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Gonadotropin-regulated testicular helicase (GRTH)/DDX25
is an essential post-transcriptional regulator of spermatogene-
sis. In GRTH null mice severe apoptosis was observed in sper-
matocytes entering the metaphase of meiosis. Pro- and anti-
apoptotic factors were found to be under GRTH regulation in
comparative studies of spermatocytes from wild type and
GRTH�/� knock-out (KO) mice. KO mice displayed decreased
levels of Bcl-2 andBcl-xL (anti-apoptotic factors), an increase in
Bid, Bak, and Bad (pro-apoptotic), reduced phospho-Bad, and
release of cytochrome c. Also, an increase on Smac, a competitor
of inhibitor apoptotic proteins that release caspases, was
observed. These changes caused an increase in cleavage of
caspases 9 and 3, activation of caspase 3 and increases in cleav-
age products of PARP. The half-life of caspase 3 transcripts was
markedly increased in KO, indicating that GRTHhad a negative
role on its mRNA stability. I�B�, which sequesters NF-�B from
its transcriptional activation of pro-apoptotic genes, was highly
elevated in KO, and its phospho-form, which promotes its dis-
sociation, was reduced. The increase ofHDAC1 and abolition of
p300 expression in KO indicated a nuclear action of GRTH on
the NF-�B-mediated transcription of anti-apoptotic genes. It
also regulates the associated death domain pathway and caspase
8-mediated events. GRTH-mediated apoptotic regulation was
further indicated by its selective binding to pro- and anti-apo-
ptotic mRNAs. These studies have demonstrated that GRTH, as
a component of mRNP particles, acts as a negative regulator of
the tumor necrosis factor receptor 1 and caspase pathways and
promotesNF-�B function to control apoptosis in spermatocytes
of adult mice.

Gonadotropin-regulated testicular helicase (GRTH)3 is a
multifunctional RNA helicase that is an essential post-tran-

scriptional regulator of spermatid development and the com-
pletion of spermatogenesis. It is a male-specific protein
expressed in rat, mouse, and human testis (1–5) that contains
483 amino acids and shares the nine conserved signaturemotifs
found in members of the DEAD box family of RNA helicases.
This helicase displays ATP binding and hydrolysis, RNA bind-
ing, and RNA unwinding activities (1).
GRTH is regulated by gonadotropin/androgen in Leydig cells

and germ cells of the testis (1, 2) where its expression is both
cell- and stage-specific. It is highly expressed in pachytene and
metaphase spermatocytes and round spermatids, where it reg-
ulates the expression of crucial proteins in sperm maturation
includingH4, HMG2, TP1, TP2, PGK2, ACE, and protamines 1
and 2 (3, 4). As a component of messenger ribonucleoprotein
particles, GRTH participates in transport of mRNAs to cyto-
plasmic sites for storage of mRNAs prior to their translation at
specific times during spermatogenesis. Also, through its asso-
ciation with polyribosomes, GRTH regulates the translation of
messages encoding spermatogenic factors (4). GRTH null mice
are sterile and lack sperm because of the failure of round sper-
matids to elongate, resulting in complete arrest at step 8 of
spermiogenesis (3). Wild type and heterozygous males are fer-
tile and have normal sperm development. There is also a major
decrease in size of the chromatoid body in GRTH null mice,
consistent with the marked reduction of nuclear-cytoplasmic
transport of messages relevant to spermiogenesis, presumably
for storage in these organelles (3, 4).
In spermatocytes entering the metaphase of meiosis before

the appearance of round spermatids, striking apoptosis (30%/
cell/tubule) is observed in GRTH null mice as revealed by
deoxynucleotidyltransferase-mediated dUTP nick end labeling
assay (3). The degree of apoptosis is related to the reduction of
GRTH protein expressed in germ cells, because apoptotic cells
are reduced in heterozygous mice (8%/cell/tubule) and are
sparse in wild type animals. The DNA repair proteins, Rad 51
and Dmc1, which are necessary to maintain chromosomal
integrity, are increased in GRTH null mice. Despite the severe
apoptosis, sperm development proceeds through stages 1–8 of
round spermatids until the arrest point. In this case, activation
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of survival mechanisms and/or the partial protection from other
helicases (i.e. PL10/DDX3 and DBP5/DDX19) could permit the
progression of the remaining meiotic viable cells to haploid germ
cells. In this study we provide evidence for a central role of GRTH
in the control of germ cell apoptosis in adult mice.

