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SUMMARY

SRY, a sex-determining gene, induces testis development in chromosomally
female (XX) individuals. However, mouse XX Sertoli cells carrying Sry (XX/Sry
Sertoli cells) are incapable of fully supporting germ cell development, even when the
karyotype of the germ cells is XY. While it has therefore been assumed that XX/Sry
Sertoli cells are not functionally equivalent to XY Sertoli cells, it has remained
unclear which specific functions are affected. To elucidate the functional difference, |
compared the gene expression of XY and XX/Sry Sertoli cells. Lactate and
cholesterol metabolisms, essential for nursing the developing germ cells, were down-
regulated in XX/Sry cells, which appears to be caused at least in part by the
differential expression of histone modification enzymes SMCX/SMCY (H3K4me3
demethylase) and UTX/UTY (H3K27me3 demethylase) encoded by the sex
chromosomes. | suggest that down-regulation of lactate and cholesterol metabolism
that may be due to altered epigenetic modification affects the nursing functions of

XXI/Sry Sertoli cells.



INTRODUCTION

In mammals, the SRY gene (the sex determining region on the Y chromosome)
has generally been thought to be sufficient for differentiation of the testes!=. Indeed,
an Sry transgene successfully induced testis development in XX fetuses; testicular
cords were organized, Sertoli cells were differentiated within the cords, and Leydig
cells were present in the interstitial space*. However, XX mice carrying an Sry
transgene (XX/Sry) were found to be infertile>®. Phenotypically, spermatogonial cells
disappear from the testes soon after birth, and the presence of double X chromosomes
has been suggested as a cause’. Moreover, since genes essential for spermatogenesis
are localized on the Y chromosome®, XX germ cells are incapable of differentiating
into matured male germ cells. The infertility of XX/Sry males has therefore been
discussed from the viewpoint of a functional deficit of germ cells. It has, however,
remained largely unclear whether XX/Sry Sertoli cells exhibit functions equivalent to
XY Sertoli cells. Ishii et al® reported the interesting experimental observation that XY
germ cells implanted into XX/Sry testes differentiated into round spermatids but
rarely elongated spermatids. The authors concluded that the milieu established by
XX/Sry Sertoli cells is insufficient for differentiation into elongated spermatids.
However, the specific functions that have been affected in XX/Sry Sertoli cells still
await clarification.

Since blood vessels are localized in the interstitial space outside the seminiferous
tubules and Sertoli cells create a tight blood-testis barrier, nutrients and fuels for
energy production cannot be supplied to germ cells via the blood. The Sertoli cells,
often referred to as nursing cells, are responsible for the supply of energy and
nutrients to the germ cells, with which they remain in close contact throughout the

entire differentiation process®. Similar to nutrients, oxygen supply is restricted in the



seminiferous tubule, and the testis has therefore been described as an oxygen-
deprived organ®. In this unusual milieu, spermatocytes and mature sperms prefer
lactate as fuel to produce ATPL. Sertoli cells produce lactate via glycolysis and then
supply it to developing germ cells?13,

Another fundamental material supplied to germ cells by Sertoli cells is
cholesterol**. Sertoli cells are capable of synthesizing cholesterol by themselves, as
well as absorbing it from high density lipoprotein (HDL)*>®. They also continuously
phagocytose developing germ cells as another source of cholesterol*’. Consequently,
the quantity of intracellular cholesterol/cholesterol ester is regulated by the balance of
synthesis, influx via the two above-mentioned routes, and efflux. It has been
suggested that ATP-binding cassette transporter 1 (ABCAL1) mediates cholesterol
efflux from Sertoli cells, since disruption of Abcal gene led to defects in
spermatogenesis together with unusual accumulation of lipids in the Sertoli cells8, In
addition, gene knockout of retinoid X receptor B (Rxrb, Nr2b2)!° and double
knockout of liver X receptor o/p (Lxro, Nr1h3 and Lxrp, Nr1h2)% resulted in defects
similar to Abcal gene knockout, possibly through down-regulation of Abcal gene
transcription.

Sex chromosomes carry genes encoding histone modification enzymes such as
SMCX (KDM5C)/SMXY (KDM5D) and UTX (KDM6A)/UTY. Both SMCX and
SMCY mediate the demethylation of histone H3 trimethylated Lysine 4 (H3K4me3)%.
UTX mediates the demethylation of histone 3 trimethylated Lysine 27 (H3K27me3),
whereas such activity has not been found for UTY?22, Evidence from multiple
sources indicates that H3K4me3 accumulates predominantly around the transcription
start sites of active genes, while H3K27me3 is distributed throughout gene bodies

with inactive transcription®#?, The physiological function of Utx has been



investigated using gene knockout mice?’-2°, Interestingly, in addition to affecting
morphology, Utx was found to be required for sexually dimorphic deposits of
H3K27me3?°.

In the present study, | investigated the functional differences between XY and

XXI/Sry Sertoli cells by focusing on their role as nursing cells.



MATERIALS AND METHODS

Mice

A line of XX sex-reversed mice was established using an Sry transgene driven by
the basal promoter of the Hsp70.3 gene®. The presence of the transgene in mice was
confirmed by PCR with primers for Sry (Supplemental Table S1). Genetic sex (XY or
XX) was determined by PCR using the primers for Ubel. Sox9-EGFP knock-in mice
have been reported previously®!. To label XX/Sry Sertoli cells with EGFP, XX/Sry
mice were mated with Sox9-EGFP mice. All protocols for the animal experiments
were approved by the Animal Care and Use Committee of Kyushu University. All

experiments were performed in accordance with the guidelines.

Immunofluorescence microscopy

Frozen sections prepared from testes were used for immunostaining®. Anti-
EGFP rat monoclonal antibody (1:1000; Nacalai Tesque, Kyoto, Japan) and anti-
SOX9 rabbit antiserum33 (1:2000) were used as the primary antibodies, and ALEXA
Fluor 488 goat anti-rat IgG and ALEXA Fluor 555 goat anti-rabbit 1gG (1:500;
Thermo Fisher Scientific, Waltham, MA, USA) were used as the secondary
antibodies. DAPI (4'6'-diamidino-2-phenylindole) was used for nuclear staining. The

specimens were observed using a BZ-9000 microscope (Keyence, Osaka, Japan).

Preparation and culture of Sertoli cells

Testes at postnatal days 1 and 21 (P1 and P21) were incubated in Earle’s
balanced salt solution (Sigma, St. Louis, MO, USA) containing 1 mg/ml collagenase
(Thermo Fisher Scientific), 0.5 mg/ml dispase (Thermo Fisher Scientific) and

2.5 mg/ml trypsin (Sigma) at 34 °C for 30 min, and following the addition of



0.3 mg/ml deoxyribonuclease | (Roche, Basel, Switzerland), were incubated for
another 30 min at 34 °C. After centrifugation, the cells were suspended in PBS with 7-
amino-actinomycin D (7AAD; BD Bioscience, Franklin Lakes, NJ, USA). The cells
were washed with PBS containing 0.3 mg/ml deoxyribonuclease I, and filtered using
a 70 um cell strainer (BD Bioscience). EGFP-positive Sertoli cells were isolated by
fluorescence-activated cell sorting (FACS) using a JSAN cell sorter (Bay bioscience,
Kobe, Japan). For siRNA treatment, Sertoli cells at P21 were cultured at 34 °C on 24-
well culture plates (Asahi Glass, Tokyo, Japan) pre-coated with collagen type I (Cell
Matrix I-C; Nitta Gelatin, Osaka, Japan) in DMEM/Ham’s F-12 (1:1; Nacalai Tesque)
supplemented with 10% FBS and Penicillin-streptomycin-glutamine (Thermo Fisher

Scientific).

SiIRNA treatment

Using an RNeasy Mini or Micro kit (Qiagen, Hilden, Germany), total RNA was
prepared from XY and XX/Sry Sertoli cells, and XY Sertoli cells were treated with
siRNA duplex (stealth RNAi™; Srebf2-MSS277288 or Negative Control Medium
GC Duplex; Thermo Fisher Scientific) using Lipofectamine RNAIMAX reagent

(Thermo Fisher Scientific) for 48 h.

Quantitative RT-PCR (qRT-PCR)

Total RNAs were prepared from Sertoli cells at P1 and P21, and from testes and
ovaries at P21. They were subjected to cDNA synthesis using M-MLV reverse
transcriptase (Thermo Fisher Scientific), and then to gRT-PCR using SYBR Select
Master Mix (Thermo Fisher Scientific) and the CFX96 Touch Real-Time PCR

Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The primers used for



gRT-PCR are listed in Supplemental Table S8. Listed values were standardized using
B-actin (Actb) or 18s ribosomal RNA (Rn18s). RT-PCR was performed in biological
triplicate. Data are presented as means + 1 standard deviation (SD). Differences
between experimental groups were tested for significance using a two-tailed Student’s

t-test.

