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ABSTRACT We report that a 2.4-kilobase (kb) pim-)
transcript is expressed in the germ cells of mouse testis.
Analysis of purified populations of spermatogenic cell types
indicates that the 2.4-kb transcript is selectively expressed in
haploid postmeiotic early spermatids. The evidence for a
developmentally regulated expression of pim-1 in haploid
spermatids suggests a possible developmental role for this
protooncogene product. The 2.4-kb pim-1 transcript present in
postmeiotic cells differs in size from the 2.8-kb transcript
usually detected in somatic tissues. Similar testis-specific tran-
scripts have been seen for mos and abI genes. These data
suggest specificity in transcription or processing of certain
genes in haploid male germ cells. We have also analyzed other
representative protooncogenes, including examples of protein
kinases, the ras family, and the "nuclear" protooncogenes.
The results indicate that additional protooncogenes are pref-
erentially expressed in either meiotic pachytene cells or post-
meiotic early spermatids. These findings suggest a differential
regulation of gene expression in these two developmental
stages of germ cells. In particular, analysis of expression of the
three members of the ras gene family indicates a distinct
temporal differential regulation in the expression of the Har-
vey, Kirsten, and N-ras genes in these germ cells.

Cellular protooncogenes are the normal alleles of genes
found to be involved in cellular transformation via diverse
mechanisms of activation (1). Activated oncogenes can
cause cells to divide inappropriately, but, other than this
prima facie involvement in neoplasia, relatively little is
known about the mechanisms by which the products of these
genes operate. The functions of protooncogenes are gener-
ally assumed to be involved in regulation of cellular prolif-
eration. Support for this hypothesis has come from evidence
such as the identification of certain oncogenes as genes
encoding growth factors or growth factor receptors (2, 3).
Genes such as fos and myc may be involved in transducing
growth factor signals that trigger activation of genes needed
for cell proliferation (4-8). Some cellular oncogenes are
regulated during differentiation (8, 9) and development
(10-12). Recent reports have indicated that constitutive
expression of some oncogenes can prevent or induce differ-
entiation in at least some in vitro systems (13-17). Expres-
sion of protooncogenes during development suggests partic-
ipation of these genes in normal developmental processes.
Sequence similarities have recently linked the cellular pro-
tooncogenes int-i and rel with genes known to be involved in
Drosophila development (18, 19).

The pim-J gene has been detected as a preferential site of
provirus integration in virus-induced murine T-cell lym-
phomas (20). The insertion of Moloney murine leukemia
virus in the pim-) locus enhances pim-) transcription, sug-
gesting that the pim-) gene can be activated in its transform-
ing potential by a mechanism similar to that reported for
other protooncogenes (21). The pim-1 locus codes for a
2.8-kiobase (kb) transcript in all normal mouse tissue ana-
lyzed (refs. 20 and 21; V.S., data not shown).
Male germ-cell differentiation is a complex process that

couples mitotic and meiotic cellular divisions with marked
structural changes (22). After mitotic spermatogonial prolif-
eration, the last DNA duplication gives rise to tetraploid
preleptotene spermatocytes that then enter meiosis. After a
prolonged prophase, in which genetic recombination occurs
at the pachytene stage, two cellular divisions without chro-
mosome duplication result in haploid early spermatids (post-
meiotic cells). Early spermatids undergo complex structural
changes (spermatogenesis) to form mature spermatozoa.

Passage of cells from the pachytene to the early spermatid
stage is accompanied with selective changes in gene expres-
sion. Specific changes in actins and tubulins have been seen
(23), and an unusual actin transcript of 1.4 kb has been
detected in haploid early spermatids (24). a-Tubulin cDNAs
have also been cloned from a mouse testis cDNA library and
found to encode polypeptides expressed exclusively in the
testis (25). Recently, analysis of gene expression in the testis
has revealed that several other genes are also expressed
during male germ-cell differentiation (26-31). Some of these
genes produce transcripts in germ cells that differ from those
seen for the same genes in other tissues.