EXPERIMENTAL PROCEDURES

Animals—Wild type (C57BL/6-SV129J) (Charles River) and
GRTH�/� male mice (3) were housed in pathogen-free, tem-

perature- and light-controlled con-
ditions (20 °C), with an alternating
light-dark cycle with 14 h of light
and 10 h of darkness). All of the ani-
mal studies were approved by the
National Institute of Child Health
and Human Development Animal
Care and Use Committee. The ani-
mals were killed by asphyxiation
with CO2 and decapitated. The tes-
tes were removed and decapsulated
for the purification of germ cells.
Purification of Spermatocytes—

Testicular germ cells were prepared
by collagenase/trypsin dispersion
and purified by centrifugal elutria-
tion (2). After collagenase disper-
sion, seminiferous tubules were
minced and incubated in medium
199 containing 0.1% bovine serum
albumin, 0.1% trypsin (Sigma), and
17 �g/ml DNase (Sigma) for 15 min
in a rotary water bath (80 rpm,
35 °C). After the addition of soybean
0.04% trypsin inhibitor, the sample
was filtered through a 300-, 90-, or
40-�mmesh screen and glass wool,
and the cells were pelleted and
resuspended in elutriation buffer
containing 2 �g/ml DNase. The
spermatocytes were subsequently
separated and purified by centrifu-
gal elutriation using Beckman
Avanti 21B centrifuge with elutria-
tor rotor model J 5.0 as described
previously. The first two fractions
(fractions 1 and 2) were collected
with flow rates of 31.5 and 41.4
ml/min at 3000 rpm, and two addi-
tional fractions (fractions 3 and 4)
were obtained with flow rates of
23.2 and 40 ml/min at 2000 rpm.
Fraction 4 containing pachytene
spermatocytes at a purity of �86%
was used for protein and RNA
analyses.
Western Blot Analysis—Protein

samples were extracted from germ
cells using Mammalian Protein

Extraction Reagent (Pierce) in the presence of a mixture of
protease inhibitors (Roche Applied Sciences). The extracts
(25 �g) were subjected to separation on a 4–20% SDS-PAGE
gel and transferred to nitrocellulose membrane for Western
analysis with specific GRTH peptide rabbit polyclonal anti-
body (amino acids 465–477) (2) purified by protein
A-Sepharose (Amersham Biosciences) or antibodies
obtained from commercial sources including anti-rabbit
antisera: Bak, TNF�, TNF-R1, TRADD, caspase 8, HDAC1,

FIGURE 1. Western analysis of pro- and anti-apoptotic factors expression in spermatocytes of WT and
GRTH KO mice. A, protein expression analysis of Bcl-2 protein family members (Bcl-2, Bcl-xL, Bid, Bak, Bad, and
phospho-Bad (pBad)), Smac, p53, and Hsp10, IAP utilizing specific antibodies. B, signals from three independ-
ent experiments were quantified and normalized by �-actin or tubulin. The KO values are presented as per-
centages of WT. WT, 100% (thin black line). The values are the means � S.E. *, p � 0.05.
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HDAC2, HDAC3, HDAC4, p300, (Santa Cruz), Bid, Bad, Bcl-2,
phospho-Bad, caspase 3, caspase 9, PARP, XIAP, p65, NF-�B
(p105/50), RIP, TNF receptor-associated factor 2, IKK�/�,
Erk1/2, phospho-Erk1/2, cytochrome c, AKT, and I�B� (Cell
signaling), acetyl p65 (Abcam), Hsp10 (Sigma); anti-goat anti-
serum FADD (Santa Cruz) and anti-Bcl-xL (monoclonal,
Sigma), Smac (monoclonal; Santa Cruz), p53 and phospho-
I�B� (monoclonal, Cell signaling), and PKAc (monoclonal; BD
Biosciences). Anti-rabbit �-tubulin (Santa Cruz Biotechnol-
ogy) or�-actin antisera (monoclonal; Sigma)were used for nor-
malization. The antibodies were used at a dilution of 1:500 to
1:1000, and the appropriate second antibody was employed
(goat anti-rabbit and anti-mouse IgG horseradish peroxidase at
1:10,000; donkey anti-goat IgG horseradish peroxidase 1:5000).
Immunosignals were detected at different exposure times
using the supersignal chemiluminescence system (Pierce).
The intensity of each protein band from Western blots was
scanned by densitometry (GS-800 calibrated densitometer;
Bio-Rad) in the linear range of optical density and quanti-
tated by a software package (Quantity One version 4.2.1).
The values obtained from quantitation of optical densities of
Western blot signals were normalized by endogenous �-ac-
tin or tubulin, which were constant in WT and KO. KO val-
ues were expressed as percentages of WT (100%). Each com-
parative evaluation was repeated at least three times from

