. HOKKAIDO UNIVERSITY

Studies on the mechanism of spermatocyte-specific gene activation by enhancer and long

Title noncoding RNA during mouse spermatogenesis
Author (s) £k, BKR
Degree Grantor biEEKE
Degree Name Bt (EafRz)

Dissertation Number HE131675

Issue Date 2018-03-22
DOI https://doi.org/10.14943/doctoral. k13167
Doc URL https://hdl. handle.net/2115/89201
Type doctoral thesis
File Information Yui Satoh, pdf

kaid,
P U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Studies on the mechanism of spermatocyte-specific
gene activation by enhancer and long noncoding

RNA during mouse spermatogenesis

(v A FIERIC BT 5~ % —Hong noncoding RNA (2

KNG R I A7 B A IBAR IS AL A = X NI BE 4 5 5E)

by Yui Satoh

March, 2018



CONTENTS

GENERAL INTRODUCTION........ciiiiitiiieiesteeie ettt ettt snee st e seeneesseenees 2
L0 110 ) S SRR 8
(0] 1101 <) U TR SRPSRRRS 27
GENERAL DISCUSSION ...ttt ettt sttt sseeneesseeseeeesseenseenneas 44
ACKNOWLEDGEMENTS ...ttt sttt sttt ettt e aesneenaeeneeas 50
REFERENCES ...ttt ettt sttt ettt et st e bt e st e eneeseenaesneenseenneas 51
TABLES and FIGURES ...ttt 68



GENERAL INTRODUCTION



The mammalian testis is composed of three types of cells, germ cells, Sertoli cells, and Leydig
cells, and they directly or indirectly interact with each other for normal progression of
spermatogenesis after birth. Sertoli cells play critical roles in many aspects of spermatogenesis, such
as germ cell migration into the lumen (Bergmann et al. 1989), construction of blood testis barrier
(BTB) (Dym & Fawcett 1970, Pelletier 2011), and maintenance of germ line stem cells (Li et al.
2009). Leydig cells are responsible for steroidogenesis, and the secreted androgen regulates the BTB
structure, Sertoli-germ cell adhesion, and the release of sperm (O’Shaughnessy 2014). Androgen
production and secretion from Leydig cells are controlled by pituitary gland in response to
gonadotropin releasing hormone (GnRH) from the hypothalamus (Zirkin & Chen 2000). This
regulation by hypothalamus-pituitary-gonadal axis is very important, as follicle stimulating hormone
(FSH) from the pituitary and testosterone from Leydig cells are both known to prevent apoptosis of
germ cells (Erkkilé et al. 1997, Tesarik et al. 2001). In addition to the endocrine control, testis-specific
genes play essential roles in the regulation of spermatogenesis, as evidenced by several studies

showing the requirement of them (Table 1).

Spermatogenesis consists of three steps; mitosis of spermatogonial stem cells with a chromosome
replication and a division into two daughter cells, meiosis with a DNA replication generating four
haploid spermatids from primary spermatocytes by two divisions, and spermiogenesis by which round
spermatids transform into mature spermatozoa through the step of spermatid elongation along with
transition of histones into protamines. All of these issues are important and have been studied for
many years. For example, a serine-threonine kinase, mammalian target of rapamycin (mTOR),
promotes the self-renewal of spermatogonia (Xu et al. 2016), and some growth factors and
transcription factors from Sertoli cells, such as glial cell line-derived neurotrophic factor (GDNF), are
known to function upstream of mTOR (Chen & Liu 2015). The transition of histones into protamines

has also been a critical issue, and chromatin remodeling proteins, histone modification enzymes, and



testis-specific histone variants are found to play critical roles (Table 1). However, there are still many
unsolved issues in the generation of functional sperm, and one such topic is the activation mechanism

of meiosis-specific genes. Thus, I attempted to solve this problem in my PhD course study.

The activation mechanism of male germ cell-specific genes in meiosis, is so important in
spermatogenesis, because many of such genes have been demonstrated to be critical for the
proceeding of each meiotic stage (Table 1). But the gene activation mechanism, especially during
meiosis, is not well understood. In general, the tissue-specific gene activation involves various factors,
such as promoters, enhancers and silencers, epigenetic modifications, chromatin remodeling, and
noncoding RNAs (ncRNAs). Although some germ cell-specific genes were considered to be
controlled solely by their proximal promoters (Kehoe et al. 2008, Reddi et al. 1999), recent studies
have shown that other factors such as enhancers are required for several germ cell-specific genes
(Kurihara et al. 2014, Lele & Wolgemuth 2004). To gain more insights into the activation mechanism
of stage-specific genes in meiosis, I focused on the gene which is specifically activated in primary
spermatocytes, because this stage is the longest period in spermatogenesis and numerous important
genes are activated in primary spermatocytes. Here, [ used the Protease serine/Testis-specific serine

protease (Prss/Tessp) gene cluster that are activated at early stages of meiosis as a model gene locus.

Prss/Tessp genes encode serine proteases that are specifically expressed in the mouse testis. Four
homologous genes were found from 8-week-old mouse testes by reverse transcription-polymerase
chain reaction (RT-PCR) with degenerate primers designed at conserved sequences among serine
proteases and by screening a mouse testis cDNA library. They were named Prss41/Tessp-1,
Prss42/Tessp-2, Prss43/Tessp-3, and Prss44/Tessp-4. While Prss41/Tessp-1 is located on the
chromosome 17 of mouse as one gene in a serine protease gene cluster (Wong et al. 2004), the other
three Prss/Tessp genes are composed of another gene cluster on chromosome 9F2-F3. Prss41/Tessp-1

is expressed in spermatogonia and primary spermatocytes as well as Sertoli cells, and it might



contribute to the progression of spermatogenesis in spermatogonia (Takano et al. 2005, 2009; Yoneda
& Kimura 2013). Transcripts of the three Prss/Tessp cluster genes are expressed mainly in
spermatocytes, but their protein localization was different from each other (Yoneda et al. 2013). The
Prss42/Tessp-2 protein is present in the membrane and cytoplasm of secondary spermatocytes and
spermatids, whereas the Prss43/Tessp-3 protein is found in the membrane of primary and secondary
spermatocytes. The Prss44/Tessp-4 protein is localized in the cytoplasm of spermatocyte.
Prss42/Tessp-2 and Prss43/Tessp-3 were functionally analyzed by adding the specific antibody to in
vitro organ culture system, and the results showed that the antibody against Prss42/Tessp-2 and
Prss43/Tessp-3 arrested in vitro meiosis at the stage of secondary and primary spermatocyte,
respectively, leading to germ cell apoptosis (Yoneda et al. 2013). These strongly suggest that the
Prss/Tessp genes are functionally crucial for spermatogenesis, and therefore, this gene cluster is an

ideal model to investigate the activation mechanism of spermatocyte-specific genes.

In mammalian genome, approximately 25,000 protein-coding genes are transcribed into mRNAs
(Bult et al. 2016), but they correspond to no more than 2% of the whole genome, and a large amount
of the rest of it (~62%) is transcribed into ncRNAs (Heward & Lindsay 2014). ncRNAs are generally
defined as transcripts that do not encode proteins but act as functional molecules. They have been
considered as junk for a long time, but resent studies have revealed their relation to and crucial roles
in various biological processes (Kung et al. 2013, Quinn & Chang 2016). ncRNAs are roughly
divided into two categories by their length, i.e. small ncRNAs and long ncRNAs (IncRNAs). Small
ncRNAs have a long history of research since the discovery of the first microRNAs (miRNAs) as
regulators of developmental transition in Caenorhabditis elegans in 1993 (Lee et al. 1993, Pasquinelli
& Ruvkun 2002), and have been studied over 20 years. Small ncRNAs are less than 200 nucleotides
(nt) in length, and include miRNAs, transfer RNAs (tRNAs) , small nucleolar RNAs (snoRNAs), and
Piwi- interacting RNAs (piRNAs) (Kung et al. 2013, Romano et al. 2017). It is now revealed that the

functions of small ncRNAs are relatively limited depending on the class. For example, miRNAs



control the translational repression and mRNA turnover (Ameres & Zamore 2013), and piRNAs
regulate the repression of transposable elements and mRNA decay in murine germlines (Ng et al.

2016).

In contrast to small ncRNAs, functions and regulatory mechanisms of IncRNAs are not clear and
presumed to be various (Dey et al. 2014). It is defined that IncRNAs are longer than 200 nt, frequently
5’-capped and polyadenylated, and transcribed by the similar system to mRNAs of protein-coding
genes. Since the cross-species conservation rate of IncRNAs is low (Wang et al. 2004) and their
primary sequences are quickly evolved compared with protein-coding genes (Pang et al. 2006), it is
considered that the secondary structure is critical for their activity (Johnsson et al. 2014). In addition,
IncRNAs show more tissue-specific expression patterns than mRNAs and the testis contains
especially large amounts of IncRNAs (Cabili et al. 2011, Necsulea et al. 2014). As their examples,
IncRNAs include long intergenic RNAs (lincRNAs), enhancer RNAs (eRNAs), antisense RNAs, and
promoter-associated ncRNAs (pancRNAs) (Heward & Lindsay 2014, Kung et al. 2013, Morlando et
al. 2015). These IncRNAs are reported to play important roles in RNA processing (Tripathi et al.
2010), regulation of RNA stability (Yang et al. 2014), construction of subnuclear structures
(Nakagawa et al. 2014, Standaert et al. 2014), and chromatin remodeling (Zhu et al. 2013a), mostly in
somatic cells. However, the classification of IncRNAs is still confusing because of their structural and
functional variability, so it is meaningful to reveal the function of each IncRNA to understand what

the IncRNA is.

Even though numerous IncRNAs were identified by using microarray and RNA-sequencing
(RNA-seq) analyses in the testis (Bao et al. 2013, Sun et al. 2013) and it is known that testis IncRNAs
account for the large percentage of entire IncRNAs (Necsulea et al. 2014), a small number of studies
reported the function of testicular IncRNAs. HongrES?2 is suggested to be involved in the capacitation

of sperm (Ni et al. 2011), and Tsx is shown to be critical in mouse spermatogenesis especially at the



spermatocyte stage (Anguera et al. 2011). IncRNA-Tcaml regulates immune-related genes in
spermatocyte-derived cultured cells (Kurihara et al. 2017), and the lack of X-linked IncRNA, Tslrnl,
shows significant reduction in the number of spermatozoa (Wichman et al. 2017). In Drosophila, it
was found that some IncRNAs regulate spermatid individualization or formation of normal spermatids
(Wen et al. 2016). These data strongly suggest the physiological significance of testicular IncRNAs in

spermatogenesis, but more studies are obviously needed.

Here I identified two novel testis-specific IncRNAs, IncRNA-HSVIII and Tesra (Tessp cluster
IncRNA related to gene activation), at the Prss/Tessp gene locus, and investigated their expression
and function. In chapter 1, I obtained the data supporting that /ncRNA-HSVIII was involved in
multiple events during meiosis, and adjacent sequences of /ncRNA-HSVIII functioned as the enhancer
for the Prss42/Tessp-2 gene. In chapter 2, I demonstrated the binding of Tesra to the Prss42/Tessp-2
promoter and suggested that Tesra contributed to upregulation of Prss42/Tessp-2 together with the
enhancer surrounding IncRNA-HSVIII. These results pave the way for improving the understanding of

molecular mechanism of spermatogenesis mediated by testicular IncRNAs.



Chapter 1 :

Identification and Characterization of IncRNA-HSVIII during
Mouse Spermatogenesis and Enhancer Activity of its Flanking

Sequences



SUMMARY

Spermatogenesis is regulated by many meiotic stage-specific genes, but how they coordinate the
many individual processes is not fully understood. The Prss/Tessp gene cluster is located on the
mouse chromosome 9F2-F3, and the three genes at this site (Prss42/Tessp-2, Prss43/Tessp-3, and
Prss44/Tessp-4) are specifically activated during meiosis in pachytene spermatocytes. I searched for
DNase I hyper-sensitive sites (HSs) and long noncoding RNAs (IncRNAs) at the Prss/Tessp locus to
elucidate how they are activated. I found eight DNase I HSs, three of which were testis germ
cell-specific at or close to the Prss42/Tessp-2 promoter, and a testis-specific IncRNA, IncRNA-HSVIII,
which was transcribed from a region adjacent to the Prss42/Tessp-2 gene. IncRNA-HSVIII transcripts
localized to nuclei of most pachytene spermatocytes and the cytosol of stage-X pachytene
spermatocytes and spermatids. A 5.8-kb genome sequence, encompassing the entire IncRNA-HSVIII
sequence and its flanking regions, significantly increased Prss42/Tessp-2 promoter activity using a
reporter gene assay, yet this construct did not change /ncRNA-HSVIII expression, indicating that the
elevated promoter activity was likely through enhancer activity. Indeed, both upstream and
downstream regions of the /ncRNA-HSVIII sequence significantly increased Prss42/Tessp-2 promoter
activity. In combination with a previous result identifying the direct interaction of a genomic region in
the IncRNA-HSVIII locus with the Prss42/Tessp-2 promoter in spermatocytes, my current data

suggested that sequences adjacent to the IncRNA function as enhancers for the Prss42/Tessp-2 gene.



