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Abstract

Sex determination in mammals hinges on a cell fate decision in the fetal bipotential gonad between formation of male Sertoli cells or
female granulosa cells. While this decision normally is permanent, loss of key cell fate regulators such as the transcription factors Dmrt1
and FoxI2 can cause postnatal transdifferentiation from Sertoli to granulosa-like (Dmrt1) or vice versa (FoxI2). Here, we examine the mecha-
nism of male-to-female transdifferentiation in mice carrying either a null mutation of DmrtT or a point mutation, R111G, that alters the
DNA-binding motif and causes human XY gonadal dysgenesis and sex reversal. We first define genes misexpressed during transdifferentia-
tion and then show that female transcriptional regulators driving transdifferentiation in the mutant XY gonad (ESR2, LRH1, FOXL2) bind
chromatin sites related to those normally bound in the XX ovary. We next define gene expression changes and abnormal chromatin
compartments at the onset of transdifferentiation that may help destabilize cell fate and initiate the transdifferentiation process. We model
the R111G mutation in mice and show that it causes dominant gonadal dysgenesis, analogous to its human phenotype but less severe. We
show that R111G partially feminizes the testicular transcriptome and causes dominant disruption of DMRT1 binding specificity in vivo.
These data help illuminate how transdifferentiation occurs when sexual cell fate maintenance is disrupted and identify chromatin sites and
transcripts that may play key roles in the transdifferentiation process.

Keywords: DMRT1; transdifferentiation; testis; sex determination; cell fate

Introduction

In mammals, sex is determined in the undifferentiated, or bipo-
tential, gonad during fetal development based on their sex chro-
mosome composition (Jost 1947; Albrecht and Eicher 2001). The
direct output of sex determination is the differentiation of bipo-
tential precursor cells into either Sertoli cells in males or granu-
losa cells in females (Lin and Capel 2015). This pivotal cell fate
decision is then propagated by signaling pathways that conscript
sexual development into the male or the female mode elsewhere
in the body. Sex chromosome composition also has direct effects
on sexual differentiation in some nongonadal tissues (Arnold
2020). Nevertheless, the sexual cell fate of bipotential precursor
cells in the fetal gonad is central to overall anatomical, physiolog-
ical and behavioral sex differentiation.

Given the pivotal role that Sertoli/granulosa cell differentia-
tion plays in sexual development and reproduction, it is perhaps
surprising that the sexual cell fate of these cells can be highly
labile after it is specified. Loss of key transcriptional regulators,
including the male promoting genes Dmrtl and Sox8/9 or the fe-
male promoting genes FoxI2 and Esr1/2 can cause male-to-female
or female-to-male sexual transdifferentiation (Couse et al. 1999;
Uhlenhaut et al. 2009; Matson et al. 2011; Georg et al. 2012;
Barrionuevo et al. 2016). In the case of Dmrtl or FoxI2,

transdifferentiation can be triggered even in differentiated adult
gonadal cells, demonstrating that sexual cell fate must be ac-
tively maintained during postnatal life (Uhlenhaut et al. 2009;
Matson et al. 2011). Ectopic Dmrtl expression in the postnatal
ovary also can reprogram granulosa cells into Sertoli-like cells,
indicating that DMRT1 can play an instructive role (Lindeman
et al. 2015; Lindeman et al. 2021). How this fundamental cell fate
choice can be genetically toggled even long after it is established
is a matter of interest both in sexual development and more
broadly in cell fate reprogramming.

Dmrtl is a member of a transcription factor family sharing the
DM domain, a deeply conserved DNA-binding motif first identi-
fied in the invertebrate sex regulators doublesex and male abnormal
3 (mab-3) (Erdman and Burtis 1993; Raymond et al. 1998).
Mutations in Dmrtl cause severe gonadal dysgenesis in XY mice
(Raymond et al. 2000) and deletions of distal chromosome 9p
causing hemizygosity of DMRT1 are associated with complete 46,
XY gonadal dysgenesis and male-to-female sex reversal in
humans (Zarkower and Murphy 2021). Four de novo point muta-
tions in or adjacent to the DM domain of DMRT1 have been asso-
ciated with human 46, XY gonadal dysgenesis, strongly
suggesting that DMRT1 is a critical gene for human as well
as mouse testicular development (Murphy et al. 2015; Chauhan
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et al. 2017; Fan et al. 2017; Buonocore et al. 2019). However, these
human point mutations have not been modeled in mice to con-
firm their ability to disrupt DMRT1 function and cause gonadal
dysgenesis.

DMRT1 can bind DNA as a dimer, trimer or tetramer and,
uniquely among transcriptional regulators, DM domain DNA
binding involves the coinsertion of 2 antiparallel alpha helices
into a widened region of the DNA major groove as well as inser-
tion into an adjacent widened region of the minor groove
(Murphy et al. 2015). We found previously that reprogramming by
DMRT1 involves binding to sex-biased differentially accessible
regions (DARs) that are presumed to include sexual cell fate regu-
latory elements (Lindeman et al. 2021). DMRT1 binding to inacces-
sible male-biased DARs in granulosa cells can render these
regions accessible and can facilitate access by other transcrip-
tional regulators such as SOX9, which functionally cooperates
with DMRT1 in controlling sexual cell fate (Lindeman et al. 2021).
Thus, DMRT1 appears to act as a pioneer transcription factor in
reprogramming sexual cell fate, imposing Sertoli-like patterns of
chromatin accessibility and gene expression on granulosa cells.

Here, we take a genomic approach to examine male-to-female
sexual transdifferentiation triggered by loss of DMRT1 in Sertoli
cells. Loss of DMRT1 causes ectopic expression of female-
promoting transcriptional regulators normally active in the
ovary, and genetic analysis has shown that these regulators help
drive transdifferentiation (Matson et al. 2011; Minkina et al. 2014;
Agrimson et al. 2022). We ask where these transcription factors
bind in transdifferentiating Sertoli cells: do they bind with pro-
files similar to those normally found in granulosa cells or at novel
sites; and do they bind jointly or individually to putative sex regu-
latory elements? We also use HiC to ask how and where loss of
DMRT1 affects chromatin conformation at the onset of transdif-
ferentiation. Finally, we create and analyze a mouse model of a
point mutation in DMRT1, R111G, which is associated with domi-
nant 46,XY complete gonadal dysgenesis in humans and can
cause a dominant alteration of DMRT1 DNA binding stoichiome-
try in vitro (Murphy et al. 2015). We show that a Dmrt1%*1¢ allele
in the mouse also causes dominant defects in testicular differen-
tiation and we examine how it affects mRNA expression, hor-
mone levels, and DMRT1 chromatin association, asking whether
the phenotype includes gonadal feminization.

