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ABSTRACT

Phosphoglycerate kinase 2 (PGK2) is a germ cell-
specific protein whose mMRNA is translationally
regulated in the mammalian testis. Using RNA affi-
nity chromatography with the 3'-untranslated region
(UTR) of Pgk2 mRNA and adult testis extracts, sev-
eral associated proteins including a novel isoform of
the AU-rich element RNA-binding protein and KH-
type splicing regulatory protein (KSRP) were identi-
fied. KSRP, a protein of ~75kDa, is widely
expressed in somatic and germ cells where it is pri-
marily nuclear. In addition to the ~75-kDa KSRP, a
~52-kD KSRP, t-KSRP, is present in the cytoplasm
of a subpopulation of germ cells. t-KSRP binds
directly to a 93-nt sequence (designated the F1
region) of the 3'-UTR of the Pgk2 mRNA and desta-
bilizes Pgk2 mRNA constructs in testis extracts and
in transfected cells. We conclude that this testicular
variant of the multifunctional nucleic acid-binding
protein, KSRP, serves as a decay-promoting factor
for Pgk2 mRNA in male germ cells.

INTRODUCTION

Phosphoglycerate kinase (PGK) is a highly conserved and
widely expressed glycolytic enzyme. Mammals express two
functional PGKs, PGK1, an X-linked ubiquitous protein
expressed in somatic cells, oogenic cells and premeiotic
and meiotic male germ cells, and a testis-specific isoform,
PGK2, expressed in postmeiotic male germ cells and sper-
matozoa. The latter is believed to have evolved by retro-
position to compensate for the loss of PGK1 expression
following X-chromosome inactivation during spermato-
genesis (1). In mice, Pgk2 mRNA is first detected in

early stages of meiotic spermatocytes and dramatically
increases in postmeiotic spermatids, while the PGK2 pro-
tein is not detected until many days later in late-stage
spermatids (2-4). Microarray studies have confirmed the
posttranscriptional regulation of Pgk2, demonstrating
that Pgk2 mRNAs are initially detected as ribonucleopro-
teins in meiotic spermatocytes and then move onto poly-
somes in later stage haploid germ cells (5). This temporal
separation of Pgk2 transcription and translation for up to
2 weeks requires both long-term Pgk2 mRNA stabilization
and translational activation/degradation, suggesting that
trans-acting factors are important in controlling Pgk2
expression.

In the mammalian testis, posttranscriptional regulation
of mRNA is essential for the sequential expression of pro-
teins, especially in haploid germ cells because of the termi-
nation of transcription as spermatids differentiate (6). The
testis contains many RNA-binding proteins, which regu-
late posttranscriptional events including mRNA proces-
sing, transport, localization, stability and translation.
The germ cell-specific DNA/RNA-binding Y-box protein,
MSY2, and the polypyrimidine tract binding protein 2
(PTBP2) are two proteins that play important roles in
germ cell mRNA stabilization (7-9). MSY?2 is one of the
most abundant RNA-binding proteins in male germ cells,
constituting ~0.7% of total soluble protein. It functions
as a global stabilizer/translational suppressor of many
germ cell mRNAs. MSY?2 specifically recognizes a popu-
lation of germ cell mRNAs by binding in the nucleus to a
consensus promoter sequence present in their genes
thereby linking the nuclear events of transcription with
the cytoplasmic processes of mRNA storage and stabiliza-
tion (10). Deletion of MSY2 by gene targeting leads to
precocious translation and destabilization/loss of many
mRNAs (7,8). PTBP2, a second protein that stabilizes
testicular mRNAs, belongs to a multifunctional family
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of proteins that function as nuclear splicing factors, direct
Internal Ribosome Entry Site (IRES)-directed translation
initiation and stabilize mRNAs in the cytoplasm (11-17).
In vitro assays reveal that PTBP2 increases the stability of
Pgk2 mRNA in both testis extracts and in transfected
HeLa cells, suggesting that PTBP2 helps maintain the
in vivo stability of the Pgk2 mRNA by binding to a reg-
ulatory element (9).

To begin to identify proteins that destabilize germ cell
mRNAs, RNA affinity chromatography was used to
screen testis cytoplasmic extracts with the 3’-untranslated
region (UTR) of Pgk2 mRNA. Among several RNA-
binding proteins, a novel ~52-kDa isoform of the multi-
functional KH-type splicing regulatory protein (t-KSRP)
was identified (9). An ~75-kDa KSRP that is ubiquitously
expressed has been implicated in transcriptional regula-
tion, splicing and mRNA decay in somatic tissues and
cultured cells (17-26). Here we demonstrate that t-KSRP
binds to an AU-rich sequence in the 3-UTR of Pgk2
mRNA and destabilizes the Pgk2 mRNA. Moreover, the
destabilization of Pgk2 mRNA occurs when t-KSRP
and PTBP2 are present together in complexes bound to
the 3’-UTR of Pgk2 mRNA.