independent samples of purified
spermatocytes obtained from at
least 20 wild type or KO mice.
Caspase 3 Activity Assay—Pro-

tein samples (25 �g) extracted from
total germ cells collected by centrif-
ugation (1000 � g, 4 °C, 10 min)
after collagenase/trypsin dispersion
were used to determine endogenous
caspase 3 activity using caspase 3
cellular activity assay kit (number
235419; Calbiochem).
Co-immunoprecipitation and RT-

PCR Analysis—Testicular extracts
(1 mg) prepared from WT and
GRTH�/� mice by homogenization
were initially subjected to preclear-
ing by incubation with 40 �l of pro-
tein A-agarose (50% of slurry) and 2
�g of normal rabbit ormouse IgG in
the immunoprecipitation assay
buffer with gentle agitation. The
recovered supernatant was incu-
bated with GRTH antiserum (2 �g)
for 2 h at 4 °C in the presence of 1�
protease inhibitor mixture (Roche
Applied Sciences) to co-immuno-
precipitate the GRTH-RNP com-
plex. 50 �l of protein A-agarose in
50% slurry was added, and the incu-
bation was continued for overnight
at 4 °C. Protein A-precipitated
GRTH–RNP complex was recov-

ered by brief centrifugation followed by washing three times
with assay buffer. The RNA from the complexes was extracted
by phenol:chloroform:isoamyl alcohol (25:24:1, v/v; Invitrogen)
and subjected to RT-PCR analysis. First strand cDNA reverse
transcribed by using a Super Script III first strand synthesis kit
(Invitrogen) was further amplified by real time PCR with spe-
cific primer sets for the genes of interest.
Real Time PCR Quantification of mRNA—Total RNA from

either whole cell or cytoplasmic fractions of purified sper-
matocytes obtained from adult mouse testes (GRTH�/� and
GRTH�/�) were isolated using an RNeasy mini kit (Qiagen).
The cell fractions were prepared using nuclear and cytoplas-
mic extraction reagents kit (Pierce) in the presence of a mix-
ture of protease (Roche Applied Sciences) and phosphatase
inhibitors (Pierce). Prior to reverse transcription reaction,
total RNA was treated with DNase I to remove any possible
co-purified genomic DNA. 1 �g of RNA was reverse tran-
scribed using a SuperScript III first strand synthesis system
(Invitrogen) containing a mixture of oligo(dT)20. The first
strand cDNA was used as a template in real time PCR with
SYBR Green Master Mix and an ABI 7500 sequence detec-
tion system (Applied Biosynthesis). The cycling program
was set as follows: denature at 95 °C for 10 min, followed by
45 cycles of 95 °C for 15 s and 60 °C for 1 min. Specific prim-
ers for gene of interests were designed accordingly (supple-

