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Abstract
Dmrt1(doublesex and mab-3 related transcription factor 1) is a regulator of testis development in
vertebrates that has been implicated in testicular germ cell tumors of mouse and human. In the
fetal mouse testis Dmrt1 regulates germ cell pluripotency in a strain-dependent manner. Loss of
Dmrt1 in 129Sv strain mice results in a >90% incidence of testicular teratomas, tumors consisting
cells of multiple germ layers; by contrast, these tumors have never been observed in Dmrt1
mutants of C57BL/6J (B6) or mixed genetic backgrounds. To further investigate the interaction
between Dmrt1 and genetic background we compared mRNA expression in wild type and Dmrt1
mutant fetal testes of 129Sv and B6 mice at embryonic day 15.5 (E15.5), prior to overt
tumorigenesis. Loss of Dmrt1 caused misexpression of overlapping but distinct sets of mRNAs in
the two strains. The mRNAs that were selectively affected included some that changed expression
only in one strain or the other and some that changed in both strains but to a greater degree in one
versus the other. In particular, loss of Dmrt1 in 129Sv testes caused a more severe failure to
silence regulators of pluripotency than in B6 testes. A number of genes misregulated in 129Sv
mutant testes also are misregulated in human testicular germ cell tumors (TGCTs), suggesting
similar etiology between germ cell tumors in mouse and man. Expression profiling showed that
DMRT1 also regulates pluripotency genes in the fetal ovary, although Dmrt1 mutant females do
not develop teratomas. Pathway analysis indicated disruption of several signaling pathways in
Dmrt1 mutant fetal testes, including Nodal, Notch, and GDNF. We used a Nanos3-cre knock-in
allele to perform conditional gene targeting, testing the GDNF coreceptors Gfra1 and Ret for
effects on teratoma susceptibility. Conditional deletion of Gfra1 but not Ret in fetal germ cells of
animals outcrossed to 129Sv caused a modest but significant elevation in tumor incidence. Despite
some variability in genetic background in these crosses, this result is consistent with previous
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genetic mapping of teratoma susceptibility loci to the region containing Gfra1. Using Nanos3-cre
we also uncovered a strong genetic interaction between Dmrt1 and Nanos3, suggesting parallel
functions for these two genes in fetal germ cells. Finally, we used chromatin immunoprecipitation
(ChIP-seq) analysis to identify a number of potentially direct DMRT1 targets. This analysis
suggested that DMRT1 controls pluripotency via transcriptional repression of Esrrb, Nr5a2/Lrh1,
and Sox2. Given the strong evidence for involvement of DMRT1 in human TGCT, the
downstream genes and pathways identified in this study provide potentially useful candidates for
roles in the human disease.
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Introduction
Germ cells tread a narrow developmental path between pluripotency and lineage
commitment. They are fated eventually to differentiate into one of two cell types — the
spermatozoan or the oocyte — and they undergo an extended series of differentiation events
that starts with germ lineage specification during early fetal development and concludes in
adulthood with gamete differentiation. However, artificial manipulations or genetic defects
can readily disrupt germ cell fate commitment, inducing germ cells to express their
underlying pluripotency and adopt a variety of somatic cell fates (Durcova-Hills and Capel,
2008; Stevens, 1964).

Misregulation of pluripotency plays an important role in testicular germ cell tumors, the
most common malignancy of young men (Oosterhuis and Looijenga, 2005). In the fetal
mouse the result is formation of teratomas, tumors containing cells representing all three
somatic germ layers (mesoderm, endoderm and ectoderm). Teratomas can be experimentally
induced when embryonic genital ridges are grafted onto adult testes, but only if the donor
tissue is transplanted prior to embryonic day 13.5 (E13.5) (Regenass et al., 1982; Stevens,
1964; Stevens, 1966), a timing that is consistent with the downregulation of pluripotency-
associated mRNAs that begins during this period (Western et al., 2010; Yamaguchi et al.,
2005). Testicular teratomas also can be induced genetically. Most mouse strains do not
develop teratomas, but they occur spontaneously at a low incidence in mice of the 129Sv
inbred strain (Stevens and Little, 1954) and can occur at higher incidence in mice mutant for
germ cell developmental regulators including the RNA binding protein Dnd1 or the
transcription factor Dmrt1, or mutant for the tumor suppressor Pten (Kimura et al., 2003;
Krentz et al., 2009; Stevens, 1973; Youngren et al., 2005). These tumors involve
inappropriate expression of a variety of pluripotency regulators, cell cycle regulators, and
signaling pathway genes (Cook et al., 2011; Krentz et al., 2009), helping to highlight the
pathways and regulators that normally constrain germ cell proliferation and pluripotency.
Precisely how these pathways normally are controlled in the fetal germ line and why 129Sv
mice are so sensitive to teratoma formation is poorly understood.

In humans, testicular germ cell tumors (TGCTs) also commonly express genes associated
with pluripotency, such as OCT4 and NANOG, whereas normal adult germ cells do not
(Clark et al., 2004; Hoei-Hansen et al., 2005; Jones et al., 2004; Rajpert-De Meyts et al.,
2004). These differences in gene expression suggest that failure to regulate germ cell
pluripotency also underlies human TGCT formation, and the persistence of early germ cell
markers in germ cell tumors of mice and humans suggests that impaired developmental
progression plays an important role. However, TGCT susceptibility is genetically complex
and despite clear evidence that human TGCTs have a strong genetic component (Forman et

Krentz et al. Page 2

Dev Biol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 1992; Heimdal et al., 1996), familial linkage studies failed to identify predisposition loci.
Linkage analysis in the mouse confirms the genetic component and suggests that 100 or
more loci may significantly affect TGCT susceptibility (Lam and Nadeau, 2003). Recently
human genome-wide association studies (GWAS) have identified six potential TGCT
susceptibility loci (Kanetsky et al., 2009; Kanetsky et al., 2011; Rapley et al., 2009;
Turnbull et al., 2010). Among these is DMRT1, a finding that strongly suggests a related
etiology in formation of human and mouse TGCTs. In addition, in the mouse the availability
of single gene mutations that dramatically elevate TGCT incidence, such as Dnd1 and
Dmrt1, has provided an entry point to explore the role of genetic background and to define
the genetic architecture involved in TGCT formation.

