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1 | INTRODUCTION

The study of mammalian sex determination has seen
considerable breakthroughs in the last decade. Since the
discovery of the HMG-box transcription factor SRY (Sex-
determining region Y) as the first molecular switch con-
trolling the bipotential gonad toward a testicular or ovarian
fate, our understanding of the mechanisms of mamma-
lian sex determination has evolved to include several fac-
tors (sometimes opposing one another) acting at different
steps in the gene expression process.”” Among them,
chromatin regulators and epigenetic factors now appear
to play central roles in fine-tuning the expression of key
sex-determining genes.>* A notable example is histone de-
methylase JMID1A, which was identified as a critical factor
for removing H3K9me3 repressive marks at the Sry locus,
thereby enabling proper Sry spatiotemporal expression in
murine pre-Sertoli cells at the time of sex determination
(around embryonic day (e) 11.5).>° Consistent with this key
role, lack of JMJD1A function in mice leads to complete,
highly penetrant male-to-female sex reversal.’

Alternative splicing is now also recognized as a key reg-
ulatory mechanism of sex determination and differentiation.
This role has been notably well described in insects, fish,
and reptiles,” " and recent findings support a similar role in
mammals. Indeed, RNA-seq experiments in mice revealed the
existence of hundreds of differentially expressed transcript
isoforms in male and female gonads around the time of sex
determination and early sex differentiation.'*** Well-known
examples include WtI and Fgfi2 genes, which both code for
at least two major alternatively spliced isoforms. WT1 protein
isoforms differ by the inclusion (+KTS) or exclusion (—KTS)
of a short peptide motif that is required for upregulating Sry
transcription.* FGFR2 isoforms differ in the composition of
the C-terminal half of the third Ig-like loop in the FGF bind-
ing domain (generating isoforms IIIb and IIIc), with isoform
IIIc being critically required for mediating male-determining
FGF9 signaling in pre-Sertoli cells."'® Long since consid-
ered to be a single exon gene, even Sry is now known to be

identified Sry as a direct transcriptional target and WNT pathway-associated Lef1
and Tcf712 as direct splicing targets. The identified molecular defects are also as-
sociated with the abnormal morphology of seminiferous tubules in mutant post-
natal testes. Altogether, our results thus identify FAM172A and CHD?7 as new
players in the regulation of male sex determination and differentiation in mice,
and further highlight the importance of chromatin-mediated regulatory mecha-
nisms in these processes.

alternative splicing, CHARGE syndrome, CHD7, FAM172A, Sex reversal, transcription

alternatively spliced to include or not a second exon that con-
fers greater stability and sex-determining activity to the SRY
protein.'” Another intriguing alternatively spliced gene is Lef1
(Lymphoid Enhancer Binding Factor 1), for which transcripts
containing the alternative exon 6 were found to be enriched
in female gonads during early sex differentiation."® Inclusion
of this alternative exon is necessary for full activity of the
LEF1 protein as a transcriptional effector of canonical WNT
signaling'®—a critical signaling pathway for ovarian develop-
ment'? also necessary for proper differentiation of Sertoli cells
in males.® All these observations are thus consistent with an
important role for alternative splicing in mammalian sex de-
termination/differentiation, but the manner by which identi-
fied splicing events are regulated remains largely unexplored
besides a single study reporting an important role for SOX9.*"

We previously showed that dysregulation of co-
transcriptional alternative splicing constitutes a com-
mon disease mechanism for genetically distinct cases of
coloboma of the eye, heart defects, atresia of choanae, re-
tardation of growth/development, genital abnormalities,
and ear anomalies (CHARGE) syndrome—a rare multi-
organ malformation condition mainly affecting neural
crest-derived tissues.?? This previous work allowed us to
propose a model whereby the co-transcriptional regulator
FAM172A (Family with sequence similarity 172, member
A), the chromatin remodeler CHD7 (Chromodomain he-
licase DNA-binding protein 7), and the small RNA bind-
ing protein AGO2 (Argonaute 2) appear to coordinately
stabilize the interface between chromatin and spliceo-
some machineries at alternatively spliced exons in neu-
ral crest cells, most likely without direct binding to DNA
or mRNA.? Yet, we and others have shown that these
proteins can also influence gene expression levels inde-
pendently of alternative splicing.***** Unexpectedly, our
prior work further revealed the presence of a partially
penetrant male-to-female sex reversal phenotype in both
homozygous Fam172a™™ [Toupee] (affecting 25% of
XY animals) and heterozygous Chd7%/* (affecting 12%
of XY animals) mouse models of CHARGE syndrome.*
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Moreover, a higher incidence of sex reversal was noted
in Fam172a™"*;Chd7°”* double heterozygous mutants
(affecting 33% of XY animals).”* These observations thus
suggest that transcription and alternative splicing regula-
tion are dual roles shared by FAM172A and CHD?7 in the
context of sex determination as well, at least in mice.

In the current study, we specifically examined the role of
FAM172A and CHD7 in the control of male sex determina-
tion. We discovered that the partial loss of either Fam172a
or Chd7 leads to extensive dysregulation of transcription
and alternative splicing in pre-Sertoli cells, including direct
impacts on transcription of the male determining gene Sry
and alternative splicing of the WNT effector genes LefI and
Tef712. Globally, our results thus suggest that FAM172A and
CHD?7 are equally important regulators of mouse sex deter-
mination and Sertoli cell differentiation at both the tran-
scriptional and alternative splicing levels.

2 | MATERIALS AND METHODS

2.1 | Mice

Animal experimental protocols were approved by the in-
stitutional ethics committee of the University of Quebec at
Montreal (Comité institutionnel de protection des animaux
[CIPA]; Reference number: 650). Details about the gen-
eration of Fami172a™™ (Toupee; FVB/N background),
Chd7°”* (129 Sv-C57BL/6J mixed background; kindly pro-
vided by Dr. Donna M. Martin from University of Michigan
Medical School) and Gata4p[5kb]-RFP transgenic mouse
lines can be found elsewhere.”***%® All lines were main-
tained in the FVB/N genetic background, after five rounds
of successive backcross with wild-type FVB/N mice in the
case of Chd7°/*. For high-throughput transcriptome se-
quencing, Fam172a™ and Chd7% alleles were introduced
in the Gata4p[5kb]-RFP transgenic background by breed-
ing, with single Gata4p[5kb]-RFP transgenic mice used as
controls. PCR-based chromosomal sexing and genotyping
of Fam172a™ and Chd7®" alleles were performed as previ-
ously described,* using primers listed in Table S1. Embryos
were generated by natural mating and collected at e11.5 or
e12.5, with noon of the day of vaginal plug detection desig-
nated as e€0.5. Embryos were carefully staged by counting
the number of tail somites and sexed using either morpho-
logical criteria (presence of cords and coelomic vessel in
e12.5 testis) or PCR as mentioned above.

