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Ar, androgen receptor

BrU, 5-Bromo-2’-Uridine

ceRNA, competing endogenous RNA
CRISPR/Cas9, clustered regularly interspaced short palindromic repeat/ Cas9
DIG, digoxigenin

dpp, days postpartum

Dox, Doxycycline

ELISA, enzyme-linked immunosorbent assay
eRNA, enhancer-RNA / enhancer-derived RNA
FSH, follicle-stimulating hormone
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H3K27ac, H3 lysine 27 acetylation

H3K4mel, H3 lysine 4 mono-methylation

KD, knockdown

KO, knockout
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IncRNA, long noncoding RNA

miRNA, microRNA
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OE, Overexpression

gRT-PCR, quantitative reverse transcription-polymerase chain reaction

RACE, rapid amplification of cDNA ends



RNA-seq, RNA-sequencing

RPKM, reads per kilo-base of exon per million-mapped reads
RT-PCR, reverse transcription-polymerase chain reaction
S.D., standard deviation
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General Abstract



Long noncoding RNAs (IncRNAs) are a class of noncoding RNAs that are composed of more than
200 nucleotides (nt). The testis carries a number of IncRNAs that are assumed to be indispensable for
male reproduction, but their functions are poorly understood. Here, I reported the presence of a newly
identified testis-specific RNA, Steroidogenesis activating IncRNA in testis (Starf), and showed
evidence which provided the physiological significance and molecular mechanism. Start was found in
both nuclei and the cytosol in germlines and Leydig cells, but there was no expression in Sertoli cells.
Based on RNA-sequencing (RNA-seq) and quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) results in Start-knockout (KO) mice and qRT-PCR in Leydig cell lines
overexpressing Start, | concluded that Start regulated a subset of steroidogenic genes in Leydig cells.
Indeed, serum testosterone was significantly reduced in Start-KO male. Intriguingly, by in vitro
studies, I found that both cytosolic Start and its target genes could be targeted by the microRNA
(miRNA) pathway in a Leydig cell line. This result led me to conclude that Start regulates
steroidogenesis via the miRNA pathway. In addition, I also noticed that expression of two Protease,
Serine (Prss)/ Testis specific serine protease (7essp) genes in the testis was decreased by Start-KO.
Consistently, reporter assays revealed that a 5.4-kb genome sequence encompassing Start could act as
an enhancer for the two Prss/Tessp genes, and demonstrated that the transcriptional level of Start was
positively correlated with the enhancer activity. Collectively, I concluded that Start is a multi-
functional testis-specific IncRNA, which regulates steroidogenesis in the cytosol of Leydig cells via
the miRNA pathway, and also activates transcription of adjacent Prss/Tessp genes in germ cell nuclei

via its enhancer function.



General Introduction



The testis consists of germ cells and somatic cells including Sertoli cells and Leydig cells, and
play extremely important roles in the male reproductive system for spermatogenesis and steroid
synthesis. Spermatogenesis takes places in seminiferous tubules with a nutritious support of nursing
Sertoli cells and generates haploid spermatozoa from diploid spermatogonia [1-5]. On the other hand,
steroidogenesis is mainly driven by Leydig cells that reside outside of seminiferous tubules. Leydig
cells mainly release testosterone as a final steroid product, and the secreted testosterone is received by
the hypothalamus and pituitary [6-11]. The pituitary governs secretion of luteinizing hormone (LH)
depending on the amount of testosterone secretion and eventually controls testosterone production in
Leydig cells, forming a feedback system termed as the hypothalamus-pituitary-gonadal axis
(HPG_axis). Once steroidogenesis in Leydig cells is disturbed, diagnostic defects appear in male
reproductive context [12,13]. Thus, these two distinct functions, namely spermatogenesis and
steroidogenesis, must be orchestrated precisely to guarantee quality of male reproductive trails
throughout lifespan; however, regulatory mechanisms lying on those two functions are still not well
uncovered.

IncRNAs are a class of noncoding RNAs which are longer than 200 nt in length. They act as
gene regulators at various levels including transcription, post-transcription and translation, without
being translated [14-18]. A number of studies have reported that IncRNAs play roles in lots of
biological process in vivo, although their physiological functions in male reproduction still remain
elusive. According to an increasing number of transcriptomic analyses, the testis expresses many more
IncRNAs than any other tissues, suggesting their significance in testis-specific functions [19,20]. For a
last decade, several studies have attempted to reveal their contribution to spermatogenesis, but only
few of them could partially describe their significance [20-23]. In terms of functions of IncRNAs in
steroidogenesis, much less studies have been published [24,25]. Moreover, they mainly focused only
on a profiling of IncRNAs that are available in Leydig cells, not on the physiological function of each
transcript. Therefore, functional investigation for each testis IncRNA in steroidogenesis along with

spermatogenesis is strongly desired to describe the mechanism underlying the male reproductive
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system in-depth. To reveal functions of testis IncRNAs, our group has attempted and successfully
identified several novel transcripts in mouse [23,26-28]. Intriguingly, two of these noncoding
transcripts were found to be transcribed at the gene cluster which is specifically activated in the testis.

The mouse Prss/Tessp gene locus is located at 110,795-110,870 kb of mouse chromosome 9.
This locus consists of six serine-protease genes that are specifically or dominantly expressed in the
testis [29-31]. Of six, Prss42/Tessp-2 and Prss43/Tessp-3 are known to be essential for complete
progression of meiosis, implying the significance of this locus in male reproduction. In addition, our
previous studies identified two IncRNAs, IncRNA-HSVIII and Tesra, at intergenic regions between
Prss42/Tessp-2 and Prss44/Tessp-4, and Prss44/Tessp-4 and Prss43/Tessp-3, respectively [27,28].
Both an enhancer flanking to /ncRNA-HSVIII and the Tesra transcript are involved in Prss42/Tessp-2
transcriptional activation synergistically in spermatocytes, suggesting the importance of these
intergenic elements/factors for accurate control of protein-coding genes at the locus. However, how
this locus is adequately regulated during spermatogenesis was not fully uncovered.

In chapter 1, I found the expression of a newly identified IncRNA, Start, which was transcribed
at the intergenic region between Prss43/Tessp-3 and Prss45, and the physiological significance in the
murine testis. Start was found only in the testis, especially in germ cells and Leydig cells, and was
localized both in nuclei and the cytosol. By utilizing strong advantages of KO mice and RNA-seq
analyses, we identified a subset of steroidogenic genes as candidates that were regulated by Start in
Leydig cells. Consistently, the serum testosterone level was low in KO mice, and those steroidogenic
genes were responsive to Start overexpression (OE) in two Leydig cell lines. Thus, I concluded they
were truly regulated by this IncRNA.

In chapter 2, I attempted to reveal a molecular basis of Start function in Leydig cells.
Intriguingly, reporter gene assay revealed that knockdown (KD) of the argonaute RISC catalytic
subunit 2 (4go2), a major endonuclease involved in the microRNA (miRNA) pathway, rescued
reporter activity decreased by including the Start sequence, suggesting its involvement in the miRNA

pathway. Subsequently, both Start and its target steroidogenic genes showed negative correlation in
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their expression with proteins involved in miRNA biogenesis such as Ago2 [32-35]. Moreover,
significant reduction in expression of steroidogenic genes by Ago2 OE was recovered by Start OE.
Collectively, Start and its target genes were found to be downregulated by the miRNA pathway for
precise control of steroidogenesis in Leydig cells.

In chapter 3, I focused on Start function in germ cell nuclei, and found that expression of two
Prss/Tessp genes was dramatically decreased in Start-KO testes compared to wild type males,
implying Start function in a cis-regulatory mechanism. Further in vitro analyses revealed that a 5.4-kb
genome sequence encompassing Start could act as an enhancer for those Prss/Tessp genes and the
enhancer activity was positively correlated with transcriptional activity of Start. Collectively, the
current study is the first report of a multi-functional testis-specific IncRNA which acts in both
spermatogenesis and steroidogenesis, and provides its molecular basis to control such testis-specific

functions precisely.



Chapter 1
A testis-specific long noncoding RNA, Start, is a regulator of

steroidogenesis in mouse Leydig cells



Abstract

Many IncRNAs, are expressed in the testis, but their functions and overview are not well understood.
The mouse Prss/Tessp locus contains six serine protease genes and two IncRNAs that have been
suggested to play important roles in spermatogenesis. Here, I found a novel testis-specific IncRNA,
Start, in this locus. Start is 1,822 nt in length and was found in both nuclei and cytosol in germ cells
and Leydig cells, but there was no expression in Sertoli cells. Star-KO mice generated by the
clustered regularly interspaced short palindromic repeat/ Cas9 (CRISPR/Cas9) system were fertile and
showed no morphological abnormality in adults. However, in adult Star-KO testes, abnormal
expression of steroidogenic genes, was revealed by RNA-seq and qRT-PCR and significant low level
of the serum testosterone was shown by enzyme-linked immunosorbent assay (ELISA) analysis. This
low testosterone level in adult Star-KO mice was thought to be compensated by enhancement of
androgen receptor (Ar) expression in the pituitary and apparently normal luteinizing hormone (LH)
secretion. Interestingly, at 8 days postpartum (dpp), relatively early postnatal stage, both steroidogenic
gene expression and testosterone level were decreased in Star#-KO mice, and a reduced number of
Leydig cells was observed. Since OE of Start in two Leydig-derived cell lines resulted in elevation of
the expression of steroidogenic genes, Start is likely to be involved in their upregulation. Collectively,
my results strongly suggest that Start is a regulator of steroidogenesis in Leydig cells. The current

study provides an insight into the overall picture of the function of testis IncRNAs.

Introduction

Testis has two main functions: spermatogenesis and androgen production. Spermatogenesis is
regulated within the seminiferous tubules that contain germ cells and Sertoli cells and consists of three

steps: mitosis, meiosis and spermiogenesis [1,2]. Some of the mitotically proliferating spermatogonia
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enter meiosis to differentiate into haploid spermatids via primary and secondary spermatocytes, and
mature spermatozoa are formed by spermiogenesis. During these processes, Sertoli cells nurse germ
cells to support sperm development by releasing glial cell line-derived neurotrophic factor signaling
molecules, retinoic acid, and growth factors [3-5]. Leydig cells, another type of somatic cells, reside in
the interstitial regions among the seminiferous tubules and produce androgens such as testosterone [6-
8]. Testosterone is a major androgen produced in the steroidogenesis pathway in Leydig cells and
plays a critical role in spermatogenesis by targeting Sertoli cells [36,37]. Dysfunction of Leydig cells
frequently leads to disruption of spermatogenesis due to insufficient serum testosterone [12,13].

In mammals, androgen production is precisely controlled by the HPG_axis [9-11]. The
hypothalamus secretes gonadotropin-releasing hormone (GnRH) and induces the secretion of LH and
follicle-stimulating hormone (FSH) from the pituitary to Leydig and Sertoli cells in the testis.
Testosterone is produced and secreted in response to LH in Leydig cells for spermatogenesis and
simultaneously suppresses the production and secretion of GnRH and gonadotropins in the
hypothalamus and pituitary, respectively, by a negative feedback loop [10,11,38]. Moreover,
steroidogenesis is known to be controlled by autocrine and paracrine factors within the testis [39,40].
While the hormonal endocrine system that is responsible for steroidogenesis in the HPG_axis has been
relatively well characterized [41,42], the molecular mechanism underlying the precise control of
spermatogenetic genes is unclear. The findings in previous studies suggest some pivotal roles of a
novel regulator in spermatogenesis and androgen production in the testis.

Recent high-throughput studies have revealed that the testis expresses much more IncRNAs
than those expressed in other tissues [19,43]. IncRNAs are noncoding RNAs that are comprised of
more than 200 nt and they exhibit a wide variety of non-translational functions including gene
regulation [14-18]. During meiosis, many IncRNAs are differentially transcribed [44,45], and the
functions of several IncRNAs in the testis have been revealed. For instance, testis IncRNAs have been
shown to function in meiotic entry in spermatogonia, activation of immune-related genes in primary

spermatocytes, and regulation of postmeiotic genes [20-23]. Moreover, some studies have suggested a
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function of IncRNAs in testicular somatic cells [24,26,46,47].

Our group previously identified two testis-specific IncRNAs at the Prss/Tessp locus located at
110,795-110,870 kb of mouse chromosome 9 [27,28]. This locus contains six Prss genes that are
specifically or predominantly expressed in the testis and encode serine proteases (Fig. 1-1) [29-31].
Among the protein-coding genes, it has been suggested that Prss42/Tessp-2 and Prss43/Tessp-3 are
essential for the progression of spermatogenesis and that the noncoding regions are involved in
transcriptional regulation of the Prss42/Tessp-2 gene [27,28]. Those studies indicate that there are
diverse molecular species and functions of IncRNAs in the testis. However, very little evidence for in
vivo functions of IncRNAs in spermatogenesis and steroidogenesis has been provided.

In this study, I identified a novel IncRNA, Start, transcribed at the Prss/Tessp locus. Start was
found to be transcribed downstream of the Prss43/Tessp-3 gene (Fig. 1-1) exclusively in the testis,
especially in germline and Leydig cells. Using Start-deficient mice and cultured Leydig cell lines,
Start was found to be a regulator of steroidogenesis in the testis. This is the first identification of an

IncRNA finetuning the steroidogenic pathway in the testis.

Materials and Methods

Animals

The experimental procedures used in this study were approved by the Institutional Animal Use
and Care Committee at Hokkaido University and by the Animal Care and Use Committee of the
National Research Institute for Child Health and Development. C57BL/6Ncl mice (CLEA Japan Inc.,
Tokyo, Japan) and Start-KO mice (ICR and mixed background of C57BL/6 and DBA2, Sankyo Labo
Service Corporation) were maintained on 14 hr light/10 hr dark cycles at 25°C and given food and
water ad libitum. In the analysis of Start-KO mice, we used male mice at 64-83 dpp as 2.5-month-old

adult mice.
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Reverse transcription-polymerase chain reaction (RT-PCR) analysis

Total RNAs were extracted by ISOGEN and ISOGEN II (Nippon Gene, Tokyo, Japan) for
tissues and cultured cells, respectively, according to the manufacturer’s instructions. After treatment
with TurboDNase (Thermo Fisher Scientific, Rockford, IL, USA), the RNAs were reverse-transcribed
into cDNAs with the oligo(dT) primer or random hexamer using Superscript III (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions. A random hexamer was used for RT-PCR to
check tissue distribution (Fig. 1-3A), and oligo(dT) was used for other experiments. PCR was
performed using ExTaq polymerase (Takara, Otsu, Japan) or KOD Fx Neo (Toyobo, Tokyo, Japan).
For strand-specific RT, “Start full length” reverse and “Start full length” forward primers were used to
synthesize Start sense and antisense cDNAs, respectively, and a reaction temperature of 55°C was

used to avoid non-specific binding of primers. Primer sequences are shown in Table 1-1.

