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During mammalian spermatogenesis, meiosis is followed by a brief period of high transcriptional activity.
At this time a large amount of mRNA is stored as messenger ribonucleoprotein (mRNP) particles. All subse-
quent processes of sperm maturation occur in the complete absence of transcription, primarily using proteins
which are newly synthesized from these stored mRNAs. By expressing transgene mRNAs in the early haploid
spermatids of mice, we have investigated the sequence requirements for determining whether specific mRNAs
in these cells will be stored as mRNP particles or be assembled into polysomes. The results suggest that mRNAs
which are transcribed in spermatids are assembled into mRNP particles by a mechanism that acts indepen-
dently of mRNA sequence. Our findings reveal a fundamental similarity between the mechanisms of transla-
tional control used in spermatogenesis and oogenesis.

The haploid stages of spermatogenesis, termed spermiogen-
esis, and the prehaploid stages of oogenesis are two occasions
in vertebrate development wherein large-scale assembly of
mRNAs into messenger ribonucleoprotein (mRNP) particles
occurs. In both cases, the sequestration of mRNA as mRNP
particles temporarily represses translation and thereby serves
as a mechanism that uncouples transcription and translation.
Thus, since the late stages of spermiogenesis occur in tran-
scriptionally inactive cells (29), mRNA sequestration provides
a mechanism by which mRNAs can be synthesized prior to
transcriptional arrest but not translated until their protein
product is required (reviewed in references 13 and 21). In oo-
genesis, mRNA sequestration provides a mechanism by which
the mRNAs required for meiotic maturation and the mRNAs
required for the early stages of embryonic development can be
preformed by the primary oocytes. As such, the oocyte is ca-
pable of completing meiosis without transcription, and the egg
is poised for large-scale protein synthesis immediately after
fertilization (34, 43, 44).

The translational regulatory system in oocytes must accom-
modate at least three classes of mRNAs. One class must be
translated immediately, another class of mRNAs are transla-
tionally delayed until later maturation of the oocyte, and yet
others are translationally delayed until after fertilization. Mi-
croinjection experiments using Xenopus oocytes have demon-
strated that even though most mRNAs injected into oocytes
are translationally active, nearly all mRNAs that are tran-
scribed in the oocyte nucleus are translationally repressed in
the cytoplasm by assembly into mRNP particles (2, 28, 51).
Importantly, these studies indicate that translational repres-
sion in oocytes does not require specific sequence elements (2,
28). Rather, at least some proteins that are synthesized by
oocytes, for example, linker histone B4 (6) or transcription
factor TFIIIA (28, 50), are encoded by genes which contain
specific signals that allow their mRNAs to be translated im-
mediately. Interestingly, these signals are not encoded in the
mRNAs per se (2). Rather, regulation is dependent on signals
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in the gene that determine the pathway of nuclear processing,
termed the nuclear history, of the mRNA (28). A recent study
indicates that the pathway chosen can be determined by the
intron/exon organization of the gene (28).

Although translational repression in oocytes does not de-
pend on specific sequences, at least some oocyte mRNAs do
contain specific translational regulatory sequences (45). For
example, in mouse oocytes, mRNA encoding the tissue-type
plasminogen activator (tPA) contains regulatory elements in
the 3’ untranslated region (3'-UTR) that play a role in delay-
ing the translation of this mRNA until meiotic maturation of
the oocyte (16). When the tPA 3’ regulatory sequences are
cleaved from cytoplasmic mRNAs in situ, translational repres-
sion is unaffected; however, the oocyte subsequently fails to
activate translation of the mRNA during meiotic maturation
(47). The tPA 3'-UTR sequences can also direct masking of
exogenous mRNAs injected into mouse oocytes (48). How-
ever, since translational repression of mRNAs transcribed in
vivo is mRNA sequence independent (2, 28), the tPA 3'-UTR
is more likely an activator responsible for inducing translation
during meiotic maturation (47) than a repressor necessary for
the dormant state of tPA mRNA in primary oocytes (48). A
plausible model for translational regulation in oocytes is that
the default mode for in vivo-transcribed mRNAs is to be trans-
lationally repressed. mRNAs required immediately are target-
ed to the polysomes by gene-specific regulation of mRNA nu-
clear history; mRNAs required for prezygotic maturation have
specific sequences to allow activation at the correct time; mRNAs
lacking activation signals remain repressed until fertilization.

In spermiogenesis, by contrast, a distinct mechanism of
translational repression has been hypothesized (reviewed in
references 3, 21, and 44). A classic study by Braun et al. (4)
demonstrated that specific sequences on the mRNA encoding
protamine 1 (Prm1), an mRNA which is translationally de-
layed in spermiogenesis (18), caused delayed translation of a
reporter mRNA. Because the onset of protein accumulation
from transgenes lacking these sequences was not delayed, it
has been presumed that specific sequences from the prm! gene
are responsible for masking Prm1 mRNA by targeting it to
mRNP particles (3, 8). A corollary of this hypothesis is that
mRNAs which lack specific targeting sequences should be ex-
cluded from mRNP pools and instead translated immediately.
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Thus, although the assembly of mRNAs into mRNP particles is
mRNA sequence independent in oocytes, it has been thought
that mRNP assembly in spermatids requires specific mRNA
sequences. Examples of mRNA sequence-specific translational
repression have been documented for individual mRNAs in
somatic cells, such as the ferritin subunit mRNAs (26) and the
human immunodeficiency virus transcript (42). However, in
adult testis, more than 70% of all mRNA is mRNP particle as-
sociated at any given time (17, 19, 51). Interestingly, although
some mRNP particle-associated spermatid mRNAs share con-
served sequences (12, 22), many other mRNAs that are se-
questered in spermatids exhibit no obvious sequence similari-
ties (21). These observations suggest that if assembly into
mRNP particles were sequence dependent, a rather large num-
ber of distinct mRNA sequence elements would have to be
specifically recognized by the targeting machinery.