Dmrt1 is a member of a conserved gene family sharing the DM domain DNA binding motif
and it functions in germ cells and somatic cells of the male gonad to transcriptionally
regulate multiple aspects of gonadal development and function (Matson and Zarkower,
2012). We found previously that loss of Dmrt1 in mice of the 129Sv genetic background
results in a very high incidence of teratoma formation, whereas Dmrt1−/− mice of the
C57BL/6J or mixed strain backgrounds do not develop teratomas (Krentz et al., 2009).
Mutations in Dnd1 also cause teratomas only in 129Sv mice, and this is due to a strain-
dependent difference in apoptotic response; genetic suppression of apoptosis allows loss of
Dnd1 to cause teratomas in B6/129Sv mixed background mice as well (Cook et al., 2009;
Cook et al., 2011). By contrast, Dmrt1 mutant mice of B6, 129Sv or mixed background do
not undergo elevated fetal germ cell apoptosis, but loss of Dmrt1 nevertheless causes
teratomas only in 129Sv mice. In 129Sv mice Dmrt1 is required for repression of
pluripotency regulators including the core regulators Sox2, Oct4, and Nanog, and for proper
arrest of fetal germ cells in mitosis (Krentz et al., 2009).

Here have investigated Dmrt1-dependent TGCT formation by comparing how mRNA
expression at E15.5 responds to loss of Dmrt1 in a teratoma-susceptible strain (129Sv)
versus a teratoma-resistant strain (B6). We find that loss of Dmrt1 differentially affects
mRNA expression in the two strains. In particular, loss of Dmrt1 more severely deregulates
pluripotency gene repression in 129Sv than in B6 mice. Expression analysis also indicates
that Nodal and Notch signaling are upregulated by loss of Dmrt1. The TGF family ligand
GDNF and its tyrosine kinase coreceptors Gfra1 and Ret were underexpressed in Dmrt1
mutant testes, suggesting that GDNF signaling pathway might regulate fetal germ cell
proliferation and/or pluripotency (this paper and (Krentz et al., 2009)). We conditionally
deleted each GDNF coreceptor in fetal germ cells using a Nanos3-cre knockin allele and
found that loss Gfra1 caused elevated teratoma susceptibility. We also found that Nanos3
functionally interacts with Dmrt1 to suppress TGCT formation, suggesting overlapping roles
for translational and transcriptional regulation in the fetal germ line. Finally, we combined
expression profiling with chromatin immunoprecipitation approaches (ChIP-chip, ChIP-seq,
and qChIP) to identify genes whose transcription is likely to be regulated directly by
DMRT1 in the fetal testis and ovary. We found that DMRT1 directly controls expression the
pluripotency regulators Esrrb and Nr5a2/Lrh1 and that DMRT1 can apparently associate
with DNA by two mechanisms in the fetal gonad, one involving its canonical DNA binding
motif and one involving association with C-rich sequences, primarily in CpG islands.

Materials and Methods
Mouse breeding

Experiments involving Dmrt1flox/flox, Dmrt1+/− or Dmrt1−/− mice (Kim et al., 2007;
Raymond et al., 2000) were performed on mice outcrossed to 129S6/SvEvTac (129S6)
(Taconic Labs) at least seven times, or to C57BL/6J (B6) (Jackson Labs) at least ten times.
Swiss Webster outbred mice (Charles River) were used for ChIP-seq experiments and mixed
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backgrounds (B6, 129Sv, and Swiss Webster) were used for ChIP-chip experiments.
Nanos3Cre/+ mice on the MCH genetic background (Suzuki et al., 2008) were outcrossed 4x
onto 129S1/SvImJ (129S1) (Jackson labs) and then crossed to 129S6 (N10) Dmrt1flox/flox

animals for conditional targeting of Dmrt1 in embryonic germ cells. The mix of 129S1 and
129S6 substrains is presumed to cause the elevated teratoma background seen in Dmrt1fl/+

animals (Fig. 4B; TDK and DZ, unpublished results). Gfra1fl/fl (Uesaka et al., 2007) and
Retfl/fl (Jain et al., 2006) mice were outcrossed 5x onto 129S1 and conditionally deleted in
germ cells by crossing to Nanos3Cre/ mice previously outcrossed 4x onto 129S1. Presence of
a copulation plug in the morning was recorded as E0.5. Genotyping of Dmrt1, Gfra1 and Ret
was as described (Jain et al., 2006; Kim et al., 2007; Uesaka et al., 2007).

mRNA expression profiling
Testes and ovaries were dissected from E15.5 embryos and placed in RNAlater (Qiagen)
until all genotypes were collected. RNA was prepared from gonad pairs and hybridized to
Affymetrix 430 2.0 expression arrays (one gonad pair per array; each genotype analyzed in
triplicate) and analyzed as previously described (Krentz et al., 2009). Expression profiling
from wild type gonads from E11.5–E18.5 was downloaded from GEO (GSE6881) (Small et
al., 2005). Temporally regulated mRNAs were defined as those with more than two-fold
higher or lower expression between E11.5 and E18.5 (p > 0.05). RNA preparation and qRT-
PCR were performed as previously described, using Hprt as a normalization control (Krentz
et al., 2009). Primer sequences are in Table S1.

ChIP
Embryos were collected at E13.5 and sexed by gonadal morphology. Testes from 65–80
males were dissected and pooled for each biological replicate in ChIP-chip and qChIP.
ChIP-seq was performed using 600 E13.5 gonad pairs per experiment. Chromatin was
prepared as described (Krentz et al., 2009; Murphy et al., 2010). DNA from three
independent DMRT1 ChIP samples was amplified by ligation-mediated PCR (Oberley et al.,
2004) modified to use DNATerminator (Lucigen Corp.). Amplified ChIP and input material
was labeled by Nimblegen and hybridized to Mouse ChIP 385K RefSeq Promoter Arrays
(Nimblegen). Promoters with enrichment were identified as described (Murphy et al., 2010).
For validation of ChIP data, qPCR was performed on unamplified immunoprecipitated DNA
using gene specific primers that directly flank the ChIP peak (Table S1). qPCR was
performed in an Eppendorf Mastercycler epgradient S thermocycler using SYBR green
detection (Life Sciences) and the comparative C(T) method (Schmittgen and Livak, 2008).

ChIP-seq data analysis
Illumina FASTQ sequence files were converted to Sanger FASTQ file format using FASTQ
Groomer (Blankenberg et al., 2010) and mapped to mouse genome (MM9) using Bowtie
(Langmead et al., 2009). Areas of enrichment were identified using Model-based Analysis
of ChIP-seq (MACS version 1.4.1) (Zhang et al., 2008). MACS was run using the command
line: macs14 -t target.bam -c control.bam -n target_peaks -s 25 -g 1.87e9 -p 1e-20 --slocal
100 --llocal 1000. ChIP-seq peak calls are available in Table S9.