MRNA sequencing and data analyses

Poly(A)" RNAs were prepared from XY and XX/Sry Sertoli cells using oligo
(dT) magnetic beads. Preparation of mRNA-seq library and subsequent sequencing
was carried out as described previously®*. Mapping and quantification of gene
expression was performed by Tophat®®, version 2.0.8, and RSEM?®, version 1.2.11,
respectively. Expression levels of genes were represented using the number of
fragments per kilobase of transcript per million fragments mapped®’ (FPKM). Fold
change in FPKM values in XX/Sry Sertoli cells relative to XY Sertoli cells was
calculated. Gene sets were subjected to gene ontology® (GO) and KEGG pathway
analyses using DAVID%®. mRNA-seq data have been deposited in

DDBJ/EMBL/GeneBank under accession code DRA004090.

Immunoblot analysis

Whole cell lysates were prepared from XY and XX/Sry Sertoli cells using lysis
buffer (50 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM EDTA, and 1% Sodium
Dodecyl Sulfate (SDS)). After the protein concentration was determined using a
BCA™ Protein Assay Kit (Pierce Biotechnology, Rockford, IL), 10 ug of the whole
cell lysates were subjected to SDS-polyacrylamide gel electrophoresis, followed by

immunoblotting. Anti-LDHA (Cell Signaling Technology, Danvers, MA, 1:1000),
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anti-HMGCR (Abcam, Cambridge, MA, 1:1000), anti-CYP51 (1:1000)*, or anti-o.-
tubulin antibody (T-9026, Sigma-Aldrich, St. Louis, MO, 1:1000) was used as the
primary antibodies. Anti-rabbit donkey 1gG (1:1000) and anti-mouse donkey IgG (GE
Healthcare, Piscataway, NJ, 1:1000) were used as the secondary antibodies. Bound
antibodies were detected using the Chemi-Lumi One L Western Blotting Detection

System (Nacalai Tesque, Kyoto, Japan).

Chromatin immunoprecipitation-sequence (ChIP-seq)

A total of 108 Sertoli cells fixed by formaldehyde (0.5%, 5 min at room
temperature) were lysed with 600 pul Lysis Buffer (5 mM HEPES (pH 8.0), 200 mM
KCI, 1 mM CaClz, 1.5 mM MgCl,, 5% Sucrose, 0.5% Triton X-100), and then
sonicated (5 x 15-s pulses with 59-s break intervals) using the Bioruptor plus
sonication device (Diagenode, Denville, NJ, USA). Samples were then digested with
100 U/ml micrococcal nuclease (MNase; Takara Bio, Shiga, Japan) at 37 °C for 1 h to
shear the chromatin. MNase digestion was terminated by the addition of 5 mM EDTA
(pH 8.0). The sheared chromatin fraction was centrifuged at 15,000 x g for 10 min to
remove insoluble materials. Supernatant was then incubated overnight at 4 °C with
magnetic beads (Dynabeads Protein A; Veritas, Tokyo, Japan) pre-bound with a
mouse monoclonal antibody against H3K4me3 or H3K27me3. The beads were
washed with Lysis Buffer, Wash Buffer 2 (5 mM HEPES (pH 8.0), 500 mM KClI, 1
mM CaClz, 5% Sucrose, 0.5% NP-40), and Wash Buffer 3 (10 mM Tris-HCI (pH 8.0),
1 mM EDTA (pH 8.0)). Finally, chromatin fractions (ChIP fractions) were eluted
from the beads with 50 mM Tris-HCI (pH 8.0), 10 mM EDTA (pH 8.0), and 1% SDS.
After crosslinking was reverted by heating at 65 °C for 16 h, DNA fragments were

purified using QIAquick PCR Purification kit (Qiagen), and used to prepare a ChlP-
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seq library with TruSeq ChIP Sample Preparation Kit (Illumina, San Diego, CA,
USA). Adaptor-ligated DNA fragments 250 bp in length were recovered. The ChlP-
seq library was subjected to sequencing with a HiSeq 2000 (lllumina). Total DNA
fragments prepared from the shared chromatin fraction (input fraction) were
sequenced as the control. ChIP-seq data have been deposited in

DDBJ/EMBL/GeneBank under the accession code DRA004110.

Analysis of ChlP-seq data sets

ChIP-seq reads were aligned to the reference mouse genome (mm210) using
Bowtie*!, version 1.0.0. The multiple-hit reads were excluded, and only the uniquely
mapped reads to the reference mouse genome were kept for further analysis. The
number of ChIP-seq reads for H3K4me3 mapped around the transcription start site
(TSS; 2 kb upstream to 2 kb downstream) was counted using BEDTools*?, version
2.17.0. For the analysis of H3K27me3, the number of reads mapped from 2 kb
upstream of the TSS to the transcription termination site (TTS) was counted. The
number of reads was normalized by the total number of mapped reads to obtain RPM
(reads per million). Enrichment values for H3K4me3 and H3K27me3 were defined
for each gene as the ratio of RPM in the ChIP fraction to that in the input fraction.
Read density profiles of H3K4me3 and H3K27me3 were generated as described

previously*.

Measurement of metabolites
Sertoli cells (5 x 10°) at P21 were cultured for 3 days. The lactate concentration
of 30 pl of the medium was determined at 6 and 24 h after medium change using the

Lactate Assay Kit (BioVision, Milpitas, CA, USA). To determine cholesterol
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synthetic activity, Sertoli cells (1 x 10°) were incubated in a serum-free medium
containing [1,2-1*C]-acetate (PerkinElmer, Inc., Boston, MA USA), 50 uM
aminoglutethimide (Sigma) and 2 pg/ml 58-035 (ACATZ2; acyl-CoA cholesterol
acyltransferase inhibitor; Sigma) for 2.5 or 3 h at 34 °C. All lipids, including
cholesterol, were extracted using chloroform/methanol (2:1, v/v), then separated by
thin-layer chromatography on silica gel with benzene-ethylacetate (2:3, v/v) as a
solvent. The radioactivity of a spot containing free and esterified cholesterol
visualized with iodine vapor was determined by liquid scintillation counting. The
extent of [1,2-1*C]-acetate incorporation into the cholesterol was expressed as

cpm/pmol acetate/h.

Measurement of quantities of cholesterol and cholesterol precursors

Sertoli cells (3 x 10%) were suspended in 0.2 ml methanol and sonicated (2 x 20-s
pulses with 30-s break intervals) using Bioruptor Plus (Diagenode), then centrifuged
for 5 min at 15,000 rpm to exclude methanol-insoluble cellular components. The
supernatant (methanol-soluble fraction) was recovered and evaporated to remove the
methanol. Gas chromatography-mass spectrometry analysis (GC-MS) was performed
using an Agilent 6890 Plus gas chromatograph interfaced with a single-quadrupole
Agilent 5975C MSD (Agilent Technologies, Palo Alto, CA, USA) as previously

described*.

Determination of testosterone, FSH, and LH concentrations
Blood plasma samples collected individually from 6 XY and 6 XX/Sry mice at
P21 were subjected to LC-MS/MS analysis to determine testosterone concentration.

The measurement was performed according to a previous report®®. Briefly, plasma

13



samples were spiked with $3Cs-testosterone and extracted with 1 mL of 90%
hexane/10% ethyl acetate (v/v). After evaporation, the samples were reconstituted in
90% methanol/10% H20 (v/v) for LC-MS/ MS analysis. The samples were analyzed
on a QTRAP 5500 LC-MS/MS system (AB SCIEX, Framingham, MA) connected to
a Shimadzu LC 20A HPLC system. For determination of FSH and LH concentration,
blood plasma samples were collected individually from 7 XY and 6 XX/Sry mice at
P21. Plasma FSH and LH concentrations were determined using Rodent FSH ELISA
Test Kits and Rodent LH ELISA Test Kits (Endocrine technologies, Inc., Newark,

CA), respectively, according to the manufacturer’s instructions.

Statistical analysis

All experiments were performed with at least three biologically independent samples.
Data are presented as the mean and standard deviation. The number of the sample is
indicated with 'n" in figure legends. The statistical significance was examined using a

two-tailed Student’s t-test.
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RESULTS
Preparation of XY and XX/Sry Sertoli cells

To examine the contribution of sex chromosomes to gene expression in Sertoli
cells, 1 used XY wild type and XX transgenic mice carrying the Sry transgene
(XX/Sry). Sertoli cells from these mice were labeled with EGFP as described in
'‘Materials and Methods'. As expected, all SOX9-positive (SRY-box containing gene
9) Sertoli cells were positive for EGFP in the testes of XX/Sry as well as XY wild
type mice on postnatal days 1 and 21 (Fig. 1a). As reported previously®, germ cells
had disappeared from the seminiferous tubules of the XX/Sry testes by P21. Whole
testicular cells prepared from P1 and P21 testes were subjected to FACS. EGFP-
positive and -negative cell fractions were recovered (Fig. 1b). Fluorescence
microscopy indicated that more than 92% of the cells were EGFP-positive in all
preparations (Fig. 1c).

