CHAPTER 7

Transcription Regulation in Spermatogenesis

Wing-Yee Lui* and C. Yan Cheng

Introduction

permatogenesis is a highly coordinated process in which diploid spermatogonia (2n) dif-

ferentiate into mature haploid (1n) spermatozoa in the seminiferous epithelium. In this

process, spermatogonia undergo several mitotic divisions and either enter a stem cell
renewal pathway, or commit themsevles for further development. Diploid spermatocytes sub-
sequently undergo two meiotic divisions and result in the production of haploid round sperma-
tids. They then enter the process of spermiogenesis in which profound morphological and
biochemical restructuring, such as the formation of acrosome and flagellum occur, and give rise
to mature spermatozoa.

The cyclic and synchronous nature of spermatogenesis leads to specific pattern of cellular
associations at a given segment in the tubules in which germ cells at particular stages of differ-
entiation will associate with one another. Such cellular associations have been classified into the
stages of the seminiferous epithelium. There are twelve (stages I-XII) and fourteen stages (stages
I-XIV) of the seminiferous epithelium in mouse and rat, respectlvely 2 according to their cel-
lular associations. Such differentiation pattern apparently requires precise regulation of specific
genes at a given stage. In order to have a better understanding how transcription factors exerts
their regulatory function to modulate cellular and stage-specific gene expression during spermato-
genesis, we summarize herein some of the recent findings in the study of transcription regula-
tion during spermatogenesis into five categories: (i) general transcription factors, (ii) nuclear
receptor superfamily of transcription factors, (iii) other transcription factors involved in tes-
ticular functions, (iv) testis-specific gene transcription, and (v) transcriptional regulation of cell
junction dynamics. The chapter is not intended to be exhaustive, rather, it serves as a guide for
future studies based on latest findings in the field.

Transcription Regulation in Spermatogenesis

General Transcription Factors

Regulation of stringent stage- -specific gene expression in testicular cells and the massive
wave of transcriptional activity 1n germ cells following meiosis are governed by a hlghly speclal-
ized transcriptional mechanism.? Such temporal and restricted pattern of gene transcription is
achieved by the presence of germ cell-specific transcription factors (Table 1). In addition, vari-
ous general transcription factors, in term of their expression levels and their testis-specific
isoforms, are differentially regulated in germ cells and in testes. It is believed that the differen-
tial expression of general transcription factors also play a cruc1al role to ensure proper and
efficient transcription in germ cells throughout spermatogenesis.” For instance, TFIIB (a tran-
scription factor that serves as a positioning factor for polymerase), TATA-binding protein (TBP)
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Table 1. List of the genes encoding the transcription factors whose deletion in the
mice generate defects in males

Gene Male Female
Disrupted Phenotype Phenotype  References
AR Complete arrest at pachytene spermatocyte stage Fertile Yeh, 20022
Female-like appearance
Small testis with a decrease in serum
testosterone concentration
RARa Complete arrest and severe degeneration Fertile Lufkin, 199334
of the seminiferous epithelium
RXRB All survivers are sterile Fertile Kastner, 1996%
Partial arrest at primary spermatocyte stage
Structural abnormalities in spermatozoa
GCNF Embryonic lethality Embryonic  Chung, 2001'%
lethality
TR2 Functional testis having normal sperm Fertile Shyr, 200273
number and motility
TR4 Delay in the first wave of spermatogenesis Fertile Mu, 200472
Prolonged stages XI to XII of spermatogenesis
Reduced fertility
CREM Complete arrest at pachytene spermatocyte stage Fertile Nantel, 1996;%
Blendy, 1996'%
CREB Fertile Fertile Hummler, 1994'®
(o and &
isoforms)
CREB Die shortly after birth Die shortly  Rudolph, 1998">°
(aor, p and ) after birth
Rhox5 Subfertile Fertile Pitman, 1998;%°
Increased frequency of apoptotic meiotic MacLean, 20052°
spermatocytes
Sperm-1 Subfertile Fertile Pearse, 199797
Plzf Exhibit progressive loss of spermatogonia Fertile Costoya, 2004102
and increase in apoptosis with age Buaas, 20040
WT1 Conditional knockout mice show impaired — Gao, 2006'%
spermatogenesis and predicted to be fertile
GATA-1 Embryonic lethality Embryonic  Pevny, 1991160
lethality
GATA-4  Embryonic lethality Embryonic  Narita, 1997'°
lethality
GATA-6 Embryonic lethality Embryonic  Koutsourakis,
lethality 1999162
MSY2 Infertile Infertile Yang, 2005'%°
CAF1 Infertile Fertile Nakamura, 2004'43;

