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ABBREVIATIONS

AAP, abridged anchor primer

Aip, aryl-hydrocarbon receptor-interacting protein

ANOVA, analysis of variance

AP, adaptor sequence

AUAP, abridged universal amplification primer

BAC, bacterial artificial chromosome

CGl, CpG island

ChIP, chromatin immunoprecipitation

ChlIP-seq, chromatin immunoprecipitation-sequencing

CNS, conserved noncoding sequence

DMEM, Dulbecco’s modified Eagle’s medium

DPE, dual promoter—enhancer

EGFP, enhanced green fluorescent protein

ENCODE, Encyclopedia of DNA elements

eRNA, enhancer RNA

FBS, fetal bovine serum

Gapdh, glyceraldehyde 3-phosphate dehydrogenase

GSP, gene specific primer



hCNS1, human CNS1

hGH, human growth hormone

H3K4mel, H3 Lysine 4 mono-methylation

H3K4me3, H3 Lysine 4 tri-methylation

H3K9ac, H3 Lysine 9 acetylation

HS, hypersensitive site

IGV, Integrative Genomics Viewer

LCR, locus control region

LINOCR, lipopolysaccharide inducible noncoding RNA

IncRNA, long noncoding RNA

MCNS, mouse CNS

mGh, mouse growth hormone

OREF, open reading frame

PIC, pre-initiation complex

gRT-PCR, quantitative RT-PCR

RACE, rapid amplification of cDNA ends

RT-PCR, reverse transcription-polymerase chain reaction

Smarcd2/SMARCD2, SWI/SNF related, matrix associated, actin dependent regulator of

chromatin, subfamily d, member 2



Tcaml/TCAMIP, testicular cell adhesion molecule

TSS, transcriptional start site

TTS, transcriptional termination site



GENERAL INTRODUCTION



Our body is made up of about sixty trillion cells and each of them contains a common
genome. Nonetheless, various types of organs and tissues exist in our body, which are
established by accurate spatiotemporal patterns of gene expression. The gene expression is
controlled by mechanisms operating at various levels such as transcription, RNA splicing, RNA
metabolism, translation, and posttranslational modification. Among them, a fundamental
process of gene expression is achieved at the transcriptional level, and therefore, the
investigation of the transcriptional regulation is crucial for understanding how this complicated

body is established.

Accurate spatiotemporal patterns of eukaryotic gene transcription are strictly controlled by
the intricate process, which is orchestrated by promoter and enhancer elements. Promoters,
which are usually located at immediate upstream of transcriptional start sites (TSSs), initiate
gene transcription by recruiting RNA polymerase and general transcription factors*. On the
other hand, enhancers are sequences containing multiple binding sites for a variety of
transcription factors and increase the rate of target gene transcription®*. They generally function
independently of their orientation, and are scattered across the genomic sequence at various
distances from their target genes®’. Because the activity of enhancers is restricted to a particular
tissue and cell type or to some stimulation, they can define when, where, and at what level each

gene is transcribed.

To find out candidate enhancers, the comparison of genomic sequences between human and
mouse has been one useful approach, because regulatory mechanisms of gene expression have
been thought to be evolutionarily conserved. Indeed, regulatory sequences of S-globin,
IL4/IL13/IL5, and SCL genes were identified by the comparative genomics®. However, while
DNase | hypersensitive sites (HSs) are highly conserved in the S-globin locus control region

(LCR) between human and mouse and they activate the tissue- and developmental stage-specific



expression of the cluster genes®, the molecular mechanism is not necessarily conserved.
Although common erythroid specific-transcription factors bind to DNase | HSs in both human
and mouse S-globin LCR, which results in the establishment of highly active chromatin
structures, it occurs at different timing during development between the two species®. In
addition, recent comprehensive analyses have provided several lines of evidence that gene
expression and their regulatory mechanisms have largely diverged between human and mouse
lineages'®**. Since genomic sequences have been dynamically changed in the process of
evolution after human-mouse divergence'?, a fine comparative analysis of orthologous genes,
whose regulatory mechanisms are diverged between the two species, is essential for

understanding the evolution of gene regulation.

The human growth hormone (hGH) gene cluster is one of the well investigated models for
tissue-specific gene activation, and the regulatory mechanism is not conserved compared to
mouse growth hormone (mGh) gene (Fig. I). The hGH cluster is located on chromosome 17g22-
24 and consists of five paralogous genes that were generated by duplication of a single ancestral
GH gene™®*. The hGH-N gene is specifically expressed in the pituitary, and the other four genes
are placenta-specific. Activation of the hGH cluster depends on the multifunctional LCR which
is located at 15-32 kb upstream of the cluster (Fig. 1)*>*°. In the pituitary, a transcription factor,
Pit-1, recruits the histone acetyltransferase to DNase | HSI and establishes a broad histone
acetylation domain, which encompasses the entire LCR and the hGH-N promoter, resulting in
the hGH-N activation'"*. Furthermore, noncoding transcription at the LCR and the CD79b
gene, which is linked to the cluster, enhanced the hGH-N expression'®%. In the placenta, the
LCR functions as the insulator to establish the broad histone acetylation domain, leading to the

activation of the four placental paralogues™ .

On the other hand, the mGh gene is located on chromosome 11, and no placental



paralogues are present (Fig. I). In the mouse pituitary, the mGh expression is regulated by
transcription of a SINE B2 element between the two genes at upstream of mGh, Cd79b and
Scnda **. By noncoding transcription of the SINE B2 element, the chromatin status at the mGh
locus shifts from heterochromatic to permissive euchromatic environment, which results in the
mGh activation. Importantly, while the pituitary-specfic expresssion is conserved between hGH-
N and mGh, there is no known LCR at the mGh locus. This suggests that duplication of GH is

followed by alteration of the regulatory mechanism.

Interestingly, the hGH/mGh gene is linked to three other tissue-specific genes: the B
lymphocytes-specific CD79b/Cd79b and striated muscle-specific SCN4A/Scn4a genes at its 5’
region, and the testis-specific testicular cell adhesion molecule (TCAM1P/Tcaml) gene at
downstream of the cluster (Fig. I). The regulatory mechanism of the CD79b/Cd79b gene was
analyzed in some species. The human CD79b gene was reported to be sufficiently activated by
its proximal promoter in the B cell”®. For rat Cd79b, three DNase | HSs at the Cd79b-Gh
intergenic region could be potential enhancers.?® In chicken, some DNasel HSs are scattered in
and around the Cd79b gene and functioned as transcriptional activators for B cell-specific
Cd79b expression??®, However, regulatory mechanisms of SCN4A/Scnda and TCAM1P/Tcaml

genes remain to be revealed.

Notably, the genomic structure of the TCAM1P/Tcaml gene is not preserved between
human and mouse. The mouse Tcam1 gene encodes a cell adhesion protein and the protein
coding potential is retained in other eutherian species such as rat, dog, cow and reshus
moneky?. However, as a result of pseudogenization that occurred in a short period during
evolution®, the human TCAM1P gene is a pseudogene and unlikely to encode such a protein.
Therefore, it is very interesting to know how its expression and regulatory mechanism are
changed in parallel with pseudogenization. Validating the relationship of the change in the

TCAM1P genomic structure with its expression and regulation will help us understand the



evolution of gene regulation. To figure out these issues, | excecuted comparative analysis of the

expression and regulatory mechnism of the human and mouse TCAM1P/Tcaml gene.

In Chapter 1, | attempted to identify and characterize regulatory sequences for the mouse
Tcaml gene, and found that a mouse conserved noncoding sequence 1 (MCNS1) was a novel
potential spermatocyte-specific enhancer. Surprisingly, mCNS1 also functioned as a
bidirectional promoter of the SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily d, member 2 (Smarcd2) gene, which is located at 5” upstream of Tcaml,
and a novel testis-specific long noncoding RNA (designated IncRNA-Tcam1). From these

results, | concluded that mMCNS1 can be a dual promoter-enhancer (DPE) element.

DPE is a multifunctional genomic element which was found in mammals for the first time
by this study. There are several kinds of multifunctional genomic elements such as

31-33 or enhancers for the

transcriptional units overlapping with gene regulatory elements
expression of multiple genes®**®, but only a small number of them was reported. Nonetheless,
many researchers assume the massive existence of multifunctional genomic elements, and

therefore, this study provides a new and important model for gene regulatory mechanisms by

such genomic elements.

In Chapter 2, | examined whether the expression pattern and the regulatory mechanism of
TCAML1P are preserved after pseudogenization or not. Especially, | focused on human CNS1
(hCNSL1) and attempted to examine whether hCNS1can function as a DPE element at the human
TCAM1P locus, too. The TCAM1P expression was testis-specific, but its localization was
slightly different from mouse Tcam1. hCNS1 could enhance TCAM1P promoter activity and
functioned as a promoter of the human SMARCD?2 gene, which suggests that it can be a DPE in

human genome.

Collectively, this study highlights two major issues: the importance of multifunctional



genomic elements in transcriptional regulation and the alteration of gene regulation in parallel
with pseudogenization. Both issues are extremely important but have not been well studied.
Therefore, | believe that this study could be of great significance to comprehend the complexity

of the genomic function.
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Chapter 1:

A conserved noncoding sequence can function as a spermatocyte-
specific enhancer and a bidirectional promoter for a ubiquitously

expressed gene and a testis-specific long noncoding RNA
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(A) Human chromosome 17

hGH Cluster LCR 10 kb
A — <« <« < «1 7 <« —
SMARCD2 TCAMlF" CS-BGH-V CS-A CS-L GH-N CD79b 7
— —1 1 [l I— SCN4A |
Ubiquitous  Testis Placenta  Pituitary gland B cell Skeletal muscle

(B) Mouse chromosome 11

SINE B2 10 kb
Smar(;d? —> E] C<(;9b 7
Tcam1 I B Scnda
Ubiquitous Testis Pituitary gland B cell Skeletal muscle

Fig. I. The schematic diagram of the human TCAM1P and mouse Tcam1 locus.

(A) The TCAM1P gene locus on human chromosome 17 is drawn. Seven tissue-specific genes and one ubiquitous
gene are present at downstream and upstream to TCAM1P, respectively. The tissue expressing each gene is
indicated below the gene structure, and bent arrows indicate the transcriptional direction of each gene. The position
of LCR, which controls the hGH cluster, is shown by a red line. (B) The mouse Tcam1 locus on chromosome 11 is
shown. Three tissue-specific genes and one ubiquitous gene are located at downstream and upstream to Tcaml,
respectively. The tissue expressing each gene is indicated below the structure, and bent arrows indicate the
transcriptional direction of each gene. The SINE B2 element drawn with a red line plays an important role in the

mouse Gh gene activation.
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Abstract

Tissue-specific gene expression is tightly regulated by various elements such as promoters,
enhancers, and long noncoding RNAs. In the present study, | identified a conserved noncoding
sequence, mMCNS1, as a novel enhancer for the spermatocyte-specific mouse Tcam1 gene.
MCNS1 was located 3.4 kb upstream of the Tcam1 gene and associated with histone H3K4
mono-methylation in testicular germ cells. By the in vitro reporter gene assay, mCNS1 could
enhance Tcam1 promoter activity only in GC-2spd(ts) cells, which were derived from mouse
spermatocytes. When | integrated the 6.9-kb 5°-flanking sequence of Tcam1 with or without a
deletion of mMCNS1 linked to the enhanced green fluorescent protein gene into the chromatin of
GC-2spd(ts) cells, mCNS1 significantly enhanced Tcaml1 promoter activity. These results
indicate that mMCNS1 could function as a spermatocyte-specific enhancer. Interestingly, mCNS1
also showed high bidirectional promoter activity in the reporter assay, and consistent with this,
the Smarcd2 gene and IncRNA, designated IncRNA-Tcam1, were transcribed from adjacent
regions of MCNS1. While Smarcd2 was ubiquitously expressed, INCRNA-Tcam1 expression was
restricted to testicular germ cells, although this IncRNA did not participate in Tcam1 activation.
Ubiquitous Smarcd2 expression was correlated to CpG hypo-methylation of mCNS1 and
partially controlled by Spl. However, for IncRNA-Tcam1 transcription, the strong association
with histone acetylation and histone H3K4 tri-methylation also appeared to be required. The
present data suggest that mCNS1 is a spermatocyte-specific enhancer for the Tcam1 gene and a

bidirectional promoter of Smarcd2 and IncRNA-TcamLl.
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Introduction

Tissue-specific gene activation is controlled by complicated mechanisms that involve the
activity of promoters and enhancers, epigenetic modification, and noncoding transcription®,
In mammals, many tissue-specific genes require distal enhancers as well as a proximal promoter
for full activation**. The enhancer is a sequence to which transcription factors bind for
increasing the rate of target gene transcription®®. Recent studies have demonstrated that
enhancers physically interact with the target gene promoter by looping out the intervening
sequences and are associated with many transcription factors*®. Genome-wide analyses have

|33,39—43' and

also revealed that a large number of enhancers are occupied by RNA polymerase |
consistent with this, many enhancers are actually transcribed into long noncoding RNAs
(IncRNAS) that are often essential for target gene activation***. However, the relationship

between IncRNAs and enhancers seems to be diverse and is not completely understood**™*.

To understand the regulatory mechanism for tissue-specific gene activation, various genes
have been investigated as model genes*2. The hGH gene cluster is one such model. This
cluster is located on chromosome 17g22-24 and encompasses five paralogous growth hormone
genes. Although the primary structure of the five genes is well conserved, hGH-N is specifically
expressed in the pituitary and the other four genes are placenta-specific'***. The tissue-specific

activation of the hGH cluster is dependent on the 5’-distal LCR™®

, and epigenetic regulation
and noncoding transcription are known to play crucial roles in activation by the hGH LCR'"~
192122 Interestingly, the hGH cluster is linked to two other tissue-specific genes: the B cell-
specific CD79b gene, which is located between the cluster and LCR, and the TCAM1P gene in

the 3’-region of the cluster. Therefore, this locus is an excellent model for tissue-specific gene

activation; however, the TCAM1P gene regulation has not been studied in detail.
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TCAML1P is a highly conserved gene among placental mammals such as the cow, rat,
mouse, and rhesus monkey. Although the human TCAM1P gene does not seem to encode a
protein, the orthologous gene in other species is translated to a protein related to cell adhesion.
The testis-specific expression of this gene has been confirmed in the rat and mouse?**, and the
mouse Tcam1l gene has been found to be expressed in the 17-day-old testis, when germ cell
meiosis reaches the late pachytene spermatocyte stage™. Consistent with this, mouse Tcam1
mRNA has been found to be localized in such spermatocytes by in situ hybridization®. With
regard to the regulation of this gene, a DNase | hypersensitive site (HS) has been detected in the
rat Tcam1 promoter, and a high level of histone acetylation has been observed at DNase | HS in
rat plasmacytoma-derived Y3-Ag1.2.3 cells?®*®. However, no cis-elements have been identified
for Tcam1 regulation and the regulatory mechanism in native testicular germ cells has not been

investigated.

In the present study, | focused on conserved noncoding sequences (CNSs) to examine the
regulation of the mouse Tcam1 gene. There were six CNSs at the Tcam1 locus, among which
mMCNS1 was identified as a potential spermatocyte-specific enhancer. Interestingly, mCNS1 also
contained bidirectional promoter activity, and the Smarcd2 gene and a novel testis-specific
IncRNA (designated IncRNA-Tcam1) were actually expressed from the upstream and
downstream of mCNS1, respectively. The results indicated that mMCNS1 may work as a
spermatocyte-specific enhancer for the Tcam1 gene and a bidirectional promoter of the
ubiquitously expressed Smarcd2 gene and the testicular germ cell-specific INCRNA-Tcam1l. This

is the first indication of a DPE in mammals.
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Results

Tcaml is a spermatocyte-specific gene

The mouse Tcam1 gene has been reported to be specifically expressed in the testis,
particularly in germ cells at stages from pachytene spermatocytes to secondary spermatocytes®.
| first attempted to confirm this expression pattern of Tcam1 mRNA. By northern blot analysis
using total RNAs from 15 mouse tissues, | detected a specific signal for Tcam1 at the 3.0-kb
position only in the testis (Fig. 1-1A). This was also confirmed by the transcriptomic data
(GSE9954), which demonstrated testis-specific expression of Tcam1 mRNA among 22 mouse
tissues (Fig. 1-1B). | then examined Tcam1 mRNA expression at different developmental stages
of the mouse testis (7, 14, 21, 28, and 56 days after birth). Tcam1 mRNA was detected as early
as 14 days after birth, when pachytene spermatocytes appear for the first time during mouse

57,58

development®”~°, and the signal intensity became stronger in 21 and 28-day-old testes (Fig. 1-

1C). Expression was slightly decreased 56 days after birth.

