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General Introduction

For all organisms, reproduction is essential for the flourishing of the species. Sexually
reproducing organisms must develop testes and ovaries individually to provide sperm
and eggs. Therefore, a sex-determining mechanism is an important process that
determines the sex of an individual. The sex determination system can be classified
into two groups: ESD and GSD'. Particularly, temperature-dependent sex
determination is well known as ESD in reptiles such as alligators, most turtles, and
some lizards. In Alligator mississippiensis, eggs hatched at 34°C during a critical
temperature-sensitive period produce male offspring, while eggs hatched at
temperatures below 30°C produce female offspring?. Gene expression patterns
associated with male differentiation are activated by transient receptor potential cation
channel subfamily V member 4 (TRPV4), which is a thermosensitive TRP channel at

male-producing temperature?.

On the other hand, mammals, birds, amphibians, many other reptiles, and fish
follow GSD. GSD mainly depends on the sex-determining gene on a sex
chromosome. In birds and some poikilothermal vertebrates such as frogs, have female
heterogametic sex chromosomes. Females possess one Z and one W chromosome
(ZW), whereas males possess two Z chromosomes (ZZ). In Xenopus laevis, doublesex
and mab3 related transcription factor W (DM-W) on W chromosome is found as a sex
determining gene*. DM-W is a paralogue of doublesex and mab3 related transcription
factor 1 (DMRT1/Dmrtl), which is essential for testicular differentiation in mice>® or

is related to testis formation in chicken’S.



Conversely, most mammals and some other vertebrates show a male
heterogametic XX/XY system’. Males possess one X and one Y chromosome (XY),
while females possess two X chromosomes (XX). In medaka, a paralogue of Dmrtl,
Dmy, is identified as a sex determining gene'%!!. In most placental mammals, sex-
determining region of the Y chromosome (SRY/Sry) functions as a sex-determining
gene!>!4, This gene belongs to the SRY-box (SOX) family, members of which contain
a high mobility group (HMG) domain. SRY/Sry evolved from SRY-box 3
(SOX3/Sox3) independently in mammals'>!6. SRY regulates SRY-box 9 (SOX9/S0x9)
as a transcription factor by binding to its enhancer with an HMG domain, resulting in

the trigger of testicular differentiation!”.

SOX9/Sox9, located on an autosome, is a transcription factor that belongs to the
SRY family. It was first identified in the early 1990s as a gene closely related to the
SRY gene and was initially characterized for its role in chondrogenesis and skeletal
development!®!°, SOX9 contains an HMG domain that allows it to bind to specific
DNA sequences and regulate gene expression primarily involved in various
developmental processes?’. In chondrogenesis, Sox9 acts as a master regulator,
promoting the differentiation of chondrocyte precursor cells and controlling the
expression of a cartilage-specific gene, such as collagen type II alpha 1 chain
(Col2al)?'. Sox9 is also required to maintain the testes in adult, and functions as a
pivotal regulator in embryonic testis differentiation. After SOX9/Sox9 up-regulation

by SRY in male gonads, SOX9 activates the transcription of various downstream



genes, including anti-Miillerian hormone (AMH/Amh), which promotes Sertoli cell

differentiation and testis cord formation?2.

The testis differentiation mechanism by SRY/Sry and SOX9/Sox9 is widely
conserved in most placental mammals?3>?4. Interestingly, the genus Tokudaia, a
member of Murinae (Muridae), is the exception that does not follow the system. The
genus Tokudaia consists of three species: Okinawa spiny rat (Tokudaia muenninki; T.
muenninki), Tokunoshima spiny rat (Tokudaia tokunoshimensis; T. tokunoshimensis),
and Amami spiny rat (Tokudaia osimensis; T. osimensis)*. They inhabit endemic
three islands in the southernmost part of Japan. All three species are endangered (The
IUCN Red List of Threatened Species, DOI: ¢.T21972A22409515;
e.T136695A22409747; €. T21973A22409638) and have been protected by the
Japanese government as a natural monument and national endangered species of wild

fauna and flora since 1972 and 2016, respectively.

T. muenninki (2n=44) is the only species in the genus with XX/XY sex
chromosomes?®. However, this species possesses unique sex chromosomes fused with
a pair of autosomes. The short arms derived from autosomes are called “neo-X" and
“neo-Y” regions on the X and Y chromosomes, respectively. These regions are
homologues of mouse chromosomes 11 and 1627, Due to sex chromosome-autosome
fusions, Y chromosome of 7. muenninki is exceptionally large, containing over 70
copies of Sry, of which at least three retain open reading frames?’. However, all copies
share a mutation from alanine to serine at position 21 in the HMG domain?®. The

DNA-binding ability of 7. muenninki SRY is slightly lower than that of the mouse
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homologue, but is retained in T. muenninki*®. The function in vivo using transgenic
mice remains unclear due to the lack of a polyglutamine-rich (Q-rich) domain,

resulting in instability of the SRY protein in mouse cells®’.

T. osimensis (2n=25, XO/XO) and T. tokunoshimensis (2n=45, XO/XO) lack the
Y chromosome and Sr)*%-32; thus, it has evolved a new sex-determining mechanism
independent of Sry. Indeed, expression of Sox9, a target of Sry, and its downstream
regulation are conserved in these species as well as in general placental mammals33-34,
In T. osimensis, a single sex-related genomic difference was found in a male-specific
duplication of a 17-kb unit located 430 kb upstream of Sox9 on the short arm of
chromosome 333, The duplicated unit contains a 1,262-bp element, termed 7.
osimensis Enh14 (tosEnh14), homologous to mouse Enh14 (mEnh14). The sequence
identity between mEnh14 (1,288 bp) and tosEnh14 (1,262 bp) is 87.7%?3°. mEnh14
showed robust testis-specific -Gal activity in an in vivo reporter gene assay, and
DNasel-seq, ATAC-seq, and H3K27ac ChIP-seq data all suggest that this enhancer is

active and accessible only in Sertoli cells?®.

The above information indicates that Sox9 is regulated by tosEnh14 without Sry,
resulting in sexual dimorphism in 7. osimensis. This study aimed to elucidate the
molecular mechanism of Sox9 regulation by tosEnh14 on testis development and sex
determination. Particularly, transcription factors that regulate tosEnh14 were
investigated. In Chapter I, one adult male mouse was used to explore for transcription
factors that bind to tosEnh14, aiming to investigate how tosEnh14 regulates Sox9

expression in the adult testis. The screening was performed in terms of DNA-protein
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interactions. A reporter gene assay was subsequently performed to evaluate the
transcriptional activity of the transcription factor candidates identified in the
screening. In Chapter II, screening of transcription factors was performed using the
gonads of embryos just after the sex determination. This screening was focused on the

timing and levels of expression.



Chapter 1

Exploration of a candidate transcription factor

using an adult mouse testis



1.1 Abstract

Expression of Sox9 is regulated by distal enhancers. According to a previous report,
Sox9 is not significantly activated by well-known transcription factors for Sox9 in T.
osimensis. To identify novel transcription factors regulating Sox9 through the
tosEnh14, I performed biochemical analysis here. Southwestern blotting was
performed to detect the proteins binding to the tosEnh14 probe, showing testis-
specific. Detected samples were analyzed by LC-MS/MS, and 275 genes were
identified. Referring to the results of GO analysis and the RNA-seq data in a Nr5al-
expressing progenitor cell at an embryonic stage, Amhr2, Fubpl, Gtf2f1, Rcor3, Yapl,
Bsdcl, and Fam118b were focused on as the candidates. For further screening of the
seven candidates, His-tagged recombinant proteins of each candidate were produced
bacterially and subjected to the Southwestern blotting. As a result, the tosEnh14 probe
showed specific binding to the putative recombinant protein products derived from
RCOR3. Finally, the transcription activity of tosEnh14 and its potential regulation by
RCOR3, were examined in COS-7 cells. As a result, two copies of tosEnh14 with
RCOR3 induced a modest increase in enhancer activity, whereas a single copy of it
showed significant inactivation. However, RCOR3 knockdown did not result in
significant changes in tosEnh14 activity, suggesting that RCOR3 alone may not be a

major regulator of tosEnh14.



1.2 Introduction

Several cis-regulatory regions are spread over a gene desert of >2 Mb upstream of the
Sox9-coding sequence®’. Consequently, multiple enhancers of Sox9 have been
identified upstream of Sox9 in humans and mice’®. The testis-specific enhancer of
SOX9 (termed TES), a 3.2-kb element located 13 kb upstream of Sox9 in mice, was
first identified as a testis-specific enhancer to upregulate Sox9*°. It has a 1.4-kb core
sequence termed TESCO (TES core) containing binding sites for SRY, nuclear
receptor subfamily 5, group A, member 1 (NR5A1, also known as SF1), and SOXO.
Although the Sox9 expression level is decreased in TESCO- or TES-knockout mice,
sex reversal is not induced*’. By further screening based on chromatin accessibility
screening methods, a 557-bp element (termed Enh13) located 565 kb upstream was
identified in the region homologous to human XY SR. Enh13-deletion mice show a
remarkable reduction of Sox9 expression and male-to-female sex reversal’®, providing

evidence that Enh13 is an essential enhancer to initiate testicular development.

T. osimensis also has a highly conserved Enh13 sequence*'. The nucleotide
sequence identity between 7. osimensis and mouse Enh13 (mEnh13) is 90%. All
binding sites for NRSA1, SOX9, and SRY are conserved in 7. osimensis Enh13
(tosEnh13). In a previous study, in vitro reporter gene assays demonstrated that
tosEnh13 was substantially activated in response to co-transfection of NR5SA1 and
SOX9; however, activity was not significantly increased after co-transfection of
NRS5A1 and mouse SRY*!. This result implies that tosEnh13 lacks SRY enhancer

activity in Sry-deficient species.
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Enh14, described in the general introduction part, is a testis-specific enhancer that
is active during embryonic gonad development in mice. However, Sox9 expression is
not altered in E13.5 XY gonads of mEnh14-knockout mice, indicating that mEnh14
controls Sox9 expression during a different developmental time window and/or
functions redundantly with Enh13 and/or TES in mice3®*2. An in vivo reporter assay
showed that tosEnh14 drives Sox9 expression in embryonic gonads of mice, and
embryonic gonads of XX mice in which mEnh14 is replaced with duplicated
tosEnh14 show increased Sox9 expression and decreased forkhead box L2 (FoxI2)
expression, which is a marker gene of ovarian differentiation®>. An in vitro reporter
gene assay was performed to examine whether tosEnh14 can be activated by mouse
SRY in combination with 7. osimensis SOX9 or T. osimensis NR5A 1%, The activity
of a single copy of tosEnh14 was low for all combinations. Two copies of tosEnh14
showed a 2.5-fold increase in activity compared with a single copy of tosEnh14 with a
combination of NR5SA1 and SOX9. However, this was significantly lower than the
level required for sex determination in mouse embryos, i.e., the level at which
mEnh13 is activated in response to SRY/SOX9 and NR5A1. Hence, I hypothesized

that an unknown transcription factor(s) regulates Sox9 through tosEnh14.