Total RNAs were prepared from P1 and P21 EGFP-positive and -negative cells at
and used for gRT-PCR analysis (Fig. 1d). As expected, Sox9 mRNA was enriched in
the EGFP-positive cell fractions, whereas a germ cell marker (homologue of a DEAD
(Asp-Glu-Ala-Asp) family gene (Ddx4, VASA)), and a Leydig cell marker (Hsd3b1
(Hydroxysteroid dehydrogenase Type 3b1)) were enriched in the EGFP-negative cell
fractions. Consistent with the disappearance of germ cells from XX/Sry testes,
expression of Ddx4 was much reduced in the EGFP-negative cell fraction of XX/Sry
testes. Up-regulation of Hsd3b1 in these cells might have resulted from an increased
proportion of Leydig cells following the disappearance of the germ cells. Taken
together, these marker gene expressions indicate that the EGFP-positive cell fractions

prepared from the XY and XX/Sry testes comprised predominantly Sertoli cells.
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Hormones necessary for reproductive activities were measured in XY and
XX/Sry mice at P21. As shown in Fig. le, plasma testosterone was decreased in
XX/Sry mice as compared to XY mice. Such significant alteration was not observed
in the amounts of follicle stimulating hormone (FSH) or luteinizing hormone (LH).
Consistent with the decreased testosterone concentration, the testicular size of XX/Sry
mice was smaller than that of XY mice (Fig. 1f). Estradiol is a potent estrogen in
females, but the concentration is too low to determine precisely in males. Therefore, |
determined the expression level of the Cyp19 gene, which is essential for the
synthesis of estradiol. As shown in Fig. 1g, the expression of Cyp19 in the XX ovary
was higher than that in the XY testis. Cyp19 gene expression was not observed in the

XXI/Sry testes, suggesting that estradiol could not be synthesized in the XX/Sry testis.

Gene expression in XY and XX/Sry Sertoli cells

The RNAs prepared from XY and XX/Sry Sertoli cells at P1 and P21 were
sequenced. As summarized in Supplemental Table S2, approximately 30 million reads
were obtained from every sample. More than 97% of reads were mapped to the
reference genome, suggesting that the sequence data sets were of sufficient quality for
further analyses. Gene expressions were compared between the two types of Sertoli
cells at P1 and P21. Correlation coefficients between the cell types were 0.997 at P1
and 0.971 at P21, indicating that the gene expressions of the two types of Sertoli cells
were very similar at P1 and differed slightly more at P21 (Fig. 2a). Consistent with
this, 38 genes were up-regulated more than 1.5-fold and 86 genes down-regulated less
than 1.5-fold in the P1 XX/Sry Sertoli cells, and 422 and 834 genes were respectively

up- and down-regulated by the same margins in the P21 XX/Sry Sertoli cells (Fig. 2b).
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Genes displaying differential expression in the P1 XX/Sry Sertoli cells are listed
in Supplemental Tables S3 and S4. Sry and Xist (inactive X-specific transcript) were
treated as up-regulated genes in the P1 XX/Sry Sertoli cells (Supplemental Table S3).
In the case of Sry, this was because the expression of the exogenous Sry gene is
driven by Hsp70.3 basal promoter. The increase of Xist suggests that X chromosome
inactivation occurs even though the fate of cells carrying two X chromosomes is
changed to male supporting Sertoli cells. Four Y-linked genes (Smcy (Kdm5d), Ddx3y,
Eif2s3y, and Ubaly) were recorded as down-regulated in P1 XX/Sry Sertoli cells
(Supplemental Table S4). This is consistent with the fact that the Y chromosome is
absent from XX/Sry transgenic mice. Interestingly, the expression of genes for
ribosomal protein (Rpl36, Rps29, Rplpl, and Rps21) and mitochondrial ribosomal
protein (Mrps12) was decreased in the XX/Sry Sertoli cells.

Genes that were up- or down-regulated in P21 XX/Sry Sertoli cells are
summarized (data not shown in this thesis). | attempted to extract the biological
events/pathways related to the listed genes by conducting GO and KEGG pathway
analyses. Results are summarized in Supplemental Tables S5 and S6.

Genes up-regulated in P21 XX/Sry Sertoli cells were not distinguished by high
fold enrichment and P-value (Supplemental Table S5), whereas this was not the case
for down-regulated genes (Supplemental Table S6). Differences in the expression of
genes with functions related to lactate metabolism and sterol/terpenoid metabolism

were particularly noticeable and are discussed in the following sections.

Lactate production decreased in XX/Sry Sertoli cells
It has been established that lactate supplied by Sertoli cells is utilized as an

energy source by developing germ cells such as spermatocytes, spermatids, and
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spermatozoal®. Interestingly, genes related to ‘lactate dehydrogenase activity’ were
among those down-regulated in P21 XX/Sry Sertoli cells. Lactate dehydrogenase
(LDH) is a tetrameric enzyme of lactate dehydrogenase A (LDHA) and B (LDHB)
subunits encoded by Ldha and Ldhb, respectively. Sequencing indicated that
expression of Ldha was decreased in P21 XX/Sry Sertoli cells, while that of Ldhb was
slightly increased (Fig. 3a). gRT-PCR analysis confirmed the sequence data (Fig. 3b).
As expected, LDHA protein was decreased in P21 XX/Sry Sertoli cells (Fig. 3c).

LDH with four subunits of LDHA is known to preferentially mediate conversion
from pyruvate to lactate. By contrast, LDH with four subunits of LDHB mediates
conversion from lactate to pyruvate*®*’. In addition to these, three distinct isoenzymes
(one A/three B, two A/two B, and three A/one B) can be formed with LDHA and
LDHB, and are thought to exhibit an intermediate level of activity*®. Considering the
decreased expression of Ldha and increased expression of Ldhb in the XX/Sry Sertoli
cells, lactate production may be lower in these cells.

In addition to synthesis, the lactate transport activity of Sertoli cells should be
considered. Monocarboxylate transporters encoded by Mctl (Slcl6al), Mct2
(Slc16a7), Mct3 (Slc16a8), and Mct4 (Slc16a3) have been identified as lactate
transporters. Mctl and Mct4 were found to be expressed in the Sertoli cells, whereas
Mct2 and Mct3 were mostly absent (Fig. 3a). Sequencing and gRT-PCR analysis
indicated that expression of Mctl and Mct4 was decreased slightly and strongly,
respectively, in XX/Sry Sertoli cells (Fig. 3a, b).

MCT1 and MCT4 are responsible for the import and export of lactate,
respectively*®>!, Considering the down-regulated expression of both Mct4 and
lactate-synthesizing Ldha, the quantity of lactate efflux from XX/Sry Sertoli cells was

expected to be lower. To investigate this, Sertoli cells from XY and XX/Sry testes at
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P21 were cultured and the quantities of lactate in the culture media determined.
Lactate in the media of both types of Sertoli cells was found to increase over time
(Fig. 3d). As expected, amounts were significantly higher in XY than in XX/Sry
Sertoli cells, possibly indicating that the activity of lactate supply to germ cells is

strongly impacted in XX/Sry Sertoli cells.

Cholesterol production decreased in XX/Sry Sertoli cells

Sertoli cells supply cholesterol to germ cells. The metabolism, influx, and efflux
of cholesterol in or from Sertoli cells are therefore critical for germ cell development.
Biological functions related to cholesterol and sterol metabolism were found to be
associated with genes that were down-regulated in P21 XX/Sry Sertoli cells. In fact,
sequence data indicated that the expression of many cholesterogenic genes was down-
regulated (Fig. 4a). Similarly, qRT-PCR analysis showed that the expression of 13 out
of 20 cholesterogenic genes was significantly decreased in XX/Sry Sertoli cells (Fig.
4b). Consistent with the results above, immunoblot studies revealed the amount of
CYP51 protein decreased in XX/Sry Sertoli cells. Unexpectedly, however, the amount
of HMGCR was unchanged (Fig. 4c). Since the amount of HMGCR is regulated post-
translationally®?, HMGCR might be stabilized in XX/Sry Sertoli cells.

SREBP?2 (sterol regulatory element binding protein 2), also known as SREBF2,
has been established as the master regulator of cholesterogenic gene transcription®3°,
My results obtained by sequencing (Fig. 5a) and gRT-PCR analysis (Fig. 5b) showed
a significantly decreased expression of Srebf2 but unaffected expressions of Sox9,
Ad4BP/SF-1, Dmrtl, Amh, and Dhh in XX/Sry Sertoli cells. I consequently
investigated whether the decreased expression of Srebf2 led to a decrease in

cholesterogenic gene expression in XY Sertoli cells. sSIRNA treatment successfully
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decreased the expression of Srebf2 (Fig. 5¢). gRT-PCR of cholesterogenic genes
revealed that eight genes were suppressed by the treatment (Fig. 5d). Seven of these
(Hmgcr, Idi1, Sqgle, Cyp51, Msmo1, Hsd17b7, and Dhcr24) were among the genes
down-regulated in XX/Sry Sertoli cells, suggesting that the down-regulation of the
cholesterogenic genes was primarily the result of the decreased expression of Srebf2.

Influx and efflux as well as synthesis should be considered in cholesterol
homeostasis. Influx of cholesterol into Sertoli cells is predominantly mediated by
HDL receptor/SRB1 encoded by Scarbl, while efflux is mediated by ABCA1
encoded by Abcal®®®. Sequencing and qRT-PCR analysis indicated that the
expression of Scarbl was not affected and that Abcal expression was unlikely to be
down-regulated in XX/Sry Sertoli cells (Fig. 5a, b).