MATERIALS AND METHODS
Plasmid construction and expression of the ~52-kDa KSRP

Mass spectrometry sequence analysis of a ~52-kDa pro-
tein purified from an adult testis cytoplasmic extract by
RNA affinity chromatography identified 17 peptides
mapping to KSRP. The peptides ranged from amino
acid 218-684 (9, Table 1). In western blots, an antibody
against the C-terminus of the ~75-kDa KSRP (DB-KS,
Figure 4B) recognized both the testicular KSRPs, suggest-
ing that the ~52-kDa KSRP isoform (t-KSRP) is an
N-terminally truncated form of KSRP. Based on the
MS-TOF sequences, the western blotting (see below),
and the ~52-kDa electrophoretic mobility of t-KSRP, a
recombinant t-KSRP was synthesized starting at methio-
nine 207 and terminating at amino acid 748 (the last
amino acid of the ~75-kDa KSRP). This recombinant
N-truncated KSRP was synthesized because it is not
known if the smaller KSRP isoform is translated from
an internal methionine (at amino acid 207) or is a cleavage
product of the ~75-kDa KSRP. Based on mass spectro-
metry and estimated protein size, the recombinant protein
synthesized is very close in size to a protein containing a
peptide starting at amino acid 218 (Table 1). The ~52-kDa
protein, t-KSRP»y7.745 (NM_010613), was amplified
by reverse transcription—polymerase chain reaction
(RT-PCR) from adult mouse testis total RNA and
subcloned into pET-42a (Novagen, San Diego, CA).
Recombinant t-KSRP was expressed in BL21-CodonPlus
(DE3)-RP cells (Stratagene, La Jolla, CA), purified with
a Glutathione S-transferase (GST) purification kit and,
when necessary, digested with thrombin to remove the
GST tag. For the transfection studies, the PCR product
of t-KSRP (207748 of full-length KSRP) was digested
with HindIII and Sall and cloned into the HindIII/Sall

Table 1. MALDI-TOF analysis for 52kDa KSRP

Location in 75kDa
KSRP (amino acid number)

Peptide sequence

GGPPGQFHDNANGGQNGTV 218-245
QEIMIPAGK
AGLVIGKGGETIK 246-258
GGETIKQLQER 253-263
MILIQDGSQNTNVDKPLR 268-285
ERDQGGFGDR 306-315
DQGGFGDR 308-315
VGGGIDVPVPR 322-332
HSVGVVIGR 333341
IQNDAGVR 349-356
IAHIMGPPDR 370-379
[INDLLQSLR 386-395
GRGQGNWGPPGGEMTFSIPTHK ~ 415-436
AINQQTGAFVEISR 450463
GSPQQIDHAK 480489
AWEEYYK 622-628; 648-654
IGQQPQQPGAPPQQDYTK 630-647
QAQVATGGGPGAPPGSQPDYSA 656-634
AWAEYYR

site of pEGFP-C2 (Clontech, Palo Alto, CA) to generate
the expression plasmid, pEGFP-KSRP.

Semiquantitative RT-PCR

Total RNA was extracted from the testes of 17-day-old,
adult, wild-type mice with Trizol (Invitrogen, Carlsbad,
CA), residual genomic DNA was removed with the
TurboDNA free kit (Ambion, Austin, TX) and the
amount of Pgk2 mRNA was quantitated using qualitative
RT-PCR. First-strand complementary DNA was synthe-
sized with random hexamer primers and Superscript III
reverse transcriptase following the manufacturer’s instruc-
tions (Invitrogen). Qualitative PCR reactions were per-
formed with SYBRgreen PCR Master reagents and the
7900HT sequence detector (PE Applied Biosystems,
Foster City, CA). The expression level of Pgk2 mRNA
was normalized to actin mRNA.

Nuclear run-on assays

Nuclei were isolated, and nuclear run-on reactions were
performed as previously described (7). Briefly, a nuclear
suspension (100 pl) was mixed with 100 pl of 2 x reaction
buffer (10mM Tris-HCI, pH 8.0, SmM MgCl,, 0.3M
KCl, 5mM Dithiothreitol (DTT), 1mM Adenosine
triphosphate (ATP), 1 mM Cytidine triphosphate (CTP)
and 1 mM Guanosine triphosphate (GTP) and 10pul of
[P??]-UTP and incubated at 30°C for 30 min. The reaction
was terminated by the addition of 6 ul of 250 mM CaCl,
and 6l of RNase-free DNase I (25 ug/ml). After incu-
bation for 10min at 29°C, the samples were incubated
with proteinase K (10pg/ml) at 42°C for 30min, and
RNA was purified with Trizol (Invitrogen) before hybrid-
ization to DNAs bound to nitrocellulose membranes.
Hybridizations were carried out for 24 h at 65°C in Quik
hybridization solution (Stratagene), and hybridization
signals were detected by Phosphorlmager (Amersham
Biosciences, Piscataway, NJ).



Gel shift assays

Adult testis cytoplasmic extracts (30 ug) were incubated
with [**P]-labeled RNA probes as previously described (9)
and fractionated in 4% polyacrylamide gels in 0.5 x Tris/
Borate/EDTA (TBE) buffer. For supershift assays, anti-
bodies were preincubated with extracts for 5Smin before
addition of the radiolabeled RNA.

Protein—protein interaction assays

Recombinant PTBP2 (9) containing a His tag at its
C-terminus was incubated with His-tag affinity resins for
30 min at 4°C in 200 pl of binding buffer containing 20 mM
Tris—HCI, pH 7.6, 100 mM NaCl, 2mM DTT and 0.5%
Tween 20. Adult testis extract was added and incubated for
an additional 30 min at 4°C with rotation. The mixture was
centrifuged for 1 min at 100g at 4°C, and the pellet was
washed three times with binding buffer. The pellets were
boiled in sodium dodecyl sulfate (SDS) loading buffer for
3 min, and proteins were resolved in a 10% SDS—polyacry-
lamide gel. KSRP was detected by western blotting.

For the GST pull-down assay, the ~52-kDa recombi-
nant KSRP (t-KSRP) containing a GST tag was incuba-
ted with recombinant PTBP2 for 30 min at 4°C in 200 pl
binding buffer. Glutathione agarose beads were added to
the mixture and incubated for 30 min at 4°C. The mixture
was centrifuged and washed as described above. The pel-
lets were boiled in SDS loading buffer and electrophoresed
in a 10% SDS—polyacrylamide gel. PTBP2 was detected
by western blotting.