Berthet, 2004 '+

and RNA polymerase II were found to be accumulated in early haploid germ cells. Their levels
in haploid germ cells are much higher than in somatic cells.” Adult rodent testes contain 80-200
molecules of TBP mRNA per haploid genome-equivalent, whereas adult spleen and liver con-
tains 0.7 and 2.3 molecules of TBP mRNA per haploid genome-equivalent, respectively.5 Such
organization of transcription factors enable early spermatids accumulate enough mRNA for
their development until the final stages of spermiogenesis.
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In addition to the unique expression pattern of various general transcription factors in germ
cells, the presence of their testis-specific isoforms may play a specialized function in spermato-
genesis. ALF or TFIIA-t is a testis-sgeciﬁc isoform of TFIIA which may have specificity for a
subset of transcriptional activators.®

Nuclear Receptor Superfamily
Lipophilic Hormone Nuclear Receptors

Androgen Receptor

Androgens are crucial steroid hormones in male reproduction and their actions ranging from
regulating sexual differentiation, sexual maturation, spermatogenesis to production of gonadotro-
pins.>'? Androgens exert their effects through the androgen receptor (AR). AR is a ligand-inducible
transcription factor (110 kDa) that regulates the expression of target genes in response to its cognate
ligand (androgen) through binding to an androgen response element (ARE).'*!?

Similar to other members of the nuclear receptor superfamily, AR can be divided into four
functional domains. They are: NH;-terminal transactivation domain, DNA-binding domain
(DBD), hinge region, and ligand-binding domain (LBD). AR has two separate NH,-terminal
transactivation domains which possibly interact with different coregulators or transcription
factors in a promoter content-dependent manner.'* The DBD contains two zinc fingers that
recognize specific DNA consensus sequences. AR homodimer binds to the inverted repeat
ARE, GGTACAnnnTGTTCT,!>18 Apart from the formation of homodimer, it was reported
that AR is capable of forming the heterodimers with TR4 (human testicular receptor 4, TR4, is
an orphan member of the nuclear receptor superfamily) or ERa (estrogen receptor o), which
results in a decrease in AR transcriptional activity.'”? The LBD is responsible for the forma-
tion of the ligand-binding pocket, facilitating the interaction between AR and heat shock pro-
tein, and also interacting with AR NH, terminus to stabilize the bound androgen.m’22

AR is of particular interest because of the observation that knockout of AR produced male
mice displaying female-like appearance with arrested spermatogenesis.”> Although AR plays an
indispensable role in spermatogenesis, only a few number of genes have been identified so far
that are directly regulated by AR in the testis. The expression of X-linked Rhox5/PEM homeobox
gene is a typical example of AR-mediated gene regulation in the testis.>*2° Barbulescu et al.
have identified two functional AREs within 300-bp upstream of the Rhox5 transcription start
site.””?® The promoter region containing the regulatory sequences that directs AR-dependent
expression specifically in Sertoli cells and confers AR stage-specific expression in adult tes-
tis.2?3% Recent studies from MacLean et al. have shown that another four Rhox genes (namely
Rhox2, 3, 10 and 11) are dramatically upregulated in response to incubation with testosterone
and cotransfection with an AR expression plasmid. Although the promoter sequences of the
four Rhox genes have not yet been characterized, it is apparent that they all are
androgen-dependent.?®

Apart from AR knockout mice, a tissue-specific knockout mouse with the AR gene deleted
in Sertoli cells [SC AR knockout mice] was generated to investigate how androgen/AR in
Sertoli cells influence spermatogenesis.’">* It was found that the SC AR knockout male exhibit
similar phenotypes as that of AR”" mice with more severe testis atrophy. SC AR knockout mice
showed alterations in the expression of anti-Mullerian hormone (AMH), cyclin A1, Pem and
sperm-1.*"%2 The increase in the expression of AMH in mice leads to the reduction of test-
osterone production in Leydig cells. Significant reduction in germ cell number in SC AR knock-
out is associated with increased germ cell apoptosis and reduced expression of cyclin Al, Pem
and sperm-1 genes that are important for late stage of germ cell development.?"? Sertoli
cell-specific AR knockout mice clearly demonstrated the functional significance of AR in Ser-
toli cells in maintaining spermatogenesis and steroidogenesis.

Using another SC AR knock-out model,>? it was shown that the loss of androgen receptors in
Sertoli cells led to a disruption of the blood-testis barrier (BTB) integrity since biotin could
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diffuse through the BTB.>*® Using techniques of gene profiling, it was shown that the gene
responsible for the “leaky” BTB in SC AR knock-out mice is likely to be claudin 3, which displays
transient expression in newly formed tight junctions.”? However, it is noted that the SC AR
knock-out mice used in this study were made with a floxed exon 1, yet the floxed animals had
already displayed marked hypomorphic phenotype and the ultimate AR knockout was neither
complete nor Sertoli cell selective,3% which may explain why did the SC AR knock-out mice had
a serum testosterone level almost 40-fold of that of the wild type.3 22 Furthermore, the testicular
claudin 3 level in adult rat testes was extremely low,??® and it is virtually undetectable beyond 45
days of age (Yan and Cheng, unpublished observations), making claudin 3 hardly an important
structural component of the BTB in adult rats. Nonetheless, it is likely that testosterone and its
receptor are important components that regulate BTB dynamics, much work is needed in the
field to define the precise molecular target(s) of testosterone and AR at the BTB.

