomi-
tantly increased (Fig. 4B). Conversely, to examine Oct4
protein changes with Dax1 knockdown, mES cells were
transfected with a vector containing an shRNA against
Dax1 or scrambled and a GFP cassette, and sorted for
GFP-positive cells 24 h after transfection. Western blot
analysis determined that when Dax1 is knocked down,
Oct4 protein levels are likewise decreased (Fig. 4C). These
data show that Dax1 overexpression and knockdown re-
sult in an increase or decrease in Oct4 protein in mES
cells, respectively.

Dax1 interacts with steroid receptor RNA activator
(SRA) in mES cells

The steroid receptor RNA activator (SRA), an RNA
that interacts with nuclear receptors and forms a scaffold
for a p160 family coactivator complex to activate target
gene transcription, has recently been shown to bind di-
rectly to Dax1 to facilitate Dax1 coactivator (and not
corepressor) function (13, 19). Therefore, we hypothe-
sized that SRA may mediate the ability of Dax1 to activate
Oct4 expression in mES cells. RNA-immunoprecipitation
experiments using a myc-tagged Dax1 revealed that im-
munoprecipitation with anti-myc antibody significantly
enriched for SRA in myc-Dax1 transfected mES cell ly-
sates over the empty myc vector transfection (Fig. SA),
indicating that Dax1 interacts with SRA in mES cells.

Loss of SRA results in attenuation of the Dax1
effect on Oct4

Having determined that Dax1 interacts with SRA in
mES cells, we set out to determine whether SRA mediates
the Dax1-enhanced activation of Oct4. Therefore, a mES
cell line with stable shRNA mediated knockdown of SRA
was generated. An approximately 60% knockdown of
SRA compared with the scramble control was achieved
(Fig. 5B). To determine whether SRA was responsible for
the Dax1-activating effect on the Oct4 promoter, we car-
ried out luciferase assays in the SRA knockdown or
scramble mES cells. When scramble control cells were
transfected with the luciferase reporter driven by the Oct4
promoter and cotransfected with pcDNA3 Dax1, a sta-
tistically significant increase in reporter activity was ob-
served. In SRA knockdown cells; in contrast, overexpres-
sion of Dax1 did not induce reporter activity (Fig. 5C).
Similarly, when we overexpress Dax1 in SRA knockdown
and scramble control cells, the SRA knockdown cells have
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FIG. 5. Dax1 regulation of Oct4 is mediated by SRA. A, mES cells
were transfected in three 10-cm dishes with 10 pg pDax-1-Myc or
pCMV-3tag-4A vector per dish, and RNA-immunoprecipitation was
performed as described in Materials and Methods. The Final RNA
immunoprecipitate (IP) was used to synthesize cDNA and QPCR was
performed for SRA and glyceraldehyde-3-phosphate dehydrogenase
(as a nonspecific normalization control). *, P < 0.02. B, mES cells
stably expressing shRNA against SRA or scrambled were generated as
described in Materials and Methods. RNA was harvested, cDNA was
synthesized, and QPCR was carried out to analyze the amount of SRA
knocked down. Results are presented as relative to scramble control.
C, Scramble or SRA knockdown (KD) mES cells were transfected with
200 ng Oct4-Luc reporter and cotransfected with empty vector or 300
ng pcDNA3 Dax1. Cells were harvested 48 h after transfection and
lysates were analyzed for luciferase activity. Reporter alone for each
cell line was set as 1 luciferase unit. **, P < 0.006. D, Scramble or SRA
KD mES cells were transfected in six-well plates with 3 wg empty
vector or Dax1. Cells were harvested 48 h after transfection for RNA,
cDNA was synthesized, and QPCR was carried out. Change in Oct4
was normalized, and results are presented as fold change over empty
vector control.

at least 2-fold less up-regulation of endogenous Oct4 as
determined by QPCR (Fig. 5D). These data indicate that
interaction between Dax1 and SRA is necessary for the
ability of Dax1 to coactivate Oct4 transcription.