Since these results strongly suggested that cholesterol synthesis is affected in
XX/Sry Sertoli cells, I investigated cholesterogenic activity. The amount of 1C-
labeled free cholesterol in cultured XX/Sry Sertoli cells was 60% of that in XY Sertoli
cells (Fig. 6a). | also determined the quantities of cholesterol together with lanosterol,
lathosterol, and desmosterol, all of which are intermediate molecules in the
cholesterogenic pathway (Fig. 6b). As expected, the amounts of lathosterol and
desmosterol were substantially smaller in XX/Sry Sertoli cells (Fig. 6c).
Unexpectedly, this was not the case for cholesterol. This may be because the germ
cells had mostly disappeared from the XX/Sry testes by P21 and the Sertoli cells had

thus lost the cells to which they would have transferred their cholesterol.

Differential epigenetic regulation in XY and XX/Sry Sertoli cells
Since Uty and Smcy are localized on the Y chromosome, transcripts of these

genes were undetectable in XX/Sry Sertoli cells by either sequencing or qRT-PCR
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(Fig. 7a, b). The expression of Utx and Smcx was roughly consistent with the gene
dosage (a single copy in XY and two copies in XX/Sry Sertoli cells). This dosage-
dependent expression is consistent with the observation that these genes escape from
X chromosome inactivation®®°’. Interestingly, the FPKM value of Smcx was 10-fold
higher than that of Smcy, suggesting that the demethylation activity of H3K4me3 was
stronger in XX/Sry than in XY Sertoli cells, assuming that its protein products could
mediate demethylation with similar enzyme specific activity.

These differential expressions of histone modification enzymes raise the
possibility that the methylation status of H3K4 and H3K27 was different in the two
types of Sertoli cells. To examine this, | performed genome-wide ChlP-sequencing of
both types of Sertoli cells at P21 using the antibodies for H3K4me3 and H3K27me3.
H3K4me3 was found to be accumulated around the TSS of genes (Fig. 7c). As
expected, the accumulation was substantially lower in XX/Sry Sertoli cells, possibly
due to higher expression of Smcx. The accumulation of H3K27me3 distributed along
the gene body was slightly higher in XX/Sry than XY Sertoli cells.

I then examined whether the differential status of active H3K4me3 and
suppressive H3K27me3 was relevant to the differential gene expression in XY and
XX/Sry Sertoli cells. As expected, the accumulation of H3K4me3 was greater at the
TSS of genes that were up-regulated in XX/Sry Sertoli cells (p < 0.01), while
accumulation was lower around down-regulated genes (p < 0.001; Fig. 7d).
Accumulation of H3K27me3 was greater around genes that were down-regulated in
XXI/Sry Sertoli cells (p < 0.01), while there was no significant accumulation around
up-regulated genes (p = 0.268).

The expression of Ldha and Mct4, implicated in the supply of lactate to germ

cells, was down-regulated in XX/Sry Sertoli cells as described above (Fig. 3b).
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Consistent with this finding, the accumulation of active H3K4me3 and suppressive
H3K27me3 was smaller and greater, respectively, at both Ldha and Mct4 gene loci
(Fig. 7e). As noted above, the expression of 13 genes involved in cholesterogenesis
was down-regulated in XX/Sry Sertoli cells (Fig. 4b). H3K4me3 was decreased to
varying degrees around most cholesterogenic genes except Acta2, Mvd, and Fdftl. An
increased tendency for H3K27me3 accumulation was observed in more than half of
the cholesterogenic genes.

These histone modifications (decreased H3K4me3 and increased H3K27me3)
probably lead to the down-regulation of gene expression. In fact, among the 13
cholesterogenic genes down-regulated in XX/Sry Sertoli cells, such changes were
observable in Hmgcr, Mvk, Fdps, Sqle, Lss, Nsdhl, Sc5d, and Dhcr24. As described
above, | examined which genes were affected by the down-regulation of Srebf2 in
XX/Sry Sertoli cells, and to my surprise found that the expression of Mvk, Mvd, Fdps,
Lss, Nsdhl, and Scd5d was not subject to down-regulation as a result of Srebf2
knockdown. The chromatin state of all these gene loci (with the exception of Mvd)
was changed from active to inactive as a result of the decrease in H3K4me3 and
increase in H3K27me3. These epigenetic changes might induce the down-regulation
of gene expression independently of SREBF2 function in XX/Sry Sertoli cells. It
should also be noted that the accumulation of H3K4me3 was lower in Srebf2,

possibly causing the down-regulation of cholesterogenic genes.
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DISCUSSION

To achieve a better understanding of the functional differences between XY and
XX/Sry Sertoli cells, | compared the mRNA expression profiles of the two cell types
and determined which gene expressions were up- or down-regulated in XX/Sry Sertoli
cells. GO and KEGG pathway analyses suggested that lactate and cholesterol
metabolisms are impaired in XX/Sry Sertoli cells. Considering that the function of
Sertoli cells is the nursing of developing germ cells, these effects on metabolic
pathways are intriguing.

The energy metabolic pathway functioning in male germ cells is known to
change during the course of differentiation from spermatogonia to spermatozoa®”.
Spermatogonia use glucose as fuel for ATP production, spermatocytes begin to utilize
lactate, and later-stage germ cells such as spermatids and spermatozoa are highly
depend on lactate as an energy source?*®. The carbohydrate metabolism of Sertoli
cells is unusual; only 25% of the pyruvate produced by glycolysis is oxidized by the
TCA cycle®®, and cultured Sertoli cells mediate reactions from glucose to lactate via
pyruvate®®. This lactate is thought to be supplied to the developing germ cells.

The present study demonstrates that the expression of genes related to lactate
metabolism differs between XY and XX/Sry Sertoli cells. Quantitative studies have
found that Ldha is down-regulated in XX/Sry Sertoli cells, suggesting the possibility
that lactate supply to developing germ cells is reduced in XX/Sry testes. This might be
supported by the transplantation study of XY germ cells into XX/Sry testes performed
by Ishii et al®. Although the transplanted XY germ cells were capable of completing
meiosis, their differentiation into elongated spermatids was impaired in the milieu
established by the XX/Sry Sertoli cells. Considering that the predominant energy fuel

shifts from glucose to lactate at the spermatocyte or spermatozoon stage, it can be
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assumed that a lower supply of lactate impedes the differentiation of the spermatocyte
into an elongated spermatid.

Another crucial nursing function of Sertoli cells is thought to be the supply of
cholesterol to germ cells'*. Cholesterol homeostasis in Sertoli cells is preserved in
several ways, such as de novo synthesis, influx via the HDL receptor, and efflux via
the ABCAL1 transporter. Perturbation of cholesterol homeostasis by disruption of
Abcal resulted in significantly affected spermatogenesis and fertility, in addition to
abnormal lipid accumulation in the Sertoli cells®®,

My study demonstrated that expression of 13 of the 20 cholesterogenic genes was
significantly down-regulated in XX/Sry Sertoli cells. Probably because of this
suppressed gene expression, de novo cholesterol synthetic activity was lower in
XX/Sry than in XY Sertoli cells. Expression of Abcal and Scarbl (involved in influx
and efflux of cholesterol) was not markedly affected, suggesting that cholesterol
transfer remains normal in XX/Sry Sertoli cells and that they consequently should
feature lower quantities of intracellular cholesterol. However, no difference in the
amount of free and esterified cholesterol in the two Sertoli cell types was found.
While I are unable to suggest a plausible explanation for this apparent contradiction,
the disappearance of germ cells from XX/Sry testes might affect the functioning of the
XXI/Sry Sertoli cells by removing the targets of their cholesterol transfer, thus
preventing a decrease in their cholesterol content.

Determining the causes of the differential expression of metabolic genes in
XX/Sry Sertoli cells is an important aim of this research. The cholesterogenic gene
Srebf2, encoding an already-known key factor for cholesterogenic gene regulation®°4,
was found to be down-regulated in XX/Sry Sertoli cells, suggesting a knockdown

experiment to determine whether down-regulated Srebf2 results in reduced expression
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of cholesterogenic genes. This experiment confirmed the decreased expression of
seven of the 13 genes whose expression was down-regulated in XX/Sry Sertoli cells.
It was therefore assumed that the remaining six genes were regulated by a mechanism
independent of SREBF2.

A candidate for the regulation mechanism was suggested by the fact that the
genes encoding histone modification enzymes are localized on the sex chromosomes.
SMCX on the X and SMCY on the Y chromosome mediate the demethylation of an
active histone mark, H3K4me32!. UTX mediates the demethylation of a suppressive
histone mark, H3K27me3, whereas UTY does not exhibit this activity??*. Because of
the differential expression of these genes in XY and XX/Sry Sertoli cells, it was
assumed that the methylation statuses of H3K4 and H3K27 were affected accordingly.
Importantly, these epigenetic changes occurred in many, if not all, of the
cholesterogenic genes, and | therefore suspect that they cause the down-regulation of
cholesterogenic gene expression in XX/Sry Sertoli cells.