INTRODUCTION

How genes are specifically activated at particular stages during spermatogenesis especially in
primary spermatocytes—remains to be elucidated (Goldberg et al. 2010, Grimes 2004, Johnston et al.
2008, Ou et al. 2010, Shima et al. 2004, Wang et al. 2005). Three paralogous mouse genes
Prss42/Tessp-2, Prss43/ Tessp-3, and Prss44/Tessp-4—constitute a gene cluster on mouse
chromosome 9F2-F3, and are activated in primary spermatocytes at the late pachytene stage (Yoneda
et al. 2013). These three genes, plus their homolog Prss41/Tessp-1, encode serine proteases that are
crucial for meiotic progression at different stages (Yoneda & Kimura 2013; Yoneda et al. 2013). The
functional significance and spermatocyte-specific expression of the Prss/Tessp genes suggest that this
gene cluster would be an excellent model for studying the mechanisms of gene activation during
meiosis.

Germ cell-specific genes were classically thought to be controlled solely by their proximal
promoters, based on the identification of minimum promoters that were sufficient to activate genes in
transgenic mice (Kehoe et al. 2008, Reddi et al. 2007). General transcription factors that are
exclusively expressed in testicular germ cells are also known to play important roles in gene
activation during meiosis (DeJong 2006, Goodrich & Tjian 2010). Yet, distal enhancer elements are
being recognized for germ cell-specific gene activation. For example, the enhancer located between
4.8 kb and 1.3 kb of the transcriptional start site of the mouse Ccnal gene was necessary for full
activation of this gene (Lele & Wolgemuth 2004b). Our group also recently found an enhancer for the
mouse spermatocyte-specific Tcaml gene (Kurihara et al. 2014). Thus, gene expression during male
meiosis is likely complicated by many layers of regulation.

Chromatin structure is essential to gene activation. DNase I hypersensitive sites (HS) are
genomic regions with loose chromatin that are often marked with epigenetic modifications that
facilitate the formation of active chromatin (Alabert & Groth 2012, Jenuwein & Allis 2001, Mercer et

al. 2013) and are associated with promoters and enhancers (Cockerill 2011, Iwafuchi-Doi & Zaret
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2014). Enhancers increase the transcription of their target genes by physically interacting with
promoters, as revealed by the innovative chromosome conformation capture (3C) assay (Dekker et al.
2002, Tolhuis et al. 2002). Recently, enhancers were found to be controlled by long noncoding RNAs
(IncRNAs) (Ponting et al. 2009, Umlauf et al. 2008, Wang & Chang 2011, Wilusz et al. 2009,
Zaratiegui et al. 2007), which are extensively transcribed from the mammalian genome in organs
including the mouse testis (Bao et al. 2013, Liang et al. 2014, Necsulea et al. 2014). In these examples,
IncRNAs facilitated the dynamic chromatin rearrangements that allowed enhancers to contact
promoter regions (Lai et al. 2013, Sanyal et al. 2012). In contrast to the known regulatory mechanisms
of various tissue-specific genes (Arvey et al. 2012, Natarajan et al. 2012, Todeschini et al. 2014), little
is known about how DNase I HSs and IncRNAs control specific gene activation in the testis during
meiosis.

In this chapter, I assessed how the mouse Prss/Tessp gene cluster is activated. I found eight
DNase I HSs at this locus as well as a testis-specific IncRNA, IncRNA- HSVIII, which was transcribed
from a region adjacent to the Prss42/Tessp-2 gene. In spermatocytes, the chromatin at lncRNA-HSVIII
was reported to interact with the Prss42/Tessp-2 promoter (Yoneda 2014), in which germ cell-specific
DNase I HSs were present. Yet IncRNA-HSVIII transcription was unlikely to be related to the
Prss42/Tessp-2 gene regulation; instead, sequences adjacent to the IncRNA possessed Prss42/Tessp-2

enhancer activity, thus revealing a novel mechanism of gene activation during male meiosis.
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MATERIALS AND METHODS

Animals
The experimental procedures used in this study were approved by the Institutional Animal Use
and Care Committee at Hokkaido University. C57BL6/Crj mice (CLEA Japan Inc., Tokyo, Japan)

were maintained on 14hr light/10hr dark cycles at 25°C, and fed with ad libitum food and water.

DNase I HS Mapping

Native germ cells were isolated from two adult mouse testes, and their purity was checked by
marker gene expression, as previously described (Yoneda et al. 2013; Kurihara et al. 2014). The cells
were lysed with 4 ml 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). Liver nuclei were collected by cutting and homogenizing a 0.1-g piece of liver in 4 ml
NP-40 lysis buffer containing 1x proteinase inhibitor cocktail. The nuclei were collected by
centrifugation, washed with 1 ml DNase I digestion buffer (0.1 M NaCl, 50 mM Tris-HCI [pH 7.5], 3
mM MgCl,, 1 mM CacCl,, 0.1 mM phenylmethylsulfonyl fluoride), suspended again in 625 ul DNase
I digestion buffer, and divided into five aliquots. One hundred twenty-five microliters (125 ul) of
DNase I digestion buffer was added to one aliquot, and mixed with 250 ul 2x Stop solution (20 mM
Tris-HCI [pH 7.5], 100 mM EDTA, 600 mM NaCl, 1% SDS, 200 mg/ml proteinase K). The
remaining four aliquots were mixed with 125 ul DNase I digestion buffer containing 40 U/ml DNase |
(Takara, Ohtsu, Japan), and incubated at 37°C for 15, 45, 90, and 180 sec. The reaction was stopped
by adding 250 ul 2x Stop solution to each sample. All the five samples were incubated overnight at
55°C to purify the genome DNA. The aliquot without DNase I digestion was used as the 0-sec sample
time point.

The purified DNA was measured, and approximately 5-10 ug DNA was digested at 37°C for 20

hr with restriction enzymes, Hindlll, BamHI, or EcoRI. The digested DNA was then purified by

12



phenol/chloroform isoamylalcohol (CIAA) extraction and ethanol precipitation. These samples were
separated by electrophoresis on 0.7% agarose gels, and transferred to Hybond-N" membranes (GE

Healthcare, Piscataway, NJ) for Southern blot.

Southern Blot

A 38-kb region encompassing the Prss42/Tessp-2 gene was detected as two fragments following
Hindlll and BamHI digestion (Fig. 1-1A). A 679-bp probe, which detected both fragments, was
prepared by PCR amplification with ExTaq polymerase (Takara) and mouse genome DNA. Following
PCR amplification, the products were subcloned into pBluescript II (Stratagene, La Jolla, CA), and
their sequences were checked by DNA sequencing. I selected the clone that contained completely
correct sequence for use as the probe; restriction digestion, agarose gel electrophoresis, and DNA
purification from the gel was used to obtain the probe itself. The probe was **P-labeled and hybridized
with the DNA-blotted membranes either at 65°C in 0.5 M sodium phosphate [pH 7.2], 0.1 mM EDTA,
5% SDS, 1% bovine serum albumin, and 100 mg/ml herring sperm DNA or at 42°C in 50%
formamide, 5x Denhardt’s solution, 5x SSPE, 1% SDS, and 100 mg/ml herring sperm DNA. The
membranes were washed at 65°C or 50°C with 1x SSC/0.1% SDS, and the radioactive signal was
detected by autoradiography using Kodak Biomax MR film. Fine mapping of the Prss42/Tessp-2
promoter region was performed by digesting the DNase I-treated genomic DNA with EcoRI, and a
711-bp probe for this fragment was obtained by PCR as above (Fig. 1-1A). The primers for PCR

reactions to prepare probes are listed in Table 2.

Reverse Transcription-PCR (RT-PCR) and Quantitative RT-PCR (qRT-PCR) Analyses
Total RNAs were extracted by ISOGEN II (Nippon gene, Tokyo, Japan) according to the
manufacturer’s instruction. After treatment with TurboDNase I (Ambion, Austin, TX), RNAs were
reverse-transcribed into cDNAs using Superscript I1I (Invitrogen, Carlsbad, CA), according to the

instruction. PCR was performed using ExTaq polymerase (Takara). qRT-PCR was performed using
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KOD SYBR qPCR Mix (TOYOBO, Osaka, Japan) or Power SYBR Green Master Mix kit (Thermo

Fisher Scientific, Kanagawa, Japan). Primer sequences are shown in Table2.

Rapid Amplification of cDNA Ends (RACE)

RACE analyses were performed as previously described (Kurihara et al. 2014, Matsubara et al.
2014) . For 5’RACE, reverse transcription was performed with RT-1 primer, and the first PCR was
performed with GSP1 and the Abridged Anchor Primer. The second, nested PCR was performed
using GSP2 and Abridged Universal Amplification Primer. For 3’RACE, the first and second PCRs
were performed using GSP3 and GSP4, respectively, with 3-sites Adaptor Primer. All the products
were subcloned into pBluescript II (Stratagene) using the TA-cloning method, and the sequences of at
least ten subclones were determined for each experiment. Primer positions are indicated in Figure

1-2A, and their sequences are shown in Table 2.

Preparation of Germ-Cell, Sertoli-Cell, and Sertoli/Leydig-Cell Fractions

The germ-cell fraction was prepared as above. Sertoli cells were obtained from 11-day-old testes
by primary culture, as previously described (Yoneda & Kimura 2013). The Sertoli/Leydig-cell
fraction was obtained from 6-month-old testes as follows: The testes were decapsulated and treated
with 0.1% collagenase at 32°C. The floating cells were collected and applied to a discontinuous
Percoll gradient (20%, 37%, and 53%). After centrifugation, the cells between 37% and 53% were

washed and collected as the Sertoli/Leydig-cell fraction.

Preparation of Subcellular Fractions

Testicular germ cells were lysed in NP-40 lysis buffer on ice for 10 min, and the lysate was
centrifuged at 1,500 rpm for 5 min at 4°C. The supernatant was used as the cytoplasmic fraction. The
precipitates were washed with the same buffer 2-3 times, and the resulting pellet was used as the

nuclear fraction.
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In Situ Hybridization

Adult mouse testes were fixed for 3 hr at 4°C with 4% paraformaldehyde in phosphate-buffered
saline (PBS). Tissues were washed three times with PBS, and dissected into two pieces with a razor
blade under a dissecting microscope. In situ hybridization with the TSA Plus system (Perkin Elmer,
Waltham, MA) was performed according to a previously reported procedure (Kotani et al. 2013).
Briefly, samples were dehydrated, embedded in paraffin, and cut into 7-um thick sections. The sense
and antisense RNA probes for IncRNA-HSVIII were synthesized with a digoxigenin (DIG) RNA
labeling kit (Roche Molecular Biochemicals); I used a full-length sequence of /ncRNA-HSVIII (2665
nucleotides) for labeling. After hybridization and washing, the sections were incubated for 30 min
with anti-DIG-horseradish peroxidase antibody (1:500 dilution) (Roche Molecular Biochemicals).
The reaction with tyramide-Cy3 was performed according to the manufacturer’s instructions. After
incubation with 10 mg/ml Hoechst33258 for 10 min, the samples were observed under an LSMSLIVE

confocal microscope (Carl Zeiss, Oberkochen, Germany).

Plasmid Constructs

The Prss42/Tessp-2 promoter sequence was amplified by PCR with mouse genome DNA using
KOD polymerase (TOYOBO) and a primer pair listed in Table 2. The 1,636-bp product was blunted
and phosphorylated, and inserted into a pGL-3 Basic vector (Promega Corporation, Madison, WI) at
the blunted-Hindlll site. I used the plasmid clone that contained no mutation in the promoter. The
5.8-kb fragment encompassing the IncRNA-HSVIII sequence was obtained by digestion of a mouse
bacterial artificial chromosome clone, B6Ng01-306015 (RIKEN Bioresource Center), with EcoRI,
and subcloned into pBluescript II (Stratagene). The fragment was further excised from the vector with
EcoRI, blunted and phosphorylated, and inserted into the pGL-3 Basic vector containing the
Prss42/Tessp-2 promoter at the blunted BamHI site. A 6.7-kb AHindlIII fragment was obtained from a

AHindlll marker, and inserted into the same vector at the blunted and dephosphorylated BamHI site.
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Full-length IncRNA-HSVIII sequence was first amplified separately by RT-PCR as a 2,562-bp
5’-half and a 259-bp 3’-half using primer pairs shown in Table 2. The two products were separately
subcloned into pBluescript II KS(+) at the EcoRYV site by the TA-cloning method, and confirmed by
sequencing. Then, I digested both plasmids with Bg/II and Sa/l, and inserted a 109-bp 3’-half into the
plasmid containing a 2,556-bp 5°-half. After digestion of the plasmid, which contained the full-length
of IncRNA-HSVIII, with BamHI and Sall, I ligated the IncRNA-HSVIII fragment into BamHI/Sall site
of the pGL-3 Basic vector containing the Prss42/Tessp-2 promoter. The digested IncRNA-HSVIII
fragment was also blunted and phosphorylated, and inserted into the Smal site of the modified
plasmid.

Upstream and downstream sequences of /ncRNA-HSVIII were obtained by digesting the
pBluescript II vector containing the 5.8-kb fragment with Smal/Hincll and Sacl/ EcoRV, respectively.
The fragments were blunted and phosphorylated, and inserted into the blunted BamHI site of the

pGL-3 Basic vector containing the Prss42/Tessp-2 promoter.