Analysis of protooncogene expression in mouse tissue by
Muller et al. (10) indicated that a testis-specific 4-kb c-abl
transcript was detectable in mouse testis. This transcript has
been further characterized as specifically expressed in post-
meiotic haploid spermatids (31). More recently c-mos and
int-i have also been found to be actively transcribed in
mouse testis (32-36).
We report here that a 2.4-kb pim-) transcript is expressed

specifically in postmeiotic spermatids of the adult mouse
testis. An extension of such analysis to the expression of
representative protooncogenes indicates selectivity in the
expression of some of these genes in either pachytene
spermatocytes or postmeiotic spermatids. The data reported
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here suggest a role of these protooncogene products in
normal germ-cell development.

MATERIALS AND METHODS
Prepuberal (<10 days old) newborn mice and sexually
mature (>2 mo) CD-1 mice were obtained from Charles
River Breeding Laboratories. Si/Sid mice were provided by
R. Stevens (The Jackson Laboratories). twS/tw12 mice were
provided by K. Artzt and D. Bennett (University of Texas,
Austin). Quaking mice were purchased from The Jackson
Laboratories.

Purified germ-cell preparations were from mature male
Swiss CD-1 mice. Testes were decapsulated, and cell sus-
pensions were obtained by trypsinization of the seminiferous
tubules. In each cell preparation (20-25 mice) 109 cells were
loaded into an elutriation rotor (Beckman model JE-6D with
Saunderson elutriation chamber) to yield cells that were
sequentially purified by Percoll density gradients according
to Meistrich et al. (37).
The cells were extensively washed in phosphate-buffered

saline and then counted. The homogeneity of each fraction
was assessed by both structural and histochemical parame-
ters (37, 38). We routinely obtained a 98% homogeneous
pachytene-spermatocyte population and at least 95% puri-
fied round-spermatid preparation (Fig. 1). Cell pellets were
frozen at -70'C until use for RNA extraction. Frozen
pellets were then dissolved in a 4 M guanidinium isothiocya-
nate solution, and the suspension was homogenized by using
a Polytron homogenizer. RNA was isolated according to
Chirgwin et al. (39). RNA samples were denatured by
heating at 650C in a formamide/formaldehyde solution, and
electrophoretic separation was obtained in 1.1% agarose gel.

100%

Twenty micrograms of total cellular RNA was loaded in each
lane.
RNA was then transferred to a Nytran membrane by

overnight blotting as previously described (40). Filters were
hybridized overnight with 2-5 x 106 cpm of 32P-labeled
DNA probe per ml. DNA probes were labeled by random
priming to an efficiency of 0.5-1 x 109 cpm per ,ug. Filters
were washed at a final stringency of 0.1 x SSC (1 x SCC is
0.15 M sodium chloride/0.015 M sodium citrate)/0.5%
NaDodSO4 at 650C. Autoradiography was done at -70'C
with an intensifying screen. The pim-J probe was the BamHI
fragment, probe A, described in ref. 20. The mos probe was
the probe D described in ref. 32. The abl probe was the Sma
I-HindIII 1.9-kb fragment from pABsub3 (41). The rafprobe
was the SacII-Xho I 0.7-kb fragment from p3611 (42).
Ha-ras probe was the BamHI-EcoRI 2.2-kb fragment from
pHEE6 (43). Ki-ras was an EcoRI 1-kb fragment from
pHiHi3 (43). N-ras probe was a Bgl II-HindIII fragment
corresponding to the 3' untranslated region (A. Pellicer,
New York University). The myc probe was an Xho I
fragment of the mouse c-myc cDNA described in ref. 6. The
fos probe was a Pst I-Bgl II fragment of v-fos described in
ref. 5.