To further confirm the localization of Tcam1 mRNA, | performed in situ hybridization with
testes at 21 and 28 days after birth. | used these stages of testes because Tcam1l mRNA was
expressed at the highest level at these stages in my northern blot analysis (Fig. 1-1C). The
results indicated that Tcam1 mRNA was localized in spermatocytes in all seminiferous tubules
(Fig. 1-1D, E). Hybridization with a sense probe resulted in no positive signals (data not
shown). Taken together, these findings confirm the spermatocyte-specific expression of the

mouse Tcam1 gene.
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MCNS1, mCNS2, and mCNS3 are candidate regulatory sequences for Tcam1 gene

activation by histone modification patterns

I next searched for candidate sequences for Tcam1 regulation. | attempted to identify CNSs
at the mouse Tcam1 locus because important gene regulatory sequences are generally well
conserved beyond species®. Using the rVista program (http://genome.lbl.gov/vista/index.shtml),
| compared a 31-kb sequence of the mouse genome that contained 12 kb of the Tcam1 gene and
4 kb and 15 kb of its 5’ and 3’ adjacent regions, respectively, with the corresponding human
genomic sequence. | found two CNSs upstream of the Tcam1 gene and four CNSs within the
gene body (Fig. 1-2A). No CNS was present in the 3’-region of the Tcam1 gene. | then assessed
which CNSs could actually be involved in spermatocyte-specific Tcaml expression by
determining the histone modification patterns. For this purpose, | investigated histone H3K9
acetylation (H3K9ac), histone H3K4 mono-methylation (H3K4mel), and histone H3K4 tri-
methylation (H3K4me3). Histone acetylation is consistently associated with open chromatin,
leading to gene activation, and H3K4mel and H3K4me3 are generally observed at the enhancer
and promoter, respectively®®". | conducted chromatin immunoprecipitation (ChIP) assays with
specific antibodies for these epigenetic markers using nuclei from testicular germ cells and liver

6283 and this fraction

cells. Germ cells were isolated from adult testes as described previously
was presumed to contain approximately 30% of spermatocytes, as judged from our observations
(R. Yoneda, M.K., and A.P.K., unpublished observations). The liver was investigated as a tissue

that did not express the Tcam1 gene.

| first prepared ten amplicons at the Tcaml locus: six mMCNSs, intron 1 of Smarcd2
(Smarcd? intronl), a region between mCNS2 and Tcaml (CNS2-Tcam1l), Tcaml promoter, and

a region between mCNS3 and mCNS4 (genebody). Because mMCNS3 and mCNS6 overlapped
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with or were close to repeat sequences, which made the primer design very difficult, I prepared
the amplicons just upstream and downstream of them, respectively. As a result of ChIP and
PCR, | detected high background signals at mCNS1 and Tcam1 promoter (data not shown),
possibly due to the high GC content of these sequences, so | excluded these data. Consequently,
| obtained histone modification levels of eight regions at the locus (Fig. 1-2A). Considering that
the resolution of my ChlIP analysis was 500-1000 bp and mCNS1 and mCNS2 were only 196
bp apart from each other, histone modification levels of MCNS1 would be reflected by those of
MCNS2. Similarly, the status of Tcam1 promoter would be reflected by mCNS3, whose
amplicon was positioned only 268 bp downstream of the TSS of the Tcam1 gene. Therefore, |

re-designated these amplicons CNS1,2 and Tcam1pro-CNS3 (Fig. 1-2A).

The histone modification levels were calculated as the ratio of DNA in the antibody-bound
chromatin to that in the input fraction. Because the nucleosome content could vary at each
region, all the data were normalized to total histone which was revealed by the ChIP analysis
with the antibody against histone H3. To normalize the data in different tissues, I used the aryl-
hydrocarbon receptor-interacting protein (Aip) gene promoter because this gene was expressed
at similar levels in germ and liver cells by my quantitative RT-PCR (qRT-PCR) analysis (data
not shown). As a negative control, | performed the ChIP assay with normal mouse 1gG instead

of the antibodies for modified histones.

In germ cells, high H3K9ac levels were observed in the Smarcd2-Tcam1 intergenic region
and intron 1 of the Tcam1 gene (Fig. 1-2B). Statistical analysis revealed that the acetylation
peak in germ cells was at Tcam1pro-CNS3 among the eight regions examined. In liver cells,
H3K9ac was at background levels at all the amplicons except for Smarcd2 intron 1 (Fig. 1-2B).
For the H3K4mel marker, a clear peak was observed at CNS1,2 along with a low level of the
modification at CNS2-Tcaml in germ cells (Fig. 1-2C). In liver cells, no regions were marked

with H3K4mel, except that Smarcd2 intron 1 might be slightly modified (Fig. 1-2C). This
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suggests that CNS1,2 is a testicular germ cell-specific enhancer for the Tcam1l gene. High
H3K4me3 level was observed at CNS1,2, CNS2-Tcam1, and Tcaml1pro-CNS3 in germ cells
(Fig. 1-3A). Statistical analysis revealed that the H3K4me3 peak was CNS1,2 and Tcaml1pro-
CNSaS. In liver cells, CNS1,2 was marked with H3K4me3 at a similar level to the Aip promoter

(Fig. 1-3A).

To further access the histone modification patterns, | analyzed the ChiP-sequencing (ChlP-
seq) data deposited by other studies. | found that data for H3K4me3 in mouse spermatocytes
and round spermatids were available (SRA accession: SRA097278)%, and the corresponding
data in the liver were obtained from the Encyclopedia of DNA elements (ENCODE) project
(GEO accession: GSM769014)%. In spermatocytes, depth peaks for the precipitated DNA were
observed around CNS1,2 and Tcam1 promoter, although the input DNA showed no peaks (Figs.
1-3B, 1-4A). Such peaks disappeared in round spermatids that did not express Tcam1 mRNA.
Instead, the moderate peak around entire intergenic region was observed specifically in the
precipitated DNA (Figs. 1-3C, 1-4B). A similar pattern for H3K4me3 in round spermatids was
also observed in another ChIP-seq data (GEO accession: GSE42629)%. Compared with
spermatocytes and spermatids, a small peak was observed around the Smarcd2 promoter
specifically in the precipitated DNA in the liver (Figs. 1-3D, 1-4C). These data are consistent
with the ChlIP results (Fig. 1-3A), given that high levels of the H3K4me3 marker were detected
at CNS1,2 and Tcam1pro-CNS3. Collectively, my re-analysis using previous ChlP-seq data
(SRA097278) confirmed that CNS1,2 and Tcam1pro-CNS3 were marked with H3K4me3 in

spermatocytes.

Taken together, in germ cell, CNS1,2 was marked with H3K9ac, H3K4mel, and
H3K4me3, and Tcam1pro-CNS3 was marked with H3K9ac and H3K4me3. Therefore, these
three mCNSs could be important regulatory elements for the Tcam1 gene, and | focused on

MCNS1, mCNS2, and mCNS3 in the following analyses.
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MCNS1 can function as an enhancer of the Tcam1 promoter in the GC-2spd(ts) cell

I assessed the enhancer activity of the three CNSs by the in vitro reporter gene assay. Based
on TSS that was previously determined™, | cloned a 1644-bp sequence just upstream of the
Tcaml gene as a promoter and connected it to the luciferase gene. mMCNS1, mCNS2, and
MCNS3 were amplified by PCR with mouse genomic DNA, and the mCNS1 and mCNS2
sequences were cloned into 5’ of the Tcam1 promoter (Fig. 1-5A). mCNS3 was connected to 3’
of the luciferase gene because it was located downstream of the Tcam1 promoter. These
constructs (MCNS1-Pro-luc, mCNS2-Pro-luc, and Pro-luc-mCNS3) were transiently transfected
into three cell lines, GC2-spd(ts), Hepal-6, and NIH3T3-3-4, and luciferase activity was
measured and compared with that of cells transfected with the construct without CNSs (Tcam1-
Pro-luc) (Fig. 1-5A). GC-2spd(ts) cells are derived from mouse spermatocytes®” while Hepal-6
and NIH3T3-3-4 cells are derived from mouse hepatocytes and embryonic fibroblasts,

respectively.

Compared with the Tcam1-Pro-luc construct, luciferase activities from mCNS2-Pro-luc and
Pro-luc-mCNS3 were slightly increased or at similar levels in the three cell lines (Fig. 1-5A). In
contrast, when mCNS1 was linked to the Tcam1 promoter, luciferase activity was 5-fold higher
than that of the Tcam1-Pro-luc construct in GC-2spd(ts) cells but not in Hepal-6 and NIH3T3-
3-4 cells (Fig. 1-5A). This GC-2spd(ts)-specific activity of mMCNS1 was orientation-independent
because MCNS1 enhanced Tcaml promoter activity to a comparable extent when cloned in the
reverse orientation (Fig. 1-5B). The activity was also detected when mCNS1 was connected to
3’ of the luciferase gene in both directions (Fig. 1-5C) and when the construct was linearized
before transfection (Fig. 1-6A). Although shorter Tcam1 promoters showed higher activity than

the 1644-bp promoter, mMCNS1 could increase their luciferase activity (Fig. 1-6B, C). These
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results suggest that mCNSL is a spermatocyte-specific enhancer for the Tcaml gene. To further
characterize enhancer activity, | divided the mCNS1 sequence into two halves, mMCNS1-(1-257)
and mCNS1-(258-373), and cloned them into the upstream region of the Tcam1 promoter of the
Tcam1-Pro-luc construct. By transfecting these constructs into GC-2spd(ts) cells, luciferase
activities were increased in comparison with that of the Tcam1-Pro-luc construct; however, fold
increases were 2.2 and 2.1, respectively (Fig. 1-5B). This indicates that the entire sequence of

MCNSL1 is required for the full activity of this GC-2spd(ts)-specific enhancer.

Because mCNS1 was located just upstream of the Smarcd2 gene (Fig. 1-2A), it was
possible that mMCNS1 had promoter activity that affected luciferase gene expression in my
reporter assay. Therefore, | assessed whether mCNS1 could function as a promoter. | connected
the mCNS1 sequence directly to the luciferase gene in both directions and transfected the
constructs into GC-2spd(ts) cells. The results indicated that both directions of mMCNS1 had very
strong promoter activity (Fig. 1-7A). Compared with the Tcam1 promoter, mMCNS1 showed
approximately 220-fold higher promoter activity in both directions. I also investigated the
MCNS1 promoter activity in Hepal-6 and NIH3T3-3-4 cells. mCNS1 showed strong promoter
activity in both cell lines, but fold increases relative to the Tcam1 promoter were 23 in Hepal-6

cells and approximately 10 in NIH3T3-3-4 cells (Fig. 1-7A).

Then, | assessed the possibility that the fivefold increase in luciferase activity observed
between Tcam1-Pro-luc and mMCNS1-Pro-luc in GC-2spd(ts) cells has resulted from the strong
promoter activity of mCNS1. Using the mCNS1-Pro-luc construct, | introduced a
polyadenylation signal between mCNS1 and the Tcam1 promoter (MCNS1-polyA-Pro-luc). In
this construct, transcription of the Tcam1 promoter driven by mCNS1 should be stopped by the
poly(A) signal. In fact, a transcript from the promoter in GC-2spd(ts) cells transfected with the
MCNS1-polyA-Pro-luc construct was dramatically decreased by gRT-PCR (Fig. 1-7B, left).

However, the luciferase mMRNA levels were unchanged between the cells transfected with the
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two constructs (Fig. 1-7B, right), and the luciferase activity of the mCNS1-polyA-Pro-luc
construct was similar to that of mCNS1-Pro-luc (Fig. 1-7C). This indicates that in the mCNS1-
Pro-luc construct, transcription driven by the mCNS1 promoter elongated through the Tcam1
promoter but stopped in the middle of the luciferase gene. Therefore, | concluded that the
luciferase activity of mCNS1-Pro-luc did not reflect the strong promoter activity of mCNS1 and

that mCNS1 truly possessed enhancer activity in GC-2spd(ts) cells.

MCNSL1 is a bidirectional promoter of the ubiquitously expressed Smarcd2 gene and a

testicular germ cell-specific IncRNA-Tcam1

My in vitro reporter analysis showed that MCNS1 could drive transcription bidirectionally
(Fig. 1-7A). While the Smarcd2 gene, which was considered to be expressed ubiquitously, was
presumed to be regulated by the mCNS1 promoter, there were no annotated genes opposite
mMCNS1 (Fig. 1-2A, Fig. 1-8A). Thus, | investigated whether any transcripts were generated
from the adjacent regions of mMCNSL. Reverse transcription-polymerase chain reaction (RT-
PCR) with eight mouse tissues showed that Samarcd2 was expressed in all tissues, and in the
opposite direction, a novel transcript was exclusively detected in the testis (Fig. 1-8B). This
indicates that mCNSL is actually a bidirectional promoter for the ubiquitously expressed

Smarcd2 gene and a novel testis-specific transcript.

| further characterized this novel transcript. To determine the 5’ and 3’ ends of the
transcript, | performed rapid amplification of cDNA ends (RACE) analysis. A single band was
detected by 5’RACE, and 10 subclones that | sequenced contained one nucleotide as TSS. In
addition, 3’RACE resulted in the amplification of a single band, and all subclones contained one

nucleotide as the 3’ end. The results indicated that the full length of the transcript consisted of
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2404 nucleotides (Fig. 1-8A). According to the coding potential calculator (CPC) tool version
0.9r2%, this transcript was classified as INcRNA, and | designated it INcRNA-Tcam1. IncRNA-
Tcaml was presumed to be polyadenylated at its 3’ end because | observed poly(A) sequences

longer than the oligo(dT) length in the subclones obtained by my 3’RACE.

To check whether IncRNA-Tcam1 was really transcribed as a single transcript, | first
performed RT-PCR with testis RNA using primers at its 5’and 3’ends; however, | failed to
amplify a specific signal (data not shown). This may be due to a low expression level or the
presence of repetitive sequences at both ends of IncRNA-Tcaml. I then generated testis cDNA
by reverse transcription with the primer at the 3’ end and performed PCR to amplify the 478-bp
region of the 5’ end. This resulted in successful amplification of a specific signal (data not

shown). Therefore, | concluded that IncRNA-Tcam1 was transcribed as a single transcript.

I next investigated the expression pattern of IncRNA-Tcaml. By RT-PCR analysis of testes
during postnatal development, InCRNA-Tcam1 was first detected 14 days after birth, and the
transcript level was increased at 21 and 28 days and decreased thereafter (Fig. 1-8C). This
expression pattern was correlated to Tcam1l mRNA (Fig. 1-1C). I then fractionated the testis into
germ, Sertoli, and Leydig cells and investigated INcRNA-Tcam1 expression. RT-PCR detected
IncRNA-Tcam1 signal in germ cells but not in somatic cells (Fig. 1-8D). This was also correlated
to Tcaml mRNA. Finally, | fractionated germ cells into nuclear and cytoplasmic subfractions
and checked the subcellular localization of IncRNA-Tcam1. Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) signals amplified from the primer pairs at exons 5 and 6 and at intron 5
and exon 6 confirmed that my fractionation was successful (Fig. 1-8E). The IncRNA-Tcam1
signal was exclusively detected in the nucleus (Fig. 1-8E), which strongly suggests that it was

not translated to any peptides and functioned as an RNA molecule.
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DNA methylation status in mCNS1

Surprisingly, mCNS1 was a promoter for a ubiquitously expressed gene (Smarcd2), while it
was only slightly associated with the H3K4me3 marker in the liver and the modification level
was much lower than that in testicular germ cells (Fig. 1-3). | attributed this to another
epigenetic marker, CpG methylation. Because | found a CpG island (CGI) encompassing exon 1
of the Smarcd2 gene, mCNS1, and mCNS2 (Fig. 1-9A), CpG methylation status could be one
factor affecting the promoter activity of mMCNSL1. To investigate the methylation of this CGl,
bisulfite sequencing analysis was performed using genomic DNA from spermatocytes and adult
liver cells. Spermatocytes were collected by sorting germ cells as described previously®. After
the bisulfite reaction and PCR, | sequenced 10 subclones from each sample and checked which
cytosine was converted to thymine. | examined 54 CpGs in CGl, and almost all the CpGs were
demethylated in both spermatocytes and the liver; | did not observe any difference between
these two tissues (Fig. 1-9B). This result suggests that the hypo-methylation of CGI was

associated with the ubiquitous promoter activity of mCNS1.

Spl contributes to mMCNS1 promoter activity for the Smarcd2 gene

To gain mechanistic insight into promoter and enhancer activity of mCNS1, | attempted to
identify evolutionarily conserved sequences that were important regulatory elements for many
genes®*. | collected mCNS1 sequences from seven different mammalian species and compared
them (Fig. 1-11A). As a result, | found that some sequences were well conserved among these

species and three of the conserved sequences overlapped with the consensus Sp1 binding site.
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Sp1l is a well-known transcription factor which is expressed ubiquitously and therefore can be
involved in the Smarcd2 gene activation. During murine spermatogenesis, spermatogonia and
early and mid-pachytene spermatocytes are the major source of Sp1°®™, but some testis-specific
splice variants were reported to be present at later stages’"2. In addition, the DNA-binding
affinity of Sp1 from male germ cells is greater than that from other tissues’* and the interaction
with other proteins and post-translational modifications can change its activity”>">. Therefore, it

was also possible that Sp1 was involved in the enhancer activity of mCNS1.

| first checked whether Sp1 was expressed in the three cell lines | used (GC-2spd(ts),
Hepal-6, NIH3T3-3-4). In this experiment, | used four primer sets, one of which detected a
ubiquitously expressed Sp1 transcript (8.2 kb in full length) as well as some splice variants such
as 8.8-kb and 2.4-kb transcripts. The other sets were applied to specifically detect three germ

|72

cell-specific Spl variants (4.1, 3.7, and 3.2 kb) as reported by Thomas et al.”, although it was
pointed out that the primers for a 3.7-kb variant might also amplify an 8.2-kb transcript™. As a
result of gRT-PCR, Sp1 mRNAs were detected in all three cell lines, and GC-2spd(ts) and

NIH3T3-3-4 cells expressed all the variants at higher levels than Hepal-6 cells (Fig. 1-10).