Cell Culture, Transfection, and Reporter-Gene Assay

Hepal-6 cells were cultured as previously described (Matsubara et al. 2010). P19TG1 cells were
cultured with Eagle’s minimum essential medium containing 10% fetal bovine serum and 2 mM
L-glutamine, in the 37°C incubator supplied with 5% CO,. P19TG1 is an Hprt-deficient subline of the
P19 embryonic carcinoma cell line (Mise et al. 1996), which was originally established from a
teratocarcinoma by transplantation of an embryonic day-7.5 mouse embryo into the testis (McBurney
& Rogers 1982).

I used the same molar quantity of DNA in each assay. For the reporter assay, Hepal-6 cells were
cultured in 24-well dishes and transfected with constructs using GenelJuice transfection reagent
(Novagen, Madison, WI), according to the manufacturer’s instructions. P19TG1 cells were cultured in
35-mm dishes and transfected using FuGENE-HD reagent (Promega Corporation). The day before

transfection, 0.5x10° P19TG1 cells were seeded on a 35-mm dish; on the day of transfection, the cell
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confluency was about 50-80 %, and were presented with complexes of various constructs formed
with FuGENE-HD. The cells were collected 48 hr after transfection, and luciferase activity was
measured using the Dual-Luciferase Reporter Assay System (Promega Corporation).

The constructs I prepared above contained the firefly luciferase gene, and in each experiment,
they were co-transfected with a pRL-CMV vector (Promega Corporation), by which the Renilla
luciferase gene was driven by the CMV promoter. All the constructs were transfected as circular
plasmids. Firefly luciferase activity was normalized to Renilla luciferase activity to adjust the
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.

Statistical Analysis

Results were expressed as the average + standard deviation (S.D.) of at least three independent
experiments. Student’s t-test and Dunnett’s test were performed using Microsoft Excel statistical
analysis functions (Microsoft Corporation, Redmond, WA). Differences were considered statistically

significant at P < 0.05.
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RESULTS

DNase I HS Mapping at the Mouse Prss/Tessp Locus

DNase I HS mapping at the Prss/Tessp locus in testicular germ cells and liver cells was
performed to identify cis-regulatory sequences that control the expression of these genes. The germ
cell fraction was prepared as previously described (Yoneda et al. 2013); marker gene expression
revealed that more than 70% of cells in the fraction were germ cells in this study. The liver was used
as an irrelevant tissue that should not express any of these clustered genes. The nuclei from germ cells
and liver cells were treated with DNase I, and DN As were purified, digested with restriction enzymes,
and subjected to Southern blot analysis.

I first examined two restriction fragments, resulting from HindIIl or BamHI digestion, that
covered a 38-kb region encompassing the Prss42/Tessp-2 gene (Fig. 1-1A). By HindlIlII digestion, |
detected an expected mother band at the position of 20 kb and three additional bands: two at 11.9 kb
and 1.2 kb in both native germ cells and liver cells, and one at 9.9 kb only in the liver (Fig. 1-1B).
These DNase I HSs corresponded to 13.3, 11.3, and 2.7 kb upstream of the Prss42/Tessp-2 gene; |
named them HSI, HSII, and HSIII (Fig. 1-1A and B). HSI was observed before DNase I treatment in
the liver, possibly due to endogenous DNase activity. By BamHI digestion, I observed an expected
mother band at 22 kb and four additional bands: two at 11.1 kb and 4.9 kb in both tissues, one at 6.7
kb only in the liver, and the other one at 3.9 kb only in native germ cells, although the signal intensity
was different between the two cell types (Fig. 1-1C). These DNase I HSs corresponded to the
promoter, gene body, and 3’ flanking region of the Prss42/Tessp-2 gene.

The presence of DNase I HSs at the Prss42/Tessp-2 promoter is consistent with the active
transcription of this gene in native germ cells. As I also detected a band corresponding to this
promoter in liver cells by BamHI digestion (Fig. 1-1C, arrowhead), I performed fine mapping of this
region by digestion with EcoRI. Southern blot analysis resulted in the detection of an expected mother

band at 3.6 kb in both cells. In germ cells, three additional bands were observed at 2.4, 1.5, and 1.2 kb,
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whereas no clear band was detected in the liver (Fig. 1-1D). The absence of DNase I HSs in the liver
was not due to insufficient DNase I treatment because a similar extent of digestion was observed in
the germ cell nuclei (Figl-1E). Therefore, DNase I HSs in the EcoRI fragment were considered germ
cell-specific. Mapping these DNase I HSs at the locus indicate that the 2.4-kb band corresponded to
the signal at 3.9 kb by BamHI digestion, while the other two bands were presumed to be detected as
one BamHI fragment at 4.9 kb. I named these DNase I HSs HSIV, HSV, and HSVI (Fig. 1-1C and
D); the DNase I HSs located further downstream of them were named HSVII and HSVIII (Fig. 1-1C).
In sum, I identified eight DNase I HSs at the Prss42/Tessp-2 locus: two of them (HSII and
HSVII) were liver-specific, and three at or close to the Prss42/ Tessp-2 promoter (HSIV, HSV, and

HSVI) were present only in testicular germ cells (Fig. 1-1A).

Characterization of IncRNA-HSVIII Transcribed from an Adjacent Region of HSVIII

IncRNAs are important for the regulation of various genes (Rinn & Chang 2012), and there are
many IncRNAs expressed in the testis (Bao et al. 2013; Sun et al. 2013; Liang et al. 2014). I therefore
assessed noncoding transcription at the Prss/Tessp locus, which was suggested by testis transcriptome
data (accession numbers: SRX135150, SRX135160, and SRX135162) that mapped to several
intergenic regions at the Prss/Tessp locus. RT-PCR analyses revealed a novel IncRNA transcribed
from the region adjacent to the Prss42/Tessp-2 gene, starting near HSVIII; this segment was thus
named /IncRNA-HSVIII (Fig. 1-2A). This IncRNA was specifically detected by RT-PCR amplification
of total RNA from whole testis (Fig. 1-2B).

I next examined which testicular cells expressed IncRNA-HSVIII by fractionating testicular cells.
I prepared germ cell, Sertoli cell, and Sertoli/Leydig cell fractions, and then evaluated the expression
of marker genes in these fractionations by RT-PCR (Fig. 1-2E). I detected IncRNA-HSVIII transcript
in germ- and Sertoli/Leydig-cell fractions, but not in Sertoli cell fraction (Fig. 1-2C); the Sertoli-cell
fraction did not contain any other cell types (Fig. 1-2E), implying that the origin of the signal in the

Sertoli/Leydig-cell fraction was the Leydig cells. Therefore, IncRNA-HSVIII was expressed in germ
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cells and Leydig cells, and the stronger signal in the germ cell fraction might represent its main role in
meiosis. RT-PCR from nuclear and cytosolic RNA fractions of germ cells revealed its enrichment in
the nucleus, with some present in the cytosol (Fig. 1-2D).

The full-length sequence of /ncRNA-HSVIII was then determined by RACE analyses. One
transcriptional start site was identified for IncRNA-HSVIII among 20 subclones using a 5’RACE. On
the other hand, 3° RACE resulted in the identification of three transcriptional termination sites among
10 subclones. Interestingly, the repetitive sequence GAAAA was enriched in the 3’ region, and the
subclone had different numbers of this repeat: A final adenine of the 7th GAAAA sequence was
present in seven subclones, whereas the 3rd and 10th GAAAA repeat was considered a transcriptional
termination site in one and two subclones, respectively. By consensus, I determined that the 7th
GAAAA represented the 3° end of lncRNA-HSVIII, resulting in a full-length IncRNA-HSVIII sequence
of 2,665 nucleotides (Fig. 1-2A) plus a polyadenine tail (DDBJ/EMBL/GenBank accession number
LC060751).

In situ hybridization with the highly sensitive tyramide signal amplification system was
performed on adult testes to identify the localization of lncRNA-HSVIII. An abundance of punctate
signal was detected with the IncRNA-HSVIII antisense probe, whereas few dots were observed with
the sense probe (Fig. 1-3A and B). Consistent with RT-PCR result of fractionated testicular cells (Fig.
1-2C), IncRNA-HSVIII transcript was present in germ cells as well as the nuclei and cytosol of Leydig
cells (Fig. 1-3C, arrows). Positive signals were observed at all seminiferous epithelial stages. Signal
was observed in nuclei of some pachytene spermatocytes and in the cytosol of spermatids at stage V
(Fig. 1-3D). Whereas signal remained stable in spermatids, the percentage found in the nuclei of
pachytene spermatocytes increased at stage VIII (Fig. 1-3E). More spots were observed in nuclei of
some pachytene spermatocytes or in the cytosol of others at stage X (Fig. 1-3F). Thus,
IncRNA-HSVIII transcription begins in early pachytene spermatocytes, and is enhanced in late
pachytene stages, when transcript localization transitions from the nucleus to the cytosol such that by

the end of the pachytene stage, IncRNA-HSVIII transcripts are cytosolic where it remains in
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spermatids.

Enhancer Activity in the Region Encompassing HSVIII and IncRNA-HSVIII

A previous study revealed the interaction of chromatin at /lncRNA-HSVIII with upstream regions
of the Prss42/Tessp-2 gene specifically in spermatocytes (Yoneda et al. 2014). So I assumed that
either IncRNA-HSVIII transcription or enhancer elements within or close to it are involved in
activating the Prss42/Tessp-2 gene.

Accordingly, I prepared a reporter construct containing a 5.8-kb EcoRI fragment fused with the
luciferase gene driven by the Prss42/Tessp-2 promoter (Fig. 1-4) to determine whether
IncRNA-HSVIII transcription was related to Prss42/Tessp-2 activation or the genomic sequence
encompassing it functioned as an enhancer for Prss42/Tessp-2. This 5.8-kb fragment contained the
entire sequence of /ncRNA-HSVIII as well as its 1.9-kb promoter and 1.2-kb 3’ sequence (Fig. 1-4A).
For comparison, I also prepared a construct with a 6.7-kb AHindIII fragment (Fig. 1-4B and C). I used
two established mouse cell lines, an embryonal carcinoma cell line, P19TG1, and a hepatic tumor line,
Hepal-6, because both endogenously expressed Prss42/Tessp2 mRNA (data not shown).

The constructs were introduced separately into P19TG1 and Hepal-6 cells, and luciferase
activity was measured 2 days later. Activity for both cells was significantly higher in the construct
with the murine 5.8-kb fragment than those without it or with ADNA (Fig. 1-4B and C). I measured
the abundance of /ncRNA-HSVIII in the transfected P19TG1 and Hepal-6 cells by qRT-PCR to
determine if the enhancement of Prss42/Tessp-2 promoter activity was associated with
IncRNA-HSVIII transcription. The amount of IncRNA-HSVIII transcript was not significantly different
between the two constructs in P19TG1 cells (Fig. 1-5); in addition, I did not detect lncRNA-HSVIII
transcript in Hepal-6 cells transfected with them (data not shown). Thus, IncRNA-HSVIII was not
transcribed from the transgene, which strongly suggests that the 5.8-kb sequence increased
Prss42/Tessp-2 promoter activity in P19TG1 and Hepal-6 cells by functioning as an enhancer

element.
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I lastly assessed which region in the 5.8-kb sequence possessed enhancer activity by separating it
into three regions: a 2.3-kb upstream region, a 2.7-kb /IncRNA-HSVIII sequence, and 1.5-kb
downstream region (Fig. 1-4A). The IncRNA-HSVIII sequence itself showed no enhancer activity in
either P19TG1 cells or Hepal-6 cells (Fig. 1-6A). In contrast, sequences upstream and downstream of
IncRNA-HSVIII significantly increased Prss42/Tessp-2 promoter activity in both cell types (Fig. 1-6B).
Thus, sequences flanking IncRNA-HSVIII possess enhancer activity for the Prss42/Tessp-2 gene,
which suggests that genomic regions adjacent to [lncRNA-HSVIII function as enhancers for the

Prss42/Tessp2 gene in spermatocytes
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DISCUSSION

Many studies report that testicular germ cell-specific genes are controlled exclusively by their
proximal promoters (Reddi et al. 2007), yet even if a promoter was sufficient for germ cell-specific
gene activation, a transgene version of the locus is silenced or the expression level varies between
transgenic lines (Li et al. 1998, Reddi et al. 1999, Robinson et al. 1989, Zambrowicz et al. 1993).
These inconsistencies indicate that other elements, such as insulators and distal enhancers, are
required for germ cell-specific gene regulation; indeed, the contribution of enhancers to gene
expression during male meiosis was reported previously (Lele and Wolgemuth, 2004; Kurihara et al.
2014). My current data provide another example of potential enhancers of a spermatocyte-specific
gene, and highlight how complicated gene activation can be during meiosis.

I first searched for DNase I HSs to identify cis-regulatory sequences that are involved in the
activation of Prss/Tessp genes. Although eight DNase I HSs were identified, three were germ
cell-specific and were positioned in or near the Prss42/Tessp-2 promoter (Fig. 1-1). By analogy to the
Pgk2 and Prm1 promoters, which containing DNase | HSs and are sufficient for their meiotic
stage-specific activation (Kramer et al. 1998, Kumari et al. 1996, Martins & Krawetz 2007a, Peschon
et al. 1987, 1989; Robinson et al. 1989), the presence of DNase I HSs in the Prss42/Tessp-2 promoter
supports its spermatocyte-specific activation. On the other hand, ubiquitously distributed DNase I HSs
may be sufficient for tissue-specific gene expression, and enhancers are not necessarily associated
with DNase I hypersensitivity. While the Prss42/Tessp-2 promoter was obviously important for its
spermatocyte-specific expression, I thought that distal cis-regulatory elements of this gene might also
contribute to its specificity; indeed, I identified potential enhancer sequences adjacent to the
Prss42/Tessp-2 gene.