RESULTS
Expression of Protooncogenes of the Class of Protein Ki-

nases in Germ Cells: A Distinct 2.4-kb pim-l Transcript Is
Expressed in Postmeiotic Cells. The pim-J locus has been
found to be activated in murine leukemia virus-induced
T-cell lymphomas (20, 21). Sequence analysis indicates that
the pim-J gene is a member of the protein kinase class of
oncogenes (44). RNA blot analysis has indicated that pim-1
transcripts are detectable mainly in thymus and in spleen
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FIG. 1. RNA and nuclear protein synthesis in murine spermatogenesis (modified from ref. 38). Germ cells from adult CD-1 mice were
isolated as described. Photographs are x 400 magnifications of cells after fractionation. I, resting stage; II, leptotene and zygotene (3-day) stage;
III, pachytene (7-day) stage; IV, diplotene and diakinesis (1-day) stage; V, I and II meiotic division (0.5 day); VI and VII, spermiogenesis (13.5
days)-early spermiogenesis (early spermatids) and late spermiogenesis, respectively.
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FIG. 2. Expression of pim-1, mos, abi, and raf protooncogenes
in male germ cells. Total RNA was isolated as described. Lanes: 1,
newborn mice testis; 2, adult mice testis; 3, pachytene cells; 4, early
round spermatids; 5, adult liver; and 6, adult ovaries.

(20, 21). In these tissues a pim-1 transcript of 2.8 kb has been
described.

Studying the expression of protooncogenes in the male
mouse germ line (Fig. 1) we have seen a specific 2.4-kb pim-1
transcript in testis from adult mice. Fig. 2 shows the results
of the analysis of pim-1 transcripts in newborn and adult
mouse testis and in preparations of purified pachytene
spermatocytes and postmeiotic early spermatids. The pres-
ence of the 2.4-kb transcript appears to correlate with sexual
maturation because in testis from newborn mice only a low
level of the 2.8-kb pim-l transcript is seen (lanes 1, 2).
Analysis of total RNA prepared from purified preparations
of pachytene spermatocytes and from postmeiotic sperma-
tids indicated that the particular 2.4-kb transcript is ex-
pressed only in postmeiotic spermatids (lane 4). In RNA
extracted from adult mouse ovaries we saw only the 2.8-kb
transcript (lane 6).
Also shown in Fig. 2 are the data on the expression of the

mos gene in germ cells. The mos testis-specific transcript
first observed by Propst and Vande Woude (32) is also
present only in sexually mature adult animals (lane 2) and is
not present in prepuberal mice (lane 1). Analysis of RNA
extracted from purified germ cells indicated that the mos-
related mRNA was specifically detected in postmeiotic cells
(lane 4). The observed size of this mRNA species is 1.7 kb,
corresponding to the band seen in adult testis. In RNA from
cells at the pachytene stage we did not see any mos tran-
script. In ovaries from adult mice a smaller mos-specific
transcript of 1.4-kb size was seen (lane 6). While this work
was in preparation, other groups reported the expression of
the mos oncogene in purified germ cells (33-35).
For comparison, the specific expression of the abl pro-

tooncogene is also shown in Fig. 2. We have also analyzed
the raf protooncogene (42), another member of the protein
kinase class, which we found to be transcribed in both
newborn and adult testis. However, in contrast with the
above-described genes, analysis of purified pachytene cells
and early spermatids indicated that the rafgene is expressed
mainly in meiotic pachytene cells; a significant reduction in
the levels of raf transcript occurs when the cells complete
meiosis and divide to form early spermatids.

1.6Kb

FIG. 3. Differential expression of the members of the ras family
genes in male germ cells. RNA samples were as follows: newborn
testis (lane 1), adult testis (lane 2), pachytene cells (lane 3), early
round spermatids (lane 4), and adult ovaries (lane 5). H-ras, Ha-ras;
K-ras, Ki-ras.

Expression of the Three Members of the ras Family in
Murine Male Germ Cells. Three closely related, evolution-
arily conserved ras genes are present in the mouse genome
(45). Little information is currently available about the
physiological roles of these genes. These genes encode
highly conserved proteins, differing only at the carboxyl
terminus, a region implicated in interaction with the plasma
membrane and possibly with other proteins. Using a probe
specific for Ha-ras we detected low levels of transcript in
both meiotic and postmeiotic cells (Fig. 3). As shown in the
same figure, Ki-ras transcripts were detected only in RNA
from cells at the pachytene stage. No hybridization to RNA
extracted from spermatids was seen. Analysis of the tran-
scripts specific for N-ras, the third member of the ras family,
was done with a probe specific for the 3' untranslated region
of the mRNA (provided by A. Pellicer, New York Univer-
sity). A high level of N-ras transcript is seen in testis from
adult mice compared with newborn testis. Consistent with
this result, a low level of the N-ras gene transcripts is seen in
pachytene cells, and a 10- to 20-fold increase in message
levels can be seen as the cells differentiate into postmeiotic
spermatid cells.