ChIP motif search
The nucleotide sequence under the area of the DMRT1 binding peak was used for motif
scanning using W-ChIPMotif (Jin et al., 2009). The P-values used for motif discovery were
from the 99.9% confidence interval.
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Results
Strain-dependent responses to loss of Dmrt1 in the fetal testis

To establish baselines for examining the effects of Dmrt1 loss at E15.5, we first analyzed
mRNA expression in wild type testes of teratoma-resistant B6 mice and teratoma-prone
129Sv mice by microarray hybridization (Fig. S1). We chose E15.5 as the developmental
time for this analysis in part because previous mRNA profiling at E13.5 identified very few
misexpressed genes in Dmrt1 mutant 129Sv testes (Krentz et al., 2009). At E15.5 wild type
germ cells normally have finished downregulating expression of pluripotency genes and
have undergone cell cycle arrest; misexpression of genes involved in these processes
therefore should be more readily detectable by this stage of development.

Comparison of testicular mRNA expression between the two strains identified 827 genes
that were differentially expressed more than 2-fold (Fig. S1, left; Table S2) (P<0.05). This
result is consistent with the previous observation that the gonadal and germ cell
transcriptomes of the two strains differ substantially at E11.5 and E14.5 (Cook et al., 2011;
Munger et al., 2009). To ask whether this differential expression might reflect a difference in
developmental timing between the two strains we used data from a published developmental
profile of fetal testis mRNA expression in B6/129Sv hybrid mice (Small et al., 2005). This
analysis showed that although some of the differentially expressed genes are normally
temporally-regulated during fetal development, many are not (Fig. S1, right). In addition,
based on examination of the temporally-regulated genes whose expression differed between
the two strains, neither strain showed a unidirectional difference in the timing of testicular
gene expression relative to the other at E15.5 (i.e., an overall developmental delay or
acceleration) (Fig. S2). We conclude that the strain differences in testicular mRNA
expression at E15.5 include differences in temporal gene regulation but they do not reflect a
simple difference in the rate of testicular development between the two strains.

Next we compared the consequences of Dmrt1 loss in each strain. A Dmrt1 null mutation in
B6 or mixed background mice causes postnatal defects in germ cell and Sertoli cell
development and eventually leads to male-to-female transdifferentiation of Sertoli cells
(Fahrioglu et al., 2007; Kim et al., 2007; Matson et al., 2011; Raymond et al., 2000).
Although B6 Dmrt1 mutant testes appear normal until birth, loss of Dmrt1 in this strain
caused misexpression of 490 mRNAs at E15.5, mainly involving reduced expression (Fig.
1A, left; Table S3) (>2-fold change; P < 0.05). Most of these affected mRNAs were
developmentally regulated in the wild type fetal testis but failed to be up- or down-regulated
in the mutant testis appropriately for this stage of development (Fig. 1A, right). From these
results we conclude that loss of Dmrt1 in B6 mice impairs fetal testicular differentiation by
E15.5. B6 mutant testes did not display a global disruption of testicular differentiation,
however: only a small fraction of the 1787 mRNAs that normally change expression >2-fold
from E11.5 to E18.5 in wild type testes were affected by loss of Dmrt1 (Fig. S2).

In 129Sv mice, loss of Dmrt1 disrupted expression of 632 mRNAs (>2-fold change; P <
0.05) (Fig. 1B; Table S4). As in B6 mutants, some of these mRNAs normally are
developmentally regulated; however a greater proportion of affected mRNAs in 129Sv
mutants were not developmentally regulated (Fig. 2B,D). In addition, while the affected
mRNAs in mutants of either strain mainly showed reduced expression, the proportion with
elevated expression was higher in 129Sv mutants (17% elevated in B6, versus 42% in
129Sv). We conclude that loss of Dmrt1 in the 129Sv testis compromises testicular
differentiation as it does in B6, but also is likely to disrupt other functions, and these
presumably contribute to the highly elevated incidence of teratoma formation in mutants of
this strain.
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A potential concern in analyzing whole testes is that a large difference in the proportion of
germ cells between strains or genotypes could introduce a global bias into the mRNA
expression profiles. To address this question we examined expression of 361 mRNAs that
are enriched in fetal male germ cells (Jameson et al., 2012), asking whether their expression
levels varied systematically between the wild type testes of the two strains or between wild
type and mutant testes of each strain. 167 germ line enriched mRNAs differed significantly
(p < 0.05) between wild type testes of the two strains, with an average elevation of 1.33-fold
in 129Sv versus B6. In B6 testes 93 mRNAs differed significantly between wild type and
mutant, averaging 1.09-fold higher in the mutant. These data suggest that germ cell numbers
are slightly higher in 129Sv than B6 testes and that B6 mutant testes have approximately
normal germ cell numbers relative to wild type. In 129Sv testes 136 mRNAs differed
significantly between wild type and mutant, averaging 1.66-fold higher in the mutant. This
difference was strongly affected by a small number of highly elevated mRNAs (eg, >40-fold
higher expression of L1td1 and Otx2) but it remained possible that 129Sv mutants also have
an increase in germ cell numbers relative to wild type. We therefore examined E15.5 testes
from 129Sv wild type and mutant animals by immunohistochemistry, staining germ cells for
MHV (Fig. S3). We could not exclude a modest increase in germ cells in 129Sv mutant
testes, but a major difference was not apparent at E15.5, consistent with the previous
conclusion that germ cell numbers are normal in 129Sv mutant gonads at E13.5 and at birth
(Krentz et al., 2009). From these analyses we conclude the threshold of two-fold change in
germ cell gene expression that we used should be sufficient to identify misregulated
mRNAs, whether upregulated or downregulated.

Comparison of which mRNAs were misregulated in Dmrt1 mutants of each strain showed
that some were affected in both strains but, strikingly, about 75% were significantly
misregulated only in one strain or the other (Fig. 2). In particular, loss of Dmrt1 in 129Sv
testes affected many mRNAs that were not affected by loss in B6: of 894 mRNAs affected
in the two strains, 262 were significantly affected only in testes of B6 mutants, 404 only in
129Sv mutants, and 228 in both (>2-fold change; P < 0.05). Most of the mRNAs that were
affected in both strains normally are developmentally regulated but had failed to increase or
decrease in expression appropriately, further indicating that loss of Dmrt1 disrupts testicular
differentiation in both strains (Fig. 2B,C). However, among the mRNAs selectively affected
in 129Sv mutant testes about half were overexpressed and were not normally subject to
temporal regulation in the fetal testis (Fig. 2D). We suggest that these mRNAs are prime
candidates to drive teratoma formation. Indeed, among mRNAs more strongly
overexpressed in 129Sv than B6 mutant testis were a number already implicated in human
testicular germ cell tumors, including the three most highly over-expressed (L1td1, Otx2,
and Zic3; Table S5). For example, L1td1 regulates self-renewal and proliferation in human
seminoma cells and ES cells (Narva et al., 2012).