The presence of potential enhancers for Prss42/Tessp-2, but not the other two cluster genes, is
consistent with the observation that Prss42/Tessp-2 mRNA is the most abundant of the three cluster

genes (Yoneda et al. 2013). Although it is unclear whether or not Prss44/Tessp-4 and Prss43/Tessp-3
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are regulated by their promoters, the interaction of potential enhancer elements only with the
Prss42/Tessp-2 promoter suggests different regulatory mechanisms are active at the cluster. For
example, proximal promoters may be sufficient for activating Prss44/ Tessp-4 and Prss43/Tessp-3
whereas Prss42/Tessp-2 expression involves several regulatory elements.

I tested two possible mechanisms of Prss42/Tessp-2 activation: enhancer activity of genomic
sequences encompassing [ncRNA-HSVIII, and the activation by IncRNA-HSVIII transcription.
Although they are not mutually exclusive, I attempted to distinguish between these possibilities by
generating a reporter construct in which the luciferase gene, driven by the Prss42/Tessp-2 promoter,
was connected to a 5.8-kb fragment encompassing the entire IncRNA-HSVIII and its flanking
sequences. This construct showed enhancer activity in two cell lines that express Prss42/Tessp-2, yet
IncRNA-HSVIII was not transcribed from the transgene (Figs. 1-4 and 1-5), implying that the
Prss42/Tessp-2 promoter is regulated by an enhancer. I performed two additional experiments to
exclude the IncRNA-mediated gene regulation model: First, I overexpressed [ncRNA-HSVIII in
Hepal-6, P19TG1, and GC-2spd(ts) cells which were established from mouse primary spermatocytes
(Hofmann et al. 1994), but mRNA abundance of Prss/Tessp cluster genes were not changed in any of
the cells (data not shown). Second, overexpression of lncRNA-HSVIII did not increase Prss42/Tessp-2
promoter activity in Hepal-6 cells in a reporter gene assay (data not shown). Taken together with the
observation that [ncRNA-HSVIII transcript does not necessarily reside in the nuclei of late-stage
pachytene spermatocytes that actively transcribe Prss/Tessp genes (Fig. 1-3), I concluded that
IncRNA-HSVIII does not contribute to transcriptional activation of the cluster.

Even if IncRNA-HSVIII is not directly regulating expression of the Prss/Tessp cluster genes, it
may contribute to meiotic regulation. Indeed, /ncRNA-HSVIII transcript resides in nuclei of most
pachytene spermatocytes, and its abundance dramatically increased at late pachytene stages (Fig. 1-3).
Nuclear IncRNAs generally have one of the two functions: construction of nuclear structures, such as
paraspeckles, or transcriptional regulation (Chen & Carmichael 2010). I presently do not know how

IncRNA-HSVIII functions in pachytene spermatocytes, but because it was not consistently associated
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with any specific nuclear structure, I speculate that this IncRNA participates in the transcriptional
regulation of spermatocyte-specific genes. In spermatids and some pachytene spermatocytes at stage
X, IncRNA-HSVIII transcript resides in the cytosol (Fig. 1-3F), suggesting its involvement in the
regulation of RNA stability and translation (Atianand & Fitzgerald 2014, Guhaniyogi & Brewer 2001).
Such a role in translational control is consistent with the level of translational arrest observed in early
stages of primary spermatocytes, followed by their translation at later stages (Langford et al. 1993,
Morales et al. 1991, Schéfer et al. 1995, Yan et al. 2010).

Genomic sequences adjacent to [ncRNA-HSVIII were found to function as enhancers of
Prss42/Tessp-2 in embryonic carcinoma cells (P19TG1) and hepatic tumor cells (Hepal-6), which
endogenously expressed Prss42/ Tessp-2. Nevertheless, determining if the sequences adjacent to
IncRNA-HSVIII really function as enhancers in native spermatocytes will be crucial. Many
testis-specific genes are active in tumor cells (Simpson et al. 2005), suggesting that activation
mechanisms of testis specific-genes are partly shared within the testis and in the cell lines used for our
reporter studies. Further, the similar level of enhancer activity observed in two unrelated cell lines that
expressed Prss42/Tessp-2 mRNA (Figs. 1-4 and 1-6) strongly supports the model that the sequences
flanking IncRNA-HSVIII do function as Prss42/Tessp-2 enhancers in the testis. On the other hand, cell
lines do not recapitulate processes that occur in native tissues. Hepal-6 cells were derived from a
mouse hepatoma (Darlington 1987, Darlington et al. 1980), and have been widely used to study
biological events in the liver as well as for other purposes. P19TG1 is an Hprt-deficient subline of the
P19 embryonic carcinoma cell line (Mise et al. 1996), as I described in the ‘Materials and Methods’
section. P19 cells are commonly used to study mechanisms of neurogenesis and myogenesis (Bain et
al. 1994, van der Heyden & Defize 2003), but its derivation implies that these cells may share
characteristics with spermatogenetic cells; indeed, Stra8, a factor for germ cell differentiation, was
reported to be induced by retinoic acid in P19 cells (Oulad-Abdelghani et al. 1996). In my assay,
some transcription factors that are commonly expressed in the testis and in the two cell lines I used

might bind to the sequences flanking /ncRNA-HSVIII and thereby enhance Prss42/Tessp-2 promoter
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activity.

Enhancer activity in the 5.8-kb fragment resided in two regions just upstream and downstream of
IncRNA-HSVIII (Fig. 1-6), suggests that these regions cooperatively function to enhance
Prss42/Tessp-2 promoter activity a situation reminiscent of super-enhancers (Pott & Lieb 2014).
Super-enhancers were first reported in mouse embryonic stem cells, and contain several enhancers,
each located within 12.5 kb, that are utilized in a cell-specific manner (Whyte et al. 2013). In a
super-enhancer, each enhancer interacts with the target promoter, resulting in the formation of
complex chromatin structures. If both 3” and 5 sequences flanking /ncRNA-HSVIII enhance
Prss42/Tessp-2 promoter activity in spermatocytes, they may interact with the promoter individually.
Alternatively, the sequence 3’ of lncRNA-HSVIII may function primarily as an enhancer whereas the
sequence 5’ of it may play an auxiliary role in gene regulation. It is unclear whether or not the
flanking sequences to /[ncRNA-HSVIII are parts of a super-enhancer. Based on these data, however, we
assume that at least the sequence 3’ of IncRNA-HSVIII is required for activation of the Prss42/Tessp-2
gene in spermatocytes during germ cell differentiation.

A gene cluster usually consists of several paralogues that originated from the duplication of an
ancestral gene during evolution. The Prss/Tessp gene cluster contains three paralogues, likely from
duplicated genes (Yoneda et al. 2013), yet the current data demonstrated that the IncRNA-HSVIII
region interacts with the promoter of Prss42/Tessp-2 but not the other cluster genes. Thus, each gene
at the locus appear to be controlled by different elements contrary to most gene clusters, which are
controlled as a group by a single cis-regulatory element, such as locus control region (Dean 2006,
Festenstein & Kioussis 2000, Fraser & Grosveld 1998, Sproul et al. 2005). Even if cluster genes are
expressed at different developmental stages or in different tissues, locus control regions regulate the
entire cluster (Grosveld et al. 1987, Jones et al. 1995, Su et al. 2000). The distinct regulation of the

individual Prss/Tessp genes thus provides new insight into how gene clusters can be regulated.
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Chapter 2 :

A novel testis-specific long noncoding RNA, Tesra, activates the

Prss42/Tessp-2 gene during mouse spermatogenesis
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SUMARRY

The progression of spermatogenesis is precisely controlled by meiotic stage-specific genes, but
the molecular mechanism for activation of such genes is still elusive. Here I focused on a novel
testis-specific long noncoding RNA (IncRNA), Tesra, transcribed at the Prss/Tessp gene cluster that
was composed of Prss42/Tessp-2, Prss43/Tessp-3, and Prss44/Tessp-4 genes specifically activated in
pachytene spermatocytes. Tesra was 4,435 nucleotides long and transcribed from the 3’ untranslated
region of Prss44/Tessp-4 present in both germ cell and Leydig cell fractions. Because Tesra was
localized in nuclei of germ cells, I tested the possibility that it plays a role in the activation of
Prss/Tessp genes. In hepatic tumor Hepal-6 cells, transient overexpression of Tesra significantly
activated the endogenous Prss42/Tessp-2 expression and increased Prss42/Tessp-2 promoter activity
by a reporter gene assay. Consistently, I observed a high level of chromatin occupancy of the Tesra
transcript at the Prss42/Tessp-2 promoter region in testicular germ cells by chromatin isolation by
RNA purification assay. These indicate that Tesra activates Prss42/Tessp-2 promoter activity by
binding to the promoter region. Furthermore, Tesra was found to co-function with an enhancer at the
downstream of another IncRNA, IncRNA-HSVIII, for Prss42/Tessp-2 activation, although they were
not interdependent. Taken together, I identified a novel IncRNA, Tesra, and determined a function,
which extend our understanding of the significance of testicular IncRNA in meiosis. Since an
enhancer and a IncRNA are mostly located in adjacent regions to activate a target gene, my current

data also provide the novel relationship between IncRNAs and enhancers.
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INTRODUCTION

Spermatogenesis is the process to generate mature spermatozoa, and meiosis is a key step.
During meiosis, diploid spermatogonia differentiate into primary spermatocytes, which divide twice
with only one DNA replication, into haploid round spermatids (Eddy 2002, Hecht 1998). This process
is tightly controlled by various factors, such as endocrine regulators (O’Shaughnessy 2014,
Ramaswamy & Weinbauer 2016, Sinha Hikim & Swerdloff 1999) and testis-specific genes (Geng et
al. 2016, Kashiwabara 2002, Kemphues et al. 1982), but the full picture of spermatogenesis is still
unclear. To understand this mysterious event, tremendous efforts have been made, and in particular,
researchers have studied the epigenetic regulation at each meiotic stage (Getun et al. 2016, Hammoud
et al. 2014, Martins & Krawetz 2007b, Ontoso et al. 2014, Shirakata et al. 2014), the meiotic
recombination (Ishiguro et al. 2014, Qiao et al. 2014), and the function of small RNAs (de Mateo &
Sassone-Corsi 2014, Vourekas et al. 2016, Yadav & Kotaja 2014). Recently, a new factor, long
noncoding RNA (IncRNA), was found to be potentially important in spermatogenesis.

IncRNA is a class of noncoding RNA over 200 nucleotides, and was found to be present in
almost every tissue of every species by transcriptomic analyses performed at the beginning of the 21st
century. Generally, IncRNAs are not evolutionarily conserved, when compared with protein-coding
genes (Bergmann & Spector 2014, Rinn & Chang 2012, Ulitsky et al. 2011), and show tissue-specific
expression (Necsulea et al. 2014), so they are considered to have some unique function in each tissue.
Indeed, in mammalian somatic cells, IncRNAs are crucial regulators for chromatin remodeling, RNA
processing, and construction of subnuclear structures. In particular, they control the protection of
heart from stress-induced defects (Han et al. 2014, Hang et al. 2010), the tissue-specific alternative
splicing in HeLa cells (Tripathi et al. 2010), and the construction of nuclear paraspeckles and
morphogenesis in the mammary gland (Nakagawa et al. 2014, Standaert et al. 2014). By contrast, in
germ cells, the function of IncRNAs have not been well studied, while so many IncRNAs are

expressed during meiosis, as revealed by several high-throughput analyses (Iguchi et al. 2006, Liang
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et al. 2014, Sun et al. 2013). To verify the significance of testicular IncRNAs, we need to reveal the
function of more IncRNAs.

In chapter 1, I reported a novel testis-specific IncRNA, IncRNA-HSVIII, at the mouse Prss/Tessp
gene cluster. The Prss/Tessp cluster is located on mouse chromosome 9F2-F3, and consists of three
paralogous genes, Prss42/Tessp-2, Prss43/Tessp-3, Prss44/Tessp-4. They all are specifically activated
in primary spermatocytes at the late pachytene stage, and Prss42/Tessp-2 and Prss43/Tessp-3 are
involved in the progression of meiosis and the germ cell survival (Yoneda et al. 2013).
IncRNA-HSVIII was transcribed in a testis-specific manner at the downstream of Prss42/Tessp-2 gene,
and interestingly, the localization was changed from nuclei of primary spermatocytes to cytosols of
round spermatids during meiosis. Therefore, I suggested that /ncRNA-HSVIII had multiple functions
in spermatogenesis. On the other hands, during the study of /ncRNA-HSVIII, I noticed that other
intergenic regions might be transcribed in a testis-specific manner at the Prss/Tessp locus by
analyzing transcriptomic data. Thus, the study of such novel IncRNAs would help us understand the
function of more IncRNAs in spermatogenesis.