I then prepared the mCNS1 sequence, in which all three Sp1 sites were mutated not to be
recognized by Spl, and investigated its promoter and enhancer activity. When mutated mCNS1
was linked to the Tcaml1 promoter, enhancer activity was significantly increased in GC-2spd(ts)
and NIH3T3-3-4 cells (Fig. 1-11B). In contrast, the mutation had no effect on enhancer activity
in Hepal-6 cells (Fig. 1-11B). When mutated mCNS1 was directly connected to the luciferase
gene in the forward orientation, mMCNS1 promoter activity was not changed (Fig. 1-11C).
However, in the reverse orientation, the mutation significantly decreased mMCNS1 promoter
activity in all the cell lines (Fig. 1-11C). These suggest that Sp1 is not a key factor for the

mMCNS1 enhancer but contributes to the promoter activity for the Smarcd2 gene.
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MCNS1 functions as a promoter of IncRNA-Tcam1 and an enhancer for Tcam1 in the

chromatin context

| finally assessed whether mCNS1 could drive IncRNA-Tcam1 transcription and enhance
Tcaml promoter activity in the chromatin context. It is also interesting to know whether
IncRNA-Tcam1 may be involved in Tcaml regulation. To test these possibilities, | prepared a
sequence encompassing the Tcam1 promoter, IncRNA-Tcam1, and mCNSL1. | obtained a
bacterial artificial chromosome (BAC) clone (B6Ng01-276101) encompassing the entire mouse
Tcam1 locus and tried to subclone a 14.4-kb fragment by Tth111I digestion. However, in the
process of subcloning, the fragment was shortened, and | could only obtain a 6.9-kb sequence.
Because this 6.9-kb fragment still contained the intact sequence encompassing the Tcaml
promoter, IncRNA-Tcam1, and mCNS1, | decided to use this for further analysis. The 6.9-kb
sequence was linked to the enhanced green fluorescent protein (EGFP) gene and the resulting
construct was named IncRNA-6.9kb-EGFP (Fig. 1-13A). I also prepared the AMCNS1-IncRNA-
EGFP construct by deleting a 861-bp region containing mCNS1 with a restriction enzyme, Kspl

(Fig. 1-13A).

The two constructs were transfected into GC-2spd(ts) with a vector containing the
puromycin resistance gene, and by selection with puromycin, | obtained GC-2spd(ts) cells that
stably expressed the antibiotic resistance gene. To further select cell clones that contained the
INcRNA-6.9kb-EGFP or AMCNS1-IncRNA-EGFP construct stably integrated into genomic
DNA, | performed cell cloning by the limited dilution method. I successfully established 11 GC-
2spd(ts) clones for the INcCRNA-6.9kb-EGFP construct and 10 clones for AMCNS1-IncRNA-
EGFP. Copy numbers of the transgene in these clones were calculated by real time PCR using

the S-actin gene as a control of two copies. Copy number ranged from 0.9 to 27.8 for cell clones
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with IncRNA-6.9kb-EGFP and from 1.4 to 18.7 for clones with AMCNS1-IncRNA-EGFP. | also
checked whether or not the integrated transgene was intact by long PCR with genome DNA
purified from each clone. | used a primer pair that could amplify most region of the transgenes
(Fig. 1-12). As a result of PCR, signals with expected sizes were observed for all the clones
along with extra bands at various sizes (Fig. 1-12). The unexpected signals might be non-
specific or derived from truncated transgene constructs, but this result suggested that at least one

intact transgene was integrated in all the clones.

Using the established cell clones, I first investigated whether the bidirectional transcription
of Smarcd2 and IncRNA-Tcam1 was impaired by deleting mCNS1. However, because the
Smarcd2 gene was endogenously expressed in GC-2spd(ts) cells but IncRNA-Tcam1 was not, |
only examined IncRNA-Tcam1 expression in stable cell clones. The RNA level was measured by
gRT-PCR and was normalized to Gapdh mRNA level and transgene copy number. The levels
greatly differed between clones, probably due to a position effect, but the average expression
level was 15.3-fold higher in clones with INcRNA-6.9kb-EGFP than in those with AMCNS1-
INcRNA-EGFP (Fig. 1-13B). This difference was statistically significant, and therefore, the data

indicate that mCNS1 possesses promoter activity for INcRNA-Tcam1 in the chromatin context.

Following this, | measured EGFP mRNA levels per copy in the established clones to
evaluate the enhancer activity of mCNS1. The EGFP mRNA level was again varied; however,
comparative analysis revealed that cell clones integrated with INcRNA-6.9kb-EGFP expressed
significantly higher levels of EGFP mRNA than cells with AMCNS1-IncRNA-EGFP (Fig. 1-
13C). The average EGFP mRNA level was 4.5-fold higher in the clones with intact mCNS1.
This indicates that mCNS1 could function as an enhancer element for Tcaml gene expression

even when it is integrated into chromatin.

I finally examined whether the expression of INcRNA-Tcam1 was correlated to that of
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EGFP in GC-2spd(ts) cell clones. Using gRT-PCR, | measured the IncRNA-Tcam1 level in each
cell clone with IncRNA-6.9kb-EGFP and compared it with the EGFP mRNA level (Fig. 1-13D).
There was no statistical correlation between the INcRNA-Tcam1 and EGFP levels. Therefore, it

was less possible that INcCRNA-Tcam1 was involved in the regulation of Tcam1 transcription.

Discussion

MCNS1 may be a spermatocyte-specific enhancer for the Tcam1 gene

An enhancer is a sequence that increases the transcription rate of its target gene and is
usually located in a remote upstream or downstream region®®. It enhances gene transcription
when it physically interacts with the target gene promoter in the nucleus*®. In this chapter,
MCNSL1 increased Tcaml promoter activity in vitro in GC-2spd(ts) cells (Figs. 1-5A, 1-6A, C),
which indicates that mCNS1 is a potential enhancer in these cells. To assess the enhancer
activity of mCNSL1 in the chromatin context, | established stable cell clones using two constructs
(Fig. 1-13). One contained the 6.9-kb upstream sequence of the Tcam1 gene, and in the other
construct, | deleted the mCNS1 region. EGFP mRNA was expressed at significantly higher
levels in cell clones with the full 6.9-kb sequence than in clones without mMCNSL. Possibly,
integrated transgenes might be under control of neighboring enhancers, and some transgenes
might be truncated as suggested by my genome PCR (Fig. 1-12). However, there is no reason to
expect that one construct was more affected by enhancers or more frequently truncated than the

other. Therefore, the most reasonable explanation for these results is that mMCNS1 has enhancer
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activity for the Tcaml1 promoter in GC-2spd(ts) cells.

Because mCNS1 was positioned between two Kspl sites and no other recognition sites of
this enzyme were present in the construct, | cut out the 861-bp Kspl sequence to delete mCNS1
from the 6.9-kb sequence. However, this also deleted sequences other than mCNS1 because
mMCNS1 was only 373 bp in length. It is possible that the significant decrease in EGFP
expression in cells with AmMCNS1-IncRNA-EGFP resulted from deletion of a sequence other
than mCNSL. | cannot completely rule out this possibility; however, considering the in vitro
enhancer activity and histone modification patterns, the significant decrease in EGFP expression

was most likely due to the deletion of mCNS1.

Interestingly, the enhancer activity of mMCNS1 was only observed in GC-2spd(ts) cells,
which were derived from mouse spermatocytes (Fig. 1-5A). This indicates that some
transcription factors, which were expressed in GC-2spd(ts) but not in Hepal-6 and NIH3T3-3-4
cells, bound to mCNS1 and increased Tcaml1 promoter activity. However, the results do not
necessarily mean that mCNSL1 is a genuine enhancer in native spermatocytes. One important
question is the extent to which GC-2spd(ts) cells maintain the characteristics of spermatocytes.
Some studies reported that GC-2spd(ts) cells expressed spermatocyte-specific genes and
contained gene regulatory mechanisms similar to those of native spermatocytes’® . For
example, a regulatory mechanism of the spermatocyte-specific histone H1t gene was reported to
be conserved in GC-2spd(ts) cells’®*. This indicates that some properties of GC-2spd(ts) cells
are similar to those of native spermatocytes. However, it is obvious that cells of this cell line are
not the same as spermatocytes, as evidenced by the fact that Tcam1 mRNA was expressed at a
much lower level in GC-2spd(ts) cells than in the testis (data not shown). In this context, it is
interesting to note that a promoter of the spermatocyte/spermatid-specific thioredoxin-3 gene
could be appropriately activated in GC-2spd(ts) cells despite its low level of endogenous

expression®®, |t is possible that GC-2spd(ts) cells contain transcription factors for Tcam1

29



activation by mCNS1 but can only bind to the mCNS1 sequence when the locus is associated

with active chromatin markers.

The histone modification state is very important for estimating the function of a sequence
in the cell. For my ChIP analyses, I used a germ cell fraction that contained not only
spermatocytes but also spermatogonia, spermatids, and spermatozoa, and | estimated that 30%
of this fraction consisted of spermatocytes. Because spermatogonia was estimated to be 4% in
germ cells (R. Yoneda, M.K, and A.P.K., unpublished observations), the rest of the fraction
contained spermatids and spermatozoa. Importantly, after meiosis, histones are replaced with
transition proteins and eventually protamines, and this replacement begins in the middle of
spermiogenesis®. Therefore, a substantial proportion of spermatids and spermatozoa did not
contain histones, although mature spermatozoa was reported to retain 1% histones®. This
indicates that the population of spermatocytes should be much higher than 30% in germ cells
containing histones. Taken together with the observation that the H3K4me3 pattern in a germ
cell fraction was similar to that in spermatocytes (compare Fig. 1-3A with Fig. 1-3B), the
histone modification peaks detected in germ cells mostly reflected the pattern occurring in

spermatocytes.

In general, H3K4mel is associated with enhancers, and many studies considered the
regions marked with this modification to be enhancers®™®". Some reports actually demonstrated
that regions marked with H3K4me1 possessed enhancer activity®®®*. In the present study,
MCNS1 was associated with H3K4mel in germ cells but not in the liver, which suggests that it
is a germ cell-specific enhancer for the Tcam1 gene. Considering that Tcam1 was exclusively
expressed in spermatocytes, mCNS1 could be a true enhancer for spermatocyte-specific Tcaml

expression.
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MCNS1 is a bidirectional promoter

A promoter is the sequence to which RNA polymerase binds to begin transcription, and it
usually comprises a core promoter and a proximal promoter'™. The core promoter is the region
approximately 35 bp upstream and/or downstream of TSS and is required for the recruitment of
general transcription factors to form the pre-initiation complex (PIC)?®. The proximal promoter
contains the 5’-adjacent sequences to the core promoter, and it usually extends approximately
200-300 bp upstream of TSS™. In the present study, the region between the Smarcd2 gene and
IncRNA-Tcam1 was estimated to be 187 bp, based on the TSS of IncRNA-Tcaml that |
determined and that of Smarcd2 reported in the DBTSS database (http://dbtss.hgc.jp/).
Therefore, the Smarcd2 gene and IncRNA-Tcam1 should share the proximal promoter when both
of them are transcribed, and this promoter overlaps with mCNS1. Although the core promoter is
probably different between these two transcriptional units, | conclude that mMCNS1 is necessary

to create PIC for both Smarcd2 and IncRNA-Tcam1.

Interestingly, mCNSL1 was a bidirectional promoter only in testicular germ cells and
functioned unidirectionally in other tissues. Bidirectional promoters are reportedly associated
with CGlIs more often than unidirectional promoters, as shown by full genome computer
analyses®™®!. Consistent with this, mMCNS1 was included in CGI that encompassed exon 1 of
Smarcd2, mCNS1, and mCNS2. In general, hyper- and hypo-methylation of CGl in a
bidirectional promoter resulted in gene silencing and activation, respectively, of both transcripts,
as reported for some cancer-related genes®. However, the expression patterns of the two
transcripts driven by mCNS1 were different, and its hypo-methylation was correlated to the
ubiquitous expression of Smarcd?2 but not to IncRNA-Tcam1. According to my present data, high

levels of histone acetylation and histone H3K4 methylation may be necessary for IncRNA-
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Tcam1 activation. These results strongly suggest that the transcripts driven by mCNS1 are not

coordinately regulated, unlike many reported examples™

Notably, the in vivo promoter activity of mCNS1 was not as high as its in vitro activity.
While 1 could detect Tcam1 mRNA by 30 cycles of PCR in my RT-PCR analysis, both Smarcd?2
MRNA starting from exon 1 and the IncRNA-Tcam1 transcript could be detected by 40 cycles.
With regard to the Smarcd2 gene, a major mRNA is transcribed from exon 2 and its level is
much higher than that of the transcript from exon 1*. CpG hypo-methylation of mMCNS1 and its
weak association with the H3K4me3 marker may be sufficient for the low level of Smarcd2
expression; however, the activation of INcRNA-Tcam1 may require high levels of active histone

modifications.

Bidirectional transcription from an enhancer is reminiscent of enhancer RNAs (eRNAS).
eRNAs were originally identified as noncoding transcripts induced at enhancers on membrane
depolarization of neurons®. Several studies have reported eRNAs at enhancers responsive to
androgen, estrogen, and p53, and some have been found to play important roles in enhancer

functions*%4395-%7

. eRNAs are generally characterized as short (1-2 kb), bidirectionally
transcribed products, nonpolyadenylated RNAs, and transcripts from H3K4mel-enriched
enhancers. Transcription from mCNS1 at the Tcam1 locus was similar to that of eRNAs in that it
occurred bidirectionally from the H3K4meZl-enriched enhancer (MCNSZ1) but was otherwise
different. For example, bidirectional transcription from mCNS1 was only observed in testicular
germ cells; in other tissues, MCNS1 activated the Smarcd2 gene alone. In addition, both
Smarcd2 mRNA and IncRNA-Tcam1 were longer than 2 kb and polyadenylated, and Smarcd2

MRNA could be translated. Therefore, the transcription of Smarcd2 and IncRNA-Tcaml is

different from that of eRNAs.
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A mechanism by which mCNSL1 functions as a DPE

There are two examples of a DPE element in the chicken. One is the —1.9-kb element of the
chicken lysozyme gene. This element was originally identified as a hormone-responsive
enhancer element and was later found to function as a promoter for IncRNA, lipopolysaccharide
inducible noncoding RNA (LINoCR), which was necessary for nucleosome repositioning and
eviction of negative regulator proteins in response to lipopolysaccharide in macrophages® %,
The other example is an enhancer of the chicken mim-1 gene, induced by the Myb protein. This
enhancer also harbored Myb-inducible promoter activity for a noncoding RNA, and this
noncoding transcription was necessary for nucleosomal remodeling at the enhancer'®. In
mammals, genome-wide analysis revealed that 70% of extragenic RNA polymerase Il peaks
were related to the chromatin signature of enhancers®, which suggested that many enhancers

could be promoters of noncoding RNAs. However, there is no clear indication of a DPE element

in mammals, and this is the first report of such an element.

How can mCNSL1 function as both a promoter and an enhancer? The hypo-methylation of a
CGI containing mCNS1 was observed not only in spermatocytes but also in the liver, and this,
together with a weak association with H3K4me3, seemed to be linked to ubiquitous Smarcd2
activation. On the other hand, for the activation of IncRNA-Tcam1 in spermatocytes, the
chromatin in mCNSL1 probably needs to be more strongly associated with H3K4me3 as well as
with other active chromatin markers like H3K9ac. Moreover, mMCNS1 was marked with
H3K4mel in spermatocytes and could act as an enhancer for the Tcam1 gene. Therefore, in
spermatocytes, mMCNS1 can bidirectionally drive the transcription of Smarcd2 and IncRNA-
Tcaml and enhance Tcam1 gene expression, while in the liver, it can only drive Smarcd2

expression as a promoter (Fig. 1-14).
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To identify functional elements in mCNS1, | focused on three Sp1-binding sites. By
mutating all of them, | investigated whether Sp1 contributed to bidirectional promoter and/or
enhancer activity of mCNSL1. The results indicated that Sp1 played a role in the promoter
activity for Smarcd2 but not for IncRNA-Tcam1 in all the cell lines (Fig. 1-11C). In GC-2spd(ts)
and NIH3T3-3-4 cells, which expressed Sp1 mRNAs at higher levels than Hepal-6, Spl
repressed the mCNS1 enhancer activity (Fig. 1-11B). These suggest that the promoter activity
for Smarcd2 is partially controlled by Sp1 but is not coordinated with that for INCRNA-Tcam1,
and that Sp1 is not a factor to enhance the Tcaml1 promoter activity. Considering that halved
MCNS1 sequences showed lower enhancer activity than intact mCNS1 in my reporter assay
(Fig. 1-5B), the entire 373-bp sequence may be necessary for its full enhancer activity. Possibly,
several transcription factors other than Sp1 bind to various regions of MCNSL1 or a large protein

complex is formed at mCNS1.