FIGURE 2. Western blot analysis of protein kinase expression representative of three independent path-
ways in WT and KO spermatocytes. A, analysis of expression of PKAc, Erk1/2, phospho-Erk1/2 (P-Erk1/2), and
AKT. B, signals from three independent experiments were quantified and normalized by �-actin. The KO values
are presented as percentages of WT. WT, 100% (thin black line). The values are the means � S.E. *, p � 0.05.
C, summary diagram of GRTH effect in the apoptotic pathway. �, required for optimal protein expression.
Dotted arrow, no effect.
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mental Table S1). The specificity of the PCR products was
verified by melting curve and agarose gel analyses. The
results presented are from three individual experiments, in
which each sample was assayed in triplicate, normalized to
the level of �-actin mRNA, and expressed as a percentage of
wild type.
mRNA Stability of Caspase 3—Spermatocytes of WT and

GRTH�/� mice were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum for 3 h
followed by incubation with 10 �g/ml actinomycin D for
0–10 h. Total RNA was isolated at specific times after treat-
ment, reverse transcribed, and quantitated by real time PCR
as described above.
Statistical Analysis—The significance of the differences in

the expression of proteins and mRNAs between groups (wild
type and KO) was determined by nonparametric Kruskall Wal-
lis followed by Dunn’s multiple-comparison test using Prism
statistical software version 4.

RESULTS

Effect of GRTH on Cellular Apoptotic Factors—To study the
effects of GRTH in apoptosis, we initially examined the protein
expression of anti-apoptotic and pro-apoptotic factors in
purified spermatocytes from WT and KO mice by Western
blot analysis. Our results showed a significant increase in the
levels of some pro-apoptotic factors in spermatocytes of KO
mice compared with WT including Bid, Bad, Bak, Smac, and
p53 (Fig. 1). In contrast, the levels of anti-apoptotic proteins
such as Bcl-2, Bcl-xL, Phospho-Bad (pBad), IAP, and Hsp10
were significantly reduced in KO. In addition, reduction of
the protein levels of key enzymes of two independent kinase
pathways reported to phosphorylate Bad including the PKA
catalytic subunit (PKAc), mitogen-activated protein kinase
(Erk1/2), and phospho-Erk1/2 (pErk1/2) were observed in
the null mice (Fig. 2). AKT levels were not significantly
changed. These results demonstrated that GRTH have a gen-
eral effect on mitochondria controlled apoptotic pathways.

FIGURE 3. Evaluation of cleavage products of members of caspase 3 and 9 signal pathway in WT and KO mice. A, Western analysis of caspase (Casp.) 3/9,
PARP, and their associated cleavage products. B, signals were quantified and normalized by �-actin from three independent experiments. The KO values are
presented as percentages of WT. WT, 100% (thin black line). The values are the means � S.E. *, p � 0.05. C, summary diagram of the effects of GRTH in the caspase
3 and 9 signal pathway. D, endogenous cellular caspase 3 activity in the germ cells of WT and GRTH KO. The KO values are presented as percentages of WT. WT,
100% (thin black line). The values are the means � S.E. of three independent experiments in triplicate. *, p � 0.05.
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GRTH suppresses pro-apoptotic proteins such as Bid, Bad,
Bak, Smac, and p53, whereas it increases the expression of
anti-apoptotic proteins such as Bcl-xL, Bcl-2, and others
(summary and Fig. 2C).
Effect of GRTH on Caspase Signal Pathway—Cleaved

products of caspase 9, caspase 3, and PARP were minimally
detectable in spermatocytes of WT mice, but significant
increases in active cleaved products were observed in KO
mice compared with WT (Fig. 3, A and B) (200–300%
increases in cleaved products 39/37 kDa, caspase 9; 19/17
kDa, caspase 3; and 89 kDa, PARP). Uncleaved products of
caspase 9 (49 kDa) and PARP (116 kDa) were not signifi-
cantly different from WT. In contrast, uncleaved caspase 3
(35 kDa) was reduced to 30% of WT. Moreover, a 250%
increase in the levels of caspase 3 cellular activity was found
in KO mice compared with WT (Fig. 3D).
Effect of GRTH on Caspase 3 Transcript Stability—We also

determined the steady-state levels of mRNA transcripts of the
caspase pathway in WT and GRTH KOmice by real time PCR
analysis. Caspase 3 mRNA transcript levels in total cell extract
and cytosolic fraction of spermatocytes were 500% in KO com-
pared with WT, whereas those of caspase 9 and PARP were
unchanged (Fig. 4A). The increases observed on caspase 3 tran-
scripts in KO mice are related to changes in mRNA stability
because the half-life of caspase 3 mRNA transcripts was 1 h in