Strain-dependent disruption of pluripotency regulation
Expression profiling indicated distinct transcriptional responses to loss of Dmrt1 in 129Sv
and B6 fetal testes. To help identify functions and regulatory pathways disrupted by loss of
Dmrt1, we used Ingenuity Pathway Analysis (IPA; www.ingenuity.com;) (Table S6).
Function analysis indicated that B6 mutants were specifically enriched mainly for defects in
spermatogenesis and gonadogenesis. This finding is consistent with our earlier conclusion
that the main defect in B6 mutants appeared to be a disruption in testicular differentiation
and with our previous studies showing that overt germ cell defects are apparent in Dmrt1
mutants shortly after birth (Fahrioglu et al., 2007). Disrupted functions specific to 129Sv
mutants included organogenesis, cell morphology, infertility, cellular homeostasis, and
morphology of gonadal cells. Pathway analysis highlighted pluripotency regulation as
affected in both strains, but with more genes affected in 129Sv mutant testes (Table S6). We
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confirmed the differential effect on pluripotency gene expression in the two strains using
quantitative RT-PCR (qRT-PCR), which showed that loss of Dmrt1 caused a more severe
failure to silence pluripotency genes in 129Sv than in B6 (Fig. 3).

We also used IPA transcription factor analysis to search for transcriptional networks
affected by loss of Dmrt1 by assessing affected target mRNAs that function in these
pathways (Table S6). Importantly, this tool can identify an affected transcription factor
network even when the mRNA level of the transcription factor is normal, as long as a
significant number of its predicted targets are misexpressed. Based on target gene
expression, a larger number of transcriptional networks appeared to be misregulated in
mutants of both strains including targets of CTNNB1/ -catenin, which was predicted to be
activated; however, many more networks were specifically affected in 129Sv mutants (17
with p<0.001 in 129Sv, versus 3 in B6). These results suggest that while loss of Dmrt1
affects expression of similar numbers of mRNAs in the two strains (490 in B6 versus 632 in
129Sv), the consequences for transcriptional regulatory networks are substantially more
severe in 129Sv mice.

Altered Nodal pathway gene expression in mutant testes
IPA analysis suggested that a number of other regulatory genes and pathways relevant to
germ cell identity or cancer were affected in mutant testes, including some affected
selectively in 129Sv mutants. Among these latter were the Nodal signaling pathway
components Nodal, Tdgf1 and Lefty1 (Table S6) whose activity is important in embryonic
development and stem cell maintenance and is linked to a variety of cancers (Bianco et al.,
2010; Shen, 2007). Expression profiling detected elevated expression of mRNAs encoding
the TGF -family signaling proteins NODAL (2.6-fold in B6, 6.2-fold in 129Sv) and GDF3,
which potentiates NODAL signaling (unchanged in B6, 2.7-fold in 129Sv), as well as the
NODAL receptor TDGF1 (Teratocarcinoma-derived growth factor 1)/CRIPTO (2.3-fold in
B6, 11-fold in 129Sv) and the Nodal target LEFTY1 (3.4-fold in B6, 5.2-fold in 129Sv).
Quantitative RT-PCR (qRT-PCR) for several of these components confirmed their elevated
expression and stronger misregulation in 129Sv mutants (Fig. S4). These data suggest that
the Nodal signaling pathway is likely to be overactive in Dmrt1 mutant fetal testes.

Gfra1 and Nanos3 as potential germ cell pluripotency regulators
One goal of profiling mRNA expression changes in Dmrt1 mutant testes is to identify
regulatory pathways whose disruption might contribute to teratoma susceptibility. We
previously identified GDNF signaling as a candidate for such a role. Our previous mRNA
profiling at E13.5 identified 18 mRNAs misexpressed more than two-fold (p<0.05) in 129Sv
Dmrt1 null mutant versus wild-type testes (Krentz et al., 2009). Among these was Ret,
whose protein depletion in germ cells at E13.5 was confirmed by immunofluorescence
(Krentz et al., 2009). RET and GFRA1 are co-receptors for GDNF, which is required
postnatally for spermatogonial stem cell self-renewal (Hofmann, 2008; Jain et al., 2004;
Naughton et al., 2006). In addition, loss of Ret, but not Gdnf, compromises germ cell
survival in the fetal testis (Miles et al., 2012). At E15.5 expression profiling detected
misregulation of both Ret (down 2.3-fold in B6 and 2.6-fold in 129Sv) and Gdnf (down 1.8-
fold in B6 and 2.4-fold in 129Sv Dmrt1 mutants). We therefore tested the possibility that
DMRT1 is required for proper GDNF signaling in the embryo and that loss of GDNF
signaling may cause germ cells to differentiate into teratomas in 129Sv mice. Because Ret
and Gfra1 null mutations are lethal, we bred conditional alleles of each gene onto the 129Sv
genetic background and conditionally deleted each gene in fetal germ cells using a “knock-
in” allele in which Cre is expressed from the Nanos3 locus (Nanos3Cre) (Suzuki et al.,
2008).
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Conditional deletion of Ret did not affect teratoma formation (0/18 Retfl/fl;Nanos3Cre/+

129Sv testes had tumors), but loss of Gfra1 in germ cells resulted in teratoma formation in
16% of mutant testes (7/44; Fig. 4A). As controls we examined undeleted Gfra1fl/fl “floxed”
testes (1/49 had tumors), Gfra1fl/+;Nanos3Cre/+ heterozygous conditional mutants (0/10 had
tumors), and Nanos3cre/+ testes (0/12 had tumors). Comparison of tumor incidence in
Gfra1fl/fl;Nanos3Cre/+ versus Gfra1fl/fl controls indicated that homozygous deletion of the
conditional allele of Gfra1 causes a significant increase in tumor incidence (P = 0.025,
Fisher’s exact test; Fig. 4A).