In addition to sex determination and testis differentiation, Sox9 also plays a
pivotal role in supporting adult Sertoli cell maintenance and spermatogenesis by
maintaining Dmrt] expression. Deletion of Sox9 mice showed transdifferentiation
from Sertoli cells to granulosa cells, resulting male-to-female sex reversal*. However,

no studies have investigated the regulatory function of tosEnh14 in adult testes. In this
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chapter, I attempted to identify candidate proteins that bind to tosEnh14 to reveal the
mechanism of Sox9 regulation via tosEnh14. I performed Southwestern blotting using
adult mouse testis extracts to screen for binding proteins to the tosEnh14. After the
mass spectrometry, seven candidate genes were picked up following molecular
functions. The binding assay was carried out using recombinant proteins of these
genes. Lastly, transcription activity of tosEnh14 and its potential regulation by one of

the identified candidate transcription factors for Sox9 were measured in COS-7 cells.
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1.3 Materials and Methods

Animal

With permission from the Agency for Cultural Affairs and the Ministry of the
Environment in Japan, all animals were released at their capture sites after a small
piece was cut from the tip of their tail. Genomic DNA was extracted from the tail
tissues as reported previously?6#4. C57BL/6N strain mice were used for the extraction
of proteins and total RNAs. All the animal experiments were approved by the
Institutional Animal Care and Use Committee of the National University Corporation,
Hokkaido University, and performed following the Guidelines for the Care and Use of

Laboratory Animals, Hokkaido University.

Protein extraction

Protein was extracted from a testis and a spleen of an identical adult mouse. Each
tissue was homogenized in RIPA buffer (Santa Cruz Biotechnology, TX) including 1
mmol/L sodium orthovanadate in ultrapure water, 2 mmol/L PMSF in DMSO, and
protease inhibitor cocktail in DMSO (NACALAI TESQUE, Kyoto, Japan), and
rotated for 2 hrs at room temperature. Debris was removed by centrifugation at 10,000
x g for 5 mins at 4°C. The supernatants were used as protein extracts and preserved at
-80°C until use. The protein concentration was measured by the BCA method using a

BCA protein assay kit (FUJIFILM Wako Pure Chemical, Osaka, Japan).
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Cloning of tosEnh14 and DNA probe synthesis

A fragment of the tosEnh14 amplified by PCR from genomic DNA was cloned into
the pGEM-T Easy vector (Promega, Madison, WI). The nucleotide sequence was
confirmed using BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific, MA) with M13 primer sets by ABI Prism 3100 genetic analyzer (Thermo
Fisher Scientific). The primer sequences are shown in Table 1. As the probes, the
tosEnh14 and green fluorescent protein (GFP) were labeled DIG each with specific
primer sets using PCR DIG Labelling Mix (Roche, Basel, Switzerland) according to
the manufacturer’s instructions. pTagGFP2-N vector (Evrogen, Moscow, Russia) was
used for a PCR template to synthesize GFP probe. After ethanol purification of DIG-
labelled PCR products, their concentration was measured by dsDNA assay using

Qubit 4 Fluorometer (Thermo Fisher Scientific).

Southwestern blotting

Fifty micrograms proteins of testis and spleen extracts were subjected to SDS-PAGE
with a 12%(w/v) polyacrylamide gel at a constant current of 20 mA for approximately
90 mins. These resolved proteins were transferred onto a PVDF membrane (pore size:
0.45 pum, Merck KGaA, Darmstadt, Germany). The membrane was hydrophilized in
methanol for 1 min and then was treated in a blotting buffer (20% (v/v) methanol,
0.04 mol/L aminocaproic acid, 0.025 mol/L Tris). Two sheets of filter paper, which

were respectively immersed in three blotting buffers (1: 10% (w/v) methanol, 0.3
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mol/L Tris, 2: 10% (v/v) methanol, 0.025 mol/L Tris, 3: 20% (v/v) methanol, 0.04
mol/L aminocaproic acid, 0.025 mol/L Tris), sandwich the membrane in order of
concentration of aminocaproic acid and Tris. Semi-dry transfer was performed at
constant current of 65 mA for 65 mins. The membrane was blocked in N101 (NOF,
Tokyo, Japan) diluted 5-fold with ultrapure water for 1 hr at room temperature. After
blocking, the probe was added at a final concentration of 50 ng/3 mL to hybridize
with proteins overnight at room temperature. The probe and protein were crosslinked
by UV for 3 mins. The membrane was rinsed in TBS-T (137 mmol/L NaCl, 2.7
mmol/L KCl, 25 mmol/L Tris-HCI (pH7.4), 0.1% (w/v) polyoxyethylene sorbitan
monolaurate (Tween-20)) and blocked for 1 hr in 5% (w/v) nonfat milk in TBS-T.
Anti-Digoxigenin-POD Fab fragments (Roche) were used at dilutions of 1:3000 and
incubated for 1 hr at room temperature. After the reaction, the membrane was washed
in TBS-T for 5 min three times. Immobilon (Merck KGaA) was used to gain
chemiluminescence and the signals were detected by LAS-3000 (FUJIFILM, Tokyo,

Japan).

Mass spectrometry

SDS-PAGE was carried out with a 12% (w/v) polyacrylamide gel at a constant current
of 20 mA for approximately 90 mins. After CBB staining, the protein bands were
excised and purified using /n-gel tryptic digestion kit (Thermo Fisher Scientific)

following the manufacturer’s instruction. These samples were analyzed by LC-

15



MS/MS at the Open Facility, Global Facility Center, Creative Research Institution,

Hokkaido University.

GO analysis

GO analysis was performed using the DAVID 6.8 (https://david.ncifcrf.gov/). GO
terms on molecular functions were obtained by functional annotation clustering. A

typical annotation name was adopted in each category.

RNA extraction and cDNA synthesis

Total RNA was extracted from a testis of an adult mouse using TRIzol (Thermo
Fisher Scientific) according to the manufacturer’s instruction. Total RNA was reverse
transcribed using PrimeScript™ Reverse Transcriptase (Takara Bio, Shiga, Japan) and

an Oligo (dT) 12-18 primer (Thermo Fisher Scientific).

RT-PCR and cloning

Based on the sequence of mouse anti-Mullerian hormone type 2 receptor (Amhr2,
NM_001356575), far upstream element binding protein 1 (Fubpl, NM_057172),
general transcription factor IIF, polypeptide 1 (Gt#f2f1, NM 133801), REST
corepressor 3 (Rcor3, NM_001346740), yes-associated protein 1 (Yap1,

NM _001171147), BSD domain containing 1 (Bsdcl, NM_133889), and family with
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sequence similarity 118 member B (Fam18b, NM_001286604), specific primer sets
were designed (Table 1). The amplicons were confirmed by electrophoresis in 0.8%
(w/v) agarose gel containing Midori Green (NIPPON Genetics, Tokyo, Japan) to
visualize DNA in TAE buffer (40 mmol/L Tris, 2.2 mmol/L EDTA <2Na, 1.2% (v/v)
acetic acid). After the treatment of 10 x A-attachment (TOYOBO, Osaka, Japan) to
adenylate 3’ end of the amplicons, each fragment was cloned into the pGEM-T Easy
vector. The nucleotide sequence of each gene was confirmed by Sanger sequence

method.

Recombinant protein expression and extraction

To construct plasmids that express His-tagged recombinant proteins bacterially, full
length of the coding sequence of each gene was subcloned from the pGEM-T Easy
vector to the pET30a (+) vector (Merck KGaA). The fragments were digested by Kpnl
and Sall and ligated to the pET30a (+) vector. The construct was transformed into
competent Escherichia coli, strain BL21, and a kanamycin-resistant clone was
obtained. Recombinant proteins were expressed with 0.4 mmol/L-1.0 mmol/L IPTG at
37°C for 3-5 hrs and extracted using xTractor buffer (Takara Bio) including 20 pg
deoxyribonuclease I (Merck KGaA) and 1 mg lysozyme (FUJIFILM Wako Pure
Chemical) following the manufacturer’s instruction. After centrifugation at 10,000 x g

for 5 mins at 4°C, supernatant was collected. Pellet was resuspended by 1%(v/v)
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Triton-X in PBS (137 mmol/L NaCl, 2.7 mmol/L KCI, 8.1 mmol/L NaH2PO4, 1.5

mmol/L KH2PO4 (pH7.4)).

Reporter and expression plasmid construction

tosEnh14 fragment and two copies of tosEnh14 fragment were previously subcloned
into the Kpnl and Mlul or Xhol restriction site of pGL3 basic vector (Promega)
containing the human beta-globin promoter*'#34¢, Full length of coding sequences of
Rcor3 was amplified with gene-specific primers added Kpnl or Xhol restriction site.
Primer sequences are shown in Table 1. The PCR products were cloned into

corresponding sites of pcDNA3.1(+) (Thermo Fisher Scientific).

Reporter gene assays

COS-7 cells were plated in a 24-well microplate at a density of 0.8 x 103 cells/well
and cultured in DMEM supplemented with 10% heat-inactivated FBS at 37°C in an
atmosphere of 5% COa. The cells in each well were co-transfected with 260 ng of the
enhancer reporter plasmid, several combinations of 200 ng of each expression vector,
and 40 ng of firefly luciferase control reporter vectors, pRL-CMV (Promega), using
Lipofectamine 3000 (Thermo Fisher Scientific). Forty-eight hours after the
transfections, reporter activity was measured using the Dual-Luciferase Reporter
Assay System (Promega) in accordance with the manufacturer’s instructions. The
reporter activity was normalized to Renilla luciferase activity as an internal control.

Each experiment was performed in triplicate at least. The data were presented as the
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mean + standard deviation (SD). Statistical significance of the assay data was

analyzed using Tukey’s range tests.

shRNA design

siDirect (https://sidirect2.rnai.jp/) was used for shRNA design. Two output sequences
with the fewest off-targets were selected as shRNA sequences (Table 1). These
sequences were cloned into BamHI and HindIlI restriction sites of pBAsi-hU6 Pur
DNA vector (Takara). The cloned sequences, including the target and hairpin loop
sequences, were obtained by annealing sense oligo DNA and antisense sequence oligo

DNA sequences (Fasmac, Kanagawa, Japan).

Cell culture and establishment of knocked down cell lines

COS-7 cells were plated in a 24-well microplate at a density of 0.8 x 103 cells/well
and cultured in DMEM supplemented with 10% FBS at 37°C in an atmosphere of 5%
COa. The cells were transfected with 500 ng of pBAsi-hU6 Pur DNA vector
containing a ShRNA cassette. Two days later, the transfected cells were collected and
subcultured in DMEM supplemented with 10% FBS contained 1 pg/mL puromycin.

Single colonies were obtained by puromycin selection.

qPCR
Total RNA was extracted from cultured cells using TRIzol (Thermo Fisher Scientific)

according to the manufacturer’s instruction. Total RNA was reverse transcribed using
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PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) (Takara)
following the manufacturer’s instruction. gPCR was performed using SYBR Green
qPCR Master Mix (Thermo Fisher Scientific) with the ABI 7300 Fast Real-Time PCR
System (Thermo Fisher Scientific). The reaction was subjected in triplicate. The
expression level was calculated by calibration curve method and then normalized to

the value of ACTB using gene-specific primers (Table 1).
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1.4 Results

Identification of 275 genes as initial candidates for factors that regulate Sox9

through tosEnh14

Testis extracts of an adult mouse underwent Southwestern blotting to detect proteins
that bind to tosEnh14 (Fig. 1A). In order to identify the specific or highly expressing
components in testis, spleen extracts were used as a negative protein control from the
reasons why same developmental origin from mesoderm and easier isolation of tissue.
A GFP-encoding sequence was used as a negative DNA control to discriminate non-
specific DNA-binding proteins such as deoxyribonuclease I and 11743, Two bands
were observed only in testis using the tosEnh14 probe. LC-MS/MS, de novo protein
sequencing, and analysis using protein identification software (Proteome Discoverer
1.4.0.288) identified 228 and 81 genes from the higher and lower molecular weight
bands, respectively (Fig. 1B). Genes counted in both the higher and lower molecular
weight bands were counted as one gene, and identified 275 genes in were selected as

initial candidates (Table 2).