LRH-1 and Dax1 are localized to 288 common
genes in mES cells

To determine whether LRH-1 and Dax1 together ac-
tivate other genes in mES cells, we interrogated published
ChIP data sets from whole-genome binding studies in

Zz0oz ¥snbny 9| uo isenb Aq 896/€.2/1822/2 |/¥2/3101E/pUSW/WOD dNO°djWwapede//:sdjy Woly papeojumoq



2286 Kelly et al. Dax1 Up-Regulates Oct4 via LRH-1 and SRA

mES cells; 288 genes were shared by the LRH-1 and Dax1
genome binding-site lists, which is 5.6 times as many as
expected by chance, indicating a significant overlap in
promoter occupancy for LRH-1 and Dax1 (P = 1 X
10~°) (Fig. 6A and Supplemental Table 1 published on
The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). Dax1 was found at 43%
of the predicted LRH-1 target genes. Of these 288 genes,
78 were identified as having more than one binding loca-
tion in one of the data sets (Fig. 6B). Literature searches
for these 78 genes revealed that 15 of these genes have
been shown to be involved in mES cell pluripotency (Ta-
ble 1). We therefore examined changes in gene expression
of these 15 genes in Daxl-overexpressing and knock-
down mES cells. As predicted for Dax1 serving a primary
coactivation role for LRH-1-mediated gene activation, 11
of the genes were significantly up-regulated when Dax1
was overexpressed, and nine were down-regulated when
Dax1 expression was knocked down. Interestingly, the

LRH-1
Dax1
668 genes
g Intersection 1658 genes
288 genes

# LRH-1 # Dax1
locations locations

#LRH-1 # Dax1
Gene symbol locations locations genﬁ symbol
gp

Pou5f1 4 2 1 2
Obfc2a 3 2 Arsa 1 2
Mkrn1 3 2 Msh6 1 2
Lrrc2 3 3 Rbpms2 1 2
NrOb1 3 3 Agtra 1 2
Tmem8 2 2 Slc25a5 1 2
Prmt8 2 2 Mmp14 1 2
Phc1 2 2 Spp1 1 2
Ifitm2 2 3 Kdm2b 1 2
Ldhb 2 3 Nodal 1 2
Hs6st2 2 4 Ckb 1 2
Tdgf1 2 4 Aqu 1 2
Sgk1 4 1 Rbbp5 1 2
Trp53 2 1 Cd3 1 2
Nufip2 2 1 Chrm4 1 2
Mcl 2 1 Pdk1 1 2
Rcor2 2 1 Sept1 1 2
Stk35 2 1 Fam100b 1 2
Ywha 2 1 Mbtps2 1 2
Zscan10 2 1 Slc15a1 1 2
Nfatc4 2 1 Nanos3 1 2
Ptger1 2 1 St8sia1l 1 2
Ifitm 1 2 1 Igfbp2 1 2
Tbc1d9 2 1 Ano6 1 2
Fxyd2 1 5 Slc25a36 1 2
Crfllw3 1 4 1700001P01Rik 1 2
Upp1 1 3 Itpka 1 2
Anp32a 1 3 1d2 1 2
Tmeff1 1 3 Arl15 1 2
Cbx7 1 3 Pdpn 1 2
Fscn1 1 3 Zfp36I1 1 2
Mreg 1 3 Camk2n1 1 2
Socs3 1 3 Nptx2 1 2
Spry2 1 3 Tpd52 1 2
KIf9 1 3 Cabp1 1 2
Dennd2c 1 2 Cpst4l 1 2
Mtmr12 1 2 Nano? 1 2
Ezh1 1 2 2410T37M14Rik1 2
Ints3 1 2 BC025920 1 2

FIG. 6. LRH-1 and Dax1 localize to common gene targets in mES
cells. A, Venn diagram showing the intersection between ChiP-
determined whole-genome binding sites of LRH-1 and Dax1. From
these data sets, 288 genes overlap as common targets. B, List of 78
gene targets that have more than one location indicated by the ChIP
data sets and the number of locations for LRH-1 and Dax1.

