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ABSTRACT

To determine the physiological role for a developmentally regulated gene, the cellular
location, temporal expression, and regulation need to be defined. | determined that
Pem, a divergent homeobox gene, was expressed in the testis, a site of an adult system
of development called spermatogenesis. The epididymis, a site where sperm is
matured and stored, also expressed Pem. Spermatogenesis provides a model in which
to study Pem expression because of the previous research which has established
temporal and hormonal regulation of morphological and molecular events during
development, proliferation, and function of this system. | utilized northern blot, RNase
protection, and in situ hybridization analyses of mRNA in testes and epididymides of
wild type mice and rats as well as mutant mice which were defective in
spermatogenesis to show the temporal and specific cellular expression of Pem in the
testis and epididymis. Pem was shown to be induced in both testis and epididymis at
times in puberty which correlated to increases in androgen for each organ. In the testis,
Pem is expressed specifically in androgen-dependent VI, VII, and early VIIl stages of
the seminiferous tubules in the Sertoli cells. In the epididymis, Pem transcripts were
found in the apical principal cells of the corpus and proximal cauda regions which are
important for sperm maturation and fertility. In addition, hypophysectomized (HPX)
mice and rats and gonadotropin-deficient hypogonadal (hpg) mice were used to
determine the hormonal regulation of the Pem gene in this system. HPX and hpg
mouse testis and HPX rat epididymides lacked normal levels of Pem transcripts.
Luteinizing hormone (LH) or testosterone alone restored Pem expression in HPX testes
and epididymides of hypophysectomized animals and induced Pem expression in hpg
mouse testes. For the first time, this work provides evidence that Pem is temporally and
specifically expressed in androgen-regulated somatic cells of the testes and epididymis
that are essential for germ cell development and maturation respectively. In addition,

the homeobox gene Pem is the only known putative transcription factor that has been



found to be regulated by testosterone in vivo during spermatogenesis and sperm

maturation.

INTRODUCTION

Development.

Several strategies exist to identify murine developmental control genes. A
classical genetic route may be taken for determining a gene that contributes to an
abnormal phenotype. Another method determines the coding region for a gene
expressed during development by some differential screening method. During a search
for developmentally regulated genes, subtraction hybridization between two T-cell
lymphoma cell lines, SL 12.3 and SL 12.4, was used to isolate the Pem gene (1).
Analyses of the protein sequence encoded by Pem cDNA suggest that it encodes a
homeodomain (2,3). To determine the function for a gene isolated from a differential
screening method a well studied developmental system is required.

One system to examine mammalian gene expression and regulation during
development is in the embryo. However, this is a very complex system which involves
many genes that are activated and deactivated in many developing organs. In addition,
transcription factors that regulate these genes may be found in many different
expression patterns and combinations in these embryonic systems. Therefore, for ease
of manipulations and isolation of one system an adult developmental system is often
preferred. Spermatogenesis provides a well-studied, both morphologically and
molecularly, system of adult development in which to study gene expression, regulation,

and function.



Spermatogenesis.

The system of spermatogenesis is a complex one. It primarily consists of the
hypothalamus-pituitary-gonadal endocrine axis, testis, and epididymis. The
hypothalamus secretes gonadotropin releasing hormone (GnRH) which in turn signals
the pituitary to secrete the gonadotropins follicular stimulating hormone (FSH) and
luteinizing hormone (LH) which exert their effects on the testis (4,5). The testis is made
up of two main compartments: the intertubular or interstitial area and the seminiferous
tubule. Leydig cells, bone-marrow derived cell types, blood, and lymphatic vessels
reside in the interstitial area. Under the influence of LH, Leydig cells secrete and are
the major source of androgens (6). In the absence of LH and/or FSH, androgens alone
sustain spermatogenesis and maturation of sperm (7-10). More recent evidence shows
that testosterone alone is capable of initiating qualitative and quantitative, when
normalized to numbers of Sertoli cells, spermatogenesis in the GnRH-mutant mouse,
hypogonadal (11). The seminiferous tubules contain myoid cells, basement membrane,
Sertoli cells and germ cells. Under androgen stimulation, myoid cells produce P-Mod-S
a paracrine factor shown to have effects on Sertoli cell function (12-18). Sertoli cells
possess receptors for both FSH (19,20) and androgens (21), hormones which are
thought to control germ cell development (22-24). The seminiferous tubule provides a
unique microenvironment in which the germ cells are nurtured by Sertoli cells and
develop into spermatozoa. This environment is protected by the Sertoli cell barrier, also
known as the blood-testis-barrier, which completes formation between Sertoli cells at
about day 16 after birth in the rat and day 10 in the mouse (25 -33). During this same
time period for the rat the first cell-cell contacts are established between Sertoli cells
and the most developed germ cells called spermatids (30) (Fig 1 from ref 31).