These observations may support the idea that Smcx/Smcy and Utx/Uty, which are
localized on the sex chromosomes, regulate sexually dimorphic gene expression.
Indeed, an Utx gene knockout study demonstrated that UTX regulates the level of
H3K27me3, suggesting that the difference in Utx gene dosage between the two sexes
leads to sex-dependent deposition of H3K27me32°. Sex-dependent differences in
deposition of H3K27me3 were also identified in hepatocytes and primordial germ
cells®oet,

Gene expression in Sertoli cells is regulated by the testosterone and androgen
receptor, AR (NR3C4)%2. Upon ligand binding, AR forms protein complexes with
histone modification enzymes, thereby changing chromatin structure to regulate target

gene expression®3 %, Plasma testosterone in XX/Sry mice was found to be lower than
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that in XY males. Although testosterone did not completely disappear from XX/Sry
mice, this decrease may lead to a suppression of AR target gene expression. Because
it is unclear whether the genes involved in lactate and cholesterol metabolism are
targets of AR, I cannot exclude the possibility that the decreased expression of those
genes is due to the decreased testosterone. Identification of AR target genes in Sertoli
cells would be needed to resolve this issue.

In summary, | examined the functional differences between XY and XX/Sry
Sertoli cells and demonstrated that lactate and cholesterol metabolism, both of which
play a crucial role in the nursing of developing germ cells, are down-regulated in
XX/Sry Sertoli cells. Moreover, my results suggest that these differential functions are
at least in part the result of differential expression of histone modification enzymes
encoded by sex chromosomes. Although it is well known that XX testes cannot
support the differentiation of germ cells even if they carry XY chromosomes, the
reason for this has remained unclear. This study suggests that this phenomenon may
be caused by the down-regulation of lactate and cholesterol metabolism resulting

from altered epigenetic modification.
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Fig. 1, Preparation of XY and XX/Sry Sertoli cells

a, Testes from XY and XX/Sry mice at P1 and P21 were immunostained with
antibodies for SOX9 (red) and EGFP (green). Nuclei were stained with DAPI (blue).
Merged images are shown in the right-hand panel. Seminiferous tubules are
surrounded by white broken lines. Scale bars = 50 um. b, Testicular cells from XY
and XX/Sry mice at P1 and P21 were fractioned by FACS. Fractions surrounded by
solid lines were recovered as EGFP-positive cells, while fractions surrounded by
broken lines were recovered as EGFP-negative cells. ¢, Fluorescence and bright field
images of the EGFP-positive cells from the P21 XY testes. The EGFP-positive
(arrowheads) and EGFP-negative cells (arrows) were counted, and ratios of EGFP-
positive (green) to EGFP-negative cells (yellow) are shown. d, RNAs prepared from
the EGFP-positive (green bars) and EGFP-negative (yellow bars) cells were used for
gRT-PCR of Ddx4 (germ cell marker), Hsd3b1 (Leydig cell marker), and Sox9
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(Sertoli cell marker). The quantity of mRNA relative to Actb (encoding beta-actin) is
indicated. e, Concentration of testosterone, FSH, and LH were determined in XY and
XX/Sry mice at P21. The blood samples for XY (n=6) and XX/Sry mice (n=6) were
used for testosterone assays, while those for XY (n=7) and XX/Sry mice (n=6) were
used for FSH and LH assays. *p<0.05. f, Whole view of XY and XX/Sry testes are
shown. Scale bar=2 mm. g, The expression of Cyp19 in XX ovary, and XY and
XXI/Sry testes was examined by qRT-PCR. The quantity of mRNA relative to Actb is
indicated. Three biologically independent samples (n=3) were used for the gRT-PCR

studies ind and g.
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Fig. 2, Gene expression in XY and XX/Sry Sertoli cells
a, Comparison of gene expression levels (FPKM) in XY and XX/Sry Sertoli cells at

P1 and P21. FPKM values of gene expression in XY Sertoli cells (x-axis) and XX/Sry
(y-axis) cells are presented on a log scale; r: relative correlation. b, Proportion of
genes up- or down-regulated in XX/Sry Sertoli cells relative to XY Sertoli cells at P1

and P21.
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Fig. 3, Lactate production decreased in XX/Sry Sertoli cells

a, Expression levels of lactate dehydrogenase subunits (Ldha and Ldhb) and
monocarboxylate transporters (Mctl (Slc16al), Mct2 (Slc16a7), Mct3 (Slc16a8), and
Mct4 (Slc16a3)) in XY and XX/Sry Sertoli cells at P21. b, Expression of Ldha, Ldhb,
Mctl, and Mct4 in XY and XX/Sry Sertoli cells was validated by qRT-PCR analysis.
The average values for XY Sertoli cells were normalized to 1.0. c, Total cell lysates
were prepared from XY and XX/Sry testes and then subjected to immunoblot analyses
with antibodies for LDHA (upper) and a—tubuline (lower). d, XY and XX/Sry Sertoli
cells (5 x 10°) prepared from P21 testes were cultured. Quantities of lactate in the
culture media were determined at 6 and 24 h after medium change. The study was
performed three times with biologically independent Sertoli cell samples. Three
biologically independent samples (n=3) were used for the gRT-PCR studies in b and
d. *p < 0.05.
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Fig. 4, Decreased expression of cholesterogenic genes in XX/Sry Sertoli cells

a, FPKM values of cholesterogenic genes obtained from mRNA sequencing. b,
Cholesterogenic gene expression was examined by qRT-PCR with RNAs prepared
from XY and XX/Sry Sertoli cells. The average values for the XY Sertoli cells were
normalized to 1.0. ¢, The amounts of HMGCR and CYP51 in XY and XX/Sry Sertoli
cells were examined with immunoblotting. a—Tubulin was used as the control.
Average values and SDs are indicated. Three biologically independent samples (n=3)
were used for the gqRT-PCR study in b. *p < 0.05.
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Fig. 5, Decreased expression of genes regulating cholesterol homeostasis in XX/Sry
Sertoli cells

a, FPKM values of Srebf2, Sox9, Ad4BP/Sf1, Dmrtl, Amh, and Dhh, Scarb1, and
Abcal are shown. b, Srebf2, Sox9, Ad4BP/Sf1, Dmrtl, Amh, Dhh, Scarbl, and Abcal
were examined by qRT-PCR. The average values for the XY Sertoli cells were
normalized to 1.0. ¢, XY Sertoli cells were treated with siRNA against Srebf2 and
control sSiRNA. The amount of Srebf2 was determined by qRT-PCR. d, Expression of
cholesterogenic genes in XY Sertoli cells treated with sSiRNA against Srebf2 and
control siRNA was examined by qRT-PCR. Average values and SDs are indicated.
The average values for the siControl-treated cells were normalized to 1.0. Three
biologically independent samples (n=3) were used for the qRT-PCR studies in b, c,
and d. *p < 0.05.
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Fig. 6, Cholesterol synthesis affected in XX/Sry Sertoli cells

a, XY and XX/Sry Sertoli cells (1 x 10°%) were cultured in the presence of [1,2-1C]-
acetate and the quantities of labeled free and esterified cholesterol were determined.
The studies were performed with nine biologically independent XY Sertoli cells

(n =9), and five XX/Sry Sertoli cells (n = 5). Error bars indicate SDs. *p < 0.05 b,
The late pathway for cholesterol synthesis is shown. ¢, Quantities of lanosterol,
lathosterol, desmosterol, and cholesterol in XY and XX/Sry Sertoli cells (3 x 10%)
were determined. Average values and SDs are indicated. Four biologically

independent Sertoli cell samples (n = 4) were used. *p < 0.05; **p < 0.01.
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Fig. 7, Differential status of histone methylation in XY and XX/Sry Sertoli cells

a, Expression levels (FPKM) of Utx, Uty, Smcx and Smcy, revealed by mRNA
sequencing for XY and XX/Sry Sertoli cells at P21. b, Utx, Uty, Smcx and Smcy
expression in XY and XX/Sry Sertoli cells at P21 was examined by gRT-PCR. The
amount of mMRNA relative to Rn18s (encoding 18S ribosomal RNA) is indicated.
Three biologically independent samples (n=3) were used for the gRT-PCR studies.