Mol Endocrinol, December 2010, 24(12):2281-2291

expression of two genes (Mcll and Nodal) increased in
both the Dax1-overexpressing and knockdown mES cells,
consistent with our earlier observations of dose depen-
dence of Dax-1 corepression (low dose) and coactivation
(high dose) (13). The expression of Nanog was decreased
with both overexpression and knockdown, whereas
Fscn1 did not change significantly with Dax1 overexpres-
sion or knockdown. These data support a model in which
Dax1 coregulates a variety of LRH-1 target genes with
most genes being activated and others repressed or being
regulated in a dose-dependent manner by Dax1. Such
complex regulatory mechanisms are predicted to play a
major role in the maintenance of ES cell pluripotency.

Discussion

Although evidence that Dax1 plays a significant role in
the maintenance of pluripotency in mES cells is abundant,
few studies have examined a specific mechanism of Dax1
action in these cells. In this study, we elucidate a mecha-
nism by which Dax1 up-regulates Oct4 levels that is pre-
dicted to be important in the maintenance of Oct4 levels
within the window of pluripotency. Our data show that
Dax1 interacts with LRH-1 and is localized to the Oct4
promoter at the site of LRH-1 binding in the proximal
promoter, and it is through this site that Dax1 exerts its
activating effects. Dax1 is typically known as a corepres-
sor; however, we found that Dax1 coactivates Oct4 tran-
scription mediated by LRH-1. We recently reported that
interaction of Dax1 with the RNA activator, SRA, in
steroidogenic cells resulted in the ability of Dax1 to act as
an activator in certain contexts in a dose-dependent man-
ner (13). In the current study, we demonstrate that Dax1
interacts with SRA in mES cells, and stable knockdown of
SRA results in loss of the ability of Dax1 to coactivate
Oct4. In addition, we show that LRH-1 and Dax1 localize
to a significant number of common genes by ChIP, sug-
gesting that the LRH-1/Dax1 protein complex is impor-
tant in gene regulation in mES cells. We provide data that
Dax1, through interaction with LRH-1 and SRA on the
proximal promoter, up-regulates Oct4 expression. These
are likely important mechanisms by which Dax1 main-
tains pluripotency in mES cells.

A previous study reported that Dax1 overexpression
caused mES cell differentiation (11). Because high levels
of Oct4 cause differentiation and our study shows that
Dax1 overexpression results in up-regulation of Oct4, we
carefully evaluated the mES cells for any differentiation
phenotype to ensure that our results were not simply sec-
ondary effects of differentiation rather than primary ef-
fects of Dax1 on LRH-1-mediated activation of Oct4. By
sorting for a pure population of Dax1-overexpressing
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TABLE 1. Target gene expression in Dax1-overexpressing and knockdown mES cells

RefSeq Fold change Fold change
identification (mRNA) Dax1 (mRNA) Dax1
Gene no. OE mES cells KD mES cells Reference

Socs3 NM_007707 1.12(0.17) 0.18 (0.0005) 29
Mmp14 NM_008608 1.86 (0.00003) 0.29 (0.00002) 30
Pdk1 NM_172665 1.40 (0.001) 0.44 (0.0006) 31
Spp1 NM_009263 1.14(0.33) 0.52 (0.003) 32
Tdgf1 NM_011562 1.58 (0.00003) 0.55 (0.003) 33
Phc1 NM_007905 1.31 (0.0003) 0.59(0.022) 34
Ezh1 NM_007970 1.32 (0.005) 0.61 (0.002) 35
Trp53 NM_011640 1.37 (0.0002) 0.65 (0.043) 36
Nanog NM_028016 0.71 (0.0005) 0.67 (0.027) 21
Msh6 NM_010830 2.33(0.00003) 0.80(0.11) 37
Fscnl NM_007984 1.10(0.25) 0.88 (0.14) 38
Zfp3611 NM_007564 3.11 (0.0003) 0.96 (0.75) 39
Agp3 NM_016689 1.16 (0.030) 1.58 (0.055) 40
Mcl1 NM_008562 3.11(0.00001) 1.95 (0.0001) 41
Nodal NM_013611 1.48 (0.0003) 2.08 (0.006) 42