Rapid amplification of cDNA ends (RACE) analyses

For 5’RACE, cDNA was generated using a gene-specific primer 1 (GSP1) and total RNAs from
mouse male germ cells. After purification of cDNA with a QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany), oligodeoxycytidine was added by terminal deoxynucleotidyl transferase (Takara).
The first-round PCR was performed with an abridged anchor primer (AAP) and GSP2. For the second
nested amplification, GSP3 and an abridged universal amplification primer (AUAP) were used.

For 3’'RACE, cDNA was prepared by reverse transcription with oligo(dT) connected to an
adaptor sequence (AP). The first-round PCR was conducted by using primers, AP and GSP4. The
second nested amplification was carried out with the same adaptor primer and GSPS5.

All of the PCR products were subcloned into the EcoRV site of a pBluescript II KS(+) vector
(Stratagene La Jolla, CA, USA), which carries T nt at the end, by the TA-cloning method, and 10

subclones for each sample were sequenced. All of the primer sequences are listed in Table 1-1.
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qRT-PCR

cDNAs were synthesized as described above using the oligo(dT) primer. PCR was performed by
using SYBR Green PCR Master Mix for protein-coding genes (Thermo Fisher Scientific) and KOD
SYBR gPCR Mix for Start (Toyobo). In both cases, the 7300 real-time PCR system (Applied
Biosystems, Foster City, CA, USA) was used as previously described [48]. The relative expression
levels were normalized to endogenous Gapdh or Aip mRNA. Primer sequences are shown in Table 1-

L.

Preparation of germ cell, Sertoli cell, and Sertoli/Leydig cell fractions

Native germ cells were isolated from two adult mouse testes, and their purity was checked by
marker gene expression as previously described [29,48]. Sertoli cells were obtained from 11-day-old
testes for primary culture as previously described [26,49]. The Sertoli/Leydig cell fraction was
obtained from 6-month-old testes by using a discontinuous Percoll gradient (20%, 37%, and 53%) as

previously described [27].

Cytosolic and nuclear extraction from germ cells

Subcellular fractions were obtained by using NP-40 lysis buffer (10 mM Tris HCI [pH 7.5],
10 mM NaCl, 3 mM MgCl,, 0.5% NP 40) containing 1x proteinase inhibitor cocktail (Roche
Molecular Biochemicals, Mannheim, Germany) as previously described [27,50]. The nuclear fraction

was collected as a pellet after centrifugation, and the supernatant was used as the cytosolic fraction.

In situ hybridization

The RNA probes to detect Start were prepared as follows. The full length of Start was amplified
by RT-PCR with mouse testis cDNA and a primer pair of Start full length (Table 1-1) using KOD Fx
Neo and was subcloned into the EcoRV site of a pBluescript II KS+ vector (pBlue-Start). After the

sequence had been confirmed, the full length was cut out by EcoRI and HindlIII digestion, blunted by
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T4 DNA polymerase (Takara), and inserted into the blunted Ps: site of a pGEM-3Zf(+) vector. The
resulting plasmid was linearized with Apal and Notl digestion for synthesizing sense and antisense
RNA probes, respectively. Digoxigenin (DIG)-labeled RNA probes were synthesized using a DIG
RNA labeling kit (Roche Molecular Biochemicals) with SP6 RNA polymerase for a sense probe and
T7 RNA polymerase for an antisense probe.

In situ hybridization with the Tyramide Signal Amplification Plus system (PerkinElmer,
Waltham, MA, USA) was performed according to the procedure reported previously [27,51]. Briefly,
adult mouse testes were fixed for 3 h at 4°C with 4% paraformaldehyde in phosphate buffered saline
(PBS). After washing with PBS, each testis was dissected into two pieces with a razor blade under a
dissecting microscope. The two pieces of testis were dehydrated, embedded in paraftin, and cut into 7-
um-thick sections. The sections were hybridized with 2 ng/ul of the DIG-labeled RNA probe overnight
at 45°C. After washing, the sections were incubated with an anti-DIG-horseradish peroxidase antibody
(1:500 dilution; Roche Molecular Biochemicals) for 30 min at room temperature. The reaction with
tyramide-Cy3 (1:50 dilution in 1X Plus Amplification Diluent (PerkinElmer), followed by 1:100
dilution with distilled water) was performed at room temperature for 20 min. To detect nuclei, the
sections were incubated with 10 pg/ml Hoechst 33258 at room temperature for 10 min. The samples
were mounted with a Fluoro-KEEPER Antifade Reagent (Nacalai Tesque, Kyoto, Japan) and observed

under an LSM 5 LIVE confocal microscope (Carl Zeiss, Oberkochen, Germany).

Generation of Start-KO mice

sgRNA sequences were designed by CRISPRdirect (https://crispr.dbcls.jp/) [52]. sgRNAs were
synthesized and purified by using a CUGA7 gRNA Synthesis Kit (Nippon Gene) according to the
manufacturer’s instructions. The selected sequences were Start sgRNA-UP
(AGTACTTCCCTAGGTAAATGAGG) and Start sgRNA-DOWN
(GTAACATCCTGTCATATTGCGGG), in which proto-spacer adjacent motif (PAM) sequences are

underlined. Oligo DNA sequences used for sgRNA synthesis are listed in Table 1-1.
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For injection, oocytes were collected from F1 hybrid (C57BL/6 x DBA/2) BDF1 female mice
that were superovulated by standard procedures [53] and fertilized in vitro with sperms from male
mice of the same genetic background. CAS9 protein (100 ng/ul; Nippon Gene) and sgRNAs (250
ng/pl each) were microinjected into the cytoplasm of fertilized oocytes. The oocytes were cultured in
KSOM medium overnight, and embryos at the two-cell stage were transferred to pseudo-pregnant ICR

female mice on the next day.

Spermatogenetic cell count by Giemsa-staining

Testes from wild type and Start-KO mice were washed with PBS, and tunica albuginea were
removed. The tissues were soaked into 1% sodium citrate solution for 15 min to be washed, and the
ice-cold mixture of ethanol and acetic acid (1:1; fixation liquid) was added for fixation. Then,
seminiferous tubules were torn into pieces in 60%-diluted fixation liquid and filtered through a paper
towel. The cells were fixed and washed again with fixation liquid, collected by centrifugation at 6,000
rpm, and suspended in fixation liquid.

Collected testicular cells were spread onto a slide and stained with 5% Giemsa/phosphate buffer
solution (pH 7.3) for 10 min at room temperature. The slides were observed under a light microscope

and the number of each cell type was counted.

RNA-seq analysis

RNA-seq analysis was performed as previously described [23,54]. In brief, total RNAs were
isolated from a wild-type testis and Start-KO testis (line #2) of mice at the age of 2.5 months using
ISOGEN according to the manufacturer’s protocol. The RNAs were treated with TurboDNase to
completely remove genome DNA, and the quality of the RNA samples was evaluated by
electrophoresis and BioAnalyzer (Agilent Technologies, Palo Alto, CA, USA) with RNA6000 nano
tip. cDNA synthesis was performed with 500 ng RNA from each sample by using a TruSeq Stranded

mRNA Sample preparation kit (Illumina, San Diego, CA, USA) according to the manufacturer’s

16



protocol. The resulting cDNA library was validated using BioAnalyzer with DNA1000 Chip and
quantified using NEBNext Library Quant Kit for [llumina (NEB, Ipswich, MA, USA). A total of 101-
cycles single-end sequencing was performed using HiSeq1500 (Illumina) in the rapid mode. After
conversion to fastq format, reads were mapped to the mouse reference genome, mm10, with Bowtie2
software. The expression level of each gene was calculated as gene-specific Reads Per Kilobase of
exon per Million mapped reads (RPKM). Total reads, mapping rates, and accession numbers are

summarized in Table 1-2.

Testosterone measurement

A blood sample from each mouse was collected into a microtube and kept on ice for 1-2 hr until
it became clotted. The sample was then centrifuged at 2,000g for 10 min at 4°C. The supernatant was
collected as serum and quickly frozen by liquified nitrogen. The serum from adult mice was diluted 10
or 20 times with milli-Q water and used for enzyme-linked immunosorbent assay (ELISA) analysis,
and that from 8 dpp mice was used after 3.3 times dilution. Serum testosterone concentration was
measured by using a Cayman Testosterone EIA kit (Cayman Chemical, Ann Arbor, MI, USA)

according to the manufacturer’s instructions.

Morphological observation of testes

Wild-type and Start-KO mice were euthanized, and their body weights were measured. Then
testes were isolated and their weights were measured. The testes were fixed with Bouin’s solution at
room temperature for 2 days, dehydrated, embedded in paraftin, and sectioned at 7 pm in thickness.

The sections were stained with hematoxylin and eosin and observed under a light microscope.

Plasmid constructs for OE
The full length of Start was amplified and inserted into a pBluescript II KS+ vector as described

above. The Start sequence was obtained by EcoRI and Hindlll digestion from this vector, and the
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fragment was blunted by T4 DNA polymerase and inserted into the EcoRV site of a pCAG-Hyg vector
(Fujifilm Wako Pure Chemicals). Constructs with insertion of the Start sequence in both directions

were obtained.

Cell culture and transfection

Mouse Leydig cell lines, TM3 and MA-10, were kindly provided from Dr. Takashi Yazawa at
Asahikawa Medical University. TM3 cells were cultured in Dulbecco Modified Eagle Medium
(DMEM)/F12 containing 2.5% fetal bovine serum, 5% horse serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 292 ug/ml L-glutamine (Invitrogen, Carlsbad, CA, USA). After coating a 3.5-cm
dish with 0.1% gelatin, before use, 2.0 x 10° cells were spread in the dish one day before transfection.
The next day, 6.0 ul PEI Max (Polyscience, Warrington, PA, USA) was mixed with 200 ul Opti-MEM
(Thermo Fisher Scientific) and 2 pg DNA in that order. The mixture was added to the dish after 20-
min incubation. Selection was done with the medium containing 250 pg/ml of hygromycin for 8 days.

MA-10 cells were cultured in DMEM/F12 containing 15% horse serum, 100 U/ml penicillin,
100 pg/ml streptomycin, and 292 pg/ml L-glutamine on a dish coated with 0.1% gelatin. One-tenth of
confluent cells in a 6-cm dish was spread in a 3.5-cm dish one day before transfection. The next day,
24.0 pl PEI Max was mixed with 200 pl Opti-MEM and 8 pg DNA in that order. The mixture was
added to the dish after 20-min incubation. Selection was done with the medium containing 100 pg/ml

of hygromycin for 8 days.

Statistical analysis

Results are presented as the mean value + standard deviation (S.D.) of at least three independent
experiments. The data were statistically analyzed by Student’s t-test, Welch’s t-test or one-way
analysis of variance (ANOVA) followed by the Tukey HSD test. A P value less than 0.05 was
considered statistically significant. All statistical calculations were done by R software (Ver. 3.5.0;

https://cran.ism.ac.jp/bin/windows/).
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Results

Cloning and characterization of a testis-specific IncRNA, Star¢

Previously, our group revealed the presence of two testis-specific IncRNAs at the mouse
Prss/Tessp locus and we suggested significant roles of these noncoding regions. In this study, I
searched for other IncRNAs and found by RT-PCR that a 1,418-bp sequence was transcribed in an
intergenic region between Prss43/Tessp-3 and Prss45/TESPL genes in the testis (Fig. 1-2A). I then
determined the 5’- and 3’-ends of this transcript by RACE analyses. In 3’ RACE, two bands were
specifically amplified by the second PCR (marked as “a” and “b” in Fig. 1-2B), and 10 subclones from
each were sequenced. It was found that all subclones contained the same sequence for each band. Due
to stronger band intensity, a cytosine from band “a” was determined to be a major transcriptional
termination site (Fig. 1-2C). In 5’RACE, two bands were detected by the second PCR (marked as “c”
and “d” in Fig. 1-2D), and 10 subclones were checked for each band. For band “c”, three different
sequences were detected, but the subclones from band “d” contained a single sequence. Because band
“d” was more intense than band “c”, a guanine from band “d” was determined to be a major
transcriptional start site (Fig. 1-2E). Note that the transcriptional start site was within the primer
sequence used for the initial RT-PCR amplifying the 1,418-bp product (Fig. 1-2A). Consequently, this
transcript was defined to be a single-exon structure of a 1,822-nt sequence with a poly(A) tail at its 3’
end. Based on the function reported here, I named this transcript Start.

RT-PCR was performed using 8 tissues to examine the tissue specificity of Start, and a positive
band was only observed in the testis (Fig. 1-3A). During the first wave of spermatogenesis, qRT-PCR
showed that Start expression was significantly elevated from 7 dpp to 14 dpp and remained at high

levels thereafter (Fig. 1-3B). I then separated testicular cells into three fractions, germ cells,

Leydig/Sertoli cells and Sertoli cells, and performed RT-PCR. As shown in Fig. 1-3C, Start was
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expressed in both germ cells and Leydig cells but not in Sertoli cells. To investigate the subcellular
localization, germ cells were separated into nuclear and cytosolic fractions. RT-PCR showed more
dominant localization in the cytosol, but the positive band was also found in the nucleus (Fig. 1-3D).
These results indicated that Start is a germ cell and Leydig cell-specific IncRNA and is activated
during sperm development.

To further determine the localization of Start, we performed in situ hybridization by the highly
sensitive tyramide signal amplification method [51]. Antisense and sense probes for Start were
hybridized with adult testis sections and the signal was detected as red fluorescence. Consistent with
results shown in Fig. 1-3C, a strong signal was detected in Leydig cells, mostly in the cytosolic region,
by the antisense probe, while few signals were seen in the section hybridized with the sense probe
(Figs 1-4A and B). In the seminiferous tubules, many more red dots were observed with the antisense
probe (Figs 1-4C-E) than with the sense probe (Fig. 1-4F). At seminiferous epithelial stages II-IV and
VI-VII (Figs 1-4C and D), the signals were found in all types of spermatogenetic cells including
spermatogonia (SG), primary spermatocytes at the early and mid-pachytene stages (ePS and mPS),
and round and elongating spermatids (RS and ES, respectively). Consistent with the results of RT-PCR
shown in Fig. 1-3D, more signals were present in the cytosol of these cell types. At stage X, most of
the spermatogenetic cells were stained in a cytosol-predominant manner as in earlier stages (Fig. 1-
4E), but late pachytene spermatocytes (IPS) appeared to contain more signals in the nuclei than did
other types of germ cells. Collectively, the results showed that Start was dominantly present in the
cytosol of Leydig cells and all types of spermatogenetic cells, though transcripts were also localized in
the nucleus. Noticeably, Leydig cells carried the strongest signals among all cell types, suggesting that

Start plays an important role in Leydig cells.