RNA immunoprecipitation assay

Assays were performed as previously described (9,217).
Testis cytoplasmic extracts (10 mg) from sexually mature
CD-1 mice were precleared with protein A/G agarose
beads (100 pl), preimmune serum (10 pl) and yeast tRNA
(100 pg/ml) [prepared in the presence of SUPERase-in
(1U/ul), Ambion] and then incubated with 100 ul anti-
KSRP [ab5, raised against the full-length KSRP (27)]
and protein G agarose beads at 4°C for 2 h. The mixtures
were centrifuged at 400g for Smin, and the pellets were
washed and extracted in Trizol. Immunoprecipitated
RNAs were reverse transcribed with random primers
with the Superscript III reverse transcription kit
(Invitrogen), and PCR assays were performed.

Northern blot analysis

For KSRP northern blots, total testicular RNAs (15 pg)
were electrophoresed in 1% agarose—formaldehyde gels
and transferred to Hybond-N + membranes (Amersham
Biosciences) in alkaline buffer. The probe for KSRP and
B-actin was labeled using Ready-to-go DNA labeling
beads (Amersham Biosciences), and hybridizations were
performed in Quikhyb buffer (Stratagene).

Immunohistochemistry and western blot analyses

Testes from sexually mature CD-1 mice were fixed
and processed by the Histological Core Facility of the
Children’s Hospital of Pennsylvania. Immunohistochem-
istry was performed as previously described (9).
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Anti-KSRP and anti-PTBP2 were diluted 1:200 before
use. For western blotting, aliquots from tissue lysates or
populations of isolated cells (20 pug) were separated by
10% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and blotted onto polyvinylidene
difluoride membranes (Millipore, Bedford, MA). The indi-
vidual cell types were isolated as previously reported (28).
Anti-KSRP [DB-KS (11), raised against the C-terminal of
KSRP, or a polyclonal antibody from Abnova
(H00008570-A01)], at dilutions of 1:3000, or anti-f-actin
(1:10,000 dilution) (Sigma, St Louis, MO) were used as
primary antibodies.

Immunodepletion and decay assays

In vitro decay and transfection assays were performed as
previously described (9). KSRP was removed from testis
cytoplasm extracts by overnight immunoprecipitation at
4°C with anti-KSRP [ab5, raised against the full-length
KSRP (27)] that was bound to protein G-Sepharose.
Equal amounts of supernatant from extracts, previously
incubated with preimmune serum or anti-KSRP was used
in the RNA decay assays.

Transfection assays were performed as previously
described (9). In brief, reporter vectors, pEGFP-C2-
UTR or pEGFP-C2-F3 (9), were transfected into HelLa
cells using Liposome 2000 Reagent (Invitrogen) following
the manufacturer’s protocol. Where noted, reporter vec-
tors were cotransfected into HelLa cells with vectors
expressing t-KSRP or PTBP2. A Renilla luciferase
phRL-TK vector was used as an internal control for trans-
fection efficiency. To terminate transcription, actinomycin
D (10 uM) was added 24 h after transfection. RNAs were
purified by Trizol, separated on formaldehyde agarose
gels, transferred to Hybond-N + membranes overnight
and hybridized with a [P**]dCTP randomly labeled
EGFP DNA probe at 68°C for 1h using the Quikhyb
kit (Stratagene).

RESULTS
Pgk2 mRNA accumulates in postmeiotic germ cells

Although Pgk2 mRNAs are transcribed at the onset of
meiosis in male germ cells (4), PGK2 protein is first
detected many days later in late-stage postmeiotic germ
cells (5). Pgk2 mRNA Ilevels increase as the germ cells
differentiate (4), and northern blotting and microarrays
have revealed a marked increase in Pgk2 mRNA levels
in the testes of adult mice compared to prepuberal
mice (3,5).

To quantify Pgk2 mRNA levels in prepuberal and adult
mice, semiquantitative RT-PCR was used. An increase of
Pgk2 mRNA levels of at least 20-fold was detected, con-
sistent with previous reports (Figure 1A) (3,5). To com-
pare Pgk2 mRNA transcription in prepuberal and adult
testes, nuclear run-on assays were conducted. RNA was
transcribed from isolated testicular nuclei, purified and
measured by hybridization to membrane-fixed DNA.
DNAs encoding transition protein 2 and glyceraldehyde
phosphate dehydrogenase served as control transcripts for
postmeiotic and constitutive transcription, respectively
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Figure 1. (A) Quantitation of Pgk2 mRNA levels in prepuberal and
adult testes. RT-PCR was used to measure Pgk2 mRNA levels in total
RNA prepared from prepuberal (17 days) and adult testes. (B) Nuclear
run-on assays were used to determine the transcriptional rate for Pgk2,
Tnp2 and Gapdh mRNAs. At the completion of the nuclear run
reactions, RNA was purified and hybridized to DNA probes fixed to
membranes. Lane 1, nuclei from 17-day-old mice; lane 2, nuclei from
adult mice (6- to 8-weeks old).

(Figure 1B). As reported for run-on transcription assays
with nuclei from pachytene spermatocytes and round sper-
matids (29), similar levels of Pgk2 mRNA transcription
were detected in nuclei isolated from the testes of prepub-
eral (17day old) and adult mice (Figure 1B). Given that
the proportion of spermatocytes in prepuberal testes from
17-day-old mice is similar to that of spermatocytes plus
round spermatids in adult testes, these results suggest that
the increase in Pgk2 mRNA levels in the adult testis
reflects an mRNA buildup resulting from stabilization of
Pgk2 mRNA in late-stage meiotic and postmeiotic germ
cells (9) rather than an increase in transcription of the
Pgk2 gene.