2.2 | Tissue labeling and imaging

In situ hybridization of Sry,”” hematoxylin-eosin stain-
ing of paraffin-embedded testes,”” and immunolabeling
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of gonadal cells* or cryosections® were performed as
previously described. For whole-mount immunofluo-
rescence staining, gonads from el1.5 and e12.5 embryos
were dissected in ice-cold PBS, fixed in 4% PFA overnight
at 4°C, and gradually dehydrated into methanol for stor-
age at —20°C. For staining per se, gonads were gradually
rehydrated in PBS, permeabilized in PBS containing 0.1%
TritonX-100 for 1 h, and transferred into blocking solu-
tion (PBS 1% TritonX-100, 10% fetal bovine serum) for 1 h
at room temperature. Gonads were then incubated in rel-
evant primary and secondary antibodies diluted in block-
ing solution overnight at 4°C, with three 30-min washes
in between (using 0.1% TritonX-100). Gonads were finally
counterstained with DAPI (5 pg/ml in 0.1% TritonX-100)
for 5 min, extensively washed (3 X 30 min, in 0.1%
TritonX-100 once and PBS twice), and finally transferred
to 80% glycerol at 4°C until imaging. Primary antibodies
used were rabbit anti-FAM172A (Abcam #ab121364; di-
luted 1:250), rabbit anti-CHD7 (Cell Signaling #6505; di-
luted 1:250), mouse anti-GATA4 (Santa-Cruz #sc-25310;
diluted 1:250), rabbit anti-COL4 (Abcam #ab6586; diluted
1:400) and rabbit anti-ITGA6 (Abcam #ab181551; diluted
1:400). Corresponding secondary antibodies were donkey
Alexa Fluor 594 anti-rabbit IgG (Jackson Immunoresearch
#711-585-152; diluted 1:500), donkey Alexa Fluor 647
anti-mouse IgG (Jackson Immunoresearch #715-605-150;
diluted 1:500) or donkey Alexa Fluor 647 anti-rabbit IgG
(Jackson Immunoresearch #715-605-152; diluted 1:500).
Images were acquired using either a 20X (Plan Fluor
20x%/0.75 Mimm) or a 60X (Plan Apo VC 60x1.40 oil) ob-
jective on a Nikon A1R confocal microscope (for immu-
nofluorescence), with a Leica M205FA stereomicroscope
(for in situ hybridization), or with a Leica DM2000 upright
microscope (for histology sections).

2.3 | Tissue preparation for gene
expression analyses

For RT-qPCR analysis, gonads and attached me-
sonephroi were dissected from ell.5 embryos gener-
ated by Fam172a™* or Chd7°”* intercrosses, and
then immediately frozen at —80°C until RNA extrac-
tion. For high-throughput transcriptome analysis,
gonads (with mesonephroi removed) were dissected
from el2.5 embryos obtained from Gata4p[5kb]-
RFP, Fam172a"™;Gata4p[5kb]-RFP or Chd7°"*;
Gata4p[5kb]-RFP intercrosses, and then immediately
processed for FACS-mediated recovery of RFP-positive
cells using previously described methods.>® Gonad
pairs were dissociated at 37°C with 1.3 mg/ml dispase
II, 0.4 mg/ml collagenase, and 0.1 mg/ml DNAse I in
EMEM medium for 45 min. For each pair of gonads,
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between 5000 and 55 000 RFP-positive cells were col-
lected using a BD FACSJazz cell sorter (BD Biosciences)
and stored at —80°C until RNA extraction. Between
270 000 and 330 000 cells were pooled for each biologi-
cal replicate and genotype. For both whole gonads and
FACS-recovered cells, RNA extraction was performed
using the RNeasy Plus Purification Kit (Qiagen) follow-
ing the manufacturer's instructions.

2.4 | Gene expression analyses

For Sry expression analysis at el1.5, RT-qPCR was per-
formed as previously described® using relevant primers
listed in Table S1. Expression levels were normalized to the
housekeeping gene Psmb2 and non-specific background ex-
pression in XX gonads. For high-throughput transcriptome
analysis at el2.5, preparation of ribosomal RNA-depleted
libraries (using 100 ng of total RNA per sample as starting
material) and sequencing (Illumina HiSeq 4000) were per-
formed at Genome Quebec Innovation Center. Paired-end
sequences of 100-bp in length (between 32 and 43 million
reads for Gata4p[5kb]-RFP libraries, 37-42 million reads for
Fam172a™ 'P:Gata4p[5kb]-RFP libraries, and 53-62 million
reads for Chd7°"/*;Gata4p|[5kb]-RFP libraries) were mapped
onto the GRCm38 reference genome. Three libraries were
sequenced per genotype but one Faml 72a™/P ;Gatadp[5kb]-
RFP library was not of sufficient quality for bioinformatic
analysis, which was performed at the Institut de recherches
cliniques de Montreal using DESeq and rMATS (Junction
counts only) pipelines. Subsequent GO analysis was per-
formed using the WEB-based GEne SeT AnaLysis Toolkit
(WebGestalt; http://www.webgestalt.org/).**

2.5 | Cell culture

The porcine genital ridge cell line PGR9E11 was as pre-
viously described.* Cells were maintained in DMEM
(Wisent) supplemented with 20% calf bovine serum and
penicillin/streptomycin under standard conditions (37°C
and 5% CO,). Cells were harvested between passages 15
and 25 for mass spectrometry, immunofluorescence, and
ChIP-qPCR experiments.