Efforts to purify and identify proteins responsible for target-
ing Prm1 mRNA and related mRNAs to mRNP particles have
resulted in the cloning and identification of several spermatid
mRNP-associated proteins, including the poly(A)-binding pro-
teins (11, 20), the Prm1 RNA-binding protein (25), the sper-
matid perinuclear RNA-binding protein (40), and the testis
nuclear RNA-binding protein (41) (see references 14 and 21
for reviews). Whereas several of these proteins show greater
affinity for Prm1 mRNA sequences than for arbitrary se-
quences, none have been shown to be required for assembling
protamine mRNA into mRNP particles. Importantly, in con-
sidering the contrasting mechanisms of mRNP particle assem-
bly proposed for spermatids and oocytes, the Y-box-containing
FRGY and MSY proteins, which are major components of
mRNPs in oocytes (2, 33), are also associated with spermatid
mRNPs in vivo (23, 51). This observation suggests that the
mechanisms of mRNP assembly are at least partially conserved
between spermatids and oocytes.

In this study, we have examined the mRNA sequence re-
quirements for sequestration of mRNAs into spermatid mRNP
particles. We find that in spermatids, like in oocytes, assembly
into mRNP particles occurs independently of the sequence of
the mRNA. Our results suggest an unexpected and fundamen-
tal similarity between the processes of translational control in
oocytes and spermatids.

MATERIALS AND METHODS

Transgene construction and production of transgenic mice. All transgenes
were based on vector mP1-hGH (human growth hormone)-hGH-3' (4, 31) and
contained prml promoter sequences extending from the upstream HindIII site
(—4100 from the cap site). In transgenes 1 to 5, the reporter genes were inserted
at the synthetic BamHI linker at prmI sequence position +91 from mP1-hGH-
hGH-3'. Transgene 6 contained prml! promoter sequences from —4100 to —1
from the cap site and initiated transcription at the first base of the synthetic
linker upstream of the reporter gene. Transgenes 1 and 5 had hgh 3’ sequences
extending from the Bg/II site in exon 5 (163 bp upstream of TAG) to the EcoRI
site 800 bp downstream of Bg/II [633 bp downstream of the poly(A) site]).
Transgenes 2 and 6 contain hgh 3’ sequences from the Smal site 3 bp down-
stream of TAG to the EcoRI site. Transgene 3 contained the Bg/lI/EcoRI
hgh/prm1 terminator from plasmid mP1-hGH-mP1-3’ (4). Transgene 4 contained
the simian virus 40 (SV40) small intron/poly(A) region isolated by using NotI/
AfII from plasmid pEGFP-1 (Clontech Laboratories).

Three different structural genes were used: the parental genomic Agh reporter
gene from the BamHI site 60 bp upstream of the translation initiation codon to
the Smal site 5 bp downstream of TAG (4); the modified green fluorescent
protein (GFP) cDNA isolated from plasmid pEGFP-1; and the bacteriophage P1
Cre recombinase (46). All transgenes were linearized at the HindIII site 4,100 bp
upstream of the cap site and were injected into the pronuclei of fertilized mouse
eggs by using standard procedures (15). Mouse lines were named by a binary
system wherein the transgene designation is followed by a unique letter for each
founder bearing that transgene. Assays were performed on 6- to 12-week-old
heterozygous males from crosses between heterozygous and wild-type parents.
To estimate gene copy, serial dilutions of transgenic mouse tail DNA were pre-
pared in wild-type mouse DNA. These samples were compared by quantitative
PCR to a standard curve of pEGFP plasmid DNA diluted in wild-type mouse DNA.
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As controls, the GFP-hGH region (without the Prm1 leader) or the Prm1-
GFP-hGH region (including the 91-bp Prm1 leader) of transgene 1 was excised
with BamHI/EcoRI or Spel/EcoRlI, respectively, and inserted under the control
of the cytomegalovirus (CMV) promoter in vector pSCT-GAL-X556 (35). The
mouse hepatoma cell line Hepa-1 c4c7 was cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal calf serum, 100 U
of penicillin per ml, and 100 pg of streptomycin per ml. Cells (10° cells/10-cm
dish) were plated 24 h before transfection with 10 wg of supercoiled plasmid
DNA, using 45 pl of Superfect reagent (Qiagen) as specified by the manufac-
turer. After 3 h, the cells were rinsed with 5 ml of medium and replenished with
10 ml of medium. After an additional 5 h (8 h posttransfection), dishes were
rinsed with 1X phosphate-buffered saline (PBS) and quick-frozen at —80°C.
Cytoplasmic lysates were prepared and used for velocity sedimentation within
48 h as described previously (36).

Fluorescence microscopy sample preparation. Whole seminiferous tubules
were gently teased out of decapsulated testes into 1X PBS. Tubules were placed
on slides in 1X PBS with pieces of a broken coverslip as shims, covered, and
observed by confocal fluorescence microscopy. For thick sections, whole decap-
sulated testes were fixed for 1 h at room temperature in 1X PBS containing 4%
paraformaldehyde. These were embedded in 15% gelatin—1X PBS blocks, which
were then fixed overnight at 4°C in 1X PBS containing 4% paraformaldehyde
and washed in 1X PBS; sections roughly 100 um thick were cut on a vibratome.
To obtain thinner sections, the fixed decapsulated testes were embedded over-
night at 4°C in 1X PBS containing 15% sucrose and then cast into blocks of 15%
sucrose—7.5% gelatin. Blocks were frozen at —20°C, and 10-pwm sections were cut
on a cryostat. Vibratome and cryostat sections were collected on slides, flooded
with 1X PBS containing 50% glycerol, covered with coverslips, and viewed
immediately. In most lines (e.g., line 1a), the spermatid-specific GFP fluores-
cence was roughly 3 orders of magnitude above background for nonfixed tissues
(Fig. 1A) and roughly 2 orders of magnitude above background for formalde-
hyde-fixed samples (not shown).