KSRP is present in a Pgk2 mRNA—protein complex in testis
extracts

RNA affinity chromatography with a biotin-labeled
RNA representing the 3'-UTR of Pgk2 and adult testis
cytoplasmic extracts detected several proteins including
an ~52-kDa isoform of the RNA-binding protein KSRP
(9). In somatic cells, a ubiquitously expressed ~75-kDa
KSRP has been implicated in transcriptional regulation,
splicing and mRNA decay (17-26). Although the testis
contains both KSRP isoforms, the ~75-kDa KSRP was
not detected in repeated chromatography experiments
with cytoplasmic extracts consistent with the ~52-kDa
variant being the sole isoform of KSRP in the cytoplasm
(see below).

To determine whether KSRP is bound to Pgk2 mRNA
in the testis, RNA—protein complexes were immunopreci-
pitated with anti-KSRP from adult testes extracts.
Following purification, RT-PCR was used to assay the
precipitated RNAs for Pgk2 mRNA and two control
highly abundant germ cell mRNAs that lack known
KSRP binding sites. Pgk2 mRNA was immunoprecipi-
tated with anti-KSRP (Figure 2A), while protamine 2
and transition protein 2 mRNAs were not, demonstrating
the selective immunoprecipitation of a KSRP-Pgk2
mRNA complex. None of the three mRNAs was precipi-
tated with preimmune serum.

KSRP binds to the F1 region of the 3'-UTR of Pgk2 mRNA

To determine where KSRP binds in the 3-UTR of the
Pgk2 mRNA, gel shifts were performed with adult testis
cytoplasmic extracts and three [P**]-labeled RNA sub-
cloned probes of the entire 3-UTR [F1 (93nt), F2
(80nt) and F3 (86nt) (Figure 2B) (9)]. An RNA—protein
complex was detected with F1 RNA (Figure 2C, lane 2)
but not with the F2 or F3 RNA. In gel shifts with sub-
clones of the F1-binding element, KSRP binds to a 34-nt
region adjacent to the coding region (data not shown).
Moreover, this binding to a specific region of the Pgk2
mRNA was specific because no binding was detected
with the F1 subclone or any other part of the 3'-UTR of
Pgkl mRNA (data not shown). PTBP2 also binds directly
to the F1 region of the 3'-UTR of the Pgk2 mRNA (9).

t-KSRP and PTBP2 interact

In somatic cells, PTBP and the ~75-kDa KSRP have been
demonstrated to interact as components of nuclear spli-
cing complexes (11,17) and to bind together to the
3’-UTRs of mRNAs they regulate in the cytoplasm (15).
To assess whether the ~52-kDa KSRP interacts with
PTBP2 in male germ cells, two approaches were taken.
First, His-tagged recombinant PTBP2 was added to and
precipitated from testis extracts that had been pretreated
with RNase A. Western blotting of the proteins that were
precipitated with anti-KSRP detected the ~52-kDa KSRP
(Figure 2D), suggesting a protein—protein interaction
between t-KSRP and PTBP2.

To confirm a direct interaction between PTBP2 and
t-KSRP (see the Materials and Methods section for the
t-KSRP cloning and expression criteria and methodolo-
gies), purified recombinant PTBP2 was incubated with
purified recombinant GST-tagged t-KSRP and anti-
GST. PTBP2 was precipitated in the presence of GST-
tagged t-KSRP, but not when GST was substituted for
GST-tagged t-KSRP, establishing a direct protein—protein
interaction between PTBP2 and t-KSRP (Figure 2E).
Thus, t-KSRP can bind both to the F1 region of the
3’-UTR of Pgk2 mRNA and to PTBP2.

A complex of PTBP2 and t-KSRP binds to F1 RNA

Both t-KSRP and PTBP2 selectively bind to a 93-nt region
(F1) of the 3-UTR of Pgk2 mRNA (9, Figure 2C). To
determine whether t-KSRP and PTBP2 are bound in the
same RNA—protein complex, supershift assays using anti-
PTBP2 or anti-KSRP were performed with radiolabeled
F1 RNA and testis extracts (Figure 3A) or with recombi-
nant t-KSRP and PTBP2 (Figure 3B). The addition of
anti-KSRP to testicular extracts supershifts several F1
RNA-protein complexes from testicular extracts, indicat-
ing t-KSRP is a component of multiple complexes with
different electrophoretic mobilities (Figure 3A, lane 4).
Anti-PTBP2 supershifts multiple complexes, indicating
its presence in RNA-protein complexes containing
t-KSRP (Figure 3A, lane 3).

The presence of both t-KSRP and PTBP2 in the same
RNA-protein complex(es) is also seen in gel shifts per-
formed with recombinant t-KSRP and recombinant
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Figure 2. KSRP binds to Pgk2 mRNA in the testis and in vitro to the F1 region of the Pgk2 mRNA and to PTBP2. (A) Messenger RNA detection
by RT-PCR of purified germ cell mRNAs immunoprecipitated from mouse testis extracts with anti-KSRP. (B) A diagram of the three subclones (F1,
F2 and F3) of the Pgk2 3’-UTR. (C) KSRP selectively binds to the F1 region to the 3-UTR of Pgk2 mRNA. Testis extracts (20 pg) were incubated
with [**P]-labeled transcripts generated by in vitro transcription from subclones (F1, F2 and F3) of the 3-UTR of Pgk2 mRNA as previously
described (9). RNA-protein complexes were resolved in 4% polyacrylamide gels in 0.5x TBE buffer. Anti-KSRP was added to indicated extracts
before the addition of the radiolabeled RNAs. (D) Western blot of endogenous t-KSRP coimmunoprecipitated with r-PTBP2 from testis extracts.
His-tagged recombinant PTBP2 (20 pg) was incubated with His-tag affinity resins and testis extract (1 mg). Lane 1, plus RNase A; lane 2, no RNAse;
lane 3, antiactin control. Following centrifugation, pellets were solubilized and the proteins resolved in 10% SDS-PAGE. KSRP was detected by
western blotting. (E) Recombinant t-KSRP and recombinant PTBP2 interact. GST-tagged r-KSRP was incubated with r-PTBP2. Following the
addition of glutathione agarose beads and centrifugation, the pellets were solubilized, electrophoresed in 10% SDS-PAGE and PTBP2 was detected

by western blotting. Lane 1, GST; lane 2, t-KSRP tagged with GST.