Recently, a BET family protein, Brdt, was reported to play crucial roles in the regulation of

testicular germ cell-specific gene expression during meiosis*®

. To test the possibility that Tcam1
is controlled by Brdt, I analyzed the transcriptomic and ChIP-seq data (GEO accession:

GSE39909, GSE39910, GSE39908). However, | could not find the binding signal of Brdt at the
Tcam1 locus, and Tcam1 expression was not changed in the testis from Brdt-deficient mice (data

not shown). Similarly, Smarcd2 expression was not affected by Brdt-deficiency (data not

shown). Therefore, it is unlikely that Brdt controls the Tcam1 and Smarcd2 gene.

Function of IncRNA-Tcam1

In the two examples of a DPE element in the chicken, noncoding transcription was

necessary for nucleosome remodeling to activate the target gene of the enhancer®® . However,
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my data indicate that IncRNA-Tcam1 transcription is not correlated to Tcam1 promoter activity
(Fig. 1-13D). What is the function of this IncRNA? The nuclear localization of INCcRNA-Tcam1l
(Fig. 1-8E) may provide some hints. Many nuclear IncRNAs reported till date have two main
functions: gene regulation and the formation of nuclear structures'®. In general, IncRNAs that
constitute some nuclear structures are expressed at high levels'®. For example, NEAT1 is a
component of the nuclear paraspeckle, and its expression is as abundant as that of XIST in the
nucleus’®™%. In contrast, IncRNA-Tcam1 is expressed at a low level; therefore, it is more likely

to be involved in the regulation of some genes.

To test gene regulatory activity, | overexpressed INcCRNA-Tcaml in GC-2spd(ts), Hepal-6,
and NIH3T3-3-4 cells; however, endogenous Tcaml gene expression remained unchanged (data
not shown). In addition, the expression levels of the endogenous Smarcd2 and mGh genes,
which were linked to Tcam1, were not correlated to INcRNA-Tcam1l in cell clones with the
InNcRNA-6.9kb-EGFP construct (data not shown). Therefore, | think that InNCRNA-Tcam1 may
contribute to gene regulation at other loci, as is the case for several IncRNAs that were reported
to work in trans. For example, lincRNA-p21, located next to the p21 gene, was not related to
p21 gene regulation but activated or repressed many genes in the canonical p53 pathway and
played a role in triggering apoptosis'®*®, Transcription of IncRNA-Tcam1 was dramatically
induced 14-21 days after birth during postnatal testis development, when many important
protein-coding genes are upregulated®. Therefore, InNcRNA-Tcam1 may play roles in gene
activation during this period. Further studies will be necessary to reveal the actual function of

IncRNA-Tcaml.

35



Materials and Methods

Animals

The mice (C57/BL6) were maintained at 25°C with a photoperiod of 14:10 hours light:
dark with free access to food and water. Experimental procedures used in this chapter were

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

RNA analyses

Northern blot, in situ hybridization, RT-PCR, and gRT-PCR were done as described

previously™™

. gRT-PCR was also performed using the 7300 real-time PCR system and KOD
SYBR gPCR Mix (Toyobo, Osaka, Japan) in a total volume of 10 ul per well. The amplification
condition was 98°C for 2 min and 40 cycles of 98°C for 10 sec, 60°C for 10 sec, and 68°C for 1
min. Dissociation curves were obtained to confirm the specificity of the amplified DNA, and in
some cases, the amplified product was checked by agarose gel electrophoresis. Probes for
northern blot and in situ hybridization were obtained by RT-PCR using adult testis cDNA, and

primer pairs are listed in Table 1-1. Primer sequences for RT-PCR and qRT-PCR are also shown

in Table 1-1.
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Fractionation of the testis into germ, Sertoli, and Leydig cells and isolation of

spermatocytes

The testis from 8-week-old mice was sorted into Leydig cell, germ cell, and Sertoli cell
fractions as described previously with slight modifications®®. Briefly, the tunica albuginea was
removed from each testis and the tissue was placed in Dulbecco’s modified Eagle’s medium
(DMEM) containing 0.1% collagenase (Wako Pure Chemicals, Osaka, Japan) for about 15 min
at 32°C in a water bath with occasional agitation. The tubules were separated from the dispersed
interstitial cells by unit gravity sedimentation for 5 min, and the supernatant was used as a
Leydig cell-rich fraction. The tubules were then dissociated with 0.1% collagenase and 1.5
kU/ml DNase | (Wako Pure Chemicals) for 30 min at 32°C. The resulting cell suspension was
filtered through nylon gauze (50 um) twice and placed on 5% Nycodentz (Sigma, St. Louis,
USA) in an equal volume of Krebs ringer that was underlayered by an equal volume of 15%
Nycodentz. After the centrifugation at 120g for 3 min, the cells recovered from the layer formed
between 5% Nycodentz and DMEM were used as a Sertoli cell-rich fraction, and the cells
between 5% and 15% Nycodentz were used as a germ cell-rich fraction. To isolate
spermatocytes, the germ cells were treated with Hoechst blue and red and sorted by a JSAN cell
sorter as described previously®®. The purity of each cell fraction was checked in every

experiment by qRT-PCR for marker genes®.

ChIP assay

ChIP was conducted with germ cells purified from the 8-week-old testis and the liver as
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previously described *° with monoclonal antibodies specific for histone H3, H3K9ac,
H3K4mel, and H3K4me3, or with 30 pug of normal mouse IgG. The amplification efficiency
was normalized by calculating the ratio of the signal in the bound chromatin to that in the input
fraction. Modification levels of H3K9ac, H3K4me1, and H3K4me3 were also normalized
versus total histone H3. The values were further normalized to comparable signals at the
ubiquitously expressed Aip promoter (defined as 1.0). The antibodies were kindly gifted by Dr.

111

Hiroshi Kimura at Tokyo Institute of Technology—". The gPCR was performed using primer

pairs listed in Table 1-1.

ChlP-seq data

ChlIP-seq data were collected from Gene expression omnibus (GEO) database™” and

Sequence read archive (SRA) database™ with sra format (Table 1-2).

Alignment of short read data and depth calculation

The short read sequences were extracted in fastq format from downloaded sra format data
with sratoolkit (version 2.3.5-2)*3. For comparative analysis between the pair end read data and
single end data, 2™ read (3’ end) were eliminated from pair end data. The extracted sequences
were mapped to the mouse reference genome (build mm9 for liver data or mm210 for
spermatocyte and round spermatid data)™** with bowtie (version 2.1.0)""°. The alignment
parameter was set to allow single mutation in alignment and to ignore the mismatch penalty for

low quality nucleotides with lower quality value than 20. Then, the read depth for each position
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of genome was calculated with depth command in sumtools (version 0.1.19)"°. The depth for
each sample was normalized with total number of reads (RPM) or means of depth for Aip
promoter region (4125000-4127500 bp of chromatin 19) and plotted. For the sample with

duplicate experiments, the plot displays the means of two experiments.

Reporter constructs

Sequences of all the primers described in this section are listed in Table 1-1. All the

constructs were subject to the sequencing analysis prior to transfection studies.

A putative promoter region of the Tcam1 gene was amplified by KOD FX (Toyobo) with
mouse genomic DNA using primer pairs listed in Table 1-1. The 1644-bp promoter fragment
was ligated upstream of the luciferase gene in a pGL3-Basic vector (Promega Corporation,
Madison, WI) at the Smal site, and | named the resulting construct Tcam1-Pro-luc. All the
MCNS sequences including a half part of mMCNS1 were also amplified by PCR with KOD FX
Neo (Toyobo). By inserting them into the blunted Mlul site of Tcam1-Pro-luc, | generated the
constructs, mMCNS1-Pro-luc, mCNS2- Pro-luc, reversed mCNS1-Pro-luc, CNS1-(1-257)-Pro-
luc, and mCNS1-(258-373)-Pro-luc. To generate the Pro-luc-mCNS3, Pro-luc-mCNS1, and Pro-
luc-reversed mCNSL1 construct, | cloned the mCNS3 or mCNSL1 fragment into the blunted
BamHI site of Tcaml1-Pro-luc. The polyA-signal sequence was obtained by digesting a pGL3-
Basic vector with BamHI and Xbal and the resulting 262-bp fragment was blunted and
phosphorylated before ligation. The poly(A) sequence was inserted into the blunted Nhel site
located between mCNS1 and the Tcam1 promoter of mMCNSZ1-Pro-luc. mCNS1-luc and reversed
MCNS1-luc constructs were generated by inserting mCNSL1 into the Smal site of a pGL3-Basic

vector.

39



For generating mutated mCNS1 constructs, a mCNS1 fragment was isolated from the
MCNS1-luc construct by digestion with Nhel and Xhol and employed as a PCR template. The
first round PCR reactions were performed with mCNS1 forward and mutagenesis 1 reverse
primers and with mutagenesis 1 forward and mCNS1 reverse primers (Table 1-1). The products
were purified, combined, and used as a template for the second round PCR, in which 30 cycles
of reaction was performed with KOD FX Neo using mCNS1 forward and mCNS1 reverse
primers after two cycles without the primers. The resulting product, which contained two GC-
boxes (103-110, 128-135) mutated from GCCCCGCC to AAAAAAAA, was subcloned into a
pBluescript vector (Stratagene, La Jolla, CA) at ECORV site. After sequencing, a single
nucleotide at 3’ end and four nucleotides at 5’ end were somehow missing in all the subclones.
To repair these deletions, | performed PCR with mCNS1 forward primer and T7 promoter
primer using one of the subclones as a template. The product was digested with EcoRI and
subcloned into a pBluescript vector at ECORV and EcoRl site. The resulting subclone was
further used as a template of PCR to generate another mutation at a Sp1 site. | performed PCR
with mutagenesis 2 forward primer and mCNS1 reverse primer and with T3 promoter primer
and mutagenesis 2 reverse primer. The products were purified, combined, and used as a
template for the second round PCR, which was performed as above by using mCNS1 reverse
primer and T3 promoter primer. This resulted in generation of mMCNS1, in which a GC- box
(186-193) was mutated from GACCCGCC to AAAAAAAA besides two mutated GC-boxes.
The product was directly used for generation of luciferase constructs. For the mut-mCNS1-luc
construct, the PCR product was digested with Kpnl and inserted into a pGL3 basic vector at
Smal and Kpnl sites. For the reversed mut-mCNS1-luc construct, the PCR product was digested
with Hindlll and inserted into a pGL3 basic vector at Smal and Hindlll sites. To generate the
mut-mCNS1-Pro-luc construct, the PCR product was digested with Kpnl and inserted into the

Tcam1-Pro-luc construct at Mlul and Kpnl site. The Mlul site was blunted before ligation.
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To generate a construct that contained a long upstream sequence of the Tcam1 gene linked
to the luciferase gene, | digested a BAC clone, B6Ng01-276101, obtained from RIKEN
Bioresource center, with Tth1111 and collected a 14,383-bp fragment. I then inserted the
fragment into pGL3-Basic at the Smal site, but both of the two subclones | obtained included
only 6969 bp of the fragment and lost 7414-bp 5’ sequence. Because this fragment still
encompassed mMCNS1, mCNS2, the entire IncCRNA-Tcam1, and the Tcam1 promoter, | decided to
use this construct for my analyses. | named the construct INcRNA-6.9kb-luc. To delete the
mMCNS1 sequence, | digested IncRNA-6.9kb-luc with Kspl and self-ligated the larger fragment,
and the resulting construct was AMCNS1-IncRNA-luc. This construct lost a 861-bp region
containing mCNS1 (Fig. 1-13A). To generate INCRNA-6.9kb-EGFP, I first destroyed the Xhol
site of the pEGFP-1 vector (Clontech laboratories Inc., Palo Alto, CA, USA) by the digestion
with Xhol, the blunting with T4 DNA polymerase, and its self-ligation, and the resulting vector
was pEGFP-1AXhol. Next, | digested IncRNA-6.9kb-luc with Nhel to obtain the 4476-bp 5’
sequence of the 6.9-kb Tcam1 upstream sequence. These Nhel fragments were blunted and
inserted into the blunted Pstl site of pEGFP-1AXhol. The resulting construct was further
digested with Xhol and Sall, and the Xhol fragment of IncRNA-6.9kb-luc, which contained 3’
sequences of the 6.9-kb Tcam1 upstream sequence, was ligated. The middle four nucleotides of
the Xhol and Sall recognition sites were identical, thus | could ligate these fragments. The
resulting constructs were INCRNA-6.9kb-EGFP. AMCNS1-IncRNA-EGFP was made by
connecting the 3041-bp Kpnl-Xhol fragment of AMCNS1-IncRNA-luc to the 7269-bp Xhol-
EcoRlI fragment of IncRNA-6.9kb-EGFP. The Kpnl and EcoRl sites were blunted before

ligation.
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Cell culture, reporter gene transfection, and luciferase activity assay

GC-2spd(ts) cells (CRL-2196) were obtained from American Type Culture Collection.
NIH3T3-3-4 (RCB1862) and Hepal-6 (RCB1638) cells were obtained from RIKEN Cell Bank
(Tsukuba, Japan). All the cells were cultured in DMEM containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 pg/ml streptomycin, and 292 ug/ml L-glutamine (Invitrogen,
Carlsbad, CA). For the reporter gene assay, constructs were transfected into these cells in 24-
well dishes using GeneJuice (Novagen, Inc., Madison, WI) according to directions, and

luciferase activity was measured as described previously™.

5’RACE and 3’'RACE

For 5’RACE, cDNA was generated using gene specific primers and mouse testis RNA with
Superscript 111 reverse transcriptase (Invitrogen). After purification of cDNA with QlAquick
PCR Purification Kit (Qiagen, Hilden, Germany), oligodeoxycytidine was added by terminal
deoxynucleotidyl transferase (Takara). The first round PCR was performed with abridged
anchor primer (AAP) and gene specific primer 1 (GSP1). For the second nested amplification,

GSP2 and abridged universal amplification primer (AUAP) were used.

For 3’RACE, cDNA was prepared by reverse transcription with oligo(dT) connected to an
adaptor sequence (AP). The first PCR amplification was conducted by using the primer with AP
and GSP3. The second nested amplification was carried out with the same adaptor primer and

GSP4.

All the amplified products were subcloned into a pBluescript vector (Stratagene) by the
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TA-cloning method, and 10 subclones for each sample were sequenced. All the primer

sequences are listed in Table 1-1.

Preparation of subcellular fractions of germ cells

Germ cells were dissolved in NP-40 lysis buffer (10 mM Tris-HCI, 10 mM NaCl, 3 mM

117

MgCl,, 0.5% NP-40, pH 7.5) and subcellular fractions were prepared as described previously

Establishment of stable cell lines with GC-2spd(ts) cells

Each of the InNcRNA-6.9kb-EGFP and AMCNS1-IncRNA-EGFP construct was co-
transfected with a pKO SelectPuro V810 vector (Lexicon Genetics, The Woodlands, Texas,
USA) into GC-2spd(ts) cells in 35mm dishes by GeneJuice (Novagen) as above. The pKO
SelectPuro vector was used for conferring the puromycin-resistence to the transfected cell.
Twenty-four hours after the transfection, | started selection with 2-3 pug/ml of puromycin (Wako
Pure Chemicals) and continued it for 11 days. After selection, I counted the cell numbers and
spread 2 cells per well in 96-well plates. This resulted in the growth of a single colony in most
wells. | picked the wells containing a single colony and maintained the cells. For each clone, |
isolated genomic DNA and total RNA, and assessed the copy number of the transgene and the

expression levels of INcRNA-Tcam1 and EGFP by the method described previously™®.
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Statistical analysis

The results were expressed as means + S.D. The ChIP data was assessed by one-way
analysis of variance (ANOVA) followed by Dunnett's test using Microsoft Excel statistical
analysis functions (Microsoft Corp., Redmond, WA). Student's t test was performed using
Microsoft Excel statistical analysis functions to compare the luciferase activity of mMCNS1-Pro-
luc with that of mut-mCNS1-Pro-luc or of reversed mCNS1-luc with reversed mut-mCNS1-luc.
Statistical significance of EGFP or IncRMA-Tcam1 expression between GC-2spd(ts) cell clones
with INcRNA-6.9kb-EGFP and AMCNS1-IncRNA-EGFP was analyzed with a Mann-Whitney U
test. The relationship between IncRNA-Tcaml1 and EGFP in 11 clones with the INCRNA-6.9kb-
EGFP construct was analyzed by the correlation coefficient statistical analysis. P<0.05 was

considered statistically significant.