Materials and methods

Mice and genotyping

Mice were of mixed genetic background (129Sv and C57Bl/6]) and
maintained in conventional housing facilities. Presence of a cop-
ulation plug in the morning was recorded as day EO.5.
Experimental protocols and euthanasia protocols were approved
by the University of Minnesota Animal Care and Use Committee
(protocol number: 2106-39153A). Genotyping of the wild-type and
floxed Dmrtl alleles (Raymond et al. 2000; Kim et al. 2007) used
primers CR99 (5-TGCACACGTGCACCCTCGCCATCG-3') and
CR100 (5-TCATGGCAGCTCTCCCAGTGGAGC-3'). The deleted
Dmrtl allele was genotyped with primers CR98 (5'-GATCTATC
TGGAGCCAGGTGGTAG-3') and CR100. The Dmrt1®116 allele was
genotyped using primers R111G-F 5-GCAGTCTGATCGCGGAGG-
3’ and CR100. PCR was performed with 0.5 M betaine at an
annealing temperature of 60°C for 32 cycles with a nonproofread-
ing Taq polymerase.

Generation of Dmrt18*11¢ mice

R111G mice were generated at the Cornell University Stem Cell
and Transgenic Core Facility using the crRNA + tractRNA system
from Integrated DNA Technologies (IDT; Coralville, IA) as well as
a homologous repair DNA template from IDT [essentially as de-
scribed by Gao et al. (2021)]. The CRISPR guide sequence was
CCCGCTGTCGCTCCGCAATC and the repair template was 5'-
GGCCACAAGCGCTTCTGCATGTGGCGGGATTGCCAGTGCAAGAA
GTGCAGTCTGATCGCGGA GGGACAGCGGGTGATGGCCGCGCAG
GTGGCCCTGAGAAGACAGCAGGCCCA-3'. The 2 5-most bold
underlined nucleotides in the repair template are silent changes
that remove the PAM sequence and generate a restriction en-
zyme recognition site, respectively. The third bold underlined nu-
cleotide generates R111G. Two hundred and thirty-two-cell
embryos were implanted, resulting in 53 pups, 4 of which had the
desired change, based on PCR. Of these, 1 animal was shown to
have a correctly edited allele and was bred to establish the mu-
tant line. The Dmrt1®"S mouse line will be available from The
Jackson Laboratory as JAX#037723.

Sertoli cell isolation

Testes were dissected from P7 mice carrying CAG-Stop/o-
tdTomato driven by Dhh-Cre. Testis tubules were manually dis-
sected and loosened with forceps and suspended in 800 pl
Dulbecco’s phosphate-buffered saline (DPBS; Gibco 14190-144)
with 4 tubule bundles (from 2 mice) per 2ml microfuge tube.
Then, 50 ul Col1A (5mg/ml; Sigma C5894) and 1ul DNAse (10 mg/
ml, Roche 10104159001) were added and tubules were incubated
at 37°C for 10 min with rotation. After incubation, tubules were
allowed to settle, then were rinsed 3-6 times with DPBS,
centrifuging the tubules for 5s at 50x g between each subsequent
rinse. The rinsed tubule pellet was resuspended in 200 ul trypsin/
EDTA with pipetting to break up any remaining clumps and incu-
bated at 37°C for 10min with rotation, and then an additional
600 pl trypsin/EDTA (Sigma 57428C) was added followed by an ad-
ditional 10min incubation at 37°C with rotation. Two hundred
microliters fetal bovine serum (Gibco 26140-079) and 50 ul DNAse
(10mg/ml; Worthington LS002139) were added to each tube fol-
lowed by a 5-min incubation at 37°C with rotation. Cells were
then filtered through a 40-pm mesh, pelleted at 1,500rpm in a
clinical centrifuge, transferred to a 2-ml microfuge tube, and
resuspended in 300 ul DPBS with 0.5% FBS. Next, 5ul Thyl and
Spl c-Kit antibody beads (Miltenyi Biotec, 130-049-101 and 130-
091-224) were added followed by a 15min incubation at 4°C and
the cell mixture was applied to an equilibrated LS separation
column (Miltenyi, 130-042-401) on a Miltenyi magnetic stand.
Flow-through, enriched for Sertoli cells, was collected along with
a 1-ml rinse. Cells were examined by epifluorescence microscopy
to determine the number and purity of tdTomato-positive Sertoli
cells, and all cell preparations used were at least 90% pure.

Hormone measurements

Testicular and blood serum testosterone measurements, blood
serum luteinizing hormone (LH), blood serum follicle stimulating
hormone (FSH), and blood serum inhibin-B for control and mu-
tant mice were performed by The University of Virginia Center
for Research in Reproduction Ligand Assay and Analysis Core,
which is supported by the Eunice Kennedy Shriver NICHD/NIH
Grant R24HD102061. Statistical analyses of hormone measure-
ments were performed using the Mann-Whitney U test excluding
samples that were above or below the limits of detection.
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Histology and immunofluorescent staining

Histology and immunofluorescence (IF) was performed on 5pum
sections of paraffin-embedded tissue previously fixed in 4% para-
formaldehyde (Electron Microscope Sciences 15710) diluted in
PBS. Single animals were used for each timepoint in each
method. Antigen retrieval for IF was accomplished by boiling in
10mM citrate (pH 6.0) for 1 h. Prior to blocking, cells were per-
meabilized in 1x DPBS with 0.1% Triton X-100 at room tempera-
ture for 10 min. After blocking with donkey serum (Sigma-Aldrich
S30-100ML) diluted to 10% in 1x DPBS with 0.1% BSA (Sigma
A9647) and 0.1% Tween 20 (Sigma P9416) at room temperature
for 1 h, slides were stained overnight with rat anti-TRA98 (1:200)
(Abcam ab82527) and rabbit anti-SOX9 (1:200) (EMD Millipore
AB5535) at 4°C. Secondary antibodies used were Alexa Fluor 488
donkey anti-rat IgG (1:500) (Invitrogen A21208) and Alexa Fluor
594 donkey anti-rabbit IgG (1:500) (Invitrogen A21207). Slides
were counterstained with 1 pg/ml DAPI (Thermo Scientific 62248)
in DPBS to detect nuclei. Slides were sealed with cover slips
(Fisher Scientific 22037298) in mounting medium (Permafluor,
Thermo Scientific TAO30FM).

Image capture

IF images were captured with a Zeiss Axio Imager Z1 microscope
and Zeiss MRm camera, processed and false-colored using Zeiss
Axiovision software. High magnification images were captured
using Zeiss Apotome structured illumination. Histology (hema-
toxylin and eosin) images were captured with a Leica DMRB mi-
croscope using a Zeiss MRc camera and processed using Zeiss
MRGrab software.