PTBP2 (Figure 3B). Both proteins bind the F1 region of
the 3-UTR of Pgk2 mRNA, yielding complexes with dif-
ferent mobilities (Figure 3B, lanes 2 and 3). A distinct
complex of slower electrophoretic mobility is seen when
the two proteins are added together with FI RNA
(Figure 3B, lane 4). Addition of anti-KSRP (polyclonal
or monoclonal) or anti-PTBP2 dissociates the KSRP-—
PTBP2-RNA complex (Figure 3B, lanes 5 and 6), demon-
strating the presence of t-KSRP and PTBP2 in the same
F1 RNA-protein complex.

The ~52-kDa KSRP is predominantly in the
cytoplasm in mouse testis

In somatic cells, the ~75-kDa KSRP is involved in pre-
mRNA splicing in the nucleus and in an mRNA decay
pathway in the cytoplasm (17-26). Northern blotting of
total RNA from brain and testes of prepuberal and adult
mice detects one mRNA of ~4 kb, in agreement with pub-
lished reports (18). KSRP mRNA Ievels are higher in testes
from 17-day-old mice than in the testes of 22-day-old and
adult mice, suggesting it is more abundant in early-stage
meiotic germ cells (Figure 4A, compare lanes 2—4).

Although we only detect one KSRP mRNA of ~4kb in
both testis and brain (Figure 4A) and an mRNA of this
size encodes the ~75kDa KSRP in somatic cells (18),
western blotting reveals two distinct KSRP protein
bands of ~75 and ~52kDa (Figure 4B). Separation of
the testis into nuclear and cytoplasmic fractions reveals
that the ~75-kDa KSRP is nuclear (Figure 4B, lanes
1-3) while the majority of t-KSRP is in the cytoplasm
(Figure 4B, lanes 4-6). Consistent with KSRP RNA
levels (Figure 4A), higher amounts of t-KSRP are seen
in the testes of prepuberal mice than in adults
(Figure 4B, compare lanes 1 and 4 to lanes 3 and 6). In
several RNA affinity chromatography experiments with
cytoplasmic testis extracts, t-KSRP was the only KSRP
detected (9). The predominance of t-KSRP in the cyto-
plasm of the testis suggests this ~52-kDa isoform of
KSRP could function as an mRNA-destabilizing protein
in the testis (Figure 4B).

t-KSRP is enriched in early stages of meiotic germ
cells in mouse testes

Two different approaches, western blotting of proteins
from highly purified populations of germ cells and
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immunohistochemistry, were used to establish the cellular
and subcellular locations of KSRP in mouse testes. In
western blots of germ cell extracts, t-KSRP was predomi-
nant in early meiotic stages (preleptotene, leptotene/zygo-
tene and pachytene spermatocytes) and was not detectable
in round spermatids or condensing spermatids/residual
bodies, suggesting it functions during meiosis, but not
postmeiotically (Figure 4C). In contrast, the nuclear
~75-kDa KSRP and the Pgk2 mRNA-stabilizing protein,
PTBP2, increase during meiosis and are abundant in
spermatids.

To better determine the extent of expression of t-KSRP,
western blots were prepared with extracts from several
somatic tissues. The expression of t-KSRP appears limited
because t-KSRP was detected in testis extracts (Figure 4D,
lane 1), but not in brain, liver, kidney or lung extracts
(Figure 4D, lanes 2-5).

Using affinity-purified antibodies that detect both
KSRP isoforms in testes from adult mice by immunohis-
tochemistry, KSRP is primarily present in the nuclei and
cytoplasm of early and midstages of meiotic germ cells in
stage VIII tubules, consistent with the northern and wes-
tern blotting data (Figures 4 and 5, left side). In contrast,
PTBP2 is more abundant in the nuclei and cytoplasm of

later stage meiotic and postmeiotic germ cells in stage XI
tubules (Figure 5, right side) (9). Based on the nuclear
localization of KSRP and the predominance of t-KSRP
in the cytoplasm (Figure 4B), we conclude that t-KSRP
and not full-length KSRP is the primary (sole?) KSRP in
the cytoplasm of early meiotic stage germ cells (Figure 5).

KSRP destabilizes Pgk2 mRNA in extracts or
cells in the presence of PTBP2

Since KSRP serves to destabilize mRNAs in diverse
somatic cell types (19-26), we investigated whether
t-KSRP could destabilize one of its target mRNAs, the
Pgk2 mRNA, using three complementary approaches—
in vitro decay assays, transient transfections and protein
depletion assays. All confirm a role for t-KSRP in male
germ cell mRNA decay.