Identification of seven genes by GO analysis

For the next step of screening, I investigated the functional characteristics of the 275
candidate genes by GO analysis. Approximately 40 out of the 275 genes were keratin
related gene. The top ten GO terms in each category, namely, cellular component

(CC), molecular function (MF), and biological process (BP), are shown in Fig. 2A, B,
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and C, respectively. First, I selected genes associated with the GO terms “nucleus” in
CC. Next, “DNA binding” in MF, and “regulation of transcription by RNA
polymerase 11, “positive regulation of transcription by RNA polymerase II” was
focused on but they were not ranked in 10th. Consequently, Fubp1, Gtf2f1, Rcor3,
and Yapl were selected as the candidate genes for Sox9 regulator. In addition to that,
Amhr2, encodes a receptor of AMH, was included in the candidates as it is involved in
sex determination and differentiation in several species of fish. Especially, it has been
reported as a sex-determining gene in Takifugu rubripes*®. Bsdcl was unknown
function by GO analysis, therefore they were not excluded as the candidates.
Although Fam118b was not annotated DNA-binding, it is reported to have an ability
to bind with YAP1°? which is one of the candidates in this study. In summary, a total
of seven genes, Amhr2, Fubpl, Gtf2f1, Rcor3, Yapl, Bsdcl, and Fam118b, were

selected (Table 3).

RCORS3 specifically bound to tosEnh14

To confirm that the proteins of 7 candidate genes bind to the tosEnh14, recombinant
proteins of each candidate were produced by the bacterial expression system and
subjected to the Southwestern blotting. FUBP1 and YAP1 recombinant proteins failed
to express in the E. coli, unfortunately. The results of AMHR2, GTF2F1, RCOR3,
BSDC1, and FAM118B were shown in Fig. 3A. The tosEnh14 probe showed the

binding to the putative recombinant protein products derived from GTF2F1 and
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RCOR3 (a band near 70 kDa indicated by an arrowhead in Fig. 3A). GTF2F1 showed
binding to the GFP-encoding probe indicating non-specific binding. On the other
hand, the band derived from RCOR3 was not observed using the GF/P-encoding
sequence probe. In addition, I confirmed that 6 x Histidine antibody (Bioss, MA)
recognized a 70 kDa band by Western blotting analysis (Fig. 3B). Some bands at
small molecular sizes seemed to appear by protein degradation. These results indicate

that RCOR3 is a final candidate which binds to tosEnh14.

Binding sites for RCOR3 are present in tosEnh14

RCOR3 contains a switching-defective protein 3, adaptor 2, nuclear receptor co-
repressor, and transcription factor IIIB (SANT) /Myb domains which can be classified
into three groups: DNA-binding domain, protein-protein interaction module, and the
domain that can be involved in either of these functions®'. The Myb DNA-binding
domain specifically recognizes the sequence YAAC(G/T)G>%>3, where Y represents a
pyrimidine base. Although tosEnh14 does not have the same sequence, partially
similar sequences are present in tosEnh14 (Fig. 4). This suggests that RCOR3 directly

binds to tosEnh14 and regulate Sox9.

RCORS3 induced difference activity depend on copy number of tosEnh14

To investigate the transcriptional activity of tosEnh14 and its potential regulation by

RCOR3, a luciferase reporter assay was performed in COS-7 cells. Co-transfection
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with RCOR3 significantly reduced enhancer activity when a single copy of tosEnh14
was introduced, compared to the condition without RCOR3 (Fig. 5A). However, when
two copies of tosEnh14 were co-transfected, luciferase activity was significantly
promoted by RCOR3 compared to condition without it and the single copy of
tosEnh14. These results suggest that the effect of RCOR3 on tosEnh14 activity may
depend on enhancer dosage, showing a repressive effect at low levels and a potential

activating role when enhancer copies are increased.

tosEnh14 was not activate by RCOR3 in the knocked down cell line

To further analyze the role of RCOR3 in regulating tosEnh14 activity, stable RCOR3
knockdown cell lines were generated using shRNA constructs. Considering that
transfection efficiency may not reach 100%, shRNA-expressing stable clones were
established to ensure consistent and long-term suppression of Rcor3 expression. More
than ten cell colonies were obtained. After preliminary screening by PCR, four clones
were evaluated to assess knocked down efficiency by qRT-PCR (Fig. 5B). Among the
established clones, 4C and 3A showed decreases in RCOR3 mRNA levels compared
to the empty vector control. Clone 4C demonstrated a reduction in RCOR3 expression
of approximately 46%, indicating effective knockdown. In contrast, clones 5D and 1B
exhibited expression levels similar to the control, suggesting that knockdown was

insufficient. Despite being transfected with the same shRNA, the knockdown
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efficiency of Clone 4C and 5D was drastically different. After all, clone 4C was

chosen as an RCOR3 knocked down cell line.

A luciferase assay was performed in the RCOR3 knockdown cell line to evaluate
the effect of suppressing endogenous RCOR3 on transcriptional activity of tosEnh14.
The shRNAs were designed to target only endogenous RCOR3 derived from green
monkey and not affect exogenously introduced mouse Rcor3 mRNA. Interestingly,
RCOR3 knockdown did not lead to any significant changes in any of the tested
conditions, regardless of the copy number of tosEnh14 (Fig. 5C). This result suggests
that endogenous RCOR3 alone is not sufficient to activate tosEnh14, indicating that

additional co-factors may be required for its regulatory function.
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1.5 Discussion

Several methods are available to detect DNA—protein interactions, including ChIP and
EMSA>*. However, these techniques often require information of a target protein and
are mainly used to identify the DNA regions to which the protein binds. In contrast,
methods that allow screening for unknown proteins that bind to a specific DNA
sequence are relatively limited. In this study, Southwestern blotting approaches were
employed for screening a large number of potential transcription factors. Here, |
showed a possibility that RCOR3 is a transcription factor that binds to the tosEnh14
by Southwestern blotting analyses. RCOR3 was identified as a factor that specifically
binds to tosEnh14, and its binding was experimentally confirmed, supporting the
validity of this approach. On the other hand, despite initially identifying
approximately 275 candidate genes, only one remained as a final candidate. This
significant reduction may reflect a limitation that proteins are hybridized to DNA
under denaturing conditions, which may hinder the detection of proteins that require
intact tertiary structures for DNA binding.

The identification of transcription factors involved in gene regulation is a crucial
step in understanding the molecular mechanisms underlying specific biological
processes. Given its identification as a potential transcriptional regulator for
tosEnh14, the regulatory role of RCOR3 was investigated in this chapter.
Interestingly, the reporter assay indicated that the transcriptional activity of tosEnh14
with RCOR3 varied depending on the copy number (Fig. SA). These results may

reproduce the difference of Sox9 expression levels between males and females that
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have duplicated tosEnh14 or single copy of it in 7. osimensis. These findings raise the
possibility that tosEnh14 may exhibit copy-number-dependent dual functionality,
functioning as a silencer or inactive element at low copy number, and as an active
enhancer only when present in higher numbers. This phenomenon is consistent with
previous reports of dual-function cis-regulatory elements, whose transcriptional roles
shift depending on genomic context, chromatin state, and dosage. For example,
insulator elements can block enhancer-promoter communication at low copy numbers
but act as activators at higher copy numbers in the Drosophila®>°. In the case of T.
osimensis, male-specific duplications of tosEnh14 could release from repression of
Sox9. However, the results did not provide compelling evidence to support a direct
regulatory effect of RCOR3 on tosEnh14. Although a modest increase in enhancer
activity was observed with two copies of tosEnh14 and RCOR3 present, this effect

was not replicated when RCOR3 was knocked down.

There is a possibility that RCOR3 requires additional co-factors in order to
effectively exert its regulatory function. Actually, tosEnh14 activity is more
reinforced by both NR5A 1 and SOX9 than by either of them alone*!. Previous studies
have reported that RCOR3 acts as a transcriptional co-repressor alongside other
transcription factors and chromatin modifiers®’. RCOR3 consists of an Egl-27 and an
MTAT1 homology 2 (ELM2) domain, a SANT/Myb domain, and repressor element-1-
silencing transcription factor (REST) corepressor helical domain. The function of the
ELM2 domain has been unknown. The metastasis associated 1 (MTA1) protein is a

part of the complex that has ATP-dependent nucleosome remodeling and histone
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deacetylation activities®® and is usually found at the N terminus of a myb-like DNA-
binding domain. These reports suggest that the ELM2 domain is involved in protein-
protein interaction or DNA-binding. The SANT domain is found in nuclear receptor
co-repressor and the subunits of many chromatin remodeling complexes®. Nuclear
receptor co-repressor 1 (NCOR1), which is also known to have the SANT domain,
was reported to have histone deacetylase regulator, nuclear receptor binding, and
transcription corepressor ability®’. The structure of the SANT is very similar to the
Myb DNA-binding domain®!. Both domains consist of tandem repeats of three alpha-
helices, which are arranged in a helix-turn-helix motif, each alpha helix containing a
bulky aromatic residue®®-6%93,

RCOR3 belongs to REST corepressor (CoOREST) family. REST is an essential
vertebrate zinc finger transcription factor known to suppress gene expression in
multiple cell types®*53. The transcription silencing effect of REST depends on
CoRESTs as its transcriptional corepressors®®. However, RCOR3 has also been
demonstrated to act as a transcriptional activator’’. RCOR3 exerts the positive effect
by competitively inhibiting its paralogs, REST corepressor 1 (RCOR1) and REST
corepressor 2 (RCOR2), which form repressive complexes with lysine-specific
demethylase I (LSD1), also known as Kdmla. Under normal conditions, LSD1—
RCOR1/2 complexes catalyze the removal of mono- and dimethyl groups from
histone H3 lysine 4 (H3K4me1/2)%". This modification is enriched at active enhancers
and promoters and is generally associated with active transcription®®. By binding to

LSD1 and displacing RCOR1/2, RCOR3 effectively blocks this demethylase activity,
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thereby preserving H3K4 methylation marks at target cis-regulatory elements.
Although it is unknown that these modifications occurred in testis as well, LSD1 and
the RCOR family proteins are expressed in testis®®7°,

Taken together with these functions and a result of binding to DNA (Fig. 3),
RCOR3 might be relevant at Sox9 expression by tosEnh14. If RCOR3 can be
recruited and directly bind to tosEnh14, H3K4me1/2 marks at tosEnh14 remain,
thereby promoting an open chromatin environment conducive to Sox9 activation.
Alongside other co-activators such as NR5A1 or SOX9 itself, the preservation of
H3K4 methylation mediated by RCOR3 may therefore contribute to the balance of
Sox9 expression in retention of adult testis. Moreover, a possibility remains that other
transcription factor candidates identified in mass spectrometry may work as a primary
regulator of Sox9, rather than RCOR3. In conclusion, while the current results do not
definitively confirm RCOR3 as a direct enhancer activator, they suggest its potential
involvement in the regulation of chromatin states. Therefore, further investigation is
warranted to identify other primary regulators of tosEnh14 and to clarify the

functional partners or indirect roles of RCOR3.
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1.6 Tables

Table 1 Primers or oligo DNAs used in this chapter.