Retinoid Receptors

Retinoic acid receptors (RARs) and retinoid X receptors (RXRs) are two members of this
family found in the testis. Ligand-dependent activation of RAR and RXR are essential to
spermatogenesis based on the fact that infertility was observed in vitamin A-deficient rats and
in RARa and RXR@ transgenic mice.?*° In vitro binding studies have demonstrated that the
natural metabolites all-trans-RA and 9-cis-RA are high-affinity ligands for RARs, whereas only
9-cis-RA has been shown to bind RXRs. Each family consists of three genes, namely o, B, and
¥, and each of them exists as multiple isoforms. RXR is capable of forming homodimers (RXR/
RXR), heterodimers with RAR (RXR/RAR) and with other types of nuclear receptors such as
thyroid hormone receptor (RXR/TR),% such characteristic enables this receptor family exerts
combinatorial regulatory properties.

The homodimer and heterodimer function as RA-inducible transcriptional regulatory pro-
teins through binding to DNA sequences called retinoic acid response element (RARE) or
retinoid X response element (RXRE) located within the promoter of target genes. The consen-
sus sequence of RARE is AGGTCAnnnnnAGGTCA, whilst RXRE is direct repeats of AGGTCA
with one nucleotide spacing (AGGTCAnAGGTCA). The RAR/RXR heterodimer binds to
the RARE, with RXR occupying the 5" upstream half-site and RAR occupying the 3' down-
stream half-site.?®

Extensive studies using RARa and RXRp transgenic mice have clearly demonstrated that
retinoic acid-mediated gene regulation via RAR, and RXR play a crucial role in spermatogen-
esis. For instance, detailed morphological analysis in RARa knockout mouse testes showed
that the typical characteristic of stage VIII tubule, where mature step 16 spermatids aligning
along the tubular lumen, was not observed.” Instead, a mixed population of germ cells was
found in stage VIII tubule in RARa knockout male.?® For RXRB knockout mice, failure of
spermatid release occurred within the germinal epithelium and the epididymis contained very
few spermatozoa. Although knockout of RARa and RXRp resulted in male infertility, they
displayed different seminiferous tubule morphology. These observations suggest that the down-
stream targets of RARa and RXRB are not the same. Genes expressed in different testicular
cells, namely Stra8 and bone morphogenetic protein 4 (BMP4) in germ cells, prostaglandin
D2 synthetase in Sertoli cells, and fibronectin and laminin in myoid cells, were shown to be
regulated by retinoic acid or retinol.“*** However, the precise mechanisms of vitamin A-mediated
gene regulations have yet to be elucidated. Whether the regulation of those genes are direct
effects mediated through the interaction of retinoid receptors and their corresponding promot-
ers, or whether other retinoid-regulated proteins mediate indirect regulatory effects remain to
be determined. Identification of the regulatory mechanism on RA-RAR-mediated BMP4 ex-
pression in other cell lines has provided a blueprint to study the transcription regulation of
BMP4 gene in germ cells.®
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Orphan Receptors

Germ Cell Nuclear Factor

Germ cell nuclear factor (GCNF), which is also known as retinoid receptor-related
testis-associated receptor (RTR), is a novel member of the nuclear receptor superfamily of
ligand-activated transcription factors.“*’ Since the natural ligand for GCNF has not been
identified, GCNF is classified as an orphan receptor. GCNF binds as a homodimer either to
direct repeat response elements (AGGTCA) without additional nucleotide or to extended
halfsite such as TCAAGGTCA (XRE).“0#3-51 [t does not form heterodimer with other nuclear
receptors such as RXR.%® In vitro studies have revealed that GCNF is a sequence-specific re-
pressor of transcription and it folds into a B-sheet that contributes to dimerization and the
recruitment of corepressors.’'>* It can interact with other nuclear corepressors and with the
repressor, RAP80, that is highly expressed in the testis.”*>°

GCNF expression is restricted to the developing nervous system during embryogenesis,
whereas the receptor is expressed during specific stages in maturing germ cells. Two transcripts
of GCNF gene with sizes of 7.4 kb and 2.3 kb have been identified in spermatogenic cells. The
7.4 kb transcript is expressed during testicular development and is the predominant form in
pachytene spermatocytes, whereas the 2.3 kb transcript is expressed predominantly in round
spermatids.’””® In situ hybridization studies have shown that the GCNF transcript levels
remain low during the meiotic prophase in rats and mice, and increase substantially and reach
maximal level in round spermatids at stages VI-VIIL>®