Generation of Star-KO mice and morphological phenotype in adult testis
To reveal the physiological role of Start, I generated Start-KO mice by the CRISPR/Cas9

system using two guide RNAs designed at the 5’- and 3’-flanking sequences of Start (Fig. 1-5A).
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Injection of the guide RNAs and CAS9 protein into fertilized eggs resulted in the generation of four
founder mice that had a deletion of Start, and two KO lines, lines #1 and #2, were successfully
established by mating with wild-type mice. These KO mice contained 2,222-bp (#1) and 2,208-bp (#2)
deletions, which meant that #1 contained 5 and 9 nt longer deletions than #2 at the 5’ and 3’ regions,
respectively (Figs. 1-5A and B). These two lines were used in this study.

Both #1 and #2 lines of Start-KO mice were fertile, and I observed morphology of the adult
testis by collecting testes from 2.5-month-old wild-type and Start-KO mice. The testis weight
normalized to body weight was not significantly different between wild-type and KO mice (Fig. 1-
5C), and observations of testis sections stained with hematoxylin and eosin did not show any
morphological difference (Fig. 1-5D). To evaluate the population of spermatogenetic cells, testicular
germ cells were spread onto a slide and stained with Giemsa solution, and the number of each cell type
was counted. However, no difference was found in any types of cells between wild-type and KO mice
(Fig. 1-5E). In addition, the number of sperms collected from the cauda epididymis was not different
between two genotypes in KO adult mice (Fig. 1-5F). Therefore, the adult Start-KO testis appeared to

be morphologically normal.

Increased expression of testicular steroidogenic genes and decreased serum testosterone level in
Start-KO adult mice

Subsequently, we attempted to detect differentially expressed genes between wild-type and
Start-KO mice. Total RNA was purified from whole testes of a 2.5-month-old mice from the same
litter and used for RNA-seq analysis. The resultant reads, mapping rate to the mouse cDNA library,
and fastq accessions in the NCBI SRA database are summarized in Table 1-2. Interestingly, the
steroidogenic acute regulatory protein (Star) gene encoding a protein to trigger steroidogenesis was
found to be upregulated by 2.3-fold in the Start-KO testis (Fig. 1-6A). Furthermore, we search for
differently expressed genes by focusing on steroidogenic pathway, and found that expression levels of

other genes including cytochrome P450, family 11, subfamily a, polypeptide 1 (Cyplial), cytochrome
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P450, family 17, subfamily a, polypeptide 1 (Cypi7al), hydroxy-delta-5-steroid dehydrogenase, 3
beta and steroid delta-isomerase 1 (Hsd3b1), and hydroxysteroid (17-beta) dehydrogenase 3
(Hsd17b3) showed 1.3-1.6-fold increases in the Start-KO testis (Fig. 1-6A). qRT-PCR for these genes
using four sets of wild-type and KO mice confirmed that Star and Hsd3b1 genes were significantly
upregulated in the Start-KO testis (Fig. 1-6B). I then measured testosterone concentration in serum.
Surprisingly, ELISA analysis showed that the testosterone level was significantly reduced in KO mice
(Fig. 1-6C). This is inconsistent with the increase of steroidogenic gene expression, but the results
suggested that Start participates in regulation of the steroidogenesis pathway in Leydig cells.
Notably, an ELISA assay and qRT-PCR indicated that the LH level in the feedback system and
Lhb mRNA expression in the pituitary were not significantly different between adult wild-type and
Start-KO mice (Figs. 1-6D and E). qRT-PCR showed that A7 expression in the pituitary of KO mice
was dramatically elevated (Fig. 1-6F), suggesting that a low testosterone level was compensated by
AR upregulation in Start-KO mice. Presumably, the upregulation of Star and Hsd3b1 in Start-KO
testes did not result from the feedback system but from a secondary or indirect effect of the Start

deficiency.

Effect of Start deficiency at a younger age

To evaluate more direct effects of Start deficiency on steroidogenesis, I investigated Start-KO
mice at 8 dpp, when the feedback loop via the HPG_axis is not completely matured [55-57]. I first
conducted morphological observation by preparing cross-sections of testes of wild-type and Start-KO
mice from the same litter and staining them with hematoxylin and eosin. As shown in Fig. 1-7A, no
significant differences were observed within the seminiferous tubules, whereas more interstitial
regions containing few cells were observed in the Start-KO testis than in the wild-type testis (see
regions encircled in red). Indeed, the number of interstitial cells in randomly selected areas (0.25 mm?)
in the sections was significantly smaller in Start-KO testes at 8 dpp than in wild-type testes (Fig. 1-

7B). In contrast, no significant change was observed in interstitial cells between KO and wild-type
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mice at 2.5 months of age (Fig. 1-7B). Since interstitial cells mainly consist of Leydig cells but also
contain small populations of other types of cells [58,59], I investigated whether the altered number of
interstitial cells reflected the Leydig cell population by examining the expression of insulin-like 3
(Insl3), a marker gene for Leydig cells [60,61]. By qRT-PCR, Ins/3 expression was found to be
significantly decreased in Start-KO testes at 8 dpp, while it was not altered at 2.5 months of age (Fig.
1-7C). These results indicated that the number of Leydig cells was decreased in Star-KO mice at 8
dpp and strongly suggested a physiological role of Start in Leydig cell differentiation.

Next, I investigated the expression of steroidogenic genes in wild-type and Start-KO testes at 8
dpp. My qRT-PCR indicated that expression levels of Star and Hsd3b1 genes were significantly low in
Start-KO testes (Fig. 1-7D), in contrast with the results for Star-KO mice at 2.5 months of age. Serum
testosterone level was also found to be lower in Star-KO mice than in wild-type mice at 8 dpp (Fig. 1-
7E). Collectively, the results showed that steroidogenic genes were downregulated in the testis and

that the testosterone level was decreased in Start-KO mice at 8 dpp.

Activation of steroidogenic genes by Start in Leydig cell lines

To determine how Start regulates steroidogenic genes in Leydig cells, I utilized two mouse
Leydig cell lines, TM3 and MA-10 [62,63], to perform Start OE. The antisense sequence of Start was
overexpressed as a negative control. Strand-specific RT-PCR confirmed successful OE of Start and its
antisense transcript in both cell lines (Figs 1-8A and C). In TM3 cells, Star gene expression was
significantly increased by Start OE (Fig. 1-8B), and in MA-10 cells, not only Star but also Cypl7al,
Hsd3b1, and Hsd17b3 genes were significantly upregulated by Start (Start OE, Fig. 1-8D). These
results supported the notion that Start acts as an activator of steroidogenic genes in Leydig cells, as
shown by results for 8-day-old mice (Fig. 1-7). Based on these results, I concluded that Start activates

a subset of genes involved in steroidogenesis in Leydig cells.
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Discussion

In the present study, I identified a novel testis-specific IncRNA, Start, that is encoded with
IncRNA-HSVIII and Tesra at the mouse Prss/Tessp locus [27,28]. Interestingly, these three IncRNAs
are all expressed in germ cells and Leydig cells, suggesting some integrated mechanism for their
transcriptional activation. Given that several protein-coding genes at this locus have been suggested to
participate in the progression of meiosis and that IncRNAs have been suggested to be involved in gene
regulation in germ cells and Leydig cells [27-29], the Prss/Tessp locus is thought to be responsible for
multiple testis functions including spermatogenesis.

While various transcriptomic data have indicated differential expression of many IncRNAs and
mRNAs in the testis and suggested their testis-specific functions such as spermatogenesis and
androgen synthesis [44,64], only a few studies have shown the phenotype of KO mice for IncRNAs.
Tsx, an X-linked IncRNA, is expressed in meiotic germ cells, and its deletion resulted in a reduction of
testis size and an increase in apoptotic cells due to meiotic arrest at pachynema, although mutant males
were fertile [65]. Tslrnl, a testis-specific IncRNA, was found to be involved in the formation of
spermatozoa since the number of sperm was significantly reduced in KO mice [66]. In the case of
1700121C10Rik, which encodes two testis-specific IncRNAs, the KO mice were fertile and showed no
obvious phenotype [67]. These findings confirmed some physiological roles of the IncRNA in germ
cells and suggested that such roles were compensated by IncRNAs or protein-coding genes and that
multiple IncRNAs share common physiological roles. In contrast, results of in vivo evaluation of the
functions of IncRNAs in Leydig cells have not been reported. The current study showed that a testis-
specific IncRNA, Start, was involved in Leydig cell differentiation before puberty and in activation of
steroidogenic genes in the testis. Thus, this is the first evidence for in vivo biological functions of an
IncRNA in Leydig cells.

In general, IncRNAs regulate the expression of their target genes at various levels depending on

their subcellular localization [68,69]. In germ cells, Start was mainly localized in the cytosol of most
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meiotic cells and in both the cytosol and nucleus at the late pachytene stage, suggesting some roles of
Start in transcriptional and posttranscriptional gene regulation, as was observed for other IncRNAs in
previous studies [70-72]. In contrast, in Leydig cells, Start was mostly localized in the cytosol,
suggesting its function in posttranscriptional regulation such as mRNA stability and translation. In the
case of regulation of mRNA stability, IncRNAs are known to form double-strand RNAs with their
target mRNAs and induce molecular events leading to RNA degradation or stabilization [73-75]. In
translational regulation, IncRNAs generally interact with miRNAs to block their function, resulting in
enhancement of the translation of miRNA-targeted mRNAs [76-78]. These findings suggest various
functions of cytosolic IncRNAs, and Start may regulate target genes through such a mechanism.
Elucidation of the detailed molecular mechanism by which Start controls the expression of
steroidogenic genes will be described in the next chapter.

My current data indicated a decrease in the number of interstitial cells, including Leydig cells,
in Start-KO mice at 8 dpp. Expression of the /ns/3 gene, a Leydig cell marker, was found to be
suppressed in Start-KO mice at 8 dpp, while OE of Start did not affect /nsi3 expression in MA-10
cells (Fig. 1-9A). These findings led to the conclusion that the number of Leydig cells was decreased
by deletion of Start at 8 dpp. In contrast, neither the number of interstitial cells nor /nsi3 expression
was altered in Start-KO adult testes. This might reflect the difference between fetal and adult Leydig
cells. It is known that fetal and adult Leydig cells are differentiated by distinct regulatory mechanisms
and their gene expression profiles are different [79,80]. No difference in hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-isomerase 6 (Hsd3b6) gene expression, a marker for adult
Leydig cells [81], between wild-type and Start-KO testes by a qRT-PCR result (Fig. 1-9B) supports
the notion that Start only affects fetal Leydig cells. Therefore, our data suggest that Start is involved in
the differentiation of fetal Leydig cells but not that of adult Leydig cells. Given that terminally
differentiated fetal Leydig cells do not proliferate [82,83], Start is likely to play a role in the middle of
the differentiation process.

The present study provided data supporting the involvement of Start in the regulation of
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steroidogenesis in Leydig cells. First, many Start transcripts were localized in Leydig cells, where
steroid hormones are synthesized. Second, expression of Star and Hsd3b1 genes was decreased in
Start-KO mice at 8 dpp and in adults. Third, serum testosterone level was lower in Start-KO mice than
in wild-type mice both in adults and at 8 dpp. Fourth, OE of Start in two Leydig cell lines significantly
increased the expression of steroidogenic genes. Although the decreases in the gene expression and
testosterone level might be partially due to the reduction in the number of Leydig cells at 8 dpp, these
results strongly suggest that Start is a regulator of steroidogenesis in the mouse testis by controlling at
least Star and Hsd3b1 gene expression in Leydig cells.

Interestingly, Star and Hsd3b1 gene expression was upregulated in adult Start-KO testes. |
initially expected an increase in LH secretion caused by the low level of testosterone, but neither LH
secretion nor Lhb mRNA expression was significantly affected by Start deficiency. Testosterone has
been reported to either increase or decrease Ar expression depending on the cell type and experimental
conditions [79], and in vivo evaluation showed that castration and testosterone injection caused an
increase and decrease, respectively, in Ar expression in the prostate and brain [55,84]. In Start-KO
adult mice, the low level of testosterone led to a dramatic increase in Ar expression in the pituitary,
which probably counterbalanced the decreased feedback signal and resulted in the unaltered LH
secretion. This suggests that Star and Hsd3b1 genes were not enhanced by distal feedback via the
HPG _axis in adults. Instead, enhancement of Star and Hsd3b1 expression might be caused by
autocrine signaling of the androgen-AR trail in Leydig cells. It has been reported that the expression
levels of some steroidogenic genes were significantly decreased but that the expression levels of other
steroidogenic genes were increased in Leydig cell-specific AR KO testes [85]. This indicates that the
deficiency of autocrine signaling via AR in Leydig cells can cause a disturbance of steroidogenic gene
expression. In adult Start-KO males, the low level of testosterone might cause a deficiency in this
autocrine system and lead to secondary or indirect effects, resulting in abnormal elevation of Star and
Hsd3b1 expression. On the other hand, at 8 dpp, I verified more direct effects of Start deficiency:

downregulation of Star and Hsd3b1 genes. Taken together with the increased expression of
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steroidogenic genes in Start-overexpressing TM3 and MA-10 cells, the function of Start is likely to be
enhancement of the expression of steroidogenic genes.