BTB analysis

Biotin permeability was assayed essentially as described (Pérez
et al. 2012; Jauregui et al. 2018) using freshly dissected testes from
3.5-, 16-, and 20-week-old animals. Ten milligrams per milliliters
of EZ-Link Sulfo-NHS-LC-Biotin (Pierce 21335) diluted in 1x PBS
containing 1mM CaCl, was injected into 1 testis while the other
was injected with vehicle. Testis sections were stained with Alexa
Fluor 594 conjugated streptavidin (Invitrogen S32356).

mRNA sequencing

Testes were harvested and homogenized in Trizol reagent
(Thermo Fisher) and stored at —80°C prior to processing. Total
RNA was extracted from the aqueous phase, mixed with ethanol
and purified using the RNeasy kit protocols and reagents
(Qiagen). RNA was quantified using the Qubit RNA assay
(Thermo Fisher) and 400-500 ng total RNA per sample was used
in stranded mRNA-seq library preparation (KAPA Biosystems,
KK8481) for Illumina sequencing. Libraries were pooled and se-
quenced with 2x150 cycles paired-end to an average depth of
19.4 million reads per sample on a HiSeq 4000 by Genewiz (South
Plainfield, NJ, USA).

ChIP-seq

For ChIP-seq, freshly isolated Sertoli cells were fixed with 1%
methanol-free formaldehyde in PBS (Thermo scientific #28906)
for 5 min at RT with rotation. Fixation was stopped by addition of
glycine to 0.125 M and rotation at RT for 10 min. After pelleting,
cells were washed in PBS and stored at —80°C until use. ChIP was
performed with 1-2.5 million cells. Nuclei were prepared from
the fixed cells and chromatin was sheared to an average size of
300-400bp in a Covaris S220 according to the manufacturer’s rec-
ommendations. After shearing, the lysate was diluted 1:3 with

complete DOC RIPA (Murphy et al. 2010) and the sample was
centrifuged at 21,000 g for 10 min at 4°C to pellet any insoluble
material. The supernatant was transferred to a fresh siliconized
tube and the ChIP was initiated with the addition of ~1 pg of the
relevant antibody and rotated at 4°C overnight. Samples were
then spun at 21,000 g for 10min to pellet insoluble material and
supernatant was mixed with 20 pl Protein A Dynabeads
(Invitrogen, 10002D) previously blocked with BSA and yeast tRNA
to inhibit nonspecific binding. After incubation at 4°C for 60 min
with rotation to allow association of protein A with the antibody,
beads were applied to a magnet and washed sequentially as de-
scribed previously (Murphy et al. 2010). After elution and cross
link reversal, sequencing libraries were prepared using the Hyper
Prep Kit (KAPA Biosystems, KK8502).

Whole gonad ChIP-seq was performed essentially the same as
for primary cells ChIP-seq except gonads from 2 to 3 P28 animals
were pooled and fixed in 1% paraformaldehyde (Electron
Microscopy Sciences #15710) for 10 min. After quenching the fix
with 0.125 M glycine, chromatin was sheared to an average size
of 300-500bp using a tip sonicator. Antibodies used were anti-
ESR2 (Aviva Biosystems ARP37039), anti-LRH1 (Aviva Biosystems
ARP37408), and anti-FOXL2 (Aviva Biosystems ARP39574).

Hi-C

Two independent replicates of Hi-C were performed for each ge-
notype on about 1 million primary Sertoli cells using the Arima
Hi-C Kit (#A510008). Cells were fixed in 2% methanol-free formal-
dehyde in DPBS at RT for 10 min with occasional mixing then
quenched by addition of glycine to 0.125 M with occasional mix-
ing for 5min. Cells were placed on ice for 15 min prior to washing
with 1x DPBS and stored at —80°C. Hi-C was performed according
to Arima Genomics (Document part # A160134 v00). Sequencing
libraries were prepared using the KAPA Hyper Prep Kit and xGen
Duplex Seq adapters (Integrated DNA Techologies) according to
Arima Genomics (Document part # A160139 v00).

Bioinformatic analysis

High-throughput Illumina sequencing was performed by the
University of Minnesota Genomics Center or GENEWIZ (South
Plainfield, NJ, USA) using a combination of HiSeq 2500, HiSeq
4000, and NovaSeq platforms. For each of the experiments, reads
were trimmed using Trim Galore (v0.6.0) and cutadapt (v1.18)
and assessed for quality with FastQC (v0.11.8). STAR (v2.7.2a),
BWA mem (v0.7.12), and HiC-Pro (v3.11.0) were used to map tran-
scriptomic (RNA-seq), genomic (ChIP-seq) and 3D (Hi-C) trimmed
reads to the GRCm38 (mm10) genome, respectively. The
GENCODE M25 gene annotation set was used to estimate strand-
specific gene expression data in the RNA-seq data with the
Bioconductor package RSubread (v1.28.1) and to assign the loca-
tions of ChIP peaks to nearby genes. For ChIP-seq experiments,
duplicated reads were removed with Picard MarkDuplicates
(v2.17.10) and low-quality reads (MAPQ < 55) were removed with
SAMtools (v1.0). Hi-C data were processed using the
LIGATION_SITE = GATCGATC, GATCGANTC, GANTCGATC,
GANTCGANTC, and GET_PROCESS_SAM =1 options within HiC-
Pro. Contact matrices were normalized and converted to cool for-
mat with cooler (v0.8.11) and visualized with HiGlass (v1.9.4).
Statistically enriched contact interactions and A/B compartments
were identified with cooltools (v0.5.1). MACS2 (v2.1.1.20160309)
was used to call peaks in the ChIP-seq datasets using the parame-
ters “-call-summits -m 2 20.” Enriched DNA-binding motifs were
identified using MEME (v5.0.1) using the parameters “-maxsize
900000000 -searchsize O -text -dna -revcomp -nmotifs 3 -p
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1 -nostatus.” Analysis of predicted minor groove widths was per-
formed using DNAshapeR (v1.24.0) (Chiu et al. 2016).