*p < 0.05. ¢, Global H3K4me3 and H3K27me3 deposition in XY and XX/Sry Sertoli
cells at P21. Profiles of H3K4me3 and H3K27me3 are represented as normalized
read-density. d, Levels of H3K4me3 and H3K27me3 for 3-fold up- or down-regulated
genes in XX/Sry Sertoli cells. P values were computed using the Welch t-test. e, Fold
changes in gene expression (left), H3K4me3 (middle) and H3K27me3 (right)
deposition around the genes involved in lactate and cholesterol metabolism. Magenta
and cyan indicate up- and down-regulated genes in XX/Sry Sertoli cells, respectively.
Orange and blue indicate increased and decreased deposition of histone modification
(H3K4me3 and H3K27me3) in XX/Sry Sertoli cells relative to XY Sertoli cells. Color

gradients correspond to fold change; darker colors indicate a greater degree of change.
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SUPPLEMENTAL TABLES

Supplemental Table S1. Oligonucleotide primers used in this study

Gene symbol 5' Primer 3' Primer

For genotyping PCR

Hsp/70 3prom-Sry  aaaggcgcagggcggegagcaggecac gcectecatgetctctagacaattcac

UbeT tggtctggacccaaacgctgtccaca ggcagcagccatcacataatccagatg
For gRT-PCR
Ddx4 gcacacgttgaatacagcggggat tgggaggaagaacagaagaacagg

Hsd3b1 caagtgtgccagcectteatet ttcatgattctgticctegtgg

Sox9 tgtgacacgggacaacacatg ggctatccacggcacacac
Cypi9ai ccegattcggcagcaagegt ccagggeccgtcagagcttte
Ldha cactgactcctgaggaagaggecc agctcagacgagaagggtgtggtc
Ldhb ggacaccctgtgggacatccagaa aagcctgggctttgatctgtgage
Mectil/Slcieatl ccgatgtcgacgagaagecaaage gctctctccaggettcacaggtca
Mectd/Sicléa3 tggttctgggcagtggtctgtica cagcaggcagacctggaagagcta
Acat? gtgtctgcggcaatagctaaagaa cagccagatgctcccagaggatg
Hmgesi aatgaccacagtttggatgaagga agggagtcttggeactttcttage
Hmgcr agccttggcagcaggacatctigt tcttggtgcacgttccttgaagat
Mk caagtaacggcagcacacggactg tggcttgctctagacctggcttca
Pmvk agtagtggcctcggagcagagtcg aaagttcccaaagtigtccagacc
Mvd gggtccagtacatcattgccactc gcagtccatcctggectagcagat
it cttgaaagccgagttgggaatac ccatcagattgggccttgtagtaa
Fajps ttcagtgtctgctacgagcctctc ctttcacccgagccacttttictg
Falft? aacatgcctgecgtcaaagctate gagatgacctgcttggttitgctt
Sgle aaacttggtggagagtgtgtgacc caacggaaaagaagtgtcgaatca
Lss gggatcagatgtctgctagggaag gtagctgatggcacaggacttgtt
Cps5T1 cttacaggataacccagcatcagg taggcaaaatttictccaacacaa
Tm/7si2 gggagatctcatcatggcetctgg accagcagtgcagtgaagtagagg
MsmaoT accatacgtttgctggaaaccatc agcgcccgtataaaaaggaaccaa
Nsdh! gacacatcttagccgetgageac cagaaagggattggttcatcgtt
Hsdi7b7 ccacctcgggatttgggactaat cttttccagctccagtaagacctca
Ebp cttccgctttgtcctacagcttg tggagtccttcgtgtagctctgte
schd tactggattcataggggcctgeac ggtgaaaagcatgacttgcaaacg
Dhcr7 ggtggtacctaggctggggagattg ggagagctgcacagggtggtaca
Dhcr24 atgaggcagctggagaagttigt atctcccagaattectegeggtte
Srebi2 agctgctggageatagectacgg gatggcagtagctcgctctegtt
AQ4BR/ST-T aagccactctgtaggaccaagce tgtaaatctgacgcgaaageag
Dmrt? gaccagtgagaagagcgggcaaac atttggatttggggtgtggggtgc
Amh gaacctctgecctactcggg aagtccacggttagcaccaaa
Dhh agcgcttccgggacctegta ccegctetttgeaacgcetct
Scarb? gcccacgcatgtgcaaaaacaact aggggctgacagcagctagagttc
Abcal gctggcaatgagtgtgccagagtt Caagacagccacaacagcagcica
Uty/Kdmeéa catcaagaaaataacaactictgtt aaaacaccccagtagecttcag
Uty tgctttaatggaaaagticatigc gcgtaagtctcccaacacacacca
Smex/Kadnsc acccaaccttgtgcagtgta gctgtagtetctttgecegt
Smey/Kdmsd acagcttcctctgececttaatecc tgggaaacgcatacagggaatact
Rni8s ccattcgaacgtctgccctat gtcacccatggicaccatg




Supplemental Table S2. Quality data of mMRNA-Seq

Totalreads Mapped reads Mapping rate Number of genes detected
P1_XYSC 33,411,295 32,539,665 97.4% 16,912
P1_XX/SnSC 34,885,622 33,946,217 97.3% 16,955
P21 XYSC 29,846,366 29,042,222 97.3% 17.617
P21_XX/5nS5C 32,676,242 31,787,030 97.3% 16,649
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Supplemental Table S3. Genes up-regulated in XX/Sry Sertoli cells at P1

Gene symbol FPKM Fold Gene name
XY XX/Sry change
Sry 0.0 46.6  1,552.33 sex determining region of ChrY
Xist 0.0 29.1 726.25 inactive X specific transcripts
Meg3 33 8.6 2.66 maternally expressed 3
Ccl27b 15.0 337 2.25 chemokine (C-C motif) ligand 27b
Cd24a 4.8 10.6 2.21 CD24a antigen
Clkt 55.9 14.9 2.05 CDC-like kinase1
Hamp? 9.0 17.4 1.95 hepcidin antimicrobial peptide 2
Kdméa 10.2 18.9 1.85 lysine (K)-specific demethylase 6A
Arglul 271 48.5 1.79 arginine and glutamate rich 1
Neat? 8.9 15.8 1.77 nuclear paraspeckle assembly transcript 1 (non-protein coding)
Gpc3 9.2 16.3 1.76 glypican 3
Sirs18 12.7 221 1.74 serine/arginine-rich splicing factor 18
Bgn 14.5 25.2 1.74 biglycan
Mgp 17.4 301 1.73 matrix Gla protein
NeamT 7.2 12.3 1.72 neural cell adhesion molecule 1
Paxbpl 1.1 19.0 1.71 PAX3 and PAX7 binding protein 1
6720401G13Rik 15.9 271 1.70 RIKEN cDNA 6720401G13 gene
lgfbp7 8.4 14.3 1.70 insulin-like growth factor binding protein 7
GsttT 10.4 17.7 1.69 glutathione S-transferase, theta 1
lgtbp4 12.7 21.5 1.69 insulin-like growth factor binding protein 4
Tcea? 10.7 18.0 1.68 transcription elongation factor A (SlI), 2
eukaryotic translation initiation factor 2, subunit 3, structural gene
Eif2s3x 50.6 84.9 1.68 X-linked
Chst11 9.1 15.3 1.68 carbohydrate sulfotransferase 11
Limel 8.8 14.7 1.67 Lckinteracting transmembrane adaptor 1
Fnbp4 18.2 30.0 1.65 formin binding protein 4
Luc7i3 18.3 3041 1.65 LUCT7-like 3 (S. cerevisiae)
GaGmig21 1.9 19.5 1.64 ubiquitin pseudogene
Clk4 19.8 322 1.63 CDC like kinase 4
Tagin 34.2 55.6 1.63 transgelin
Smoc2 10.0 16.3 1.63 SPARC related modular calcium binding 2
Kent? 15.5 25.0 1.62 potassium channel, subfamily T, member 1
Gass 12.4 19.5 1.57 growth arrest specific5
Dcn 9.4 14.6 1.56 decorin
Acta? 16.8 26.3 1.56 actin, alpha 2, smooth muscle, aorta
Fstl? 35.8 54.2 1.51 follistatin-like 1
Srsfig 37.0 56.0 1.51 serine/arginine-rich splicing factor 10
Miap4 14.2 213 1.50 microfibrillar-associated protein 4
Srstit 36.7 55.1 1.50 serine/arginine-rich splicing factor 11
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Supplemental Table S4. Genes down-regulated in XX/Sry Sertoli cells at P1

Gene symbal FPKM Fold Gene name
XY XX/Sry change

Kdm5sd 6.0 0.0 0.00 lysine (K)-specific demethylase 5D

Dax3y 22.0 0.0 0.00 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked

Eit2s3y 25.6 0.0 0.00 eukaryotic translation initiation factor 2, subunit 3, structural gene
Y-linked

Ubaly 10.9 1.0 0.09 ubiquitin-activating enzyme, Chr Y

Dpm3 24.4 3.0 0.12 dolichyl-phosphate mannosyltransferase polypeptide 3

Tppp3 14.1 3.0 0.21 tubulin polymerization-promaoting protein family member 3

Gafr5 103 2.6 0.25 growth differentiation factor 15

Rpl36 3104 93.9 0.30 ribosomal protein L36

Rps23 1,080.9 399.7 0.37 ribosomal protein S29

Junb 481 18.2 0.38 Jun-B oncogene

1500011k T6Rik 8.2 3.2 0.38 RIKEN cDNA1500011K16 gene

Tceb? 161.9 64.3 0.40 transcription elongation factor B (SHlI), polypeptide 2

Smim4 15.6 6.3 0.40 small itegral membrane protein 4

Lmna 335 14.0 0.42 lamin A

Creb5 13.5 5.8 0.43 cAMP respansive element binding protein 5

Gm8580 1.2 49 0.44 ribosomal protein L29 pseudogene

RnasehZc 16.3 7.9 0.48 ribonuclease H2, subunit C

Gm5779 1.3 5.5 0.49 ribosomal protein, large, PO pseudogene

lgsrab 12.4 6.1 0.49 immunoglobulin superfamily, member 98

Fosb 232.4 16.5 0.50 FBJ osteosarcoma oncogene B

Esyt3 12.8 6.6 0.51 extended synaptotagmin-like protein 3

Gma833 15.5 8.2 0.53 myelin basic protein expression factor 2, repressor pseudogene