Whole-genome binding regions corresponding to promoters of 78 distinct genes were found to contain more than one binding site for LRH-1 or
Dax1 and at least one site for both. For further validation studies, we selected the 15 genes from this set that have known roles in mES cell biology
and examined gene expression levels by QPCR in mES cells that overexpressed Dax1 vs. mES cells with Dax1 knocked down (as described in
Materials and Methods). Shown are fold changes defined as mRNA level in Dax1-overexpressing cells relative to empty vector, or mRNA in Dax1
knockdown cells relative to scramble control, from triplicate experiments. Values were normalized to GAPDH. P values for the changes are given in

parentheses. KD, Knockdown; OE, overexpression.

mES cells, QPCR revealed that there was no up-regula-
tion of differentiation factors. Additionally, we did not
see a decrease in percentage of cells expressing a marker of
pluripotency (AP). Perhaps these results are different than
the previous report because experiments described herein
were not performed in stable Dax1-overexpressing lines
and used traditional, as opposed to episomal, plasmids.
The well-characterized dose and time dependence of Dax1
coactivation vs. corepression function on transcription may
also play a role in the different results observed in these two
studies. In humans, duplication of Dax1 is associated with
gonadal sex reversal, and our recent work indicates that
different concentrations of Dax1 determine whether Dax1
acts as a transcriptional repressor or activator (13, 20).
Thus, our finding that Dax1 overexpression does not cause
differentiation but does up-regulate Oct4 levels may reflect
temporal and concentration-dependent actions of Dax1 in
the transcriptional control of mES cell pluripotency.

Our results demonstrate that Dax1 interacts with both
LRH-1 and SRA in mES cells. Whether SRA may bind to
LRH-1 as well, in the absence of Dax1, remains an open
question. This interaction is most likely not restricted to
the Oct4 promoter but is an important mechanism of
transcriptional regulation of other gene promoters in mES
cells. Indeed, the intersection of published ChIP results
shows that LRH-1 and Dax1 localize to 288 common
genes. Changes in expression of a substantial subset of
these genes in Dax1-overexpressing vs. knockdown mES
cells support a model whereby Dax1 serves as both an
activator and a repressor in different contexts, perhaps in
a dose-dependent manner. It is interesting to hypothesize

that Dax1 may act on many different promoters with
varied protein or RNA partners, each resulting in a con-
text-specific activation or repression.

Oct4 expression levels must be kept within a tight win-
dow to maintain pluripotency: a less than 2-fold increase
causes differentiation into a mixture of primitive
endoderm and mesoderm lineages, and a decrease in Oct4
levels causes dedifferentiation to trophectoderm (2). Our
experiments show that Dax1 overexpression or knock-
down results in subtle changes in Oct4 mRNA and pro-
tein levels. Specifically, in luciferase reporter and gene
expression studies, Oct4-Luc and Oct4 mRNA levels
never change more than 2-fold. A confounding variable in
these overexpression experiments is that endogenous
Daxl1 levels in mES cells are high, with Dax1 being one of
the top 20 mRNAs enriched in mES cells (21). Thus,
overexpression of Dax1 may have only minor effects if
Daxl1 is not limiting. However, we suggest that these sub-
tle changes in Oct4 mRNA are anticipated due to the tight
requirements for Oct4 expression. Additionally, with the
numerous levels of transcriptional regulation that control
Oct4 levels, as experimental manipulation elevates Oct4
levels, other compensatory mechanisms may attempt to
down-regulate its expression to maintain pluripotency.