Most previous studies focused on the functions of testis IncRNAs in germ cells [21-24,29,65-
67,86] but not on their roles in Leydig cells [87,88]. The results of the present study shed light on the
in vivo function of Start, which plays roles in the differentiation of fetal Leydig cells and in the
maintenance of the steroid synthesis pathway in the testis. Thus, this report is the first report on a

testis-specific IncRNA that controls the steroid synthesis pathway in Leydig cells.
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Table 1-1. Oligo DNAs used in the chapter 1

Name Forward Reverse
[RT-PCR]
Start 1418bp CTGGGTTTTGGTATCCCTGA ATCGCATATCGAGGCAAGCA
Gapdh CATGACCACAGTCCATGCCATC TAGCCCAAGATGCCCTTCAGTG
[RACE]
GSP1 AAACAAAACTGGGGGTGGAG
GSP2 GATGGGTTCATCCTTCCTTG
GSP3 ATGCCCACAAAAGCCATAGA
GSP4 GAAGGCAACCTTCTCTTGCT
GSP5 CTCGATATGCGATTGGCACC
AAP GGCCACGCGTCGACTAGTACGG
GIGGGIIGGGIG
AUAP GGCCACGCGTCGACTAGTAC
AP CTGATCTAGAGGTACCGGATCC
[qQRT-PCR]
Start CCCACTCTTAGCCTCATGGT CCATCACCCAGCCTGTTCGTT
Star GGGTGGTAGTCAGGAGACAC TTCACAGCTATGCAGTGGGA
Cypllal ATGAGCCAGGAGGTCTAAGC TCCACCCTATGGGTCCCTAA
Cypl7al CATGCATGAGAACGGCATCA CATTCGAACAAGACCAGGGC
Hsd3bl ATGAGCCACTTGTCAACTGGGA TGCTGAAGCCTAAGAACTGAGAC
GG TC
Hsd17b3 GTCACGATCGGAGCTGAATC TCGTGTCAGGAGGAATCGTT
Aip GAGGACGGGATCCAAAAGC CTGTGCAGCGTCCGAAAGT
Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
Insi3 CCTGGCTATGTCATTGCAACA TGGTCCTTGCTTACTGCGATCT
Lhb ACTGTGCCGGCCTGTCAACG AGCAGCCGGCAGTACTCGGA
Ar GATGGTATTTGCCATGGGTTG GGCTGTACATCCGAGACTTGTG
[Cloning]

Start full length
[gRNA]
5’-gRNA

3’-gRNA

GGGTTTTGGTATCCCTGAC

CTAATACGACTCACTATAGAGTA
CTTCCCTAGGTAAATGGTTTTAG
AGCTAGAAATAGCA
CTAATACGACTCACTATAGGTAA
CATCCTGTCATATTGCGTTTTAG
AGCTAGAAATAGCA

GTTGCCTGGCTTTGGGCATA
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Table 1-2. Summary of RNA-seq results and accession numbers

Sample name Total reads ~ Overall alignment rate Accession number
Wild type adult testis (line #2) 28,098,634 82.17% SRR12700727
Start-KO adult testis (line #2) 30,258,284 82.96% SRR12700726
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Figure 1-1
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Figure 1-1. Schematic drawing of the mouse Prss/Tessp locus on chromosome 9. A 75-kb region
corresponding to 110,795-110,870 kb of mouse chromosome 9 is shown. This region contains six
genes encoding serine proteases and three IncRNAs as indicated by white and black/red boxes,
respectively. Start is an IncRNA that was identified in this study and is indicated by a red-filled box.

Bent arrows indicate the transcriptional direction of the protein-coding genes and IncRNAs.
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Figure 1-2
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Figure 1-2. Determination of the full-length sequence of Start. (A) An overview of RACE analyses.
Two protein-coding genes, Prss43/Tessp-3 and Prss45/TESPL, and Start between them are drawn as in
Fig. 1-1. The region transcribed into Start is enlarged below the drawing. A 1,418-nt sequence that was
detected by the first RT-PCR and the sequences determined by 5’ and 3’RACE are indicated by
horizontal lines. Positions and directions of three primers (GSP1-GSP3) for 5’RACE and two primers
(GSP4 and GSP5) for 3’RACE are also shown by horizontal arrows. (B) PCR results of 3’RACE. Two
bands (a and b) were obtained by the second PCR as indicated in the gel image. The result of RT-PCR
using GSP5 and AP primers is represented as GSP5+, and the result without a GSP5 primer is
represented as GSP5-. Reverse transcription was performed with a reverse transcriptase (RT+) or
without a reverse transcriptase (RT-). White arrows indicate the specifically amplified bands. (C)
Transcriptional termination sites of Start. Ten subclones from each band (“a” and “b”’) were subjected
to DNA sequencing, and the number of subclones containing the same transcriptional termination site
is indicated on each nucleotide in the genome sequence. Due to its stronger intensity, a cytosine from
band “a” was determined to be a major transcriptional termination site. (D) PCR results of 5’RACE.
Two bands (“c” and “d”’) were obtained by the second PCR as indicated in the gel image. Results of
RT-PCR using GSP3 and AUAP primers are represented as in (B). (E) Transcriptional start sites of
Start. Ten subclones from each band were subjected to DNA sequencing, and the number of subclones
containing each transcriptional start site is shown. Due to its stronger intensity, a guanine from band

“d” was determined to be a major transcriptional start site.
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Figure 1-3
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Figure 1-3. Expression of the Start transcript. (A) Tissue specificity of Start. Total RNAs from eight
mouse tissues, as indicated, were collected from adult wild-type mice and used for RT-PCR with a
random hexamer for reverse transcription. The Gapdh gene was detected as an internal control. The
cycle number of each PCR is shown in parenthesis. (B) Start expression during testis development.
Mouse testes at 7, 14, 21, 28, and 56 dpp were collected, and total RNAs were purified and used for
qRT-PCR. The A4ip gene was used as an internal control to normalize the Start expression level. Data
are presented as means + S.D. from three independent experiments. Statistical significance was
analyzed by Tukey’s HSD test. * P <0.05, ** P <0.01. (C) RT-PCR with fractionated testicular cells.
Total RNAs from germ cells, Leydig/Sertoli cells, and Sertoli cells were collected and used for RT-
PCR. The Gapdh gene was utilized as an internal control. The cycle number of each PCR is shown in
parenthesis. (D) RT-PCR for subcellular localization of Start. Total RNAs were purified from nuclear
and cytosolic fractions of germ cells and used for RT-PCR. Gapdh was used to amplify a region within

exon 6 as an internal control. The cycle number is indicated in parenthesis.
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Figure 1-4
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Figure 1-4. Start localization determined by in situ hybridization using the tyramide signal
amplification system. (A, B) Representative images of Start localization in interstitial Leydig cells
stained with the antisense probe (A) and sense probe (B). Staining with the sense probe was performed
as a negative control. (C-E) Representative images of seminiferous tubules at seminiferous epithelial
stages [I-1V (C), VI-VII (D), and X (E) stained with the antisense probe. The squares indicate the cells
enlarged below. As specified in (C-E), the squares emphasize a spermatogonium (SG), primary
spermatocytes at the early, mid, and late pachytene stages (ePS, mPS, and IPS, respectively), round
spermatid (RS), and elongating spermatid (ES). (F) An image of seminiferous tubules at stage 1I-VI
stained with the sense probe as a negative control. In all images, red dots represent Start signals, and

nuclei were co-stained with Hoechst 33258 (grey). Scale bars, 50 um.
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Figure 1-5
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Figure 1-5. Generation of Start-KO mice and evaluation of steroidogenic genes in adults. (A)
Strategy for deletion at the Start locus. Start is a transcript of 1822 nt in length as shown by a black
box. Positions of target sequences of gRNAs are indicated by dashed lines with scissor pictures. By
injection of these gRNAs and CAS9 protein into fertilized eggs, two Start-KO lines, #1 and #2, were
established. The deleted regions of the two KO lines are indicated by the number relative to the
transcriptional start site of Start. (B) A representative result of genomic PCR for genotyping. Genome
DNAs from wild-type and Start-KO #1 and #2 mice were subjected to PCR amplifying a 4021-bp
region including the deleted region. The upper band corresponds to the wild-type locus and the lower
band indicates the deleted locus. (C) Ratio of testis to body weight at 2.5 months (lines #1 and #2).
Data are presented as means + S.D. from four independent sets of wild-type and Start-KO littermates.
Student’s t-test revealed no significant difference between wild-type and KO mice. (D) Testis section
at 2.5 months (line #2). Testes from 2.5-month-old wild-type and Start-KO littermates were fixed with
Bouin’s solution, dehydrated, embedded in paraffin, cut into 7-pm-thick sections, and stained with
hematoxylin and eosin. No difference was observed. Scale bars, 100 um. (E) Total testicular cells were
isolated from two different sets of 2.5-month-old wild-type and Star#-KO littermates (line #1). The
cells were fixed with an ethanol and acetic acid mixture (1:1), spread on slides, and stained with
Giemsa solution. The number of each cell type was counted. Average values of two sets of
experiments in each genotype were obtained, and the values from each set are indicated by dots. There
was no obvious difference between wild-type and Start-KO mice. SG: spermatogonia, LZ:
leptotene/zygotene primary spermatocytes, P: pachytene spermatocytes, D: diplotene spermatocytes,
MI: MI phase spermatocytes. (F) Sperm number at 2.5 months (line #2). Mature sperms were isolated
from the cauda epididymis of three sets of 2.5-month-old wild-type and Start-KO littermates in HTF
medium. After fixation with 5% formalin, the number was counted. Data are presented as means +

S.D. Student’s t-test showed no significant difference.
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Figure 1-6
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Figure 1-6. Expression of steroidogenic genes, testosterone, LH and AR in Start-KO male

(A) Expression of steroidogenic genes in the testis at 2.5 months (line #2) by RNA-seq. The ratios of
RPKM values for Star, Cypllal, Cypl7al, Hsd3bl1, and Hsd17b3 in a Start-KO testis to those in a
2.5-month-old wild-type testis were calculated. The expression level for each gene in the wild-type is
set to 1 and fold changes in a KO mouse are presented. (B) Expression of steroidogenic genes in the
testis at 2.5 months (lines #1 and #2) determined by qRT-PCR. Total RNAs were purified from 2.5-
month-old wild-type and Start-KO testes and used for qRT-PCR. The Gapdh gene was used as an
internal control to normalize the expression level of each gene. Data are presented as means + S.D.
from four sets of wild-type and KO littermates. Statistical significance was analyzed by Welch’s t-test.
* P<0.05, ** P<0.01. (C) Serum testosterone level at 2.5 months (line #2). Serum was collected
from 2.5-month-old wild-type and Star-KO mice, and testosterone concentration (pg/ml) was
measured by ELISA. Data are presented as means + S.D. from three sets of wild-type and KO
littermates. Statistical significance was analyzed by Student’s t-test. * P < 0.05. (D) LH level at 2.5
months (line #2). Serum was collected from 2.5-month-old wild-type and Start-KO mice, and LH
concentration (mIU/ml) was measured by ELISA using a LH ELISA kit (CUSABIO, Wuhan, China).
Data are presented as means from three sets of wild-type and KO mice. Each black dot represents an
average value of triplicates from one serum sample. Statistical significance was analyzed by Welch’s t-
test, but no significance was detected. (E) LAib expression in the pituitary at 2.5 months (lines #1 and
#2). Total RNAs were purified from pituitaries of 2.5-month-old wild-type and Start-KO mice and
used for qRT-PCR. The Gapdh gene was amplified as an internal control to normalize the expression
level. Data are presented as means + S.D. from four sets of wild-type and KO littermates. Statistical
significance was analyzed by Student’s t-test, but no significance was detected. (F) Ar expression in
the pituitary at 2.5 months (lines #1 and #2). The cDNAs synthesized in (E) were used for qRT-PCR to
amplify A4 mRNA. Data are presented as means = S.D. from four sets of wild-type and KO

littermates, and statistical significance was analyzed by Student’s t-test. ** P <0.01.
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Figure 1-7
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Figure 1-7. Characterization of Star-KO mice at 8 dpp. (A) Testis section at 8 dpp (line #1). Testes
from 8-day-old wild-type and Start-KO littermates were fixed with Bouin’s solution, dehydrated,
embedded in paraffin, cut into 7-um-thick sections, and stained with hematoxylin and eosin.
Interstitial regions containing few cells are encircled with red. Scale bar, 100 um. (B) Numbers of
interstitial cells at 8 dpp (line #1) and 2.5 months (line #2). The numbers of interstitial cells in three
randomly selected 0.25-mm? squares were counted for each of the three mice. Data are presented as
means = S.D. from average values of three sets of wild-type and Start-KO littermates. Statistical
significance was analyzed by Student’s t-test. ** P < 0.01. (C) Ins/3 expression at 8 dpp (line #1) and
2.5 months (lines #1 and #2). qRT-PCR was performed using cDNAs from wild-type and Start-KO
testes at the ages of 8 dpp and 2.5 months. Data are presented as means + S.D. from three sets and four
sets of wild-type and KO littermates at 8 dpp and 2.5 months, respectively. Statistical significance was
analyzed by Student’s t-test. ** P < 0.01. (D) Expression of steroidogenic genes at 8 dpp in the testis
determined by gRT-PCR (line #1). Total RNAs were purified from 8-day-old wild-type and Start-KO
testes and used for qRT-PCR. The Gapdh gene was used as an internal control to normalize the
expression level of each gene. Data are presented as means + S.D. from three sets of wild-type and KO
littermates. Statistical significance was analyzed by Welch’s t-test. ** P <0.01. (E) Serum testosterone
level at 8 dpp (lines #1 and #2). Serum was collected from 8-day-old wild-type and Start-KO
littermates, and testosterone concentration (pg/ml) was measured by ELISA. Data are presented as
means = S.D. from three sets of littermates: Statistical significance was analyzed by Welch’s t-test. * P

<0.05.
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Figure 1-8
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Figure 1-8. Effect of Start OE in Leydig cell lines. (A) Start OE in TM3 cells by strand-specific RT-
PCR. Total RNAs were purified from TM3 cells that had been transfected with vectors for OE of the
sense or antisense strand of Start. RT-PCR was performed using reverse and forward primers of “Start
full length” (Table 1-1) for specific reverse transcription of Start and its antisense transcript,
respectively. ‘RT for’ shows the transcript to be detected by each RT-PCR, and ‘OE Product’ shows the
transcript that was overexpressed in the cell. The cycle number of PCR is shown in parenthesis. (B)
Expression of steroidogenic genes in TM3 cells overexpressing Start. Total RNAs purified in (A) were
used for qRT-PCR using the oligo(dT) primer for reverse transcription. The Gapdh gene was used as
an internal control to normalize the expression level of each gene. Data are presented as means + S.D.
from three independent experiments, and statistical significance was analyzed by Welch’s t-test. ** P
<0.01. (C) Start OE in MA-10 cells by strand-specific RT-PCR. Start OE was performed in MA-10
cells. Strand-specific RT-PCR was performed and the results are indicated as above. (D) Expression of
steroidogenic genes in MA-10 cells overexpressing Start. qRT-PCR was performed as in (B) and the
results are shown as above. Data are presented as means + S.D. from four independent experiments,

and statistical significance was analyzed by Student’s t-test. * P <0.05, ** P <0.01.
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Figure 1-9. Expression of Leydig cell markers in the cultured cell MA-10 and the testis. (A) qRT-
PCR was performed using RNA samples collected from MA-10 cells overexpressing Start and its
antisense transcript. The Gapdh gene was used as an internal control. Data are presented as means +
S.D. from four independent experiments. Statistical significance was analyzed by Student’s t-test, but
no significance was detected. (B) Hsd3b6 expression at 8 dpp (line #1) and 2.5 months (lines #1 and
#2) in wild-type and Start-KO testes. qRT-PCR was performed by using total RNA samples from each
testis. Data are presented as means = S.D. from three sets and four sets of wild-type and KO
littermates at 8 dpp and 2.5 months, respectively. Statistical significance was analyzed by Student’s t-

test. but no significant difference was detected.
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Chapter 2
A mouse testis-specific IncRNA, Start, upregulates steroidogenic

genes through the miRNA pathway
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Abstract

An IncRNA, Start, dominantly localized in the cytosol of mouse Leydig cells, regulates
steroidogenesis as shown in chapter 1, but the molecular mechanism of the regulation was unrevealed.
Here, I attempted to reveal the molecular basis of Start function in Leydig cells. First, I performed
reporter gene assay using the luciferase gene fused with the Start full-length sequence to assess
whether Start is targeted by miRNAs. As a result, I observed significantly lower reporter activity in
Start-fused group, and the reduction was recovered by Start OE. Such recovery of reporter activity
was also observed by KD of Ago2 and dicerl, ribonuclease type Il (Dicerl), two major components
in the miRNA pathway. Moreover, in a Leydig cell line, 4go2-KD resulted in significant upregulation
of Start-target steroidogenic genes, while 4go2-OE downregulated them. The downregulation by
Ago2-OE was reversed by co-OE of Start, which strongly suggests that Start regulates expression of
steroidogenic genes via interacting with miRNAs. Indeed, miRNA pull-down assay using labelled
Start identified miRNAs that potentially bound to Start in a sequence specific manner. These results
supported my idea that Start acts as a decoy against miRNAs that target steroidogenic genes in Leydig

cells.