Up to now, several genes expressed in the testis were found to be regulated by GCNE The
temporal expression of protamine genes, prm-1 and prm-2, at stage I round spermatid is regu-
lated reciprocally by GCNF and cAMP-response element modulator, CREMr.””*! Binding of
GCNF to GCNF response elements of prm-1 and prm-2 promoters represses both basal and
CREMr-activated transcription, thus GCNF may play a role to shut down protamine gene
expression in elongating spermatids.®’ Apart from prm-1 and prm-2 genes, mitochondrial
glycerol-3-phosphate dehydrogenase (nGPDH) and endozepine-like peptide (ELP) are two
other testis-specific genes that are regulated by GCNE®*% Both promoters of mGPDH and
ELP genes contain CRE/GCNEF elements that can effectively bind to GCNE The binding of
GCNF to these motifs can interfere with CREMzt-transactivation. Apparently, GCNF is a
crucial transcription regulator that regulates the temporal and spatial expression of several tes-
ticular genes during meiosis and the early haploid phase of spermatogenesis.

Testicular Orphan Receptors 2 and 4

Testicular orphan receptor 2 (TR2) and testicular orphan receptor 4 (TR4) constitute a
subfamily of nuclear receptors.*®> The TR2 and TR4 can modulate its target gene expression
by forming homodimers and binding to the AGGTCA direct repeat (DR) sequences in its
target genes.°®®” TR4 can modulate transactivation mediated by other steroid nuclear recep-
tors through interaction with these steroid receptors. For instance, TR4 could interact with the
androgen receptor (AR) and the estrogen receptor (ER) that suppress AR- and ER-mediated
transactivation.'*

TR2 and TR4 have been shown to be expressed in mouse testes. TR2 is confined to meiotic
and postmeiotic germ cells,*”’® whereas TR4 is predominantly expressed in primary spermato-
cytes, especially in late-stage pachytene spermatocyres.7l’72 The expression of TR4 in round
spermatid is stage-dependent and is confined to stage VII.”? Although the male knockout mice
of TR2 and TR4 are fertile, the disruption of TR4 gene does affect spermatogenesis at the end
of late meiotic prophase and subsequent meiotic divisions, thus delays the first wave of spermato-
genesis in the TR4" mice.”>” Gene disruption analyses indicated that TR4, but not TR2, is
essential for normal spermatogenesis in mice.

Recent studies has demonstrated that TR4 can suppress the expression of 25-hydroxyvitamin
D3 24-hydroxylase, Cyp24al, through direct binding of TR4 to the vitamin D3 receptor
response element (VDRE) in Chinese hamster ovary (CHO) cells. The VDRE shares similarity
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with the hormone response element for the TR4, which contains two repeated half sites of
AGGTCA; however, it is separated by a 3-nucleotide space. Using the TR4” knockout mice
model, Mu et al. showed that the expression level of Cyp24al increased in adult mice testes
when TR4 gene was knocked out. Such observation indicates that testicular Cyp24al expres-
sion is also under the precise control of TR4.”> Cyp24al is the only gene identified so far that
is regulated by TR in the testis, identification of the molecular targets, such as putative ligands
of TR2 and TR4, and the mechanisms that affect meiosis may help in a better understanding of
the role of TR in spermatogenesis.

Transcription Factors Involved in Testicular Functions

Basic-Domain-Leucine-Zipper (b-zip) Family

Members of the b-zip family that are known to be expressed in the testis include cAMP
response element modulator (CREM), cAMP response element binding protein (CREB), and
activating transcription factor 1 (ATF1).%7> These proteins contain a basic DNA-binding
domain with an adjacent leucine zipper that is required for dimerization and binding to a
specific cis-acting element.”*”” CREM, CREB and ATF-1 are capable of forming homodimers
and heterodimers in response to cAMP signaling pathway and bind to a regulatory DNA se-
quence, known as cAMP responsive element (CRE). A CRE is constituted by the palindromic
consensus sequence, TGACGTCA./678

CREM

Many isoforms of CREM are generated by alternative splicing. Among them, CREM is the
isoform which has been extensively studied as its expression is restricted to the testis and is
highly regulated during spermatogenesis.”” CREMt mRNA transcript is found at high levels in
pachytene spermatocytes and more advanced germ cells, while its protein is present only in
post-meiotic spermatids, suggesting that CREMr plays a role in late stages of sperrnatogenesis.80
The importance of CREMt in spermatogenesis could be reflected in the gene knockout studies
since spermatogenic arrest was observed at pachytene spermatocyte stage.® A list of postmeiotic
genes encoding structural proteins required for spermatid differentiation, including the transi-
tion proteins (IP1 and TP2), protamines (prm1 and prm2), RT7, testis angiotensin—converting
enzyme (ACE), proacrosin and calspermin, were found to be the direct targets of CREMz.5®
All of these genes contain the putative CREs for the binding of CREMx. It is apparent that
CREMTr is a key transcription factor that controls postmeiotic germ cell differentiation.