In this chapter, I identified another novel testis-specific IncRNA, Tesra (Tessp cluster IncRNA
related to gene activation), at the Prss/Tessp locus. Tesra was expressed in both nuclei and cytosols
of germ cells, and nuclear Tesra could increase Prss42/Tessp-2 expression and its promoter activity.
Consistently, Tesra bound to the Prss42/Tessp-2 promoter for activation of the gene. In addition, I
found that an enhancer at the downstream of IncRNA-HSVIII co-functioned with Tesra to activate the
Prss42/Tessp-2 gene promoter. These findings improve our understanding toward the biological

significance of IncRNAs in spermatogenesis.
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MATERIALS AND METHODS

Animals
C57BL6/Crj mice (CLEA Japan Inc., Tokyo, Japan) were maintained on regular 14 hr light/10 hr
dark cycles at 25°C, and fed with enough food and water. The experimental procedures used in this

study were approved by the Institutional Animal Use and Care Committee at Hokkaido University.

RT-PCR Analysis

Total RNA was extracted by ISOGEN II (Nippon gene, Tokyo, Japan) according to the
manufacturer’s instruction. After the treatment with TurboDNase (Life Technologies, Foster City, CA,
USA), RNA was reverse-transcribed into cDNA using Superscript I1I (Life Technologies), based on
the previously described method (Matsubara et al. 2010, 2014). PCR was performed by using ExTaq

(Takara, Kusatsu, Japan). Primer sequences are shown in Table 3.

Isolation of Male Germ Cells, Sertoli Cells, and Leydig Cells
Isolation of male germ cells (Yoneda et al. 2013), Sertoli cells (Yoneda & Kimura 2013), and
Leydig cells (Kurihara et al. 2014) were performed as previously described. Sertoli cells were

harvested from 7-12 days old testes, and germ and Leydig cells were from adult testes.

Preparation of Subcellular Fractions

The cells were lysed in NP-40 lysis buffer (10 mM Tris-HCI, 10 mM NaCl, 3 mM MgCl,, 0.5%
NP-40, pH 7.5) on ice for 10 min, and the lysates were centrifuged at 1,500 rpm for 5 min at 4°C. The
resulting supernatant was used as the cytoplasmic fraction. The precipitates were washed with NP-40

lysis buffer 2-3 times, and the resulting pellet was used as the nuclear fraction.

qRT-PCR Analysis
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cDNAs were prepared as above. PCRs were performed by using Power SYBR Green PCR
Master Mix (Life Technologies) or KOD SYBR qPCR Mix (TOYOBO, Osaka, Japan), based on the
previously described method (Kurihara et al. 2014, Matsubara et al. 2010). The relative expression
levels of IncRNAs or protein-coding genes were normalized to endogenous Aip mRNA. Primer

sequences are shown in Table 3.

5’RACE and 3° RACE

5’RACE and 3’RACE were performed as previously described (Matsubara et al. 2014). For
5’RACE, cDNA was generated by using the total RNA from adult mouse testes and a gene specific
primer (GSP1) for reverse transcription. After the addition of oligodeoxycytidine by terminal
deoxynucleotidyl transferase (Takara), the first PCR was performed with GSP2 and the abridged
anchor primer. The second PCR was performed using GSP3 and the abridged universal amplification
primer.

For 3’RACE, reverse transcription was performed using the oligo(dT),y primer connected to an
adaptor sequence. The first and second PCRs were performed using GSP4 and GSP5, respectively,
with the adaptor primer.

All primer sequences are shown in Table 3. Each final PCR product was subcloned into a
pBluescript I vector by the TA-cloning method, and their sequences were confirmed by DNA

sequencing analysis.

Plasmid Constructs

Tesra-OE: The full-length of Tesra was obtained by RT-PCR with mouse testis cDNA and
subcloned into pBluescript II KS(+). After the DNA sequence was confirmed, the plasmid was
digested with BamHI and EcoRlI, and the Tesra fragment was inserted into a pcDNA3.1(+) vector
which was cut by BamHI and EcoRI.

T-2pro-luc: This construct contained the luciferase gene driven by the Prss42/Tessp-2 promoter
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as [ mentioned in chapter 1.

T-2pro-luc-up and T-2pro-luc-down: These constructs contained a 2.3-kb upstream or a 1.5-kb
downstream sequence of /ncRNA-HSVIII at 3° of the luciferase gene in T-2pro-luc. They both were
generated in chapter 1.

Tesra-tet-on: The full-length of Tesra was obtained and subcloned into pBluescript I1 KS(+) as
above but in an opposite direction. This plasmid was digested with Spel and Xhol, and the Tesra
fragment was inserted into a pPBhCMV*1-cHA-pA vector which was cut by Spel and X#ol
(Murakami et al. 2016). The pPBhCMV*1-cHA-pA plasmid and other vectors required to establish

the Tet-on system were kindly gifted by Dr. Kazuhiro Murakami (Murakami et al. 2016).

Cell Culture and Transfection
Hepal-6 cells were cultured as previously described (Kurihara & Kimura 2015, Kurihara et al.
2014). Transfection into Hepal-6 cells was conducted according to the protocol of GenelJuice reagent

(Merck, Darmstadt Germany).

Overexpression of Tesra

Tesra-OE was transfected into Hepal-6 cells by using Genefectine Transfection Reagent
(Genetrone Biotech, Seoul, South Korea). I started the selection 24 hours after the transfection by
treating the cells with 0.5-1.5 mg/ml G418 for 3 days. After the selection, the cells were dissolved in
ISOGEN II and total RN As were purified. These RNAs were used for qRT-PCR.

In case of the Tet-on system, I transfected Tesra-tet-on, pPPBCAGrtTA-IN which bore a
neomycin resistance gene, and pPyCAG-Pbase into Hepal-6 cells. Twenty four hours later, I selected
the successfully transfected cells by treating with 2.0 mg/ml G418 for 24 days and established the
stable cell line, in which the Tesra expression could be induced by the addition of Doxycycline (Dox).
Then, T2pro-luc, T-2pro-luc-up or T-2pro-luc-down was transfected into these stable cells, and one

day later, 1.0 pg/ml Dox was added. Twenty four hours after the addition of Dox, the cells were used
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for luciferase assay.

Luciferase Assay
Luciferase assay was conducted according to the protocol of Dual-Luciferase Reporter Assay

System (Promega).

Chromatin Isolation by RNA Purification (ChIRP) Assay

Twenty six antisense oligo probes for Tesra were designed by using singlemoleculefish.com 18
(http://singlemoleculefish.com) as indicated in Table 4, and biotinylated at the 3* end. Twenty million
male germ cells were prepared from 21-22 day old mice as above. The cells in PBS were spun at
800-1,000 rpm for 4 min, resuspended in 1% glutaraldehyde, and crosslinked for 10 min at room
temperature on a rotator. The cross-linking reaction was quenched with 1/10th volume of 1.25 M
glycine at room temperature for 5 min. After washing the cells with PBS, I added 10x volume of the
Lysis Buffer (final concentration of 50 mM Tris-Cl pH 7.0, 10 mM EDTA, 1% SDS) supplemented
with phenylmethanesulfonyl fluoride, 1x Protease Inhibitor (Wako, Osaka, Japan), and RNasin ®
Plus (Promega, Madison, WI, USA) to each tube and lysed them. Then, we sonicated the cell lysate to
shear the chromatin for 10 sec, 15 times by using Ultrasonic Disruptor UD-201 (TOMY, Tokyo,
Japan). The sonication was continued until the cell lysate was no longer turbid. The sample was spun
at 15,000 rpm for 10 min at 4°C, and the supernatant was collected into another tube. 1% of this
sample were taken as Input. Next, the sample was hybridized with the combined oligo probes at the
final concentration of 100 pmol/ml in Hybridization Buffer (750 mM NaCl, 1% SDS, 50 mM Tris-Cl
pH 7.0, 1 mM EDTA, 15% formamide) at 37°C for 4 hrs with shaking. The streptoavidin beads (GE
healthcare, Uppsala, Sweden) (100 pl per 100 pmol probe) were washed with Lysis Buffer three times,
and resuspended in Lysis Buffer supplemented with phenylmethanesulfonyl fluoride, Proteinase
Inhibitor, and RNasin ® Plus. After the hybridization reaction, 100 pl beads were added to the tube

and incubated at 37°C for 30 min with shaking. After the shaking, the beads were washed with 1 ml
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wash buffer (2x NaCl and Sodium citrate (SSC) and 0.5% SDS) five times, and resuspended them in
1 ml wash buffer. I removed 100 pl and set aside for RNA isolation, and the rest of 900 pul was used
for DNA extraction. Each tube was centrifuged at 4,000 rpm for 1 min at room temperature, and the
beads were collected. For RNA sample, I added ISOGENII and purified total RNAs for qRT-PCR.
For DNA sample, 50 ul DNA Elution Buffer (50 mM NaHCOs, 1% SDS) was added with 1.0 pl 10
mg/ml RNase A (Nacalai, Kyoto, Japan) and 0.3 pl 10 U/ul RNase H (Bio Academia, Osaka, Japan),
and incubated at 37°C for 30 min with shaking. After the shaking, I centrifuged the tubes at 4,000 rpm,
and the supernatant was collected in a new tube. This process was repeated twice. 15 ul 10 mg/ml
Proteinase K (Nacalai) was added into the combined supernatants and incubated at 50 °C for 45 min.
After the incubation, The DNA was extracted by an organic solvent phenol and chloroform, and
collected by an alcohol precipitation. Finally quantitative PCR (qQPCR) was performed by using the
collected DNA. Primers for this qPCR are shown in Table 3. The relative chromatin enrichment of
each region was obtained by calculating the ratio of ChIRP sample to Input sample, and the
occupancy level was further normalized to the value at the Rec8 promoter, which was set to 1.0. As a
control, I also prepared the RNase(+) sample that was treated with RNase in hybridization reaction to

decline Tesra transcripts.

Statistical Analysis
Results were expressed as the average + standard deviation (S.D.) of at least three independent
experiments and analyzed by Student’s #-test, one-way analysis of variance (ANOVA) followed by

Tukey's post hoc test or Dunnett's test. P value less than 0.05 was considered statistically significant.

35



RESULTS

A Novel IncRNA, Tesra, is Transcribed from the Mouse Prss/Tessp Locus

In chapter 1, I found many reads mapped to intergenic regions at the mouse Prss/Tessp locus
specifically in the testis by transcriptome data (accession numbers: SRX 135150, SRX 135160, and
SRX135162). This suggested the presence of testis-specific noncoding transcripts at this locus, and
especially, the intergenic region between Prss44/Tessp-4 and Prss43/Tessp-3 genes contained more
reads. Thus, I performed RT-PCR with mouse testes by using a primer set of Tsera-ss and Tesra-as,
and a 2,890-nucleotide sequence was successfully amplified (Fig. 2-1A). I named this IncRNA Tesra
and decided to determine the full-length.

To define 5°- and 3’°-ends of Tesra, I performed RACE analyses. By 5’RACE experiments, |
obtained one specific band after the second PCR, and five different transcriptional start sites (TSSs)
were detected by sequencing of 17 subclones. Because 10 subclones of them indicated an adenine as
TSS, I defined it as a major TSS of Tesra (Fig 2-1B). By 3’RACE, I amplified one band in the second
PCR, and detected a single TTS at 4,236 bp downstream of Prss44/Tessp-4 as a result of sequencing
of 10 subclones (Fig. 2-1C). Consequently, the full-length of Tesra was 4,435 bp. This IncRNA
contained no intron, and was presumed to have the poly(A)-tail because some subclones contained the
chain of adenine nucleotides longer than oligo(dT). Interestingly, 199 bp of the full-length of Tesra
overlapped with the Prss44/Tessp-4 gene. Taken together, a novel IncRNA, Tesra, was transcribed
from the Prss/Tessp locus, and I determined the full-length sequence.

]
The Expression Pattern of Tesra

I examined the tissue specificity of Tesra using eight mouse tissues by RT-PCR, and Tesra
showed testis-specific expression as with the Prss/Tessp genes (Fig. 2-2A) (Yoneda et al. 2013). 1
next investigated the cell type specificity of Tesra in the testis, which contained three kinds of cells:

germ cells, Sertoli cells, and Leydig cells. We prepared three fractions that were enriched in each type
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of cells. The Sertoli cell fraction was prepared by primary culture and basically contained no other
types of cells. The germ cells and Leydig cells were prepared from adult testes, and the most
contaminants were Sertoli cells and germ cells, respectively. Tesra was detected in germ cell and
Leydig cell fractions by RT-PCR, but not in the Sertoli cell fraction (Fig. 2-2B), which suggested that
germ cells and/or Leydig cells expressed Tesra.

Then, I prepared total RNA from the nuclear or cytoplasmic fraction of germ cells to investigate
the subcellular localization of Tesra. RT-PCR showed that Tesra was present in both nuclear and
cytoplasmic fractions (Fig. 2-2C). I also investigated the expression pattern in the mouse testis at
postnatal days 7, 14, 21, 28, and 56. Tesra showed expression from the postnatal day 7, and during
day 14-21, the expression level was dramatically increased to become a peak (Fig. 2-2D). The timing
of an increase in Tesra transcription coincided with the activation of Prss/Tessp expression at the
pachytene spermatocyte stage (Yoneda et al. 2013). These data indicated that Tesra was expressed
specifically in testicular germ cells and possibly in Leydig cells and localized in both cytoplasm and

nucleus.