Results

Transcriptome feminization in Dmrt1 mutant
testes

We showed previously that deletion of Dmrtl in the testis causes
a major transformation of the transcriptome toward a more
ovary-like mRNA profile (Matson et al. 2011). Because the earlier
study employed microarray analysis, we first used mRNA-seq to
gain a more complete comparison of transcriptomes from wild-
type testes and ovaries relative to XY gonads homozygous or het-
erozygous for a Dmrtl null mutation. We examined gonads at
P28, when transdifferentiation is advanced in mutant XY gonads
(Matson et al. 2011). As expected, in principal component analysis
(PCA) wild-type testis and ovary profiles were widely separated in
principal component 1 (PC1), which accounted for 75% of vari-
ance (Fig. 1a). Heterozygous XY gonads, which have no overt phe-
notype (Raymond et al. 2000; Kim et al. 2007), clustered close to

wild-type testes. Homozygous Dmrtl mutant XY gonads clustered
with wild-type ovaries in PC1, consistent with our previous stud-
les showing their extensive feminization (Matson et al. 2011;
Minkina et al. 2014). PC2 accounted for 8% of variance. As might
be predicted, a number of the top differentially expressed genes
driving PC2 were X- or Y-linked genes or genes involved in follicu-
logenesis.

To examine the molecular phenotype in more detail, we gen-
erated volcano plots of differentially expressed mRNAs, with
known Sertoli- and granulosa-biased mRNAs (Lindeman et al.
2021) indicated in blue and red, respectively (Fig. 1b and c). As
expected from PCA and previous phenotypic analysis, compari-
son of homozygous mutant XY gonads vs wild-type testes
revealed mainly downregulation of Sertoli-biased mRNAs and
upregulation of granulosa-biased mRNAs (Fig. 1b). We identified
9,151 downregulated and 4,882 upregulated mRNAs with a
>2-fold change and a Benjamini-Hochberg adjusted P-value be-
low 0.05 (Supplementary Table 1). Among the strongly upregu-
lated granulosa-biased mRNAs are FoxI2, Esr2, and Nr5a2/Lrhl,
which encode transcription factors important in ovarian
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Fig. 1. Transcriptome feminization in Dmrt1 mutant XY gonads. mRNA-seq data from P28 wild-type and Dmrt1*/~ XY testes, P28 Dmrt1~~ XY gonads
and 2- to 3-month wild-type XX ovaries. a) Plot of PCA analysis showing clustering of wild-type with Dmrt1*/~ testes and of Dmrt1~/~ XY gonads with
wild-type ovaries in PC1. b) Volcano plot comparing mRNA-seq data from wild-type testes and Dmrt1~/~ XY gonads showing differentially expressed
genes, with previously identified Sertoli-biased transcripts in blue and granulosa-biased transcripts in red. c) Volcano plot comparing Dmrt1*/~ testes

with Dmrt1~/~ XY gonads, showing very similar pattern to comparison in panel B.


academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkac267#supplementary-data

M. W.Murphyetal. | 5

development and sexual transdifferentiation of Dmrtl mutant XY
gonads (Minkina et al. 2014; Agrimson et al. 2022). Importantly,
comparison of Dmrt1 null XY gonads with those of Dmrt1*/~ het-
erozygotes gave virtually identical results, suggesting that the
Dmrtl null allele is highly recessive at the molecular as well as
the phenotypic level (Fig. 1c; Supplementary Table 1).

Loss of DMRT1 activates chromatin binding by
feminizing transcription factors

We next examined the role of FOXL2, ESR2, and LRH1 in sexual
transdifferentiation by asking where they bind chromatin in
wild-type young adult (2-3month) ovaries vs P28 mutant XY
gonads undergoing transdifferentiation. Genetic analysis has
established that all 3 regulators are important drivers of transdif-
ferentiation of Dmrtl mutant Sertoli cells into granulosa-like cells
(Minkina et al. 2014; Agrimson et al. 2022) but the mechanisms un-
derlying this cell fate reprogramming have not been investigated.
We sought to address 2 key questions: first, do these regulators
bind similar regions in ovaries and transdifferentiating mutant
gonads; and second, do they bind to distinct sites or might they
cooperatively control shared regulatory elements? We used ChIP-
seq to compare binding by each protein in wild-type ovaries,
Dmrtl heterozygous mutant testes, and Dmrtl homozygous mu-
tant XY gonads undergoing transdifferentiation.

We first used ChIP-seq to examine binding by the estrogen re-
ceptor ESR2, a nuclear hormone receptor transcription factor
normally expressed and active in granulosa cells (Lenie and
Smitz 2008). ESR2 bound many sites in ovaries and in homozy-
gous mutant gonads, with more than twice as many sites bound
in ovary (12,338 vs 4,747) (Fig. 2a). In contrast, only 134 bound
sites were detected in heterozygous testes, consistent with the
very low Esr2 expression in these gonads (Matson et al. 2011). A
majority of sites bound strongly in the homozygous mutant go-
nad (3,219/4,747) also were bound strongly in the ovary, and
most sites strongly detected in 1 class of gonad also were
detected in the other, though often below a false discovery g-
value cutoff of 0.05 for peak calling. Sites bound in the homozy-
gous mutant XY gonad, the ovary, or both, were enriched for the
ESR2 consensus DNA-binding motif (Fig. 2a, far right column),
suggesting good ChIP specificity. These data indicate similar
binding by ESR2 in the ovary and mutant XY gonad and strongly
suggest that estrogen signaling is active in chromosomally male
gonads when Dmrt1 is missing.

Next, we examined binding by the orphan nuclear receptor
LRH1 (NR5A2). LRH1 is the closest relative of the steroidogenic
regulator SF1 and plays an essential role in granulosa cell dif-
ferentiation and function (Duggavathi et al. 2008; Meinsohn
et al. 2018; Meinsohn et al. 2021). Similar to ESR2, ChIP-seq
showed that LRH1 bound many sites in ovaries and in homozy-
gous mutant XY gonads, with more sites bound in ovaries
(25,567 vs 7,216), while only 158 bound sites were detected in
heterozygous testes (Fig. 2b). As with ESR2, a majority of sites
strongly bound by LRH1 in mutant XY gonads (5,451/7,216) also
were strongly bound in the ovary and sites bound in the mu-
tant XY gonad, the ovary, or both, were enriched for the LRH1
consensus DNA-binding motif (Fig. 2b, far right column). Also
similar to ESR2, most sites bound strongly in ovaries or mutant
testes also were detected in the other, although often not called
as a peak using a g-value cutoff of 0.05. These data indicate
that LRH1, like ESR2, binds a similar repertoire of sites in the
wild-type XX ovary and the transdifferentiating Dmrtl mutant
XY gonad.