Niatc? 12.7 6.7 0.53 nuclear factor of activated T cells, cytoplasmic, calcineurin
dependent 2

Hba-alHba-a2 40.3 221 0.55 hemoglobin alpha, adult chain 2 | hemoglobin alpha, adult chain 1

Cldn17 40.9 225 0.55 claudin11

Edfi 60.1 335 0.56 endothelial differentiation-related factor 1

Hba-ail Hba-a2 13.7 7.6 0.56 hemoglobin alpha, adult chain 2 | hemoglobin alpha, adult chain 1

Ssscal 211 1.8 0.56 Sjogren s syndrome/scleroderma autoantigen 1 homolog (human)

Col9a3 14.0 7.9 0.56 collagen, type IX, alpha 3

Rolp1 7403 416.3 0.56 ribosomal protein, large, P1

Cidea 396 226 0.57 cell death-inducing DNA fragmentation factor, alpha subunit-like
effector A

Pdlim7 59.2 34.0 0.57 PDZ and LIM domain 7

Niix 355 204 0.57 nuclear factor I/X

Jund 40.9 235 0.58 Jun proto-oncogene related gene d

Fsti3 58.6 337 0.58 follistatin-like 3

Sival 125.0 724 0.58 SIVA1, apoptosis-inducing factor

Tgm? 446 259 0.58 transglutaminase 2, C polypeptide

Pkig 489 284 0.58 protein kinase inhibitor, gamma

Pigyl 27.5 16.1 0.58 phosphatidylinositol glycan anchor biosynthesis, class Y-like

Cxxla 19.2 1.3 0.59 CAAX box 1A

Anxal 205 12.0 0.59 annexin A1

ler3 260.5 153.9 0.59 immediate early response 3

Arid5a 14.8 8.8 0.59 AT rich interactive domain 5A (MRF1-like)

Csrnpl 60.6 36.2 0.60 cysteine-serine-rich nuclear protein 1

Ncor? 89.3 53.6 0.60 nuclear receptor co-repressor 2

Mirpsi2 15.3 9.2 0.60 mitochondrial ribosomal protein $12

Cdc4Zep5 4.7 8.9 0.61 CDC42 effector protein (Rho GTPase binding) 5

4933409K07Rik 14.9 9.1 0.61 RIKEN cDNA 4933409K07 gene

Col9a2 283 17.3 0.61 collagen, type IX, alpha 2

Notchl 16.5 10.2 0.61 notch1

Si3b5 40.8 251 0.62 splicing factor 3b, subunit 5

Znhiti 14.6 9.1 0.62 zinc finger, HIT domain containing 1

(Continued on next page)
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(Continued)

Gene symboaol FPKM Fold Gene name
XY XX/Sry change
Beta-s 32.6 204 0.63 hemoglobin subunit beta-1-like
Chbind 22.5 141 0.63 cerebellin 4 precursor protein
Ssbpd 357 22.5 0.63 single stranded DNA binding protein 4
Sitn 24.4 15.4 0.63 stratifin
Ling 18.3 1.6 0.63 LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase
Dohh 19.1 12.1 0.63 deoxyhypusine hydroxylase/monooxygenase
Lrind 20.1 12.8 0.64 leucinerich repeat and fibronectin type lll domain containing 4
Padiz 356 22.8 0.64 peptidyl arginine deiminase, type Il
Fau 681.7 438.8 0.64 Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously
expressed (fox derived)
Rps21 800.7 515.8 0.64 ribosomal protein S21
2700094K 13Rik 51.8 334 0.64 RIKEN cDNA 2700094K13 gene
BolaZ? 57.2 36.9 0.65 bolA-like 2 (E. coli)
Sh3bp4 30.7 19.8 0.65 SH3-domain binding protein 4
Psmg4 20.5 13.2 0.65 proteasome (prosome, macropain) assembly chaperone 4
Palim7 16.0 10.3 0.65 PDZ and LIM domain 1 (elfin)
Cystm7 36.0 233 0.65 cysteine-rich transmembrane module containing 1
Fabp3 63.7 41.3 0.65 fatty acid binding protein 3, muscle and heart
Kif3 20.6 13.4 0.65 Kruppel-like factor 3 (basic)
Nrid? 235 15.3 0.65 nuclear receptor subfamily 1, group D, member 1
Ddah2 22.5 14.7 0.65 dimethylarginine dimethylaminohydrolase 2
Sox9 87.4 57.1 0.65 SRY-box containing gene 9
Hexim1 36.2 237 0.65 hexamethylene bis-acetamide inducible 1
Ar1o 19.4 12.7 0.66 ADP-ribosylation factor-like 10
Dbni 42.8 28.2 0.66 drebrin 1
Ugerio 124.5 82.0 0.66 ubiquinol-cytochrome ¢ reductase, complex Il subunit X
Arid5b 36.7 243 0.66 AT rich interactive domain 5B (MRF1-like)
Myc 17.2 1.4 0.66 myelocytomatosis oncogene
Polr2l 47.4 314 0.66 polymerase (RNA) I (DNA directed) polypeptide L
Crym 17.0 1.3 0.66 crystallin, mu
Cib 19.7 131 0.66 CAAX box 1B
Galk1 27.2 18.0 0.66 galactokinase 1
S100a70 192.8 128.3 0.66 5100 calcium binding protein A10 (calpactin)
Vps37b 357 23.8 0.66 wvacuolar protein sorting 37B (yeast)
Cigf 192.5 128.1 0.66 connective tissue growth factor
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Supplemental Table S5. GO and KEGG pathway analysis using genes up-regulated
in XX/Sry Sertoli cells at P21

ID Term Fold enrichment P-value
GO:0050840 extracellular matrix binding 13.05 1.1.E-05
GO:0005520 insulin-like growth factor binding 10.60 1.1.E-03
GO:0001755 neural crest cell migration 10.40 1.2.E-03
GO:0014032 neural crest cell development 8.70 5.6.E-04
GQO:0014033 neural crest cell differentiation 8.70 5.6.E-04
GO:0048762 mesenchymal cell differentiation 6.84 5.1.E-04
GO:0060485 mesenchyme development 6.70 5.7.E-04
GO:0045785 positive regulation of cell adhesion 6.68 1.9.E-03
GO:0040017  positive regulation of locomotion 6.52 2.1.E-03
G0:0019838 growth factor binding 6.48 2.1.E-05
G(0:0030335 positive regulation of cell migration 6.47 7.1.E-03
GC:0014031 mesenchymal cell development 6.1 2.8.E-03
GO:0030027 lamellipodium 6.06 3.3.E-04
G0:0030334 regulation of cell migration 5.20 1.2.E-04
G0:0031589 cell-substrate adhesion 5.04 6.5.E-03
GO:0040012 regulation of locomotion 478 9.8.E-05
GO:0030155  regulation of cell adhesion 4.58 7.6.E-04
G0:0051270 regulation of cell motion 4.47 3.9.E-04
GOC:0051216  cartilage development 4.29 5.7.E-03
G0:0031252 cell leading edge 4.26 5.5.E-04
G0:0043405 regulation of MAP kinase activity 3.99 8.1.E-03
GOC:0008201 heparin binding 3.93 8.6.E-03
GO:0060348 bone development 3.65 3.3.E-03
GO:0001503  ossification 3.61 6.7.E-03
GO:0048514 blood vessel morphogenesis 3.38 2.6.E-04
GC:0007169 transmembrane receptor protein tyrosine kinase signaling pathway 324 7.0.E-04
G0:0008509 anion transmembrane transporter activity 3.23 6.8.E-03
GO:0007167 enzyme linked receptor protein signaling pathway 3.15 6.0.E-05
GO:0001944 vasculature development 3.06 2.4.E-04
GO:0015629  actin cytoskeleton 3.03 1.2.E-03
GO:0001568 blood vessel development 2.94 6.1.E-04
GC:0035239 tube morphogenesis 2.80 9.6.E-03
GC:0001501  skeletal system development 2.69 9.5.E-04
G0:0051094 positive regulation of developmental process 2.68 5.3.E-03
G0:0044057 regulation of system process 2.62 9.6.E-03
GO0:0035295 tube development 2.36 9.5.E-03
GO:0031012  extracellular matrix 2.32 54.E-03
G0:0007155 cell adhesion 2.30 1.2.E-04
GC:0022610 biclogical adhesion 2.30 1.2.E-04
G0:0045944 positive regulation of transcription from RNA polymerase Il promoter 2.27 3.5.E-03
GO:0005578 proteinaceous extracellular matrix 2.25 9.7.E-03
GO:0008092 cytoskeletal protein binding 2.14 3.5.E-03
GO:0045893 positive regulation of transcription, DNA-dependent 2.07 6.4.E-03
GO:0051254 positive regulation of RNA metabolic process 2.06 6.9.E-03
GO:0042127 regulation of cell proliferation 2.05 2.0.E-03
GO:0006357 regulation of transcription from RNA polymerase Il promoter 2.02 1.1.E-03
GO:0005509 calciumion binding 2.00 1.1.E-04
GO:0044421 extracellularregion part 1.85 1.6.E-03
GO:0005576 extracellular region 1.42 8.8.E-03
GO:0043167 ion binding 1.27 2.9.E-03
GO:0046872 metal ion binding 1.26 4.3.E-03
G0:0043169 cation binding 1.25 5.8.E-03
mmu04512  ECM-receptor interaction 4.32 2.3.E-03
mmu04510  Focal adhesion 2.94 1.3.E-03
mmu04810 _Requlation of actin cytoskeleton 2.89 9.4.E-04
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Supplemental Table S6. GO and KEGG pathway analysis using genes down-
regulated in XX/Sry Sertoli cells at P21