Accession number

Nucleotide sequence data for INcCRNA-Tcam1 reported in this chapter is available in the

DDBJ/EMBL/GenBank databases under the accession number AB902906.
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Table 1-1. Oligonucleotide primers used in Chapter 1

Designation

Forward

Reverse

Northern blot analysis and in situ

hybridization
Tcaml
[-actin

Chip
Aip-Promoter
Smarcd?2 intronl
CNS1,2
CNS2-Tcaml
Tcaml1pro-CNS3
gene body
CNs4
CNS5
CNS6

Reporter gene assay
Tcam1 promoter
CNS1
CNS1-(1-257)
CNS1-(258-373)
CNS2
CNS3
Mutagenesis 1

Mutagenesis 2

5-ATAGCCTGGCATGAGTTGCT-3'
5-ACATCCGTAAAGACCTCTATG-3'

5-GGGCTTCAGCACAGAATCCA-3
5-ACCCAGAGATGGCAGAATC-3'
5-CCAGAAGCCTGTATTGGTT-3'
5-AGACCAAAGCCAGCATGAAT-3'
5-CTGCCGTTAAATGCCTTCAG-3'
5-TCGGAGTGACCAGACAAGTG-3'
S-TGCTGGCACTTAATGTGGTT-3'
5-TGAGAGAAATGCTGCTTTGG-3'
5-CTTAGCCATGGCCACCTTT-3'

5-ATAACGGCGTTGGCAGTGTG-3'
5-ATACTCCAGATCCGGGATGT-3'
5-ATACTCCAGATCCGGGATGT-3'
5'-CCGGAGGAGCGGGAGCGGAA-3
S-TTTTAAGAGCCCATCTCGGG-3'
5-CCTTGGCTATCTTGGAACTC-3'
5-AAAAAAAACAACCTAGACCCTGCAGAAAAAAAACC
TGCCCGGCAACCCAATCG-3'
5-TCGCGAAAAAAAAATCAAACCAGCACCTCCCATA-3
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5-GCACCCTAAGACCGATTTCA-3'
5-TAAAACGCAGCTCAGTAACAGT-3'

5-TGAAAAATCCTGAGAGCCTCATT-3'
5'-CAAGCACCAACCCCACATT-3
5-GGCAAGTTAGTGCAGTTAAG-3'
5-CTCTCTGCCCAGGAGGTCTA-3'
5-GTGGGAAGGAACACTTGGAT-3'
5'-CACACCCACAGCTCTAATCC-3'
5-CACCCGGCTTGTTTGTTTTA-3'
5-TGAAAAGTCACATGCTGGAAA-3'
5'-CCACTCACCTCCAGAAGGAA-3

5-TCCTCGATGCTTGGGGACCT-3'
5-ACGGAGCAAACAGCAAACAC-3
5-GAAAAGGCCGCCTCCCCCAA-3'
5-ACGGAGCAAACAGCAAACAC-3
5'-GCATGCAAAATCCCTTCACC-3'
5-TGCCTCTCTTCCCTGAACTA-3'

S-TTTTTTTTCTGCAGGGTCTAGGTTGTTTTTTTTTGGG

AGTTCGTAACCGCCTC-3'

S-GTTTGATTTTTTTTTCGCGAGGGCGGGATTTAAA-3'



RT-PCR

IncRNA-Tcaml-a
IncRNA-Tcam1-b
Gapdh

Gapdh (in5-ex6)
Gapdh (ex5-ex6)
IncRNA-Tcam1l for RT
Gapdh for RT

5'RACE

AAP

AUAP
IncRNA-Tcam1 for RT
IncRNA-Tcam1 GSP1
IncRNA-Tcam1 GSP2

3’RACE

AP
IncRNA-Tcam1 GSP3
InNcRNA-Tcam1 GSP4

gRT-PCR

Tcam1 promoter
luciferase
Gapdh

EGFP
IncRNA-Tcaml

B-actin

5-TTTTAAGAGCCCATCTCGGG-3'
5-TTTTAAGAGCCCATCTCGGG-3'
5-CATGACCACAGTCCATGCCATC-3'
5-CCTTCTTTGTAGGTGTCCCT-3'
5-TTGTGATGGGTGTGAACCAC-3'

5-GGCCACGCGTCGACTAGTACGGGIIGGGIGGGIIG-3

5-GGCCACGCGTCGACTAGTAC-3'

5-ACAGCTTTGCTTGGGTTCTG-3'
5-GGGCTCCTTTGTTCAAAGAG-3'

5'-CAGGAGATGGCTTCCCTACT-3'
5-GGGACGAAGACGAACACTTC-3
5-TGCACCACCAACTGCTTAGC-3'
5-AGCAAAGACCCCAACGAGAA-3'
5-GACTGTCTGGGCAGAGTGAA-3'
5'-CCATAGGCTTCACACCTTCCTG-3'

5-AGGCTTAGCTTTCCTGCTCT-3'
5-TGGCACACAAGTGAGATCAA-3'
5-TAGCCCAAGATGCCCTTCAGTG-3'
5-TAGCCCAAGATGCCCTTCAGTG-3'
5-TAGCCCAAGATGCCCTTCAGTG-3'
5-AGGCTTAGCTTTCCTGCTCT-3'
5-TAGCCCAAGATGCCCTTCAGTG-3'

5-CTCAGAAATCCACCTGCCTC-3'
5-GCATGCAAAATCCCTTCACC-3'
5-TGCGAATTACCAGGCTTCCT-3'

5-CTGATCTAGAGGTACCGGATCC-3'

5-CCAGAAACTCGTGACGCTTA-3'
5-GGTGTTGGAGCAAGATGGAT-3'
5-GGCATGGACTGTGGTCATGAG-3'
5’-GGCGGCGGTCACGAA-3'
5-GAACCCAAGCAAAGCTGTAAAC-3'

5-GCACTAACACTACCTTCCTCAACCG-3'
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Table 1-2. ChlP sequencing data

Cell/Organ Antigen Accession source  Ref.
Liver Input GSM769034 GEO 65
Liver H3K4me3 GSM769014  GEO 65
Round Spermatid Input for H3K4me3 SRX336654 SRA 64
. SRX336652
Round Spermatid H3K4me3 SRX336653 SRA 64
. GSM1046838
Round Spermatid Input for H3K4me3 GSM1046839 GEO 66
. GSM1046840
Round Spermatid H3K4me3 GSM1046841 GEO 66
Round Spermatid Input for Brdt GSM984198 GEO 102
Round Spermatid Brdt GSM984200 GEO 102
Spermatocyte Input for H3K4me3 SRX336651 SRA 64
SRX336649
Spermatocyte H3K4me3 SRX336650 SRA 64
Spermatocyte Input for Brdt GSM984197 GEO 102
Spermatocyte Brdt GSM984199 GEO 102
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Fig. 1-1. Tissue distribution and localization of Tcam1 mRNA. (A) Northern blot analysis of
Tcam1 in various mouse tissues. Total RNAs were purified from the indicated tissues obtained
from two- to three-month-old mice. Each lane contained 20 ug RNA. After the agarose gel
electrophoresis with formaldehyde, RNA was transferred to a nylon membrane and hybridized
with a radio-labeled Tcam1 probe. The signal was detected by autoradiography. S-actin was
used as a loading control. (B) Expression of Tcam1 mRNA in various mouse tissues by a GEO
dataset (GSE9954). (C) Tcam1l mRNA expression during postnatal testicular development. Total
RNAs were prepared from testes at the indicated developmental stages, and northern blot
analysis was conducted as in (A). (D, E) In situ hybridization analysis of Tcam1 in the mouse
testis. Frozen sections (10 um) were prepared from mouse testes 21 (D) and 28 (E) days after
birth. Neighboring sections were hybridized with digoxigenin-labeled sense (SS) or antisense
(AS) cRNA probes for Tcaml. The signal was detected by using nitroblue tetrazolium/5-bromo-
4-chloro-3-indolyl phosphate substrates. The sections were counter-stained by methylgreen.
Only sections hybridized with the AS probe are shown and the results with the SS probe, which
showed no specific signals, are not presented. Tcam1 was specifically expressed in

spermatocytes. The bar represents 100 um.
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Fig. 1-2. Histone modifications of CNSs at the mouse Tcam1 locus. (A) A genomic structure of
the mouse Tcam1 locus is illustrated at the top. Exons are indicated by solid and open boxes,
which represent the translated and untranslated regions, respectively. The paintings below the
gene structure show the sequence homology to the human TCAM1P locus. Conserved sequences
depicted with blue are exons, and the other conserved regions (pink) are mCNSs. Positions of
amplicons for ChIP are indicated by gray boxes. Because the resolution of our ChIP analysis
was 500-1000 bp, the amplicons at mMCNS2 and a region between the Tcam1 promoter and
MCNS3 were designated CNS1,2 and Tcam1pro-CNS3, respectively. (B) Histone H3K9
acetylation at the mouse Tcam1 locus. ChIP was conducted with chromatin isolated from
testicular germ cells and liver cells. Sheared chromatin was immunoprecipitated with a
monoclonal antibody against H3K9ac. DNA purified from the precipitated (bound) fraction was
subjected to real time PCR amplification using the primer pairs shown in (A). The amplification
efficiency was normalized by calculating the ratio of the signal in the bound chromatin to that in
the input fraction. Because the nucleosome content could vary, the level was also normalized to
total histone H3, which was determined by ChIP with anti-histone H3 antibody. The value was
further normalized to the comparable signal of the constitutively active Aip gene promoter
designated as 1.0. The red bar represents the acetylation level in germ cells, and the blue bar in
the liver. The immunoprecipitation was also performed with normal mouse 1gG instead of the
antibody against H3K9ac, and the results are represented by purple bars for germ cells and
yellowish green bars for the liver. (C) Histone H3K4 mono-methylation at the mouse Tcam1l
locus. ChIP was conducted as in (B) using a monoclonal antibody against H3K4mel. The
methylation levels were calculated and normalized as in (B). All the data are presented as

mean = S.D. from four independent experiments with two sets of testicular germ cells and two
adult livers. One-way ANOVA followed by Dunnett's test was used to determine statistical

differences in H3K9ac and H3K4mel between examined regions in germ cells (**P < 0.01).
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Fig. 1-3. Histone H3K4 tri-methylation at the mouse Tcaml locus. (A) The H3K4me3 pattern
based on the ChIP-PCR analysis. ChIP was conducted as in Fig. 1-2 with chromatin isolated
from testicular germ cells and liver cells, using a monoclonal antibody against H3K4me3. The
red and blue bars represent the methylation levels in germ cells and in the liver, respectively.
The data with 1gG were represented by purple bars for germ cells and yellowish green bars for
the liver. The modification levels were calculated and normalized as in Fig. 1-2. All the data are
expressed as mean £ S.D. from four independent experiments with two sets of testicular germ
cells and two adult livers. One-way ANOVA followed by Dunnett's test was used to determine
statistical difference in H3K4me3 between the indicated regions in germ cells (* P <0.05, **

P <0.01). (B-D) The H3K4me3 patterns based on the ChlP-seq analysis. The ChIP-seq data for
H3K4me3 in spermatocytes (B), round spermatids(C) (SRA097278), and liver (D)
(GSM769014) were analyzed as described in Materials and Methods. Gene structures of
Smarcd2 and Tcam1 are depicted by light blue and purple lines and rectangles, respectively.

Amplicon positions for ChIP-PCR (Fig. 1-2A) are indicated by small triangles.
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Fig. 1-4. Data of input DNA for H3K4me3 in spermatocytes (A), round spermatids (B)(SRA097278), and liver
(C)(GSM769014). Gene structures of Smarcd2and Tcam1 are depicted by light blue and purple lines and rectangles,
respectively. Amplicon positions for ChIP-PCR (Fig. 1-2A) are indicated by small triangles. No significant peaks

were observed at the Smarcd2-Tcam! locus.
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Fig. 1-5. In vitro reporter gene analysis for transcriptional activity of mCNS1, mCNS2, and
MCNS3. Reporter gene constructs were generated as indicated at the left side of the graph. In
the figure, mMCNS1, mCNS2, and mCNS3 are indicated as C1, C2, and C3, respectively (A-C),
and the 5 (MCNS1-(1-257)) and 3’ halves (MCNS1-(258-373)) of mCNS1 are shown with A
and P (B). The constructs were transfected into GC-2spd(ts) (red bar), Hepal-6 (yellow bar), or
NIH3T3-3-4 cells (blue bar) by GeneJuice transfection reagent, and luciferase activity was
measured two days later. The construct without any promoter for the luciferase gene was used
for a comparison and the luciferase activity of this construct was set to 1.0. The data are
presented as mean £ S.D. from four independent experiments. n = 4. (A) mCNSL1 increased the
Tcaml promoter activity only in GC-2spd(ts) cells. (B) Enhancer activity of mCNS1 in reverse
orientation and halved mCNS1 in GC-2spd(ts) cells. (C) Enhancer activity of mCNS1 at the

downstream of the luciferase gene in GC-2spd(ts) cells.
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Fig. 1-6. Transcriptional activity of Tcam1 promoter and mCNS1 enhancer. (A) Transcriptional activity of mCNS1 in linearized
constructs. The Tcam1-Pro-luc, Pro-luc-mCNS|1, and Pro-luc-reversed mCNS1 constructs were linearized by digestion with Sall
before transfection. The constructs were transfected into GC-2spd(ts) cells by using Geneluice transfection reagent, and luciferase
activity was measured two days later. The value for the Tcam1-Pro-luc construct was set to 1.0. The data are presented as mean & S.D.
from four independent experiments. n =4. mCNS1 enhanced Tcam1 promoter activity in linearized constructs. (B) Transcriptional
activity of various sizes of Tcam1 promoter. 820-bp and 282-bp Tcam1 promoter sequences were prepared by genome PCR and
digestion with Xbal, respectively, and luciferase activity was measured as in (A). The construct without any promoter for the
luciferase gene was used for a comparison and its activity was set to 1.0. Shorter sequence showed higher promoter activity. (C)
Transcriptional activity of mCNS1 to 820-bp and 282-bp Tcam1 promoters. mCNS1 was connected to upstream of 820-bp and 282-bp

Tcam1 promoters, and luciferase activity was measured as in (A). The value for constructs without mCNS1 was set to 1.0. mCNS1

significantly enhanced activity of both promoters.
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Fig. 1-7. Promoter activity of mCNS1. (A) Bidirectional promoter activity of mCNS1 in GC-
2spd(ts), Hepal-6, and NIH3T3-3-4 cells. mCNS1 was connected directly to the luciferase gene
in both orientations and the reporter gene assay was conducted as in Fig. 1-5 using three cell
lines indicated. (B, C) The effect of poly(A) signal insertion between mCNS1 and the Tcaml
promoter on enhancer activity of mMCNS1. Using the mCNS1-Pro-luc construct, we inserted the
poly(A) signal sequence between mCNS1 and the Tcaml1 promoter and the resulting construct
was mMCNS1-polyA-Pro-luc. The constructs were transiently transfected into GC-2spd(ts) cells,
and transcription of the promoter sequence (left) and the luciferase gene (right) was investigated
(B). gRT-PCR was performed with total RNAs isolated from the transfected cells by using the
oligo(dT) primer for reverse transcription. The Gapdh signal was amplified as a control and the
expression level was presented relative to Gapdh. While transcription of the Tcam1 promoter
was greatly reduced by inserting the poly(A) signal, the luciferase gene expression was not
changed. Similarly, the luciferase activity was not affected by poly(A) signal insertion, and
mMCNSL1 increased Tcaml promoter activity to a comparable level with the construct without

insertion (C).
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Fig. 1-8. Expression of IncRNA-Tcam1 in mouse tissues and the testis. (A) Schematic drawing
of a 5’ upstream region of the mouse Tcam1 gene. The region transcribed as IncRNA-Tcaml is
depicted by a gray box with an arrow indicating the transcriptional direction. A full length of
IncRNA-Tcam1 was determined by RACE analysis and the 2404-bp transcript contained the
whole mCNS2 and a part of MCNSL1. Since we observed the poly(A) tail in the subclones
obtained by 3’RACE, the IncRNA-Tcam1 transcript was presumed to be polyadenylated. (B)
Expression of INcRNA-Tcam1 and Smarcd2 in various mouse tissues. RT-PCR was conducted
by using total RNAs prepared from 8 adult mouse tissues with the oligo(dT) primer. Gapdh was
amplified as an internal control. For detecting the InCRNA-Tcam1 signal, a primer set of
IncRNA-Tcam1-a was used in this analysis (Table 1). The cycle numbers of PCR were 30 for
Gapdh and 40 for Smarcd2 and IncRNA-Tcam1. (C) IncRNA-Tcam1 expression during postnatal
testicular development. Testes were collected at the indicated ages and cDNAs were generated
by reverse transcription using an antisense primer specific to IncRNA-Tcaml or Gapdh. PCR
was conducted to amplify the IncRNA-Tcam1 transcript by using a primer set of InNCRNA-
Tcam1-b (Table 1). (D) Expression of IncCRNA-Tcaml in testicular germ and somatic cells. Adult
testes were fractionated into germ, Sertoli, and Leydig cells according to the procedure
described in Materials and Methods. The purity of each cell fraction was calculated by the
marker genes expression, and the germ, Sertoli, and Leydig cell fractions was estimated to
contain 80%, 70%, and 68% of each cell type, respectively. cDNAs were prepared by reverse
transcription with the oligo(dT) primer and the IncRNA-Tcam1 signal was amplified with the
IncRNA-Tcam1-b primer pairs. Gapdh was used as an internal control. (E) Subcellular
localization of IncRNA-Tcam1 in testicular germ cells. Mouse germ cells were isolated from
adult testes as in (D) and fractionated into nuclear and cytoplasmic subfractions. Total RNAs
were purified from both subfractions, and RT-PCR was performed by using the oligo(dT)
primer for reverse transcription. A primer pair of IncRNA-Tcam1-b was used to detect INCRNA-
Tcaml expression. Gapdh(in5-ex6) was amplified using primers designed in intron 5 and exon 6
to detect immature mRNA which should be localized only in the nucleus. Gapdh(ex5-ex6) was
amplified by using primers designed in exon 5 and exon 6 to detect mature mRNA which is
thought to be mainly localized in the cytoplasm. Gapdh(ex6-ex6) was used to amplify both