Finally, we examined binding by the forkhead transcription
factor FOXL2, which is required for normal granulosa cell differ-
entiation and for maintenance of female differentiation in the
ovary (Uda et al. 2004; Uhlenhaut et al. 2009). Like ESR2 and LRHI,
FOXL2 is ectopically expressed in Dmrtl mutant XY gonads and is
essential for transdifferentiation of mutant Sertoli cells to
granulosa-like cells (Matson et al. 2011; Minkina et al. 2014). Once
again, we found that FOXL2 binds many sites in ovaries and in
homozygous mutant XY gonads, with a similar number of sites
bound in each (1,467 in ovary vs 2,048 in mutant XY gonad)
(Fig. 2c). As with the other proteins, most sites strongly bound by
FOXL2 in ovaries or mutant gonads were bound at least weakly in
the other. An unexpected result was that many bound sites
(8,052) were detected in Dmrtl heterozygous testes, which ex-
press extremely low levels of FOXL2 (Fig. 2c). We considered 2
possibilities. First, the antibody might not recognize FOXL2. This
appears not to be the case, as the sites we detected in ovaries
were highly enriched for the canonical FOXL2-binding consen-
sus (Fig. 2c, far right column) and showed strong overlap with
sites detected in cultured follicles using a different FOXL2 anti-
body (Supplementary Fig. 1) (Georges et al. 2014). Binding was
weaker in intact ovaries than cultured cells, either because this
antibody has lower affinity or because the cells expressing
FOXL2 are a minority of cells present in the intact ovary, result-
ing in a lower signal to noise ratio. However, it appears that
both antibodies detect binding to the same suite of DNA ele-
ments in ovarian cells. Second, we considered that the antibody
may not only bind FOXL2 but also cross-react with another pro-
tein expressed in testes. This possibility appears likely, as there
was low overlap between sites bound in wild-type testes and
those bound in ovaries or cultured granulosa cells (Fig. 2c;
Supplementary Fig. 1). Also, the sites bound strongly in testes
and weakly in ovaries or mutant XY gonads were not enriched
for the FOXL2-binding motif and instead were enriched for a
string of A/T basepairs (Supplementary Fig. 2). We therefore
conclude that FOXL2 has similar binding in ovaries and trans-
differentiating mutant XY gonads, but that the antibody likely
also crossreacts with a second unidentified protein that is more
detectable in Dmrtl heterozygous testes in the absence of
FOXL2 expression.

Feminizing transcription factors bind common
regulatory elements

ESR2, LRH1, and FOXL2 all help drive transdifferentiation in
Dmrtl mutant XY gonads (Minkina et al. 2014; Agrimson et al.
2022). A key question is whether they do so by binding to distinct
or overlapping sets of regulatory elements. Both ESR2 and LRH1
recognize the sequence AGGTCA in the major groove, although
ESR2 binds as an inverted dimer while LRH1 binds as a monomer
to an extended half-site (Schwabe et al. 1993; Fayard et al. 2003).
We found that ESR2 and LRH1 have substantially overlapping
binding in P28 Dmrt1~~ XY gonads, with 1,612 bound by both
proteins, vs 3,241 bound only by ESR2 and 5,731 bound only by
LRH1 (Fig. 2d; Supplementary Table 2). Thus, about one-third of
ESR2 sites also are bound by LRH1 and about one-fifth of LRH1
sites also are bound by ESR2. An example of binding by ESR2 and
LRH1 at the sex steroid regulator Hsd17b1 is shown in Fig. 2e.
FOXL2 showed less binding overlap with ESR2 and LRH1. Of
2,047 sites bound by FOXL2 in the mutant XY gonad, only 184
also were bound by ESR2 and 289 were bound by LRH1. We con-
clude that ESR2 and LRH1 bind to an overlapping set of regula-
tory elements and may cooperate in some manner to regulate
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Fig. 2. Overlapping DNA binding by feminizing transcription factors in Dmrtl mutant XY gonads and XX ovaries. a—c) Comparison of DNA binding by
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binding by the three feminizing transcription factors in Dmrt1~/~

target genes, while FOXL2 appears to bind a mostly distinct set
of elements.

DMRT1 regulates sex-biased mRNA expression in
neonatal Sertoli cells

Previous analyses of transdifferentiation triggered by Dmrt1 loss
have analyzed adult gonads or relied on limited protein markers
(Matson et al. 2011; Minkina et al. 2014). To better understand the
onset of the process we therefore examined isolated juvenile

XY gonads.

Sertoli cells. We first examined gene expression by RNA-seq
comparison of Dmrtl heterozygous and homozygous mutant
isolated P7 Sertoli cells. We identified 426 down regulated genes
and 512 upregulated genes with a greater than 2-fold change
and a Benjamini-Hochberg adjusted P-value below 0.05
(Supplementary Table 1). Strikingly, even at this early stage, mis-
expressed mRNAs included many previously shown to be Sertoli-
or granulosa-biased (Fig. 3). Among these, most of the male-
biased mRNAs showed reduced expression in mutant cells and
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Fig. 3. Gene expression changes in P7 Dmrt1 mutant Sertoli cells.
Volcano plot showing mRNAs misexpressed in Dmrtl mutant P7 Sertoli
cells. mRNAs with sex-biased expression from Lindeman et al. (2021) are
colored blue (Sertoli-biased) or red (granulosa-biased).

most of the female-biased mRNAs showed elevated expression,
indicating that sexual transdifferentiation is under way by
the end of the first postnatal week. Esr2 and Lrhl were 2 sex
regulators that behaved differently at this early stage. These
genes are important regulators of granulosa development that
promote male-to-female transdifferentiation (Minkina et al. 2014;
Agrimson et al. 2022). Both mRNAs are strongly elevated in P28
Dmrtl mutant XY gonads (Fig. 1b) (Matson et al. 2011), but both
were reduced in P7 mutant Sertoli cells (Fig. 3). This result likely
reflects the roles that Esr2 and Lrh1 play in differentiation of juve-
nile Sertoli cells before they become strongly female-biased and
regulate granulosa cell differentiation and function (Macheroni
et al. 2020; Agrimson et al. 2022).

DMRT1 regulates sex-biased chromatin
conformation in juvenile Sertoli cells

Sex-biased genes are associated with chromatin regions that are
found in active “A” compartments or inactive “B” compartments
corresponding to the sex in which they are more highly expressed
(Garcia-Moreno et al. 2019; Lindeman et al. 2021). To identify
possible regulatory foci of DMRT1, we used Hi-C to identify 3D
chromatin interactions and asked whether DMRT1 is required to
maintain A or B compartments at the onset of transdifferentia-
tion. In isolated P7 Sertoli cells we found DMRT1-dependent
transitions between the compartment types (A to B or vice versa)
in Dmrt1 mutant XY gonads for 44 downregulated and 37 upregu-
lated genes, including the male-biased genes Ocln, Cst9, Cst12,
and Cstdcl (Fig. 4) and the female-biased gene Zpf521
(Supplementary Fig. 3). These data suggest that DMRT1 likely
maintains male sexual cell fate in part by directly or indirectly

maintaining appropriate chromatin status, both active and inac-
tive, and they identify a set of potential regulatory elements likely
to play a pivotal early role in sex maintenance and transdifferen-
tiation.