RNA preparation, velocity sedimentation, and RNase protection. Total RNA
was prepared from whole testes by sedimentation through CsCl cushions as
described previously (37). For total RNA from cells sorted by fluorescence-
activated cell sorting (FACS), samples in 1X PBS (sheath fluid) were collected
directly into 1/10 the final volume of 10X TES (100 mM Tris [pH 7.5], 50 mM
EDTA, 10% sodium dodecyl sulfate) containing 20 g of proteinase K per ml.
Samples (5 ml) were incubated at 55°C for 10 min. Each sample received 250 pl
of 20% sarcosyl and 500 ul of 2.2 M ammonium acetate (pH 5), and each was
extracted twice with 2 ml of phenol-chloroform. Nucleic acids were precipitated
with isopropanol (5 ml) and resuspended in water, and high-molecular-weight
RNA was precipitated on ice with a final concentration of 3 M LiCl. For
measuring levels of nascent transcripts, nuclear RNA was purified as described
previously (39). The RNA/DNA ratio in the nuclei preparations was 0.11.

Preparation and velocity sedimentation of testis and Hepa cell cytoplasms on
exponential sucrose gradients, equivolume fractionation, and RNA extraction
were performed as described previously (36, 38). A portion of the RNA from
each fraction was denatured for 5 min at 75°C in 66% formamide, separated on
0.8% agarose gels, and stained with ethidium bromide to evaluate RNA integrity.
Equal proportions of RNA from each fraction were used in each assay.

RNase protection experiments were performed as described previously (37).
The following RNase protection probes were used. Endogenous Prm1 mRNA
and mRNAs from transgenes having the GFP cassette fused at +91 (transgenes
1 through 4) were detected with a probe that spanned prml genomic sequences
from the Spel site at —40 to a synthetic BamHI linker fused at +91 (subcloned
from plasmid mP1-hGH-hGH-3' [31]) followed by the 21 bases of sequence
between BamHI and Ncol from the polylinker of plasmid pEGFP-1. This probe
gives a 91-base protected fragment for the endogenous Prm1 mRNA and an
approximately 116-base protected fragment for correctly initiated transgene
mRNAs. A second smaller band is also observed for all RNA species. Because a
smaller protected fragment is observed with synthetic control mRNA in the
standard curve, we suspect that the smaller bands represent an unstable region
of the RNA-RNA duplex formed with this probe rather than mRNA heteroge-
neity. Comparisons to signals obtained with wild-type mice confirmed the iden-
tity of the GFP-specific signal (Fig. 1B). For quantitation of GFP mRNA levels
and for detecting mRNA from transgene 6, an internal probe spanning se-
quences between 235 and 521 of plasmid pEGFP-1 was used. To generate
synthetic GFP control mRNA, the 1,774-bp Avrll/EcoRI prmI-GFP-hgh-3'-
UTR region from transgene 1 was inserted into EcoRI/Xbal-cut pBS+ (Strat-
agene), which was subsequently linearized with EcoRI and transcribed with T3
RNA polymerase to generate a 1,804-base transcript. Synthetic mRNA concen-
tration was determined spectrophotometrically, and dilutions in yeast RNA car-
rier were used to generate a standard curve. For detecting transgenic Cre mRNA, an
internal probe spanning 193 bases of sequence between BamHI and EcoRV of
the Cre protein-coding sequences was used. To detect glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA, the previously described GAPDH
probe (a 161-bp Accl fragment spanning sequences from +197 to +357 of the rat
GAPDH ¢DNA) and conditions for stabilizing the rat-mouse hybrid were used
(38). For GAPD-s mRNA, the probe used contained 13 bases of genomic
sequences upstream of the cap site followed by cDNA sequences from the cap
site to a synthetic Xhol linker inserted 30 bp downstream of the BamHI site in
exon 2 (53) and thereby maps both the cap site and the exon 1/exon 2 junction.
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Testis cell explants and FACS. For each sort, both testes from a 6- to 9-week-
old mouse were harvested and minced into 10 ml of ice-cold 1X PBS containing
colcemid (20 pg/ml; Sigma) and 5 mM EGTA and were incubated on ice 15 min.
Seminiferous tubules were transferred into fresh tubes containing 200 pl of
hyaluronidase (10 mg/ml; Sigma) in 1X PBS and incubated at 35°C for 5 min.
Samples received 10 pl of 1 M CaCl, and 200 pl of crude collagenase (10 mg/ml;
Sigma) and were incubated for an additional 5 min at 35°C. Samples then
received 2 ml of 1X trypsin solution (Gibco/BRL) and 2 ml of Dispase solution
(10 mg/ml; Gibco/BRL) in 1X PBS and were incubated on a slowly rotating 35°C
incubator until dissociated (about 45 min). Proteases were quenched by addition
of 2 ml of ice-cold fetal calf serum, and cells were passed twice through 35-um
nylon mesh filters. Cell suspensions were kept on ice or at 4°C during sorting. An
aliquot of each explant was stained with trypan blue and assayed for cell viability.

Cell suspensions were sorted on either a Coulter FACS or a Beckman FACS
apparatus, using 1X PBS for sheath fluid; gated cell samples were collected
directly into lysis buffer for RNA analysis. Before and after preparative sorts,
aliquots of 2 X 10* GFP-expressing (GFP") and 2 X 10* non-GFP-expressing
(GFP™) cells were collected and resorted to obtain quantitative estimates of cell
purity.

RESULTS

Transgene design and expression. The pioneering study by
Braun et al. (4) on translational control of transgene expres-
sion in mouse spermatids used the Agh reporter gene under
control of the mouse prml gene promoter, a promoter that is
active only in the early spermatids of transgenic mice (31, 56).
In that study, the effects of fusing the reporter gene to different
3'-UTRs were investigated. When the normal 4igh 3’-UTR was
used, no difference could be discerned between the time of
transgene mRNA appearance and the onset of hGH protein
accumulation. In contrast, when the Agh reporter gene was
fused to the prm1 3'-UTR, a translational delay was observed.
Both developmental and histochemical analyses showed that
although hGH mRNA accumulated in the round spermatids,
hGH protein was not detected until several days later, in the
elongating spermatids (4). The presence or absence of 5'-UTR
sequences was shown to be in consequential for this delay (3).
It was concluded that the prm1 3'-UTR is sufficient to confer a
translational delay on the Agh reporter gene, and it was in-
ferred that these same sequences are responsible for causing
the translational delay of Prm1 protein from the endogenous
Prm1 mRNA. Because the translational delay of Prm1 protein
synthesis is known to involve sequestration of the Prm1 mRNA
as mRNP particles and their subsequent release into poly-
somes (10, 17, 19, 21), it has been posited that the 3’-UTR of
Prm1 mRNA targets this mRNA to assemble into mRNP par-
ticles (3, 8).