2.6 | Affinity purification coupled to
tandem mass spectrometry

PGRYEL11 cell extracts (1.5 mg of proteins per sample)
were passed on an amylose resin column containing im-
mobilized ,zpFAM172A or MBP-tag alone.** Following
extensive washing, interacting proteins were co-eluted

with \ppFAM172A or MBP-tag with column buffer
(20 mM Tris-HCI pH7.4, 200 mM NaCl, 1 mM EDTA, 1X
Roche Complete protease inhibitors) supplemented with
100 mM maltose. Eluates were then individually precipi-
tated using 72% TCA, 0.3% Na-deoxycholate, and 10X
Tris-EDTA (60 ug of proteins per sample). Samples were
then air-dried and sent to the Proteomics Discovery plat-
form of the Institut de Recherches Cliniques de Montreal
where preparation of trypsic fragments, LC-MS/MS anal-
ysis on a LTQ Orbitrap Fusion Tribrid mass spectrometer
(ThermoFisher Scientific), and peptide identification was
performed. Peptides were identified using the Mascot
2.1.0.81 search engine (Matrix Science) and the UniProt_
Mammals database. Results were analyzed using the
Scaffold 4 software (Proteome Software version 4.8.4).
Proteins identified via at least one peptide (with prob-
ability greater than 90%) were accepted as ygpFAM172A
interactors if they were enriched at least 1.5-fold in com-
parison to the MBP negative control and detected in at
least two out of the three tested biological replicates.

2.7 | Chromatin immunoprecipitation
ChIP-gPCR was performed essentially as previously de-
scribed,” using one confluent 100-mm plate of PGR9E11
cells per biological replicate. Briefly, cell pellets were cross-
linked using 1% PFA and sonicated in nuclear lysis buffer
(50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS, 0,5 mM
EGTA, 1X Roche Complete protease inhibitors) with soni-
caQ125 using 3 rounds of 5 min cycles (15 s ON/45 s OFF)
at 40% amplitude. Immunoprecipitations were performed
using Protein G Dynabeads (ThermoFisher scientific) and
magnetic support. For each experimental condition, 2 pg
of antibodies were used (rabbit anti-FAM172A Abcam
#ab121364; rabbit anti-CHD7 Cell Signaling #6505).
Quantitative PCR (qPCR) was performed using the Ssofast
EvaGreen Supermix and C1000 touch thermal cycler
(BioRad) in accordance with the manufacturer's protocol.
Primers for ChIP-qPCR are detailed in Table S1.

2.8 | Statistics

Where applicable, data are presented as the mean + SEM
with the number of independent biological replicates (n)
indicated in the relevant figure panels. GraphPad Prism
software version 6.0 was used to determine the signifi-
cance of differences via the two-tailed Student's t-test (for
comparisons between two groups) or two-way ANOVA
(for comparisons between more than two groups).
Differences were considered statistically significant when
p-values were less than .05.
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3 | RESULTS

3.1 | Spatiotemporal expression of
FAM172A and CHD7 suggests a direct role
in sex determination

To determine whether FAM172A and CHD?7 proteins
play an active role in sex determination, we first assessed
their abundance in developing mouse gonads via immu-
nofluorescence (Figure 1 and Figure S1). This analysis
was performed using gonads of both sexes (as determined
by PCR-based sexing), when sex determination occurs at
ell.5 and the day after at e12.5. Fam172a and Chd7 genes
are both known to be widely expressed in developing em-
bryos.”***% Accordingly, FAM172A and CHD7 proteins
were detected throughout XX and XY gonads (GATA4-
positive) and attached mesonephroi (Figure S1A-D).
Specific staining for each protein was confirmed by a
marked signal decrease in corresponding mutant mice
(Figure S1E,F), which are either homozygous for a hy-
pomorphic allele (Fam172a™"P) or heterozygous for a
null allele (Chd7°”*). The extent of colocalization with
GATA4, a well-known gonadal somatic cell marker,*® was
then evaluated in freshly dissociated gonads (with meso-
nephroi removed). This analysis revealed that virtually all
GATAA4-positive nuclei are also positive for FAM172A and
CHD7, representing about half of all FAM172A-positive
and CHD7-positive cells (Figure 1A-F). This proportion
appeared initially similar at e11.5 in both sexes, but then
became significantly dimorphic between males and fe-
males at e12.5 (Figure 1E,F). At this later stage, the relative
proportion of FAM172A-positive and CHD7-positive cells
also positive for GATA4 is decreased in female gonads,
most likely because this somatic cell lineage does not ex-
pand as quickly in ovaries as it does in testes.’’ Considering
that the GATA4-positive cell lineage is where the Sertoli-
vs.-granulosa cell fate decision underlying testis-vs.-ovary
development is taken,® the tissue distribution and subcel-
lular localization of FAM172A and CHD7 thus suggest a
direct and active role for both proteins in this process.

3.2 | The FAM172A interactome
suggests roles in transcriptional and
alternative splicing regulation
during male sex determination and
differentiation

In contrast to the CHD7 interactome that has been exten-
sively studied in a variety of contexts,** we still know
relatively little about FAM172A binding partners. Our pre-
vious analysis of neural crest-derived Neuro2a cells, mostly
based on affinity-purification coupled to massspectrometry,
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revealed that the FAM172A interactome is especially en-
riched in chromatin proteins (including CHD7) and splic-
ing regulators (including AGO2).* To verify whether the
FAM172A interactome is similar in gonadal somatic cells,
we thus decided to use the same pull-down approach and
MBP-tagged version of FAM172A. Given the male-to-
female sex reversal phenotype of Fam172a™™ mice, we
further reasoned that a pre-Sertoli cell line would be ideal
to accommodate the large amounts of proteins required for
such an experiment. To the best of our knowledge, such
a cell line has only been successfully derived from genital
ridges of pig embryos.** In accordance with our expression
data (Figure 1), both FAM172A and CHD?7 proteins were
found to be present in these PGRIE11 cells (Figure S2),
which are known to express many sex-determining genes
such as GATA4, NR5A1, SOX9, and SRY.*** Using a
mammalian peptide database (which includes currently
available Sus scrofa peptide sequences), our proteom-
ics analysis revealed that the ,;zpFAM172A interactome
in PGRYE11 pre-Sertoli cells is roughly similar to what
was previously observed in neural crest-derived Neuro2a
cells. As indicated in Table 1, this interactome notably
includes chromatin proteins (e.g., Histones H2A, H2B,
and H4), alternative splicing regulators (e.g., HNRNPAB
and HNRNPU), and several nucleolus-enriched proteins
(e.g., Nucleolin, Nucleophosmin, and many ribosomal
proteins) that were also previously identified in the spli-
ceosome interactome.*’ Although many targets were likely
overlooked because of the incomplete nature of Sus scrofa
protein databases and limited homology of some orthologs
in other mammals, these proteomics data nonetheless
strongly suggest that the roles of FAM172A in the regu-
lation of transcriptional and alternative splicing outcomes
are conserved in pre-Sertoli cells during sex determination
and early sex differentiation.