R111G allele of Dmrt1 has a dominant testis
phenotype

In humans, deletions and microdeletions affecting DMRT1 are
associated with defects in testicular differentiation including
complete gonadal dysgenesis in XY individuals (Zarkower and
Murphy 2021). The human DMRT1**!¢ point mutation alters a
conserved residue in DMRT1 that plays a central role in DNA
binding and it is associated with dominant XY complete gonadal
dysgenesis, resulting in male-to-female sex reversal (Murphy
et al. 2015). We showed previously that DMRT1**!€ protein can
alter the stoichiometry of DNA binding by wild-type DMRTZ,
potentially helping explain the dominant in vivo phenotype of
the mutation (Murphy et al. 2015). To further investigate the
effects of the R111G mutation, we used the CRISPR/Cas9 system
to generate mice carrying this missense mutation in Dmrt1.

We found that Dmrt1**1%+ XY mice are phenotypically male
but are infertile and show dominant defects in testis differentia-
tion, resulting in hypoplastic adult testes (Fig. 5a). XX heterozy-
gotes are fertile and were used to propagate the strain. Staining
of XY gonads with hematoxylin and eosin (H&E) showed that
seminiferous tubule size and germ cell abundance appeared nor-
mal from birth to P10 but germ cells were severely depleted from
P23 onward (Fig. Sb-d). To examine this phenotype more closely
we performed IF staining for the Sertoli cell marker SOX9 and
the germ cell marker TRA98 (Fig. 6). Consistent with the H&E
staining, IF showed apparently normal tubules at P5 and P10
(Fig. 6a and b) but depletion of differentiating germ cells in
Dmrt1R11%/+ testes by P23 (Fig. 6¢), with only small numbers of
spermatogonia present in adult testes (Fig. 6d). These data
suggest that Dmrt18112¢/+ testes have a defect in spermatogonial
differentiation, meiosis, or both.

Sertoli cells normally form tight junctions during puberty to
create the blood-testis barrier (BTB), which is required for the
survival of meiotic and postmeiotic germ cells (Kaur et al. 2014).
Because Dmrt1%*116/* adult testes have spermatogonia but not
more advanced germ cells, we asked whether the BTB was dis-
rupted. We tested BTB integrity by interstitial injection of biotin
at 3.5, 16, and 20 weeks. As expected, all tubules in control testes
efficiently excluded biotin, but virtually all tubules in the
Dmrt181119/+ testes were highly biotin-permeable at all ages
tested (100% of tubules permeable at 20weeks, n=50; Fig. 7).
From this result we conclude that a defective BTB, due to incom-
plete Sertoli cell differentiation, is likely to contribute to germ cell
deficiency in Dmrt1R111%/* testes.

Dmrt1®***C disrupts the hypothalamic-pituitary-
gonadal axis

To learn more about broader effects of Dmrtl mutations, we ex-
amined hormone signaling in 6 wild-type adult males and twelve
males each that were heterozygous for the null allele, homozy-
gous for the null allele, or heterozygous for R111G (Fig. 8). Sertoli
cells respond to FSH from the anterior pituitary and signal back
with inhibin. Leydig cells respond to LH from the anterior pitui-
tary and produce testosterone, which signals to Sertoli cells and
also back to the pituitary and hypothalamus. Although testes of
Dmrt17* XY animals appear phenotypically normal and they are
fully fertile males, we did detect minor differences in hypotha-
lamic-pituitary-gonadal (HPG) axis signaling, suggesting that
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loss of Dmrt1 may be very weakly haploinsufficient. In particular,
while gonadal and serum testosterone levels were not signifi-
cantly different from wild-type (Fig. 8a and b), serum LH was re-
duced and serum FSH was slightly elevated (Fig. 8c and d),
suggesting an effect on HPG axis signaling. Serum inhibin B was
normal, however, suggesting functional Sertoli cell feedback
(Fig. 8e). In contrast, Dmrt1™/~ XY animals had severely reduced
serum and gonadal testosterone levels, consistent with their
hypovirilization (Fig. 8a and b). Serum FSH and LH were both se-
verely reduced in Dmrt1~~ XY animals, possibly as a result of
highly elevated inhibin B (Fig. 8e). The low LH level in null mutant
XY animals would be expected to reduce androgen production in
Leydig cells and may help explain the reduced testosterone levels
we observed. Hormonal signaling also was significantly disrupted
in Dmrt1®11%* XY animals, but differently from that of null
mutants. Serum and gonadal testosterone levels were normal, as
was serum LH, indicating normal Leydig cell function (Fig. 8a—c).
However, FSH was elevated more than 2-fold, possibly due to a 2-
fold reduction in inhibin B (Fig. 8d and e). In summary, both the
Dmrtl null allele and the R111G mutation disrupt HPG signaling
but R111G has a strong dominant phenotype that affects Sertoli

cell inhibin B signaling and FSH levels in the opposite direction to
that of the null mutation.

Dmrt1*'*¢ causes dominant transcriptome
feminization

The dominant testis phenotype of the Dmrt1*!!¢ allele and the
dominant effect of DMRT1*! protein on DNA binding in vitro
(Murphy et al. 2015) both suggest that R111G is a neomorphic al-
lele rather than a strict loss-of-function allele. To further investi-
gate this possibility we first performed mRNA profiling, asking
whether Dmrt1®11¢+ affects the transcriptome similarly to
Dmrtl loss of function or has distinct characteristics. To find
any very early changes we examined P3 as well as P28
(Supplementary Table 1). At P3, wild-type, Dmrt1”*, Dmrt1~/~,
and Dmrt1R11%*+ XY gonads clustered tightly together in PCA, in-
dicating only minor differences in gene expression (Fig. 9a). At
P28, however, major changes were evident. Wild-type P28 XX ova-
ries were located close to P3 XY gonads in PC1, which accounted
for 71% of variance, but separated in PC2, which accounted for
8% of variance (Fig. 9a). Wild-type and Dmrt1”* P28 XY gonads
were widely separated from wild-type ovaries in both PC1 and
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Fig. 5. Histology of Dmrt1*'*1%+ XY gonads (a) Intact gonads from adult control (Dmrt1*/~) XY testes and Dmrt1*'*1%/* XY testes. (b-d) Hematoxylin/
eosin (H&E) staining of sections from control and Dmrt1811%* XY testes at indicated ages. Scale bars: 100 um.