If the above hypothesis is correct, then mRNAs lacking
spermatid-specific mRNP targeting sequences should be ex-
cluded from mRNP particle pools and should instead assemble
into polysomes and be translated immediately. To test this, the
transgenes shown in Fig. 1A were expressed in mouse sperma-
tids. To achieve expression specifically in spermatids, all of the
transgenes are based on the prml expression system (4, 31).
Three different reporter genes were used: (i) the genomic
hGH cassette (transgene mP1-hGH-hGH-3' [4]); (ii) the GFP
cDNA (transgenes 1 through 4 and 6); and (iii) the bacterio-
phage P1 Cre recombinase gene (transgene 5 [46]). None of
these reporter mRNAs exist normally in spermatids, and thus
all were expected to lack any putative spermatid-specific
mRNP targeting sequences. Because the study of Braun et
al. (4) suggested that differences in 3'-UTR sequences might
influence the subcellular targeting of the mRNA, we used
three different terminators: the Agh and prm1 3'-UTRs used by
Braun et al. (4) and the SV40 small intron/3’-UTR (Fig. 1A)
(49).

The transgenes did not appear to perturb normal spermat-
ogenic processes. In most cases, transgene mRNA levels were
substantially lower than endogenous protamine mRNA levels
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(Fig. 1B and C; Table 1), making it unlikely that transgene
mRNA could be saturating the translational control mecha-
nisms. Moreover, all of the GFP lines exhibited normal male
fertility, indicating that the mechanisms of spermatogenesis
remained functional.

Confocal fluorescence microscopy was used to monitor GFP
fluorescence in whole live seminiferous tubules (Fig. 2A and
C), on 100-pm formaldehyde-fixed vibratome sections, and on
10-pwm formaldehyde-fixed frozen testis sections (Fig. 1B) from
heterozygous males of transgenic mouse line 1b containing the
long hgh 3'-UTR. Strong GFP-specific fluorescence was de-
tected in postmeiotic germ cells (Fig. 2B and C, red and yellow
arrows) but not in regions where the prml promoter is ex-
pected to be inactive, such as domains of the seminiferous
tubules containing only prehaploid germ cells (pink arrows) or
in somatic cells. Fluorescence patterns were indistinguishable
between all mouse lines bearing transgene 1 or 4 (not shown).
Importantly, in mouse lines containing a transgene with either
the long igh 3'-UTR or the SV40 3'-UTR (transgene 1 or 4,
respectively), strong GFP-specific fluorescence was observed
not only in the late elongating spermatids (red arrows) but also
in the early round spermatids (Fig. 2B and C, yellow arrows).
This observation indicates that a large amount of GFP was
being translated at this early stage. Thus, similar to the study by
Braun et al. (4), we had generated mice that did not delay the
onset of translation of the reporter gene mRNA.

Under the conditions used to analyze mice bearing trans-
genes with either the long Agh 3'-UTR or the SV40 3’-UTR
(transgene 1 or 4), mice bearing transgenes with the short
hgh 3'-UTR or the prmI 3’-UTR (transgene 2 or 3) exhibited
somewhat weaker GFP fluorescence. Although the fluores-
cence was predominantly in the elongating spermatids (Fig.
2D, left panels), a small amount of GFP could also be detected
in round spermatids (Fig. 2D, right panels, yellow arrows).
Whereas the low accumulation of transgene 2 mRNA may
account for the reduced fluorescence in this line (see Discus-
sion), differences in transgene mRNA levels (Table 1) could
not account for the large differences in relative fluorescence
intensity in round spermatids between line 1 or 4 and line 3
(Fig. 2). Rather, transgene 3 mRNA was less efficiently trans-
lated in round spermatids. This observation corroborates re-
ports that the prmI 3'-UTR can delay translation of an mRNA
(3, 4).

Distribution of transgene mRNAs in mRNP particles and
polysomes. Although the results above confirm that the prmi
3’-UTR can delay translation of mRNAs during spermiogen-
esis, they do not indicate the mechanism. One possibility was
that the prm1 3'-UTR specifically targets mRNAs to assemble
into mRNP particles (3, 8). Alternatively, the prml 3'-UTR
might determine the timing of translational derepression of the
mRNA. In the former case, mRNAs lacking specific targeting
sequences would be excluded from assembling into mRNP
particles; in the latter case mRNAs would assemble into
mRNP particles nonspecifically and their release would be
regulated. To distinguish these possibilities, we measured the
proportion of transgene mRNA which was either mRNP par-
ticle or polysome associated in testes from each mouse line.
During velocity sedimentation, particles migrate as a function
of size; since polysomes are larger than mRNP particles, they
sediment at a higher velocity (9). Figure 3 shows the results of
representative RNase protection assays performed on the
RNA fractions from adult testes. The endogenous Prm1 and
GAPDH mRNAs served as controls for species that are either
largely mRNP particle associated or predominantly polysome
associated, respectively (Fig. 3) (19, 38). Transgene 3 contains
the prm1 3'-UTR sequences which have been shown to impart
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FIG. 1. Transgene design and mRNA expression. (A) Transgene design. Colors refer to sequences derived from the sources indicated. Positions of translation
initiation and termination codons are indicated. Fusion sites for the 4gh 3'-UTR are indicated above the transgenes. Transcription initiation sites are denoted by bent
arrows. Introns are shown as constrictions in the colored boxes in transgene mP1-hGH-hGH-3" and transgene 4. (B) Relative GFP mRNA and Prm1 mRNA expression.
At the top are indicated the samples in each lane. Mouse lines are designated by the transgene number followed by a unique letter designation for each founder carrying
that transgene; “wt” denotes wild-type mice. RNase protection assays were performed with the indicated samples and the Prm1-GFP probe. Lane p contains a roughly
1:300 dilution of nondigested probe; lane c is a control lane containing probe hybridized to yeast RNA. Comparison to wild-type testis confirmed the identity of the
transgene-specific signals. GFP-specific and Prm1-specific bands were excised from gels and were quantitated by liquid scintillation counting. Specific activities were
corrected for differences in the radiolabeled UTP content of each protected fragment, and the ratios are presented below the autoradiogram. (C) GFP mRNA levels.
The internal GFP probe, which does not hybridize to endogenous Prm1 mRNA and which gives an identical protected fragment with all of the GFP transgene mRNAs
and with the synthetic control mRNA, was used to quantitate transgene mRNA levels. Assays were performed on RNA samples from each GFP transgenic mouse line
and were quantitated by liquid scintillation counting of excised gel bands; data are presented in Table 1.