Target Sequence/gene Experiment Sequence 5' to 3' (Sense/ Antisense)
AGGGTTTTCCCAGTCACGAC
pUC/M13 Cycle sequencing
TCACACAGGAAACAGCTATGAC
GGATAGAGAAGCTTGAAATGC
tosEnh14 Southwestern blotting
TTGCATGCTTTCAGGTGCTT
ATGGTGAGCAAGGGCGAGGA
GFP Southwestern blotting
TTACTTGTACAGCTCGTCCA
Ambr2 RT-PCR GGTACCATGCTGGGGACACTGGGGC
mhr.
Southwestern blotting | GTCGACCTCATTTACATACACCTGAACAG
GGTACCATGGCCGACTACTCCACAGTG
Fubp1 RT-PCR
GTCGACTTGGCCCTGAGGTGCTGGAG
i1 RT-PCR GGTACCATGGCGGCTCTAGGCTCCAG
Southwestern blotting | GTCGACCTCTTTGAGGGAGAAGTGCATC
RT-PCR GGTACCATGCCCGGCATGATGGAGAAAG
Reor3 Southwestern blotting | GTCGACGCAGGGCGAATGAGAGGTGG
cor.
GGTACCATGCCCGGCATGATGGAGAAAG
Reporter gene assay
CTCGAGTTAGTGCAGTGAAGGCTGTGAATC
GATCCACGCCTTTCTAGAGTATATGTTCACTGTGAAGCCA
HRNA #1 CAGATGGGTGAACATATACTCTAGAAAGGCGTTTTTTTA
s
AGCTTAAAAAAACGCCTTTCTAGAGTATATGTTCACCCAT
CTGTGGCTTCACAGTGAACATATACTCTAGAAAGGCGTG
RCOR3 GATCCGCACTTAAATTGTCTTACATATGTCTGTGAAGCCA
HRNA #2 CAGATGGGACATATGTAAGACAATTTAAGTGCTTTTTTA
s
AGCTTAAAAAAGCACTTAAATTGTCTTACATATGTCCCAT
CTGTGGCTTCACAGACATATGTAAGACAATTTAAGTGCG
CGGAGCCGAATACCAAGCTC
gRT-PCR
TGGAGACCATACAAGCATCCC
GGTACCATGGAGCCCGCGCAACAGC
Yap1 RT-PCR
GTCGACTAACCACGTGAGAAAGCTTTC
Bsde RT-PCR GGTACCATGGCGGAAGGGGAGGACGTG
sdc
Southwestern blotting | GTCGACTTCCCAGTCCTCCCACTCTACATC
Fam118b RT-PCR GGTACCATGGCTTCTACAGGGAGCCAG
am
Southwestern blotting | GTCGACAGTACTACAGCCTCTTATTTCACC
GATCAGCAAGCAGGAGTATGACG
ACTB gRT-PCR

AAGGGTGTAACGCAACTAAGTCATAG
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Table 2-1 Genes identified from an adult testis by LC-MS/MS.

Upper band Lower band

Accession Gene symbol Accession Gene symbol
Q9D454 4933412E24Rik Q3Vv140 Acrbp
Q8BMP6 Acbd3 P63268 Actg2
Q3Vv140 Acrbp P45376 Akr1b1
P63268 Actg2 P21300 Akr1b7
Q5SUE7 Adad1 P45377 Akr1b8
Q3UMCO Afg2a P70694 Akric6
Q60662 Akap4 P07724 Alb
P0O7724 Alb P07356 Anxa2
P09242 Alpl Q9WV54 Asah1
Q8K592 Amhr2 Q9DB16 Cab39/
P50516 Atpbvia Q06890 Clu
Q8C3R1 Brat1 P06797 Ctsl
Q80Y55 Bsdc1 Q9QZL9 Dkkl1
P06683 C9 Q99LN9 Dohh
Q8C633 Cabs1 E9Q557 Dsp
P14211 Calr P57776 Eef1d
P35564 Canx Q3UGC7 Eif3j1
008529 Capn2 Q66JS6 Eif3j2
Q80zU5 Ccdc181 P17182 Eno1
Q99LM2 Cdkbrap3 Q8C569 Fam118b
Q8BI72 Cdkn2aip P16858 Gapdh
Q497N6 Cep295n| 070252 Hmox2
P23953 Cesftc 088569 Hnrnpa2b1
Q8BHB9 Clic6 P51660 Hsd17b4
Q6NVF9 Cpsf6 P08113 Hsp90b1
P63154 Crnkl1 Q61696 Hspaia
Q8BIQ5 Cstf2 P17879 Hspai1b
Q8C7E9 Cstf2t P16627 Hspail
Q99LI7 Cstf3 P20029 Hspab
Q9CWLS8 Ctnnbl1 P63017 Hspa8
P70698 Ctps1 Q02257 Jup
Q60598 Cttn P04104 Krt1
P16381 D1Pas1 P02535 Krt10
Q501J6 Ddx17 Q61781 Krt14
Q62167 Ddx3x Q61414 Krt15
Q62095 Ddx3y Q9Z2K1 Krt16
Q61496 Ddx4 Q9QWL7 Krt17
Q61656 Ddx5 P05784 Krt18
Q9JMC3 Dnaja4 P19001 Krt19
Q8K1M6 Dnm1/ Q3TTY5 Krt2
Q9QXP4 Donson Q8vCW2 Krt25
Q9DAT79 Dpep3 Q97320 Krt27
Q99KK7 Dpp3 ABBLY7 Krt28
Q8BGD9 Eif4b P07744 Krt4
Q03173 Enah Q6IFX2 Krt42
055026 Entpd2 Q922U2 Krt5
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Table 2-2 Genes identified from an adult testis by LC-MS/MS.

Upper band Lower band
Accession Gene symbol Accession Gene symbol
Q8CHU3 Epn2 P50446 Krtéa
Q9DY9V2 Eqtn Q97331 Krt6b
Q61545 Ewsr1 Q9ROH5 Krt71
Q66LM6 Fam170a Q6IME9 Krt72
Q9WUA2 Farsb Q6NXH9 Krt73
Q8VDH1 Fbxo21 Q6IFZ9 Krt74
Q9D824 Fip1l1 Q8BGzZ7 Krt75
P50608 Fmod Q3UV17 Krt76
Q91WJ8 Fubp1 Q6IFZ6 Krt77
P56959 Fus Q8VED5 Krt79
Q61584 Fxr1 P11679 Krt8
P97855 G3bp1 QOVBK2 Krt80
P97379 G3bp2 Q99M74 Krt82
P16858 Gapdh Q99M73 Krt84
Q64467 Gapdhs P06151 Ldha
Q9CzD3 Gars1 P16125 Ldhb
P97494 Gcele P00342 Ldhc
P03995 Gfap Q9DBH5 Lman2
Q3THK7 Gmps Q9DAPO Lrrc46
P36916 Gnl1 P70670 Naca
Q3THK3 Gtf2f1 Q60817 Naca
Q8BMS1 Hadha Q61937 Npm1
Q8R081 Hnrnpl Q9CRDO Ociad1
Q8BIL5 Hook1 Q9D051 Pdhb
Q91X72 Hpx Q9D819 Ppa1
P07901 Hsp90aa1 Q9DCL8 Ppp1r2
P11499 Hsp90ab1 Q91WE2 Psme3ip1
P08113 Hsp90b1 Q91YR9 Ptgr1
Q8K0oU4 Hspa12a P14869 Rplp0
Q61696 Hspaia Q3URD3 Slmap
P17879 Hspa1b Q9ERO00 Stx12
P16627 Hspa1l Q80VLA1 Tdrkh
P48722 Hspa4l QIJMI7 Tex101
P20029 Hspab Q8CDN6 Txnl1
P63017 Hspa8 Q9WUP7 Uchl5
P38647 Hspa9

Q8BKE9 Ift74

Q8BKC5 Ipo5

Q99MN1 Kars1

Q9D3R6 Katnal2

Q60749 Khdrbs1

E9Q0C6 Kiaa1210

088448 Klc2

Q9DBS5 Klc4

P04104 Krt1

P02535 Krt10
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Table 2-3 Genes identified from an adult testis by LC-MS/MS.

Upper band

Accession Gene symbol
P08730 Krt13
Q61781 Krt14
Q61414 Krt15
Q972K 1 Krt16
QoQWL7 Krt17
P05784 Krt18
P19001 Krt19
Q3TTY5 Krt2
A1L317 Krt24
Q8VCW2 Krt25
Q97320 Krt27
AGBLY7 Krt28
Q61765 Krt31
Q62168 Krt32
Q61897 Krt33b
Q49714 Krt35
B1AQ75 Krt36
Q6IFX3 Krt40
Q6IFX2 Krt42
Q922U2 Krt5
P50446 Krtéa
Q97331 Krt6b
Q9R0OH5 Krt71
Q6NXH9 Krt73
Q6IFZ9 Krt74
Q8BGZ7 Krt75
Q3uv17 Krt76
Q6IFZ6 Krt77
Q8VED5 Krt79
Q97276 Krt85
P11438 Lamp1
QO05CL8 Larp7
P48678 Lmna
P14733 Lmnb1
Q505F5 Lrrc47
Q99KG5 Lsr
P51885 Lum
A2A9R3 Mageb4
P26645 Marcks
Q8R3CO0 Mcmbp
COHKD8 Mfap1a
P16332 Mmut
P26041 Msn
Q9R190 Mta2
Q80WJ7 Mtdh
Q99MD9 Nasp
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Table 2-4 Genes identified from an adult testis by LC-MS/MS.

Upper band

Accession Gene symbol
P09405 Ncl
Q91VD9 Ndufs1
P32507 Nectin2
Q8BG30 Nelfa
Q91YP2 Nin
P60670 Nploc4
P46460 Nsf
Q5NCR9 Nsrp1
Q61503 Nt5e
A3KGV1 Odf2
Q8K3K8 Optn
P29341 Pabpc1
Q91ZA3 Pcca
Q64338 Pdelc
P27773 Pdia3
P08003 Pdia4
Q8K124 Plekho2
Q61074 Ppm1g
Q9QURG6 Prep
008795 Prkcsh
Q8R326 Pspc1
Q8BSI6 R3hcc
Q91WG2 Rabep2
Q9CT10 Ranbp3
Q8C2Q3 Rbm14
Q6PGAO0 Rcor3
P26043 Rdx
P62983 Rps27a
Q9D39%4 Rufy3
Q8CBY1 Samd4a
Q60710 Samhd1
Q80UG5 Septin9
P29621 Serpina3c
Q80X76 Serpina3f
Q512A0 Serpina3g
PO7759 Serpina3k
Q03734 Serpina3m
Q91WP6 Serpina3n
Q61247 Serpinf2
Q64213 Sf1
Q62203 Sf3a2
Q7TSG5 Sh3d21
P10852 Sic3a2
Q62376 Snrnp70
Q9WV80 Snx1
Q91ZR2 Snx18
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Table 2-5 Genes identified from an adult testis by LC-MS/MS.

Upper band

Accession Gene symbol
Q9CWK8 Snx2
Q3V0Q6 Spag8
Q80YT5 Spata20
Q8K1N4 Spats2
Q9D5A0 Spesp1
Q8VE97 Srsf4
Q8VC66 Ssx2ip
Q7TMK9 Syncrip
Q9D3R9 Taf7l
Q9CXF4 Tbc1d15
QsovL1 Tdrkh
P97499 Tep1
Q92111 Tf
Q62313 Tgoln1
Q62314 Tgoln2
Q8BH55 Thnsl1
Q8C1A5 Thop1
Q9CzZW5 Tomm70
A2AI108 Tprn
Q9CQN1 Trap1
054887 Tsks
Q3UDE2 Tti12
P68369 Tubatla
Q9JJZ2 Tuba8
Q9ERD7 Tubb3
P46686 Tulp2
Q6PAM1 Txlna
Q6P902 Txndc2
POCG49 Ubb
POCG50 Ubc
Q8R317 Ubgin1
Q9QzMO0 Ubgin2
Q8C5U9 Ubqin3
Q99NB8 Ubgqin4
Q6P5G6 Ubxn7
Q3TLD5 Uri1
Q9D2J4 Vsig1
P29788 Vin
Q80ZK9 Wadtc1
Q6P1B1 Xpnpep1
P23475 Xrcc6
P46938 Yap1
Q9z2C8 Ybx2
Q8BJ05 Zc3h14
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Table 3 Final candidate genes and their GO terms.

similarity 118, member B

GO term in BP
Gene Gene name Gene | regulation of positive Note
symbol ID transcription regulation of
by RNA transcription
polymerase Il by RNA
polymerase I
Amhr2 anti-Mullerian hormone type 110542 Sex determination gene
2 receptor in some fish
Fubp1 far upstream element (FUSE) | 51886 v
binding protein 1
Gtf2f1 general transcription factor 98053 v
IIF, polypeptide 1
Rcor3 REST corepressor 3 214742 v
Yap1 yes-associated protein 1 22601 N
Bsdc1 BSD domain containing 1 100383 Unknown function
Fam118b | family with sequence 109229 Interaction with YAP1
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1.7 Figures
(A) (B)

Probe Enh14 GFP

Testis

Da

Fig. 1 Southwestern blotting analysis for screening proteins which bind to the

tosEnh14

(A) Testis and spleen extracts were subjected to SDS-PAGE and blotted onto the
PVDF membrane. DIG-labeled tosEnh14 and GFP-encoding sequence were used as
the probe. Signals were detected using an anti-DIG antibody. Two arrowheads
indicate testis-specific protein binding to the tosEnh14 probe. (B) CBB staining for
LC-MS/MS. Each band marked by an arrowhead was excised and subjected to LC-

MS/MS.
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Fig. 2 GO analysis of genes identified by mass spectrometry.