Although we have achieved overexpression of Dax1,
we have not observed differentiation (as mentioned
above). Sun et al. (11), however, found that stable Dax1-
overexpressing mES cells dedifferentiated into trophecto-
dermal lineage, expressing the markers Cdx2 and Rhox6.
This is consistent with a down-regulation of Oct4, which
they also observed. Their study showed that Dax1 inhib-
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its Oct4-mediated transcription; because Oct4 has been
shown to up-regulate its own transcription, it was sug-
gested that Dax1 may down-regulate Oct4 through inter-
action with Oct4 on its own promoter. Additionally, pre-
vious studies have shown an interaction of Dax1 with
Nanog, which has also been shown to activate Oct4 ex-
pression (22, 23). Indeed, the ChIP studies for Dax1 in-
dicate that Dax1 is localized to two sites on the Oct4
promoter. However, it is worth noting that our data in-
dicate that the overall net effect of Dax1 on Oct4 expres-
sion appears to be activation.

In a separate report, Oct4 was also shown to partici-
pate in the regulation of Dax1 expression in mES cells
through a site within the Dax1 intron (24). Together these
data allow speculation that there may be a positive feed-
back loop in which higher levels of Dax1 induced by Oct4
may serve to up-regulate Oct4 expression; however, be-
cause Dax1 can also inhibit the transcriptional activity of
Oct4, this could serve two functions. First, this could
provoke negative feedback to keep levels of Oct4 in check
via its autoinduction, and second, Dax1 would inhibit
Oct4 activity, thereby preventing high Oct4 levels from
causing differentiation. These dual mechanisms would
serve to rapidly regulate the actions of Oct4 in the cell.

Previous work characterizing the effects of Daxl1
knockdown in mES cells showed that after 24 h of knock-
down, 90% of altered genes in a microarray were up-
regulated, indicating that Dax1 likely repressed these
genes (7). Thus, 10% of these genes that changed were
down-regulated, suggesting a role for Dax1 as a coacti-
vator on some promoters. Additionally, the report dem-
onstrated that, in a luciferase reporter assay using a con-
struct containing domains of Dax1 fused to the yeast Gal4
DNA-binding domain, this construct repressed some ar-
tificial promoters but failed to repress others, showing the
context specificity of the actions of Dax1. However, it
was stated that Oct4 levels did not change in their exper-
iment. Interestingly, supplemental data from an addi-
tional publication are consistent with these data showing
that knockdown of Dax1 results in a down-regulation of
endogenous Oct4 levels (22).

Whereas many studies have examined Dax1 in the con-
text of genomic experiments, characterizing the overall
importance of Dax1 in mES cells, this report is only the
second study to show a specific mechanism by which
Dax1 regulates gene expression. Although it is important
to appreciate the critical role of Dax1 in these cells as
reflected by the number of genomic sites to which it is
localized and the numerous protein interactions in which
it participates, understanding the mechanisms of Dax1
action is critical for full understanding of the role of Dax1
in mES cell biology. Thus, this study, showing Dax1 co-
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activation of Oct4 through interaction with LRH-1 and
SRA and localization of LRH-1 and Dax1 to many com-
mon target genes in mES cells, is an additional contribu-
tion to the complex network of transcriptional control of
mES cell pluripotency.

Materials and Methods

Cell culture and transfection

The D3 line of mouse embryonic stem (ES) cells (a kind gift
from K. Sue O’Shea) was cultured on 0.1% gelatin-coated sub-
strates in ES medium consisting of DMEM (Life Technologies,
Gaithersburg, MD) supplemented with 10% ES-tested fetal bo-
vine serum (Hyclone Laboratories, Logan, UT), 10~* m B-mer-
captoethanol (Sigma Chemical Co., St. Louis, MO), 0.224
pg/ml L-glutamine (Life Technologies), 1.33 wg/ml HEPES (Life
Technologies), 100 U penicillin, 100 pg/ml streptomycin, and
1000 U/ml LIF (Chemicon, Temecula, CA). F9 embryonal car-
cinoma cells were maintained on 0.1% gelatin-coated substrates
in DMEM with 10% bovine serum (Life Technologies) and
penicillin-streptomycin. All cells were grown at 37 C in a hu-
midified atmosphere of 5% CO,. Transient transfection was
performed with Lipofectamine 2000 at a ratio of 3 ul:1 ug DNA
(D3 cells) or 7 ul:1 ug DNA (F9 cells). Differentiation was
performed with either 1 uM retinoic acid or removal of LIF from
the media for 48 h.