The Nanos3-cre allele causes loss of Nanos3 function and thus its potential role in teratoma
formation also must be considered. Although Nanos-cre heterozygosity did not cause
elevated teratoma formation either on its own (0/12) or when combined with either Retfl/+ or
Retfl/fl (0/40), it remains possible that Nanos3 heterozygosity can enhance the phenotype of
Gfra1 homozygosity. Indeed, in parallel experiments we found a strong genetic interaction
between Nanos3 and Dmrt1. We previously found that heterozygosity of Dmrt1 alone did
not significantly increase teratoma formation in 129Sv males (Krentz et al., 2009). By
contrast, 129Sv males doubly heterozygous for Dmrt1fl and Nanos3cre had highly elevated
teratoma formation (21/29 testes) relative to either Dmrt1fl/+ (2/12; P = 0.002, Fisher’s exact
test) or Nanos3Cre/+ (0/22; P < 0.001, Fisher’s exact test) (Fig 4A,B). This synthetic
phenotype suggests that Dmrt1 and Nanos3 have related functions in controlling
pluripotency and proliferation. From this genetic analysis we conclude that both Gfra1 and
Nanos3 can affect teratoma susceptibility and are good candidates to regulate fetal germ cell
proliferation/pluripotency.

Direct transcriptional regulation of pluripotency by DMRT1 in the fetal testis
To investigate further which targets DMRT1 may regulate directly, we used genome-wide
chromatin immunoprecipitation methods (ChIP-chip and ChIP-seq) to identify DMRT1
binding sites in the fetal testis. We chose E13.5, which is a key time for suppression of
pluripotency based on testis transplantation experiments and mRNA expression studies
(Durcova-Hills and Capel, 2008; Stevens, 1964; Stevens, 1966). ChIP-chip identified 245
promoter regions bound by DMRT1 in at least two out of three experiments at the stringency
we employed (see Methods). Taking into account bidirectional promoters, DMRT1 bound to
promoters associated with 362 genes. ChIP-seq identified 2430 regions bound by DMRT1 in
E13.5 testis at the stringency we employed. Comparing the ChIP-chip and ChIP-seq data
with mRNA expression data identified 63 genes adjacent to DMRT1 binding peaks that
were misexpressed more than two-fold in Dmrt1 mutant testes at E15.5 (p<0.05) (Table S7).
Of these potential direct target genes, 23 were misexpressed specifically in 129Sv Dmrt1−/−

testes, 14 were misexpressed in B6 Dmrt1−/− testes, and 16 were misexpressed in mutants on
both genetic backgrounds.

Among the putative direct DMRT1 transcriptional targets were a number with potential
relevance to TGCT. Two putative direct targets that are upregulated in mutants are
pluripotency regulators. One is Esrrb, a direct Nanog target gene that can substitute for
Nanog (Festuccia et al., 2012) and the other is Nr5a2/Lrh1, which can function as a
pluripotency regulator in iPS cell reprogramming (Heng et al., 2010; Wang et al., 2011).
Two putative direct targets elevated in mutant testes are involved in Wnt signaling: one is
Wnt inhibitory factor 1 (Wif1) and the other is Rnf43, a stem cell E3 ubiquitin ligase that
can block Wnt responsiveness in a variety of cancer cells by inducing Wnt receptor
endocytosis (Koo et al., 2012). Pmaip1/Noxa is a putative direct target elevated in mutant
testes that is linked to cisplatin sensitivity in embryonal carcinoma cells (Grande et al.,
2012). Among putative direct targets reduced in mutant testes, Rrad acts as a tumor
suppressor in nasopharyngeal carcinoma, Prdm16 is an H3K9me1 histone methyltransferase
involved in maintaining integrity of heterochromatin (Pinheiro et al., 2012), and Nedd4l is

Krentz et al. Page 8

Dev Biol. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an E3 ubiquitin ligase that is reduced during development of prostate cancer and whose
reduced expression is associated with aggressiveness and poor prognosis in other cancers
(Gao et al., 2012; He et al., 2012; Hu et al., 2009). It will be important in the future to
investigate genetically the roles of these genes in teratoma susceptibility.

Regulation of DNA methylases by DMRT1
Epigenetic reprogramming is a major germ cell-specific event that occurs around the time
when teratomas form in Dmrt1 mutant mice (Hackett et al., 2012). Two important DNA
methylases were misregulated in Dmrt1 mutant testes, suggesting that epigenetic defects
may contribute to the mutant phenotype. One was Dnmt3l, a DNA methylase that is required
for DNA methylation and normal proliferation of fetal germ cells (La Salle et al., 2007).
Expression of Dnmt3l differed between B6 and 129Sv wild-type testes and was reduced by
loss of Dmrt1 in both strains, with a much greater reduction in B6 mutants (Fig. S5). qChIP
detected binding of DMRT1 to Dnmt3l in the fetal testis, suggesting possible direct
regulation of DNA methylation by DMRT1. Another important germ cell DNA methylase,
Dnmt3b, was elevated 4-fold in 129Sv mutant testes but unchanged in B6 mutants (Table
S4) and appeared to be indirectly regulated. DNMT3L is expressed in human TGCTs and
knockdown of DNMT3L in EC cell lines suppressed their growth and induced apoptosis,
suggesting a role in human TGCT formation (Minami et al., 2010). We speculate that
abnormal DNA methylation resulting from misregulated methylase expression may affect
teratoma sensitivity. For example, the nearly complete elimination of Dnmt3l expression in
B6 mutant germ cells may help block their ability to differentiate into teratomas, whereas
overexpression of Dnmt3b may enhance teratoma formation in 129Sv mutant testes. Both of
these possibilities can be tested in future genetic studies.

DMRT1 also regulates pluripotency in the fetal ovary
Dmrt1 is expressed transiently in ovarian fetal germ cells during the period when
pluripotency genes normally are down-regulated and meiosis initiates (Krentz et al., 2011;
Lei et al., 2007; Raymond et al., 1999) and we found previously that Dmrt1 mutant female
germ cells undergo abnormal meiosis (Krentz et al., 2011). At E13.5, only eight mRNAs
were misexpressed two-fold or more in mutant ovaries, including the meiotic regulator Stra8
(Krentz et al., 2011). However, since DMRT1 represses expression of pluripotency genes in
the testis at E15.5, we used mRNA expression profiling to ask whether it also does so in the
ovary. 326 genes were misexpressed more than two-fold (p<0.05) in mutant 129Sv ovaries
at E15.5 (Fig. 5; Table S8). Most of the mRNAs regulated by Dmrt1 in the fetal ovary were
different from those in the fetal testis (Fig. 5A; mRNAs misexpressed in both sexes are
shown in Fig. 5B). However, as in males, the overexpressed mRNAs in Dmrt1 mutant
females included a number that are associated with pluripotency (eg, Sall4, Sox2, Dppa2,
Dppa3/Stella, Dppa4, Dppa5, and Lin28) (Bowles et al., 2003; Kim et al., 2005; Maldonado-
Saldivia et al., 2007; Richards et al., 2004; Yang et al., 2010; Yuan et al., 1995). qRT-PCR
confirmed the elevated expression of these pluripotency factors in Dmrt1−/− ovaries (Fig.
5C). We speculate that suppression of pluripotency is an important function of DMRT1 in
the fetal gonad in both sexes and that this aberrant expression may contribute to the meiotic
defects seen in Dmrt1 mutant oocytes (Krentz et al., 2011).