(A) BP, (B) CC, and (C) MF. The top ten GO terms are shown.
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Fig. 3 Southwestern blotting analysis for the binding check to the tosEnh14.

(A) The extracts from E. coli after IPTG treatment for 5 hrs were subjected to SDS-
PAGE and blotted onto the PVDF membrane. The left and right panel shows the
results of using DIG-labeled tosEnh14 and GFP-encoding probes. Signals were
detected using an anti-DIG antibody. An arrowhead indicates the protein band
interacted with the tosEnh14 probe specifically. (B) Western blotting analysis using a
6 x Histidine antibody detected the recombinant RCOR3 proteins. An arrowhead

indicates the protein band of full-length RCOR3.
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1 GGATAGAGAAGCTTGAAATGCTTTTCTGGTGCGCAGTTTGGTGGCTTATAAGCAGTTGAT 60
61 ATCTGATGAAAACCTATCCAGGAAAATGTCAAAAGGAGACAATAACCATAGGAATCTCAG 120
121 AAAGATGAGTATCTGGGGACAGAGACTTCTAAGCAGCATCAAAATGTGTTATCTTCATTC 180
181 TTGTTGGTAACTTGAGCCCCCTTCAAAGCTCTTTTTAGTGGTTAACCCCAAGAGGAACCA 240
241 TTATCAGAGAGGGGGAGTTAATTAGAGTGAGTTATTAGAATGGTCTGTCTCCCCTAAATG 300
301 GACTGEAGCTGCTGAGTCACAGTGTAAACATGACATTGGGCCACTCTGCTTCTGTGGCTT 360
361 CTTGGAATTGGATATCCTGACTTTTAAAGTCTGATATCATAAGATAAAAAAGTAAATAAA 420
421 TAAAATAAAATTATAACTCTTAGCAAACACCAGAGGAGGGTTTTCTCTTCCCGTGCAGAG 480
481 TCAGCATATAGGTGGCTCTGTGCTTAATTTTAACATTTTGGTGCCTAATCTATGTTTTCA 540
541 GTGTATTATTTATCAAGGGAAATATTCTCCTTCTATAAAATGGCCATAGTTCCTAGATAT 600
801 GTGTTTTAGCTGLGTGGATAATAGCTATATTATTTGGAGTCACACTGCTCAGTGCCATCG 660
661 CTGCAAAAAGGGAGATTTTGCCTGAAGGTCACAATATAATAAAACCATTTTTCCTCATTG 720
721 CTGCTGAAAGAATTTTAAAGGGAGCAGGTGCAAGGCTTGAGAGGGAGGCTGAGTTGTATA 780
781 AAGGACCTCCTCTTTGCTCCTTTGACTTTTCTTTCCTCAAAATGTTCTTTGACATATCAT 840
841 TATTAAACAGTTTGATGATACACATATGCCTGGCCCTAGAAAAACAAACACACATCGATT 900
901 ATAAAGAAACCAAAAGACACACAGACAAGCTACATATATAAAGACACACAACCCAATCTT 960
961 CCTTCCCTCTGTCTCAGTGTACACAGGTCTGGGAATGAAAAGTCATCCTAAGATTAAAGA 1020
1021 AGTAAATAGGTGCCTGCTGTCCCTAGGTATCTCTGGTGGATGAACTTTATAAGCCEAGCT 1080
1081 GEAATTTAGCTAATGGACCTTTCTTATCAGAATGTCACCATAAACGCTCACATGAGTAA 1140
1141 GTGCTCTAGCCTGCCCAGGCAACCTTCATCTGGCATCAATCATTCCATAACACGAGCCCA 1200
1201 TGAGGACTATAACAGICCTAGGTGTCTATGATTTCCAATGCCCAAGCACCTGAAAGCATGC 1260
1261 AA

Fig. 4 Putative binding sites for RCOR3 in tosEnh14.

Putative binding sites for Myb DNA-binding like domains of RCOR3 are indicated by

dashed frames.
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Fig. 5 Relative luciferase activity of Enh14 with or without RCOR3 in COS-7

cells.

(A) A luciferase assay was performed using the single copy of tosEnh14 (+) or two

copies of tosEnh14 (++) reporter vectors. Data are shown as mean + SEM (n = 3).

*p<0.05. ** p <0.01. (B) Relative RCOR3 mRNA expression levels in COS-7 cells

transfected with shRNA constructs or empty vector control, as determined by qRT-

PCR. 5D, 4C, 1B, and 3A mean each clone name. (C) A luciferase assay was

performed using the single copy of tosEnh14 (+) or two copies of tosEnh14 (++)

reporter vectors in knocked down cells 4D. Data are shown as mean = SEM (n>3).
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Chapter 11

Identification of candidate transcription factors

expressing in embryonic gonads
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2.1 Abstract

I explored novel transcription factors that regulate Sox9 via tosEnh14 using mouse
embryonic samples. To detect proteins that bind to tosEnh14 DNA, Southwestern
blotting analysis was performed using mouse embryonic gonad extracts. Bands of a
similar molecular weight but prominent in males and faint in females were subjected
to mass spectrometry analysis. Peptides derived from 174 genes were identified, and
eight genes associated with GO terms such as “DNA binding” and “regulation of
transcription by RNA polymerase II” were selected. For further screening, the
expression level of each gene was examined using sScRNA-seq data of mouse
progenitor cells, which differentiate into Sertoli cells in mouse embryonic testes and
granulosa cells in embryonic ovaries. Finally, five genes (Elf2, Etv6, Fizl, Gtf2f1, and
Trim27) whose expression was confirmed in seminiferous tubules of embryonic day
13.5 (E13.5) XY embryos by whole-mount in situ hybridization were selected as
candidates. Hence, the five genes may regulate Sox9 through tosEnh14 in embryonic

gonads.
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2.2 Introduction

SRY binds to the enhancers of Sox9 and synergistically upregulates Sox9 expression
with NR5A13°. An additional factor, GATA-binding protein 4 (GATA4), interacts
with NR5A1 and zinc finger protein FOG family member 2 (FOG2) to regulate
expression of Sry and Sox97!-72. After SRY expression disappears, SOX9 binds to its

enhancer in order to maintain its expression via self-regulation’”.

In humans, the SOX9 enhancer has been found in patients with DSD patients who
have a complete SOX9-coding sequence but mutations in the upstream region.
Referring to genetic information of a large number of patients, overlapping regions
have been defined as potentially regulatory elements. To functionally validate these
candidate regulatory regions, cell-based reporter gene assays have been employed to
demonstrate enhancer activity. This integrative approach combining human genetic
data and experimental enhancer assays has provided strong evidence for the existence
of long-range enhancers that regulate SOX9 expression and contribute to human sex
development. Actually, CNV mapping in the genomes of DSD patients with a SRY-
positive 46,XY karyotype identified a 32.5-kb region located 600 kb upstream of
SOX9, called XYSR”. Subsequent analysis of DSD patients carrying CNVs refined
this to a small 5.2-kb region*¢. Additionally, a 68-kb region ~600 kb upstream of
SOX9 called XXSR (also known as RevSex) was identified by screening of CNVs in
DSD patients with a SRY-negative 46,XX karyotype’®>”7° and further refined it to 24
kb*. By screening of additional patient genomic and bioinformatic data, three

putative enhancers were identified: eSR-A in XY SR, eSR-B in RevSex, and eALDI*,
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By cell-based reporter assays, all three enhancers showed synergistic activity with
different combinations of testis-specific regulators including SRY, NR5A1, and

SOXO0.

In mice, the process of sex determination occurs during a narrow window of
development in a fetal gonad. This begins around embryonic day (E) 10.5 and
becomes morphologically evident by E12.5. Bipotential gonads, which is derived
from the genital ridge, has a capacity to differentiate into testes or ovaries depending
on genetic sex’%”’. In XY embryos, Sry is transiently activated at E10.5 and peaks
around E11.5 in the pre-Sertoli cells of the developing testis, and then disappeared at
E12.07%7. Only Sry-positive cells in XY gonads express high levels of Sox9,
subsequently differentiating into Sertoli cells®*3!. Following the loss of Sry
expression, SOX9 maintains its own expression through a positive feedback loop*°.
SOX9 activates the downstream targets required for testis differentiation such as
Amh??, fibroblast growth factor 9 (Fgf9)3%?, and desert hedgehog (Dhh)%. By contrast,
in XX embryos where Sry is absent, Sox9 is not activated. Consequently, the
supporting cells differentiate into granulosa cells, leading to ovarian development.
This process is promoted by the expression of ovarian development factors, such as
wingless-type MMTYV integration site family, member 4 (Wnt4), R-spondin 1 (Rspol)

and Fox[2, which repress testis development pathways3+83,

In this chapter, mouse embryonic gonads extracts were used to explore unknown
transcription factors that bind to the tosEnh14 DNA sequence at sex determination

period. I also performed Southwestern blotting and subsequently mass spectrometry
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analysis, which identified 174 candidate genes. Further screening involved GO
analysis and expression analysis using sets of RNA-seq data of progenitor cells, which
differentiate into Sertoli cells in mouse embryonic testes. To further validate
expression localization of candidate genes, I confirmed expression of each gene in
E13.5 XY mouse gonads by WISH. Finally, five genes with expression patterns
resembling that of Sox9 were identified as candidates for transcription factors that

regulate Sox9 through tosEnh14.
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2.3 Materials and methods

Animals and embryo staging

B6D2F1/Jcl mice were used for protein and total RNA extraction and WISH. All mice
were purchased from a local vendor (Hokudo, Sapporo, Japan). Timed mating was
used for all embryonic experiments. E0.5 was defined as noon on the day of vaginal

plug detection.

Cloning of tosEnh14 and DNA probe synthesis

I followed the method in Chapter I.

Southwestern blotting

Proteins were extracted from four gonads and mesonephros of E13.5 mice with RIPA
buffer (Merck KGaA) containing 1 mmol/L sodium orthovanadate prepared in
ultrapure water, 2 mmol/L PMSF prepared in DMSO, and a protease inhibitor cocktail
prepared in DMSO (NACALAI TESQUE). Twenty micrograms of protein was
subjected to SDS-PAGE with a 10% (w/v) polyacrylamide gel at a constant current of

20 mA for approximately 90 min. Subsequent processes were described in Chapter 1.
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Mass spectrometry analysis

I followed the method in Chapter 1.