Plasmids

pDax-1-Myc and pCMV-3tag-4A have been previously de-
scribed (13). pGL3-Oct4 (hereafter called Oct4-Luc) was cloned
by insertion of a 1141-bp PCR-amplified Oct4 promoter frag-
ment into the Kpnl/Xhol sites of pGL3 Basic. Primers used are
as follows: 5'-CCGGGTACCCCCATGGCTGGACACCTG-
GCTTCA-3’ and 5'-CCGCTCGAGACCCCAAAACTTCAG-
GTTCTCTTGTCT-3'. A mutated Oct4-Luc construct (Oct4-
Luc mPP) was generated using QuikChange Site-Directed
Mutagenesis kit (Stratagene, La Jolla, CA) and the following
primers: 5'-ggggccagaggtcaaacctagagggtgggatt-3’ and 5'-aate-
ccaccctetaggtttgacctetggeeee-3'. pEGFP Dax1 was constructed
by subcloning Dax1 ¢cDNA with HindIIl/Xbal into pEGFP C1
(CLONTECH Laboratories, Inc., Palo Alto, CA). shRNA ex-
pression constructs (pGIPZ shDax1, pGIPZ scramble; Open
Biosystems, Huntsville, AL) were obtained from the University
of Michigan shRNA Core Facility (http://fgc.lsi.umich.edu/).
pcDNA LRH-1 was a generous gift from Dr. William Rainey
(Medical College of Georgia). pSuperior shSRA and pSuperior
scramble were used as described previously (13).

AP staining

For AP staining, cells were washed with PBS and then fixed for
2 min with 4% formalin in PBS. Cells were then equilibrated in AP
buffer for 5 min (100 mm Tris-HCL, pH 9.5; 100 mm NaCl; and 10
mM MgCl,). After equilibration, AP staining was performed
using 90 wl Nitro-Blue Tetrazolium Chloride/5-Bromo-4-
Chloro-3'-Indolyphosphate p-Toluidine Salt (Roche, Indianapolis,
IN) in 10 ml AP buffer for 10 min. Images were captured using
stereo or inverted microscopes (Leica, Inc., Deerfield, IL) in the
Microscopy and Image-analysis Laboratory (MIL) at the Univer-
sity of Michigan Department of Cell & Developmental Biology.
Images were subjected to cell counting using Photoshop CS3.
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TABLE 2. QPCR primers

Genes Forward Reverse

Dax1 accgtgctctttaacccaga ccggatgtgctcagtaagg
Oct4 tgaggctacaggacacctttc Gtgccaaagtccggacct

SRA ggctggagggaagttgtcaatac Ccactggtgatctaaaagttcttyg
ngf7 ttttacgagccgtcgaagat Aattcaaacgcactggaaatg
Phci tcattgaaggctttgttatcca Tctttcaggaactgagaacatcc
Trp53 atgcccatgctacagaggag Agactggcccttecttggtet
Ezh1 catgacccagaacttttgtgaa Gacaaccaggaaagcgattc
Mcl1 ggtatttaagctagggtcatttgaa Tgcagccctgactaaaggtc
Msh6 cagctggcagtgtgtgatg Gataaataagcctcatgcacctc
Mmp14 aacttcgtgttgcctgatga Tttgtgggtgaccctgactt
5pp7 ggaggaaaccagccaagg Tgccagaatcagtcactttcac
Nodal ccaaccatgcctacatcca Cacagcacgtggaaggaac
Agp3 ctggggaccctcatcctt Tggtgaggaagccaccat