Introduction

The testis consists of germ cells and somatic cells including Leydig cells, Sertoli cells, myoid
cells, and small population of other cells [89,90]. Among those somatic cells, in adult males, only
Leydig cells are responsible for steroid synthesis and produce testosterone, which is received by
Sertoli cells as well as Leydig cells themselves for the complete progression of spermatogenesis [39].
According to previous studies, testosterone production ought to be tightly governed by two distinct

pathways. One is the distal feedback loop involving the hypothalamus and pituitary [9-11]. Once
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testosterone is released from Leydig cells, those two organs receive the signal and modulate GnRH
and LH secretion according to the serum testosterone level. The LH ultimately affects testosterone
production in Leydig cells, which completes the HPG_axis [10,11,38]. The other pathway is the
proximal androgen-AR signaling pathway [85]. As evidenced by a previous study, AR-KO in Leydig
cells disturbed expression of steroidogenic genes, suggesting the significance of autocrine regulation
in steroid synthesis. While these distal and proximal control networks had been considered to play
fundamental roles in steroidogenesis, I found a novel regulatory mechanism by which a testis-specific
IncRNA controlled. To reach better unified understanding about regulatory mechanisms underlying
endogenous steroidogenesis control, I decided to elucidate molecular basis of Start function in Leydig
cells.

Given that Lhb expression in the pituitary and serum LH secretion in Start-KO male mice were
not altered compared to wildtype, Start deficiency might not affect the HPG_axis. Instead, I
speculated that Start is likely to control endogenous steroidogenesis in Leydig cells. As reviewed in a
recent paper, IncRNAs are involved in gene regulation via various pathways [91]. Especially when
they are localized in the cytosol, IncRNAs frequently interact with miRNAs, another class of
noncoding RNAs, playing a role as post transcriptional regulators. Recently, such gene regulatory
networks among mRNA-miRNA-IncRNA were termed as competing endogenous RNA (ceRNA) [70-
72,92,93].  Because IncRNAs generally show higher tissue-specificity than mRNAs [94] and the
testis expresses much more IncRNAs than other tissues, the ceRNA network ought to play important
roles in testis-specific gene regulation. However, how the ceRNA network governs a regulatory
network underlying steroidogenesis is mostly unknown.

In the chapterl, I found that Start was dominantly localized in the cytosol of Leydig cells and
Start OF resulted in significant upregulation of steroidogenic gene. These results led me to
hypothesize that the positive correlation between Start and its targets was mediated by miRNAs. To
test this hypothesis, here, I utilized in vitro reporter gene assay and found the negative correlation of

target steroidogenic genes with the Ago2 gene, indicating the involvement of Start in the miRNA
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pathway. In addition, miRNA pull-down assay confirmed physical binding of several miRNA species
to Start, emphasizing its possible function in the miRNA pathway. Thus, I concluded that Start directly

upregulated its target genes by acting as a decoy against miRNAs in Leydig cells.

Materials and methods

Cell Culture

MA-10 cells were kindly provided from Dr. Takashi Yazawa at Asahikawa Medical University.
GC-2spd(ts) cells (CRL-2196) were obtained from American Type Culture Collection. Hepal-6
(RCB1638) cells were obtained from RIKEN Cell Bank (Tsukuba, Japan). MA-10 cells were cultured
as described in chapter 1. One fiftieth of confluent cells in a 6-cm dish was spread into each well of
24-well plates one day before transfection. The next day, 5.0 ul PEI Max was mixed with 50 pl Opti-
MEM and 1.5 pg DNA in that order. The mixture was added to each well after 20-min incubation. The
other cells were cultured in DMEM containing 10% fetal bovine serum, 100 U/ml penicillin,
100 pg/ml streptomycin, and 292 pg/ml l-glutamine (Invitrogen, Carlsbad, CA). For transfection into
GC-2 cells and Hepal-6 cells, 1.6x10° cells were seeded in a 3.5-cm dish a day before transfection.
Two micrograms of DNA constructs were mixed and incubated with 100 pl of Opti-MEM medium
(Thermo fisher scientific) and 5.0 ul of GeneJuice (Novagen, Inc., Madison, WI) according to the
manufacturer’s instruction. For establishment of stable OE and Knock Down (KD) cells, selection was

done with a medium containing 300 pg/ml of hygromycin for 10 days.

Plasmid Construction
The Start full length was cloned as described in chapter 1. To generate a construct for
expression of a fusion RNA of the Luciferase gene and Start, I first inserted thymidine kinase

promoter, which was isolated from the pEBMulti-Neo vector by digestion with Bg/II and HindIll, into
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the Bg/ll/Hindlll site of the pGL3-Basic vector (TK-Luc-empty). Then, Start full sequence was
inserted at a blunted-Xbal site of TK-Luc-empty (TK-Luc-Start). At the same time, an inversely
inserted construct was obtained (TK-Luc-Reverse).

The Ago2 open reading frame was amplified by RT-PCR with a pair of primer shown in Table 2-
1, total RNA purified from the mouse testis, and KOD Fx Neo (Toyobo). The product was inserted
into the EcoRV site of a pcDNA3.1 (+) vector (Invitrogen), and its sequence was confirmed by DNA
sequencing analysis. For co-OE, the open reading frame of the 4go2 gene was digested with
EcoRI/Notl and transferred to the EcoRI/Not site of a pPPBhCMV*-1-cHA-pA vector (Tet_Ago2). For
Start OE experiment, pCAG-Start and pCAG-reverse vectors, which were generated as described in
chapter 1, were used.

For KD experiment, short-hairpin RNA (shRNA) sequences against Start, Ago2, and Dicerl
were designed by the BLOCK-iT RNAi Designer (https://rnaidesigner.thermofisher.com/rnaiexpress/),
a web page supplied by Thermo Fisher Scientific, and were artificially synthesized (Table 2-1). Each
sequence was inserted into the BamHI/Hindlll site of a pBAsi-mU6 Neo vector (Takara) that was

modified to carry the hygromycin resistant gene at the blunted-EcoRI site.

Reporter Gene Assay

The constructs for reporter gene assay generated as above contained the firefly luciferase gene. |
co-transfected them with a pRL-CMV vector (Promega, Madison, WI), by which the Renilla luciferase
gene was driven by the CMV promoter, and I normalized firefly luciferase activity to Renilla
luciferase activity to adjust transfection efficiency. The activity was further normalized to that of the
cells transfected with a pGL3-Basic vector, and relative activity was calculated. The value from a

pGL3-Basic vector was set to 1.0.

qRT-PCR

gRT-PCR for mRNAs and Start RNA was performed as described in chapter 1.
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RT-PCR for miRNAs

For miRNA-specific purification, the testis and GC-2spd(ts) cells were collected with ISOGEN
II reagent (Nippon Gene), and total RNAs were separated into two fractions, one for RNAs less than
200 nt (small RNA) and the other for longer RNAs, according to manufacturer’s instruction. Small
RNAs were then treated with TurboDNase (Thermo Fisher Scientific) to remove genome DNA
completely and poly-adenylated by E. coli Poly (A) Polymerase (NEB), followed by reverse
transcription using a 3’RACE adaptor primer (Table 2-1). After cDNA synthesis, PCR was performed

with a 3’RACE outer primer and each miRNA-specific primer (Table 2-1) by KOD Fx Neo (Toyobo).

miRNA Pull-Down Assay

A 5-Bromo-2’-Uridine (BrU) -labelled Start RNA was synthesized by in vitro transcription with
EcoRI-digested pBlue-Start (generated in chapter 1) and T3 RNA polymerase. The reverse sequence
of Start RNA was also synthesized as a control with Hindlll-digested pBlue-Start and T7 RNA
polymerase. Each labeled RNA was mixed in TE buffer and incubated with small RNAs, which were
purified from the mouse testis, to form hybridized double-strand RNAs. For this hybridization, RNAs
were first kept at 94°C for 5 min, then slowly cooled to 22°C in 30 min. Then they were pulled-down
by anti-BrdU antibody (MBL international, Woburn, MA, USA)-conjugated beads. The pull-down
fraction was then treated with a DNase, a poly (A) polymerase, and a reverse transcriptase as

described above, and was finally subjected to PCR with KOD Fx Neo (Toyobo).

Statistical analysis

Results are presented as the mean value + S.D. of at least three independent experiments. The
data were statistically analyzed by Student’s t-test, Welch’s t-test or one-way analysis of variance
(ANOVA) followed by the Tukey HSD test. A P value less than 0.05 was considered statistically

significant. All calculations were done by R software (Ver. 3.5.0; https://cran.ism.ac.jp/bin/windows/).
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Results

Start can be targeted by the miRNA pathway

To investigate molecular mechanisms of a cytosolic IncRNA, Start, I examined whether Start
could be targeted by the miRNA degradation pathway. To assess that, I connected the full length of
Start to the 3’end of the Luciferase gene to express a fusion RNA composed of Luciferase coding
sequence with Start RNA (Luc-Start). This and an empty construct were separately transfected into
GC-2spd(ts) cells, and luciferase activity was measured as shown in Fig. 2-1A. Low activity was
observed in the Luc-Start group compared to the control, whereas the activity was not decreased when
the Start was placed in the reverse direction (Fig. 2-1A).

I then established stable Start-overexpressing GC-2spd(ts) cells (pCAG-Start) and performed a
reporter gene assay using Luc-Start to examine whether the reduction in luciferase activity was caused
in a sequence-specific manner or not. As a control, stable OE of the reverse sequence of Start (pCAG-
reverse) was performed. As shown in Fig.2-1B, I could not find any reduction with pCAG-Start, while
there was significant reduction with pCAG-reverse. Collectively, reduction of reporter activity was
observed in a strand-specific manner, and that was recovered only by Start OE but not by reverse OE.
These results implied that Start sequence was targeted by the miRNA pathway.

During miRNA biogenesis, the 4go2 protein directly interacts with miRNAs, binds to their
target mRNAs, and digests targets by its endonuclease activity [32-35], thus is known to be
indispensable for endogenous miRNA networks. To assess whether Start is involved in the pathway,
the Ago2 gene was stably knocked down by shRNA transfection in GC-2spd(ts) cells (shAgo2). qRT-
PCR was performed to check KD efficiency (Fig. 2-2A), and as expected, expression of the Ago2 gene
was successfully downregulated compared to an empty construct (shControl). Then, Luc-Start was

transfected into these stable-KD cells to investigate its involvement in the miRNA pathway. As a
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result, while luciferase activity was significantly decreased in shControl, such reduction was not
observed in shAgo2 (Fig. 2-2B). This result showed that Start was targeted by the miRNA pathway,

and such event was recovered by downregulation of components in the miRNA biogenesis.

Ago2 OE-induced downregulation of steroidogenic genes was recovered by Start OE

To assess whether steroidogenic genes were regulated by the miRNA pathway, I established
stable Ago2 KD cells by shRNA transfection into Start OE MA-10 cells that were used in chapter 1. I
examined Ago2 expression in these newly established cells, and confirmed successful decrease of the
Ago?2 level (shAgo2 MA-10, Fig.2-3A). Then, qRT-PCR was performed to evaluate expression of
steroidogenic genes, and the results revealed that Star, Cypl7al, and Hsd3b1 were significantly
upregulated compared to a control group (Fig. 2-3A).

For further confirmation, I performed transient Ago2 OE in MA-10 cells with the Tet_Ago2
vector. The Ago2 gene was successfully and significantly overexpressed (Fig. 2-3B), and as expected,
steroidogenic genes including Star, Cypllal, Cypl7al and Hsd3b1 were significantly downregulated.
These results revealed that expression of Start targets, a subset of steroidogenic genes, was mediated
by the miRNA pathway.

Based on the above results, Start and its target genes were found to be regulated by the Ago?2
gene, and Start OE resulted in significant increases of its targets. These findings led me to hypothesize
that Start and its target genes were bound by common miRNAs. To assess this hypothesis, I performed
co-OE of 4go2 with Start in MA-10 cells. Because Start showed the sequence-dependent function, its
reverse sequence was used as a control. Compared to the reverse sequence OE, Start OE significantly
increased expression of steroidogenic genes that were downregulated by Ago?2 (Fig. 2-3C). Here, I also
evaluated expression of the Nr5al gene, an upstream transcription factor which regulates various
steroidogenic genes including Start targets (reviewed in 95). As a result, NrSal gene expression was
downregulated by 4go2 OE but not affected by Start OE (Fig. 2-3B, C). This suggests that the Nrjal

gene is targeted by the miRNA pathway but not controlled by Start. These results supported my idea
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that Start regulates its target steroidogenic genes by interacting with miRNAs, and the regulation was

not mediated by an upstream factor, the Nr5algene.