GO analysis

GO analysis was performed using DAVID (v2024q2)
(https://davidbioinformatics.nih.gov/). For other procedures, I followed the method in

Chapter 1.

scRNA-seq analysis

Data from the NCBI BioProject (accession no. GSE97519) were used for the analysis
in XY3%. Each dataset obtained by scRNA-seq (GSE97519) was first trimmed in
TrimGalore v0.6.7. Next, using whole mouse genome data (GCF_000001635) in the
database as a reference, trimmed reads were mapped using STAR v2.7.9a with the
GTF file. The TPM values were calculated by RSEM v1.3.3. Data for Sox9-
expressing cells was extracted from XY. Likewise, GSE119766 was used for the

analysis in XX®. Data for Fox/2-expressing cells were extracted from XX.

RNA probe design and synthesis

Total RNA was isolated from a gonad of a E13.5 mouse using TRIzol (Thermo Fisher

Scientific) according to the manufacturer’s instructions. cDNA was synthesized using
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a PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time) (Takara Bio)
following the manufacturer’s instructions. Partial sequences of candidate genes were
amplified and cloned into the pGEM-T Easy Vector. Primer sequences are shown in
Table 4. The nucleotide sequence was confirmed by Sanger sequence method. After
linearization of the plasmids by digestion with Apal, Spel, or Sphl, RNA probes were
synthesized using a MaxiScript SP6/T7 Transcription Kit (Thermo Fisher Scientific)
and labeled with digoxigenin-11-deoxyuridine 5-triphosphate using DIG RNA

Labeling Mix (Roche).

WISH

Standard protocols for WISH were used with minor modifications®®. Briefly,
gonad/mesonephros complexes were dissected and fixed in 4% (w/v) PFA prepared in
PBS-T (DEPC treated PBS containing 0.1% (v/v) Triton X-100) overnight at 4°C.
Samples were gradually dehydrated using ethanol (25%, 50%, and 75% (v/v)) diluted
in PBS-T and stored in 100% ethanol at -30°C. After rehydration, samples were
treated with 5 pg/mL proteinase K in PBS-T at 37°C for 10 min and then fixed in 4%
PFA prepared in PBS-T at room temperature for 15 min. Samples were pre-hybridized
in hybridization buffer (750 mmol/L NaCl and 75 mmol/L trisodium citrate pH 7.0,
50% (v/v) formamide, 2% (w/v) Blocking Reagent (Roche), 0.1% (w/v) CHAPS,
0.1% (v/v) Triton X-100, 1 ug/mL yeast tRNA (Merck KGaA), 50 pg/mL heparin

sodium, and 5 mmol/L EDTA) at 65°C for 1 hr. Subsequently, samples were
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hybridized with DIG-labeled RNA probes overnight at 65°C. The next day, samples
were incubated in blocking solution (1.5% (w/v) Blocking Reagent, 187.5 mmol/L
NaCl, 50 mmol/L Tris, 10 mmol/L KCI, 10 mmol/L maleic acid, and 0.1% (v/v)
Triton X-100) and then with Anti-Digoxigenin-AP, Fab fragments (Roche) diluted
1:2000 in the solution at 37°C for 1 hr each. Alkaline phosphatase was detected using
NBT/BCIP Stock Solution (Roche). At least three urogenital complexes were used for
expression analysis of each gene and sex. Antisense and sense probes were tested in
parallel, and only signals specific to antisense probes were reported as gene-specific

expression.
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2.4 Results

Identification of 174 genes as initial candidates for factors that regulate Sox9

through tosEnh14

Gonad extracts of E13.5 mice underwent Southwestern blotting to detect proteins that
bind to tosEnh14 (Fig. 6A). An in vivo reporter gene assay was previously performed
using transgenic mice carrying two fragments of tosEnh14 with the Sox9 promoter
and the reporter gene lacZ>. XY transgenic embryos showed robust B-Gal activity in
the testis compared with the weak activity in the ovary of XX transgenic embryos.
According to this result, among the bands detected by Southwestern blotting, bands of
a similar molecular weight but prominent in males and faint in females (indicated by
arrows in Fig. 6A) were subjected to LC-MS/MS (Fig. 6B). In total, 50, 15, and 47
genes were identified from the higher molecular weight band of males, females, and
both sexes, respectively (Fig. 6C left). In total, 63, 10, and 32 genes were identified
from the lower molecular weight band of males, females, and both sexes, respectively
(Fig. 6C right). Genes counted in both the higher and lower molecular weight bands
were counted as one gene, and 174 genes identified in males and both sexes were
selected as initial candidates (Table 5). Base on the suggestion that Sox9 regulators
are also expressed in female gonads™®, genes identified in both sexes were also

considered as candidates.
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Identification of seven candidate genes by GO and RNA-seq analyses

For the next step of screening, I investigated the functional characteristics of the 174
candidate genes by GO analysis. The top ten GO terms in each category, namely,
cellular component (CC), molecular function (MF), and biological process (BP), are
shown in Fig. 7A, B, and C, respectively. I selected genes associated with the GO
terms “nucleus” in CC, “DNA binding” in MF, and “regulation of transcription by
RNA polymerase II”, “positive regulation of transcription by RNA polymerase 117,
and “positive regulation of DNA-templated transcription” in BP because these are
characteristics of the transcription factors of interest (Fig. 7C). Additionally, genes
with GO term “positive regulation of DNA-binding transcription factor activity”
which was not ranked 10th, were selected. This left eight genes as candidates: E74-
like factor 2 (Elf2), ets variant 6 (Etv6), Flt3 interacting zinc finger protein 1 (Fizl),
Gtf2f1, v-rel reticuloendotheliosis viral oncogene homolog A (avian) (Rela), tripartite
motif-containing 27 (Trim27), tripartite motif-containing 28 (77im28), and zinc finger

protein 58 (Zfp58) (Table 6).

To determine whether these candidate genes are expressed in embryonic gonad
cells at the developmental stage during which Sox9 expression is regulated, the
expression levels of the candidate genes were confirmed using scRNA-seq data
reported previously®®. The scRNA-seq data was used from the NCBI bioproject which
was obtained from NR5A1-GFP-positive cells in XY gonads of transgenic male mice
at various embryonic stages, E10.5, E11.5, E12.5, E13.5, and E16.5. A portion of

NRS5AT1-positive cells in embryonic gonads at sex determination differentiate into
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Sertoli cells by transiently expressing Sry and upregulating Sox9 expression via SRY.
NRS5AT1-positive cells lacking Sry and Sox9 expression differentiate into other cell
types such as Leydig cells. Therefore, I extracted the sScRNA-seq data of cells
expressing Sox9 and calculated TPM value of each candidate gene, as well as Sry and
Sox9 as controls (Fig. 8A). In mice, expression of Sry starts at E10.5, peaks at E11.5,
and disappears after E12.5%. I confirmed the same transient pattern in the TPM
calculation of Sry (Fig. 8A). Sox9 is expressed in male and female gonads at E10.5.
However, it is upregulated only in male gonads at E11.5 because Sry regulates its
expression®®?, A similar pattern i.e., upregulation at E11.5, was confirmed in the
TPM calculation of Sox9 (Fig. 8A). These results indicate that this TPM calculation
was reliable. In most mammalian species, Sry is essential for initial male sex
differentiation. Insufficient Sry expression causes Sox9 reduction and gonadal
feminization®'. However, the peak expression level is extremely low and the timing of
expression is limited®?. Therefore, I thought that the candidate transcription factors
would need to be expressed at levels equal to or higher than Sry at between E10.5 and
E12.5. The expression levels of Zfp58 were lower than that of Sry, therefore, Zfp58

was excluded from candidates.

To elucidate expression level of the candidate genes in female supporting cells, I
also calculated TPM value using scRNA-seq data of XX embryonic gonads®’. T
extracted Fox/2-expressing cells data as an antagonist of Sox9. Values for TPM
calculations in XX were obtained from E12.5, E13.5, and E16.5 because Fox/2

expression is initiated around E12.5%. Expression level of Elf2, Trim27, and Trim28
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were higher in XY than in XX in all stages (Fig. 8B). For other genes, the difference
in expression levels between XY and XX varied depending on the stage. To further
examine the results obtained from these in silico analyses, I performed in vivo

analysis using mouse embryonic gonads.

Five candidate genes are clearly expressed in seminiferous tubules

To examine the expression patterns of the candidate genes in male and female
embryonic gonads at E13.5, I performed WISH using urogenital tissues (gonad on the
mesonephros). The expression pattern of Sox9 is shown in Fig. 9 as a positive control.
Sox9 was highly expressed in seminiferous tubules of male gonads, but was weakly
expressed in female gonads. These patterns are identical to those reported
previously®. Rela was not clearly expressed in seminiferous tubules of male gonads.
Trim28 was highly expressed not only in male but in female. Therefore, Rela and

Trim28 were excluded as candidates.

All candidate genes except Rela were clearly expressed in seminiferous tubules,
but their expression levels differed. The male expression levels of Etv6, Fizl, Gtf2f1,
Trim27, and Trim28 were identical to the results of the TPM calculation (Fig. 8A).
However, while EIf2 was relatively highly expressed according to WISH (Fig. 9), it
was weakly expressed according to the TPM calculation (Fig. 8A). Therefore, I may
have observed expression in cells other than Sertoli cells in WISH. All genes were

also expressed in female gonads. In addition, Fizl, Gtf2f1, and Trim27 were expressed
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at lower levels in females than in males, but Elf2, Etv6, and Trim28 were also strongly

expressed in females.

Binding sites for three candidates are present in tosEnh14

After these screening processes, five genes were identified as final candidates: E/f2,
Ewo, Fizl, Gtf2f1, and Trim27. Of these candidates, the DNA-binding sites for ELF2
and ETV6 have been reported, and their consensus binding motifs are GGAA and
ccGGAAgt, respectively®>3. According to JASPAR 2024%, the putative binding sites
for human ELF2 and ETV6, which share 100% identity with mouse ELF2 and ETV6
in the DNA-binding domain ETS, are present in tosEnh14 (Fig. 10). These results
support the possibility that ELF2 and ETV6 are transcription factors that bind to
tosEnh14. The binding site for FIZ1 is unknown, but the consensus binding sequence
for Sp1, which contains the same DNA-binding motif as FIZ1, is GGGCGG or GAG

repeats!®

, indicating that FIZ1 binds to similar sequences. Of note, tosEnh14 contains
a GAGGAG sequence (Fig. 10). Gtf2f1 encodes RAP74 protein, whose binding site is
also unknown. RAP74 is a subunit of the general transcription initiation factor
TFIIF'!. TFIIF binds to TATA box!%2103, suggesting that RAP74 binds to the TATA
box. Although it has not been reported that RAP74 binds to an enhancer region,
promoter-enhancer interaction often observed. Indeed, tosEnh14 contains a TATA-

like sequence (Fig. 10). As for the remaining gene, 7rim27, no binding sites have

been reported and therefore I could not confirm them.
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2.5 Discussion

I identified five candidate genes as regulators of Sox9. Two of them, Elf2 and Etv6,
are members of the ELF and TEL subfamilies of the ETS transcription factor family,
respectively, which contain a DNA-binding domain termed the ETS domain'%,
Members of the ETS family play important roles in various basic biological
phenomena such as development, differentiation, cell proliferation, immune
responses, and apoptosis!®. Elf2, also known as Nerf, plays an important role in
hemopoietic development!®®. ELF2 contains a transactivation domain at the N-
terminus'%*. It has two major isoforms, ELF2A and ELF2B, which activate and
repress expression of their target genes, respectively!'?’. Mouse Elf2a is more highly
expressed in the testis than EIf2b, whereas Elf2b is generally expressed at a higher
level in the thymus and spleen'%®. ELF2 transcriptionally regulates target genes
involved in lymphocyte development and function, such as B and T cell co-receptor
proteins and tyrosine kinases, by binding to promoter or enhancer regions!%1%, Tt also
regulates valosin-containing protein (¥CP) expression by binding to the 5'-flanking
region of VCP in MCF-7 cells!'°. However, the function of EIf2 in gonads or testes
has not been reported. These findings support that E/f2 is involved in embryonic

testicular development.

