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Post-meiotic gene
expression

ROBERT P. ERICKSON

Evolutionary arguments and well-designed experiments
(based on false premises, bowever) bad suggested that
post-meiotic gene expression did not occur in animals. The
techniques of molecular genetics bave now clearly
demonstrated such genetic activity in mammalian testes.
The current problem is to understand why some classes of
genes, such as Zfy and many oncogenes, are expressed in
this manner.

without interposed cell membranes. Such cytoplasmic
continuity could allow the products of any genes that
might be expressed post-meiotically to be shared
among haploid nuclei>. While the sharing of 2 post-
meiotically expressed gene product in spermatids of a
heterozygous transgenic mouse has now been shownb,
it has not yet been shown in Drosopbila, but a clear-
cut case of post-meiotic transcription involves a nuciear-
retained heat shock gene transcript (W.G. Bendena,
A. Ayme-Southgate, J.C. Garbe and M.L. Pardue, un-
published). In contrast to the infrequent detection of
post-meiotic transcription in Drosophila’, a plethora of
such transcription has now been found in mammals —
so much so that one wonders why it should be so
common. This review will examine the development
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of this new view and discuss the question of the poss-
ible functions of post-meiotic gene expression.

Evidence for post-meiotic gene expression

The time interval between the meiotic divisions of
oogenesis and fertilization is so short (sometimes the
meiotic divisions are triggered by fertilization) that
there is little or no time for post-meiotic, gamete-limited
gene expression during egg development. Thus, we are
concerned with pecst-meiotic gene expression during
spermatogenesis. The overall features of spermato-
genesis were recently reviewed by Willison and
Ashworth in TIG8 and are summarized in Fig. 1.
Spermatogenesis refers to all the steps from spermato-
gonia to mature sperm, while spermiogenesis refers to
the phase of marked morphological differentiation that
starts with the post-meiotic spermatid. It was originally
believed that little RNA was transcribed after meiosis,
since early mouse spermatids exposed to short pulses
of PHluridine showed only a very small peak of
incorporation when examined by autoradiography.
However, more recent quantitztive autoradiographic
studies have demonstrated that the rate of RNA syn-
thesis per cell decreased fourfold during meiosis, so

the RNA synthesis/DNA ratio was unchanged®. Studies
on separated testicular cells confirmed that there are
high rates of RNA synthesis in post-meiotic cell stages.
Direct visualization of transcription by electron mi-
croscopy indicates that both ribosomal and hetero-
geneous nuclear RNA are synthesized in spermato-
cytes, but nucleolus-like ribosomal RNA transcription
patterns were not found after meiosisi®. Thus, the new
RNA synthesis after meiosis is not merely ribosomal
RNA. Sucrose gradient and electrophoretic character-
ization of newly synthesized RNA from spermatids
demonstrated heterogeneous presumptive mRNA!.

As more tools of molecular biology were de-
veloped and applied to the characterization of post-
meiotically synthesized RNA, the results were
surprising: Analysis by two-dimensional gel electro-
phoresis of the products of in vitro translation of RNA
purified from separated spermatocytes and spermatids
showed twice as many spermatid-specific as
spermatocyte-specific gene products, with only a
relatively small number of proteins synthesized in
both cell types (Fig. 2). Assays for the mRNA for
specific proteins (by in vitro translation from purified
RNA) demonstrated that mRNA for protamine and
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phosphoglycerate kinase-2 (PGK-2) increased after
meiosis12, However, since the mRNAs might have been
transcribed earlier, and only processed post-
meiotically, these results did not yet prove that there
was post-meiotic transcription. Thereafter, several
groups made cDNA libraries and found clones for
specific mRNAs that increased, or fitst appeared, after
meiosis!3-15. A survey of testicular cDNAs showed that
about half increased in abundance after meiosis!6.
About half of these (a quarter of the total} first
appeared after meiosis!6. Thus, ample confirmation of
post-meiotic gene expression has been obtained.

Classes of post-meiotically transcribed genes

Of the many genes now known to be transcribed
post-meiotically, this pattern of transcription makes
sense for some but not others (Tables 1 and 2). It
is easily understood for sperm-specific proteins
whose transcription occurs near the time of translation
~ the usual scenario in development. For example,
the mRNA for sperm-specific o-tubulin, perhaps
needed for cytoskeletal reorganization during the
dramatic structural changes that occur during spermio-
genesis, or for the sperm flagellum itself, does not
even appear until the late spermatid stage!”. This may
also be the reason for post-meiotic transcription of
Y-actin, which has been identified as the product
of the gene that also codes for the y-actin in smocth
musclel8,

The mRNAs for LDH-X (a lactate dehydrogenase
isozyme) and PGK-2, two sperm-specific isozymes,
both appear earlier but increase in abundance after
meiosis. In the case of LDH-X, almost half the syn-
thesis occurs before the first meiotic metaphase, but

nuclear run-off experiments demonstrzte continued
post-meiotic transcription!>. In the case of PGK-2,
there is transcription at pachytene with further tran-
scription occurring after meiosis!9, but little or none of
the pre-meiotically transcribed message is found on
polysomes, while the specific mRNA is abundantly
found on polysomes after meiosis. The expression of
Pgk-2 is thought to compensate for the extinction of
expression of X-linked Pgk-1 due to post-meiotic X-
inactivation. It has been proposed that the abundant
expression of LDH-X reflects a need for its altered
substrate specificity in spermatozoa. However, its ex-
pression might be related to its ability to bind single-
stranded DNA, which could play a role in chromatin
reorganization.