3.3 | FAMI172A and CHD7 can directly
control Sry/SRY expression

Based on the partially penetrant but complete male-to-
female sex reversal phenotype observed in CHARGE
syndrome mouse models,??> we next verified whether ex-
pression of the master sex-determining gene Sry was af-
fected by the partial loss of either FAM172A or CHD7 (vs.
WT controls of the same FVB/N genetic background).
This analysis was performed at the critical time for male
sex determination (ell.5), using tail somite (TS) counts
for the accurate developmental staging of gonads. For
both Fami172a™™ and Chd7°”* mutant mouse lines,
whole-mount in situ hybridization revealed various de-
grees of Sry expression in TS18 male gonads, ranging from
severely reduced to unaffected (Figure 2A). These results
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FIGURE 1 FAMI172A and CHD?7 distribution in developing gonads. (A-D) Representative images of freshly dissociated gonads from
ell.5 and el2.5 wild-type embryos immunolabeled with antibodies against GATA4 (green) and either FAM172A or CHD7 (red), and
counterstained with DAPI (blue). Arrowheads indicate double-positive cells for GATA4 and either FAM172A (A and B) or CHD7 (C and D),
while arrows point to FAM172A-positive (A and B) or CHD7-positive (C and D) but GATA4-negative cells. (E and F) Quantitative analysis
of cell counts based on images such as those displayed in corresponding panels on the left (N = 3 biological replicates, n = 303-647 cells per

condition; ***p < .001; Chi-Square test). Scale bar, 50 um

were confirmed using RT-qPCR, which further allowed us
to distinguish between single-exon (Sry-S) and two-exon
(Sry-T) transcripts (Figure 2B and Figure S3). Analysis of
XY gonads before (TS13-15; Figure S3A), during (TS16-
18; Figure 2B) and after (TS19-22; Figure S3B) the peak
of Sry expression in the FVB/N background®’ revealed a
general trend toward decreased levels of both isoforms,

without significant impact on the overall Sry-S:Sry-T ratio
(0.72 + 0.05 for WT; 0.65 + 0.12 for Fam172a™; 0.69 +
0.04 for Chd7°’*). As these expression data suggested a
role in the fine-tuning of Sry transcription, we then evalu-
ated the possibility of a direct regulation using ChIP-qPCR
assays in PGR9E11 pre-Sertoli cells. Target regions in the
pig SRY promoter were selected in part because they were
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TABLE 1 FAMI172A-interacting proteins in PGR9E11 cells

Protein name

Glyceraldehyde-3-phosphate
dehydrogenase

Pyruvate kinase PKM

40S ribosomal protein S3

Heat shock protein HSP 90-beta
Peptidyl-prolyl cis-trans isomerase A
Peroxiredoxin-1

Heat shock protein HSP 90-alpha
40S ribosomal protein S4, X isoform

Heterogeneous nuclear ribonucleoprotein
A/B

Tubulin alpha-1A chain
Histone H2A type 1-B/E
40S ribosomal protein S18
Histone 4

Elongation factor 1-alpha 1
Galectin-1

10 kDa heat shock protein
Actin, alpha cardiac muscle 1
40S ribosomal protein S25
14-3-3 protein zeta/delta
40S ribosomal protein S16
Histone H2B type 1-A

40S ribosomal protein S15a
14-3-3 protein epsilon

ATP synthase subunit alpha
40S ribosomal protein S7
Ras-related protein Rab-10
60S ribosomal protein L22
Tubulin beta-5 chain
Ras-related protein Rab-1A
L-lactate dehydrogenase A
Nucleophosmin
Elongation factor 1-beta
Actin, cytoplasmic 1

40S ribosomal protein S13
40S ribosomal protein S11
Alpha-enolase

T-complex protein 1 subunit delta
Cofilin-1

Actin

60S ribosomal protein L23a
Thioredoxin

GTP-binding nuclear protein Ran

Gene name

Gapdh

Pkm
Rps3
Hsp90ab1
Ppia
Prdx1
Hsp90aal
Rps4x
Hnrnpab

Tubala
Hist1h2ab
Rps18
Histlh4a
Eeflal
Lgals1
Hspel
Actel
Rps25
Ywhaz
Rps16
Hist1h2ba
Rpsl5a
Ywhae
Atp5al
Rps7
Rab10
Rpl22
Tubb5
Rabla
Ldha
Npml
Eef1b
Actb
Rps13
Rpsli
Enol
Cct4
Cfl1
Actb
Rpl23a
Txn

Ran

Accession #

P16858

P52480
P62908
P11499
P17742
P35700
P07901
P62702
Q99020

P68369
COHKE1
P62270
P62806
P10126
P16045
Q64433
P63033
P62852
P63101
P14131
P70696
P62245
P62259
Q03265
P62082
P61027
P67984
P99024
P62821
P06151
Q61937
070251
P60710
P62301
P62281
P17182
P80315
P18760
P60710
P62751
P10639
P62827

MW
36

58
27
83
18
22
85
30
31

50
14
18
11
50
15
11
2
14
28
16
14
15
29
55
22
23
15
50
23
36
33
25
4
17
18
47
58
18
42
18
12
24
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emPAI

0.902

0.884
0.687
0.681
0.648
0.630
0.621
0.529
0.498

0.487
0.439
0.422
0.384
0.369
0.354
0.346
0.322
0.306
0.296
0.295
0.288
0.281
0.257
0.255
0.251
0.245
0.245
0.245
0.244
0.233
0.225
0.221
0.214
0.205
0.199
0.192
0.151
0.143
0.141
0.140
0.140
0.139