immature and mature RNAs.
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Fig. 1-9. DNA methylation patterns of CGI in spermatocytes and the liver. (A) Structure of the mouse Tcam! and Smarcd?2
locus. Exons of Tcaml and Smarcd? are depicted by open and filled boxes that represent untranslated and translated
sequences, respectively. A region from which /lncRNA-Tcaml is transcribed is depicted by a gray box. Transcriptional
directions of the genes and IncRNA are shown by horizontal arrows. Positions of CGI, mCNS1, and mCNS2 are drawn with
solid horizontal lines below the gene structure. To reveal DNA methylation states of the Smarcd2 and IncRNA-Tcam 1
promoter, a 747-bp region of CGI, which included both mCNS1 and mCNS2, was investigated. (B) A detailed map of the
747-bp region in CGI and DNA methylation patterns. The 747-bp region contains 54 CpG dinucleotides which are shown
with vertical lines. The methylation state of each CpG was determined by bisulfite sequencing. Genomic DNA was purified
from 1%10 spermatocytes and a piece of liver and treated with sodium bisulfite. The 747-bp region was amplified by PCR
and 10 subclones of the amplified product for each tissue were sequenced. Open and filled circles represent unmethylated

and methylated cytosines, respectively.
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Fig. 1-10. Expression of Sp/ mRNAs in GC-2spd(ts), Hepal-6, and NIH3T3-3-4 cells. The qRT-PCR analysis was performed
with total RNAs isolated from indicated cell lines. The oligo(dT) primer was used for reverse transcription. A primer pair for
‘Sp1’ was to detect a most common transcript which is ubiquitously expressed in various tissues. The other primers were for
detection of testicular germ cell-specific splice variants. The Gapdh signal was amplified as an internal control and the relative
expression of each Sp/ mRNA was calculated as the ratio to Gapdh. The data are presented as mean + S.D. from four

independent experiments. n = 4.
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Fig. 1-11. Effects of mutation of three Sp1 binding sites on promoter and enhancer activity of
MCNS1. (A) A multiple alignment of mCNS1 from seven mammalian species. mMCNS1
sequences were obtained for seven mammalian species, Mus musculus, Rattus norvegicus,
Homo sapiens, Macaca mulatta, Nomascus leucogenys, Bos Taurus, and Mustela putorius furo,
and compared using the DNASIS-Pro software (HITACHI Software Engineering, Yokohama,
Japan). Conserved nucleotides among all seven species are indicated by asterisks. Three
octanucleotide elements for the Sp1 transcription factor binding site are highly conserved and
marked by red boxes. (B) Enhancer activity of mCNS1 with mutated Sp1 binding sites. We
prepared mCNS1 in which all three Sp1 sites were mutated not to be recognized by Spl and
connected the mutated mMCNS1 at upstream of the Tcam1 promoter. The construct was
transfected into GC-2spd(ts), Hepal-6, and NIH3T3-3-4 cells, and the luciferase activity was
measured as in Fig. 1-5. The Tcam1-Pro-luc and mCNS1-Pro-luc constructs were transfected for
comparison. The data are presented as mean + S.D. from four independent experiments. n = 4.
Student's t test was performed to compare the luciferase activity of mMCNS1-Pro-luc with that of
mut-mCNS1-Pro-luc. The luciferase activity of mut-mCNS1-Pro-luc was significantly higher
than that of mCNS1-Pro-luc in GC-2spd(ts) and NIH3T3-3-4 cells. **P < 0.01. (C)
Bidirectional promoter activity of mCNS1 with mutated Sp1 binding sites. The mutated mCNS1
was directly connected to the luciferase gene in both directions and the luciferase activity was
measured as in (B). The activity of reversed mut-mCNS1-luc was significantly lower than that

of reversed mMCNS1-luc in all the cell lines. **P < 0.01, *P < 0.05.
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Fig. 1-12. Genomic PCR of stable GC-2spd(ts) cell clones. A schematic drawing of the transgene constructs and the primer
positions are indicated with their product sizes at the top. PCR was performed using 3-200 ng genome DNAs from the
clones with ExTaq polymerase (Takara) in a total volume of 10ul. A part of the products were electrophoresed on a 0.7%
agarose gel. As the positive control, PCR was also performed using 3 ng of the purified plasmids for IncRNA-6.9kb-EGFP
and AmMCNS1-IncRNA-EGFP as templates. Each lane is marked with the clone number, and the copy number of each clone

is also indicated. Positions of specific bands with expected sizes are indicated by arrowheads.
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Fig. 1-13 Effects of mCNS1 deletion on the InNCRNA-Tcam1 expression and Tcaml promoter
activity and the relationship between IncRNA-Tcam1 and Tcam1. (A) A schematic drawing of
transgene constructs. A 6.9-kb genomic fragment, which includes mCNS1, IncRNA-Tcaml, and
the Tcam1 promoter, was obtained from a BAC clone. This fragment was linked to the EGFP
gene and the resulting construct was INCRNA-6.9kb-EGFP. The AMCNS1-IncRNA-EGFP
construct was generated by deleting a 861-bp region including mCNS1 from IncRNA-6.9kb-
EGFP. (B, C) Expression of IncRNA-Tcaml1 and EGFP in GC-2spd(ts) cell clones. The two
constructs were transfected into GC-2spd(ts) cells, and cell clones that were integrated with the
transgene were selected. Eleven cell clones were obtained for the IncRNA-6.9kb-EGFP
construct and ten clones were for AMCNS1-IncRNA-EGFP. Using total RNAs purified from
these cell clones, gRT-PCR was performed to determine the expression levels of INcRNA-Tcam1
(B) and EGFP (C) per transgene copy number. Reverse transcription was conducted with the
oligo(dT) primer, and an internal control was the Gapdh gene. Statistical evaluations for the
comparison of the IncRNA-Tcam1 and EGFP expression in cell clones with IncRNA-6.9kb-
EGFP and AMCNS1-IncRNA-EGFP were done by using the Mann-Whitney U test. The
expression levels of both IncRNA-Tcam1 (B) and EGFP mRNA (C) were significantly higher in
clones with INcRNA-6.9kb-EGFP than in those with AMCNS1-IncRNA-EGFP. ** P < 0.01, * P
< 0.05. (D) Expression of EGFP and IncRNA-Tcam1 in each cell clone with InNcRNA-6.9kb-
EGFP. The blue bar represents EGFP expression and the red bar shows the INCRNA-Tcam1 level.
The correlation coefficient statistical analysis implied no relationship between the expression

levels of EGFP and IncRNA-Tcaml.
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Fig. 1-14. A model of mCNS1 function as an enhancer and a bidirectional promoter. Exon 1 of the Smarcd2 and Tcaml gene

is indicated by using solid and open boxes, which represent translated and untranslated region, respectively, and a transcribed
region of IncRNA-Tcaml is drawn by a gray box. Transcriptional directions of these genes and IncRNA are shown by horizontal
arrows. Positions of mCNS1, mCNS2, and mCNS3 are indicated by orange boxes (C1, C2, C3). In testicular germ cells, mCNS1
functions as a bidirectional promoter of /ncRNA-Tcaml (blue line) and Smarcd2 mRNA (pink line). Spl may contribute to the
mCNS1 promoter activity for the Smarcd2 gene. CGI is completely hypo-methylated, and high levels of H3K9ac, H3K4me3, and
H3K4mel are observed at mCNS1 and mCNS2. The Tcam! promoter and mCNS3 are also marked with H3K9ac and H3K4me3
in germ cells. In spermatocytes, mCNS1 can work as an enhancer to increase 7Tcaml expression (green arrow). While Smarcd2 and
Tcaml mRNAs are probably translated to proteins, /ncRNA-Tcam probably functions as an RNA molecule, possibly contributing
to gene regulation at other loci. In the liver, mCNSI1 only functions as a unidirectional promoter for Smarcd2, and Spl may
contribute to this activity. In this tissue, CGI is hypo-methylated as in spermatocytes, but no histone modification markers for

active chromatin are present except for weak association of H3K4me3.
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Chapter 2:

Characterization of the human TCAM1P pseudogene and its
activation by a potential dual promoter—enhancer: comparison

with a protein-coding mouse orthologue
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Abstract

TCAM1P is a pseudogene, which was disabled after human-mouse divergence. Here | found
that TCAM1P was specifically expressed in the human testis, with different cell type-specificity
from that of mouse Tcaml, and characterized its transcripts. At the mouse locus, a
multifunctional DPE controls Tcaml gene expression. In this study, the corresponding human
sequence was found to potentially function as DPE, although the molecular mechanism was
different between the two species. The data suggest the presence of DPE in human genome for
the first time, and provide an important model of evolutionary changes in a regulatory

mechanism of a pseudogene.
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Introduction

Functions and expression patterns of orthologous genes are generally conserved between
closely related species™**?, but it is not the case for pseudogenes. Pseudogenes have lost their
original functions in the process of evolution, and are silenced or expressed as honcoding
RNAs, sometimes with different patterns from their ancestral genes*?. Recently, some of the
transcribed pseudogenes were revealed to be functional and have novel roles?™'**. Thus, it is of
great importance to have a better understanding of pseudogenes, but many issues remain to be
resolved. Especially, regulatory mechanisms of pseudogenes are largely unknown.

In chapter 1, | investigated a regulatory mechanism at the mouse Tcam1 gene locus, and
identified mMCNSL1 as a multifunctional DPE. mCNS1 could function as a spermatocyte-specific
enhancer for Tcaml and a bidirectional promoter of the Smarcd2 gene and a testis-specific
IncRNA, IncRNA-Tcam1l (Fig. 1-14). This was the first indication of DPE in mammals, although
two examples had been reported in chicken®%,

Interestingly, while the synteny of Smarcd2 and Tcam1 genes is conserved among
eutherians, a human orthologue of Tcam1, TCAM1P, is considered to be a pseudogene3°, albeit
mouse Tcam1 encodes a cell adhesion protein®®. TCAM1P was pseudogenized since human-
mouse divergence®, and therefore, it is of significance to examine whether expression patterns
and regulatory mechanisms at the human TCAM1P locus are conserved or not. The mechanisms
are also notable in terms of the gene regulation by multifunctional genomic elements, because
the TCAM1P gene is linked to the hGH gene cluster, a famous model for tissue-specific gene
activation by multifunctional elements™ 7192125,

In this chapter, | investigated the expression and regulation of human TCAM1P and SMARCD?2

genes. My results indicated that the expression pattern of TCAM1P was slightly different from

that of mouse Tcam1 and that hCNS1 could function as DPE, although the molecular
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mechanism was different from mCNS1. To my knowledge, this is the first report of the presence
of DPE in human genome. This study suggests that the human TCAM1P locus would serve as
an important model for exploring changes in gene regulatory mechanisms that accompany

pseudogenization.

Results

Tissue distribution of human SMARCD2 and TCAM1P mRNAs

| first investigated the tissue-specificity of human SMARCD2 and TCAM1P genes by
searching for the next generation sequencing data on Integrative Genomics Viewer (IGV)
(http://www.broadinstitute.org/igv). Transcript signals at the TCAM1P gene were most
abundantly present in the testis among eleven human tissues, while significant levels were
observed at the SMARCD?2 gene in all the tissues (Fig. 2-1A). To know what types of cells
expressed TCAM1P mRNA in the human testis, | referred to microarray data of fractionated
testicular germ cells and of the whole testis from patients whose spermatogenesis was arrested
at various stages. Both data showed that TCAM1P mRNA was exclusively expressed in germ
cells, mainly in spermatocytes, but weak signals were also detected in spermatogonia and
spermatids™®®*?’. These indicated that the cell type-specificity of human TCAM1P was different
from that of mouse Tcam1 which was expressed only in spermatocytes (Fig. 1-1)%.
Because the TCAM1P gene has been considered to be a pseudogene, | next investigated what

kinds of transcripts were actually transcribed. According to the Ensembl database
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(http://www.ensembl.org/index.html), seven transcripts were transcribed from the TCAM1P
gene as shown in Fig. 2-1B. To distinguish these transcripts from one another, | designed four
primer sets (Fig. 2-1B, P1-P4) and performed RT-PCR with human testis and liver RNAs. As a
result, I could not amplify any specific products with P1, P2, and P4 in either tissue, but
detected three specific bands in the testis with P3 (data not shown, Fig. 2-1C). | named the

detected transcripts, TCAM1P-I, TCAM1P-I11, and TCAM1P-I11I (Fig. 2-1B, C).

Determination of full-length sequences of TCAM1P transcripts

To determine full-length sequences of the three TCAM1P transcripts, | conducted 5’RACE
and 3’RACE analyses using the human testis RNA. 5’RACE was performed with two primer
sets: one for detecting TSS of TCAM1P-I and TCAM1P-I1I (Fig. 2-2B), and the other for TSS of
TCAM1P-1 and TCAM1P-I1I (Fig. 2-2C). I identified one nucleotide at the position +401 (which
was 401 bp downstream of TSS in the Ensembl database) as TSS of TCAM1P-I and TCAM1P-
111 (Fig. 2-2B). In contrast, | found five different TSSs of TCAM1P-1 and TCAM1P-I1, at the
positions +494, +401, +377, +329, and +5100 (Fig. 2-2C). The nucleotide at +401 might be
derived from TCAM1P-I. These results indicate that there was one TSS of TCAM1P-I and
TCAM1P-I111 at +401, and that TCAM1P-I1 had at least four TSSs.

3’RACE was performed using a primer set that could detect the transcriptional termination
site (TTS) of all the transcripts. Two TTSs were identified at the position of +10555 and +10837
(Fig. 2-2D). Because 8 out of 10 subclones contained the nucleotide at +10837 as TTS, it was
considered to be a major TTS. To see whether all the three transcripts were actually terminated
at the major TTS, | conducted RT-PCR by using a primer at the final exon for reverse

transcription and a primer pair specific to each transcript for PCR. As a result, a specific signal
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was observed for each of the three transcripts (data not shown), which indicated that all the
TCAM1P transcripts contained +10837 as their TTSs. | also examined whether the three
transcripts were terminated at the minor TTS, but I could not detect any specific signals (data
not shown).

Taken together, TCAM1P-I11 had at least four TSSs and one TTS, and TCAM1P-I and
TCAM1P-I111 had one TSS and one TTS. Therefore, | concluded that at least six TCAM1P
transcripts were present in the human testis as shown in Fig. 2-2E, and that the TCAM1P gene
was actually composed of five exons (Fig. 2-2A). However, considering that a continuous
region of the entire TCAM1P gene was transcribed in the human testis by the IGV data (Fig.
1A), many types of transcripts are probably transcribed from this gene. Types of TCAM1P
transcripts may be different between individuals or may be dependent on ages or diseases.

Although the Tcam1 gene in rodents and rhesus monkey encodes a protein related to a cell
adhesion molecule, the human TCAM1P gene has been considered to be a pseudogene®. Since |
determined full-length sequences of six TCAML1P transcripts, | searched for their open reading
frames (ORFs). The maximum ORFs predicted from the nucleotide sequences were 99, 58, and
49 amino acids for TCAM1P-I, TCAM1P-II, and TCAM1P-I1l, respectively. However, amino
acid sequences of those ORFs showed no homology to the mouse TCAML1 protein. Therefore,
the human TCAM1P gene could be noncoding RNAs or could encode polypeptides that were

not related to the TCAML1 protein of other species.

Enhancer and promoter activity of hCNS1

I then investigated a regulatory mechanism at the human SMARCD2-TCAM1P locus by

examining whether hCNS1 could function as DPE similarly to mCNS1.
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| first investigated enhancer activity of hCNS1. Because TSS of TCAM1P-1 and TCAM1P-
I11 was +401 and three TSSs of TCAM1P-I1 were close to +401 (Fig. 2-2E), | cloned about 2-kb
sequence upstream of +401 as a major promoter of the TCAM1P gene and connected it to the
luciferase gene (TCAM1P-Pro-luc). hCNS1 was amplified by genome PCR and cloned to
upstream of the TCAM1P promoter (hCNS1-Pro-luc) or to downstream of the luciferase gene
(Pro-luc-hCNS1 and Pro-luc-rev hCNS1). Enhancer activity of hCNS1 was assessed by reporter
gene assay with three cell lines, GC2-spd(ts), Hepal-6, and HEK293T, which were derived
from mouse spermatocytes, mouse hepatocytes, and human embryonic kidney, respectively.

The activity of hCNS1-Pro-luc was significantly increased in all three cell lines compared
to the construct without hCNS1 (Fig. 2-3A). When | connected hCNS1 to 3’of the luciferase
gene, the activity was also significantly increased in all cells irrespective of its orientation (Fig.
2-3A). Fold-increases were 1.8-3.5 in most experiments, but a 4.5-fold increase was observed in
GC-2spd(ts) cells when hCNS1 was connected to 3’ of the luciferase gene in forward orientation
(Fig. 2-3A, Pro-luc-hCNS1). I do now know the reason for the variable activity, but there were
several reports of enhancers showing different activity depending on its position or direction by
reporter gene assay™>* ", | also examined the luciferase activity in linearized constructs. By
linearizing Pro-luc-hCNS1 and Pro-luc-rev hCNS1 constructs, hCNS1 still significantly
increased TCAM1P promoter activity in HEK293T cells (Fig. 2-3B). All of these data showed
that hCNS1 could function as an enhancer for the TCAM1P gene.
I next investigated whether hCNS1 had promoter activity or not. Since hCNS1 encompassed
exon 1 and an upstream region of SMARCD?2, it was regarded as a promoter of SMRACD2. To
assess the promoter activity of hCNS1, | connected it directly to the luciferase gene in both
orientations (Fig. 2-4). By reporter gene assay, hCNS1 showed promoter activity in both
directions, but the activity was stronger in a reverse direction in all the cell lines (Fig. 2-4). This

indicated that hCNS1 had bidirectional promoter activity, but the activity was stronger for the
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SMARCD?2 gene.