Other postnatal developmental events of this system differ slightly chronologically
between mice and rats. After birth, secretion of FSH and LH by the pituitary occurs a

few days earlier in the mouse when compared to the rat (34). FSH is secreted two
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weeks before puberty and precedes LH secretion in the mouse (35). FSH has been
shown to increase Sertoli cell (36-38) and spermatogonia (39-43) proliferation and to
mature Leydig cells (44). In vivo, Sertoli cell and spermatogonia proliferation is shown
to precede Leydig cell proliferation (45). Prenatal intratesticular testosterone levels are
thought to drop after birth and start increasing again on day 10 in the mouse (46).
However, a drop in total testicular androgen levels including dihydrotestosterone does
not occur (35).

This process of developing spermatogonia into spermatozoa may be categorized
into three phases: 1) the spermatogonia proliferative phase, 2) the spermatocyte meiotic
phase, and 3) the spermatid differentiation (spermiogenic) phase. The proliferative
phase provides the vast numbers of spermatogonia that are ready to undergo meiosis
and differentiation. The most mature spermatogonia divide to form preleptotene, or
resting spermatocytes which proceed through meiosis to form haploid spermatids.
Finally, the spermatids undergo tremendous cellular differentiation including specialized
packing of the chromatin and flagella formation (Fig. 2 from ref 31). Germ cell
development is synchronized within segments of the seminiferous tubule. The
organization of these developing germ cells has been categorized (47,48) into stages of
the seminiferous tubules of the testes in mice and rats (Fig. 3 and 4 from ref. 31).
These staging maps are important to provide investigators with reference points in
which to compare their data.

The Sertoli cell is the most important somatic cell for germ cell development. In
the testis, only the Sertoli cell forms a barrier which provides a special immunologically
privileged site and microenvironment necessary for germ cell maturation. Intimate cell-
cell contacts exist in stage-specific pattemns to allow the spermatogonia entrance into
the adluminal compartment of the tubule for further differentiation. Sertoli cells are
columnar epithelial cells with 90% of their lateral and apical surface partitioned off

toward the lumen of the tubule by tight junctions at the base of the Sertoli cell. Itis
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thought that the completion of this barrier at about day 10 in the mouse and day 16 in
the rat during the prepubertal period develops the tubular lumen (25,30). Sertoli cell-
germ cell contacts and secreted proteins provide the means of communication between
these two cell types. Since germ cells have not been shown to have androgen
receptors (AR), virtually all androgen effects on germ cell development take place either
directly or indirectly through the Sertoli cell (49-51). The main secreted proteins of the
Sertoli cell in the rat are inhibin, transferrin, and androgen binding protein (ABP).
However, in mouse Sertoli cells ABP levels are 50 to 100 times lower than in Sertoli

cells of the rat (52).

Sperm maturation.