Different from other CREM isoforms, the activation of CREMr requires the association of
a coactivator known as activator of CREM in testes (ACT).8° ACT is exclusively expressed in
testes.3® ACT shows similar developmental expression pattern as CREMr in testes and they are
colocalized in spermatids.3¢38 ACT displays intrinsic transactivation potential capable of con-
verting CREMr into a potent transcriptional activator, leading to the activation of CREMr in
a phosphorylation-independent manner.®”*® The presence of ACT in post-meiotic germ cells
enables stage-specific activation of CREMt-mediated gene transcription.

To elucidate the significance of ACT in CREMrt-mediated gene transcription in testes,
gene targeting disruption in mice has been performed. It is surprising that male mice lacking
ACT are fertile, which is different from the CREM knockout counterpart. Mice lacking ACT
show some male reproductive defects including abnormalities in sperm heads and tails and
reduced sperm motility.%’ However, the expressions of CREMt-dependent genes, such as TP1
and prm1, were not affected in ACT knockout mice. These results seemingly suggest that other
yet-to-be identified coactivators exist in testes could compensate for the loss of ACT to modu-
late CREMt-dependent gene transcription.

CREB
Similar to CREM, many CREB isoforms are generated by alternative splicing in the testis.
Although the gene knockout analyses of CREB isoforms have been performed, the role of CREB
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in spermatogenesis has not been fully elucidated. Since mice carrying mutations in all CREB
isoforms exhibited severe developmental disorders and died shortly after birth. In situ hybridiza-
tion analysis has shown that CREB mRNA is present in Sertoli cells in stages I-VIII tubules and
the amount decreases to an undetectable level at stages IX-XIV.”* The cellular localization of
CREB in the testis is quite different from CREM, whose protein is present only in post-meiotic
spermatids. Several genes involved in spermatogenesis such as murine spermatogenesis-associated
protein, claudin-II and nectin-2 have been found to be regulated directly by CREB via the CRE
motif in the corresponding promoters.”**!1>3 Interaction of CREB with other transcription
factors, such as c-Jun, was found to be involved in regulating the nectin-2 gene transcription in
Sertoli cells.” In addition, overexpression of dominant-negative CREB in primary Seroli cells
could completely inhibit the FSH-induced c-Fos expression. Taken collectively, these data illus-
trate that CREB seems to play an intriguing role in regulating gene transcription in Sertoli cells.

Homeobox Family

Transcription factors belonging to this family contain the homeobox motif that is a highly
conserved DNA-binding domain constituted by 61 amino acids. Transcription factors belong-
ing to this family are grouped in subfamilies based on the homeodomain sequence as well as
the gene structure.”® Our chapter does not attempt to cover all members of this family but
highlights two subfamilies that show intimate relationships with spermatogenesis. They are the
reproductive homeobox X-linked (Rhox) gene cluster and the POU-domain gene family.

Reproductive Homeobox X-Linked (Rhox) Gene Cluster

Rhox gene cluster presents a newly homeobox subfamily that contains 12 related homeobox
gerlf:s.24’2 All 12 Rhox genes are organized into three subclusters, namely o (Rhox 1-4), f (Rhox
5-9) and y (Rhox 10-12) on the X chromosome and are expressed in male and female reproduc-
tive tissues. All of them exhibit cell type-specific expression.? In testes, all Rhox genes are re-
stricted to Sertoli cells except Rhox4 which is predominantly expressed in Leydig cells.?® Apart
from cell-type specificity, these 12 Rhox genes exhibit a colinear expression pattern in which an
expression gradient is achieved spatially, temporally, or quantitatively, pertinent to their relative
position within subclusters. For instance, the genes in subcluster o display both temporal and
quantitative colinearity.”® Rhox1, the gene located at the distal 5' end of subcluster o express first
(days 7-12 postpartum) followed by Rhox2 (day 12 postpartum), Rhox3 and Rhox4 (days 20-22
postpartum).26 Among them, Rhox1 is expressed at the highest level during testis development
than other gene members in same subcluster and each subsequent gene in the same subcluster
exhibits a stepwise decline in its expression level.?° It is believed that such colinear expression
pattern observed in the Rhox cluster might provide Sertoli cells with a precise regulatory system
to transduce temporally variable signals to germ cells at all stages of development.”* Clearly,
future studies such as targeted disruption or knockdown approaches will be required to reveal the
individual and overlapping function of these Rhox genes in spermatogenesis.

The importance of the Rhox gene cluster in spermatogenesis could be demonstrated at least
by target disruption of Rhox5 gene in male mice.”®?> Ablation of Rhox5 gene by homologous
recombination was subsequently found that mutant male are subfertile.”® Reduced sperm count
and sperm motility along with increased germ cell apoptosis were observed in Rhox5”" mice.
Since the expression of Rhox5 is restricted to Sertoli cells, 242095 ¢ is likely that Rhox5 plays a
role in regulating the expression of Sertoli-cell genes that can modulate germ cell survival.
Efforts should be made to elucidate the functional significance of each Rhox member in
spermatogenesis and identify target genes that are regulated by the Rhox gene cluster.