Protamine, transition protein 1, and testicular his-
tone 2B are chromatin proteins clearly involved in the
massive reorganization of DNA in the sperm nucleus.
One would predict that they would not be needed
until after meiosis and it has been repeatedly demon-
strated that they are transcribed after meiosis!3.2021,
Post-meiotic transcription of histone 2B has also been
confirmed by nuclear run-off experiments2!. Prepro-
acrosin is a precursor of a sperm enzyme involved in
fertilization and the transcript does not appear until
after meiosis22.

The reasons for the abundant post-meiotic
expression of genes such as oncogener, homeobox
genes, and even the putative sex-detertining gene,
zinc finger Y (Zf3), are less clear (Tabl's! 1 and 2).
Testicular cell protein 1 (TCP 1) was kaown to be
expressed at low levels in other tissues. At has only
recently become apparent that its greatly increased
synthesis during spermiogenesis, which is included
in the phase of post-meiotic transcrip-
tion, is probably related to its role
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FIGH tion of other oncogenes (reviewed in

Diagram of protein patterns on two-dimensional gels from in vitro translation of
purified RNA in spermatocytes versus spermatids based on multiple gels of each
cell type. Spermatid-specific proteins are indicated by filled, numbered traces;
spermatocyte-specific proteins by unfilled, unnumbered traces;
common in both cell types by filled, unnumbered traces. Reproduced from

Ref. 28) is surprising, given that the
sperm is a terminally differentiated cell
type, and bespeaks our lack of knowl-
edge about the function of cellular
oncogenes in normal development. The

and proteins

Ref. 40 with permission of Academic Press,
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c-mos (Ref. 28), c-abl (Ref. 29) and



c-pim-1 (Ref. 28) genes encode kinases
(and part of fp is also a kinase), while
c-N-ras (Ref. 28) encodes a GTP-binding
protein; such functions do not have an
obvious role in spermiogenesis. Perhaps
the identification of the c-mos gene
product as the cyiostatic factor CSF,
involved in cleavage arrest30, is relevant
to its transcription post-meiotically
when spermatids lose their potential to
divide. The c-int-1 gene codes for a
secreted protein, perhaps a growth fac-
tor, that is expressed in the embryonic
nervous system (and its homologue in
Drosopbila, wingless, has a role in early
development) but it has no obvious role
in spermiogenesis3!.

We get little help in our understand-
ing of the role of these oncogenes in
post-meiotic germ cells by contrasting
them with proto-oncogenes expressed
pre-meiotically. High levels of c-myc
and c-jun mRNAs are found in sperm-
atocytes32. Both encode nuclear proteins
and the c-jun gene product complexes
with the c-fos product (expressed at
high levels in spermatogonia3?), to
form a DNA-binding complex whose
target sequence is the activator protein-1
(AP-1) binding site. The expression of
trans-acting factors binding tc the
AP-1 site may be involved in the
transcriptional control of genes that
begin to be expressed at or near the

time of meiosis. The role in spermiogenesis33 of
preproenkephalin, an endogenous opioid precursor
in the central nervous system, is also far from clear.
roles during

Calmodulin22 has many potential
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Tams 1. Some genes that have been shown tobe

post-mek
* Timeoffirst  Natureof
Name ~appearance evidence = Reference
Sperm/testes specificc
otubulin® - Late spermatids: Northernd . . 17
‘Heat shock protein 70 Pachytere .~ Northem =~ . 24

: . §|
LDH-X

. - Pachytene . Nuclear run-off -~ 15
} "o Spermatocytes - L e,
Pgk-2 - ‘Pachytene. ~  Northern 19
; " . spermatocytes , '
Protamine Round spermatids Northern 13
Preproacrosin ~ Spermatids Insitu ' 22
R hybridizationP
Transition protein - Spermatids In situ 20
one : i hybridization
Not germ-line specific . ' '
Actin, smooth Late spermatids  Northern .18
muscle type ‘
1 kb calmodulin Round spermatids Northern | 22
c-int-1 oncogene Spermatids Northern 31
Tcp-1 (testicular cell  Earliest stages Northern 21
protein-1)
Zinc finger Y Spermatids Northern .25
Male enhanced antigen Earliest stages. ~ Northern 34

aThe term 'northern' indicates that northern analyses have demonstrated
increased amounts of specific RNA in separated post-meiotic celis.

bThe term 'in situ hybridization' indicates that specific RNA is found
only in spermatids or is greatly increased in post-meiotic stages.

spermiogenesis, while the function of male enhanced
antigen34 is unknown. Clearly, inactivational or mu-
tational analysis of the role of these gene products in
spermatogenesis is needed.