Spermatozoa need further maturation in the epididymis before they are capable
of fertilization. Development and function of the epididymis is dependent on
dihydrotestosterone (DHT)(53). Without DHT, the epididymis does not produce mature
sperm capable of fertilization. Under stimulation by DHT, principal cells in the
epididymis secrete proteins that promote forward motility and egg recognition by the
spermatozoa (54,55). After birth of the rat the epididymis does not complete
development until Leydig cells in the testis produce increased testosterone and the first
spermatozoa enter the epididymis from the testis (56,57). In addition to circulating
androgen, the epididymis must receive testosterone from the testis usually bound to
ABP or the principal cells of the initial segment of the epididymis dedifferentiate and the
other regions fail to secrete proteins that mature spermatozoa (58). Even though the
epididymis and testis have been extensively studied, little is known about expression
and regulation of transcription factors during development or processes of

spermatogenesis and sperm maturation.



Homeodomain proteins.

DNA-binding proteins, especially regulatory proteins or transcription factors,
combine with other transcription regulatory proteins to determine differentiation and
development of a particular cell type. Evidence for this role in mammalian development
comes from the observation that expression of an abnormal DNA-binding AR causes a
mouse with a male (XY) genotype to develop phenotypically as a female (59). Another
class of DNA-binding proteins is encoded by homeobox genes. Over thirty murine
homeobox genes have been identified and partially characterized in adult and
embryonic tissues. These genes are expressed during embryogenesis and have been
shown to dictate positional information and cellular differentiation processes in the
embryo. Considerably less is known concerning the role of homeobox genes in
controlling developmental events in tissues that undergo differentiation, such as
spermatogenesis, in adult animals.

Hox genes are a subset of homeobox genes that bear homology to the
Drosophila Antennapedia gene. The classical mammalian Hox genes are situated in
clusters on four different chromosomes (Fig 5 from ref 60). The new nomenclature for
the murine Hox gene clusters is Hox-a, -b, -c, and -d whereas the previous
nomenclature was Hox 1, 2, 3, 4, respectively. At least six homeobox genes are
expressed in murine testicular tissue: Hox-a3, -a4, -a5, -b4, -b7, and -d4. The Hox-a4
gene was originally isolated by screening a mouse testis cDNA library with the 180bp
homeobox domain from the Antennapedia gene of Drosophila. The Hox-a4 gene is
selectively expressed in adult testes; it is not detectably expressed in various other adult
tissues (61-63). Several approaches were used to show that Hox-a4 gene expression
is restricted to germ-line cells that have entered meiotic prophase (64,65). First, mutant
mice homozygous for the atrichosis mutation (at/at), which renders the mice sterile due
to the absence of germ cells, lack Hox-a4 expression in the testis. Second, Hox-a4

transcripts are detected by northern blot analysis only in adult testis, not in embryonic or
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neonate testis that lack meiotic germ cells. Specifically, Hox-a4 transcripts are not
detectable in day 7 neonate testes that contain spermatogonia but lack mature
spermatozoa, although these transcripts are present in day 17 old mouse testes which
contain germ cells at all stages of meiotic prophase. Third, in situ hybridization directly
shows that Hox-a4 transcripts are specifically present in post-meiotic germ cells (64).
Fourth, northern blot analysis of enriched populations of spermatogenic cells indicates
that Hox-a4 mRNA is present in germ cells from the time they enter meiotic prophase
through to the stage when the cytoplasm is shed as residual bodies (63).

The expression pattern of Hox-a4 during spermatogenesis has been compared
with other genes, including the c-mos proto-oncogene. Transcripts encoding both of
these proteins are undetectable in mouse mutants that lack germ cells in the gonads.
This includes mice homozygous for the dominant white spotting (W/WV) or sex reversal
(Sxr) mutations. In addition, Hox-a4 and c-mos transcripts are undetectable in mouse
mutants in which spermatogensis is arrested at the pachytene or diplotene stages (66).
In contrast, Hox-a4 and c-mos are both expressed by mouse mutants that are capable
of completing spermatogenesis, but produce aberrant sperm incapable of fertilizing
eggs. Hox-a4 and c-mos differ, however, in their temporal expression with transcripts
for the former found in 20-day old and the latter found in 25-day old mouse testes (65).