Distinct modes of DMRT1 DNA association in fetal and postnatal gonads
To identify potential DMRT1 recruitment elements we performed motif searches (Jin et al.,
2009) of the DMRT1-bound regions. Analysis of the 100 top-ranked ChIP-seq binding
peaks identified a motif almost exactly matching the previously identified in vitro DMRT1
binding motif (Fig. 6A; P = 3.6 × 10−10) (Murphy et al., 2007). We also detected enrichment
of a polyC motif (Fig. 6B; P = 10−227). This sequence closely resembled the C-rich motif we
previously found enriched in DMRT1 binding sites in the fetal ovary (Krentz et al., 2011)
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and appeared to reflect the association of DMRT1 with promoter-proximal CpG islands. The
association of DMRT1 with polyC motifs suggests either that DMRT1 is able to bind this
motif directly or that DMRT1 may be recruited to DNA via another transcription factor(s) in
the fetal gonad. To test the first possibility we performed a gel shift assay using as the probe
a C-rich motif found in the promoter of Egr1, a gene bound and transcriptionally regulated
by DMRT1 at E15.5. DMRT1 was unable to bind this C-rich element in vitro (Figure 6C),
suggesting either that its association with DMRT1 in vivo is indirect or that the association
requires a modification of DMRT1 that is lacking in the in vitro translated protein.

Discussion
Here we have used mRNA expression profiling to compare wild type and Dmrt1−/− fetal
testes on the 129Sv and B6 genetic backgrounds. We found loss of Dmrt1 in the two strains
causes misregulation of overlapping but distinct sets of mRNAs. The combination of
expression profiling and genetic analysis highlighted several signaling pathways, including
NODAL and GDNF-related pathways, as well as RNA-based regulation by NANOS3, as
strong candidates for involvement in germ cell tumor formation in the mouse. To better
understand how DMRT1 controls gene expression in the fetal gonad we also used genome-
wide ChIP-seq analysis to identify sites bound by DMRT1 in the E13.5 testis and ovary.
This analysis suggested that DMRT1 controls pluripotency by direct repression of several
key stem cell pluripotency genes.

Loss of Dmrt1 had very different consequences for mRNA expression in B6 versus 129Sv
testes, with nearly half of affected mRNAs (404/894) significantly misexpressed only in
129Sv mutant testes. The most prominent group of genes misexpressed in Dmrt1 mutant
testes were pluripotency regulators. Many were overexpressed in mutants of both strains, but
the number of genes affected and the magnitude of overexpression both were higher in
129Sv mutants. There are many links between pluripotency regulators and human TGCT.
Human TGCTs are thought to originate from fetal germ cells that transform into EC cells
(pediatric tumors) or CIS cells (adult tumors including seminomas and nonseminomas)
(Oosterhuis and Looijenga, 2005). Both of these progenitor cells express OCT4, NANOG
and other key pluripotency genes and it is presumed that their expression plays an important
role in tumor formation, especially in pediatric TGCTs and nonseminomas comprised of
mixed somatic cell types. Previously we found by analysis of candidate genes that a number
of pluripotency genes were upregulated in Dmrt1 mutant fetal testes and that DMRT1 binds
to Sox2 in the fetal testis (Krentz et al., 2009). Here we used expression profiling to show
that many pluripotency genes show elevated expression. In addition genome-wide ChIP
analysis indicated that DMRT1 binds and negatively regulates two additional pluripotency
genes, Esrrb and Nr5a2/Lrh1, suggesting that DMRT1 controls the pluripotency network by
direct transcriptional repression. (ChIP-seq analysis in this study also detected binding of
DMRT1 to Sox2, but below the significance cutoff that was used.)

The regulatory relationship between DMRT1 and the pluripotency network may be
reciprocal. The Dmrt1 promoter is bound by NANOG, OCT4, SOX2, KLF4, and ZFX in
mouse ES cells (Chen et al., 2008; Loh et al., 2006) and by NANOG, SOX2 and OCT4 in
human ES cells (Boyer et al., 2005; Lister et al., 2009). Moreover, Dmrt1 expression is
activated when Sox2 or Oct4 is depleted in ES cells (Masui et al., 2007; Sharov et al., 2008).
Those results together with the data from this study suggest that the core pluripotency
regulators and Dmrt1 may anchor antagonistic gene networks critical to proper
developmental progression, with the pluripotency regulators silencing Dmrt1 in ES cells to
help maintain “stemness” and Dmrt1 silencing pluripotency regulators in fetal germ cells to
help restrict cell fates in the germ cell lineage. Dmrt1 is expressed only in the testis, so its
repression of pluripotency represents an organ-specific mechanism. Germ cells differ from
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other cells in that they express pluripotency genes at several different stages of development,
and thus they may need a specialized regulatory mechanism to allow the transient
suppression of pluripotency.

Several of the pluripotency regulators misexpressed in Dmrt1 mutant testes (for example
Nanog, Klf4, Nr5a2/Lrh1, Oct4) can help to reprogram differentiated somatic cells into
pluripotent stem cells (Takahashi and Yamanaka, 2006). ChIP analysis suggests that
DMRT1 controls pluripotency by transcriptional repression of Sox2, Esrrb, and Nr5a2/Lrh1
((Krentz et al., 2009) and this paper). Lrh1 can replace Oct4 in iPS cell reprogramming
(Heng et al., 2010). In postnatal Dmrt1 mutant testes, which undergo Sertoli-to-granulosa
cell (male to female) reprogramming, Nr5a2/Lrh1 also is highly expressed (Matson et al.,
2011). The involvement of Nr5a2/Lrh1 in both processes suggests a possible mechanistic
link between teratoma formation and sexual transdifferentiation.

We found that loss of Dmrt1 also causes elevated pluripotency gene expression in fetal
ovaries, and yet wild type and Dmrt1 mutant females of the 129Sv strain do not develop
ovarian teratomas. This sex specificity is unlikely to derive from the sexual genotype of the
germ cells, as XX germ cells developing in a male environment can generate EC clusters
(Cook et al., 2009). One possibility is that the testicular but not the ovarian somatic
microenvironment is conducive to teratoma formation and thus germ cells in a fetal testis
must suppress pluripotency by E15.5 to prevent aberrant differentiation in response to that
environment.