a translational delay on mRNAs (reference 4; also see above).
As expected, in testes from mice bearing this transgene, GFP
mRNA was largely mRNP associated (Fig. 3A, line 3c). Im-
portantly, however, in testes from mouse line la, which ex-
presses the GFP gene fused to the long hGH 3’-UTR, a large
proportion of the GFP mRNA was also assembled into mRNP
particles (Fig. 3A, line 1a). Indeed, the distribution of GFP
mRNA in line 1a was nearly indistinguishable from that of the
endogenous Prm1 mRNA. Subsequent analyses on testes from
mouse lines bearing the other GFP transgenes (transgenes 2
and 4, containing a shortened version of the hGH 3’-UTR or
the SV40 3'-UTR, respectively) indicated that these mRNAs
were also largely mRNP particle associated in adult testes (Fig.
3B). Because endogenous GAPDH mRNA in the samples was
almost exclusively in the rapidly sedimenting polysomal frac-

tions (Fig. 3), we could exclude the possibility that the slowly
sedimenting mRNAs resulted from partial RNA degradation
during sample preparation. Our results indicated that the prm?
3’-UTR was not required for assembly into mRNP particles.

To ensure that assembly of the GFP mRNA into mRNP
particles was spermatid specific and not due to a general trans-
lational defect in the mRNA, the Prm1 promoter from trans-
gene 1 was replaced with the CMV promoter and the GFP-
hGH transgene mRNA was expressed in mouse Hepa cells.
Analyses of cytoplasmic preparations from transfected cells
showed that GFP mRNA was predominantly polysomal (Fig.
3A, bottom), which confirmed that the transgene mRNA could
be efficiently translated in somatic cells.

To ensure that the GFP cistron did not have a cryptic signal
which targeted these mRNAs to assemble into mRNP parti-
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TABLE 1. GFP transgene steady-state mRNA production

Habloid sene GFP mRNA expres- GFP mRNA
Line P 8 sion (molecules/ molecules/

€opy no. spermatid) gene®

la 7 3,000 430
1b 7 3,600 514
1c 7 5,640 806
Avg/gene 583
2a 6 180 30
2b 23 1,200 52
2c 8 660 82
Avg/gene 55
3a 2 1,800 900
3b 1 1,500 1,500
3c 6 1,800 300
Avg/gene 900
4a 14 1,800 130
4b 9 2,280 253
4c 10 2,400 240
4d 4 2,520 630
Avg/gene 313
6a 4 15,840 3,960

“ The number of spermatids represented in each assay was calculated based on
the adult testis RNA/DNA ratio of 1.09 (37) an estimate of 0.33 pg of DNA per
spermatid, and an estimate of 67% of all testis cells being spermatids (all stages
included; only perhaps 20% of these will be the transcriptionally active round
spermatids). Each value represents data from a single animal.

b Since spermatids are haploid, the number of GFP mRNA molecules per
transgene is the number of GFP mRNA molecules per spermatid (third column)
divided by the haploid gene copy (second column).

cles, we expressed other nonspermatid mRNAs in mouse sper-
matids. mRNAs from either the parental transgene, mP1-hGH-
hGH-3' (4), or transgene 5, which contains the Cre cistron,
were predominantly mRNP particle-associated (Fig. 3B). Thus,
mRNP assembly was independent of sequences in either the
reporter gene or the 3'-UTR.

All of the transgenes tested thus far were based on the
constructs of Braun et al. (4), which utilized the prm1 cap site
and included 91 bases of prmI-derived 5'-UTR. Previous work
suggested that these sequences were neither necessary nor
sufficient for imparting a translational delay on reporter gene
mRNAs (3); however, it has been proposed that prml 5 se-
quences might interact with prmI 3’ sequences to target Prm1
mRNA to mRNP particles (44). To ensure that the prm! lead-
er sequences were not targeting the mRNAs to mRNP parti-
cles, transgene 6 was constructed (Fig. 1A). With this trans-
gene, no prm1-derived sequences are transcribed or present in
the mRNA. Confocal microscopy analysis of whole live semi-
niferous tubules from line 6a (Fig. 4A) showed GFP-specific
fluorescence restricted to postmeiotic germ cells and present
both in round (yellow arrow) and elongating (red arrow) sper-
matids. Velocity sedimentation analyses on adult testis from
mouse line 6a showed that transgene 6 mRNA, like the other
transgene mRNAs, was able to assemble into mRNP particles
(Fig. 4C). We conclude that no specific mRNA sequences are
required to direct the assembly of spermatid mRNAs into
mRNP particles. Therefore, sequence-specific translational reg-
ulation via the prm1 3’-UTR likely acts by modulating the
timing of release of the mRNA from mRNP particles rather
than by targeting the mRNA to assemble into mRNP particles.

Transgene mRNA stability. Mouse line 6a, bearing the GFP
transgene that lacked prmlI 5'-UTR sequences, was the stron-
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gest GFP-expressing mouse, producing so much GFP protein
that the whole testes appeared lightly chartreuse under stan-
dard room illumination (wild-type testes and those from the
other transgenic lines appear cream colored). Although most
of the GFP was sloughed off in the polar bodies during late
spermiogenesis, enough residual GFP remained to make the
mature spermatozoon strongly fluorescent (not shown). De-
spite this high level of expression, these mice exhibited normal
male fertility and a 50% progeny sex ratio.