ID Term Fold enrichment P-value
GC:0033391 chromatoid body 26.7 4.2.E-07
GO:0034587 piRNA metabolic process 22.0 4.5.E-04
GO:0004459 L-lactate dehydrogenase activity 202 7.8.E-03
G0:0043186 P granule 19.0 6.2.E-05
GO:0060293 germ plasm 19.0 6.2.E-05
GO:0045495 pole plasm 19.0 6.2.E-05
GO:0004029 aldehyde dehydrogenase (NAD) activity 13.5 2.5.E-03
GO:0030291 pratein serine/threonine kinase inhibitor activity 12.0 3.6.E-03
GO:0006695 cholesteral biosynthetic process 12.0 5.3.E-08
GO:0005844 polysome 1.4 1.1.E-04
GO:0016126  sterol biosynthetic process 11.0 3.8.E-09
GO:0005665 DNA-directed RNA polymerase Il, core complex 9.7 6.9.E-03
GO:0008299 isoprencid biosynthetic process 8.8 1.0.E-04
GO:0007339 binding of sperm to zona pellucida 8.1 2.8.E-03
G0:0030374 ligand-dependent nuclear receptor transcription coactivator activity 7.7 8.5.E-04
GO:0035036 sperm-egg recognition 7.6 3.5.E-03
GO:0006367 transcription initiation from RNA polymerase Il promoter 7.6 3.5.E-03
G0:0001673 male germ cell nucleus 7.4 3.9.E-03
G0:0009988 cell-cell recognition 6.9 5.2.E-03
GO:0000795 synaptonemal complex 6.7 5.8.E-03
G0:0043073 germ cell nucleus 6.1 8.3.E-03
GO:0007051 spindle organization 59 3.0.E-03
GQ:0000794 condensed nuclear chromosome 5.7 1.4.E-04

oxidoreductase activity, acting on the aldehyde or oxo group of donors,

G0:0016620 NAD or NADP as acceptor 5.6 3.9.E-03
G0:0051321 meiotic cell cycle 5.5 2.0.E-08
GO:0006694 steroid biosynthetic process 5.4 1.4.E-06
GC:0051327 M phase of meiotic cell cycle 53 9.2.E-08
GO:0007126 meiosis 5.3 9.2.E-08
GO:0044450 microtubule organizing center part 5.2 5.5.E-03
GO:0006720 isoprenoid metabolic process 5.1 3.4.E-04
GO:0016125  sterol metabolic process 5.0 3.5.E-06
GO:0030176 integral to endoplasmic reticulum membrane 48 7.2.E-03
GC:0035257 nuclear hormone receptor binding 4.8 7.8.E-03
GO:0008203 cholesteral metabolic process 47 4.0.E-05
GO:0007127  meiosis | 4.7 8.1.E-03
GO:0034062 RNA polymerase activity 4.6 8.8.E-03
GO:0003899 DNA-directed RNA polymerase activity 4.6 8.8.E-03
GO:0019887 pratein kinase regulator activity 46 29.E-04
GC:0006366 transcription fram RNA polymerase Il promoter 4.5 6.8.E-05
GO:0006096 glycolysis 4.4 4.8.E-03
G0:0019861 flagellum 4.4 9.4.E-04
G0:0016591 DNA-directed RNA polymerase Il, holoenzyme 4.3 1.1.E-03
GO:0006007 glucose catabolic process 4.2 2.6.E-03
G0:0019320 hexose catabolic process 4.2 2.6.E-03
GO:0046365 monosaccharide catabolic process 4.1 3.2.E-03
GQ:0003729 mRNA binding 4.0 3.6.E-03
GO:0007283 spermatogenesis 4.0 2.2.E-12
G0:0048232 male gamete generation 4.0 2.2.E-12
GO:0007286 spermatid development 37 5.3.E-03
GC:0019207 kinase regulator activity 37 1.4.E-03
GO:0044275 cellular carbohydrate catabolic process 37 5.8.E-03
GO:0007281 germ cell development 35 29.E-04
GO:0048515  spermatid differentiation 35 7.6.E-03
GO:0001666 response to hypoxia 34 8.3.E-03
G0O:0046164  alcohol catabolic process 3.4 9.0.E-03

(Continued on next page)
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(Continued)

(GC:0070482 response to oxygen levels 34 9.0.E-03
GO:0048610 reproductive cellular process 33 47.E-06
GO:0007276 gamete generation 3.2 29.E-10
GQ:0000279 M phase 3.2 1.1.E-08
G0:0048609 reproductive process in a multicellular organism 32 7.3.E-12
G0:0032504 multicellular organism reproduction 32 7.3.E-12
G0:0019953 sexual reproduction 3.1 5.0.E-11
GO:0006417 regulation of translation 3.0 3.4.E-03
G0:0022403 cell cycle phase 3.0 1.0.E-08
G0:0022402 cell cycle process 3.0 3.1.E-10
GQ:0000793 condensed chromasome 3.0 2.2.E-03
G0:0000228 nuclear chromosome 2.9 1.9.E-03
GO:0010608 posttranscriptional regulation of gene expression 2.8 9.8.E-04
GO:0006006 glucose metabolic process 2.8 1.7.E-03
GC:0008202 steroid metabolic process 27 7.7.E-04
GO:0006351 transcription, DNA-dependent 27 4.8.E-03
GO:0005819 spindle 2.7 7.6.E-03
G0:0030005 cellular di-, tri-valent inorganic cation homeostasis 2.7 3.5.E-03
G0:0032774 RNA biosynthetic process 2.6 6.1.E-03
GO:0019318 hexose metabolic process 26 1.3.E-03
GO:0005815 microtubule organizing center 2.5 7.4.E-04
GO:0030003 cellular cation homeostasis 2.5 3.6.E-03
GO:0007049 cell cycle 25 3.8.E-10
GO:0003006 reproductive developmental process 25 9.5.E-05
G0:0044092 negative regulation of molecular function 2.5 8.6.E-03
GO:0005813 centrosome 25 2.7.E-03
GC:0055066 di-, tri-valent inorganic cation homeostasis 2.4 6.9.E-03
GO:0008610 lipid biosynthetic process 2.4 1.1.E-04
GC:0000278 mitotic cell cycle 2.4 5.9.E-04
GO:0042175 nuclear envelope-endoplasmic reticulum network 2.3 7.1.E-03
GC:0005996 monosaccharide metabolic process 23 41.E-03
G0:0055080 cation homeostasis 22 7.2.E-03
GQ:0005874 microtubule 2.2 1.7.E-03
G0:0006873 cellularion homeostasis 2.1 3.2.E-03
GO:0015630 microtubule cytoskeleton 2.1 7.8.E-05
GQ:0055082 cellular chemical homeostasis 2.1 4.2.E-03
(GC:0030529 ribonucleoprotein complex 20 1.3.E-04
G0:0050801 ion homeostasis 2.0 5.1.E-03
GQO:0019725 cellular homeostasis 1.8 7.1.E-03
G0:0005694 chromosome 1.8 4.2.E-03
G0:0048878 chemical homeostasis 1.8 7.4.E-03
GO:0055114  oxidation reduction 1.6 2.5.E-03
G0:0044430 cytoskeletal part 1.6 1.2.E-03
G0:0043228 non-membrane-bounded organelle 1.5 2.7.E-06
G0:0043232 intracellular non-membrane-bounded organelle 1.5 2.7.E-06
G0:0005783 endoplasmic reticulum 1.5 9.2.E-03
G0:0005856 cytoskeleton 1.4 7.0.E-03
GO:0070013 intracellular organelle lumen 1.4 8.5.E-03
GC:0043233 organelle lumen 1.4 9.0.E-03
G0:0030554 adenyl nuclectide binding 13 6.9.E-03
GO:0001882 nucleoside binding 1.3 6.8.E-03
GO:0001883 purine nucleoside binding 13 8.6.E-03
GQ:0017076 _purine nucleotide binding 1.3 6.6.E-03
mmu00900 Terpenoid backbone biosynthesis 11.1 1.2.E-04
mmu00100  Steroid biosynthesis 9.1 34E-04
mmu00640 Propanoate metabolism 6.0 8.3.E-04
mmu03020 RNA polymerase 57 33E-03
mmu00620  Pyruvate metabolism 4.4 4.4.E-03
mmu00010 __ Glycolysis / Gluconecgenesis 3.8 1.1.E-03
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