Prss42/Tessp-2 Gene Activation by Tesra

Because Tesra transcription was increased at a similar timing to Prss/Tessp gene activation and
the transcript was localized in nuclei, Tesra was possibly involved in the activation of Prss/Tessp
genes during meiosis. To verify this possibility, I used a mouse hepatic tumor cell line, Hepal-6,
because Prss/Tessp genes were endogenously expressed in this cell (Fig. 2-3A). I first performed the
overexpression of Tesra. I prepared two constructs, Tesra-OE and a control vector, and transfected
each into Hepal-6 cells. The successfully transfected cells were selected with G418, and the
endogenous expression of the cluster genes were evaluated by qRT-PCR. The Tesra expression was
significantly increased in the cells with Tesra-OE compared with the control (Fig 2-3B). The
overexpression significantly increased Prss42/Tessp-2 expression but did not affect Prss43/Tessp-3

and Prss44/Tessp-4 genes (Fig. 2-3C), which suggested that Tesra was involved in Prss42/Tessp-2
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gene activation.

I then investigated whether Tesra increased Prss42/Tessp-2 promoter activity by transient
luciferase reporter gene assay. I prepared the construct in which the luciferase gene was driven by a
1.6-kb Prss42/Tessp-2 promoter (T-2pro-luc), and co-transfected it with Tesra-OE into Hepal-6 cells.
As a result of measurement of luciferase activity 48 hours later, Prss42/Tessp-2 promoter activity was
significantly increased, compared to co-transfection with the control vector (Fig. 2-3D). These data
supported that Tesra contributed to the activation of Prss42/Tessp-2 gene by increasing

Prss42/Tessp-2 promoter activity.

Tesra Occupancy at the Prss42/Tessp-2 Promoter

If Tesra actually increased Prss42/Tessp-2 promoter activity in vivo, the Tesra transcript should
directly interact with Prss42/Tessp-2 promoter. So I investigated the occupancy of Tesra at the
Prss/Tessp locus. To reveal the genome occupancy of Tesra at the Prss42/Tessp-2 promoter, ChIRP
assay was conducted with male germ cells from 21-22 days old mice (Chu et al. 2011, 2012), because
the expression level of Tesra was the highest at these stages (Fig. 2-2D). I hybridized the sonicated
chromatin with biotinylated tiling oligos, and collected and purified the bound DNAs for qPCR. As a
control, I prepared the RNase(+) sample that was treated with RNase in hybridization reaction to
decline Tesra transcripts. I amplified genomic regions at the Prss/Tessp locus, and Rec8 and B2m
promoters were examined as negative controls. The occupancy level at the Rec8 promoter was set to
1.0.

Most regions showed no significant difference in genomic occupancy compared with Rec8
promoter, but the Prss42/Tessp-2 promoter showed significantly higher level of genome occupancy
(Fig. 2-4). Although the level was not significantly different from Rec8 promoter, the region
transcribed into Tesra exhibited a little higher occupancy. This was considered to be artifact by direct
interaction of tiling oligos with genome DNA, as evidenced by the control data (RNase+) showing a

clear peak at this region (Fig. 2-4). In contrast, no peak was observed at the Prss42/Tessp-2 promoter
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in the RNase(+) sample, indicating the actual binding of Tesra to this region. Collectively, Tesra
interacted with the Prss42/Tessp-2 promoter at the Prss/Tessp locus in mouse germ cells, which
strongly suggested that a testis-specific IncRNA, Tesra, increased Prss42/Tessp-2 promoter activity

via interaction with the promoter region.

Co-activation of Prss42/Tessp-2 Promoter Activity by an Enhancer and Tesra

In chapter 1, I reported that upstream and downstream sequences of IncRNA-HSVIII possessed
enhancer activity for Prss42/Tessp-2 (Fig. 1-6). I investigated whether Tesra was functionally related
with these enhancers for Prss42/Tessp-2 activation. To solve this issue, I established Tesra-inducible
stable cells by using Hepal-6 cells. This stable cell line was established by co-transfection of
Tesra-tet-on with other required vectors and the selection with G418. The Dox treatment and
gRT-PCR verified that Tesra transcription was about 80-fold increased by the culture for 24 hours
(Fig. 2-5C).

[ transfected T-2pro-luc, T-2pro-luc-up, or T-2pro-luc-down into the 7esra-inducible stable cell
line, and added Dox 24 hours after the transfection. After another 24 hours, I measured luciferase
activity. Without Dox, I confirmed enhancer activity of both upstream and downstream sequences for
Tessp-2 promoter (Fig. 2-5B). With T-2pro-luc-up, promoter activity significantly increased about 1.3
folds, and with T-2pro-luc-down, promoter activity significantly increased about 1.7 folds (Fig. 2-5B,
white bars). These results were consistent with chapter 1 (Fig. 1-6). By the addition of Dox, I
observed further increase in Tessp-2 promoter activity with T-2pro-luc-down; the activity was
significantly increased 2.2 folds (Fig. 2-5B, black bars of T-2pro-luc vs T-2pro-luc-down). In contrast,
promoter activity was not significantly changed in the cells with T-2pro-luc-up by the Dox treatment
(Fig. 2-5B, black bars of T-2pro-luc vs T-2pro-luc-up). These results indicated that Tesra could
co-operatively but independently increase Prss42/Tessp-2 promoter activity with the downstream

enhancer.
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Discussion

In this chapter, I identified a novel mouse testis-specific InNcRNA, Tesra. I revealed that Tesra
expression was detected in both germ cell and Leydig cell fractions by RT-PCR (Fig. 2-2B). Because
major contaminants in the Leydig cell fraction was germ cells, it was possible that the signal in this
fraction might be derived from germ cells. However, we detected the Tesra signal in 7-day-old testes,
suggesting the expression in somatic cells, especially Leydig cells. In addition, Tesra was found to be
localized in both cytosol and nucleus of germ cells. Many IncRNAs were reported to be localized in
both nuclei and cytosols and play different roles dependent on their localization (Ayupe et al. 2015,
Cabili et al. 2015). While nuclear IncRNAs construct subcellular structure or regulate transcription
(Lai et al. 2013, Nakagawa et al. 2014, Yang et al. 2013a), cytosolic IncRNAs were involved in post
transcriptional regulation such as RNA translation (Abdelmohsen et al. 2014, Tran et al. 2016) and
RNA stability (Gong & Maquat 2011, Kretz et al. 2012), or function as precursors of miRNAs (Dey et
al. 2014, Legnini et al. 2014). Therefore, Tesra likely plays multiple roles in the testis, and this time I
found a function of the transcriptional activation of the Prss42/Tessp-2 gene.

Here I focused on the function of Tesra in nuclei of pachytene spermatocytes. Because many
nuclear IncRNAs were reported to control the transcription of their neighboring genes and the
Prss/Tessp cluster genes were activated in pachytene spermatocytes, I hypothesized that Tesra
contributed to their transcriptional activation. In this chapter, I obtained the following evidence that
supported this hypothesis. First, Tesra significantly interacted with the chromatin at the
Prss42/Tessp-2 promoter in germ cells by ChIRP assay (Fig. 2-4). This confirmed the in vivo
interaction of the Tesra transcript with the Prss42/Tessp-2 promoter. Second, Tesra significantly
increased the endogenous Prss42/Tessp-2 gene expression by transient overexpression in Hepal-6
cells (Fig. 2-3C). Third, the transient overexpression of Tesra also increased Prss42/Tessp-2 promoter
activity by transient reporter gene assay (Fig. 2-3D). These indicate that Tesra contributes to

transcriptional activation of the Prss42/Tessp-2 gene by enhancing promoter activity.
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In the nucleus, IncRNAs affect the expression of protein-coding genes and ncRNAs in cis
(Deocesano-Pereira et al. 2014, Wang et al. 2011, Yu et al. 2008) or in trans (Kino et al. 2010, Rinn et
al. 2007). Cis-acting IncRNA is defined that it targets to genes on the same chromosome as the
IncRNA and never affects genes on other chromosomes. On the other hand, trans-acting IncRNA can
affect genes on different chromosomes. Although Tesra contributed to activation of a neighboring
gene, Prss42/Tessp-2, on the same chromosome, I showed that Tesra could activate the
Prss42/Tessp-2 transcription in trans by the result of the transient overexpression and reporter gene
assay (Fig. 2-3). Several trans-acting IncRNAs were reported to target three or more genes that were
located at different chromosomes (Kaneko et al. 2014, Zhang et al. 2014). Given that Tesra was
detected by 30 cycles of PCR by RT-PCR with germ cell nuclei (Fig. 2-2C), it was expressed at a
relatively high level as IncRNA and presumed to target more genes other than Prss42/Tessp-2.
Therefore, I assume that Tesra regulates the transcription of several genes in trans.

How does Tesra increase Prss42/Tessp-2 promoter activity? Many trans-acting IncRNAs recruit
histone modification enzymes or transcription factors to chromatin regions of target genes. For
example, MEG3 facilitates the recruitment of PRC2 and JARID?2 to a subset of target genes to mark
the chromatin with H3K27me3 (Kaneko et al. 2014). H19 IncRNA directly represses Igf2, Slc38a4,
and Pegl by recruiting the methyl-CpG-binding domain protein 1 (MBD1) to differentially
methylated regions of three imprinted genes (Monnier et al. 2013). Similarly to these IncRNAs, Tesra
may recruit transcription factors or histone modification enzymes to the Prss42/Tessp-2 promoter
region. In this case, it is possible that a part of Tesra sequence recognizes the DNA sequence of
Prss42/Tessp-2 promoter as a guide, as reported in some studies demonstrating the formation of
DNA-RNA triplex with regulatory regions of target genes (Mondal et al. 2015, O’Leary et al. 2015).
Alternatively, Tesra may function as a scaffold which interacts with multiple protein complexes, as
reported for HOTTIP associated with the WDRS5/MLL1 chromatin-modifying complex (Cheng et al.
2015) and HOTAIR with PRC2 and the LSD1/CoREST/REST complex (Bhan & Mandal 2015).

Further studies will be required for understanding the detailed molecular mechanism concerning the
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function of Tesra.

IncRNAs often collaborate with enhancers to activate their target genes. For instance, one class
of IncRNA, enhancer-derived RNAs (eRNAs) are unidirectionally or bidirectionally transcribed at
enhancer regions, and mediate the histone modification for active chromatin (Hah et al. 2013, Zhu et
al. 2013b) and the chromatin looping between the enhancer and promoter (Hsieh et al. 2014, Sanyal et
al. 2012). Some IncRNAs are not transcribed at enhancers but still affect the looping between distal
enhancers and promoters (Xiang et al. 2014). In any case, these functional IncRNAs regulate the
transcription of their target genes through the action on enhancers, and therefore, IncRNAs are mostly
considered to facilitate enhancer activity. In contrast, the transcriptional activation of Prss42/Tessp-2
by Tesra and the enhancer appeared to be different from such examples. I reported enhancer activity
of upstream and downstream sequences of IncRNA-HSVIII in chapter 1, but Tesra was transcribed at a
distal region from these enhancers. In addition, my present data indicated that both Tesra and two
enhancers could increase Prss42/Tessp-2 promoter activity independently in luciferase assay (Fig.
2-5B). Each enhancer could individually activate the promoter, and Tesra also activated
Prss42/tessp-2 transcription in the absence of the enhancers. The downstream enhancer and Tesra just
co-worked for increase in Prss42/Tessp-2 promoter activity when they co-existed (Fig. 2-5B). These
indicate that Tesra and the enhancer are not interdependent. To best of my knowledge, there have
been no report showing such relationship between IncRNAs and enhancers, so my data revealed a
novel gene regulatory mechanism concerning IncRNA and enhancer.

Out of the two potential enhancers, Tesra collaborated only with the downstream enhancer
because the induction of Tesra transcription additively increased Prss42/Tessp-2 promoter activity
with the downstream sequence but not with upstream (Fig. 2-5B). Consistently, it was actually the
downstream sequence that interacted with Prss42/Tessp-2 promoter by 3C assay (Yoneda 2014).
Therefore, the two enhancers may function redundantly; the downstream enhancer may mainly
function in the transcriptional activation of Prss42/Tessp-2, but when it is impaired, the gene may be

activated by the upstream enhancer. Such a mechanism may be evolved due to the extreme
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importance of spermatogenesis for animals.

Recent studies identified numerous IncRNAs in each stage of spermatogenesis, but their
functions are still unclear. At present, only a few mammalian IncRNAs are found to be critical in male
germ cell development, especially in meiotic stage. For instance, festis-specific X-linked (Tsx), which
is specifically expressed in pachytene spermatocytes, is crucial for progression of meiosis, and
possibly regulates Tsix during spermatogenesis (Anguera et al. 2011). Downregulation of mril RNA
is required for activation of Wnt signaling and the entry of spermatogonia into meiosis (Akhade et al.
2016). R53 containing a SINE-B1 motif is expressed mainly in nuclei of spermatocytes, and the
reduction causes abnormal upregulation of expression of 7npl,Tnp2, and Prml genes, resulting in
impairment of meiosis (Nakajima et al. 2017). While these data indicate the significance of IncRNAs
in spermatogenesis, more IncRNAs have to be functionally analyzed when we consider the large
number of IncRNAs identified in the testis. Obviously, I successfully added a function of a testicular
IncRNA in spermatogenesis, especially meiosis, by the present data.