Identification of miRNAs potentially interacting with Star¢

miRNAs can bind to their target mRNAs and/or IncRNAs in a sequence-dependent
thermodynamics manner, and we can predict possible miRNAs that interact with a specific sequence.
By submitting the Start full length to the RegRNA2.0 database (http://regrna2.mbc.nctu.edu.tw) [96], 1
obtained 23 miRNA candidates that might target Start RNA as listed in Table 2-1. To confirm whether
these candidates could interact with Start in testicular cells or not, I first checked their expression in
the mouse testis and GC-2spd(ts) cells by RT-PCR with small RNAs. As a result, out of 23 candidates,
13 miRNAs were consistently expressed in both the mouse testis and GC-2spd(ts) cells (Figs. 2-4A
and B).

To identify miRNAs that can bind to the Start transcript, I performed a miRNA-pulldown assay
using BrU-labelled Start. The reverse sequence of Start was also synthesized and used as a control. As
shown in Fig.2-4C, I could successfully pull down Start and miRNAs in each fraction. Fig.2-4D
represents the result of the first trial, in which I performed RT-PCR for all 13 candidates and detected
4 miRNA species, miR-326-3p, miR-383-3p, miR-705, and miR-1930-5p. Fig.2-4E shows the result
of the second trial, in which I only checked those 4 miRNA species and detected miR-326-3p, miR-

383-3p and miR-1930-5p.

Discussion

Previous studies have reported that the testis expresses much more IncRNAs than other tissues
in a spatio-temporal manner [19,43], suggesting their significance in testis-specific functions;

nonetheless, details of how they work was only poorly understood. Because Start was dominantly
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localized at the cytosol in Leydig cells as shown in chapter 1, I hypothesized that Start regulated its
target genes through the miRNA pathway. Here, by taking advantages of cultured cell lines and in
vitro assay, I revealed a molecular mechanism underlying the Start function in Leydig cells. My data
support my hypothesis and showed that Start could activate its target steroidogenic genes via the
miRNA pathway and could interact with miRNA species including miR-326-5p, miR-383-3p and
miR-1930-5p.

My current study demonstrated that Start could be regulated by the miRNA pathway and at the
same time, a subset of steroidogenic genes, Star, Cypl7al, Hsd3bl and Hsd17b3, were negatively
correlated with the 4go2 gene. These strongly suggests that both Start and its target genes are targeted
by the miRNA pathway. Moreover, Start OE significantly recovered the reduction of steroidogenic
genes including Star, and Hsd3b1, caused by Ago2 OE. Therefore, I concluded that Start and its targets
were downregulated by common miRNA sets, and indeed I identified miRNA candidates potentially
interacting with Start. Start may play a role as a decoy against those miRNAs to recover expression of
its target mRNAs, which leads to establishment of the ceRNA network in Leydig cells.

Previous studies have shown that cytosolic IncRNAs can rescue expression of their target
mRNAs by acting as a decoy against miRNAs, and such a regulatory network is termed as ceRNA
[93]. The physiological interaction among mRNAs-miRNAs-IncRNAs is believed to play a role in
organizing more accurate gene expression [94,97]. Thus, ceRNAs are known to function in various
biological processes including development and cancer formation, but the significance in male
reproduction was still to be assessed [98-101]. A limited number of reports attempted to uncover roles
of ceRNAs in the rodent testis but only under abnormal conditions such as induced hormone
disturbance and cytoplasmic toxin treatment [102-104]. Therefore, further evaluation of how ceRNAs
orchestrate spermatogenesis should be inspired, and in this chapter, [ unraveled a potential molecular
mechanism by which Start regulates expression of steroidogenic genes through its function as a
ceRNA.

miRNAs have been found as regulators involved in steroidogenesis in Leydig cells. miR-214 is
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predicted to target the Srebp the gene, which is indispensable for steroid transport, in mouse Leydig
tumor cells [104]. miR-125a and miR-455 downregulates the Scarbl gene, which is required for
steroidogenesis in Leydig tumor cells [105]. These examples demonstrated the functional interaction
between miRNAs and their target mRNAs. With regard to the interaction between a miRNA and
IncRNA, one study reported that a well-characterized IncRNA H19 interacts with miRNA let-7 and
regulates translational activity of the Star gene in a mouse Leydig cell line, MTLC-1 [106]. Thus, the
significance of mMRNA-miRNA and mRNA-IncRNA interaction in the testis has been separately
reported, but how these two pathways are related for spermatogenesis and steroidogenesis was unclear.
My data suggests that Start regulates steroidogenic genes by acting as a ceRNA in Leydig cells, which
may fill a missing piece in the regulation of testis function

In this chapter, I identified three miRNA species, miR-326-3p, miR-383-3p and miR1930-5p, as
candidates that physically interact with Starf RNA. Based on the RegRNA2.0 database, these three
miRNAs were predicted to bind throughout the Start sequence (Fig.2-4F), suggesting that the entire
Start sequence is significant for the regulation of steroidogenesis. Of note, all the three miRNAs were
reported by previous studies. miR-326-3p decreases Phospholipase D1 expression in rat NRK-52E
cells under the cadmium presence, resulting in an increase of apoptotic cells [107]. miR-383-3p
interacts with the 3’untlanslated region (UTR) of IL2R2 to increase the cell availability in
atherosclerosis rat [108] and is reported to function cooperatively with IncRNA HOXC-13AS in
Nasopharyngeal carcinoma presumably as a part of a ceRNA network [109]. miR-1930-5p targets the
MIIt1 gene through a ceRNA network with an IncRNA, MEG3, in mouse primary cultured brain
endothelial cells [110]. These findings demonstrated that the three miRNAs are physiologically
functional and indicate the possibility that they can act in the mRNA-miRNA-IncRNA network for
regulating the steroidogenic genes in the testis. Intriguingly, the webtool RegRNA?2.0 suggested these
three miRNAs have possible ability to bind to Start target genes, namely Star and Hsd3b1 (Fig.2-4F).
This support my idea of functional relevance between Start and its two target genes via miRNA

pathway. Although further investigation is required, my data suggest that Start acts as a component of
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the ceRNA system to activate steroidogenic genes in mouse Leydig cells.
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Table 2-1. Oligo DNA sequence used in the chapter2

Name

Forward

Reverse

[Cloning]
Ago2 ORF

[shRNA]
shAgo2

shDicerl

[RT-PCR]

3’ RACE Adaptor

3> RACE
primer
miR-383-3p
miR-5113
miR-326-3p
miR-344-5p
miR-351-5p
miR-468-3p
miR-770-5p
miR-705
miR-742-3p
miR-466b-5p
miR-466¢-5p
miR-1930-5p
miR-1940
miR-432
miR-767
miR-3085-5p
miR-4660-5p
miR-3097-5p
miR-3473c¢

outer

ATGTACTCGGGAGCCGGCCCC
GTTCITG

GATCCATCGAACATGAGACGT
CTTTGCTGTGAAGCCACAGAT
GGGCAAAGACGTCTCATGTTC
GATTTTTTTA
GATCCGCCGATGATGCAGCCT
CTAATACTGTGAAGCCACAGA
TGGGTATTAGAGGCTGCATCA
TCGGCTTTTTTA

CCACAGCACTGCCTGGTCAG
ACAGAGGAGGAGAGAGATCC
CCTCTGGGCCCTTCCTCCAG
AGTCAGGCTCCTGGCTAGAT
TCCCTGAGGAGCCCTTTGAG
TATGACTGATGTGCGTGTGT
AGCACCACGTGTCTGGGCCA
GGTGGGAGGTGGGGTGGGCA
GAAAGCCACCATGCTGGGTA
TGATGTGTGTGTACATGTAC
TGATGTGTGTGTGCATGTAC
ACCTCCATAGTACCTGCAGC
TATGGAGGACTGAGAAGGTG
TCTTGGAGTAGATCAGTGGG
TGCACCATGGTTGTCTGAGC
AGGTGCCATTCCGAGGGCCA
TGATGTGTGTGTACATGTAC
CACAGGTGGGAAGTGTGTGT
TCTCTCCAGCCCCCATAATA

TCAAGCAAAGTACATGGTGCGC
AGTGTG

AGCTTAAAAAAATCGAACATGA
GACGTCTTTGCCCATCTGTGGCT
TCACAGCAAAGACGTCTCATGTT
CGATG
AGCTTAAAAAAGCCGATGATGC
AGCCTCTAATACCCATCTGTGGC
TTCACAGTATTAGAGGCTGCATC
ATCGGCG

GCGAGCACAGAATTAATACGACT
CACTATAGGTTTTTTTTTTTTVN
GCGAGCACAGAATTAATACGACT
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Table 2-1. (Continued)

Name Forward Reverse

miR-5128 CAATTGGGGCTGGCGAGATG

miR-532-3p CCTCCCACACCCAAGGCTTG

miR-5107 TGGGCAGAGGAGGCAGGGAC

miR-3473d CCACTGAGCCACTTTCCAGC

[qQRT-PCR]

Start CCCACTCTTAGCCTCATGGT CCATCACCCAGCCTGTTCGTT

Star GGGTGGTAGTCAGGAGACAC TTCACAGCTATGCAGTGGGA

Cypllal ATGAGCCAGGAGGTCTAAGC  TCCACCCTATGGGTCCCTAA

Cypl7al CATGCATGAGAACGGCATCA CATTCGAACAAGACCAGGGC

Hsd3bl ATGAGCCACTTGTCAACTGGG TGCTGAAGCCTAAGAACTGAGA
AGG CTC

Hsd17b3 GTCACGATCGGAGCTGAATC TCGTGTCAGGAGGAATCGTT

Nr5al AAGCCACTCTGTAGGACCAAG TGTAAATCTGACGCGAAAGCAG
C

Ago? TGCCATACTGTGATCTGGGG CCTCTCGGACGCTAGGATCT

Dicerl ATGGGTTTAACCTGGAGCGG AGCATCAGGGTACGTGCAAA

Ago2 open reading TCACGTTCATCGTGGTGCAG TCTTCGTGTCCACGGTTGTG

frame

Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
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Fig. 2-1
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Figure 2-1. Start-linked reporter gene showed decreased activity. (A) Effect of Start sequence on
reporter activity was examined by utilizing reporter gene assay system. The Luc-Start vector, which
carries the Luciferase gene fused with Start sequence and driven by the TK promoter, was transfected
into GC-2spd(ts) cells. Luc-Reverse vectors, which carries the Luciferase gene fused with the reverse
sequence of Start and is driven by the TK promoter, and Luc-empty, which carries the Luciferase gene
driven by the TK promoter, were used as control groups. Two days after transfection, cells were
collected and firefly luciferase activity was measured. Each value was normalized to a value of Renilla
luciferase activity. The data are presented as mean = S.D. from five independent experiments. **:
p<0.01. (B) Effect of Start sequence on reporter activity was assessed under Start OE. Constructs
shown at the left side were transfected into pCAG-Start and pCAG-reverse cells. Reporter activity was
measured as in (A). The data are presented as mean = S.D. from three or five independent experiments

in pCAG-Start and pCAG-reverse, respectively. **: p<0.01.
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Fig. 2-2
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Figure 2-2. KD of miRNA machinery genes rescued a decrease in luciferase activity by Start. (A)
KD efficiency was evaluated by qRT-PCR. shRNA vector against the Ago2 gene was stably
transfected into GC-2spd(ts) cells. After cell establishment, the expression level of Ago2 was
quantified by qRT-PCR. The data are presented as mean + S.D. from three independent experiments.
(B) Effect of Start sequence on reporter activity was assessed under KD of the 4go2 gene. Constructs
shown at the right side were transfected into each KD cell, separately. Luc-empty, shown in Fig. 2-1,
was used as a control. Two days after transfection, cells were collected and firefly luciferase activity
was measured. Each value was normalized to a value of Renilla luciferase activity. The value from
Luc-empty was set to 1.0. The data are presented as mean + S.D. from five independent experiments.

% p<0.01.
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Fig. 2-3
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Figure 2-3. Start and its target genes interact with common miRNAs. (A) The function of Ago2 in
expression of steroidogenic genes was assessed by KD experiment. The shRNA vector against the
Ago?2 gene was stably transfected into Start-OE cells. After selection, expression of Ago2 and a subset
of steroidogenic genes were quantified by qRT-PCR. Each value was normalized to that for a
housekeeping gene, Gapdh. The data are presented as mean + S.D. from three independent
experiments. *: p<0.05, **: p<0.01. shAgo2 MA-10; MA-10 cells transfected with the shAgo2 vector
shControl_ MA-10; MA-10 cells transfected with the pBAsi-mU6 Neo vector (B) Effects of 4go2 OE
on expression of steroidogenic genes. The Tet-Ago2 and pPBhCMV*-1-cHA-pA vector were
transfected separately. Three days later, expression of 4go2 and a subset of steroidogenic genes were
quantified by qRT-PCR. Each value was normalized to that for a housekeeping gene, Gapdh. The data
are presented as mean + S.D. from four independent experiments. *: p<0.05, **: p<0.01 (C) Effect of
co-OE of Start with Ago2 OE on expression of steroidogenic genes. The Tet-Ago2 vector was co-
transfected with pCAG-Start or pCAG-reverse. qRT-PCR was performed and the expression levels
were calculated as in (B) The data are presented as mean + S.D. from five independent experiments. *:

p<0.05, **: p<0.01
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Fig. 2-4
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Figure 2-4. Identification of miRNAs potentially interacting with Szart. (A) Expression of 23
candidate miRNAs was examined by RT-PCR. Small RNA fraction was purified from mouse testis.
After DNase treatment, polyadenylation, and RT reaction, cDNAs were subjected to PCR. A result of
40 cycles reaction are presented. Each number represents each candidate miRNA as shown below. The
numbers encircled by red are representing miRNAs which showed positive signals after reaction. (B)
Expression of 23 candidate miRNAs in GC-2spd(ts) cells was examined by RT-PCR. small RNA
fraction was purified from GC-2spd(ts) cells. RT-PCR was performed, and the results are shown as in
(A). (C) Successful pull-down of Start or its reverse strand with miRNAs. Gel image represent a result
of electrophoresis of RNAs in each pull-down fraction visualized by ethidium bromide staining. (D)
Four miRNA candidates were identified by the first pull-down assay. miRNAs that can bind to Start
sequence was pulled-down by using a BrdU -labeled Start RNA. A result of RT-PCR by 40 cycles
reaction for 13 candidates are presented. F: Forward sequence of Start, R: Reverse sequence of Start
(E) Three miRNA candidates were identified by the second pull-down assay. The miRNA pull-down
and RT-PCR were performed as in (D). Only the four candidates in the first trial were examined in this
second trial. (F) Schematic drawing of potential binding sites of the three miRNA candidates. Putative
binding sites of each miRNA was simulated by the RegRNA2.0 database. The seed sequence of
miRNAs is represented by red fonts. Binding ability of each miRNA for 3’UTR of two Start target

genes were represented.