Expression of Protooncogenes Encoding Nuclear Proteins.
Another group of protooncogenes that has been defined by
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FIG. 4. Expression of protooncogenes encoding nuclear pro-
teins. Total RNA, 20 A.g per lane, was from newborn testis (lane 1),
adult testis (lane 2), pachytene cells (lane 3), and early spermatids
(lane 4).
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FIG. 5. Detection of pim-1 transcripts in RNA from testes of
mutant mice with defects in germ-cell development. RNA was
isolated as described, and 20 ,ug of total RNA was loaded per lane.
Lanes: 1, S1/SI" mice; 2, qk/qk mice; 3, tw5/tw12 mice; 4-6,
pachytene spermatocytes, early spermatids, and residual bodies
from CD-1 adult mice, respectively.

their products' functional properties as well as their intra-
cellular location is represented by the "nuclear" protoonco-
genes. As representatives of this group we have studied the
expression of c-myc and c-fos genes. Analysis of fos gene
expression indicates that this gene is transcribed in the germ
cells at the pachytene stage (Fig. 4). The level of fos gene
transcripts appears to drop when the cells differentiate to the
stage of early spermatids. The level offos transcripts is too
low to be detected in newborn and adult testis (lanes 1 and
2). We did not detect c-myc transcripts in either newborn
and adult testis or in purified pachytene and early spermatid
cells, consistent with previous reports (46).

Sterile Mutant Mouse Strains: pim-1, mos, and abl Tran-
scripts as Markers of Germ-Cell Differentiation. Experiments
were done to assess whether those genes preferentially
expressed in the haploid phase of spermatogenesis may be
used as markers of defects in germ-cell differentiation. For
this purpose three different strains of sterile mice were used.
We first analyzed SI/S1" mice, which completely lack male
germ cells (47). The second mutant strain we used was
quaking (qk) mice, which carry an autosomal recessive
mutation that causes defects at the level of myelinization in
the central nervous system and almost complete azoosper-
mia in the homozygous male (48). However, in contrast to
Sl/5Sd mice, which completely lack germ cells, qk/qk mice
possess germ cells that are able to complete the meiotic
process and form spermatids but are unable to complete
spermiogenesis. The third strain of mutant sterile mice that
we examined was tws/tw)2 mice (49). These are of particular
interest in that they can complete the entire process of
spermatogenesis and produce spermatozoa that are infertile.
An interesting feature of these latter mice is that they are
mutants of the T (brachyury) locus, the involvement of
which in spermatogenesis has long been studied (49).

Analysis of RNA from these mutants demonstrates that
expression of the 2.4-kb pim-J transcript correlates with the
presence of spermatids in quaking and twS/tw]2 mice. Lack

of germ cells in Si/Sid mice results in failure to express the
2.4-kb transcript (Fig. 5). Also Fig. 5 shows that the pim-1
transcript detectable in early spermatids is present in RNA
prepared from residual bodies as well (lane 6).

In Table 1 we report a more extensive analysis of genes
expressed in mutant mice testes. No testis-specific tran-
scripts for abl and mos genes could be detected in RNA
extracted from the testes of adult Si/Sid mice, confirming
that also these genes are specific for germ cells. In RNA
preparations from both qk/qk and twS/tw2 animals we
observed the testis-specific abl and mos transcripts that
correlate with the presence of postmeiotic cells in these
animals. The level of expression of the N-ras gene was also
consistent with the presence or absence of early spermatids
in testis of the mutants.
By comparing expression of the genes of pim-J, mos, and

abl with stages of germ-cell development reached in each
mutant, it is evident that these genes can be used as markers
for the presence of germ cells differentiated to the stage of
early postmeiotic spermatids. The results also indicate that
other unknown defects cause sterility in qk/qk and tWS/fHt2
strains of mice.