Homeobox paralogues are defined as Hox genes that occupy the same relative
position in their respective cluster of Hox genes [e.g. Hox-a4 and -b4 are paralogues
(see fig 4)]. Paralogous Hox genes display a higher degree of sequence conservation
between each other than is exhibited between Hox sub-family members present in the
same gene cluster (orthologues). Not only is the sequence of paralogous genes highly
related, but their expression pattern during embryonic development is often strikingly
similar, presumably due to conserved regulatory elements. For example, gene

paralogues located at the 3' end of Hox-a, -b, -c, and -d gene clusters show similar



anterior-posterior boundaries of expression in the developing central nervous system
(67).

Since Hox gene paralogues exhibit a strikingly similar pattern of expression in
embryos, it is of interest to determine if they also display a similar pattern of expression
in differentiating neonate or adult tissues. Thus, two of the paralogues of Hox-a4 have
been tested for their expression pattern in postnatal testes. The Hox-b4 and Hox-d4
genes are expressed in adult testis (68), thus superficially supporting the notion that
paralogues exhibit similar expression patterns. However, there are marked differences
in other aspects of the expression pattern of these three paralogues. For example,
while Hox-a4 appears to be expressed exclusively in testis and not other adult tissues
(61-63), Hox-b4 and -d4 transcripts are abundant in many different adult organs (68,69).
The particular cell types in the testis which express these three paralogues also differ.
Germ cell and somatic cell populations both express Hox-b4 at very low levels as
determined by in situ hybridization and mRNA analysis from testes of germ cell deficient
mice (68). In contrast, the germ cell population solely expresses Hox-a4 (64), The
other paralogue, Hox-d4, displays yet another expression pattern: it is expressed only in
interstitial cells not in germ cells (68).

Hox-a4 appears to be the only orthologue that displays germ cell-specific
expression. The two neighboring genes, Hox-a3 and -a5, are not only expressed in
germ cells, but also in many non-testicular somatic tissues, such as kidney and ovary
(68,70). However, Hox-a3 and -a5 are not expressed in somatic cells of the testis, as
determined by northern blot and in situ hybridization analysis of at/at or +/+ mouse
strains (68). Thus, the immediately neighboring orthologues of Hox-a4 display an
expression pattern in testis that is more similar to the Hox-a4 gene than the paralogues,
Hox-b4 and -d4, both of which are expressed in somatic cells of the testis.

Very few homeobox gene expression patterns have been characterized in the

epididymis. Hox-a 4 is not expressed in the epididymis (J.S. Lindsey and M.F.
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Wilkinson unpublished results). In contrast Hox-c8 appears to be highly expressed in
the epididymis but not the testis based on a study in which transgenic mice were
generated by homologous recombination that contained a lacZ gene to disrupt the Hox-
c8 coding region (71, unpublished results J.S. Lindsey and M.F. Wilkinson).

Homeobox genes have been classified into many subgroups based on the
primary amino acid sequence of the 60 residues in the homeodomain that dictate their
DNA-binding specificity. The large Hox gene family is grouped together based on their
homology with the classical Drosophila Antennapedia homeodomain and the fact they
are clustered on four chromosomes. Other homeobox gene families are dispersed
throughout the chromosomes. The paired family has an additional DNA-binding
conserved motif of 130 amino acids. Mutations in Pax-6 present a phenotype of severe
visual defects in Small eye mice (72,73), rats (74,75), humans (76-78) The Drosophila
homologue for Pax-6, eyeless, directs ectopic eye development when expressed in
imaginal disc primordia (79). To date, of the eight known paired homeobox genes,
analyses show Pax-2 expression in the epididymis and Pax-5 (80) expression in the
testis of normal male mice. Interestingly, in testicular feminized male mice, the gonads
do express Pax-2 (81). The specific cell types that express these genes in the male
reproductive system are unknown.