To assess the role of t-KSRP in in vitro decay, 5'-capped
[**P]-labeled F1 or F2 transcript was incubated with testis
extracts and increasing amounts of recombinant t-KSRP
(Figure 6A). Addition of 50nM of t-KSRP leads to com-
plete F1 RNA degradation within 20 min of incubation
(Figure 6A, lane 2), although only a modest RNA reduc-
tion was seen in control testis extracts with up to 50 min of
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Figure 4. Two isoforms of KSRP, KSRP and t-KSRP, are expressed
from one mRNA in the testis, and t-KSRP is enriched in the cytoplasm
of early-stage meiotic cells. (A) Northern blot of KSRP mRNA from
brain and prepuberal and adult testes. Total RNAs (15pg) were elec-
trophoresed in 1% agarose—formaldehyde gels, transferred to Hybond-
N + membranes and hybridized with a KSRP 3-UTR probe.
Rehybridization of the blot with a coding region probe for actin
served as a loading control. Lane 1, adult brain; lane 2, 17-day-old
testis; lane 3, 22-day-old testes; lane 4, adult testes. (B) Western blot
of KSRP in nuclear and cytoplasmic fractions of prepuberal and adult
testes. Proteins (20 ug) extracted from purified nuclei and cytoplasm
were separated by 10% SDS-PAGE and blotted onto polyvinylidene
difluoride membranes. Anti-KSRP was used at a dilution of 1:3000.
Antiactin served as a loading control. Lanes 1-3 and 4-6 were extracts
from nuclei and cytoplasm, respectively. Lanes 1 and 4, 17-day-old
testis; lanes 2 and 5, 22-day-old testes; lanes 3 and 6, adult testes.
(C) Western blot of KSRP, PTBP2 and actin in extracts of isolated
populations of germ cells. Lane 1, preleptotene spermatocytes; lane 2,
leptotene/zygotene spermatocytes; lane 3, early pachytene spermato-
cytes; lane 4, pachytene spermatocytes; lane 5, round spermatids;
lane 6, condensing spermatids/residual bodies. The preleptotene sper-
matocytes, leptotene/zygotene spermatocytes and early pachytene sper-
matocytes were isolated from the testes of 17-day-old mice, whereas the
pachytene spermatocytes, round spermatids and condensing sperma-
tids/residual bodies were isolated from the testes of adult mice. (D)
Western blot of t-KSRP in tissue extracts. Lane 1, testis; lane 2,
brain; lane 3, liver; lane 4, kidney; lane 5, lung protein extracts
(30 ng) analyzed as in (B) with actin serving as a loading control.

incubation (Figure 6A, lane 1). FI RNA degradation
increased when recombinant t-KSRP was increased to
100nM (Figure 6A, lane 3). In contrast, no increased
RNA degradation was seen when 100nM t-KSRP was
added to testis extracts containing the nonbinding F2
RNA (Figure 6A, compare lanes 6 and 7). As previously
reported (9), addition of r-PTBP2 completely stabilized F1
RNA in incubations up to 50 min (Figure 6A, lane 5), but
addition of up to 200nM PTBP2 failed to prevent F1
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Figure 5. Anti-KSRP selectively stains early-stage meiotic germ cells of
the adult mouse testis. Immunostaining of testis sections from sexually
mature CD-1 mice with (A) affinity-purified anti-KSRP and (B) affinity-
purified anti-PTBP2. Anti-KSRP (Abnova, Taiwan) and anti-PTBP2
(from R. Darnell) were used at dilutions of 1:200. Magnification:
x 200, x 400. Both antibodies only recognized their respective proteins
on western blots.

RNA destabilization when exogenous t-KSRP was
added (Figure 6A, lane 4). These in vitro decay assays
indicate that t-KSRP promotes RNA degradation of a
target mRNA and suggest t-KSRP exerts a dominant
effect over PTBP2 in testis extracts under the assay con-
ditions tested.

The increased RNA degradation seen with increasing
amounts of recombinant t-KSRP was also seen with endo-
genous t-KSRP (Figure 6B). Radiolabeled F1 RNA was
degraded more rapidly in testis extracts from prepuberal
(17-day-old-mice) mice (which contain higher amounts
of t-KSRP, Figure 4B) than in testis extracts from adult
mice (8—10 weeks, Figure 6B, compare lanes 1 and 2), sug-
gesting the more abundant t-KSRP in 17-day-old mice
is consistent with the more rapid RNA degradation.
The RNA degradation requires t-KSRP binding to
RNA because no degradation was seen when the control
nonbinding F2 RNA probe was incubated with pre-
puberal or adult extracts (Figure 6B, compare lanes 3
and 4). In vitro decay assays with extracts depleted of
KSRP by immunoprecipitation provide additional evi-
dence for the destabilizing role for endogenous t-KSRP
(Figure 6C). The stability of radiolabeled F1 RNAs in
these assays was increased in adult testis extracts that
had been depleted of KSRP (Figure 6C, compare lanes 1
and 2). Again this required RNA binding as no differences
were seen with the F2 RNA (Figure 6C, compare lanes
3 and 4).

To determine whether t-KSRP can also destabilize
mRNAs and be dominant to PTBP2 in living cells, an
EGFP construct containing the 3'-UTR of Pgk2 mRNA
was cotransfected into HeLa cells with t-KSRP and with
or without PTBP2 (Figure 7). For PTBP2 expression, an
N-truncated form of PTBP2 was used because this mod-
ification targets PTBP2 to the cytoplasm, whereas full-
length PTBP2 contains a functional nuclear localization
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Figure 6. t-KSRP destabilizes RNAs containing the 3-UTR of Pgk2 mRNA. (A) t-KSRP destabilizes RNA constructs in testis extracts, and
recombinant PTBP2 cannot prevent the destabilization. 5’-capped and 3’-polyadenylated radiolabeled F1 or F2 transcript was incubated at 30°C
with testis extracts with or without recombinant t-KSRP (100 or 200 nM) or PTBP2 (200 nM). RNA was purified and analyzed by gel electrophoresis
followed by autoradiography. Gels were quantitated by phosphorimaging. The amount of RNA at the beginning of the reaction was set at 100%. All
the decay assays were performed at least twice. (B) F1 RNAs are degraded more rapidly in extracts from 17-day-old mice than from adults. Decay
assays were performed as in (A) with prepuberal (extracts from testes of 17-day-old mice) or adult extracts except that incubation temperature was
set at 25°C. (C) Depletion of KSRP from testis extracts leads to the stabilization of FI RNA. Decay assays were performed as in (A) with

cytoplasmic extracts from which KSRP was depleted.