Although line 6a contained relatively few copies of the trans-
gene (four copies per haploid genome), expression of GFP
protein in line 6a testis was reflected by high accumulation of
GFP mRNA (Fig. 1C; Table 1). To distinguish whether the
higher mRNA accumulation resulted from increased transcrip-
tion of this transgene or increased stability of the mRNA, we
measured levels of nascent transcripts in testis nuclei. Purified
nuclei contain almost no fully processed mRNA (55), so tran-
scripts measured in pure nuclear preparations represent na-
scent pre-mRNA levels (37, 39, 55). A probe for the spermatid-
specific GAPD-s mRNA was used to evaluate the nuclear
mRNA preparations because it will differentiate transcripts
which retain intron 1 from those in which the intron has been
removed (Fig. 4B). The results showed that although non-
spliced exon 1 mRNA was too rare to detect in total RNA
samples, it represented 43% of the GAPD-s transcripts in
nuclei. The high enrichment of unspliced mRNA in the nuclear
preparations is consistent with these samples containing only
nascent pre-mRNAs. Despite containing nearly threefold more
total GFP mRNA than line Ic, line 6a contained only 80% as
much nuclear GFP mRNA (Table 1; Fig. 4B). This indicates
that cytoplasmic mRNA from transgene 6 is roughly fourfold
more stable than that from transgene 1.

Spermatid-specific expression of gapdh gene family mem-
bers. GAPDH mRNA is a valuable control because in whole
testis lysates it is almost entirely polysomal (reference 38 and
Fig. 3). However, in light of the findings above, we became
curious about how GAPDH mRNA could be excluded from
mRNP particles. It was possible that the gapdh gene had spe-
cific signals that prevented its mRNA from assembling into
mRNP particles, as might be expected from the precedent set
by mRNAs encoding TFIIIA or histone B4 in frog oocytes (6,
28, 50). Alternatively, since all assays to date had been per-
formed with whole testis extracts, it was possible that, like oth-
er mRNAs which have been shown to be exclusively polysomal
in whole testis lysates (21), GAPDH mRNA might be ex-
pressed only in a subset of cell types in the testis, specifically
excluding the postmeiotic germ cells in which mRNP particles
are assembled.

Spermatids rely heavily on glycolysis for energy production
(30). As a part of their glycolytic machinery, spermatids ex-
press a gapdh gene family member named gapd-s (52, 53).
Velocity sedimentation analyses showed that GAPD-s mRNA,
unlike that encoding GAPDH, was predominantly associated
with mRNP particles (Fig. 3B, bottom). Thus, although it has
not previously been tested whether spermatids also express
GAPDH, the one gapdh gene family member which is known
to be expressed in spermatids does assemble into mRNP par-
ticles. Because GAPDH and GAPD-s appear to be enzymati-
cally equivalent (53), it seemed unlikely that they would be
differentially regulated in a single cell. Rather, we suspected
that the gapdh gene was not expressed in spermatids.

Whereas cell type expression of testis mRNAs is commonly
addressed by in situ hybridization, the sequence similarity be-
tween GAPDH and GAPD-s (52) complicated this approach.
Therefore, to test whether GAPDH was expressed in sperma-
tids, we wished to purify postmeiotic testis cells. Previous meth-
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FIG. 2. Expression of GFP protein. (A) Confocal fluorescent microscopy with bright-field back-lighting on whole seminiferous tubules from wild-type or line 1a
mice. (B) Confocal fluorescent and bright-field microscopy on 100-wm vibratome sections and on 10-wm cryosections of mouse line 1a testes. Yellow arrows indicate
tubules with round spermatids; red arrows indicate tubules containing elongating spermatids; the pink arrow denotes a tubule with only prehaploid germ cells. (C)
Whole live seminiferous tubules from mouse line 1a observed by confocal fluorescence microscopy showing regions with germ cells in the round spermatid stage (yellow
arrow), the elongating spermatid stage (red arrow), and regions with only prehaploid germ cells (pink arrow). (D) Confocal fluorescent microscopy of seminiferous
tubules from mouse lines 2a and 3b. Left, panels were photographed with a 6 objective and conditions used for panels A to C; right, panels photographed with a 16X

objective and 30-fold-higher laser excitation energy. Arrows are as in other panels.

ods for isolating testicular cell types from juvenile testes based
on unit-gravity sedimentation (1, 24) were deemed unsatisfac-
tory for sorting cells from adult testis containing motile sper-
matozoa. Therefore, we took advantage of the GFP-expressing
transgenic mouse lines to develop a method of separating post-
meiotic germ cells from other adult testis cell types by FACS
(Fig. 5).

Many of the cell divisions of testicular germ cells are incom-
plete, leaving cytoplasmic bridges between sister cells (7, 32).

Previous methods for explanting cells from testis (1, 24) dis-
rupted these bridges to produce discrete cells. In our experi-
ence, assays for specific mRNAs indicated mRNA was de-
pleted in samples isolated from cells prepared by this method
(discussed in reference 38), possibly due to partial mRNA
degradation or leakage after rupturing these bridges. The con-
ditions developed here start by treatment with colcemid to
depolymerize cytoskeletal microtubules, such that upon tissue
dissociation, the cells fuse through their cytoplasmic bridges to
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FIG. 3. Velocity sedimentation analysis of the distribution of mRNAs between mRNP particles and polysomes. Mouse testis or mouse Hepa cell cytoplasms were
sedimented through exponential 10 to 85% sucrose gradients, and total RNA was purified from each fraction. At the top of panel A is shown an ethidium
bromide-stained agarose gel of RNAs from a typical gradient (mouse line 1b). Gradient fractions (numbered from the top of the tube) are indicated. Below are
representative autoradiograms of RNase protection assays on gradient fractions. The mouse line represented in each assay is listed at the left; adjacent to this is
indicated the mRNA species being assayed. The positions of fractions containing mRNP particles and polysomes are indicated at the top. The Prm1 mRNA is much
shorter than the other mRNAs and therefore assembles into smaller mRNP particles and smaller polysomes. For this reason, all Prm1 signals are shifted one to two
fractions toward the top of the gradient (toward the left on the autoradiogram). As controls, GFP-hGH mRNA, either with (A, bottom) or without (not shown; both
mRNAs gave similar results) the 91-base prmI leader sequence, was expressed in mouse Hepa cells from the CMV promoter. The asterisk in lane 8 of the Cre sample
in panel B (line 5a) denotes a gradient fraction for which the RNA pellet was lost during purification.

form multinuclear cells (e.g., Fig. 5A, red arrows). Cell popu-
lations explanted by this method contained less than 0.1%
dead cells as measured by trypan blue exclusion (Fig. 5A, yel-
low arrow). Moreover, levels of specific mRNAs measured in
cells explanted by this method were indistinguishable from
those in whole testis (not shown). Populations of GFP* and
GFP ™ cells were separated by FACS (Fig. 5B). Fluorescence
microscopy and FACS reanalysis of sorted cell populations
indicated that the GFP ™ cell samples contained no detectable
GFP" cells (<0.1%); the GFP" cell populations contained
10 to 20% GFP™ cells in each sort. The reason for the lower
purity of the GFP™* samples is likely that single droplets con-
taining one GFP* and one GFP~ cell will be sorted as GFP™.
For our purposes, 10 to 20% carryover of GFP™ cells was
acceptable; results were mathematically corrected for the con-
tribution of GFP ™ cells.