(Continues)
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TABLE 1 (Continued)
Protein name Gene name Accession # MW emPAI
ATP synthase subunit beta Atp5b P56480 52 0.121
Lithostathine Regl P47137 32 0.119
Alpha-2-macroglobulin A2m Q6GQT1 61 0.113
Ubiquitin-60S ribosomal protein L40 Uba52 P62984 6 0.109
Profilin-1 Pfnl P62962 15 0.107
40S ribosomal protein S4 Rps4x P62702 30 0.100
Endoplasmic reticulum resident protein 27  Erp27 Q9D8U3 28 0.097
Elongation factor 1-alpha 1 Eeflal P10126 50 0.089
T-complex protein 1 subunit beta Cet2 P80314 57 0.086
Fructose-bisphosphate aldolase A Aldoa P05064 39 0.083
Elongation factor 2 Eef2 P58252 95 0.082
60 kDa heat shock protein Hspdl P63038 58 0.081
60S ribosomal protein L31 Rpl31 P62900 14 0.074
60S ribosomal protein L35 Rpl35 Q6ZWV7 15 0.074
Transitional endoplasmic reticulum Vep Q01853 89 0.073

ATPase
GTP-binding protein Di-Ras2 Diras2 Q5PR73 22 0.072
ADP/ATP translocase 3 Arl2 Q9D0J4 21 0.048
Calnexin Canx P35564 65 0.047
Heat shock cognate 71 kDa protein Hspa8 P63017 71 0.044
Vimentin Vim P20152 54 0.041
Eukaryotic initiation factor 4A-I Eif4al P60843 46 0.034
Heat shock 70 kDa protein 4 Hspa4 Q61316 94 0.033
Protein disulfide-isomerase A3 Pdia3 P27773 54 0.027
Nucleolin Ncl Q9FVQ1 59 0.025
Heterogeneous nuclear ribonucleoprotein ~ Hnrnpu Q8VEK3 88 0.021
U

GAS2-like protein 1 Gas2l1 Q8JZP9 72 0.013
Ribosome-releasing factor 2 Gfm2 Q8R2Q4 86 0.012
Coiled-coil domain-containing protein 136 Cedcl36 Q3TVA9 32 0.006

Note: Proteins were included if enriched at least 1.5-fold in comparison to the MBP negative control and detected in at least two out of the three biological
replicates of this analysis. The indicated emPAI (exponentially modified Protein Abundance Index) value corresponds to the average of the three biological

replicates. Accession number is for the Uniprot database.

known to be bound by the sex-determining transcription
factors NR5A1 (SF1), WT1, and GATA4.**** Moreover,
corresponding sequences of murine Sry were known to
be occupied by regulators of H3K9 methylation,”® a find-
ing of particular relevance given that the H3K9 methyl-
transferase G9A (also known as EHMT2) and the H3K9
demethylase JIMJD1C were also previously identified as
FAM172A binding partners in Neuro2a cells.** In line with
this, our ChIP-qPCR results revealed that both FAM172A
and CHD7 were present on the most distal tested region
of the SRY promoter (Figure 2C). These data thus suggest
that FAM172A and CHD?7 can directly control male sex
determination, at least in part by modulating Sry/SRY
gene transcription.

3.4 | FAMI172A and CHD?7 are necessary
for proper transcriptional regulation
during early male sex differentiation

To verify whether FAM172A and CHD7 might have addi-
tional roles in male sex differentiation downstream of Sry,
we then analyzed the transcriptome of Fam1I 72a™'™ and
Chd7°"* pre-Sertoli cells isolated from e12.5 embryos that
have successfully undergone male sex determination—
based on the presence of male-specific coelomic vessel
and testis cords (i.e., non-sex-reversed). High-throughput
RNA-seq experiments were realized by taking advantage
of the Gata4p[5kb]-RFP transgene (hereafter referred to as
G4-RFP), which is specifically active in testes (in the Sertoli
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Sry is a direct target of FAM172A and CHD7 during sex determination. (A) Whole-mount in situ hybridization of Sry transcripts

in XY gonads from stage-matched (TS18) wild-type, FamI 72a™"P and Chd7°"* embryos. The numbers of gonads with representative expression
levels are indicated in the upper right corner. Scale bar, 200 um. (B) RT-qPCR analysis of Sry-S and Sry-T expression levels in pairs of XY gonads
from stage-matched (TS16-18) wild-type, FamI 72a™™P and Chd7°"* embryos (N = 5-6 biological replicates, *p < .05; 2-way ANOVA and
Tukey's multiple comparison test). Black and white boxes indicate coding and untranslated regions, respectively. (C) FAM172A and CHD7 ChIP-
gPCR assays for distal (D) and proximal (P) regions of the pig SRY promoter in PGR9E11 cells (N = 8 biological replicates, **p < .01, *p < .05;
2-way ANOVA and Tukey's multiple comparison test). W, WT1 binding site; G, GATA4 binding site, N, NR5A1/SF-1 binding site

cell lineage) and not in ovaries.”’ The G4-RFP transgene
was introduced in each mutant line by breeding, thereby
allowing to confirm proper male sex determination of se-
lected e12.5 testes (TS22-25) and to specifically recover pre-
Sertoli cells via fluorescence-activated cell sorting (FACS).
When compared to G4-RFP controls using the DESeq
pipeline, 841 and 3746 transcriptional targets (using 1.5-
fold change and p < .05 as cut-off values) were found to be
affected in Fam172a™™.G4-RFP and Chd7°/*:G4-RFP
pre-Sertoli cells, respectively (Figure 3A,B and Datasets
S1 and S2). Strikingly, despite the marked difference in
the total number of affected genes (most likely due to the
exclusion of one Fam172a™'™.G4-RFP sample that failed
quality control, making our significance cut-off values

harder to reach; see Section 2), downregulated genes in-
cluded a common set of 8 genes with known key roles in
male sex determination/differentiation (in alphabetical
order): Amh, Dhh, Dmrtl, Gata4, Gdnf, Nr5al, Sox9, and
Wtl1. In accordance with the prominent role of many of
these genes in the differentiation and expansion of the
Sertoli cell lineage, FACS-based cell counting revealed
that gonads from Fam172a™"P;G4-RFP and Chd7°/*;G4-
RFP embryos generally contained fewer RFP-positive cells
than in G4-RFP controls (Figure 3C).