Etv6, also known as Tel, was first identified by its rearrangement in human

chronic myelomonocytic leukemia associated with a chromosomal translocation'!!.

Expression of Etv6 starts from E7.0 at the latest and spreads widely in embryo and

adult mouse tissues, including the testis!!?. Etv6 homozygous knockout is embryonic
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lethal in mice and no embryos survive after E13.5, suggesting that Etv6 is essential for
normal development, particularly hematopoiesis and vascular development'!2. In
ETVe6-overexpressing cells, p53 and its downstream target genes are upregulated,

13 Target genes of ETV6, as well as of ELF2, in embryonic

inducing apoptosis
gonads are unknown; hence, it is necessary to validate the function of these candidates

at the sex determination stage.

One of the remaining three candidates, Trim?27, also known as Rfp, belongs to the
tripartite motif (TRIM) family and is classified into the IV subfamily based on the
structure of the C-terminal region. TRIM proteins in class IV contain a PRY domain
and a SPRY domain in addition to the RING, b-box, and coiled-coil domains, similar
to other subfamily proteins!'4. Although RFP is well-known as a DNA-binding
protein and a transcriptional repressor!'>-1'7 it also functions as a positive
regulator''®!1° Rfp initiates expression at least as early as E8.5, and is expressed in
testis and some other tissues in adult mice!?%!2!, In testis, RFP is localized in the
nuclei of Sertoli cells and in the cytoplasm of round spermatids'??, indicating that Rfp
is related to embryonic development and spermatogenesis. This report is the first
finding that RFP may be associated with Sox9 in fetal Sertoli cells. FIZ1 was
originally isolated as an F/¢3 (receptor tyrosine kinase)-interacting zinc finger
protein'?3, Fizl is a widely expressed gene of unknown function. In the retina, FIZ1
acts as a transcriptional regulatory protein complex at the active rod- and cone-
specific gene promoter region in mice'?*. FIZ1 contains 11 C(2)H(2)-type zinc fingers

related to DNA binding. The C(2)H(2) zinc finger domain is also found in Sp1, which
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binds to the promoter region of Wilms’ tumor 1 (W¢/) and Sry and regulates their
expression'?>!26_ Interestingly, tosEnh14 contains an Sp1 binding site, suggesting that

FIZ1 has the potential to regulate Sox9 in embryonic gonads.

The final candidate gene, Gtf2f1, encodes RAP74, which heterodimerizes with
RAP30 to form the general transcription initiation factor TFIIF!?!, TFIIF binds to
RNA polymerase II and helps to recruit it to the initiation complex in collaboration
with TFIIB!?7. Subunits of both TFIIF and Pol II crosslink to nucleotides located
upstream and downstream of the TATA box!'%19, The Sox9 promoter contains a

128

TATA-like sequence that is conserved in mouse and human'<°. It is possible that

RAP74 regulates Sox9 by associating with the promoter and tosEnh14.

In testicular development, ets variant 2 (Etv2) is upregulated by SRY and then
ETV2 regulates Sox9 by binding to its promoter region in mouse!?°. This regulation is
conserved in 7. osimensis®*, but its involvement with tosEnh14 has not been
demonstrated. In this study, Efv2 was undetected by mass spectrometry analysis,
suggesting that it is unlikely to function through tosEnh14. In contrast, ELF2 and
ETV6, which belong to the same ETS transcription factor family as ETV2, were
identified by mass spectrometry and have predicted binding sites in tosEnh14,
suggesting that they are especially strong candidates for regulating Sox9 through
tosEnh14. To verify their function, it is necessary to conduct reporter gene assays to

assess their transcriptional activity and confirm their roles as tosEnh14 regulators.

58



2.6 Tables

Table 4 Primers used in the chapter.

Target Sequence/gene Experiment Sequence 5' to 3' (Sense/ Antisense)
GGATAGAGAAGCTTGAAATGC
tosEnh14 Southwestern blotting
TTGCATGCTTTCAGGTGCTT
AGCCAGAGAAGGAAAAGGAAACAC
Elf2 WISH
AGGAACCGTCGTGAGTAGGG
CATTGGGAGAATAGCAGACTGTAG
Etvé WISH
TGCTCGGTGGCTTGTCTAAG
AACGACCCTACCGATGCTCTG
Fiz1 WISH
CATGAGTGAGCTTGTGGCGTTC
AGCAAGCTGGAGCAGGGGAAG
Gtf2f1 WISH
GGCATCACTCTTTGAGGGAGAAGTG
TACTTGCCAGACACAGATGATCGC
Rela WISH
CTGAGAGACCATTGGGAAGCC
GTGAAATACACCAAGGACCACAC
Trim28 WISH

CTCAGCCACAATCTTGCCAAAGG
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Table 5-1 Genes identified from embryonic gonads by LC-MS/MS.

Upper band

Male Female Both

Accession Gene symbol Accession Gene symbol Accession Gene symbol
Q80US4 Actrb P30658 Cbx2 P02772 Afp
Q91258 Al661453 Q8CJ40 Crocc P07724 Alb
088845 Akap10 P70303 Cips2 Q3TMWA1 Ccdc102a
P50516 Atpbvia Q8CIB9 Esco2 Q6NVF9 Cpsf6
QOVF22 Ccdc138 QI9CPN8 1gf2bp3 Q8BIQ5 Cstf2
Q9DC48 Cdc40 A2A9R3 Mageb4 Q501J6 Ddx17
A3KGW5 Cercam P09405 Ncl P58252 Eef2
Q9CXV9 Dcun1d5 Q04207 Rela Q8BGD9 Eif4b
Q6P9R1 Ddx51 Q9DBU3 Riok3 Q9WUA2 Farsb
Q9z247 Fkbp9 P14576 Srp54 Q61576 Fkbp10
P97379 G3bp2 Q8R317 Ubqin1 P35922 Fmr1
P26049 Gabra3 Q8VHI6 Wasf3 P56959 Fus
Q8CHY6 Gatad2a P59326 Ythdf1 Q61584 Fxr1
Q3THK3 Gtf2f1 Q91YT7 Ythdf2 Q60760 Grb10
Q61696 Hspata Q8BYK6 Ythdf3 Q9DOE1 Hnrmpm
P01869 Ighg1 P07901 Hsp90aa1
P01837 Igkc P20029 Hspab
E9Q1P8 If2bp2 Q8R3Y8 Irf2bp1
Q3TCX3 Khdc4 Q99MN1 Kars1
Q3UoVv1 Khsrp Q99JN2 Klhi22
Q9QWT9 Kifc1 QO05CL8 Larp7
Q9DBS5 Klc4 P14733 Lmnb1
Q61084 Map3k3 P21619 Lmnb2
Q8R3CO0 Mcmbp Q505F5 Lrrc47
Q9CQG2 Mettl16 Q6NSQ7 Ltv1
P54729 Nub1 Q8VCFO0 Mavs
Q99JX7 Nxf1 Q5NCR9 Nsrp1
Q7TSV4 Pgm?2 P29341 Pabpc1
P33611 Pola2 Q9EQ61 Pes1
P49443 Ppm1ia QOVGB7 Ppp4r2
Q8CEC6 Ppwd1 008795 Prkcsh
Q8CIG8 Prmt5 Q922H1 Prmt3
Q8VCT3 Rnpep Q9CT10 Ranbp3
D3YXK1 Samd1 Q8VH51 Rbm39
Q60710 Samhd1 Q8C796 Rcor2
Q9DBCO Selenoo Q8VEE4 Rpa1
Q9EP97 Senp3 Q80UG5 Septin9
Q64213 Sf1 Q8BKJ9 Sirt7
P10852 Slc3a2 Q91ZR2 Snx18
Q9CWK38 Snx2 Q9DBG7 Srpra
Q8VE97 Srsf4 Q6A028 Swap70
Q9CQN1 Trap1 P40142 Tkt
Q61510 Trim25 Q9CzZW5 Tomm70
Q62158 Trim27 Q02053 Uba1
Q62318 Trim28 Q6P5G6 Ubxn7
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Table 5-2 Genes identified from embryonic gonads by LC-MS/MS.

Upper band

Male Both

Accession Gene symbol Accession Gene symbol ‘
Q99KW3 Triobp P23475 Xrccb

Q3UDE2 Ttll12 Q8R060 Zwilch

Q8BGG7 Ubash3b Q3TMW1 Ccdc102a

Q99NB8 Ubgin4 Q6NVF9 Cpsf6

Q62523 Zyx Q8BIQ5 Cstf2
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Table 5-3 Genes identified from embryonic gonads by LC-MS/MS.

Lower band

Male Female Both

Accession Gene symbol Accession Gene symbol Accession Gene symbol
P50544 Acaadvl P61222 Abcet Q9Z0X1 Aifm1
Q5XG73 Acbdb P80315 Cct4 P14824 Anxa6
P02772 Afp Q9D1LO Chchd2 P49919 Cdknic
Q8col1 Agps Q8K1M6 Dnm1l Q8BI72 Cdkn2aip
P07724 Alb Q9ERGO Lima1 Q501J6 Ddx17
P27106 Amh Q8BTW9 Pak4 Q61656 Ddx5
Q9DBR3 Armc8 Q7M6Y3 Picalm Q8BMF4 Diat
Q80X53 Ccdc116 Q8BP71 Rbfox2 Q8BJW6 Eif2a
Q99LM2 Cdkbrap3 P14576 Srp54 Q8JZQ9 Eif3b
Q9WUM3 Coro1b Q60770 Stxbp3 Q8BGD9 Eif4b
P52825 Cpt2 P97360 Etv6
Q9R194 Cry2 P97379 G3bp2
Q8BIQ5 Cstf2 Q9DOE1 Hnrnpm
A2ATUO Dhtkd1 088477 lgf2bp1
Q8BL99 Dop1a Q5SF07 lgf2bp2
P58252 Eef2 Q60787 Lep2
Q9JHW4 Eefsec Q9CRC8 Lrrc40
Q9JHC9 EIf2 P09405 Ncl
Q8K2I9 Fbh1 Q9D6Z1 Nop56
QOWTJ4 Fiz1 Q02819 Nucb1
P56959 Fus Q63850 Nup62
P97855 G3bp1 Q9EQ28 Pold3
Q9EST1 Gsdma QoD787 Ppil2
P20029 Hspab Q04207 Rela
Q8BK58 Hspbap1 Q91YQ5 Rpn1
Q9CPN8 lgf2bp3 Q8BKJ9 Sirt7
Q02257 Jup Q9CSN1 Snw1
Q3UoV1 Khsrp Q60864 Stip1
008677 Kng1 Q9CzZB3 Thumpd?2
054785 Limk2 P40142 Tkt
P14733 Lmnb1 Q62318 Trim28
P24527 Lta4h Q02053 Uba1
P17897 Lyz1

Q91YJ5 Mtif2

Q99MD9 Nasp

Q8R480 Nup85

Q8BH04 Pck2

Q8BSN5 Phf23

Q80UG2 PIxna4

P36993 Ppm1b

Q8VI36 Pxn

Q9DO0I9 Rars1

Q8VH51 Rbm39

Q9JJF3 Riox1

Q8BLK9 Rps6kc1
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Table 5-4 Genes identified from embryonic gonads by LC-MS/MS.

Lower band

Male

Q512A0 Serpina3g
Q61247 Serpinf2
Q91WCO0 Setd3
Q64213 Sf1
Q9DAG4 Spmip9
Q80z11 Trnp1
Q6P7W5 Tsen2
Q8R317 Ubqin1
Q3TIX9 Usp39
Q9Z0K8 Vnn1
Q91YD9 Wasl
088342 Wdr1
Q9D99%4 Wdr38
Q3TUF7 Yeats2
P59326 Ythdf1
Q91YT7 Ythdf2
Q8BYK6 Ythdf3
P16372 Zfp58
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Table 6 Candidate genes and their GO terms.