Pdk1 gttgaaacgtcccgtget Gcgtgatatgggcaatcc

Fscni gccaacgagaggaacgtg Ggtgcgaaaggcacactt

Socs3 atttcgcttcgggactage Aacttgctgtgggtgaccat
Zfp3611 ttcacgacacaccagatcct Tgagcatcttgttacccttge
Nanog ttcttgcttacaagggtctge Agaggaagggcgaggaga
GAPDH aatgtgtccgtcgtggatct Cccagctctccccatacata

Luciferase assays

D3 or F9 cells were plated at a density of 10 X 10* cells per
well in 24-well plates. Cells were transiently transfected, 24 h
after plating, with luciferase reporter constructs as noted in
each figure, and harvested 48 h after transfection (except
where noted). Cell lysates were assayed for luciferase activity
using the Dual Luciferase Assay (Promega Corp., Madison,
WI) with an injector luminometer. Luciferase activity was
normalized by transfection of pRL-TK Renilla luciferase
(Promega).

Gene overexpression and knockdown assays

Overexpression experiments were carried out as follows:
250 X 102 cells were plated in six-well plates, and 24 h later
transfected with 2-3 ug DNA. After 48 h, cells were harvested,
RNA was isolated, cDNA was synthesized, and QPCR was car-
ried out as described previously (25). To analyze for up-regula-
tion of protein, 3 X 10° cells were plated in 10-cm plates and
24 h later transfected with 10 ug pcDNA3 Dax1 or empty
vector. Cells were harvested 48 h later, as described under West-
ern Blotting procedures.

The method of stable knockdown of endogenous SRA in
mouse ES cells was modified from previously described methods
(13). The shRNA construct targeting mouse SRA and the scram-
ble-sequence shRNA control were described previously (13).
The SRA and control shRNAs were expressed from the retrovi-
ral vector pSuperior.retro.puro (OligoEngine). The retroviruses
were grown in and harvested from Phoenix cells (kindly pro-
vided by G. Bommer, University of Michigan,) and then used to
infect mES cells three times with 8- to 12-h intervals. The in-

fected cells were selected with 1 ug /ml of puromycin. The SRA-
silencing effects of shRNAs were confirmed by QPCR using
mouse SRA-specific primers (13).

For transient knockdown studies, experiments were carried
out as follows: cells were plated in 10-cm plates, and 24 h later
transfected with 10 ug pGIPZ shDax1 or scramble control.
Cells were harvested 24 h after transfection and sorted by flow
cytometry (using a FACSDiva) for expression from the GFP
cassette in the shRNA plasmids. Cells were immediately har-
vested for RNA isolation, and QPCR was carried out using
primer pairs listed in Table 2.

Co-IP and Western blotting

D3 cells in 10-cm plates were harvested and cellular protein
was collected by lysis in a buffer containing 40 mm HEPES, 120
mM sodium chloride, 10 mMm sodium pyrophosphate, 10 mm
sodium glycerophosphate, 1 mm EDTA, 50 mm sodium fluo-
ride, 0.5 mM sodium orthovanadate, 1% Triton X-100 buffer,
and protease inhibitor cocktail (Sigma), followed by rotation for
1 h at 4 C. Soluble protein was collected from centrifuged total
lysates and quantified by Bradford assay (Bio-Rad Laboratories,
Inc., Hercules, CA). Protein lysates were resolved on a 10%
SDS-PAGE and transferred to nitrocellulose membrane by stan-
dard procedures. Proteins were detected using anti-Dax1 anti-
body (1:1000, R&D Systems, Minneapolis, MN), anti-Oct4 an-
tibody (1:200; Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
or anti-B-actin antibody (1:5000, Sigma), followed by blotting
with goat antimouse horseradish peroxidase (Pierce) or rabbit
antigoat horseradish peroxidase (Thermo Scientific, Rockford,

TABLE 3. ChIP primers

Forward

Reverse

Oct4 promoter LRH PP (14)
Oct4 promoter LRH PE (13)
Control

gctggggaagtcttgtgtga

cctccecgtctggaagacacaggcagatagecg

agagggtcaaggatggaatgatt

cgaagtctgaagccaggtgtccagccatgg
gcttccagcctagttcecctgg
cagtgtgctcccteccacc

PE, Proximal enhancer.
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IL), and detection was performed using Super Signal West Dura
Extended Duration Substrate (Pierce).