WT, whereas these transcript levels were stable for at least 10 h
in KO (Fig. 4B).
Effect of GRTH on NF-�B-mediated Anti-apoptotic

Pathway—Because we observed major reductions of anti-
apoptotic factors expression in the GRTH null mice and
given the major role of NF-�B in the stimulation of tran-
scription of anti-apoptotic genes, we investigated the role of
GRTH on NF-�B mediated anti-apoptotic pathway in sper-
matocytes of WT and KOmice (Fig. 5). We observed a major
increase in the levels of I�B� and a profound decrease in
phospho-I�B� (p-I�B�) levels in KO spermatocytes com-
pared withWT (Fig. 5,A andC). The latter may have resulted
from the major reduction of IKK�/� kinase catalytic sub-
units detected. In contrast, levels of NF-�B protein species
(NF-�B1 and p65) were unchanged (Fig. 5, A and C). In addi-
tion, acetylation of NF-�B required for its transcriptional
activity could be curtailed by the nearly absence of p300 and
increase in HDAC1 (Fig. 5, B and D). Other members of the
HDAC I and II subgroups were minimally increased
(HDAC2, HDAC3, and HDAC4) or unchanged (HDAC8).
Effect of GRTH on TNF�/TNF-R1-mediated Apoptotic

Pathway—Because the NF-�B pathway could be also regu-
lated by signaling resulting from activation of TNF-R1 by
TNF� via the death domain associated adaptor protein com-
plex, we investigated the expression of components of this
pathway in the GRTH null mice. Only significant increases
in TNF-R1-associated adaptor protein TRADD was
observed in the absence of GRTH (Fig. 6, B and D). No obvi-
ous change in the levels of the receptor, its binding ligand
(Fig. 6, A and D) and other TNF-R1-associated factors
including FADD protein, receptor-interacting protein (RIP),
and TNF receptor-associated factor 2 were observed (Fig. 6,
B and D). Activation of caspase 8 indicated by increases in
the 18- and 43-kDa cleaved products from the 57-kDa pre-
cursor was observed in KO mice (Fig. 6, C and D). These
results suggest the participation of the death receptor signal-
ing in the germ cell apoptosis observed in GRTH null mice.
GRTH Associated with a Subset of Apoptotic Factors

mRNA Transcript as GRTH-mRNP—We previously demon-
strated that the export and translational functions of GRTH
as a component of mRNP are required for the expression of
gene products relevant to spermiogenesis (3, 4).). Thus, it
was of interest to determine the association of GRTH with
messages involved in pro- and anti-apoptotic pathways
through isolation of GRTH-mRNA complexes and charac-
terization of mRNAs candidates of apoptotic and anti-apo-
ptotic factors (Fig. 7). GRTH was found to associate selec-
tively with certain pro-apoptotic factors including Bad, Bak,
Smac, and p53, and anti-apoptotic factors Bcl-2, Bcl-xL, and
Hsp10. It also associated with caspase 9, caspase 3, and PARP
mRNAs. GRTH associated with NF-�B cytoplasmic inhibi-
tor I�B� and nuclear regulators, acetyltransferase p300, and
HDAC1, whereas no association with NF-�B was observed.
GRTH also formed RNP particles with death domain-asso-
ciated cytoplasmic adaptor proteins mRNAs including
TRADD and FADD and the caspase 8 message in this signal-
ing pathway. GRTH association with certain pro-apoptotic
or anti-apoptotic transcripts could cause the reduction of

FIGURE 4. Effect of GRTH on caspase 3 transcript stability. A, RT-PCR
analysis of mRNA level of caspase 3 and 9 and PARP in cytoplasm (Cyto)
and whole cell extracts (Total) of spermatocytes from wild type (Wt) and
GRTH KO mice. The KO values are presented as percentages of WT. WT,
100% (thin black line). The values are the means � S.E. of three independ-
ent experiments in triplicate. *, p � 0.05. B, spermatocytes prepared from
WT or GRTH KO mice were incubated with 10 �g/ml actinomycin D (Act. D)
for 1–10 h. The mRNA samples were analyzed by RT-PCR using specific
caspase 3 primers.
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the pro-apoptotic pathway and prevalence of anti-apoptosis
through its silencing/degradation or translation/transport
functions in spermatocytes.