signal directing PTBP2 to nuclei (9). Previous studies have
demonstrated that the full-length and truncated forms of
PTBP2 are functionally indistinguishable (9). Consistent
with the RNA incubations in testis extracts (Figure 6), the
transfected RNA is less stable in the transfected cells
expressing t-KSRP (Figure 7A, lane 2). Similar to the
findings with testis extract incubations, the radiolabeled
RNA is stabilized by the expression of PTBP2
(Figure 7A, lane 4), but cotransfection of PTBP2 and
t-KSRP (the expression of both was confirmed by western
blotting, data not shown) leads to RNA destabilization
(Figure 7A, lane 3), The RNA destabilization required
RNA binding because there was no destabilization when
a control nonbinding F3 RNA was transfected with
t-KSRP (Figure 7B, compare lanes 1 and 2). Assays for
B-actin mRNA established equal RNA loading per lane
and specificity for the RNA destabilization of t-KSRP (see
B-actin lanes in Figure 7A and B). We conclude that
t-KSRP destabilizes RNAs such as the Pgk2 mRNA in
cells and overrules the stabilizing ability of PTBP2 in
transfected cells and in testis extracts (Figures 6 and 7).

DISCUSSION

Here we report the existence of a cytoplasmic isoform of
KSRP (t-KSRP) that binds to a class III AU-rich
sequence in the 3-UTR of Pgk2 mRNA and destabilizes
the RNA in in vitro and cellular assays. t-KSRP interacts
with and is a component of RNA—protein complexes con-
taining PTBP2, another multifunctional RNA-binding
protein that serves to stabilize RNAs in the cytoplasm
of germ cells. When both PTBP2 and t-KSRP are present,
t-KSRP appears to dominate and Pgk2 mRNA is
destabilized.

Protein synthesis is dependent on mRNAs whose
steady-state levels are regulated by a combination of tran-
scription, stabilization and decay. There is a growing
awareness that posttranscriptional events play major reg-
ulatory roles in mRNA metabolism and function in eukar-
yotic cells. Although microarray studies provide great
insight into the temporal and cellular transcription of
the testicular transcriptome (5), mRNA stabilization is
an essential regulatory mechanism in haploid differentiat-
ing germ cells (6). Proteins such as the abundant germ
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was repeated at least three times with essentially identical results.

cell-specific DNA/RNA-binding protein, MSY?2, stabilize
many germ cell mRNAs (7), while the PTBP2 selectively
stabilizes mRNAs such as the PGK 2 mRNA in the testis
(9). Because many male germ cell mRNAs are sequestered
into residual bodies, which are subsequently phagocytized
by Sertoli cells, major efforts to define mechanisms that
degrade male germ cell mRNAs have not been under-
taken. In contrast, in somatic cells, mRNA degradation
events often dependent on AU-rich sequence elements
(AREs) and proteins such as KSRP that bind to them
have been well characterized (19,20).

AREs are common cis-acting elements in eukaryotic
transcripts that promote rapid mRNA turnover by recruit-
ing KSRP-containing protein complexes to mRNAs (19).
In addition to its originally described function(s) as a spli-
cing factor (17,18), KSRP facilitates the degradation of
short-lived mRNAs encoding proteins such cytokines,
growth factors and protooncogenes through interactions
with AREs in their 3’-UTRs (19-26). The tethering of
KSRP to HIV-1 mRNA constructs elicits rapid mRNA
decay and a dramatic viral reduction by recruiting
mRNA decay/machinery factors to the bound KSRP
(24). Recently, the chicken protein, ZBP2, a homologue
of KSRP, has been demonstrated to bind to sequences that
control the subcellular localization of actin mRNAs
(30,31). Three classes of AREs have been identified (32)
based on the presence of one or more of the AUUUA
motifs in their 3’-UTRs (class I), multiple overlapping
motifs in their 3-UTRs (class II) or no obvious
AUUUA motifs in their 3’-UTRs (class I1I).

Although the ~75-kDa KSRP is often the predominant
KSRP in somatic cells, in the testis the ~52-kDa KSRP,
t-KSRP, is the primary isoform of KSRP in the cytoplasm
(Figure 4B). Based on the existence of only one size of
KSRP mRNA in testis, we believe that t-KSRP is not

derived from an independent KSRP mRNA, but is
either proteolytically cleaved from the somatic KSRP
similar to the apoptotic cleavage of KSRP in liver (33)
or t-KSRP is translated from an internal initiation site
(methionine 207) in the ~4-kb KSRP mRNA. Edman
protein sequencing of t-KSRP suggests an N-terminus
block (data not shown). Sequence analysis of 17 peptides
from t-KSRP obtained following RNA affinity chromato-
graphy indicates that although t-KSRP lacks part of the
first RNA-binding domain, the remaining three KH
RNA-binding domains are intact. We find that t-KSRP
is functionally active in mRNA binding, consistent with in
vitro and in vivo studies demonstrating that the third and
fourth KH domains of KSRP are sufficient for promoting
mRNA decay in vivo (18,19).

The functions of multifunctional proteins such as KSRP
are often defined by their subcellular location(s) (20).
Numerous splicing studies with KSRP have been sup-
ported by its nuclear localization, and a recent immuno-
fluorescent study concluded KSRP is almost exclusively
nuclear in HeLa and neuroblastoma cells (27). Although
KSRP shows flexibility in recognition of RNA targets
(34), binding of KSRP to AREs in 3-UTRs of mRNAs
is indicative of cytoplasmic roles for KSRP (19-26). To
accomplish both splicing and mRNA decay in somatic
cells, KSRP would need to shuttle between the nucleus
and cytoplasm as has been reported for other RNA-bind-
ing proteins such hnRNP K, Translin and Trax (35,36).
The N-terminus of KSRP likely contributes to its intracel-
lular movement. The Xenopus homologue of KSRP, which
lacks a 58-amino-acid segment near the N-terminus, is
present in both the nucleus and the cytoplasm during
oogenesis (37), consistent with our observation that
in mouse testis the truncated t-KSRP is primarily in the
cytoplasm, while the full-length KSRP is solely nuclear
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(Figure 4). The abundance and cytoplasmic location of
t-KSRP and the nuclear location of the ~75-kDa KSRP
support a posttranscriptional mRNA regulatory role for
t-KSRP in the mammalian testis.