Oct homeobox gene family members encode homeodomains that diverge from
classical Drosophila sequences. They also encode another DNA-binding region termed
the POU-specific domain. Several Oct family members appear to be expressed in
testicular tissue. Oct-6 mRNA locates in the testis but is not found in spermatozoa (82).
Oct-6 is identical to Tst-1, isolated by PCR from testis cDNA (83), and SCIP, a cAMP-
regulated gene (84). Like virtually all known Hox genes, Oct-6 is expressed in the
developing central and peripheral nervous systems, as well as embryonal carcinoma
stem cells (83-86). RNase protection and northern blot analyses show an accumulation

of Oct-3/4 in testis (87). Another POU-domain gene, Sperm-1, which is most related to
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the Oct-3/4 gene, is selectively expressed in male germ cells 36-48 hours prior to
meiosis | (88).

Although the Pem homeodomain sequence bears some similarity to those
encoded by paired family members, it is sufficiently divergent to be placed in a new
homeobox gene family. Surprisingly, Pem transcripts are also expressed in the majority
of immortalized and malignant cell lines that we have analyzed , regardless of cell
lineage (89). During early gestation of the mouse embryo, primitive endoderm- and
trophectoderm-derived cells of the placenta and yolk sac express Pem whereas, other
embryonic or extra-embryonic cell lineages do not express Pem (89,90). In addition,
embryonal carcinoma stem cells cultured in vitro exhibit this in vivo expression pattern:
F9 stem cells induced to differentiate into visceral or parietal endoderm up-regulate Pem
mBRNA expression as assessed by northern blot analysis (3) and in situ hybridization
(90,91). However, northern analyses did not detect Pem transcripts in any of the adult
mouse tissues that have been tested including, liver, stomach, heart, pancreas,
intestine, brain, lung, kidney, pituitary, thymus, and spleen (1,89). Pem is the only
known homeobox gene shown to reside on the X-chromosome (90). Therefore, Pem
differs significantly from other known homeobox genes in expression patterns and in

chromosomal location.

Hypotheses.
This work was done to identify an adult developmental system which expressed
Pem in order to further investigate specific expression patterns, regulation, and function
of this homeobox gene. The hypotheses that Pem mRNA expression is located in
specific cell types of the male reproductive system, is expressed during a specific
developmental period, and is regulated by developmental signals were addressed.
Studies of gene expression during spermatogenesis generally show what type of

cell in this system expresses a given gene. The somatic cells (Leydig, peritubular, and
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Sertoli) have been well characterized for temporal gene expression as determined by
transcript analyses by in situ hybridization, RNase protection of mMRNA from isolated cell
populations, and testis from mutant animals deficient in germ cells. The various stages
of germ cells (spermatogonia, spermatocytes, and spermatids) have also been similarly
studied by separation of the various germ cell populations, by using mutant mice which
are defective at a certain stage of germ cell development, and by synchronizing germ
cell development by a diet deficient in vitamin A. In the epididymis, cellular locations of
gene expression have been determined for many genes. In this organ, newly
transcribed RNA is not made in the spermatozoa because the chromatin is tightly
wrapped around a special histone called protamine. Therefore, to my knowledge, the
mRNA that is expressed in the epididymis strictly locates to somatic cells. Even though
these cells are very similar throughout the highly convoluted tubule, genes are
expressed in sometimes very limited regions of the epididymis. Since many different
genes have been studied in these various cell populations of the testis and epididymis,
the hypothesis was made that Pem is expressed by a certain cell population. RNA
analyses of separated cell populations of the testis and of mutant mouse testes deficient
in germ cells along with in situ hybridization analyses provided evidence that Sertoli
cells expressed Pem. In situ hybridization of the epididymis showed Pem transcripts in
the somatic cells of a specific region.

The second hypothesis that Pem was expressed during a specific developmental
period was based on the fact that most significant developmental genes are expressed
during a phase of development when particular morphological and molecular events
take place. The determination of this temporal expression may give some insight as to
what the function(s) is of the gene of interest. In the testis and epididymis there are five
basic phases of development, prenatal, infantile, pubertal, spermatogenesis, and sperm
maturation. In addition, spermatogenesis is an ongoing cyclical developmental system.