RNase protection analyses showed that GFP and Prml
mRNAs were more than 100-fold enriched in the GFP™ cell
population (Fig. 5C). In contrast, GAPDH mRNA was four-
fold more abundant in the GFP~ cell population. In the

experiment shown, the GFP™' cell population contained
17.2% GFP~ cells (see above), which accounts for 69% of
the GAPDH mRNA in the GFP" sample. Thus, levels of
GAPDH mRNA were roughly 13-fold lower in the GFP™
postmeiotic cells than in the GFP™ cell population. Due to its
low level in these cells, we suspect that this GAPDH mRNA
may be persisting in the earliest GFP-expressing stages from
GAPDH mRNA which was transcribed during the prehaploid
cell stages. Indeed, we are not aware of any example of an
mRNA transcribed in spermatids which is excluded from as-
sembly into mRNP particles. We conclude that mRNAs which
are transcribed in round spermatids are assembled into mRNP
particles by an mRNA sequence-independent mechanism.

DISCUSSION

Similarities between translational control in spermatogen-
esis and oogenesis. In most if not all vertebrates, gametogen-
esis requires large-scale temporal uncoupling of the processes
of transcription and translation, such that proteins can be syn-
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FIG. 4. Expression and mRNP association of transgene mRNA from mouse line 6a. (A) Confocal fluorescent and bright-field microscopy of whole live seminiferous
tubules. Due to the high expression of GFP protein in this line, very low excitation energy was used (about 3% of that used for line 1a in Fig. 2). Arrows are as in Fig.
2. (B) Relative levels of nascent GFP transcripts in nuclei from lines 1c and 6a. RNase protection assays were performed as described above on the indicated amounts
of RNA isolated from whole testis (total) or purified nuclei (nuclear), using the internal GFP probe (upper two autoradiograms) or the GAPD-s probe (below). At
the left are given the mouse line used and the identity of each protected fragment. The schematic at the bottom shows that GAPD-s pre-mRNA retaining intron 1
hybridizes to a 147-base region of the probe (dark hatched line below the RNAs); mRNA with exon 1 spliced onto exon 2 hybridizes to a 177-base region of the probe.
To compare relative levels of spliced and unspliced transcripts, the radioactivity of each band was determined by liquid scintillation counting and was corrected for
differences in the number of radiolabeled UTP residues in each protected fragment (31 and 49 for nonspliced and spliced, respectively). By assuming equal hybridization
efficiency, we calculate that 43% of the GAPD-s transcripts in testis nuclei have not yet removed intron 1. (C) Velocity sedimentation analysis of GFP transgene mRNA
and endogenous Prm1 mRNA. Assays were as in Fig. 3 except that for detecting GFP mRNA, the internal probe was used.

thesized in cells which are transcriptionally silent (44). In sper-
matogenesis, mnRNP formation occurs in the early postmeiotic
stages (13, 21), during which time the male gamete is special-
ized to serve as an efficient vector for fertilization. In oocytes,
mRNA storage occurs in prehaploid stages and is required
both for meiotic maturation (5, 47, 48) and to prepare the egg
for the biosynthetic demands of early embryonic development
(43, 45). The present study using spermatids, in combination
with previous studies on translational repression in oocytes,
reveals a fundamental similarity between the processes of un-
coupling transcription and translation in spermatids and oo-
cytes. Specifically, in each case, mRNAs synthesized by the last

transcriptionally active stages of gametogenesis are assembled
into mRNP particles by a mechanism that acts independently
of the sequence of that mRNA.

At the molecular level, the mRNP particles in oocytes and
spermatids are related. The Y-box proteins, which bind RNA
with little or no sequence specificity (27, 54), are major com-
ponents of mRNP particles from either source (2, 23, 51).
Because the assembly of mRNP particles in both systems is
sequence independent (references 2 and 28 and this study), it
is plausible that non-sequence-specific RNA-binding proteins,
like the Y-box proteins, are sufficient for mRNP particle as-
sembly.
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In frog oocytes, some genes encoding proteins that are re-
quired at high levels during oocyte maturation, such as the
transcription factor TFIIIA, have signals to allow their mRNAs
to assemble into polysomes and be translated immediately
(50). Recently, Matsumoto et al. (28) showed that the cotrans-
criptional processing of an intron at the 5’ end of TFIIIA
pre-mRNA promoted efficient translation, whereas insertion
of an intron at the 3’ end of the gene led to translational
silencing. Interestingly, the sequences of the mature mRNAs
were identical. This suggests that the mechanism directing
TFIIIA mRNA to be translated in oocytes is sensitive to the
nuclear history of the mRNA (28). It is unknown whether
certain mRNAs in spermatids might escape translational re-
pression by a similar mechanism. Further studies will be re-
quired to distinguish whether mRNAs that are translated in
the round spermatids are channeled into a translationally ac-
tive state during nuclear maturation.

mRNA sequence-specific translational regulation in sper-
matids. Our results show that the assembly of mRNAs into
mRNP particles in spermatids is not sequence dependent;
however, the timing of translation of individual mRNAs is.
Braun et al. (4) have shown that the prm 3'-UTR can impart
a translational delay on the hgh reporter gene, and the present
study extends this finding to show that these sequences can
likewise delay translation of a GFP reporter gene. The results
presented here suggest that the prml 3'-UTR does not func-
tion to target mRNAs to assemble into mRNP particles but
rather is a part of the timing mechanism that determines when
various mRNAs within mRNP particles will be translated. This
interpretation has implications for understanding the mecha-
nisms of translational control in spermatids. For example, sev-
eral RNA-binding proteins that are associated with spermatid
mRNPs have been cloned in recent years (reviewed in refer-
ence 21). Based on the present study, one might expect those
proteins with little or no sequence specificity for RNA binding
to be likely candidates for mediating mRNP particle assembly,
whereas proteins that exhibit specific binding would more
likely be involved in timing the release of individual mRNAs
for translation.