Yet, the overlap between both mutant transcriptomes far
exceeded this handful of key genes, notably covering 77%
(409/533 genes) and 19% (409/2115 genes) of all downreg-
ulated genes in Faml 72a™/™P.G4-RFP and Chd7°/*:G4-RFP
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pre-Sertoli cells, respectively (Figure 3D and Dataset S3).
Gene ontology (GO) analysis of this common set of down-
regulated genes (top 20 most enriched GO terms at FDR
<0.05) revealed a particular enrichment for genes playing
roles in the regulation of cell adhesion (3/20 GO terms),
cell signaling (4/20 GO terms), and protein phosphorylation

(8/20 GO terms) (Figure 3E). The overlap appeared much
less pronounced in the case of upregulated genes, covering
39% (120/308 genes) and 7% (120/1631 genes) of correspond-
ing gene sets from Fam172a™"P;G4-RFP and Chd7°/*;G4-
RFP mutants, respectively (Figure 3D and Dataset S3).
Accordingly, GO analysis of this common set of upregulated
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genesyielded nostatistically significantenrichmentfor any bi-
ological process (Figure S4). Interestingly, comparison of our
RNA-seq datasets with previously reported microarray data-
sets of differentially expressed genes in pre-Sertoli and pre-
granulosa cells at 12.5" further revealed that a large subset
of downregulated genes in both Fam1 72a™ P.G4-RFP (47%;
249/533 genes) and Chd7°"*;G4-RFP (25%; 530/2115 genes)
transcriptomes are normally up-regulated in pre-Sertoli cells
(Figure 3F and Dataset S3). Conversely, only a small sub-
set of the upregulated genes in Faml 72a™/"P,G4-RFP (9%;
29/308 genes) and Chd7°”";G4-RFP (8%; 132/1631 genes)
pre-Sertoli cells were previously identified as normally up-
regulated in pre-granulosa cells (Figure 3G and Dataset S3).
All these observations are thus consistent with the notion
that FAM172A and CHD?7 are required for fine-tuning the
transcriptional landscape of pre-Sertoli cells during early sex
differentiation in order to fully adopt a male fate and prevent
partial adoption of a female fate.

3.5 | FAMI172A and CHD7 are important
for alternative splicing accuracy during
early male sex differentiation

Using the rMATS pipeline to detect alternatively spliced
variants, we identified 487 and 1046 aberrantly spliced
transcripts (using p < .05 and variation in inclusion
level >0.1 as cut-off values) in Faml 72a™/"™P;G4-RFP
and Chd7°”*;G4-RFP pre-Sertoli cells, respectively
(Figure 4A,B and Datasets S4 and S5). As previously ob-
served in neural crest cells,* the majority of splicing events
affected by the loss of FAM172A and CHD7 were either
of the Skipped exon (54% [265/487] and 40% [414/1046],
respectively) or Retained intron (19% [92/487] and 42%
[438/1046], respectively) categories. At the gene level (ac-
counting for the fact that some genes have multiple ab-
errantly spliced variants), we observed a much greater
overlap between misspliced and misexpressed gene sets
in Chd7°" +G4-RFP (32%; 269/842 misspliced genes) than
in Fam172a™"P;G4-RFP (6%; 26/425 misspliced genes)
mutants (Figure 4C,D and Dataset S3). Yet, a common
set of 188 alternatively spliced transcripts was found to be

FASE‘BJOURNAL

affected in both mutants, representing 39% (188/487 splic-
ing events) and 18% (188/1046 splicing events) of all dys-
regulated splicing events in Fam172a™"P;G4-RFP and
Chd7°*;G4-RFP pre-Sertoli cells, respectively (Figure 4E
and Dataset S3). Moreover, the vast majority of these
shared alternatively spliced transcripts were similarly dys-
regulated in terms of increased-vs.-decreased inclusion lev-
els (85%; 160/188 splicing events) (Figure 4F and Dataset
S3). Interestingly, GO analysis of these similarly dysregu-
lated transcripts in both mutants (top 10 most enriched
GO terms at FDR <0.05) revealed a particular enrichment
for genes involved in cell adhesion (2/10 GO terms), actin-
based structure organization (3/10 GO terms), and protein-
containing complex assembly (2/10 GO terms) (Figure 4G).

Wt1 and Frfr2 were not found in the set of co-regulated
alternatively spliced transcripts. However, close examina-
tion of our datasets revealed that each mutant had an ab-
errantly spliced variant of a distinct WNT effector-coding
gene that fell into the skipped exon category. Compared to
control G4-RFP pre-Sertoli cells, Lef] variable exon 6 was
found to be less frequently included in Fam172a™"7;G4-
RFP mutants while Tcf7I2 variable exon 6 (also referred
to as exon 4a in prior work*’) was found to be more fre-
quently included in Chd7°”*;G4-RFP mutants (Figure 5A
and Datasets S4 and S5). Although completely different in
terms of affected genes and nature of changes (decreased
vs. increased inclusion levels), both splicing events caught
our attention because of their presumed similar nega-
tive impact on the transcriptional output of canonical
WNT signaling, a key pathway for both female and male
gonad formation.'** Indeed, LEF1 protein lacking exon
6 was previously described to have decreased p-catenin-
dependent transactivation capacity'® whereas TCF7L2 pro-
tein including exon 6 (exon 4a) was previously described to
have increased Groucho-dependent transrepression capac-
ity.*” To verify the possibility of direct regulation of these
splicing events by FAM172A and CHD7, we analyzed their
presence on corresponding chromatin regions in PGR9E11
cells by ChIP-qPCR. In both cases, FAM172A (on LEF1
exon 6) and CHD7 (on TCF7L2 exon 6) were found to pref-
erentially occupy the alternatively spliced exon in com-
parison to a constant (i.e., non-alternatively spliced) exon

FIGURE 3 FAMI172A and CHD7 are important regulators of the pre-Sertoli cell transcriptome during early sex differentiation. (A and