Intergenic transcription at the human SMARCD2-TCAM1P locus

At the mouse Smarcd2-Tcam1 locus, mCNS1 can drive not only Smarcd2 but also IncRNA-
Tcaml (Chapter 1). Because hCNS1 showed bidirectional promoter activity by reporter gene
assay (Fig. 2-4), | tested the possibility that hCNS1 could be a promoter for an IncRNA as well
as SMARCD?2. | performed RT-PCR with the human testis RNA and successfully amplified the
hCNS2 sequence (data not shown) which was positioned close to hCNS1 (Fig. 2-5A). To
determine the full-length sequence of the transcript, | performed 5’RACE and 3’RACE analyses
and detected a single TSS and a single TTS (data not shown). Consequently, | identified a 1.1-
kb transcript including one intron (Fig. 2-5A) and named it INcRNA-TCAM1P, because it was
classified as an INcRNA by the coding potential calculator®. However, the INcRNA-TCAM1P
promoter region did not overlap with hCNS1 (Fig. 2-5A), which indicated that hCNS1 was not a
promoter for INCRNA-TCAM1P.

I then investigated the possible presence of other transcripts from the intergenic region
between SMARCD2 and TCAM1P genes. By RT-PCR with six primer pairs (Fig. 2-5A, 1-6) and
human testis and liver RNAs, | detected specific signals from all the examined regions in the
testis, but not in the liver (Fig. 2-5B). This indicated that, consistent with Fig. 2-1A, most of the
intergenic region between SMARCD2 and TCAM1P genes were specifically transcribed in the
testis. Therefore, it is possible that there was a noncoding transcript driven by hCNSL1 in the

opposite direction to SMARCD2.
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Discussion

hCNSL1 is a potential DPE

One aim of this chapter was to determine whether human genome contained DPE. By
reporter gene assay, it was demonstrated that hCNS1 had enhancer activity (Fig. 2-3). This
suggests that hCNS1 is an enhancer for TCAM1P similarly to mCNS1. However, a mechanism
underlying the enhancer activity seemed to be different, because hCNS1 enhancer activity was
observed in all the cell lines | examined (Fig. 2-3), whereas mMCNS1 enhancer activity was
specific to spermatocyte-derived GC-2spd(ts) cells (Fig. 1-5A). This indicates that different
transcription factors function in different nucleotides between mCNS1 and hCNSL1. In the
human testis, a transcription factor common to various cell types may bind to hCNS1 and up-
regulate the TCAM1P expression. In this case, the testis-specific TCAM1P gene activation may
be controlled by the epigenetic state or by other cis-/trans-elements.

hCNS1 also showed bidirectional promoter activity, but the activity was stronger for
SMARCD?2 than for the opposite direction (Fig. 2-4). This is in contrast to mCNS1, whose
promoter activity in each direction was similar (Fig. 1-7A). Because | failed to detect any
transcripts driven by hCNS1 extending to the opposite direction of SMARCD2 (Fig. 2-5),
hCNS1 may be a unidirectional promoter. However, hCNS1 promoter activity opposite to
SMARCD?2 was still much higher than that of TCAM1P promoter (Fig. 2-4), and most sequences
of the intergenic region between these two genes were transcribed (Figs. 2-1A, 2-5). Further
analysis will be necessary to reveal whether hCNSL1 is a bidirectional promoter or not, but my
data clearly indicate that hCNSL1 is at least a promoter of the SMARCD?2 gene.

Collectively, hCNS1 could enhance TCAM1P promoter activity and functioned as a promoter of
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the SMARCD?2 gene. Therefore, similarly to mCNS1, hCNS1 can be DPE in the human testis.

Evolutionary changes occurring in parallel with pseudogenization

Another aim of this work was to learn more about evolutionary changes in gene regulatory
mechanisms that would have accompanied pseudogenization. Pseudogenes are generally
classified as unitary, duplicated, and retrotransposed pseudogenes, which were generated by
spontaneous mutations in a single copy gene, duplication of a genomic region, and
retrotransposition of processed mMRNAs into other genomic regions, respectively™2. TCAM1P is
a unitary pseudogene®, and it is possible to directly compare the human TCAM1P locus with
the mouse one.

In both human and mouse, | confirmed ubiquitous Smarcd2/SMARCD2 expression and
DPE activity of mCNS1/hCNS1, but otherwise, many differences were found by my analyses.
Firstly, human TCAM1P was testis-specific, but it was expressed not only in spermatocytes but
also in spermatogonia and spermatids, in contrast to mouse Tcam1 mRNA that is specific to
spermatocytes (Fig. 1-1)*%*?’. Secondly, functions of TCAM1P and Tcam1 are obviously
different. TCAM1P does not encode a cell adhesion molecule, and instead, encodes smaller
peptides or functions as INCRNAs. Thirdly, hCNS1 showed enhancer activity in more cell types
than mCNSL1 does, indicating different molecular mechanisms between these two species as
discussed above. Fourthly, hCNS1 enhancer activity was lower than that of mMCNS1. By reporter
gene assay, mMCNS1 mostly showed about 5-fold higher activity than Tcam1 promoter (Figs. 1-5,
1-6), while the activity of hCNS1 was 1.8-4.5-fold higher than TCAM1P promoter (Fig. 2-3).
Fifthly, as discussed above it is unlikely that hCNSL1 is a bidirectional promoter. Lastly, more

IncRNASs were transcribed at the human locus.
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Taken together, the expression of TCAM1P and IncRNAs was changed during evolution, and the
gene regulation at this locus, especially the molecular mechanism underlying DPE activity, was
also changed. These data provide an important example of evolutionary changes, especially in

gene regulatory mechanisms, in parallel with pseudogenization.

Regulation of the SMARCD2-TCAM1P-hGH locus by multifunctional genomic elements

Finally, it is interesting to note gene regulation by multifunctional genomic elements
because the human TCAM1P gene is linked to the hGH gene cluster. The hGH cluster contains

one pituitary-specific and four placenta-specific paralogues'**

, and their tissue-specific
expression is related to some multifunctional elements. Firstly, the hGH cluster is controlled by
the LCR, which overlaps with the SCN4A gene encoding a sodium channel protein in skeletal
muscle®*%*** Secondly, the hGH LCR activates the cluster genes by different mechanisms in
pituitaty and placenta'®**?2?3134 Thirdly, the CD79b gene, which is located between the LCR
and the cluster, functions as a noncoding RNA to activate the hGH-N gene in the pituitary, but it
is translated to a protein in the B cell®*?**®, In addition to these, my current data suggest that
DPE controls SMARCD2 and TCAM1P gene expression at this locus. Therefore, the SMARCD?2-

TCAM1P-hGH locus is a very important model to study multifunctional genomic elements and

tissue-specific gene activation.
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Materials and methods

RNA Analyses

Total RNAs from the human liver and testis were purchased from Clontech Laboratories, Inc.
and RT-PCR was done as previously described™’. Primer sequences are shown in Table 2-1. The

primer pair for S-ACTIN was used by another group™.

5’ RACE and 3’RACE

5’RACE and 3’RACE were performed as described in chapter 1. All the amplified products
were subcloned into a pBluescript vector (Stratagene) by the TA-cloning method, and at least 10
subclones were sequenced for each product. All the primer sequences used for these analyses

are listed in Table 2-1.

Reporter constructs

A promoter region of the TCAM1P gene was amplified by PCR using KOD FX (Toyobo) with
human sperm genomic DNA (Clontech Laboratories, Inc.) and a primer pair listed in Table 2-1.
The 2012-bp product was ligated to upstream of the luciferase gene in a pGL3-Basic vector

(Promega Corporation) at the Smal site, and | named the resulting construct TCAM1P-Pro-luc.
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To obtain the hCNS1 sequence, I had to perform two rounds of PCR reactions, presumably due
to the high GC content of the region encompassing hCNS1. The first round PCR was performed
by KOD FX (Toyobo) with human genomic DNA using the ‘hCNSL1 first’ primer pair (Table 2-
1), and the 1340-bp product was purified and used as a template for the second PCR with the
‘hCNS1 nested’ primer pair (Table 2-1). By inserting the 450-bp product into the blunted Nhel
site of TCAMZ1P-Pro-luc, | obtained the hCNS1-Pro-luc construct. To generate the Pro-luc-
hCNS1 and Pro-luc-reversed (rev) hCNS1 constructs, | cloned the hCNS1 fragment into the
blunted BamHI site of TCAM1P-Pro-luc. To linearize the constructs, | digested them by Sall.
The hCNS1-luc and rev hCNS1-luc constructs were generated by inserting the hCNS1 sequence
into the Smal site of a pGL3-Basic vector. All the constructs were subject to the sequencing

analysis prior to transfection studies.

Cell culture and the reporter gene assay

GC-2spd(ts), Hepal-6, and HEK293T cells were cultured in DMEM containing 10% FBS, 100
U/ml penicillin, 100 pg/ml streptomycin, and 292 ug/ml L-glutamine (Invitrogen). The reporter

gene assay was performed as previously described™™.

Statistical analysis

The results were expressed as means + S.D. One-way ANOVA followed by Tukey-
Kramer’s test was performed using Microsoft Excel statistical analysis functions (Microsoft

Corp.). P < 0.05 was considered statistically significant.
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Accession number

Nucleotide sequence data for the six TCAML1P transcripts and INCRNA-TCAM1P are
available in DDBJ/EMBL/GenBank databases under the accession numbers LC005096
(TCAM1P-1), LC005097 (TCAM1P-Ila), LC005098 (TCAM1P-I1b), LC005099 (TCAM1P-IIc),

LC005100 (TCAM1P-11d), LC005101 (TCAM1P-11), LC005102 (IncRNA-TCAM1P)
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Table 2-1. Oligonucleotide primers used in Chapter 2

Designation Forward Reverse

RT-PCR

TCAM1P P3 5-TTCTGTTTGGTGTCTGGACC-3' 5-GGGTACATGACACTTCACTG-3'

InNcRNA-TCAM1P 5'-CTCCGGGATTTCCTAATCCA-3' 5-GGGAGGTTTCTCATAAGCCA-3'

1 5-CCCTCTGATGGTCTGGATCT-3' 5-TAGCTTGCCCCTTTTCTAGG-3'

2 5'-CCCTCCCATCCCTGTAAAGT-3 5-AGAAAAAGATCCTGCCTTCG-3'

3 5'-GCCTCTCTGTTCTCTCACAC-3' 5'-CCTCCCACTACACTCAAACA-3

4 S-TCTCCCTTGATCCCTGTTGT-3' 5-GGGAATATTGCCTCCACTTC-3'

5 5'-CCACCGATTTTTGGTAGCTG-3' 5-AGCTGGGACAGGCTCTGATA-3'

6 5'-GAAGGACTGGATGCCAAGA-3' 5-CGGCTGTATGAGGAAAACAA-3'

ACTB 5'-AAGAGAGGCATCCTCACCCT-3' 5-TACATGGCTGGGGTGTTGAA-3'
5'RACE

AAP 5'-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIG-3

AUAP 5'-GGCCACGCGTCGACTAGTAC-3'

TCAMIP for RT-1
TCAM1P for GSP1-1
TCAM1P for GSP2-1
TCAMIP for RT-2
TCAM1P for GSP1-2
TCAML1P for GSP2-2
INcCRNA-TCAM1P for RT
INcRNA-TCAM1P GSP1
INCRNA-TCAM1P GSP2
3’RACE
AP
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5-GGGTACATGACACTTCACTG-3'
5-TCCAGACACCAAACAGAAGC-3'
5-CTGATAAGAAGGGCCAAAGG-3'
5-AAGCACTGCAGGATGGAA-3
5-CTTTGCCCACCTGAGTTTTC-3'
5-TCCAGACACCAAACAGAAGC-3'
5-AACCGGGTCTGTGAGGAACT-3'
5-CTGTGAGGAACTCGCGAACT-3'
5-TGGATTAGGAAATCCCGGAG-3'

5'-CTGATCTAGAGGTACCGGATCC-3'



TCAM1P for GSP3 5-TTCTGTTTGGTGTCTGGACC-3'

TCAMI1P for GSP4 5-GATTCAAAAGGACACAAGCC-3'
INcRNA-TCAM1P GSP3 5-CCACACTCCCCGAAAATAGT-3'
INcRNA-TCAM1P GSP4 5-AAAGACTCAGCTGCTCTGTG-3'
Reporter constructs
TCAM1P Promoter 5-CAGCACAGACTCTGGGAATT-3' 5-TGAATGCACGAACCAACGCA-3'
hCNS1 first 5-AGTTCCTCATGCATTCCCCA-3' 5-GTTGAGTTGGCTGCTGTTCT-3'

hCNS1 nested 5-CTCCGGGATTTCCTAATCCA-3' 5-AGAGAGTAGTAGCAACGGCT-3'

85



(A)
Colon ML, s ... . . .

Heart Mlataas .. -
Liver MMAR wen . .
Lung . .. C .
Lymph node M t— . .
Ovary ILI. sou
Prostate ..
Skeletal muscle istiw. .
Testis ML, ... e, o sias inatll . . .
Thyroid IS ee. . . w o
Leukocyte HERLA. .. i
HE-EE-a——F

E—HH—H.

SMARCD2 TCAM1P
(B)

TCAM1P gene in database 1kb
Ex1 Ex2 Ex3 Ex4 Ex5 Ex6 Ex7 Ex8
| 1 [ |

o o w o
= g 4 5 & N & | S
> <
Jr w Wy e
TCAM1P-1 T = o
rcamp-t LW B
TCAM1P-1II
> <+
— T
> <+
oy
> -
> < > <« > <
P1 P2 P3 P4
(®)
.\% @&
& &
TCAM1P-l — RT _+ - +

TCAMI1P-Il ——
TCAMI1P-1Il—

86



Fig. 2-1. Ubiquitous distribution of SMARCD2 mRNA and testis-specific expression of
TCAM1P mRNA in human tissues. (A) Expression of SMARCD2 and TCAM1P mRNASs in
eleven human tissues were searched on IGV. Transcript signals were indicated as blue bars and
exon-intron structures of these genes are depicted at the bottom. The signals were observed in
all eleven tissues at the SMARCD?2 gene, while those at the TCAM1P locus were mostly present
in the testis. (B) Putative seven transcripts of the human TCAM1P gene are shown according to
the Ensembl database. We searched for the database when we started this study in 2009. The
predicted TCAM1P gene consisted of 8 exons. To distinguish the seven transcripts, RT-PCR was
performed using four primer pairs whose positions are indicated by arrows (P1, P2, P3, and P4).
cDNAs were prepared by reverse transcription with the oligo(dT) primer using testis and liver
total RNAs. By PCR reactions, specific signals were amplified only with P3. The amplified
exons were painted with red, and the transcripts were named TCAM1P-I, TCAM1P-II, and
TCAM1P-I11I. (C) The result of RT-PCR using a primer pair, P3, and human testis and liver
RNAs is shown. Three transcripts were detected at different positions only in the testis. f-

ACTIN was amplified as an internal control.
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Fig. 2-2. Determination of 5’ and 3’ ends of TCAM1P transcripts. (A) The human TCAM1P
gene structure based on the Ensembl database is shown at the top with gray boxes. The actual
exon-intron structure determined in this study is shown below with black boxes. Exon numbers
of the actual TCAM1P gene is indicated as Ex1-Ex5. The first nucleotide of exon 1 in the
database is designated as +1 in this figure. (B) 5’RACE was performed to determine TSS of
TCAM1P-1 and TCAM1P-I111 transcripts. cDNA was prepared with the human testis total RNA
by reverse transcription using a primer, RT-1. The first and second PCR reactions were
performed using GSP1-1 and GSP2-1, respectively. After subcloning of the product, 10
subclones were sequenced, and a single TSS was determined at the position of +401. (C)
5’RACE was performed for TSS of TCAM1P-I and TCAM1P-I11 transcripts as in (B) by using
RT-2 for reverse transcription, and GSP1-2 and GSP2-2 primers for two rounds of PCRs. After
subcloning, 29 subclones were sequenced, and five different TSSs were detected as indicated.
The number of subclone, which contained each position as TSS, is shown at the right side of
each structure. (D) 3’RACE was performed to determine TTS of TCAM1P-I, TCAM1P-II, and
TCAM1P-111. cDNA was prepared with the human testis total RNA by reverse transcription with
the oligo(dT) primer connected to an AP. The first and second PCR reactions were performed
with GSP3 and GSP4 primers, respectively. After subcloning, 10 subclones were sequenced, and
8 of them contained the position of +10837 as TTS. The other 2 subclones were terminated at
+10555. (E) Structures of human TCAMLP transcripts determined in this study. RACE analyses
revealed that TCAM1P-I1 had at least four TSSs and a single TTS, and TCAM1P-I and
TCAM1P-111 had a single TSS and a single TTS. Consequently, six TCAM1P transcripts were

expressed in the human testis
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Fig. 2-3. Enhancer activity of hCNSL1 by in vitro reporter gene analysis. (A) Reporter gene constructs were generated

as indicated at the left side of the graph. The constructs were transfected into GC-2spd(ts) (pink bar), Hepal-6
(yellow bar), or HEK293T cells (blue bar) by GeneJuice transfection reagent, and luciferase activity was measured
two days later. The construct without any promoter for the luciferase gene was used for a comparison and the
luciferase activity of this construct was set to 1.0. TCAM1P promoter activity was enhanced by hCNS1 in all three
cell lines irrespective of its position and orientation. The data are presented as mean = S.D. from at least six
independent experiments. n = 6-18. **P < 0.01 relative to TCAM1P-Pro-luc construct, one-way ANOVA followed
by Tukey-Kramer’s test. (B) Enhancer activity of hCNS1 was assessed in linearized constructs. The indicated
constructs were linearized by digestion with Sall and transfected into HEK293T cells. hCNS1 significantly enhanced
TCAM1P promoter activity. The data are presented as mean = S.D. from six independent experiments. n = 6.