POU Homedomain Proteins

Sperm-1
Sperm-1, belonging to the family of the POU (Pit, Oct, Unc) homeodomain proteins, is
selectively expressed in male germ cells immediately preceding the first meiotic division and in
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the haploid spermatids.”®®” Sperm-1 preferentially binds to an octamer DNA-response ele-
ment with sequence of 5'-GCATATGTTATT-3' in which the optimal sequence differs from
that preferred by other POU protein members.”®

Knockout studies of Sperm-1 in mice have been performed, null mice develop normal
testis, apparently with normal spermatogenesis and produce normal number of motile sperms
as those of normal mice, except that the Sperm-1 null male mice are subfertile.”” However, the
molecular basis for this subfertile phenotype has not yet been elucidated. Thus, identification
of the molecular targets and mechanism of action of sperm-1 may help in a better understand-
ing its role in spermatogenesis.

Oct-4

Oct-4 is expressed in the postproliferative prospermatogonia until after birth in male em-
bryos. Oct-4 expression continues in undifferentiated type A spermatogonia as spermatogenesis
starts, and is downregulated when germ cells enter their differentiation pathway. There is no
reexpression of Oct-4 in germ cells at any developemental stages of spermatogenesis.”®*’ The
downregulation of Oct-4 seems to be one of the molecular triggers in the commitment of meiosis
in male germ cells, although the target gene(s) involved in such event has not been identified.

C;H, Zinc Finger Family

Transcription factors belong to this family must contain C,H; zinc finger motif (also known
as Kriippel zinc finger motif), which is generally present in tandem arrays with the sequence of
Y/F-X-C-X;.4-C-X;3-F-X5-L-X,-H-X3.5-H, where X can be variable amino acids.'®° These con-
served cysteine and histidine residues are able to bond tetrahedrally to a zinc ion. Plzfand WT1
are two transcription factors that are known to possess a C;H,; zinc finger and have been
reported to have significant impact on spermatogenesis.

Plzf

Plzf is also known as zinc-finger protein 145 (zfp145) that is expressed in the developing
male gonad.'® In postnatal and adult testes, Plzf is restricted to spermatogonia that exhibit
stem-cell like properties and is coexpressed with Oct-4, a transcription factor implicated in
maintaining stem-cell population.'®>!%° The functional importance of Plzf has been revealed
by two in vivo studies. Studies of naturally occurring Plzf-mutant (luxoid) mice and Plzf knockout
mice have shown that both mutant mice exhibit a progressive loss of spermatogonia with age,
associated with an increase in apoptosis, but without apparent defects in Sertoli cells, 102103
Spermatogonial transplantation experiments demonstrated that Plzf is a spermatogonia-specific
transcription factor that is required to regulate self-renewal and maintenance of the stem cell
pool as transplantation of spermatogonia isolated from Plzf-null mice failed to repopulate go-
nads that had been chemically depleted of germ cells.'0? Up to now, no direct target gene of
Plzf regulation has been identified. Apparently, it is an area that needs further investigation.

Wilms® Tumor Protein (WT1)

WT1 protein contains four COOH-terminal C,H; zinc fingers for DNA binding and one of
cach transcriptional repression and activation domains at its NH, terminus.'® WT1 plays a
crucial role in the development of the genitourinary system.'”® Conditional knockout of WT1
protein in Sertoli cells by embryonic day 14.5 could result in disruption of developing seminifer-
ous tubules and progressive loss of Sertoli cells and germ cells.'”® Using tissue-specific RNA
interference (RNAI) approach that disrupts the expression of WT1 in mouse testis, studies have
shown that increased germ cell apoptosis, loss of adherens junctions and impaired spermatogen-
esis were observed in siRNA-WT1 mice.'”” Microarray analysis on siRNA-WT1 testes has found
that a spectrum of genes encoding signaling molecules and structural proteins whose expressions
were altered.'”” For instance, integrin cytoplasmic domain associated protein la (Icap1l-cr) and
epidermal growth factor receptor pathway substrate 8 (Eps8), which are signalin% molecules that
regulate actin-mediated cytoskeletal events, are altered in siRNA-WT1 testes.'" These results
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suggest that Icap1-a and Eps8 are the target proteins of WT'1 and WT1 is a crucial transcription
factor in regulating spermatogenesis.

GATA Family

All GATA proteins contain a DNA-binding domain composed of two conserved multifunc-
tional zinc fingers, C-X,-C-X;7-C-X,-C, where X represents variable amino acids.'%®1% GATA
proteins recognize and bind to the DNA consensus motif, WGATAR.'”” The N-terminal zinc
finger is required for the specificity and stability of the DNA binding, whilst the C-terminal zinc
finger is for the recognition and binding to the core GATA motif.''*"'3 GATA interacts with
cofactors such as Friend of GATA-1 and -2 (FOG-1 and FOG-2) and p300/CBP via the N-terminal
or C-terminal zinc fingers, resulting in either activation or repression of gene transcription.!411?