GO term in BP
regulation of | positive positive positive
transcription regulation of | regulation regulation
by RNA transcription of DNA- of DNA-
polymerase Il | by RNA templated binding
polymerase Il | transcription | transcription
Gene Gene factor
symbol Gene name ID activity
Eif2 E74-like factor 2 69257 v v
Etv6 ets variant 6 14011 v v
Fizt FIt3 interacting zinc finger 23877 y y
protein 1
GH2F1 general transcription factor 98053 y
IIF, polypeptide 1
v-rel reticuloendotheliosis 19697
Rela viral oncogene homolog A v v v
(avian)
Trim27 tripartite motif-containing 27 19720 v
Trim28 tripartite motif-containing 28 21849 v
Zfip58 zinc finger protein 58 238693 v
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2.7 Figures
(A) (B)

Male Female Male Female
kDa kDa
180—
1307 - — 80—
95— - 130—
72— < <
< | 05— e
52— 72— R 3
43—
52—
34—
(C)
Upper band Lower band
Male Male
50 47 15 63 32 10

Fig. 6 Screening of proteins that bind to tosEnh14 DNA.

(A) Southwestern blotting analysis to detect proteins that bind to tosEnh14.
Arrowheads indicate bands of a similar molecular weight that are prominent in males
but faint in females. (B) CBB staining for LC-MS/MS. Each band marked by an
arrowhead was excised and subjected to LC-MS/MS. (C) Venn diagram of genes

identified in males and/or females.
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Fig. 7 GO analysis of genes identified by mass spectrometry.

(A) BP, (B) CC, and (C) MF. The top ten GO terms are shown.
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Fig. 8 Expression levels of Sry or FoxI2, Sox9, and eight candidate genes.

The TPM value of each gene was calculated using scRNA-seq data of progenitor
cells, which differentiate into (pre-)Sertoli cells (A) or (pre-)granulosa cells (B) in

mouse embryonic gonads.
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Fig. 9 Expression of Sox9 and candidate genes in E13.5 mouse gonads examined

by WISH.

WISH was performed using partial sequences of each target gene. Scale bars indicate

1 mm.
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1 GGATAGAGAAGCTTGAAATGCTTTTCTGGTGCGCAGTTTGGTGGCTTATAAGCAGTTGAT 60
61 ATCTGATGAAAACCTATCCA&%AAAATGTCAAAAGGAGACAATAAC CATAGGAATCTCAG 120
121 AAAGATGAGTATCTGGGGACAGAGACTTCTAAGCAGCATCAAAATGTGTTATCTTCATTC 180
181 TTGTTGGTAACTTGAGCCCCCTTCAAAGCTCTTTTTAGTGGTTAACCCCAAGAGGAACCA 240
241 TTATCAGAGAGGGGGAGTTAATTAGAGTGAGTTATTAGAATGGTCTGTCTCCCCTAAATG 300
301 GACTGCAGCTGCTGAGTCACAGTGTAAACATGACATTGGGCCACTCTGCTTCTGTGGCTT 360
361 CTTGGAATTG GATAT&(F:ZTGACTTTTAAAGTCTGATATCATAAGATAAAAAAGTAAATAAA 420
421 TAAAATAAAATTATAACTCTTAGCAAACACCA GTTTTCICTTCCCGTGCAGAG 480
481 TCAGCATATAGGTGGCTCTGTGCTTAATTTTAACATTTTGGTGCCTAATCTATGTTTITCA 540
541 GTGTATINRRINICAAGGGAAATATTCTCCTTCTATAAAATGGCCATAGTTCCTAGATAT 600
601 GTGTTTTAGCTGCGTGGATAATAGCTATATTATTTGGAGTCACACTGCTCAGTGCCATCG 660
661 CTGCAAAAAGGGAGATTTTGCCTGAAGGTCACAATATAATAAAACCATTTTITCCTCATTG 720
721 CTGCTGAAAGAATTTTAAAGGGAGCAGGTGCAAGGCTTGAGAGG GAGGCT"%EE%—FTzGTATA 780
781 AAGGACCTCCTCTTTGCTCCTTTGACTTTICTTTCCTCAAAATGTTCTTTGACATATCAT 840
841 TATTAAACAGTTTGATGATACACATATGCCTGG'E’(ZE(E?A GAAAAACAAACACACATCGATT 900
901 ATAAAGAAACCAAAAGACACACAGACAAGCTACATATATAAAGACACACAACCCAATCTT 960
961 CCTTCCCTCTGTCTCAGTGTACACAGGTCTGGGAATGAAAAGTCATCCTAAGATTAAAGA 1020
1021 AGTAAATAGGTGCCTGCTGTCCCTAGGTATCTCTGGTGGATGAACTTTATAAGCCCAGCT 1080
1081 GCAATTTAGCTAATGGCACCTTTCTTATCAGAATGTCACCATAAACGCTCACATGAGTAA 1140
1141 GTGCTCTAGCCTGCCCAGGCAACCTTCATCTGGCATCAATCATTCCATAACAC GAG%VC@CA 1200
1201 TGAGGACTATAACAGCCTAGGTGTCTATGATTTCCAATGCCCAAGCACCTGAAAGCATGC 1260

1261 AA

Fig. 10 Putative binding sites for ELF2 and ETV6 in tosEnh14.

Binding sites for ELF2 and ETV6 are bold and underlined, respectively. GAG repeat

is surrounded by a black frame and TATA-like sequence is painted by black.
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General discussion

The aim of this study was to investigate the regulatory mechanisms of Sox9 in 7.
osimensis, a rodent species lacking the Y chromosome and Sry, with a particular focus
on the testis-specific enhancer tosEnh14. Chapter I demonstrated that biochemical
screening using Southwestern blotting and mass spectrometry identified RCOR3 as a
promising transcription factor candidate that binds specifically to tosEnh14. On the
contrary, a similar approach using embryonic mouse gonads revealed five different
candidate transcription factors and RCOR3 did not detect in Chapter I1. The
identification of distinct factors in each chapter suggests that tosEnh14 may interact
with different sets of transcription factors depending on developmental stage and be
able to serve multiple roles in testis. In hematopoietic differentiation, GATA-binding
enhancers where GATA-binding protein 2 (GATA?2) is replaced by GATA-binding
protein 1 (GATAT1) as cells transition from progenitor to more differentiated states,
thereby altering gene regulatory outcomes without changing enhancer!°. Similarly,
the distinct transcription factors that engage with the tosEnh14 enhancer in the fetal
and adult testes may reflect a mechanism by which the enhancer contributes to
different regulatory programs during testis development. During the window of sex
determination, ELF2, ETV6 and/or potentially other candidate factors may trigger
Sox9 transcription through tosEnh14, thereby initiating testis differentiation. In testis
development, RCOR3 may gradually replace initiation factors and sustain Sox9
expression by maintaining an active chromatin state, thereby supporting Sertoli cell

identity and long-term testicular function.
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tosEnh14 with RCOR3 exhibited enhancer activity from the modest increase in
transcriptional activity observed in reporter gene assays. Furthermore, the copy
number of tosEnh14 causes differences in enhancer activity. These results not only
advance understanding of Sox9 regulation in 7. osimensis but also provide valuable
insights into the function of the homologous mEnh14, which indicates compensation
of testis-specific enhancers for Sox9 such as Enh133°, In fact, the sequence identity
between mEnh14 and tosEnh14 is 87.7%3%, and almost putative binding sites are also
conserved in mEnh14. By identifying transcription factors that interact with tosEnh14
and demonstrating its transcriptional activity in vitro, this study offers candidate
mechanisms and regulatory contexts that may be conserved in mouse. These findings
suggest that multiple conserved transcriptional regulators may act on tosEnh14, even

across species.

On the other hand, the difference is not so much and may not generate the Sox9
expression level required for testis development®-#°, As mentioned in Chapter I, one
possibility is the presence of other factors to intensify the activity of tosEnh14. The
regulation of Sox9 by tosEnh14 is complex and possibly combinatorial, suggesting
that RCOR3 may contribute to its regulation but is unlikely to act alone. Another
reason is that they imply a possibility that other cis-elements besides tosEnh14 in
male-specific duplication also contribute to Sox9 regulation. According to high-
quality long-read-based chromosome-level genome assemblies, male-specific

sequences that repressed recombination are contained in the 17-kb sequence!3!.
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Therefore, the identification of other cis-elements is required to understand Sox9

regulatory mechanism in 7. osimensis further.

Mammals comprise over 6,000 extant species and are classified into three major
groups: monotremes, marsupials, and eutherians'?. The XY sex chromosome system
is thought to have originated in the common ancestor of marsupials and eutherians
approximately 160 to 180 million years ago!'**!34. Although both marsupials and
eutherians possess SRY/Sry, monotremes such as platypuses and echidnas lack the
SRY altogether and instead retain SOX3, the presumptive evolutionary precursor of
SRY, on their autosomes'3>136, Monotremes possess a complex sex chromosome
system consisting of five pairs of X and Y chromosomes, which are more similar to
the avian ZW system than to the XY chromosomes found in therian
mammals'3>137-138 These observations suggest that SRY emerged in the common
ancestor of marsupials and eutherians, probably at around the same time as the Y
chromosome originated. Despite the evolutionary conservation of SRY/Sry among
most eutherians, the genus Ellobius and Tokudaia have been discovered in which Sry
is completely absent. E. talpinus and E. tancrei lost the Y chromosome, and males
also possess two X chromosomes'3*142. E. lutescens has 2n=17 and is XO/XO,
lacking Sry'#3. Sox9 remains a pivotal gene in testis differentiation and is likely
regulated by conserved evolutionarily conserved region (ECR) in TESCO, which may
function as an enhancer in E. lutescens'*>. However, the specific genomic sequences
or regulatory elements in males that activate Sox9 in this species remain unknown. By

contrast, a male-specific duplication including tosEnh14 suggests regulation of Sox9
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in T. osimensis®>. Despite their geographic and genetic isolation, E. lutescens and T.
osimensis appear to have converged on a common solution, that is enhancement of
Sox9 expression by cis-elements as an alternative to Sry function. This suggests that
enhancer-mediated regulation of Sox9 could be a flexible and conserved mechanism
for sex determination in placental mammals. The emergence of Sry-independent
regulatory strategies centered on Sox9 could reflect an underlying robustness in the
mammalian sex-determining network, whereby enhancer elements can compensate for
the loss of the ancestral regulation by Sry. These findings suggest that such enhancer-
based mechanisms may constitute a universal backup system intrinsic to mammalian

genomes.

Y chromosome carries the sex-determining gene SRY/Sry in mammals. However,
the Y chromosome has progressively degenerated throughout evolution, and its
potential disappearance in the future has been suggested'*. On the other hand, the Y
chromosome has lost only a single gene since the divergence of humans and rhesus
monkeys (Macaca mulatta) 25 million years ago, suggesting that it is unlikely to
disappear'#>146, This study aims to elucidate the sex determination mechanism in 7.
osimensis, a model animal that has already lost its Y chromosome and produces male
individuals. In this study, I demonstrated that a regulatory factor for Sox9 is not a
unique gene in 7. osimensis, but rather a widely conserved gene that has acquired a
new role as a sex-determining gene. This implies that the loss of the Y chromosome
does not necessarily lead to the extinction of males. Instead, mechanisms of

alternative gene activation for male development may already exist or have been
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evolutionarily acquired to maintain sex determination stability in mammals that have
lost their Y chromosome. Thus, the significance of this study extends beyond the
specific context of 7. osimensis. This study provides new insights into the

evolutionary plasticity of sex determination mechanisms.
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