In summary, I revealed the expression pattern and the function of a novel IncRNA, Tesra. Tesra
contributes to the activation of Prss42/Tessp-2 gene, and due to the significant role of this gene in
progression of meiosis from secondary spermatocytes to round spermatids (Yoneda et al. 2013), this
IncRNA plays a significant role in spermatogenesis. My current data also revealed a meiosis-related
function of testis-specific IncRNA in spermatocytes, and proposed the novel relationship between
IncRNA and enhancer. These conduce toward the understanding how spermatogenesis is regulated

and provide a new insight into the IncRNA function.
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GENERAL DISCUSSION
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The activation mechanism of Prss42/Tessp-2 gene

In this study, I revealed that two factors contribute to Prss42/Tessp-2 transcriptional activation
(Fig. 3). First, a downstream region of IncRNA-HSVIII, which interacted with the Prss42/Tessp-2
promoter by looping out the intervening region, could function as an enhancer. Second, a IncRNA,
Tesra, which was transcribed at the downstream of Prss44/Tessp-4, bound to the chromatin at the
Prss42/Tessp-2 promoter to increase its promoter activity. Both factors activated Prss42/Tessp-2
transcription through increasing Prss42/Tessp-2 promoter activity.

From my current and our laboratory’s previous data, I propose the following mechanism for
Prss42/Tessp-2 gene activation during meiosis. In differentiated type B spermatogonia, germ
cell-specific DHSs at the Prss42/Tessp-2 promoter are probably formed, because they were reported
to be observed at many poised promoters prior to transcriptional activation (Anguita et al. 2004,
Kimura et al. 2007, Litt et al. 2001, Szutorisz et al. 2005). By this DHSs formation, the chromatin can
be ecasily transferred to the active state. When type B spermatogonia divide into primary
spermatocytes, the chromatin at the Prss42/Tessp-2 promoter begins to interact with the
IncRNA-HSVIII region at its 3’ region and the Prss42/Tessp-2 transcription is initiated (Yoneda 2014).
This interaction is maintained and even strengthen in secondary spermatocytes, and the downstream
sequence of IncRNA-HSVIII comes to physically contact the Prss42/Tessp-2 promoter to increase its
transcriptional activity. In the meanwhile, probably at the similar timing of the chromatin interaction,
a IncRNA, Tesra, is expressed (Fig. 2-2D) and binds to the Prss42/Tessp-2 promoter directly or
indirectly to positively affect its promoter activity (Figs. 2-3, 2-4).

As I described in general introduction, meiotic genes had been classically considered to be fully
activated only by their proximal promoters, but it is not necessarily the case. Given that no studies
elucidated the molecular mechanism of spermatocyte-specific gene activation in details like this study,
my current data made a significant contribution to understanding spermatogenesis in the field of

reproduction and gene regulation.

45



The novel relationship between an enhancer and a IncRNA

My data indicate that the downstream enhancer and Tesra can co-function in the activation of
Prss42/tessp-2 promoter, but the mechanism was different from those reported in other studies in
several aspects. Previous studies reported that IncRNAs were required for the histone modification at
enhancers for gene activation (Hah et al. 2013, Zhu et al. 2013b) or for the chromatin looping between
enhancers and promoters (Hsieh et al. 2014, Sanyal et al. 2012, Xiang et al. 2014). These IncRNAs
regulate their target genes through the activation of enhancers or the formation of chromatin looping,
and thus, they are mostly considered to facilitate enhancer activity. In addition, in those examples,
IncRNAs were transcribed from adjacent regions of enhancers. In contrast, the transcriptional
activation of Prss42/Tessp-2 by Tesra and the downstream enhancer is different, in that 1) Tesra was
transcribed from a distant region of the enhancer, and 2) the enhancer activity was not dependent on
Tesra activity because they could independently affect Prss42/Tessp-2 promoter activity (Fig. 2-5B).

However, we need more study to reveal the detailed mechanism of the Prss42/Tessp-2 gene
activation by the enhancer and 7Tesra. In most cases, transcription factors binding to promoters and
IncRNA-binding proteins mediate functions of enhancers and IncRNAs (Bell et al. 2015, Kadonaga et
al. 1986, Kim et al. 2016, Liu et al. 2015), so the Prss42/Tessp-2 gene is probably activated by such
proteins as well as Tesra and the enhancer. The identification of those protein factors will be my
future scope. In any case, the gene activation mechanism and relationship between a IncRNA and an
enhancer revealed by this study provide novel insights into the gene regulatory mechanism and the

function of IncRNAs not only in male germ cells but also in other types of cells.

The regulation of the Prss/Tessp gene cluster

Even though the Prss42/Tessp-2 gene belongs to the Prss/Tessp gene cluster, in which the three
genes are specifically activated at the same timing in primary spermatocytes, my data indicate that
each Prss/Tessp gene is regulated by different mechanisms from each other. So far, several gene

clusters have been investigated in details for their transcriptional activation. For instance, the human
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HOXD gene cluster is regulated by a IncRNA, HOTAIR, which was transcribed at the HOXC locus on
a different chromosome (Rinn et al. 2007). The S-globin gene cluster and the AGH gene cluster are
both controlled by locus control region (LCR), which contains tissue- and developmental
stage-specific enhancers and IncRNAs that are essential for the cluster gene activation (Kim & Dean
2012, Tsai et al. 2016, Xu et al. 2010). These examples show that the genes composed of a cluster are
generally regulated by a single element, although LCR contains several factors. In contrast, the
Prss/Tessp cluster genes are likely regulated by different molecular mechanisms; the Prss42/Tessp-2
gene needs an enhancer and Tesra, whereas Prss44/Tessp-4 and Prss43/Tessp-3 genes are unlikely
controlled by them because neither chromatin interaction nor IncRNA occupancy was observed.
Cluster genes activation by LCR often involves the chromatin looping. The binding of key
transcription factors or the noncoding transcription at enhancer sequences within LCR led to the
chromatin looping to make the interaction between LCR and cluster genes (Kim et al. 2015). In these
examples, the IncRNA transcription is necessary for the enhancer action. Furthermore,
enhancer-derived RNAs, a class of IncRNA, were repeatedly reported to be necessary for the
formation or the maintenance of chromatin looping (Xiang et al. 2014, Yang et al. 2013b). By contrast,
Tesra was presumably not required for the chromatin looping between the Prss42/tessp-2 promoter
and the downstream enhancer, considering that Tesra was transcribed at a distant region from both the
promoter and enhancer. This is consistent with my hypothesis that the enhancer and Tesra act on
Prss42/Tessp2 transcription independently. Notably, the gene activation by IncRNAs that are not
dependent on enhancer functions have not been reported. My present study thus revealed a novel
regulatory mechanism of the gene cluster, and this is specific to meiotic germ cells at present, but it is

possible that these mechanisms can also be observed in somatic cells.

The function of IncRNAs during spermatogenesis
Many IncRNAs were identified by using microarray and RNA-sequencing (RNA-seq) analyses

in the testis (Bao et al. 2013, Sun et al. 2013), and it is known that testis IncRNAs account for the
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large percentage of entire IncRNAs (Necsulea et al. 2014). Nevertheless, only a small number of
studies reported the function of testicular IncRNAs. Obviously, more studies are needed, and I
identified two novel IncRNAs, IncRNA-HSVIII and Tesra, at the Prss/Tessp gene locus and
investigated their functions.

As for IncRNA-HSVIII, 1 found that it was not involved in the transcriptional activation of
Prss/Tessp cluster genes. On the other hands, I detected the interesting change of its localization
during meiosis; in pachytene spermatocytes, IncRNA-HSVIII transcripts were present in nuclei, while
in round spermatids, they were found in cytosols. A similar localization change was reported for
mouse R53 IncRNA that was shown to play an important role in the progression of meiosis in in vitro
spermatogenesis (Nakajima et al. 2017). IncRNA-HSVIII may have critical functions in
spermatogenesis like this IncRNA. In addition, dot-like signals in nuclei of pachytene spermatocytes
by in situ hybridization may indicate that /lncRNA-HSVIII is related to the transcriptional regulation of
multiple gene loci at this stage (Fig. 1-3). Although further analyses will be necessary for revealing
the function of IncRNA-HSVIII, 1 assume that it has multiple functions in meiosis and/or
spermatogenesis.

In contrast, I determined a function of Tesra, as a positive regulatory factor for one of the cluster
genes, Prss42/Tessp-2, by enhancing Prss42/Tessp-2 promoter activity. Considering that the
Prss42/Tessp-2 gene is activated at the late pachytene stage (Yoneda et al. 2013) and Tesra is
activated in primary spermatocytes (Fig. 2-2D), this IncRNA is likely to regulate this gene in primary
spermatocytes. Only a few studies reported the function of IncRNA at this stage of spermatogenesis.
Tsx is a X-linked IncRNA that is robustly expressed in pachytene spermatocytes, and its knock out
mice exhibited the meiotic arrest at the pachytene spermatocyte stage (Anguera et al. 2011). R53 is a
IncRNA containing a B1 SINE sequence, and its knock down suggested that it was required for the
meiosis progression into spermatids (Nakajima et al. 2017). Our group identified /lncRNA-Tcaml that
was expressed at a high level in spermatocytes, but it was suggested to regulate immune-related genes

for immune response in the testis (Kurihara et al. 2017). In addition, in male germ cells, target genes
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and the binding to their promoters were demonstrated for few IncRNAs, except for mouse mril RNA,
which binds to the Sox8 promoter to activate the gene in spermatogonium-derived GC-1spg cell
(Akhade et al. 2016). Therefore, my current study identified the target gene of a IncRNA and showed
its binding to the promoter, extending the knowledge of IncRNA in meiosis, and is valuable in the

field of IncRNAs in spermatogenesis.
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Figure 1-1. DNase I HS mapping at the mouse Prss/Tessp locus. A: Schematic drawing of the
Prss/Tessp gene cluster showing the position of identified DNase I HSs in germ cells and liver cells
by vertical arrows. A 63-kb region corresponding to 110,775-110,838 kb of mouse chromosome 9 is
drawn. The width of the arrow reflects the signal intensity of each DNase I HS. Three cluster genes
are depicted with white boxes, and bent arrows indicate the direction of transcription. A ~38-kb
sequence encompassing the Prss42/Tessp-2 gene was searched by digestion with BamHI, HindlIII, or
EcoRI. Restriction sites and fragment sizes are shown below the gene structure. B,C: Southern blot
detecting DNase I HSs on the HindIII (B) or BamHI (C) fragment. Nuclei from native testicular germ
cells and liver cells were treated with DNase I for 0, 15, 45, 90, or 180 sec, and then genomic DNA
was purified. After restriction digestion, DNAs were transferred to a nylon membrane and hybridized
with a radiolabeled probe (gray box). Signals were detected by autoradiography. The Prss42/Tessp-2
gene and its upstream region are drawn above each blot, with each restriction fragment as well as the
fragments detected as a result of DNase I treatment. Sizes of DNase [-digested fragments are shown,
and positions of DNase I HSs are indicated with their numbers by vertical arrows. Image of the
Southern blot are presented below each diagram. Bands corresponding to DNase I HSs are indicated
with horizontal arrows. Molecular size markers are shown at the right. An arrowhead in ““C’” shows
the signal that was not detected by EcoRI digestion in liver cells. D: Fine mapping of the
Prss42/Tessp-2 promoter region. DNase I treatment of nuclei and restriction digestion with EcoRI
followed by Southern blot were performed as in ‘“‘B’’. A promoter region and the first four exons of
the Prss42/ Tessp-2 gene are drawn above the blot. Positions of DNase-1 HSs are indicated by vertical
arrows, and exons are depicted with white boxes connected by bent lines. An EcoRI fragment is
shown below the gene structure, with the fragments detected after DNase I treatment and the probe for

Southern blot indicated by a gray box. The Southern blot is presented as in “‘B’’. E: Ethidium
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bromide staining of the gels used in “D”. Nuclei from testicular germ cells and liver cells were treated
with DNase I for 0-180 sec at 37°C, and the purified DNAs were digested with EcoR1. The DNAs
were then separated by agarose gel electrophoresis and visualized by ethidium bromide staining.
Positions of molecular size marker bands are shown at left. The smear band gets shorter as the time of

the DNase I-treatment gets longer.
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Figure 1-2
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Figure 1-2. Characterization and expression of IncRNA-HSVIII. A: Schematic drawing of the
Prss42/Tessp-2 gene and IncRNA-HSVIII. Exons of the Prss42/Tessp-2 gene are depicted as coding
regions (black boxes) and an untranslated region (white box). /lncRNA-HSVIII contains no intron. Bent
arrows indicate the transcriptional direction of the Prss42/Tessp-2 gene and IncRNA-HSVIII. A
vertical arrow shows the position of DNase I HSVIII. Positions of the primers used in 5’RACE and 3’
RACE are indicated by short horizontal arrows, located below the gene structure. B: Tissue
specificity of lncRNA-HSVIII was examined by reverse-transcription PCR. Total RNA was isolated
from eight mouse tissues, as indicated, and reverse transcription was performed using the oligo(dT)
primer with (RT+) or without reverse transcriptase (RT-). The cycle number of each PCR reaction is
indicated in the parentheses at right. Gapdh abundance was examined as an internal control.
IncRNA-HSVIII was specifically expressed in the testis. C: Localization of IlncRNA-HSVIII in the
mouse testis was examined by reverse-transcription PCR using cDNAs obtained from fractionated,
native testicular cells. Germ-cell, Sertoli-cell, and Sertoli/Leydig-cell fractions were isolated from
adult mouse testes, while Sertoli cells were collected by primary culture from immature testes. The
expression of marker genes for these fractions was evaluated by quantitative reverse-transcription
PCR as shown in “E”. Reverse-transcription PCR was performed as in ‘‘B’’, and the cycle number of
each PCR is indicated in the parentheses at right. /lncRNA-HSVIII was mainly expressed in germ cells,
and to a lower degree in Leydig cells. D: Subcellular localization of /ncRNA-HSVIII. Native testicular
germ cells were fractionated into the nucleus and cytoplasm, and reverse-transcription PCR was
performed as in “‘B’’. Two sets of primers were used to check the quality of the two fractions. Gapdh
(in5-ex6) was amplified to detect immature mRNA in the nucleus, and Gapdh (ex5-ex6) was used to
identify mature mRNA in the cytoplasm. These two PCR assessments indicate that our subcellular
fractionation was successful. The IncRNA-HSVIII signal was detected in both fractions, but the