We have identified a testicular variant of the KSRP,
t-KSRP, a protein that we believe facilitates the decay of
mRNAs such as Pgk2 mRNA in meiotic germ cells.
In contrast to many of the rapidly degraded mRNAs
recognized by KSRP in somatic cells, t-KSRP binds to
a 93-nt AU-rich class III region in the 3'-UTR of the
Pgk2 mRNA, a germ cell mRNA that may be short-
lived mRNA during meiosis, but becomes a long-lived
stable mRNA in postmeiotic germ cells. This transition
appears to be facilitated by another RNA-binding protein
in the testis, PTBP2, which functions to maintain Pgk2
mRNA levels (9). Thus, upon reduction of levels of
t-KSRP during the transition from spermatocytes to sper-
matids, the dominant Pgk2 mRNA decay-promoting
activity is lost and the transcript-stabilizing activity of
PTBP2 prevails, leading to a dramatic increase in the
level of Pgk2 transcript in round spermatids in the absence
of any increase in transcription rate of the Pgk2 gene.

In vitro assays and transfection studies indicate the
PTBP2 stabilizes the Pgk2 mRNA by direct binding to
the F1 region of the 3'-UTR of the Pgk2 mRNA, the
same part of the 3-UTR recognized by t-KSRP. Since
t-KSRP and PTBP2 interact and both recognize the same
RNA-binding region of the Pgk2 mRNA, this raises the
question how t-KSRP destabilizes mRNAs in the presence
of PTBP2. Although the mechanism resulting in the appar-
ent dominance of the destabilizing effect of t-KSRP over
the stabilizing effect of PTBP2 is not known, we do know
that the two proteins interact and form F1 RNA-protein
complexes that contain both proteins. In the nuclei of
WERI-1 retinoblastoma cells, the binding of full-length
KSRP to RNA requires the adjacent binding of PTBP2,
and the interaction of KSRP, PTBP2 and other factors
facilitates the cooperative assembly of an hnRNP complex
for splicing (11,17). In the cytoplasm, less is known about
the functional interactions between the KSRP and PTBP
proteins. As we propose for t-KSRP and PTBP2 in the
testis, binding of KSRP and PTBP1 is believed to control
the decay and stability of human inducible nitric oxide
synthase mRNA, but the mechanism of their molecular
interactions is not known (15,21).

The apparent dominance of t-KSRP over PTBP2 may
reflect in vivo RNA binding differences among t-KSRP,
PTBP2 and accessory proteins/factors. Alternatively, pro-
tein availability may be important because during early
meiosis when Pgk2 mRNA levels are lowest, t-KSRP is
most abundant and PTBP2 levels are low. t-KSRP levels
decrease in later meiotic germ cells and round spermatids
and is not detectable in condensing spermatids
(Figure 4C), consistent with the ~20-fold increase of
Pgk2 mRNA in the testes of adult mice, resulting at
least in part from the absence of t-KSRP in later stage
postmeiotic germ cells (Figure 1).

Protein variants (isoproteins) are especially common
in male germ cells. The testis expresses isoforms
of many proteins including lactate dehydrogenase,
glyceraldehyde-3-phosphate dehydrogenase, hexokinase,

phosphoglycerate mutase, aldolase, pyruvate dehydrogen-
ase El alpha, PGK and even KSRP (4). The isoprotein
PGK2 is believed to have evolved to replace PGKI1
because PGK1 becomes inactivated during meiotic sex-
chromosome inactivation. Other isoproteins have been
proposed to optimize metabolic activities unique to germ
cells. The temporal synthesis patterns of many of these
proteins require delayed mRNA utilization, suggesting
that t-KSRP and PTBP2 are likely to regulate the cyto-
plasmic steady-state levels of numerous germ cell mRNAs
in addition to Pgk2 mRNA. Sequence analysis of mRNAs
precipitated by anti-PTBP2 and anti-KSRP includes
Tex27, Ddc8 and Spata6, genes whose mRNAs are trans-
lationally regulated similar to Pgk2 mRNA (data not
shown) (5).

In summary, Pgk2 mRNA is first detectable in early
meiosis in spermatocytes and increases dramatically in
spermatids (2-4, Figure 1). t-KSRP is abundant in early
meiosis and markedly decreases, becoming undetectable in
postmeiotic male germ cells (Figures 4 and 5). The decline
of t-KSRP and increase of PTBP2 are concomitant with
the increase in Pgk2 mRNA levels. We speculate that in
the cytoplasm of early meiotic spermatocytes, t-KSRP
promotes the decay of Pgk2 mRNA and as t-KSRP
levels decrease, Pgk2 mRNA levels rise from continued
transcription and stabilization by protein complexes con-
taining PTBP2 in late-stage meiotic spermatocytes and
postmeiotic spermatids. Many additional proteins are
likely essential for these processes. In somatic tissues,
KSRP stimulates mRNA decay by recruiting a decay-pro-
moting exosomal complex to target mRNAs (19). In testis
extracts, t-KSRP interacts with exosomal proteins such as
EXOSC7 (Rrp42p) and Rrp40p (data not shown). Thus, a
number of frans-acting factors will contribute to the syn-
thesis/stabilization/destabilization of the Pgk2 mRNA
during spermatogenesis. Recently, a number of additional
germ cell mRNAs have been demonstrated to exhibit tem-
poral RNP/polysomal regulation similar to Pgk2 mRNA
(5). The possibility that they represent additional t-KSRP
target mRNAs that undergo a coordinated regulation
merits investigation.
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