For co-IP, lysates were cleared by incubation with Protein A
agarose beads (Invitrogen, Carlsbad, CA) and subsequent wash-
ing. Immunoprecipitations were performed on 100 ug protein
using 3 pg anti-LRH-1 (Santa Cruz) or normal serum and 40 ul
Protein A agarose followed by stringent washing with lysis
buffer. Bound proteins were resolved by SDS-PAGE and immu-
noblot performed as described above.

ChIP

ChIP assays were performed on mES cells as previously de-
scribed (26). Anti-Dax antibody (2 ug) (Santa Cruz) was used
for immunoprecipitation. Results shown are representative and
from independent experiments, quantitated by QPCR or visu-
alized by PCR and agarose gel electrophoresis. Primer pairs used
for ChIP assays are listed in Table 3.

RNA-immunoprecipitation

For the immunoprecipitation of Dax1 to evaluate enrich-
ment of SRA, mouse ES cells were transiently transfected with
pDax1-Myc or empty pCMV-3tag-4A vector. The subsequent
immunoprecipitation procedures were modified from previ-
ously described methods (13). Briefly, cells were washed with
PBS and cross-linked with 0.1% formaldehyde for 10 min at
room temperature. After the addition of 0.25 M glycine for 5
min, cells were harvested and lysed in radioimmune precipita-
tion assay buffer containing protease inhibitor cocktail tablet
(Roche), and 40 U/ul RNasin (Promega) and sonicated (13,27).
After immunoprecipitation with anti-Myc antibody (Immunology
Consultants Laboratory), reversal of cross-linking and deoxyribo-
nuclease I treatment were performed as described previously (13).
RNA was then isolated by phenol-chloroform-isoamyl alco-
hol extraction and ethanol precipitation containing glycogen
(Ambion, Inc., Austin, TX), and the total amount was used for
c¢DNA synthesis. QPCR was carried out using 2 ul of the result-
ing ¢cDNA and primers that amplify mouse SRA. Data were
normalized to housekeeping gene expression.

Intersection of LRH-1 and Dax1 ChIP data sets

We obtained the locations of 3346 overrepresented genomic
regions, typically 250-700 bases long, from Heng et al. (28)
chromatin immunoprecipitation using an antihemagglutinin to
enrich for chromatin bound by hemagglutinin-tagged LRH-1,
followed by sequencing. The data were obtained from GEO
series GSE19019. Using the National Center for Biotechnology
Information build 38 of the mouse genome, we associated these
segments with 722 transcripts by asking if the segment mid-
points were within —10,000 to 3000 bases from transcript start
sites. These transcripts represented 668 distinct Entrez genes.
For Dax1, we obtained 1982 locations in terms of gene symbols
and distance from transcript start sites from a chromatin immu-
noprecipitation study using biotin-tagged Dax-1 followed by
hybridization to an Affymetrix mouse promoter (1.0R) array
(9). We collapsed these locations to 1658 distinct Entrez genes.
The two gene lists contained 288 genes in common, which is 5.6
times as many as expected by chance considering 21,577 total
Entrez genes, indicating a significant overlap in promoter occu-
pancy for LRH-1 and Dax-1 (P =1 X 10~°, two-sided Fisher’s
Exact test).

Mol Endocrinol, December 2010, 24(12):2281-2291

Statistics

Experiments were each performed at least in triplicate, and
error bars represent standard deviation. Statistical analyses were
performed by ANOVA and/or Student’s ¢ test. P values are
defined in the figure legends.
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