67



Chapter 3
Start transcription contributes to enhancer activity of a genome
region encompassing it for two Prss/Tessp genes in mouse

spermatocytes
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Abstract

In previous chapters, I descrived the significance and molecular basis of Start function in Leydig cells.
Interestingly, Start was also expressed in germ cells and localized in nuclei of pachytene
spermatocytes, implying its function in transcriptional regulation during meiosis. Here, I investigated
the function of nuclear Start in germ cells by focusing on its gene regulatory activity at the
transcriptional level. The RNA-seq data and qRT-PCR results demonstrated that two genes,
Prss43/Tessp-3 and Prss435, linked to Start were significantly downregulated in the Start-KO testis.
This result was consistent with reporter gene analyses that demonstrated enhancer activity of a 5.4-kb
genome sequence encompassing Start. Moreover, induction of Start transcription from the 5.4-kb
sequence by the Tet-on system increased its enhancer activity, and KD experiments by shRNAs
exhibited significant reduction of enhancer activity. Collectively, transcriptional activity of Start was
positively correlated with the enhancer activity served by the 5.4-kb sequence. Thus, I concluded that
Start can play a role to activate adjacent Prss/Tessp genes by mediating enhancer activity of a genome

region containing the Start sequence itself.

Introduction

Spermatogenesis is a highly complexed event which produces male haploid gametes, and can be
divided into three processes including mitosis in spermatogonia, meiosis in spermatocytes, and
spermiogenesis in spermatids through spermatozoa [1,2]. Throughout this process, gene expression
patterns are dramatically changed in a genome-wide scale [60,111,112]. A number of genes involved
in somatic cell functions are silenced at the beginning of meiosis, when meiotic genes transiently get
activated. Those meiotic genes need to be tightly regulated for completion of meiosis and post meiotic

events, but how they are transcriptionally activated is still to be elucidated.
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During the transition from mitosis to meiosis, epigenetic regulation, especially histone
modifications, plays important roles in transcriptional regulation. Histone modifications are regarded
as possible markers for various types of genomic regulatory elements. For example, H3 lysine 4
mono-methylation (H3K4mel) and histone H3 lysine 27 acetylation (H3K27ac) are two major marks
for active enhancers, H3 lysine 4 tri-methylation is a mark for active promoter, and H3 lysine 9 tri-
methylation and H3 lysine 27 tri-methylation are present at silenced chromatin regions [113-117].
Among those elements, enhancer is broadly known as a tissue-specific regulatory element and
enriched with histones carrying an acetyl group [118,119]. In fact, H3K27ac are broadly present at
meiosis-specific gene loci and contribute to promoting late spermatogenetic gene expression profiles
in male germ cells [112,120].

In addition to enhancers, IncRNAs also show transient appearance when spermatogonia
differentiate into primary spermatocytes, and the temporal activation coincides with expression of
mRNAs. Thus, IncRNAs have been presumed to play a role in transcriptional regulation during
spermatogenesis. Indeed, some previous studies reported the function of IncRNAs during
spermatogenesis. A mouse testis-specific IncRNA, 7esra, activates the Prss42/Tessp-2 gene in primary
spermatocytes, and another testis IncRNA, Mrhl, controls meiotic commitment in spermatogonial cells
[20,28].

Moreover, recent studies uncovered the presence of IncRNAs that were transcribed from
enhancer regions, termed as enhancer-derived RNAs or enhancer-RNAs (eRNAs) [121,122]. Once an
eRNA is transcribed from an enhancer, it accelerates enhancer activity itself, providing the function as
a transcriptional regulator. While these studies suggest the significance of IncRNAs or eRNAs in
transcriptional regulation, only a limited number of studies have been reported about this issue, and
the function of IncRNAs in gene regulation during spermatogenesis is still to be evaluated.

In the previous chapters, I reported the function and mechanism of Start in Leydig cells, but the
Start transcript was also localized in nuclei of germ cells, primary spermatocytes at the pachytene

stage, implying its contribution to transcriptional regulation. In this chapter, I attempted to investigate
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arole of Start in germ cells and revealed that a genome sequence encompassing Start can act as an
enhancer for linked Prss/Tessp genes. Thus, I concluded that this genome region would be a germline-
specific enhancer for two Prss/Tessp genes and its activity could get activated when Start was

transcribed.

Materials and Methods

RNA-seq analysis
RNA-seq analysis was performed as described in the chapterl. The expression level of each
Prss/Tessp gene was calculated as gene-specific Reads Per Kilobase of exon per Million mapped reads

(RPKM).

Plasmid Construction

To obtain Start and its flanking sequence, a bacterial artificial chromosome clone encompassing
the Prss/Tessp gene cluster (B6Ng01-306015, RIKEN Bioresource Center, Tsukuba, Japan) was
digested with Sacll, and a 5.4-kb fragment was collected as BAC 5.4kb. This sequence was first
cloned into a pBluescript IT KS(+) vector (Novagen) (pBlue-BAC 5.4kb), then digested with Nofl/Sall,
blunted, and inserted at the blunted BamHI site of the TK-Luc-empty vector (TK-Luc-BAC 5.4kb).
For Dox-dependent Start induction, a 459-bp hCMV*-1 promoter sequence was obtained by digestion
of the pPBhCMV*1-cHA-pA plasmid with Sacll and Accl. The hCMV*-1 promoter was then blunted
and inserted at the EcoRYV site of the TK-Luc-BAC 5.4kb vector (Start-OE). For generation of a
Reverse-OE construct, the reverse sequence of Start was inserted at the blunted Bg/II site of the
pPBhCMV*1-cHA-pA plasmid. It was digested with Sa/l/M/ul and blunted, then inserted at the
EcoRI/EcoRV site of the pBlue-BAC 5.4kb plasmid. Subsequently, it was digested with Notl/Sall and

blunted, and inserted at the blunted BamHI site of the TK-Luc-empty plasmid (Reverse-OE). For
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generating a A2.3kb-OE construct, a 2.3-kb AHindIlIl fragment was inserted at the blunted Bg/II site of
the pPBhCMV*1-cHA-pA plasmid. It was digested with Sa/l/MIul and blunted, then inserted at the
EcoRI/EcoRV site of the pBlue-BAC 5.4kb plasmid. Subsequently, it was digested with Notl/Sall and
blunted, and inserted at the blunted BamHI site of the Luc-empty plasmid (A2.3kb-OE).

For KD experiment, shRNA against Start was designed by the web-page BLOCK-iT RNAi
Designer supplied by Thermo fisher scientific. Designed sequence (Table 3-1) was then inserted at the
BamHI/HindIll site of the pBAsi-mU6 Neo vector (Takara) that was modified to carry the hygromycin
resistant gene at the blunted EcoRI site.

The promoter sequence of each Prss/Tessp gene was amplified by PCR with a pair of primers
listed in Table 3-1. The promoter of each Prss/Tessp gene was inserted at the upstream of the
Luciferase gene, and the BAC 5.4kb was inserted at the downstream region, resulting in reporter
constructs that consisted of the Luciferase gene, which was driven by each Prss/Tessp promoter, and
BAC 5.4kb. The length of each promoter was determined according to previous studies demonstrating
that approximately 1.0-1.5 kb sequence was sufficient for spermatocyte-specific expression [123,

124].

Cell Culture and transfection

GC-2spd(ts) cells were cultured and used for transfection as shown in chapter 2. To establish
stable “Start-OE”, “Reverse-OE” and “A2.3kb-OE “, transfected cells were selected by 2.0 pg/ml
puromycin for 10 days. For transient transfection, 2.0x10* cells were seeded in a 24 well-plate a day
before transfection. Five hundred nanograms of DNA constructs were used for transfection with

Geneluice (Novagen) according to the manufacturer’s protocol.

Reporter Gene Assay
The constructs for reporter gene assay generated as above contained the firefly luciferase gene.

In transient experiment, the pRL-CMV vector (Promega, Madison, WI), by which the Renilla
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luciferase gene was driven by the CMV promoter, was co-transfected with experimental constructs. I
normalized firefly luciferase activity to Renilla luciferase activity to adjust transfection efficiency.
For stable cells such as Start-OE, Reverse-OE and A2.3kb-OE, the value of firefly luciferase
was normalized by each protein amount which was measured by BCA Protein Assay Kit (Thermo
fisher scientific). For transcriptional induction, cells were treated with 1 pg/ml Doxycycline (Dox) a

day before reporter assay.

Statistical analysis

Results are presented as the mean value = S.D. of at least three independent experiments. The
data were statistically analyzed by Student’s t-test, Welch’s t-test or one-way analysis of variance
(ANOVA) followed by the Tukey HSD test. A P value less than 0.05 was considered statistically
significant. All statistical calculations were done by R software (Ver. 3.5.0;

https://cran.ism.ac.jp/bin/windows/).

Results

A subset of Prss/Tessp genes were downregulated in Start-KO testes

Our group previously reported that 7esra and a flanking region of IncRNA-HSVIII can act as cis-
regulators for the Prss42/Tessp-2 gene in primary spermatocytes [27,28]. These studies suggested the
significance of noncoding factors/elements at the locus in spermatogenesis. Therefore, I presumed that
Start can act as a regulator of transcription of Prss/Tessp genes because it is localized in nuclei of
primary spermatocytes (Fig. 1-4). To assess the possibility, I first calculated RPKM values of six
Prss/Tessp genes by the RNA-seq data in Star-KO and wild-type testes. As a result, expression of
Prss43/Tessp-3 and Prss45 were decreased to 17% and 47%, respectively, in Start-KO compared to

wildtype (Fig. 3-1A). For further confirmation, I performed qRT-PCR using four sets of adult Starz-
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KO and wild-type testes, and revealed that Prss43/Tessp-3 and Prss45 were significantly
downregulated to 8% and 64%, respectively, in Start-KO (Fig. 3-1B). These results implied a possible

function of Start encoding sequence for regulation of these two genes.

Enhancer activity of a 5.4-kb sequence encompassing Start

To assess whether the Start-encoding region can act as a regulator at the transcriptional level, I
performed a reporter gene assay using DNA constructs shown in Fig. 3-2A. This BAC 5.4kb sequence,
which encompassed the full length of Start and its 2886-bp upstream and 702-bp downstream
sequences, was inserted downstream of the Luciferase gene driven by the TK promoter. I separately
transfected this and empty constructs into GC-2spd(ts) cells, a cell line derived from mouse
spermatocytes, and measured luciferase activity (Fig. 3-2A). The result showed that BAC 5.4kb
insertion clearly elevated TK promoter activity by more than 10 folds, suggesting its potential function
as an enhancer, and I tentatively named its activity “Start-enhancer”.

To investigate its contribution to each Prss/Tessp gene, | performed a series of reporter assays
using constructs that carried Prss/Tessp gene promoter sequences. The promoter of each Prss/Tessp
gene was inserted at the upstream of the Luciferase gene, and BAC 5.4kb was inserted at the
downstream region, resulting in reporter constructs that consisted of the Luciferase gene, which was
driven by each Prss/Tessp promoter, and BAC 5.4kb. They were transfected independently into GC-
2spd(ts) cells, and luciferase activity was measured 2 days later. As a result (Fig. 3-2B), the BAC
5.4kb sequence significantly enhanced a subset of promoters including Prss42/Tessp-2, Prss44/Tessp-

4, Prss45, and Prss50, supporting its role as an enhancer for linked Prss/Tessp genes.

Positive correlation between enhancer activity of BAC 5.4kb and Start transcription
Interestingly, during this assay, I detected the Start transcript only in a BAC 5.4kb group while
it was detected neither endogenously in GC-2spd(ts) cells nor in a control group. This led me to

speculate that a promoter of Start is present within the 5.4kb sequence and is enough to drive Start
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transcription, and such transcription contributes to enhancer function. To test whether Start
transcription itself can accelerate enhancer activity or not, I decided to utilize the Tet-on system. The
hCMV*-1 promoter, a modified promoter which is activated in the presence of Dox, was inserted 210
bp downstream of Start transcriptional start site to perform reporter assay with or without Dox. As
control groups, two constructs encompassing the Start reverse sequence or a 2.3-kb sequence derived
from lambda phage genome were generated (“Reverse-OE” and “A2.3kb-OE”). I calculated a ratio of
luciferase activity with Dox to that without Dox (Dox+/Dox-) to assess whether Start transcription
contributed to Start-enhancer activity. As shown in Fig.3-3A, Start-OE by 24-hr Dox treatment
elevated reporter activity by 8.2 folds whereas Reverse-OFE and A2.3kb-OE enhanced it by only 2.9
folds and 4.1 folds, respectively. Importantly, the fold increase by Start-OE was significantly high
compared to that by Reverse-OFE and A2.3kb-OE, which suggested that transcription of Start could
affect the Start-enhancer activity.

Next, to examine whether the Start transcript contributes to this Start-enhancer activation or not,
I performed Start KD in Start-OE cells under the Dox-absent condition. I prepared three shRNA-Start
constructs, targeting distinct sequences in Start, and first checked their KD efficiency (Fig. 3-3B).
qRT-PCR results showed that approximately 40%, 90%, and 60% downregulation was observed by
each shRNA. Then, I used all of them for measurement of luciferase activity and found that the
activity was consistently and significantly reduced when Start was downregulated (Fig. 3-3C). This
result clearly supported my hypothesis that BAC 5.4kb can act as an enhancer and its activity is

positively correlated with the Start expression status.

Discussion

My data demonstrated that a 5.4kb genomic sequence encompassing Start enhanced activity of

the TK promoter (Fig. 3-2A) and the potential enhancer activity could be for multiple targets including
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Prss42/Tessp-2, Prss44/Tessp-4, Prss45, and Prss50 (Fig. 3-2B). These are consistent with disturbed
expression of Prss45 in Start-KO testes but inconsistent with the dramatic reduction of Prss43/Tessp-3
expression. This inconsistency might come from a partial insufficiency of the Prss43/Tessp-3 promoter
used for the reporter assay or a lack of components which drives the promoter in GC-2spd(ts) cells. In
fact, public ChIP-seq data suggest broad enrichment with H3K4me1l and H3K27ac, epigenetic
markers for enhancers, at the 5.4-kb region in spermatocytes but not in liver (Figs. 3-4A and B, GEO
accession numbers: GSM1202711, GSM1202714, GSM4185611, and GSM4185612), which supports
that the 5.4-kb region functions as an enhancer. In addition, the induction of Start transcription by the
Tet-on system significantly increased the Start-enhancer activity, and KD of Start in the system
downregulated the activity. Taken together, I conclude that Start-enhancer could activate transcription
of Prss43/Tessp-3 and Prss45 genes and the activity is correlated with Start transcription.