DISCUSSION

Apoptosis during spermatogenesis of the pubertal testis is
crucial to achieve normal mature germ cells at adulthood (6,
7). Although apoptosis is a major event in the prepubertal
mouse testis during the first spermatogenic wave and affects
spermatogonia and zygotene-pachytene spermatocytes
(8–13), only sporadic apoptosis is observed in the adult tes-
tis. This difference suggests that factor(s) residing in the late
spermatocytes might suppress apoptosis in the mature
rodent testis. However, the control mechanism(s) of this
tightly regulated process are largely unknown.
The striking apoptosis observed in the spermatocytes of

adult GRTHnullmice testis indicated the important role of this
helicase in determining the survival and apoptotic fate of adult
germ cells (3). By comparing the global expression of pro- and
anti-apoptotic protein profiles in spermatocytes of wild type
andGRTHnull mice, we have demonstrated that lack of GRTH
caused increases in most of the pro-apoptotic factors and
decreases of anti-apoptotic factors. A potential synergism of
death receptor, NF-�B, and mitochondrial pathways leading to

massive germ cell apoptosis caused by the absence of GRTH
could be envisioned. Our findings underscore the importance
of GRTH to promote cell survival by acting as a negative regu-
lator of these apoptotic signaling pathways. In the case of
caspase 3, an accelerated turnover rate of its mRNA was gov-
erned by GRTH to prevent cell death. In the NF�B pathway,
both the upstream cytoplasmic regulator IKK and the nuclear
co-activator p300 could affect NF�B-mediated signaling and
transcriptional activation of anti-apoptotic genes to prevent
cell death. In the death receptor signaling, a significant up-reg-
ulation of TRADDwas observed inKOmice comparedwith the
minimally detectable level present in WT. This suggests a spe-
cific impact of GRTH on TRADD-mediated signaling, which is
further supported by the activation of caspase 8. In contrast,
minimal or no changes of other death domain-associated adap-
tor proteins were observed, suggesting the specificity of GRTH
regulation within this pathway.
Our findings suggest that the lack of GRTH might disrupt

mitochondria integrity (14) by reduction of its membrane-
bound anti-apoptotic proteins and increases in pro-apopto-
tic Bad, Bak, and Bid, which promote the release of cyto-
chrome c. In the unphosphorylated state, Bad is targeted to
the mitochondrial surface where it binds Bcl-xL, preventing

FIGURE 5. Effect of GRTH on NF-�B-mediated anti-apoptotic pathway. A and B, Western analysis of protein samples prepared from spermatocytes of adult
WT and GRTH KO mice. C and D, signals from three independent experiments were quantified and normalized by �-actin. The KO values are presented as
percentages of WT. WT, 100% (thin black line). The values are the means � S.E. of three independent experiments in triplicate. *, p � 0.05.
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the anti-apoptotic activity of this protein and leading to
events causing cell death. Phosphorylation at serines 112,
136, and 155 causes dissociation of Bad from Bcl-xL (15–18).
The marked reduction of Bad phosphorylation observed in
KO mice (Fig. 1) could contribute to induction of the apo-
ptotic cascade and further suggested that the cells destined
to degenerate could not survive in the absence of GRTH.
Phosphorylation of Bad is known to be associated with the
cell survival mechanism that raises the threshold at which
the mitochondria release cytochrome c in response to the
apoptotic stimuli (19–21). Our studies have shown down-
regulation of enzymes from two independent kinase path-
ways (PKA and mitogen-activated protein kinase) in GRTH
null mice. Because the message of the mitochondrial PKA-
anchoring protein AKAP1 was profoundly decreased in a
microarray gene expression analysis (not shown), PKA could

be reduced or absent at mitochondrial sites to counterbal-
ance the apoptotic process (15). This could also affect the
cellular environment necessary for cell survival in GRTH
null mice. It is possible that GRTH is required to maintain
cellular kinases for other functions, specifically to support
requisite levels of its cytoplasmic phospho-form (61 kDa)
(4).
In this study, the absence of GRTH caused the release of

cytochrome c from mitochondria into the cytosol, and the
increase of factors that induced caspase cleaved products
from caspase 9/3 and PARP known to induced DNA frag-
mentation in the apoptotic process (22, 23). The higher level
of caspase 3-binding factor, Smac, and the diminished level
of binding competitor (IAP), might relieve the inhibitory
effect of the IAPs on caspase and trigger the observed
increases of its protease activity in the GRTH null mice.