The main focus of this hypothesis was postnatal, pubertal, spermatogenesis, and sperm
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maturation. It was determined by time course analyses of mRNA from testes and
epididymides from as early as five days after birth into adulthood that Pem expression
was coincident with developmental periods in both organs which responded to
increased androgen levels. During spermatogenesis, a cyclic pattern of expression was
detected. Pem transcripts were localized primarily in the androgen-dependent stage VI
seminiferous tubules as determined by in situ hybridization of mouse testes.

This correlation with androgen levels and the data that showed Pem expression
in the androgen responsive Sertoli cell population led to the hypothesis that Pem was
regulated by testosterone. We tested this hypothesis with a gonadotropin-deficient
mutant mouse and with a surgically induced gonadotropin-deficient mouse and rat
model which lacked Pem transcripts. Testosterone induced Pem transcripts in both
animal models but at different levels between mouse and rat testes. The restored Pem
levels in rat epididymis were comparable to normal rats.

Therefore, these results show that the homeobox gene, Pem, is a
developmentally regulated gene which is induced by testosterone in Sertoli cells of the |
testis and somatic cells of the epididymis during spermatogenesis and sperm

maturation.
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MYOID CELL

Figure 1. A schematic drawing of a cross-section of the seminiferous tubule.
Spermatogonia (gonia) are located close to the basement membrane. Spermatocytes,
located between Sertoli cells are more mature toward the lumen. Spermatids begin as
round cells then undergo spermiogenesis, dramatic morphological changes of cell
structure and shape. Special Sertoli cell-germ cell adhesion molecules (open
arrowheads) exist from spermatocyte stage until the elongated spermatid is released to
the lumen. Closed arrows beneath spermatocytes point to Sertoli cell-Sertoli cell
adhesion structures which form the Sertoli cell barrier. Both of these cell-cell structures
are necessary for spermatogenesis. (used with permission from Cache River Press
from "The Sertoli Cell" L. Russell and M. Griswold eds.)
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POTENTIAL NUMBER OF MALE GERM CELLS IN A CLONE (RAT)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
DOV DD\ D\ DD DDV 4 16
‘ (16 A, Conjoined Spermatogonia; Huckins, 1978)
FENED\. A SPERMATOGONIA 32
. " @)\ 64
Vo) & CONCONCN. A 128
In 256
512
PRIMARY 1024
SPERMATOCYTES
SECONDARY 2048

SPERMATOCYTES

. SPERMATIDS 4096

Figure 2. The successive stages of germ cell development. One spermatogonia
undergoes four cell divisions to form 16 A1 spermatogonia which then continue to
divide, go through meiosis, differentiate, and potentially form 4,096 spermatids. (used
with permission from Cache River Press from "Histological and Histopathological

Evualuation of the Testis", L. Russell, R. Ettlin, A. Hikim, E Clegg, eds.)
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STAGES OF THE CYCLE

Figure 3. Cycle maps of mouse and rat (page 16) spermatogenesis. The vertical
columns show cell associations within a given stage (Roman numerals). The bottom
horizontal row gives spermatogonia just from the In stage on to the B stage; divisions of
spermatogonia before this have not been shown to be stage related. Second horizontal
row depicts: Pl= preleptotene, L=leptotene, Z=zygotene, P=pachytene, Di=diakinesis,
m2%m=meiosis II. The third horizontal row shows differentiation of spermatocytes into
round spermatids and elongate spermatids which continues into the top horizontal row
and ends when the spermatids are released to the lumen. (used with permission from
Cache River Press from "Histological and Histopathological Evualuation of the Testis",
L. Russell, R. Ettlin, A. Hikim, E Clegg, eds.)
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SUMMARY