DISCUSSION
We report the presence of a 2.4-kb pim-J transcript ex-
pressed in adult mouse testis, in addition to the known
2.8-kb transcript found expressed in other tissues such as
thymus (20, 21, 44). The 2.4-kb pim-J transcript is specifi-
cally expressed in the germ cells, as indicated by lack of this
transcript in testis from adult Sl/51d mice. Analysis of RNA
from purified germ cells shows that expression of this
transcript is restricted to postmeiotic early spermatids.
These data strongly suggest that pim-1 is implicated in the
normal development of male germ cells. An atypically sized
testis-specific transcript for this gene also provides a molec-
ular marker for differentiating male gene cells.
We have also studied the expression of a larger group of

protooncogenes in murine male germ cells. An interesting
example is provided by the expression patterns of the three
members of the ras gene family. Although low levels of
Ha-ras transcript are present in both pachytene and post-
meiotic cells, a substantial expression of Ki-ras can be
observed for cells at the pachytene stage but not in early
spermatids. In contrast, N-ras transcripts, quite low in
pachytene cells, are found abundantly expressed in early
spermatids.

This is one of the clearest examples of differential expres-
sion among members of the ras family and is interesting
because of recent evidence for ras gene involvement in
differentiation and development (11, 17). In contrast With
genes such as pim-1, abl, mos, and N-ras, which are
expressed preferentially in postmeiotic haploid cells, we
have found that raf, fos, and Ki-ras appear to be expressed
preferentially in pachytene cells and that the levels of

Table 1. Expression of protooncogenes in testes from mutant mouse strains with different genetic
lesions that affect spermatogenesis

Mutant mice CD-1 mice

SI/Sid qk/qk tw /w12 Newborn Adult
Germ-cell Null Spermatids Spermatozoa Spermatogonia Spermatozoa

developmental stage (infertile) (fertile)
Oncogene
pim- - + + _ +
c-abl - + + _ +
c-mos - + + - +
N-ras + + + + +

+, Expression of gene; -, no gene expression; ±, slight gene expression.
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transcripts from these genes decline in postmeiotic early
spermatids. These results indicate that postmeiotic early
spermatids express a pattern of genes different from the one
seen in pachytene cells.
Haploid gene expression has been reported for some genes

(26, 27, 31, 33-36, 50); some of these genes produce tran-
scripts of unusual size in early spermatids that differ from
the transcript expressed in other somatic tissues. Our finding
of a specific 2.4-kb pim-1 transcript in early spermatids, and
the similar findings for other genes such as abl and mos (refs.
31, 33-35; and our results), as well as our data on N-ras
expression, together suggest that transcripts of these genes
result from de novo transcription occurring in early sperma-
tids. These data also indicate that in early spermatids some
genes undergo a specific initiation or processing of tran-
scripts to produce the observed testis-specific RNA. That
different transcripts can be processed from the same gene
has been demonstrated; such a process (51) can cause
alterations in the coding sequences or affect mRNA func-
tions or stability in another way (52, 53). In postmeiotic
cells, the reason for atypically sized transcripts is unknown.
Specificity of the cell system suggests that these transcripts
may represent more stable messages that can survive for the
time needed by early spermatids to mature into fully differ-
entiated spermatozoa (38). In agreement with this hypothe-
sis, we detected the 2.4-kb pim-) transcript in the residual
bodies (Fig. 5, lane 6) that are released from the differenti-
ated spermatozoa, as has also been observed for other
testis-specific transcripts (24, 27, 31, 36).

Detection of a testis-specific 2.4-kb pim-J transcript and
the demonstration of the regulated expression of other
protooncogenes in male germ cells, encoding proteins that
are sometimes rarely expressed in somatic tissues, suggests
that products of these genes are causally involved in the
differentiation of these cells. This developmental system
should help illuminate the function of these genes.
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