PC2, while Dmrt1~/~ P28 XY gonads clustered close to wild-type
ovaries. Strikingly, Dmrt18111+ P28 XY gonads were intermediate
between wild-type testes and ovaries in both PC1 and PC2. We
identified 6,032 mRNAs that were expressed more highly in
Dmrt1*/~ XY gonads and 1,241 mRNAs expressed more highly in
Dmrt1R11%* XY gonads with a >2-fold change and a Benjamini-
Hochberg adjusted P-value below 0.05, but notable neither Sox9
nor Foxl2 were differentially expressed between these 2 geno-
types (Supplementary Table 1). Thus, although Dmrt1811¢/+ xy
gonads retained SOX9 expression and did not express high levels
of FoxI2, the mutation caused dominant partial feminization of
the transcriptome. The dominant partial feminization of
Dmrt18116+ p2g XV gonads also was apparent in a volcano plot
(Fig. 9b). Known Sertoli- and granulosa-biased mRNAs were mis-
expressed, but the pattern was more mixed than in null mutant

gonads, with many members of both gene classes upregulated
and downregulated. Nevertheless, more than half of the mRNAs
that were misregulated in null mutant gonads also were affected
in Dmrt1®11+ p2g XY gonads (Fig. 9c). Additionally, expression
of 567 mRNAs was affected in Dmrt18*1%+ but not in Dmrt1~/~ or
Dmrt1*~ mutants (Fig. 9c), suggesting that this allele has neo-
morphic effects on gene expression.

R111G is a neomorphic allele of Dmrt1 that alters
DNA binding in vivo

Next, we used ChIP-seq to examine the distribution of DMRT1
DNA binding, comparing gonads of Dmrt1%1¢+ p3 males to
those of P3 heterozygotes (Dmrt1*~) in order to find early anoma-
lies that might help trigger transdifferentiation. Previous in vitro
studies indicated that the R111G allele allows the mutant DMRT1
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Fig. 6. IF analysis of Dmrt1**1%* XY gonads. (a-d) IF of sectioned control (Dmrt1*/~) XY testes and Dmrt1***?%* XY testes at indicated ages, stained for
Sertoli marker SOX9 (red) and germ cell marker TRA98 (green). Scale bars: 100 pm.

protein to alter binding by wild-type DMRT1 (Murphy et al. 2015),
and we asked whether this also is true in vivo. We identified
9,311 peaks with increased or novel binding in Dmrt1%116/+ testes
and 2,697 peaks with decreased intensity. The binding by DMRT1
to inappropriate sites confirms that the R111G mutation alters
DNA binding specificity in vivo and causes aberrant DMRT1 DNA
association prior to extensive effects on gene expression. Altered
DNA binding causes altered gene expression: among the affected
sites are some associated with genes differentially expressed at
P3, P28, or both in Dmrt1%1116/* testes (Fig. 10a). We searched for
genes associated with the affected peaks that have Sertoli- or
granulosa-biased expression or known roles in sex determina-
tion, and identified 40 such genes, associated with 82 differen-
tially bound peaks. These genes include sexual regulators like
Esr2 and the androgenic enzyme Hsd17b3, which may contribute
to the observed phenotype.

To learn more about how R111G affects DMRT1 DNA binding
in vivo, we examined the sites that showed increased or reduced
binding in Dmrt1%*116/+ testes, deriving consensus DNA sequen-
ces and examining predicted DNA shape (Fig. 10b and c). As men-
tioned earlier, DMRT1 can bind DNA as a dimer, trimer, or
tetramer in vitro, and each stoichiometry is associated with a dif-
ferent DNA sequence and shape (Murphy et al. 2015). The sites
showing reduced binding in Dmrt1%1!%* had the typical se-
quence motif associated with tetramer binding and also had the
predicted bilateral wide minor groove at positions —4 and +4
(Fig. 10b and d). The sites showing enhanced binding in
Dmrt1R111%+ lacked the bilateral wide minor groove and the G/C
bases at —6/+6 (Fig. 10c and d), suggesting they were not tetramer
sites, but might be dimer sites. They also had a nascent ACA se-
quence motif on the right side that could allow a novel mode
binding by a third DMRT1 protomer. Two examples of changes in
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Fig. 7. Blood-testis barrier defects in Dmrt1%!11%* XY gonads. Fluorescence images of sectioned 5-month control (Dmrt1*/~) XY testis (a) and
Dmrt1*11%+ XY testis (b) injected with biotin and stained with fluorescent streptavidin (red) and DAPI (blue). Scale bars: 1OO pm.

DNA binding are shown. At Hsd17b3, R111G, either heterozygous
or hemizygous, resulted in weaker binding to a site normally
bound by DMRT1, with the hemizygote more severely affected
(Fig. 10e). At Esr2, Dmrt1%11%* mutants had strong binding to the
sites bound in normal control testes, but also a novel binding site
that also was present in Dmrt1¥12%/~ mutants (Fig. 10f). Together
these ChIP results further support the idea that R111G is a neo-
morphic allele that dominantly alters DNA-binding specificity
and affects expression of many DMRT1 target genes as well as
other genes not normally regulated by DMRT1.

R111G does not activate ESR2 and LRH1 activity

As discussed above in Dmrtl null mutant XY gonads, ESR2 and
LRH1 are expressed at elevated levels and function to drive
transdifferentiation. We therefore asked whether these 2 female
regulators are active in Dmrt1¥1¢* XY gonads. We performed
ChIP-seq for ESR2 and LRH1 and examined binding to the sites
that were bound by these proteins in both ovaries and Dmrt1~/~
XY gonads (Fig. 11). Although Esr2 expression was elevated at
P28, ESR2 did not bind DNA in the Dmrt1®"'“* XY mutant
gonads at sites previously shown to be bound by ESR2 in both
wild-type XX ovaries and Dmrt1~/~ XY gonads. ESR2 requires an
estrogen ligand for nuclear localization and DNA binding, so this
result suggests that estrogen signaling is not activated in
Dmrt1®1%+ mutants. Consistent with this possibility, the estro-
genic Cyp19al was strongly downregulated in
Dmrt1816/+ mutant gonads (Supplementary Table 1). Lrhl ex-
pression was not elevated in Dmrt1®'%* XY gonads
(Supplementary Table 1) and as expected there was no signifi-
cant binding in these mutants compared with Dmrt1 ™~ XY
gonads.

enzyme

Discussion

Here, we have investigated how DMRT1 maintains male sexual
differentiation in testicular Sertoli cells and how the human sex-
reversing DMRT1%*¢ mutation alters DMRT1 function. We con-
firmed by RNA-seq that complete loss of Dmrt1 function causes a
postnatal transformation of the testis transcriptome to a tran-
scriptional profile resembling that of the ovary. This transforma-
tion begins by P7, prior to the overt differences in morphology
and cell lineage marker expression we previously documented,
and it involves inappropriate conversion between active and in-
active chromatin compartments at likely sex-regulatory genes.
We modeled DMRT1*!€ in the mouse and found that it causes
dominant testis differentiation defects and partially feminizes
the XY gonadal transcriptome, consistent with a causative role in
human gonadal dysgenesis. ChIP-seq and RNA-seq analysis indi-
cated that Dmrt1***€ is a neomorphic allele rather than a strict
loss of function, as the mutant protein interacts with chromatin
aberrantly, including both failure to bind at some of its normal
sites and binding to inappropriate sites, and it appears to regulate
some genes not normally controlled by Dmrt1.