Recent studies have shown an association between ectopic meiotic initiation and teratoma
formation in fetal germ cells, and mutation of the meiotic regulator Stra8 reduced teratoma
incidence in 129Sv mice (Cook et al., 2011; Heaney et al., 2012). We previously found that
DMRT1 directly represses Stra8 transcription in postnatal germ cells and activates Stra8 in
the fetal ovary (Krentz et al., 2011; Matson et al., 2010). Although a difference in Stra8
expression was apparent in microarray experiments, the signal was extremely low. We
confirmed the low expression by qRT-PCR (not shown), and antibody staining did not
detect STRA8 in wild type or Dmrt1 mutant fetal male germ cells of either strain (Krentz et
al., 2009) and unpublished results). These results suggest that teratoma formation in Dmrt1
mutants is likely independent of Stra8

In addition to pluripotency genes, a number of the mRNAs misregulated in Dmrt1 mutant
129Sv testes also are known to be associated with human TGCT formation (Table S5).
Among the gene networks associated with human TGCT that stood out in this study was the
Nodal signaling pathway. Loss of Dmrt1 caused elevated expression of several Nodal
pathway components including the TGF family ligands Nodal and Gdf3, the receptor Tdgf1/
Cripto, and the downstream target Lefty1, all with stronger misregulation in 129Sv than B6
mutant testes. Nodal signaling is clearly linked to human TGCT: NODAL, TDGF1/
CRIPTO, and LEFTY1 are overexpressed in human TGCTS including embryonal
carcinomas, yolk sac tumors, and non-seminomas (Almstrup et al., 2005; Baldassarre et al.,
1997; Harrison et al., 2007; Looijenga et al., 2007; Spiller et al., 2012). Amplification of
chromosome 12p is common in invasive TGCTs; GDF3 is found within the critical region of
12p and has elevated expression in invasive seminoma relative to normal testis (Almstrup et
al., 2005; Caricasole et al., 1998; Ciccodicola et al., 1989; Harrison et al., 2007; Looijenga et
al., 2007). Importantly, in a phase I clinical investigation, targeting of the Nodal pathway
with an anti-CRIPTO immunoconjugate gave robust anti-tumor activity in human xenografts
(Kelly et al., 2011). Nodal signaling also can affect pluripotency: overexpression of NODAL
in human ES cells maintains the undifferentiated state and reduced expression causes
reduced OCT4 and NANOG expression and decreased stem cell self-renewal (James et al.,
2005; Vallier et al., 2005; Vallier et al., 2004). In mice reduced Nodal function reduces
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efficiency of embryonic germ cell (EG) colony derivation (Spiller et al., 2012). Nodal
pathway components are transiently expressed in fetal germ cells between about E12.5 and
E14.5 and reduced Nodal pathway activity can cause premature male germ cell
differentiation (Spiller et al., 2012). Our data suggest that repression of Nodal signaling is
important for silencing pluripotency and preventing TGCT formation in the mouse. It will
be of interest to test whether activated Nodal signaling in fetal germ cells is sufficient to
cause teratoma formation and whether loss of Nodal signaling is sufficient to suppress
teratomas in 129Sv mice.

Many cancers have ES cell-like expression signatures (Kim and Orkin, 2011). ES cell
pluripotency and self-renewal are maintained by three distinct gene regulatory networks, one
controlled by MYC, one by Polycomb Group (PcG) repressors, and a third by the core
pluripotency regulators including SOX2, NANOG and OCT4. In most cancers only the
MYC signature is strongly enriched, but germ cell tumors appear to be an exception,
showing activity of core pluripotency genes (Clark, 2007; Clark et al., 2004). Our results
help elucidate the link between DMRT1 and the core pluripotency regulators in mouse germ
cell tumors, a connection that could have therapeutic potential.

Dmrt1 mutant 129Sv germ cells have reduced RET expression (this study and (Krentz et al.,
2009), suggesting a possible role for GDNF signaling in teratoma formation. We tested this
idea by conditional targeting of the coreceptors Ret and Gfra1. Deletion of Ret using
Nanos3Cre had no affect on teratoma incidence, but deletion of Gfra1 caused a modest
increase in teratomas from 2% to 16%. A caveat in these experiments is that the mice were
not fully outbred to 129Sv and non-uniform strain backgrounds could affect teratoma
incidence (see Methods for strain details). However, the numbers of animals analyzed in the
experimental and control groups and the significant difference in teratoma incidence
between these groups suggest a contribution of Gfra1 to teratoma susceptibility that could be
relevant to pluripotency regulation in the mouse and to human germ cell tumor
development. The relatively low incidence of teratomas in Gfra1 mutants compared to
Dmrt1 mutants may indicate that other pathways act in parallel downstream of Dmrt1. There
are a number of possible explanations for the lack of teratomas in conditional Ret mutants.
The simplest is that Gfra1 functions in this context via a non-canonical signaling pathway
that does not require Ret. However it also is possible that deletion of Ret by Nanos3Cre does
not deplete RET protein early enough to reveal a function or that Ret mutant EC cells arrest
or die before they can form teratomas. A role for Gfra1 also is supported by consomic strain
analysis: introduction of a MOLF strain-derived segment of chromosome 19 containing
Gfra1 into 129Sv mice causes elevated teratoma formation (Youngren et al., 2003).

The elevated tumor incidence in Dmrt1fl/+; Nanos3Cre/+ males relative to males
heterozygous for either alone suggests that these two genes may function in parallel to
regulate germ cell development. Here again a caveat is that the animals were not fully
outbred to 129Sv (see Methods), but the significant differences in teratoma incidence
between genotypes suggest role for Nanos3. There is evidence that Dmrt1 and Nanos3 are
components of a gene network regulated by the transcription factor Tcfap2c. TCFAP2C/
AP-2γ is a downstream target of the master germ cell regulator Blimp1 that is required for
specification of germ cells during embryonic development (Schafer et al., 2011; Weber et
al., 2010). Based on ChIP and gene expression studies, Tcfap2c is proposed to
transcriptionally regulate Nanos3 and Dmrt1, as well as Dnmt3b (Kidder and Palmer, 2010;
Weber et al., 2010; Woodfield et al., 2010). Dnmt3b expression in EC cells appears to
convey high sensitivity to 5-aza-cytidine (Beyrouthy et al., 2009), suggesting the possibility
that manipulation of this regulatory network might have a useful role in TGCT
chemotherapy.
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Nanos3 is expressed shortly after specification of PGCs in XX and XY germ cells and
becomes male-specific shortly after sex determination (Tsuda et al., 2003). Nanos3 has not
previously been implicated in pluripotency regulation or TGCT formation, likely because
null mutant PGCs die during migration to the gonadal primordium (Suzuki et al., 2008;
Tsuda et al., 2003). The teratoma phenotype in Dmrt1;Nanos3 doubly heterozygous males is
an example how synthetic interactions can help reveal gene functions that are obscured by
more severe null mutant phenotypes. Nanos genes are among the most deeply conserved of
germ cells regulators (Tsuda et al., 2003). In Drosophila Nanos represses the expression of
somatic cell markers and loss of Nanos causes some germ cells to adopt somatic fates
(Hayashi et al., 2004). The genetic interaction of Nanos3Cre with Dmrt1 that we observed
suggests that regulation of germ cell versus somatic cell identity may be among the
conserved Nanos functions.