An IncRNA transcribed at enhancer region is frequently termed as eRNA [121-125]. A pioneer
study on eRNA revealed that the expression level of eRNA can be positively correlated with its target
mRNA expression [126]. As evidenced by previous researches, transcription of RNAs that are coded
for an enhancer region can accelerate its enhancer activity, supplying a novel concept of enhancer
function [127,128]. Considering that Start was transcribed from an enhancer region and its
transcriptional activity affected its enhancer activity, it can be classified as a kind of eRNA species.
Given that the Prss/Tessp locus is considered to be indispensable for complete meiosis, Start
transcription may mediate activity of Start-enhancer, resulting in spatio-temporal control of germline
development [29-31].

In general, enhancers function in a cell type-specific manner to provide distinct transcriptome in
various tissues or cells [129,130]. During spermatogenesis, spermatogenetic cell type-specific
enhancers were found at each stage such as spermatocyte and round spermatid [24,131]. Moreover, a
recent genome-wide study uncovered that a couple of enhancers, termed as a super enhancer, regulates
hundreds of meiotic gene expression during early meiosis [120]. These findings indicate the

significance of cis-regulating enhancers in sperm development. In case of Start-enhancer, because
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Start transcription was significantly activated at 14 dpp (Fig. 1-3B), it may play a role in gene
activation in early spermatogenesis.

At this point, the molecular mechanism by which Start-enhancer activates Prss43/Tessp-3 and
Prss45 genes remains elusive, but some previous studies shed light on such a mysterious part.
Previous studies have uncovered that eRNAs are supposed to enhance its target genes via mediating
chromatin loop and recruiting partner proteins, at the target locus [127,128,132]. The HOTTIP
IncRNA interacts with WDAS5 and recruits it to a target locus, the HOXA cluster. This complex
supports to form chromatin loop at the locus, resulting in increased transcription of HOXA cluster
genes. The p53 protein binds to the p53-bound enhancer regions and promotes transcription of eRNAs,
which activates transcription of their interactive targets. The oestrogen receptor-dependent eRNAs
also contribute to transcriptional activation by co-acting with an active form of estrogen receptor.
Therefore, Start-enhancer may be involved in transcriptional activation of Prss43/Tessp-3 and Prss45
in a similar way. Further investigation to identify its partner protein and to determine whether the loop

structure is formed at the locus specifically during spermatogenesis is strongly encouraged.
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Table 3-1. Oligo DNA sequence used in the chapter 3

Name Forward Reverse

[Cloning]

Prss45 Promoter GCGATTGGCACCGTTTACTT GCGCAATGACGTAGCCATAC
Prss46 Promoter GCTCCTATCCTCCTGTCCCT TCCACCGCCTTCCCATTTAC
Prss50 Promoter GGTGTGCTTCAGTGACTCCA CAGCGAGTCAGAGGTGGC
[shRNA]

shStart-Ver.1 GATCCGGACAATCAGTTGTTCCT AGCTTAAAAAAGGACAATCTGTT

shStart-Ver.2

shStart-Ver.3

[qRT-PCR]
Gapdh
Prss42/Tessp-2
Prss43/Tessp-3
Prss44-Tessp-4
Prss45

Prss46

Prss50

TTGCTGTGAAGCCACAGATGGG
CAAAGGAACAACTGATTGTCCT
TTTTTA
GATCCGCAGCTGAAAGAGACTC
TAGTCTGTGAAGCCACAGATGG
GACTAGAGTCTCTTTCAGCTGCT
TTTTTA
GATCCGGATGAAGATTTCTAGCA
AGTCTGTGAAGCCACAGATGGG
ACTTGCTAGAAATCTAACATCCT
TTTTTA

TGCACCACCAACTGCTTAGC

GGTCTGCAAGACTCAGGACA
CAAGGACATCATGGGGAATA
GGGAGGACTTGTGCTATGGA
TGGTTTGCCAGATGAACAAG
CCACCGAACTCACAGACCAT

GTTCCTTTGCCCATCTGTGGCTTC
ACAGCAAAGGAACAACTGATTGT
CCG
AGCTTAAAAAAGCAGCTGAAAGA
GACTCTAGTCCCATCTGTGGCTTC
ACAGACTAGAGTCTCTTTCAGCT
GC
AGCTTAAAAAAGGATGAAGATTT
CTAGCAAGTCCCATCTGTGGCTTC
ACAGACTTGCTADAAATGTTCATC
C

GGCATGGACTGTGGTCATGAG

AGAGGACAGGGACTCCATITG
CTACCTGCACCCACGTTTTA
ATGAGAATACCCCAGCCAGA
TGGTGTAGACGCTTGGGAAT
GTTGCTGGAATGAACCGTCT
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Fig. 3-1

1.4
(A) 12
1 S
.8
S o 0.8
5 E 0.6
[T
a7 0.4
02 . O +/+
0 -/-
, bl X X yo o\ .
Q Q Q S} S S
{‘ va,% {‘ va,% {‘ les Qaﬁ Qag‘i Qag‘i
sQ sb‘q) sb‘&
¢ ¢ ¢
(B)
0.7
0.6
g kk
= 0.5
8 ~
%§ 0.4
M
=
g 02 Q +/+
0.1 y
. ~ @
s ) N 5o D
N N « 5 & K
U v ¢
S %s ©
Q‘{% Q‘{ Q‘{

Figure 3-1. Expression of Prss/Tessp genes in Start-KQO and wild-type testes. (A) Expression of the
Prss/Tessp genes in the testis at 2.5 months (line #2) by RNA-seq. The ratios of RPKM values for
Prss42/Tessp-2, Prss43/Tessp-3, Prss44/Tessp-4, Prss45, Prss46, and Prss50 in a Start-KO testis to
those in a 2.5-month-old wild-type testis were calculated. The expression level for each gene in the
wild-type was set to 1 and fold changes in a KO mouse are presented. (B) Expression of the

Prss/Tessp genes in the testis at 2.5 months (lines #1 and #2) determined by qRT-PCR. Total RNAs
were purified from 2.5-month-old wild-type and Start-KO testes and used for qRT-PCR. The Gapdh
gene was used as an internal control to normalize the expression level of each gene. Data are presented

as means + S.D. from four sets of wild-type and KO littermates. ** P <0.01.
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Fig. 3-2
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Figure 3-2. Enhancer activity of BAC 5.4kb encompassing Start. (A) Enhancer activity of a 5.4-kb
genome sequence encompassing Start (BAC 5.4kb) was assessed by reporter gene assay. The BAC-
derived sequence was inserted at the downstream of firefly luciferase gene as shown at the left side.
This BAC-inserted vector was transfected into GC-2spd(ts) cells. The Luc-Start vector, which carries
the Luciferase mRNA linked with Start sequence and driven by the TK promoter, was transfected into
GC-2spd(ts) cells as a control. Two days later, cells were collected and firefly luciferase activity was
measured. Each value was normalized to the value of Renilla luciferase activity. The data are
presented as mean = S.D. from three independent experiments. **: p<0.01. (B) Enhancer activity for
Prss/Tessp promoters was examined by reporter gene assay. The promoter sequence of each Prss/Tessp
gene was inserted at the upstream of the firefly luciferase gene. Then, BAC 5.4kb sequence was
inserted at the downstream region. Each construct was transfected into GC-2spd(ts) cells, and 2 days
after transfection, cells were collected and firefly luciferase activity was measured. Each value was
normalized to the value of Renilla luciferase activity. The data are presented as mean + S.D. from

three independent experiments. **: p<0.01.
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Fig. 3-3
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Figure 3-3. Start expression correlated with Start-enhancer activity. (A) Induction of Start
transcription significantly upregulated enhancer activity. Constructs shown at the left side were
transfected into GC-2spd(ts) cells. A day after transfection, Dox+ cells were treated with 1 pg/ml of
Dox, while Dox- cells were treated with the same volume of Milli-Q water. A day after the Dox
treatment, cells were collected and firefly luciferase activity was measured. Each value was then
normalized to the amount of protein determined by the BCA assay. The ratio of the value in Dox+ to
that in Dox- was calculated. The graph represents the ratio value in each sample. The data are
presented as mean = S.D. from five independent experiments. **: p<0.01. (B) KD efficiency of three
shRNAs was evaluated by qRT-PCR. Each shRNA construct was separately and stably transfected into
Start-OE cells. After establishment, total RNA was collected from each cell and used for qRT-PCR.
The Gapdh gene was used as an internal control to normalize the expression level of each gene. Data
are presented as means £ S.D. from four independent experiments. ** P < (.01. (C) Start-KD effect on
enhancer activity was evaluated by reporter gene assay. Transfected cells as in (B) were collected and
used for reporter gene assay. The firefly luciferase activity was measured, and each value was
normalized to the amount of protein determined by BCA assay. The value in Control was set to 1.0.

The data are presented as mean + S.D. from five independent experiments. **: p<0.01.
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Fig. 3-4
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Figure 3-4. Enhancer marks at the BAC 5.4kb region encompassing Starf in spermatocytes and
liver. (A) The ChIP-seq data for two histone modification patterns in spermatocytes are shown. The
epigenetic marks are H3K4mel (left panel, red) and H3K27ac (right panel, blue). (B) The ChIP-seq

data for two histone modification patterns in the liver are shown as in (A).
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General Discussion

85



This study has attempted to reveal the function of a novel testis-specific IncRNA, Start, in
mouse testicular germ cells and Leydig cells. Most notably, this study provided evidences of Start
function in two distinct functions and cell types (Fig. 4). In germ cells, Start can act as an eRNA that
accelerates transcription of linked Prss43/Tessp-3 and Prss45 genes. Given that Start expression is
elevated at 14 dpp but its target genes are activated at a bit later stage during spermatogenesis, Start
may first be transcribed and consequently activate Start-enhancer. According to previous studies,
eRNAs are involved in gene regulation in a spatio-temporal manner similarly to canonical enhancers,
resulting in cell-type specific gene expression profiles [133-135]. Therefore, this Start RNA may
contribute to the transition of gene expression patterns from mitosis to meiosis during
spermatogenesis. Particularly, one of its targets, Prss43/Tessp-3, is known to be essential for the
progression of meiosis, as evidenced by an inhibitory experiment of PRSS43 protein in cultured testis
pieces leading to increased number of apoptotic cells [29]. The other target, PRSS45 protein, was
found in spermatids and mature sperm, suggesting its roles in sperm development or fertilization [30].
Thus, Start may control the cell availability and/or sperm quality in the testis. Seemingly consistent
with this hypothesis, in 7-month-old Star-KO testes, the Sycp2 gene, a marker for pachytene
spermatocytes, tended to be decreased compared to wild-type, which implies that Star¢ functions in the
maintenance of spermatogenetic cells (data not shown because n=2).

On the other hand, in Leydig cells, Start ought to act as a decoy against miRNA species in the
cytoplasm. To date, there have been only one study reporting the presence of ceRNA network which
regulates steroidogenesis in Leydig cells [106]. Based on the study, an IncRNA, H19, one of the most
characterized IncRNAs among tissues, interacts with let-7 family miRNAs and regulates Star
expression in mouse Leydig cell line MLTC-1. Considering that Start targets multiple steroidogenic
genes, it may act on steroidogenic regulation in a similar way. In addition, in chapter 2, three miRNA
species, miR-326-3p, miR-383-3p and miR-1930-5p, were identified as they interacted with Start
RNA in a sequence-dependent manner. Because I did not assess the direct interaction between Start

and miRNAs in Leydig cells, it is not sure whether these miRNAs are truly involved in the regulation
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of steroidogenesis via Start. Further investigation using miRNA mimics or agonists is needed to
determine their significance on expression of steroidogenic genes.

Collectively, Start has functions in both spermatogenesis and steroidogenesis, and therefore it is
regarded as a multi-functional IncRNA: the transcriptional activation in germ cells and the
upregulation of steroidogenesis in Leydig cells through the miRNA pathway. Today, there are several
studies that indicated multiple roles of IncRNAs. As examples, H79 plays a role in dosage
compensation in nuclei and acts as a decoy against miRNAs in the cytosol [106,136]. IncRNA Gas5
also interacts with miRNAs in the cytosol, provides small nucleolar RNAs, antagonizes the
glucocorticoid receptor, and binds to polycomb repressive complex 2 to recruit it at the /7f4 locus for
gene silencing [137-140]. However, there are still no findings of eRNA which also acts as a
component of ceRNA involved in testis-specific function. Therefore, this report is the first example of
a multi-functional tissue-specific IncRNA in the testis, suggesting the novel significance of a
noncoding element/factor which precisely finetunes the male reproductive trail.

Currently, our group has revealed three distinct testis-specific IncRNAs, IncRNA-HSVIII, Tesra
and Start, at the mouse Prss/Tessp gene locus. Interestingly, all three IncRNAs are transcribed both in
Leydig cells and in germ cells. Recently developed single cell analyses revealed significant difference
in gene expression profiles between germ cells and somatic cells in the testis [141,142]. Those study
suggested that gene expression profiles are totally different not only between germ cells and somatic
cells, but also even among somatic cells. In contrast to those findings, our group found the common
presence of IncRNAs that are transcribed specifically in Leydig cells and germ cells from the same
locus. This suggests the presence of unknown but universal transcriptional regulatory mechanisms
underlying different cell types to govern tissue-specific function.

In this study, I have identified a novel testis-specific IncRNA and revealed its function both in
steroidogenesis in Leydig cells and spermatogenesis in germ cells. For decades, transcriptomic studies
have implied the presence and significance of IncRNAs in the testis, but only few studies have

discovered the detail of each IncRNA. How IncRNAs regulate gene expression is still mostly
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unknown, and the functional investigation on testis IncRNAs had been profoundly awaited. My study
provided evidences that clarified the physiological importance of Start in two distinct pathways in the

testis, solving the challenging problems in the reproductive science field.
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Figure 4. A schematic drawing of Starf multiple-function in the testis. Germ cells, Leydig cells,
and Sertoli cells were colored with blue, red and green, respectively. Start expresses both in germ cells
and Leydig cells, and functions in two distinct pathways. In Leydig cells, as shown in the chapterl and
chapter2, Start acts as a decoy against miRNAs in the cytosol, and eventually upregulates its target
steroidogenic genes. This is consistent with a significant reduction of serum testosterone level
observed in Start-KO male. On the other hand, in germ cells, a genomic sequence encompassing Start
can act as an enhancer against linked Prss43/Tessp-3 and Prss45, as shown in the chapter3. Moreover,

its enhancer activity exhibited positive correlation with Start transcription.
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