We asked whether female regulators that are activated by
DMRT1 and drive feminization function in a manner similar to
their roles in the ovary or via distinct regulatory networks. ChIP-
seq showed that FOXL2, ESR2 and LRH1 are able to associate with
chromatin in Dmrtl mutant XY gonads, and that they bind many
of the same sites bound in granulosa cells of the wild-type ovary.
This result suggests that the regulatory networks driving male-
to-female transdifferentiation at least partially resemble those
driving normal female differentiation. Additionally, the associa-
tion of ESR2 with DNA indicates that estrogen signaling is suffi-
ciently activated in the null mutant gonads to allow nuclear
localization of ESR2. The overlap in binding profiles of the 2 nu-
clear receptor proteins ESR2 and LRH1 suggests possible
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P < 0.0001. Values above or below the assay threshold are shown in red and were not included in statistical analysis.
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Dmrt1*1¢* vs Dmrt1*/~ XY gonads.

cooperation or redundancy in regulation of target genes.
Whether the 2 proteins can bind DNA sites simultaneously and
whether they physically interact will require further study. The
mix of targets bound individually and jointly by the 3 female sex
regulators suggests that they collectively drive feminization by
regulating distinct but overlapping suites of target genes.

We showed previously that ectopic DMRT1 in the ovary can act
in the manner of a pioneer transcription factor, binding and open-
ing inaccessible chromatin and allowing other transcription fac-
tors, for example SOX9, to bind and regulate transcription
(Lindeman et al. 2021). Here, we have identified chromatin regions

whose activity in juvenile Sertoli cells is dependent on DMRT1.
These regions are good candidates to play a key role in the main-
tenance of male cell fate and the initiation of transdifferentiation.
Some genes that later are highly overexpressed and are known to
be important for transdifferentiation, for example, Esr2 and Lrhi,
were not activated at this early stage and did not show abnormal
chromatin activity. This difference suggests that sexual transdif-
ferentiation may occur in distinct phases, perhaps involving a
reset of sexual cell identity followed by redifferentiation.

Human genetics has indicated that DMRT1 is required in 2
copies for testis differentiation. A variety of microdeletions and
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Fig. 10. Altered DNA binding by DMRT1 in Dmrt18'11%+ XY gonads. a) Volcano plot showing sites differentially bound by DMRT1 in Dmrt1R11¢/+ xy
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point mutations in DMRT1 have been identified in XY individuals
with partial or complete gonadal dysgenesis, often leading to
male-to-female phenotypic sex reversal (Zarkower and Murphy
2021). The evidence is therefore strong that mutations in DMRT1
are causative for human XY gonadal dysgenesis. It also is clear
that genetic background affects sensitivity to DMRT1 mutations,
as deletions removing DMRT1 vary in severity and siblings carry-
ing the same mutation can have different degrees of gonadal dys-
genesis (Calvari et al. 2000). Similarly, the requirement for DMRT1
differs between species: loss of just 1 copy of human DMRT1 can
cause complete gonadal dysgenesis and sex reversal, while in

mice Dmrt1 loss of function is recessive and even XY homozygous
null mutants are born phenotypically male. We did, however, de-
tect some abnormalities in testicular hormone signaling in het-
erozygous mutants, suggesting that even in the mouse Dmrtl
activity may be weakly dose-dependent.

We modeled the human DMRT1%*!¢ mutation in mouse for 2
reasons. First, we sought direct evidence that a point mutation
can sufficiently compromise DMRT1 to cause severe gonadal
defects. Second, we sought to test the prediction from human ge-
netics and in vitro DNA-binding analysis that the mutation might
have a dominant phenotype. The mouse model confirmed both
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predictions. Dmrt1%*11¢* Xy animals developed testes with both
somatic and germ line defects, including a disrupted BTB and
highly reduced spermatogonial differentiation, and the transcrip-
tome was severely disrupted and partially feminized. In principal,
these defects may stem from cell autonomous disruptions in
both cell types. A second and nonexclusive possibility is that the
germ cell defects result indirectly from defects in the Sertoli cells
that affect their ability to support germ cell differentiation. In
particular, the lack of BTB integrity that we observed could po-
tentially explain much of the failure of spermatogonia in the mu-
tant testes to undergo meiosis and postmeiotic differentiation, as
these events require an intact BTB (Kaur et al. 2014).

The dominant basis of the R111G phenotype was evident in
ChIP-seq analysis, as heterozygous mutant gonads had inappro-
priate localization of DMRT1, despite the presence of a wild-type
Dmrtl allele. Three classes of target genes were noteworthy for
their response to the R111G mutation. First, and most straightfor-
ward, many genes affected in null mutants were also affected in
Dmrt1R111%+ XY animals and were misregulated similarly in both
types of mutants. We found that the R111G mutation selectively
reduced binding to tetramer consensus sites, so this first class of
genes may be regulated via tetramer binding sites that lose bind-
ing in Dmrt1*¢* XY animals. Second, some genes normally
regulated by DMRT1 responded differently in Dmrt1R116/+ xy
animals relative to null mutants. We showed previously that
DMRT1R€ can alter binding stoichiometry of wild-type DMRT1
(Murphy et al. 2015) and altered stoichiometry may explain many
of the expression changes. Third, more than 500 genes were mis-
regulated in Dmrt1¥2¢+ Xy animals but not in null mutants. We
observed a gain of affinity at potential dimer or trimer sites and
this gain of binding likely contributes to misregulation of novel
genes. Different alleles of DMRT1, including microdeletions and
point mutations, have been found to cause XY gonadal dysgene-
sis and male-to-female sex reversal. Our comparison of a Dmrtl

null mutation and the Dmrt182¢+ point mutation suggests that
strong human DMRT1 loss-of-function alleles may primarily af-
fect gonadal sex differentiation, while DMRT1*!¢ may cause a
mix of gonadal feminization and more general developmental
disruption unrelated to sexual cell fate. The DMRT1-dependent
mRNAs and chromatin regions we have identified in mouse
models may help to understand the etiology of the human
phenotypes.
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