Pem, an orphan homeobox gene located on the X chromosome, encodes a putative
transcription factor that possesses a homeodomain related to those in the Prd/Pax gene
family. In this communication, we show that the Pem gene is expressed in a stage-
and cell-type specific manner in the reproductive tissues of adult and postnatal male
mice. RNase protection, in situ hybridization, and northern blot analyses of wild-type
and spermatogonia-deficient mutant mice localized Pem transcripts to Sertoli cells of the
testis. Sertoli cells expressed Pem primarily in stage VII-VIIl seminiferous tubules of
adult mouse testis, the stages at which spermatogonia enter meiosis. During
prepubertal testicular development, Pem expression was dramatically induced on day
nine just prior to the first meiotic event in germ cells. Pem gene expression in Sertoli
cells depended on gonadotropins, as demonstrated by a lack of expression in mutant
mice which do not produce these hormones. Injection of luteinizing hormone into
homozygous hypogonadal mice induced Pern expression in the testes. Germ cells
need not be present for expression of Pem transcripts in testis as shown in homozygous
dominant white spotting (WVY/WVY) mice that lack germ cells. Pem transcripts also
accumulated in the apical cells of the proximal cauda region of the epididymis, the
region where spermatozoa gain forward motility and fertilization competence. Pem
expression in the epididymis did not depend on spermatozoa in the lumen of the testis,
but did depend on the presence of germ cell-induced factors. During prepubertal
development, temporal expression of Pem in the epididymis differed from that found in
the testis and correlated with testosterone levels. Collectively, our results show that
discrete cell types in male reproductive tissues transcribe and independently regulate
the Pem homeobox gene. To our knowledge, Pem is the first candidate transcription

factor demonstrated to be gonadotropin-regulated in Sertoli cells.
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INTRODUCTION

Complex signaling events and cascades of responding messengers dictate mammalian
development. Transcription factors, including those encoded by homeobox genes, are
part of this cascade. Homeobox transcription factors contain a conserved 60 amino
acid motif termed a homeodomain that engenders DNA binding specificity. Many
homeobox genes have been classified as members of homeobox gene sub-families on
the basis of sequence homology in the homeodomain region (Dubuoule, 1994).
Members of the Hox, Prd/Pax, and POU homeobox gene families have been shown to
dictate discrete developmental events in Caenorhabditis elegans, Drosophila
melanogaster, Xenopus laevis, and mice (Dubuoule, 1994). In contrast, little is known
regarding the function of orphan homeobox genes that display insufficient sequence
identity to be classified as members of homeobox gene sub-families. The expression
pattern of these orphan homeobox genes has suggested biological systems in which
they may dictate developmental events. For example, the TTF-1 gene encodes a
thyroid specific homeodomain protein that binds to promoters expressed exclusively in
thyroid follicular cells (Civitareale et al., 1989; Francis-Lang et al., 1992). The Gtx
orphan homeobox gene is transcribed in glial cells of the brain and germ cells of the
testis (Komuro et al., 1993). The Msx-71 and Msx-2 genes are expressed in the
mesodermal progress zone of the developing limb bud and of the mandibular and
maxillary arches (Davidson et al., 1991; Robert et al., 1991). The Cdx-7 (Duprey et al.,
1988) and HNF-1 genes (Baumhueter et al., 1990; Blumenfeld et al., 1991) are
expressed in endoderm-derived tissues.

In a search for developmentally regulated genes, we used the subtraction
hybridization approach and isolated the orphan homeobox gene Pem (MacLeod et al.,
1990; Wilkinson et al., 1990). The mouse Pem gene encodes a 210 amino acid protein