FIGURE 6. Effect of GRTH on TNF�/TNF-R1 mediated apoptotic pathways. A–C, Western analysis of factors associated in TNF�/TNF-R1 signaling pathway.
A, ligand binding at the cell surface. B, receptor associated cytoplasmic factors. C, caspase 8. D, signals from three independent experiments were quantified
and normalized by �-actin. KO values are presented as percentages of WT. WT, 100% (thin black line). The values are the means � S.E. *, p � 0.05.
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Hsp10, a known anti-apoptotic factor (24) that stabilizes
mitochondrial cross membrane potential, thus inhibiting
caspase 3 activity and suppressing PARP, was also markedly
decreased. The inhibitory effect of GRTH on caspase 3 was
further revealed by the marked increase in its mRNA and the
cleaved protein products observed in its absence. GRTH is
an integral component of messenger ribonuclear protein
particles associated with most apoptotic mRNA transcripts
(Fig. 7). By associating with GRTH, caspase 3 undergoes
rapid degradation, and apoptosis is kept in check, in contrast
with its prolonged stability in the absence of GRTH (Fig. 4).
Caspase 3 degradation presumably occurs at cytoplasmic
sites such as chromatoid bodies or its precursors (25)
through small interfering RNA pathways. We have previ-
ously suggested that GRTH could function as a component
of mRNP to transport relevant messages into chromatoid
bodies for their post-translational regulation (3–5). In con-
trast only changes in activity were observed for caspase 9 and
PARP as indicated by their cleavage products (Fig. 3).
NF-�B dimers in the cytoplasm translocate to the nucleus

and stimulate the transcription of anti-apoptotic genes (26–
28). In the presence of I�B�, such dimers are sequestered,
and NF-�B transfer to the nucleus is prevented, leading to
apoptosis. Phosphorylation of I�B� causes its ubiquitination
and proteosomal degradation, thus increasing cell survival
(29). In GRTH mice, the increased levels of I�B� and reduc-
tion of its phosphorylation could cause sequestration of
NF-�B dimers in the cytoplasm. Accumulation of I�B� and
the marked reduction of its phospho-form, possibly caused

by the lower levels of IKK� and
IKK�, could decrease its proteoso-
mal degradation. This would pre-
vent NF-�B transfer to the nucleus
and reduce the transcription of
anti-apoptotic factors. Further-
more, acetylation of NF-�B, which
is required for its activation of
gene transcription (30, 31), could
be compromised because of the
almost complete absence of p300
in GRTH KO mice. In addition,
the increases in tumor suppressor
p53 observed in the GRTH KO
mice might facilitate association
of NF-�B with HDAC1 (32), which
was highly up-regulated in the
absence of GRTH. This will conse-
quently impair IKK�/� recruit-
ment to promoter regions of
NF-�B-regulated genes. IKK�, by
interacting with HAT co-activa-
tors, is recruited to promoter
regions of NF-�B-regulated genes
and contributes to gene expres-
sion through phosphorylation of
histone H3 (33, 34). Thus, a lack of
GRTH may impair the nuclear
events associated with NF-�B acti-

vation of anti-apoptotic genes Bcl-2 and Bcl-xL. GRTH has
dual roles in regulating NF-�B activity at cytoplasmic and
nuclear sites. These findings indicate that GRTH could be
required for IKK expression to accelerate I�B� degradation
through phosphorylation to free NF-�B from inhibition,
allowing its dimers to translocate to nuclear sites. In addi-
tion, IKK recruitment to promoter regions of NF-�B-regu-
lated anti-apoptotic genes may contribute its transcriptional
function.
We also determined whether the involvement of the