GATAs are essential transcription factors in mammalian reproductive development and
function. Among six members of this family, GATA-1, -4 and -6 are found in testes. GATA-1
is expressed in mouse Sertoli cells from stages VII to IX of the seminiferous epithelial cycle.'*’
GATA-4 is present in mouse testis throughout all developmental stages and localized to Sertoli
cells and Leydig cells.'?!"'*> GATA-G is expressed in neonatal, prepubertal, and adult testes and
localized in Sertoli cells.!'®1?2 The GATA family members play equally important role in go-
nadal development, testosterone production and regulation of gene expression in testicular
somatic cells such as Sertoli and Leydig cells.!'®!%124 For instance, GATA-4 is capable of
activating the promoters of testicular genes including Mullerian-inhibiting substance (MIS),
PIT aromatase (Cyp19), SF-1, StAR and inhibin a.'?* The examples mentioned herein are not
intended to be exhaustive, readers are stronglg/ encouraged to read earlier review to gain a more
comprehensive view of this protein family."'%!?

Nuclear Factor Kappa B (NF-kB) Family

The NF-xB family of transcription factors regulates a wide variety of genes involved in
spermatogenesis. The NF-«B family is composed of p50, p52, p65 (RelA), RelB and c-Rel,'*1%
which regulates transcription by binding as homo- or heterodimers to kB enhancer elements in
the regulatory region of genes. Among five protein subunits, p50 and p65 have been shown to
express in rat testes. Nuclear expression of p50 and p65 are cell-type and stage-specific. Nuclear
p50 and p60 are highest at stages XIV-VIT in Sertoli cells and stages VII-XT in spermatocytes. '’

Like another transcription factors, the NF-kB family of transcription factors can activate
and repress testicular gene transcription. For example, TNF-o induces NF-kB binding to the
cAMP-response element-binding protein (CREB) in AR promoters and elevates their promoter
activities in Sertoli cells.'*®!?* TNF-a has been reported to downregulate SF-1 transactivation
of Mullerian inhibiting substance (MIS) gene in the testis by NF-kB. The SF-1-bound NF-kB
could recruit histone deacetylases to inhibit the SF-1-mediated MIS gene activation."®” Since
TNF-o is a major cytokine secreted by germ cells, it is believed that the effect of TNF-o and its
downstream regulators, NF-kB, may not be limited to those identified genes. Clearly, there is
much remains to be investigated with regard to the function of NF-kB in spermatogenesis.

Y-Box

The family of Y-box proteins contains a conserved cold-shock domain (CSD) for DNA
binding, a variable N-terminal domain thought for transactivation and a C-terminal tail for
protein-protein interaction.'"%* YB-1 was the first identified transcription factor that bound
to the Y-box and the consensus DNA sequence was determined as CTGATTGGYYUU, a
reverse sequence motif of the CCAAT box.'?

Mammalian germ cell homologues of Xenopus FRG Y1 and FRG Y2 have been identified in
mouse testis, namely MSY1 and MSY2 respectively. '3 Similar to Xenopus homologues, MSY1
is ubiquitousll expressed in somatic tissues; whereas MSY2 is expressed in meiotic and postmeiotic
germ cells.’*1% Several studies have revealed that Y-box proteins are needed to activate gene
transcription in male germ cells, such as protamine 2 and cytochrome ¢ genes.'””!?® Recent
knockout studies further confirmed the functional significance of MSY2 in spermatogenesis.
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Spermatogenesis is disrupted in postmeiotic null germ cells with many misshapen and multi-
nucleated spermatids.'*’

Apart from MSY2, at least two other Y-box proteins, MSY1 and MSY4, are expressed in
meiotic and postmeiotic germ cells.'**14° However, their roles on gene transcription pertinent
to spermatogenesis remain entirely unknown.

CAF1

Chromatin assembly factor-1 (CAF1), also called as Cnot7, is the mammalian homolog of
yeast CAF1."! Tt is a component of the CCR4-NOT complex that has multiple roles in regulat-
ing transcription.'*2 CAF1-deficient male mice are sterile owning to oligo-astheno-teratozoospermia
shown in two independent knockout studies.!**#** Maturation of spermatids is unsynchronized
and impaired. Further studies have shown that the proper function of retinoid X receptor
(RXRp)-mediated transcription in the testis requires the interaction of CAF1 through the AF-1
domain of RXRB, suggesting CAF1 functions as a coregulator of RXRp in regulating transcrip-
tion in testicular somatic cells as RXR is expressed in somatic Sertoli cells and Leydig cell.1?