nuclear signal was stronger. E: Expression of marker genes in testicular cell fractions. The expression
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of marker genes was examined by qRT-PCR with cDNAs obtained from fractionated germ cells,
Sertoli cells, and Sertoli/Leydig cells. Vasa, Sgp2, and Hsd3b were used as markers for germ cells,
Sertoli cells and Leydig cells, respectively. The expression level of each marker gene was normalized

to that of Aip. N. D.; not detected.
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Figure 1-3

stage VIII
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Figure 1-3. Localization of IncRNA-HSVIII in the mouse testis. In situ hybridization analysis of
IncRNA-HSVIII in the adult mouse testis was performed with the tyramide signal amplification system.
The testis was fixed with paraformaldehyde, embedded in paraffin, and cut into 7-um sections. The
sections were hybridized with digoxigenin-labeled sense or antisense probe for IncRNA-HSVIII, and
subsequently incubated with anti-digoxigenin-HRP antibody. Positive signal was detected by the
reaction with tyramide-Cy3 (red dots), and nuclei were stained with Hoechst33258 (blue). A: Testis
section hybridized with the antisense probe of IncRNA-HSVIII. Positive signals (red dots) were
observed in all seminiferous tubules and in interstitial Leydig cells. B: Testis section hybridized with
the sense probe of /ncRNA-HSVIII; few red dots were seen. C: An enlarged image of Leydig cells on
the section hybridized with the antisense probe. Positive red dots were present in both nuclei and
cytosols of Leydig cells (indicated by arrows). D-F: Enlarged images of seminiferous tubules at
different stages, as indicated. Positive red signals were observed in nuclei of most pachytene
spermatocytes and in the cytosol of some pachytene spermatocytes (arrowheads) and all spermatids.

Scale bars, 50 mm.
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Figure 1-4
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Figurel-4. Enhancer activity of the 5.8-kb sequence encompassing IncRNA-HSVIII. A:
Schematic drawing of the Prss42/Tessp-2 gene and IncRNA-HSVIII. The Prss42/Tessp-2 locus is
drawn as in Figure 1-2A. The position of DNase I HSVIII is indicated by a vertical arrow. A 5.8-kb
EcoRI fragment encompassing /ncRNA-HSVIII is indicated below the gene structure. Hincll and Sacl
were used to obtain 5’ and 3’ flanking sequences to IncRNA-HSVIII, respectively; their sizes are
shown. B,C: Luciferase assay conducted with constructs indicated at the left side of the graph. The
indicated constructs were prepared and transfected into embryonal carcinoma P19TG1 cells (B) or
hepatic tumor Hepal-6 cells (C), and luciferase activity was measured 48hr after transfection. The
value from the construct without any promoter was set to 1.0 in each experiment. The 5.8-kb sequence
significantly increased Prss42/Tessp-2 promoter activity in both cells. The data are presented as mean
= S.D. from at least three independent experiments. *P<0.05 relative to the construct without the

5.8-kb sequence and to the construct with a 6.7-kb ADNA.
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Figure 1-5
Relative /ncRNA-HSVIII expression level
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luc

Figure 1-5. No induction of IncRNA-HSVIII transcription by the reporter construct. The
expression of IncRNA-HSVIII was measured by quantitative reverse-transcription PCR with cDNAs
obtained from P19TG1 cells that were transfected with the indicated constructs. Transfection of the

construct with the 5.8-kb fragment did not result in an increase in IncRNA-HSVIII abundance.
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Figure 1-6
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Figure 1-6. Enhancer activity of sequences flanking /ncRNA-HSVIII. A: Enhancer activity of the
IncRNA-HSVIII sequence was assessed by a reporter-gene assay. Constructs indicated at the left side
of the graph were transfected into P19TG1 cells (top) or Hepal-6 cells (bottom), and luciferase
activity was measured 48 hr after transfection. Relative activity was calculated and presented as in
Figure 1-4. The IncRNA-HSVIII sequence did not possess enhancer activity in either cell type. The
data are presented as mean = S.D. from at least three independent experiments. B: Enhancer activity
of the upstream and downstream sequence of IncRNA-HSVIII. A 2.3-kb upstream and a 1.5-kb
downstream sequence of /ncRNA-HSVIII were obtained by Hincll and Sacl restriction digestion of the
5.8-kb fragment, respectively, as indicated in Figure 1-4A. All the constructs were separately
transfected into P19TG1 cells and Hepal-6 cells, and luciferase activity was measured and presented
as in Figure 1-4. Both upstream and downstream sequences significantly increased Prss42/Tessp-2
promoter activity in both cells. The data are presented as mean = S.D. from at least three independent

experiments. *P < 0.05 relative to the construct without the 5.8-kb sequence.
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Figure 2-1. Cloning of a novel IncRNA, Tesra. A: A schematic view of the Prss/Tessp locus on
mouse chromosome 9. Exons of three Prss/Tessp genes are depicted by black and white boxes
representing translated and untranslated regions, respectively. Two IncRNAs that do not contain any
introns are also depicted by black boxes. Bent arrows indicate the transcriptional direction. Below the
gene structure, the genomic region transcribed into Tesra is enlarged. A 2,890-nucleotide sequence
was first detected as a transcribed sequence by RT-PCR. 5’RACE was performed with three primers
(GSP1-GSP3) and 3’ RCAE was with GSP4 and GSP5 primers. The resulting RACE products are
indicated by horizontal lines. B: 5° end variations of Tesra determined by 5’RACE. A sequence
around the 5’ end of Tesra is shown. A specific band was obtained by 5’RACE, and 17 subclones
were sequenced. The position of 5 end of each subclone is indicated by bent arrows with the number
of subclone. Five TSSs were detected as written by red font, and the most upstream adenine was
determined as a main TSS. C: 3’ end of Tesra determined by 3’RACE. A specific band was obtained
by 3’RACE, and 10 subclones were checked by DNA sequencing. In all subclones, an adenine was

identified as a main TTS, as written by red font and indicated by a vertical line.
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Figure 2-2. The expression pattern of Tesra. A: Tissue specificity of Tesra. Eight mouse tissues, as
indicated, were collected from adult mice and used for RT-PCR analysis. Reverse transcription was
performed with the oligo(dT) primer with (RT+) or without reverse transcriptase (RT-). Gapdh was
detected as an internal control. The cycle number of each PCR reaction is indicated in parentheses. B:
Cell type-specificity of Tesra in the testis. Mouse germ cell, Sertoli cell, and Leydig cell fractions
were prepared and used for RT-PCR analysis. Germ cells and Leydig cells were collected from adult
mouse testes. Sertoli cells were collected from 7-12 days old testes and cultured for several days. The
experiment was done and the data are presented as in “A”. C: Subcellular localization of Tesra in
mouse male germ cells. Germ cells were collected and fractionated into nuclear and cytoplasmic
fractions, and total RNAs were purified from both fractions. RT-PCR was done and the data are
presented as in “A”. Gapdh (ex6-ex6) was a positive control, in which both forward and reverse
primers were designed within exon 6 of Gapdh. By this PCR, the positive signal should appear in both
fractions. Gapdh(ex5-ex6) was a cytoplasmic marker, because a primer set in exon 5 and exon 6
should only amplify the spliced mRNA. Gapdh(in5-ex6) was a marker of nuclear fraction, and could
only amplify premature RNA. RT-PCR was done and the data are presented as above. The Tesra
transcript was detected in both nuclear and cytoplasmic fractions. D: Tesra expression during
postnatal testis development. Mouse testes at postnatal day 7, 14, 21, 28, and 56 were collected, and
total RNAs were purified and used for qRT-PCR analysis. The housekeeping 4ip gene was also
examined as an internal control. The level of Tesra was normalized to Aip, and the value at day 7 was
set to 1.0. The data are presented as mean + S.D. from three independent experiments, and the
statistical significance was analyzed by one-way ANOVA followed by Tukey’s post hoc test. *P <

0.05. **P < 0.01.
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Figure 2-3. Overexpression of Tesra increases Prss42/Tessp-2 expression. A: Endogenous
expression of Prss/Tessp cluster genes and Tesra in Hepal-6 cells. qRT-PCR was performed with
total RNAs from Hepal-6 cells. Reverse transcription was done by using the oligo(dT) primer, and
Aip gene was examined as an internal control. Expression levels were normalized to Aip. Although the
Prss42/Tessp-2 level was much higher than the others, all transcripts examined were detected by this
analysis, as shown in the inset. B: Successful overexpression of Tesra. Tesra-OE or pcDNA3.1 vector
was transiently transfected into Hepal-6 cells, and after the selection with G418, total RNA was
purified from each sample. cDNA was synthesized with the oligo(dT) primer, and PCR was
conducted to detect Tesra and Gapdh expression. The cycle number is presented in the parenthesis. A
representative result out of three experiments is shown. We could not see any difference among the
three data. The Tesra signal was observed only in the cells with Tesra-OE. C: Relative expression of
Prss/Tessp mRNAs by overexpression of Tesra. qRT-PCR was performed for three Prss/Tessp cluster
genes with the cDNAs prepared as above. All the data were normalized to Aip. The transient
overexpression of Tesra significantly increased Prss42/Tessp-2 expression in Hepal-6 cells. The data
are presented as mean + S.D. from three independent experiments and were analyzed by Student's ¢
test to compare the level of control with that of Tesra-OE. *P < 0.05 relative to the control. D:
Luciferase assay in Hepal-6 cells transfected with Tesra-OE. T-2pro-luc was transiently
co-transfected with Tesra-OE or pcDNA3.1 into Hepal-6 cells, and luciferase activity was measured
2 days later. Relative luciferase activity was presented as setting the activity with pcDNA3.1 to 1.0.
Tesra overexpression significantly increased Prss42/Tessp-2 promoter activity. The data are presented
as mean = S.D. from three independent experiments and were analyzed by Student's ¢ test. ***P <

0.001 relative to the control.
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Fig. 2-4
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Figure 2-4. Tesra occupancy at the Prss/Tessp locus. ChIRP-qPCR for Tesra in mouse testicular
germ cells were performed. Germ cells were collected from 21-22 days old mouse testes, and nuclear
extracts were prepared and lysed. The sonicated chromatin was hybridized with biotinylated tiling
oligo probes, and the bound chromatin was collected by streptavidin beads. The purified genome
DNAs were investigated by qPCR. Rec8 and B2m promoters that were located on different
chromosomes from the Prss/Tessp cluster were amplified as negative controls. The value was
normalized to that of Input sample, which was kept before hybridization, and further normalized to
the level at the Rec8 promoter (=1.0). The relative chromatin enrichment at each position is shown by
black bars. White bars show the data from the experiment with RNase in hybridization buffer as a
negative control. The position of amplicon is drawn below the graph. The data are presented as mean
+ S.D. from three independent experiments and were analyzed by one-way ANOVA followed by

Tukey’s post hoc test. *P < 0.05 compared to other regions.
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Fig. 2-5
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Figure 2-5. Tesra co-operatively increases Prss42/Tessp-2 promoter activity with the
downstream enhancer. A: A schematic view of the Prss/Tessp locus indicating the positions of
enhancers. The Prss/Tessp locus is depicted as in Fig. 2-1A. Two potential enhancers I detected in
chapter 1 are indicated with white boxes marked as ‘up’ and ‘down’. B: Luciferase assay in stable
Tesra-inducible Hepal-6 cells. I established stable Hepal-6 cells that were responsible to Dox to
induce Tesra transcription by the Tet-on system. Each construct indicated at left was transiently
transfected into these cells. Dox was added 24 hours after the transfection, and luciferase activity was
measured after another 24 hours. The activity in the cells with T-2pro-luc without Dox was set to 1.0.
The data are presented as mean = S.D. from three independent experiments, and the statistical
significance was analyzed by one-way ANOVA followed by Tukey’s post hoc test. ¥*P < 0.05. **P <
0.01. C: Successful induction of Tesra transcription in stable Hepal-6 cells. Dox was added to the
cells, and total RNAs were collected 24 hours later. qRT-PCR was performed as in Fig. 2-2D. Tesra

transcription was significantly induced by the addition of Dox. ** P < 0.01 relative to Dox-.
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Fig. 3
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Figure 3. A model for Prss42/Tessp-2 transcriptional activation. This figure indicates the
hypothesized mechanism of Prss42/Tessp-2 gene activation from my data. When spermatogonia
divide into primary spermatocytes, the chromatin at the enhancer downstream of lncRNA-HSVIII
begins to interact with that at the Prss42/Tessp-2 promoter, and thereby the enhancer is allowed to
activate Prss42/Tessp-2 transcription. At the similar timing, Tesra is expressed and binds to the
Prss42/Tessp-2 promoter. The transcription level of Prss42/Tessp-2 is substantially enhanced by these

two elements.
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