that includes a divergent homeodomain in the carboxy terminal portion of the molecule.
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The Pem homeodomain possesses most of the conserved amino acids known to be
important for homeodomain protein folding and DNA-binding, yet it is clearly not a
member of any of the known classes of homeodomains since it displays only 30-35%
sequence identity with the most closely related Prd/Pax homeodomains (Sasaki et al.,
1991; Rayle et al., 1991). Pem gene transcription is first evident at the morula and
blastocyst stages of the pre-implantation embryo (Lin et al., 1994). After implantation,
trophectoderm and descendent cells in the placenta express Pem protein and mRNA
(Wilkinson et al., 1990; Lin et al.,1994). Pem is also expressed by primitive endoderm
and its derivatives, including parietal endoderm and the visceral endoderm in the
visceral yolk sac (Wilkinson et al., 1990; Lin et al.,1994). Embryonal carcinoma stem
cells cultured in vitro mimic this in vivo expression pattern: F9 stem cells induced to
differentiate into either visceral or parietal endoderm up-regulate Pem mRNA
expression as assessed by northern blot analysis (Sasaki et al., 1991) and in situ
hybridization (Labosky et al., 1993; Lin et al., 1994). Diploid embryonic stem cells
induced to differentiate also display a dramatic up-regulation of Pem gene expression
(Sasaki et al., 1991). Collectively, these studies show that the Pem gene exhibits a
unique tissue- and stage-specific pattern of expression during embryogenesis. In
contrast, past studies have suggested that the Pem gene is not expressed by adult
mouse tissues. Northern analyses did not detect Pem transcripts in any of the adult
mouse tissues that had been tested, including, liver, stomach, heart, pancreas,
intestine, brain, lung, kidney, pituitary, thymus, and spleen (MaclLeod et al., 1990;
Wilkinson et al., 1990).

In this work, we show that the Pem gene is expressed in the testis and
epididymis during pre- and postpubertal development. The testis and epididymis are
derived from the endoderm and make up the primary organs involved in
spermatogenesis. This developmental system is well defined morphologically and

molecularly and is a logical system within which to explore the expression and
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regulation of Pem. Other homeobox genes have been shown to be transcribed in the
mouse spermatogenic system. The POU-homeobox gene Sperm-1 is transiently
expressed immediately prior to meiosis in germ cells (Andersen et al., 1993). Hox-a4 is
expressed specifically in postmeiotic germ cells of the testes, not in somatic cells of the
testis or in other organs, including epididymis (Wolgemuth et al., 1991; Lindsey and
Wilkinson unpublished results). In contrast, Hox-b4 and -d4 genes are expressed in
adult testes as well as many other adult tissues (Featherstone et al., 1988; Graham et
al., 1988). The only known homeobox genes to be expressed in the epididymis are
Hox-c8 and Pax-2 (Mouellic et al., 1992; Fickenscher et al., 1993; Lindsey and
Wilkinson unpublished results).

In this study, we demonstrate that the Pem homeobox gene is expressed by
Sertoli cells in the testis. Pem is the first homeobox gene shown to be expressed by
Sertoli cells. We also show that Pem is expressed by somatic cells in a specific region
of the epididymis that studies suggest regulate germ cell maturation (Blaquier et al.,
1988). We make use of mutant mice that are defective in the spermatogenic system to
determine the specific pathways that regulate Pem expression in testis and epididymis.
Pem expression in these two cell types exhibits unique temporal kinetics in newborn
mice and is regulated by distinct factors. The expression of the Pem gene in Sertoli
cells is dependent on the gonadotropin LH for expression. This property is unique: no
other transcription factors are known to depend on this gonadotropin for expression in
Sertoli cells. The temporal and spatial pattern of Pem expression in testis and
epididymis corresponds with several important biological events in spermatogenesis,
including meiosis, spermatid release into the lumen of the testis, and spermatozoa

maturation in the epididymis.
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METHODS AND MATERIALS

Animals
BALB/c and mutant mice were obtained from The Jackson Laboratory (Bar Harbor,
Maine). Animals were housed in the Oregon Health Sciences University animal care
facility and cared for according to approved protocols. Animals were killed by CO»
asphyxiation. Testes and epididymides were immediately removed and RNA was
extracted. For the gonadotropin experiments, homozygous hypogonadal mice (four in
each of the three groups) were injected with 2 pg of purified porcine follicle stimulating
hormone (FSH, from Sigma), 40 ng of purified ovine luteinizing hormone (LH, from
Sigma), or 0.9% sterile saline twice daily at 12-hour intervals for two or seven days and
then killed by CO» asphyxiation. We repeated these experiments three times.

We verified the absence of germ cells in the epididymis of homozygous quaking
and dominant white spotting mice by mincing the epididymi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>