extrinsic pathway initiated by the cell surface death receptor
in the downstream apoptotic events was observed in GRTH
null mice. TNF� has been suggested to promote cell survival
during spermatogenesis (35). In other systems (i.e. immune,
hepatic, and nervous system), recruiting the death domain of
TNF-R1-associated adaptor proteins, TRADD, FADD, and
RIP upon TNF� stimulation can trigger either cell survival
through the activation of NF-�B pathway or cell death via
caspase 8, caspase 10, or Jun N-terminal kinase signaling
cascades (27). Activation of NF-�B requires the joint recruit-
ment of adaptor protein complexes to the activating IKK
complex, which phosphorylates the NF-�B inhibitor I�B.
However, in GRTH null mice the observed increase solely in
TRADD expression indicates that this pathway is not oper-
ative to maintain the NF-�B survival route (Fig. 6). This is
consistent with our findings of a marked reduction of IKKs,
the phospho-form of I�B, and the inactivation of NF-�B
function discussed above. Furthermore, the apoptosis
observed in thesemice is unlikely to bemediated through the

FIGURE 7. RT-PCR analysis of immunoprecipitated testicular GRTH complexes with cellular pro- and
anti-apoptotic mRNAs. KO testicular extracts were used as negative controls. Specific sets of primers for
genes of interests were designed accordingly (supplemental Table S1). A representative example of three
independent experiments is provided.
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Jun N-terminal kinase signaling pathway triggered by RIP
because only minor increases of RIP were found in our study
(Fig. 6). Because we did not observe any change in either Fas
(data not shown) or FADD, which is known to activate the
caspase 8 cascade (36), the significant increases in the active
subunits of p18 from pro-caspase 8 suggest that TRADD
could activate the caspase 8 cascade by recruiting FADD to
trigger the release of mitochondrial factors and activation of
downstream effector caspases 3, resulting in cell death.
Unlike the study showing that TNF� can promote germ cell
survival through its cognate receptor (35), GRTH seems to
act as a regulator at the level of its downstream death recep-
tor-associated adaptor protein TRADD in the TNF�-associ-
ated pathway. Whether this isolated change could induce
activation of the pathway remains to be determined. It is
possible that the TRADD message associated with GRTH as
a mRNP complex is unstable or that its translation is inhib-
ited by GRTH, and it is consequently inactive in the death
domain signaling of apoptosis in wild type testis.
These observations suggest that whenGRTH interacts with a

subset of mRNAs of pro-apoptotic factors, these might be
either down-regulated or silenced through the small RNA deg-

radation pathway (5). Conversely,
GRTH could favor export of nuclear
anti-apoptotic messages and subse-
quent translational events during
spermatogenesis in the wild type
mice (4, 5). In regard to the species
whosemRNAdoes not interactwith
GRTH, this will require further
investigation.
In conclusion, these studies

have clearly demonstrated that
GRTH acts as a negative regulator
in the apoptotic fate of germ cells
at both cytoplasmic and nuclear
sites (summary diagram is in Fig.
8). Acting as a component of RNP
particles, with a panel of messages
for pro- and anti-apoptotic genes,
GRTH could directly or indirectly
regulate their respective gene deg-
radation and/or translation re-
quired for germ cell survival. It
might also have a specific inhibitory
action on the transport of messages
of pro-apoptotic gene from the
nucleus to the cytoplasm. GRTH
could indirectly regulate nuclear
events through the maintenance of
adequate expression of co-activator
p300 and IKKs for acetylation of
NF-�B and recruitment of IKK� to
promoter sites to increase NF-�B
transcriptional activity. The partici-
pation of tumor necrosis factor-me-
diated downstream death domain
TNF-R1/TRADD signaling in the

KOmice further demonstrates that GRTHhas an essential reg-
ulatory role in two opposing sets of pro- and anti-apoptosis in
spermatocytes of post-pubertal mice. This study provides new
insights into the regulatory mechanism of cell programming
death in male germ cells and highlights the central role of
GRTH in the prevention of apoptosis in the adult male gonad.
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