Testis-Specific Gene Expression

Testis-specific gene expression could be in part achieved through the expression of
testis-specific transcription factors, such as CREMr, and cell type-specific components of the
general or core transcription machinery as an increasing number of tissue or cell type-specific
components of general transcription factors has been identified, such as TFIIA-t, a testis-specific
isoform of TFIIA.'*5147

An alternative approach to achieve tissue-specific gene expression is by permanent tran-
scriptional repression of that particular promoter in nonexpressing cells via DNA methyla-
tion. " A testis-specific expression of histone H1t is one of the examples belonging to this
category. The repression of the histone H1t gene in nonexpressing cells is achieved by partial
and full methylation of all seven CpG dinucleotides within the H1t proximal promoter, while
these CpG dinucleotides are completely unmethylated in primary spermatocytes.!41°

Transcriptional Regulation of Cell Junction Dynamics

The translocation of germ cells across the seminiferous epithelium during spermatogen-
esis requires extensive restructuring of cell junctions at the Sertoli-germ and Sertoli-Sertoli
interface."! It is believed that the transcriptional, post-transcriptional and post-translational
regulations of cell junction proteins play crucial roles in controlling the assembly and disas-
sembly of cell junctions, resulting in the progressive movement of germ cells to the adluminal
from the basal compartment for the completion of spermatogenesis.'>* Therefore, studies of
the transcriptional regulation of junction proteins found at the ectoplasmic specialization
(ES) and the blood-testis barrier (BTB) are crucial for the thorough understanding of
spermatogenesis. In our laboratorg, the transcriptional regulations of nectin-2 and claudin-11
in Sertoli cells have been studied.”® "> Nectin-2 is a junction protein localized at Sertoli cells
and interacts at nectin-3 that is expressed in germ cells to form the heterotypic interlock
between Sertoli and germ cells at the apical ES."* Our recent studies have demonstrated
that CREB and c-Jun are bound to the cAMP responsive element (CRE) motif of the nectin-2
promoter located between nucleotides -316 and -211 (relative to the translation start site),
resulting in the upregulation of nectin-2 gene transcription. Apart from CREB and c-Jun,
two members of Sp1 family, Spl and Sp3, are also positive regulators of the nectin-2 tran-
scription.”® Analysis of the staged tubules has confirmed that the cyclic expressions of CREB
and nectin-2 coincide with the event of apical ES restructuring between Sertoli cells and
germ cells. It is believed that the tight regulation of the basal nectin-2 transcription by CREB,
c-Jun and Sp1 are crucial to regulate the disassembly of adherens junctions between Sertoli
cells and germ cells during spermiation (Fig. 1).

Apart from adherens junction proteins, we have also studied the transcriptional regulation of
tight junction (TJ) proteins in Sertoli cells. Claudin-11 is a T] integral protein found in testis and
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CNS (central nervous system) myelin."> In our study, we demonstrated that the overlapping
GATA/NF-Y motif within the core promoter of claudin-11 gene is modulated by differential
binding of various transcription factors, resulting in dual transcriptional control.'®® We con-
firmed that GATA, nuclear factor YA (NF-YA), and cAMP response element-binding protein
(CREB) form a complex in vivo and bind to the GATA/NE-Y region to promote claudin-11 gene
transcription. GATA and CREB transactivation could be further modulated by the presence of
Smad3 and Smad4 proteins. Binding of Smad proteins at the GATA/NF-Y motif could repress
the GATA and CREB transactivation of claudin-11 gene. Such repression required the recruit-
ment and physical interactions of histone deacetylase 1 and its corepressor, mSin3A, with Smad
proteins. It is believed that cyclic changes in the ratio of positive regulators (GATA, NF-YA and
CREB) to negative regulators (Smads) in the seminiferous epithelium during the spermatogenic
cycle might provide the precise control in claudin-11 gene transcription.

Concluding Remarks and Future Perspectives

As we briefly reviewed and discussed herein, much work on the transcriptional regulation of
spermatogenesis conducted in the past two decades was focused on individual transcription
factor, and most of these studies relied solely on changes in phenotypes of the knock-out mice
to assess the function of different transcription factors. However, the physiological linkage
between different transcription factors during spermatogenesis remains unknown. Also, the
molecular target genes of these transcription factors at different stages of the seminiferous
epithelial cycle are largely unknown. Furthermore, how these genes and their proteins regulate
different facets of spermatogenesis, such as germ cell cycle, meiosis, spermatogonial prolifera-
tion and renewal, germ cell apoptosis, cell adhesion and junction restructuring, germ cell mi-
gration, biochemical and morphological events pertinent to spermiogenesis, and others, re-
main unexplored. Nonetheless, with the recent advances in genomics and proteomics research,
such as the use of gene profiling techniques coupled with mass spectrometry to identify target
genes (proteins) important to transcriptional regulation in knock-out mice versus wild types,
this shall provide an unprecedented opportunity for investigators in the field.
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