TABLE '2. Genes with altered splicing/processing during post-meiotic transcription

'Normal' Characteristics Alterations in post-
Class tissue of of normal meiotically expressed
of gene Name expression  transcript transcript References
Oncogenes c-abl Many 5.5 and 6.5 kb 4,0 kb with truncated 3' 29
terminus, polyadenylation
at unusual site without
consensus polyadenylation
signal
c-mos Many 13,14and23kb 17kb 28
c-pim-1 Immune tissues 2.8 kb 24 kb 28
ifp (retfinger  Many 24 kb, 3.4 kb 28 kb 26
protein)
N-ras Many 13,24and50kb  13kb 27
Developmental .. Hox 1.4- . Embryonic . - 1.7,24kb 1.35 kb in spermatocytes, 27
genes , spinal cord 1.45 kb in spermatids
Others Histone 2B “Testes 500 bp not 800 bp polyadenylated plus 21
polyadenylated 12 extra C-terminal amino acids
. Preproen- Brain 1500 bp 1900 bp, little metenkephalin 33
kephalin » peptide detected
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Altered post-meiotic transcripts and polyadenylation

As Table 2 shows, genes that are expressed both
post-meiotically in round spermatids, and in other tis-
sues, often produce different transcripts in these tis-
sues. Some apparent examples of this have turned out
to be due to transcription from different genes. For
example, in the case of heat shock protein 70 there
was cross-hybridization of the probe to the transcript
of a differeni gene that was being uniquely expressed
in testes?4. In the case of histone 2B (Ref. 21), it is poss-
ible that the 500 bp testis transcript is from a testis-
specific gene, but not the one that gives rise to the 800
bp polyadenylated transcript. However, in many other
cases there is clear evidence for alternative splicing
and/or processing from the same gene. For instance,
c-abl has multiple transcripts in lymphoid tissues,
resulting from differential splicing of 5' exons. However,
the short 4 kb mRNA that is found in testis results from
premature termination, with polyadenylation at a site
apparently lacking consensus polyadenylation sig-
nals®, Oppi et al?? conclude that 'testis cells contain
special enzymes that have different sequence specificity
for transcription termination and polyadenylation com-
pared with their somatic cell counterparts'.

It has been found for many post-meiotically tran-
scribed genes, including protamines and transition pro-
teins, that the initial mRNA has a long poly(A) tract
which shortens as the messages shift from the nonpoly-
somal to the polysomal compartment3. In general, the
presence of long polyadenylation tracts has been found
for messages whose synthesis begins after meiosis, but
which are not translated until later stages of spermio-
genesis. On the other hand, in the case of LDH-X, for
which transcription and translation start pre-meiotically
with continued transcription after meiosis, the poly-
adenylation increases after meiosis30. Perhaps the
changes in transcription termination or polyadenyl-
ation in post-meiotic cells might be related to changes
in the poly(A)-binding protein, which determines
mRNA stability ir vitro and is required for 60S ribo-
somal subunit-dependent translation initiation3”.

While it has been demonstrated in transgenic mice
that the 5' regions of some post-meiotically expressed
genes contain the sequence information required for
correct timing of expression, only recently have studies
started to explore the role of 3' untranslated  sequences
in translational regulation. Very interestingly, fusion
with 156 nucleotides of 3' untranslated sequence from
the mouse protamine gene delayed the translation of a
human growth hormone recorder gene3 in transgenic
mice from early in spermatogenesis to the elongating
spermatid stage when the protamine 1 gene is normally
translated. In addition, whereas the control transgenic
product was located in the acrosome, the product of
the fusion gene was still intracellular, but not in the
acroscme.

Conclusion

Post-meiotic gene expression is now well docu-
mented. Current studies are examining special mech-
anisms of transcriptional and translational regulation
during spermatogenesis, Experiments designed 1o
elucidate the mechanisms of transcript termination,
polyadenylation and translational control, and signal-

ing of proteins for various compartments are
underway. For many genes, such as proto-oncogenes,
for which the reason for post-meiotic expression
remains unexplained, targeted 'knock outs' by homol-
ogous replacement in embryonic stem cells will be
pursued. However, because homologous replacement
of those genes that are also expressed in the early
embryo may cause embryonic lethality, one may need
to use antisense transgenes, which have the potential
to cause a conditional mutation of the function if a
testis-specific promoter is used.
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