**pP < (.01 relative to linearized TCAM1P-Pro-luc construct, one-way ANOVA followed by Tukey-Kramer’s test.
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Fig. 2-4. Bidirectional promoter activity of hCNS1 by reporter gene assay. hCNS1 was connected directly to
the luciferase gene in both directions, and the reporter gene assay was performed as in Fig. 2-3 using GC-
2spd(ts), Hepal-6, and HEK293T cells. The data are presented as mean == S.D. from six independent

experiments. n = 6.
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Fig. 2-5. Intergenic transcription between SAMRCD2 and TCAM1P genes. (A) A schematic drawing of the
5’upstream region of the TCAM1P gene. Exons 1 and 2 of the SMARCD2 gene and exon 1 of the TCAM1P
gene, which | determined, are depicted with white and black rectangles, and arrows indicate their
transcriptional directions. Positions of three CNSs (hCNS1, hCNS2, and hCNS3) are shown. A full-
length1.1-kb transcript, INCRNA-TCAM1P, and six amplicons are indicated by blue and red lines,
respectively. (B) Expression of intergenic regions at the SMARCD2-TCAML1P locus by RT-PCR. PCR
reactions were conducted for six amplicons indicated in (A) and for IncRNA-TCAM1P. A specific signal
was detected for all the amplicons in the testis, but not in the liver. Because we used the same cDNAs as in

Fig. 2-1C, an internal control should be referred to Fig. 2-1C.
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GENERAL DISCUSSION
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The most important issues in this study are the multifunctional genomic element and the
transcriptional regulation through pseudogenization. Both of them are critical to understand the
genomic function, but have not been well studied so far. Here, I focus on and discuss these two

issues.

Multifunctional genomic elements

While most genomic sequences are annotated as elements that have only one function such
as an exon, a promoter, and an enhancer, genome-wide transcription analyses imply that some
of them are multifunctional****°. For example, a significant number of transcriptional units
overlap with gene regulatory elements, such as enhancers located in introns of coding genes and
some noncoding RNAs overlapping with enhancers*®*1% Other noncoding RNAs are
transcribed from the same or opposite strand of coding genes to activate or repress their

expression™

. Many bidirectional promoters and enhancers controlling the expression of
different genes have also been reported to cooperatively regulate multiple genes®****'. All of

these suggest that the genomic function is much more complicated than has been thought.

In this study, I identified and characterized one multifunctional regulatory element, DPE,
in mouse and human genome. This is the first indication of DPE in mammals. However,
genome-wide investigation revealed that RNA polymerase Il is located not only at promoters
but also at TTS and at intergenic regions coinciding with enhancers®. Furthermore, a large
number of noncoding RNAs have been reported to be transcribed from enhancers*®*. Although
it is not clear whether they are transcribed from enhancers during meiosis, many INCRNAs are

142

expressed in testicular germ cells™. Therefore, | assume that a significant number of DPEs

exist in mammalian genome and function in various tissues.
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If there are many multifunctional genomic elements in our genome, why are they generated
in the process of evolution? The fact that all genomic sequences do not necessarily contribute to
transcriptional regulation may be one explanation. Eukaryotic genome is packed into nucleus,
and the higher-order architecture of genome is non-random. A recent study has revealed that
40% of mammalian genomic regions are associated with nuclear envelope proteins to maintain
the architecture'®. Such genomic regions have the repressive chromatin feature, and cannot
directly participate in gene regulation. In addition, eukaryotic genome is organized at multiple
length scales into sophisticated higher-order architecture'*, by which many genomic sequences
are not accessible by transcription factors. Therefore, the population of genomic sequences that
directly engage in transcriptional regulation should be much less than anticipated. This could
cause the generation of multifunctional sequences in mammalian genome, which leads to the

complicated spatiotemporal gene regulation.

Even if multifunctional genomic elements need to be generated in the process of evolution,
they have a bad aspect. When a mutation occurs in a multifunctional sequence, multiple
functions are disturbed at a time, resulting in severer effects on organisms. Then, what is the
biological significance of multifunctional genomic elements? There should be some good
aspects of them, too. In case of a protein-coding gene which is alternatively transcribed, diverse
types of proteins can be produced from relatively a small number of exons. In case of
multifunctional regulatory elements that regulate multiple gene expression simultaneously, one
transcription factor does not necessarily bind to multiple regions. If a multifunctional region is
responsive to a hormone, the response to that hormone should be quicker and more effective.

Therefore, multifunctional genomic elements are essential to the genome function.

In the case of my study, Sp1 was found to be involved in promoter activity of Smarcd2 but
not in a promoter for IncRNA-Tcam1 and an enhancer for Tcaml (Fig. 1-11). This suggests that

mMCNS1 promoter activity for Smarcd?2 is separated from the other functions. At present, it is
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unclear whether mCNS1 can function as a promoter for IncRNA-Tcaml and an enhancer for
Tcaml simultaneously, but their expression patterns were very similar (Figs. 1-1, 1-8), showing
the possibility that they are controlled by the same transcription factors. Indeed, it was proposed
that a DPE at the chicken lysozyme gene locus functioned as a promoter for LINOCR and an
enhancer for the gene simultaneously, through the binding of the same transcription factors'®.
This means that one stimulation or one transcription factor can affect the function of DPE,
which may result in the activation of multiple genes. A similar mechanism may exist for the

regulation of IncRNA-Tcaml and Tcam1.

Finally, I discuss the significance of multifunctional elements in meiosis. While gene
expression in somatic cells usually occurs during interphase®, a large number of genes are

1% However, the chromatin in meiotic cells is

expressed in testicular germ cells during meiosis
condensed, and transcription factors cannot bind to many genomic regions. Therefore, to utilize
the limited number of regulatory sequences, multifunctional genomic elements should play

important roles in the gene regulation during meiosis.

Changes in the TCAM1P/Tcam1 regulation

Marques et al. analyzed unitary pseudogenes that were specifically pseudogenized in
rodent lineage, and found that correlation of 17 mouse unitary pseudogenes with their human
orthologues was higher than that of randomly sampled pairs of murine protein-coding genes™*’.
However, there is no study of unitary pseudogenes that were specifically pseudogenized in

human lineage, and | provided the data about it for the first time.

Because 76 functional genes have been reported to lose their primary functions and to be
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fixed as unitary pseudogenes throughout primate evolution®, | examined whether their
expression patterns were conserved after pseudogenization by using IGV and BioGPS
(http://biogps.org/#goto=welcome) databases. As a result, | found 10 unitary pseudogenes other
than TCAM1P in IGV. The reason why | could not find the other 65 pseudogenes might be due
to the difference in annotated names between IGV and the report. Among the 10 genes, the
databases showed that Cetn4, Tex21, and Hyal6 genes were expressed specifically in the mouse
testis (Fig. D1A). Interestingly, after pseudogenization, Cetn4 and Tex21 were expressed not
only in the testis but also in other human tissues such as brain, kidney, ovary and thyroid, and
Hyal6 was not detected in any human tissues (Fig. D1B). I also found Secl expressed only in
the mouse testis, but the expression pattern of the human SEC1P gene was unclear because it
overlapped with two other genes in human genome (data not shown). Among the other six
genes, the expression patterns of five genes were also changed and one gene was silenced after
pseudogenization. These suggest that the expression patterns of many unitary pseudogenes are
not conserved between human and mouse, which in turn indicates that the change in gene

structure probably occurred in parallel with alteration of the regulatory mechanism.

In this study, | focused on the Tcam1/TCAM1P gene, and revealed that the testis-specific
expression and the DPE activity of CNS1 were conserved after pseudozenition. However, cell
type-specificity in testis of the Tcam1l/TCAML1P expression was changed, and consistent with
that, hCNS1 showed enhancer activity in more cell types than mCNS1. This suggests that
different nucleotides between mCNS1 and hCNS1 are core sequences of the enhancer activity
and that the binding of divergent transcriptional factors to CNS1 results in the alteration of cell
type-specificity of Tcaml and TCAM1P. Therefore, comparison of CNS1 sequences in various

species will help us understand the evolutionary change of the Tcam1l/TCAM1P regulation.

TCAM1P was reported to be pseudogenized at gorilla-chimpanzee divergence by

comparing genome sequences of human, chimpanzee, gorilla, orangutan, rhesus monkey,
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marmoset, and tarsier*’. Therefore, | validated how the regulatory system of Tcam1/TCAM1P
was altered by searching for the database to obtain and compare the CNS1 sequences from
various species. As a result, the concordance rate of hCNS1 with CNS1 in gibbon, which was
diverged before gorilla during anthropoid evolution, and rhesus monkey was 96% and 94%,
respectively, but that with mouse and rat were around 77% (Table D1). Conversely, mMCNS1
was highly homologous to rat CNS1, but the concordance rate of mCNS1 with CNS1 in gibbon
and rhesus monkey was 71%, and 74%, respectively (Table D1). Because | could not find any
nucleotides in CNSL1 that were changed only in human and conserved in the other four species
(Fig. D2), the change, which allowed divergent transcriptional factors to bind to CNS1, were
likely to occur before pseudogenization of TCAM1P. This suggests that cell-type specificity of
the TCAML1 gene was also altered before pseudogenization, and that the TCAM1 expression in

spermatocytes as well as in spermatogonia and spermatids is adaptive in many primates.

Finally, I discuss the new function of TCAM1P in chimpanzee and human. Recently, a lot
of studies have shown that some pseudogenes regulate the normal growth of an organism and
the development of some diseases'*******!, They can be processed into antisense transcripts and
mMiRNA decoys, produce siRNAs, or encode short peptides or proteins, and TCAM1P may have
a similar function. One report showed that TCAM1P and two other testis-specific genes, STAG3
and SYCP2, were specifically up-regulated in human papillomavirus-positive cancers, and
SYCP2 and TCAM1P were induced by viral oncogenes™2. STAG3 and SYCP2 are specifically
expressed in meiosis, and become components of the synaptonemal complex that facilitate
recombination®**'**. Because TCAM1P is mainly expressed in spermatocyte, it is possible that it

also contributes to recombination in human meiotic cells.
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Table D1. Concordance rates of CNS1 sequences between five mammalian species.

Homo sapiens
Nomascus leucogenys
Macaca mulatta

Rattus norvegicus

Homo
sapiens

Nomascus Macaca Rattus
leucogenys mulatta norvegicus
96% 94% 77%

93% 76%

80%

99

77%
71%
74%
93%



(A) Cetn4 Tex21 Hyal6

Lung

Placenta
Uterus

Ovary

Bladder
Umbilical cord
Epidermis
Stomach
Intestine large
Intestine small
Salivary gland
Lacrimal gland
Prostate i
Pancreas |
Pituitary
Adrenal gland

Skeletal muscle ]

Mammary gland )

Adipose brown | ]

Heart Il

Liver I [

Kidney ]

Retinal pigment epithelium

Retina

lens

Ciliary bodies

Cerebral cortex prefrontal

Cerebral cortex ‘

Amygdala

Hypothalamus \ 1

Cerebellum |

Nucleus accumbens

Dorsal striatum |‘

Dorsal root ganglia

Testis P 000 | S | S—

10XM  30xM 10xM 30xM 10X M 30X M
(B) Expression value Expression value Expression value
Brain o _callind i mdiaa s M  dose b i e s
Colon - amd . ' .a
Heart b aloa .. i - |
Kidney ' THNY Al sl » baadd wil e i i
Liver ; “ .
Lung . M
Lymph node . s pRad asd M .
Ovary e sl s R B hatunblfes . ud o
Prostate [T il P PN PP | | ' .
Skeletal muscle ‘b “ .
Testis PPV~ RS Y ¥ ETETY FUTEET TP I
Thyroid Y i
ETN4P TEX21P HYALP1

Fig. D1. The expression of unitary pseudogenes in mouse and human tissues. (A) The expression patterns of
Cetnd, Tex21, and Hyal6 in thirty-five mouse tissues are shown based on the BioGPS database. (B) The expression
of CETN4, TEX21, and HYAL1P in eleven human tissues are shown based on the IGV database. Transcript signals

are indicated as blue bars, and exon-intron structures of these genes are depicted at the bottom.
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Homo sapiens
Nomascus leucogenys
Macaca mulatta
Rattus norvegicus
Mus musculus
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Rattus norvegicus
Mus musculus

Homo sapiens
Nomascus leucogenys
Macaca mulatta
Rattus norvegicus
Mus musculus

Homo sapiens
Nomascus leucogenys
Macaca mulatta
Rattus norvegicus
Mus musculus

kokok kdkokokk  skokkokskokokskokokdkokkdkok sk kokok skokokskokokok okoskokokskokok ok kokok ok
GCCCGAGTCGAGTTACCCAGAGGCGGCTACGAACTCCCTGCCCCGCCCAACCCAGCCCAG

GCCGGAGTCGAGTTACCCAGAGGCGGCTACAAACTCCCTGCCCCGCCCAACCCAGCCCAA
GCCCGAGTCGAGTTACCCAGAGGCGGCTACGAACTCCCTGCCCCGCCCAACCCAGCCCAG
GCGGGAGTCCAGTTACCCAGAGGCGGTTACGAACTCCCAGCCCCGCCCAACCCAGGCCTC
GCCGGAGTCCAGTTACCCAGAGGCGGTTACGAACTCCCAGCCCCGCCCAACCTAGACC-C

kokokokkkkkkk kk kkkokok kkokok
CACTAGGCCCCGCCTCTACCTGGTGCCCAATGCTCGAGTGCCTCCTCGAATCCTGCCCCT

TACTAGGCCCCGCCTCTACCTGGTGCCCAATGCTCGAGTGCCTCCTAGAATCCTGCCCCT
CACTAGGCCCCGCCTCTACCTGGTGCCCAATGCTCGAGTGCCTCCTTGAATCCCGCCCCT
GGC-AGGCCCCGCCCCTGCCCGGCAGCCCAATCGAGAGTGCGTCTTTAAATCCCGCCC-T
TGC-AGGCCCCGCCCCTGCCCGGCAACCCAATCGAGAATGCCTCTTTAAATCCCGCCC-T

kkokokkkkokkkkkk x * kkokokk ckokk ckokokok k ckok  kkk kkkk kkkx
CGCGAGACCCGCCCCCAGCGGGCACCGCCCCTAACTGCCGACCTCAGAGCCCCACCCCCC

CGCGAGACCCGCCCCCAGCGGGCACCGCCCCTAACCGCCGACCTCAGAGCCCCACCCCCC
CGCGAGACCCGCCCCCAGCAGGCACCGCCCCTAACCGCCGACCTCAGAGTCCCACCCCCC
CGCGAGACCCGCCTCAAACAAGCACCGCCCATAACTGACGGCCTCAGAGCCCCGCCCTCT
CGCGAGACCCGCCTCAAACCAGCACCTCCCATAACTGACGGCCTTAGAGCCCCGCCCTTG

k% kkk k¥ kkokkokk kkokkkkokkokkkkkskkkk o kkskkkkkkkkk k
CACCTTTGGCCCAGCCTTTCGTCGGAGGGGCGGGAGCGGAAGCTGCGCGCGGAAGCGCCG
CACCTTTGGCCCAGCCCTTCGCCGGAGGGGCGGGAGCGGAAGCTGCGCGCGGAAGCGCCG
~ACCTTTGGCCCCGCCCTTCATCGGAGGGGCGGGAGCGGAAGCTGCGCGCGGAAGCGCCG
GGG6----A---CCGCCTTTTCCCGGAGGAGCGGGAGCGGAAGCTGCACGCGGAAGCGCTG
GGG----GAGGCGGCCTTTTCCCGGAGGAGCGGGAGCGGAAGCTGCACGCGGAAGCGCGG

kokkksk kkkskskkk kk kk  kkskokkk
AG———TGAGGCGCGGGGTCAGAGGTCTAAGGTCACTTAGGG

AG---TGAGGCGCGGGGTCAAAGGTCTAAGGTCACTTAGGG
AG---TGAGGCGCGGGGTCAGAGGTCTAAGGTCACGTTGAG
AG---AGAGGCGCGGGGTCAGAGTTCGAAGGTCACGTAGGG
AGGAGAAAGGCGTGGGGTCAGAGTTCGAAGGTCGCGTAGGG

Fig. D2. A multiple alignment of CNS1 from five mammalian species. CNS1 sequences were obtained from Homo

sapiens, Nomascus leucogenys, Macaca mulatta, Rattus norvegicus, and Mus musculus by searching for the

Ensembl database, and compared using the DNASIS-Pro software (HITACHI Software Engineering).

Conserved nucleotides among all five species are indicated by asterisks.
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