B) Volcano plots summarizing the RNA-seq-based analysis of differential gene expression levels in e12.5 pre-Sertoli cells recovered from
G4-RFP (control), Fam172a™"?;G4-RFP (A) and Chd7°”*;G4-RFP (B) testes. Only genes modulated at least 1.5-fold compared to control
and with a p-value below .05 are displayed. Red numbers indicate the total number of downregulated genes, green numbers indicate the

total number of upregulated genes, and red dots represent known critical regulators of sex differentiation. (C) The number of RFP-positive
pre-Sertoli cells recovered by FACS from G4-RFP (control), Fam1 72a™/™P;G4-RFP and Chd7°/*;G4-RFP e12.5 testes. (D) Venn diagrams
comparing downregulated (upper panel) and upregulated (lower panel) genes between FamI 72a™/"P,G4-RFP and Chd7°/*;G4-RFP
datasets. (E) GO analysis (FDR <0.05) of all genes downregulated in both Fam1 72a™™:G4-RFP and Chd7°*;G4-REP datasets. (F and G)
Venn diagrams comparing downregulated (F) or upregulated (G) genes in Fam172a"/"?;G4-RFP and Chd7°”*;G4-RFP mutants with genes

normally upregulated in e12.5 pre-Sertoli (F) or pre-granulosa (G) cells as previously reported*®
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FIGURE 4 FAMI172A and CHD?7 are important for splicing accuracy in pre-Sertoli cells. (A and B) Donut chart showing the distribution
of all differentially modulated alternative splicing events in e12.5 pre-Sertoli cells from Fam172a™"P;G4-RFP (A; 487 events affecting

425 genes) and Chd7°”*;G4-RFP (B; 1046 events affecting 842 genes) embryos. (C and D) Comparison of misspliced and misexpressed

gene sets for Fam172a™"P;G4-RFP (C) and Chd7°/*;G4-RFP (D) mutants. (E) Comparison of all dysregulated splicing events between
Fam172a™™P;G4-RFP and Chd7°/*;G4-RFP mutants. (F) Detailed overview of splicing events dysregulated in both Fam172a™/"?;G4-RFP
and Chd7°”*;G4-RFP mutants, per splicing category and direction of inclusion level. (G) GO analysis (FDR <0.05) of all genes misspliced in
the same direction for both Fam172a™"P:G4-RFP and Chd7°/*:G4-RFP mutants

(Figure 5B,C). These results thus strongly suggest that
FAM172A and CHD7 can similarly influence the transcrip-
tional output of canonical WNT signaling in pre-Sertoli
cells through distinct alternative splicing-dependent

mechanisms. We interpret this as meaning that the lower
levels of WNT signaling in male gonads compared to fe-
male gonads are most likely further decreased in mu-
tant males. These data could explain, at least in part, the
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FIGURE 5 Alternative splicing of WNT effector genes is directly regulated by FAM172A and CHD?7. (A) Detailed information about the
alternative exons of LefI and Tcf712 that are misspliced in Fam172a™"P;G4-RFP and Chd7°/*;G4-RFP pre-Sertoli cells, respectively. (B and
C) FAM172A (B) and CHD7 (C) ChIP-qPCR assays for the affected variable exon (v in gDNA view) relative to a constant exon (c in gDNA
view) of pig LEFI (B) and TCF7L2 (C) genes in PGR9E11 cells (N = 3 biological replicates; **p < .01, *p <.05; Student's t-test). For each gene,
exon numbers are based on the indicated transcript name, with exon size (in bp) indicated under each exon

observed transcriptional downregulation of Gdnfand Amh
(Figure 3A,B)—two genes that have been reported as direct
targets of canonical WNT signaling in Sertoli cells.*®

3.6 | Loss of FAM172A and CHD7
negatively impacts the morphology of
seminiferous tubules in adult mice

WNT signaling and many other co-regulated transcriptional
targets of FAM172A and CHD7 (e.g., Dhh, Gata4, Sox9, and
WtI) in pre-Sertoli cells are known to control testis cord for-
mation right after sex determination.*>*° Furthermore, the
gene regulatory network formed by these FAM172A/CHD7-
target genes also ensures long-term maintenance of proper
testis cord morphology,® at least in part by regulating the
expression of another set of genes coding for key compo-
nents of the collagen-enriched extra-cellular matrix that is
deposited by Sertoli cells around testis cords.**" This, along
with the fact that “cell-substrate adhesion” (Figure 3E) and
“cell-matrix adhesion” (Figure 4G) were the top GO terms
associated with transcriptional and alternative splicing tar-
gets of FAM172A and CHD7 (which notably include several
collagen and integrin isoforms; Dataset S3), prompted us to

examine the impact of their partial loss on the morphology of
seminiferous tubules in adult mice. In accordance with their
transcriptional and alternative splicing signature, analysis of
hematoxylin/eosin-stained sections of 2-month-old testes re-
vealed the presence of misshapen tubules in Fam172a™™
and Chd7°”* mutants (Figure 6A). In contrast to WT seminif-
erous tubules that constantly appear circular with a smooth
lining of basal lamina when cross-sectioned, we found that
mutant seminiferous tubules were generally less circular and
frequently had an irregular lining (Figure 6A). Using im-
munofluorescence, we further validated that these morpho-
logical defects were associated with the reduced amount and
uneven distribution of COL4 around seminiferous tubules
(Figure 6B) and ITGAG in Sertoli cells (Figure 6C)—these
proteins being some of the collagen and integrin isoforms
found to be transcriptionally downregulated in Fam172a-
and Chd7-mutant pre-Sertoli cells (Dataset S3).

4 | DISCUSSION

Taking advantage of two genetically distinct CHARGE syn-
drome mouse models displaying partially penetrant but
complete male-to-female sex reversal, we identified the



BELANGER ET AL.

o0 | EASEB oo

ITGA6

| (©)

Fam172a™p/p

FIGURE 6 Lossof FAM172A and CHD?7 is associated with morphological abnormalities of seminiferous tubules in adult testes. (A)
Hematoxylin and eosin double-stained cross-sections of adult testes (2-month-old) showing irregular lining and decreased roundness of
seminiferous tubules of mutant animals (middle and lower panels for FamI 72a™'™ and Chd7°"*, respectively) in comparison to wild-type
controls (upper panels). (B and C) Immunofluorescence staining of cross-sections of adult testes (2-month-old) showing thinner/irregular
COL4 signal (red) around mutant seminiferous tubules (B; counterstained with DAPI) and weaker/uneven ITGAG6 signal (red) in Sertoli
cells (C). All images are representative of N = 3 animals. Scale bar, 100 um

co-transcriptional regulator FAM172A and the chromatin
remodeler CHD7 as new players in the gene regulatory net-
work of male sex determination and differentiation of pre-
Sertoli cells. FAM172A and CHD7 appear to co-regulate both
of these processes through chromatin-dependent control of
transcription and alternative splicing, as we previously ob-
served in neural crest cells.”” Findings from the current study
thus strengthen the link between chromatin-dependent
transcriptional mechanisms and sex determination and add
a new regulatory layer to the link between alternative splic-
ing and sex determination/differentiation. This work also
potentially has clinical relevance with regards to the genital
abnormalities associated with CHARGE syndrome.