The data presented here have allowed us to identify genes and gene networks that differ
between testes of TGCT-resistant and TGCT-prone mice as well as those that respond
differently to loss of Dmrt1 in the two strains. In addition, in vivo DNA binding studies have
implicated DMRT1 in the control of pluripotency in fetal germ cells via direct
transcriptional repression of at least three key regulators. The 129Sv mouse provides a
highly sensitive genetic model for the discovery and functional analysis of TGCT genes.
Given the likely involvement in human TGCT of DMRT1 and many of the genes it
regulates, we suggest that the Dmrt1-responsive mRNAs described here are good candidates
for further investigation in human germ cell proliferation and TGCT formation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Dmrt1 mutant mice develop testicular teratomas only on the 129Sv strain
background.

• mRNA profiling reveals strain-dependent transcriptional responses to loss of
Dmrt1.

• Dmrt1 regulates pluripotency and signaling pathways including Nodal, Notch,
and Gdnf.

• The GDNF coreceptor Gfra1 regulates teratoma susceptibility.

• Dmrt1 genetically interacts with the germ cell RNA regulator Nanos3.
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Figure 1. Misregulation of mRNA expression in B6 and 129Sv Dmrt1 mutant testes
(A) Left: heat map showing relative expression of 490 mRNAs differing more than two-fold
(P<0.05) between E15.5 B6 wild type and B6 Dmrt1 mutant testes. mRNA levels were
normalized to wild type. Right: data from Small et al. (2005) showing relative expression of
the same mRNAs from E11.5 to E18.5. Arrow indicates E15.5. (B) Left: heat map showing
relative expression of 632 mRNAs that differed more than two-fold between E15.5 129Sv
wild type and 129Sv Dmrt1 mutant testes. Right: data from Small et al. (2005) showing
relative expression of the same mRNAs from E11.5 to E18.5 in B6/129 hybrid testes.
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Figure 2. mRNA misexpression in Dmrt1 mutant testes is dependent on genetic background
(A) Venn diagram indicating the proportion of 894 mRNAs misexpressed more than two-
fold (P>0.05) in that were affected in Dmrt1 mutant testes of each genetic background. (B)
Left: heat map showing relative expression of 262 mRNAs whose expression differed more
than two-fold in B6 mutant testes and less than two-fold in 129Sv mutant testes at E15.5.
Right: heat map using data of Small et al (2005) and showing relative expression of the
same mRNAs from E11.5 to E18.5 in B6/129 hybrid testes. Arrow indicates E15.5. (C) As
in panel B, but showing relative expression of 228 mRNAs affected more than two-fold in
mutant testes of both strain backgrounds. (D) As in panel B but showing relative expression
of 404 mRNAs affected more than two-fold in 129Sv mutant testes and less than two-fold in
B6 mutant testes.
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Figure 3. Misexpression of pluripotency regulators in Dmrt1 mutant testes is dependent on
genetic background
qRT-PCR comparing expression in E15.5 wild type and mutant testes of each background.
For each mRNA, expression is relative to the level in wild type B6. Error bars indicate
standard deviation (N=3 testes pairs for each genotype and background). *P<0.05, and
**P<0.005, unpaired t-test, comparison of WT vs mutant.
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Figure 4. Gfra1 and Nanos3 help control proliferation/pluripotency in the fetal testis
(A) Incidence of teratomas in 129Sv mice carrying a functional “floxed” allele of Gfra1 or
conditionally deleted for Gfra1 using Nanos3Cre. Numbers of testes examined was:
Nanos3Cre/+ (N = 12); Gfra1fl/+ (N=6); Gfra1fl/fl (N=49); Gfra1fl/+;Nanos3Cre/+ (N=10);
Gfra1fl/fl; Nanos3Cre/+ (N=44). Indicated P value (0.025) is from two-tailed Fisher’s exact
test. (B) Incidence of teratomas in 129Sv mice carrying a functional “floxed” allele of
Dmrt1 or conditionally deleted with Nanos3Cre. Number of testes examined was:
Nanos3Cre/+ (N=22); Dmrt1fl/+ (N=12); Dmrt1fl/fl (N=30); Dmrt1fl/+;Nanos3Cre/+ (N=29);
Dmrt1fl/fl;Nanos3Cre/+ (N=34).
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Figure 5. DMRT1 regulates distinct genes in testis and ovary, but regulates pluripotency in both
(A) Heat map showing relative expression of 1192 mRNAs that differed more than twofold
between B6 or 129Sv wild type and Dmrt1 mutant testes or wild type and Dmrt1 mutant
129Sv ovaries at E15.5. In each wild type versus mutant comparison transcripts were
normalized to wild type. (B) Heat map showing mRNAs misexpressed both in testis and
ovary. (C) qRT-PCR analysis confirming elevated mRNA expression of pluripotency
regulators in mutant ovaries at E15.5. *P<0.05, and ***P<0.001, unpaired t-test, comparison
of WT vs mutant.
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Figure 6. DMRT1 DNA association in the fetal gonad
(A) Enriched motif in top 100 peaks, closely resembling in vitro defined DMRT1
recognition sequence. (B) In vitro-defined DNA binding motif. (C) C-rich motif enriched in
DMRT1 binding peaks. (D) Gel mobility shift assay showing that DMRT1 can bind to the in
vitro defined DMRT1 DNA binding motif but not to a C-rich sequence
(5′TCCTCCCCCTCCTACCCCCCCCCCCCACAC3′) derived from a prominent DMRT1
binding peak in the Erg1 gene. (E) ChIP-seq data showing binding of DMRT1 to Nr5a2/
Lrh1 and to Esrrb in the E13.5 testis. Binding peaks called by MACS are indicated by
asterisks. Each peak contains a close match to the DMRT1 consensus DNA binding motif.
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