In mouse oocytes it has been shown that the timing of trans-
lation of tPA mRNA is determined by specific sequences in the
3'-UTR (47). These sequences can also repress translation of
synthetic nRNAs microinjected into oocytes (48); however, it
is uncertain whether translational repression of endogenous
tPA mRNA requires these sequences. Indeed, it has previously
been shown that translation of injected mRNAs in oocytes is
likely an artifact of incorrect nuclear history; in vivo-tran-
scribed mRNAs are generally not translationally active (2, 28).
A clearer understanding of the role of the tPA 3’-UTR in
translational repression will require studies similar to the pres-
ent work to determine whether this region is necessary for
assembly of in vivo-transcribed tPA mRNA into mRNP parti-
cles in the oocytes of transgenic mice.

Transgene mRNA stability and mRNP-polysome distribu-
tion. Our mouse lines showed a 130-fold range in the number
of mRNA molecules that accumulated per transgene (Table
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1). Levels of mRNA accumulation per gene between indepen-
dent mouse lines carrying the same transgene showed far less
variation than was observed between lines carrying different
transgenes (Table 1). This finding suggests that differences in
mRNA levels were due, at least in part, to differences in rel-
ative mRNA stabilities. We tested this experimentally by com-
paring nuclear levels of nascent GFP pre-mRNA between lines
1c and 6a (Fig. 4B). The results confirmed that differences in
steady-state GFP mRNA levels in these two lines were post-
transcriptionally determined. Interestingly, transgene 6 mRNA
not only is more stable than transgene 1 mRNA but also ex-
hibits a smaller fraction of mRNA assembled into mRNP par-
ticles (compare Fig. 3 and 4C). Transgene 2 mRNA, which had
the lowest mRNA accumulation (Table 1), showed the highest
proportion of mRNA in mRNPs (Fig. 3B). One important ob-
servation from this study is that different distributions of mRNAs
between mRNPs and polysomes in testis can be caused by
processes other than differential translational regulation of the
mRNAs. Further studies will be required to fully understand
how differences in mRNA stability affect this distribution.
Future uses of GFP-expressing mice for studying spermio-
genesis. The technology developed here for purifying postmei-
otic male germ cells from the spermatid-specific GFP™ trans-
genic mice by FACS may prove valuable for future studies on
spermiogenesis. First, although we have not yet attempted
culturing the explanted cells, it is possible that the protocol for
fusing cells through their cytoplasmic bridges and isolating
them as syncytia rather than rupturing the bridges may favor
longer culture of these cells for investigating spermiogenic
processes in vitro. Indeed, since the cytoplasmic bridges be-
tween mammalian spermatids are quite large, perhaps exceed-
ing 0.3 nuclear diameters (32), the syncytial state may more
closely approximate physiological conditions than do individ-
ual spermatids. Second, populations of postmeiotic cells puri-
fied by FACS may be valuable for numerous molecular studies.
Here we compared specific mRNA levels between spermatids
and all other testis cell types. For this work, high-yield recovery
was required; therefore, we used conditions that gave some
carryover of GFP ™ cells into GFP™ cell populations. Since the
FACS scores each droplet rather than each cell, it is likely that
the GFP~ cells were carried through the sort by being in drop-
lets of media with GFP™ cells. Nearly pure populations of
GFP™ cells (<1% GFP~ cells [not shown]) can be isolated by
sorting the cells from more dilute samples. Although imprac-
tical where large preparative samples of cells are needed, such
homogeneous populations may prove valuable for generating
libraries for differential screening protocols. Moreover, addi-
tional criteria can be used to limit cell type diversity in the
sorts. For example, in Fig. 5B, it is apparent that the cells from
whole testis exhibit subpopulations that differ in their relative
fluorescence, their forward light scatter (an indication of cell
size), and their side light scatter (an indication of cellular
substructure complexity). By restricting these parameters to
sort for cells with specific properties, it may be possible to
obtain pure samples of nearly all cell types from adult testis.
We have presented evidence that mRNAs transcribed in

fluorescence intensities observed; right, gating parameters used in this study. Cells gated as GFP™ are green, cells gated as GFP ™ are red, and other cells (which were
discarded) are gray. The colors in the left panel correspond to those in the right panel and thus give an indication of differences in the forward and side scatter properties
of the various GFP" and GFP ™ cell subpopulations. (C) RNase protection analyses of GFP mRNA from the transgene and the endogenous Prm1 and GAPDH mRNAs
in the sorted GFP* and GFP~ cell populations and in the nonsorted explant. GFP and Prm1 mRNAs were detected with the Prm1-GFP probe, which maps the cap
sites of both transcripts. Each lane contained 2 ug of total RNA from the indicated cell sample. The GFP* sample contained 25% as much GAPDH mRNA as the
GFP~ sample, whereas FACS reanalysis of the GFP™ cell sample indicated that it contained 17.2% contamination with GFP~ cells. By assuming that these were
expressing the same amount of GAPDH mRNA per cell as cells in the pure GFP™ population, we estimate that 69% (17.2% =+ 25%) of the total GAPDH signal in

the GFP™ sample arose from the contaminating GFP ™ cells (see text).
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early spermatids are assembled into mRNP particles by a
mechanism that acts independently of mRNA sequence. Meth-
ods developed here for isolating spermatids from mature testis
will facilitate more detailed studies on the roles that mRNA
nuclear history, sequence-specific mRNA-binding proteins,
mRNA stability, and other regulatory processes play in deter-
mining and coordinating the timing of accumulation of specific
proteins in spermatids.
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