Our analyses of mouse gonads and pig pre-Sertoli cells
around the time of sex determination suggest that both
FAM172A and CHD?7 directly occupy and regulate the pro-
moter of the male-determining gene Sry/SRY (Figure 2 and
Figure S3). Consistent with a role in fine-tuning promoter

activity through the control of chromatin features, partial
loss of either FAM172A (in hypomorphic Fam172a™P
mutants) or CHD7 (in heterozygous Chd7°"* mutants) in
the FVB/N background was associated with variable de-
grees of Sry downregulation in male gonads. This general
pattern was observed for both Sry-S and Sry-T transcripts,
throughout the temporal window of Sry expression in the
FVB/N genetic background.”” Although we cannot exclude
the possibility that other relevant target genes might also be
affected, these data suggest that the inability to properly up-
regulate Sry transcription above a critical threshold™ is the
main reason for the observed male-to-female sex reversal in
a subset of animals from both mutant lines.*

As FAM172A is known to physically interact with
both positive and negative regulators of H3K9 methyla-
tion,** our findings are also consistent with the previously
described key role of this repressive histone mark in the
control of Sry gene expression and associated male sex
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determination.>® CHD7-mediated regulation of Sry most
likely involves a distinct, but complementary, mechanism.
Indeed, CHD?7 is known to preferentially occupy genomic
regions enriched in methylated H3K4,” and activating
histone mark that is presumably deposited upon demeth-
ylation of H3K9 at the Sry promoter.”® In line with these
observations, it is interesting to note that fully sex-reversed
XY females appear to be similarly subfertile when lacking
either FAM172A (to be described elsewhere) or the H3K9
demethylase JMJ D1A.> Moreover, in both cases, the sex re-
versal phenotype is influenced by the genetic background,
being markedly reduced in frequency (from 88% to 14% in
the case of Jmjdla-deficient mice’) or eliminated (from
25% to 0% in the case of Fam172a-deficient mice; data not
shown) when maintained in a C57BL/6 background.

High-throughput analysis of non-sex-reversed embry-
onic testes soon after the critical stage of Sry-dependent
sex determination allowed us to discover many other co-
regulated targets at both transcriptional and alternative
splicing levels (Figures 3 and 4). The overlap was especially
striking in the case of transcriptionally downregulated
genes (408 genes), representing 77% and 19% of all genes
showing decreased expression upon the loss of FAM172A
and CHD?7, respectively (Figure 3). The overlap was also
extensive in the case of dysregulated splicing events (188
events in total), representing 38% and 19% of all splicing
events affected by the loss of FAM172A and CHD?7, respec-
tively (Figure 4). Deciphering the extent of direct vs. in-
direct regulation by FAM172A/CHD?7 will require further
studies, but the fact that our datasets of co-regulated tar-
gets include some genes coding for transcription (includ-
ing known key regulators of pre-Sertoli cell fate like Dmrt1,
Gata4, Nr5al, Sox9, and WtI), chromatin (including Brd2
and Kmt2d) and splicing (including Rsrc2 and Rbm25) fac-
tors provides a rationale for indirect regulation. Yet, the
studied stage (i.e., right after sex determination) might
be too early to detect the impact of these intermediate
factors. In agreement with this, cross-comparison of our
common set of 188 alternative splicing events at e12.5 with
the published dataset of 154 SOX9-regulated alternative
splicing events at e13.5*' retrieved only one dysregulated
event (a skipped exon for Zmym4) - an observation that
should nonetheless be interpreted with caution given that
outcomes of alternative splicing vary in a stage-dependent
manner during progression through sex determination and
differentiation.'>'* It is also important to bear in mind that
FAM172A and CHD?7 roles can overlap without sharing
the same target genes, as well exemplified by our finding
of differential, but functionally convergent, regulation of
Lefl/LEF1 splicing by FAM172A and Tcf712/TCF7L2 splic-
ing by CHD7 (Figure 5).

The concomitant downregulation of multiple critical
regulators (e.g., DHH, GATA4, SOX9, WNT, and WT1)
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and effectors (e.g., collagens and integrins) of testis cord
maintenance offers a plausible explanation for the mis-
shapen seminiferous tubules observed in FamlI72a- and
Chd7-deficient post-natal testes (Figure 6). Together with
the reduced number of pre-Sertoli cells observed at e12.5
(Figure 3C), this phenotype might also help to explain the
smaller testes and decreased fertility rates displayed by a
subset of adult Fam172a™™%* and Chd7""*5 mutant
males. Indeed, although the functional consequence of
the observed morphological phenotype in Faml172a- and
Chd7-deficient testes is currently unknown, it is tempting
to speculate that some germ cells might evade damaged
tubules and get lost in the testis stroma as it has been de-
scribed by others in Dhh- and Wt1-mutant mice.**>"> This
intriguing possibility would challenge the current view
that genital anomalies in CHARGE syndrome are strictly
due to dysfunction of the hypothalamus-pituitary-gonadal
axis and associated delayed/arrested puberty.”® Our data in
mice combined with the fact that genital anomalies seem
to be more frequently encountered in male patients (65%
of boys vs. 21% of girls in studies reporting such anomalies
in a sex-stratified manner)*®*® suggest the presence of ad-
ditional and potentially overlooked male-specific problems
unrelated to hypothalamus-pituitary dysfunction in indi-
viduals affected by CHARGE syndrome. Taking this pos-
sibility into account might be important when comes time
to consider hormone-based therapies, which seem to work
well in CHD7 mutation-positive individuals displaying iso-
lated hypogonadotropic hypogonadism but less in patients
displaying the full spectrum of CHARGE anomalies.>
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