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Germ cell apoptosis is crucial for spermatogenesis and can be
triggered by various stimuli, including intratesticular hormone
deprivation. This study proposes a role for insulin-like growth
factor binding protein-3 (IGFBP-3) inmale germ cell apoptosis.
Groups of adult Sprague-Dawley male rats received one of the
following treatments for 5 days: (i) daily intratesticular (IT)
injections with saline (control); (ii) a single subcutaneous injec-
tion of the gonadotropin-releasing hormone antagonist (GnRH-
A), acyline, on day 1 and a daily IT injection of saline; (iii) daily
IT injection of IGFBP-3; and (iv) a GnRH-A injection on day 1
and a daily IT injection of IGFBP-3. Germ cell apoptosis
increased significantly after IGFBP-3 or GnRH-A treatment
which was further enhanced by the combined treatment.
After co-immunoprecipitation with BAX antibody, IGFBP-3
association with BAX was demonstrated in total and mito-
chondrial fractions but not in the cytosol of testis extracts.
BAX-associated IGFBP-3 expression was increased in mito-
chondria after treatment compared with control, which was
confirmed by an IGFBP-3 enzyme-linked immunosorbent
assay. Dot blot studies further validated the BAX-IGFBP-3
binding in vitro. IGFBP-3 as well as BAX induced release of
cytochrome c and DIABLO from isolated testicular mito-
chondria in vitro. IGFBP-3, when combined with an ineffec-
tive dose of BAX, triggered release of these proteins from
isolated mitochondria at a 4-fold lower dose than IGFBP-3
alone. Our data demonstrate that the IGFBP-3 and BAX
interaction activates germ cell apoptosis via the mitochondria-
dependent pathway. This represents a novel pathway regulating
germ call homeostasis that may have significance for male fer-
tility and testicular disease.

Programmed germ cell death can occur spontaneously dur-
ing spermatogenesis, or it can be induced in a cell-specificman-
ner by a variety of apoptotic stimuli. These stimuli include
experimental male contraceptive approaches such as gonado-
tropin-releasing hormone antagonist (GnRH-A)2 or exogenous

administration of testosterone that act to suppress gonado-
tropins and intratesticular testosterone (1–3). Modulating
germ cell death and survival may have significant therapeutic
potential for male infertility, contraception, and germ cell
cancer.
Using a rat model of intratesticular hormone deprivation, we

have previously shown that preleptotene and pachytene sper-
matocytes and round spermatids at mid stages (VII-VIII) are
the most susceptible germ cells to apoptosis after hormone
deprivation in the rat (2–4).We have extended our experimen-
tal systems from rodents to monkeys (5, 6) and more recently,
to humans (7). Across this spectrum of phylogenies, we dem-
onstrated that germ cell apoptosis plays an important role in
the organized regression of spermatogenesis after hormone
deprivation.
The signaling events leading to apoptosis can be divided into

two major pathways, involving either mitochondria (intrinsic)
or death receptors (extrinsic) (8–10). In earlier studies, we
showed that the mitochondria-dependent intrinsic pathway
serves as the key signal for germ cell apoptosis across species
after intratesticular hormonal deprivation (3, 4, 6, 11). In sub-
sequent studies, we have shown that the activation of the p38
mitogen-activated protein kinase, through changes in the BAX/
BCL-2 rheostat in the mitochondria, activates the intrinsic
pathway signaling and promotes male germ cell apoptosis in
response to a lack of hormonal support (6, 11).
Insulin-like growth factor binding protein-3 (IGFBP-3) is a

pluripotent molecule that acts through multiple mechanisms
(12). In addition to its role as a binding protein to the prolifer-
ative factor IGF-I, emerging evidence from our laboratories
indicates that IGFBP-3 plays an important role in tumor sup-
pression (12–16).Wehave further shown that IGFBP-3 induces
apoptosis by rapidly internalizing into cells and interactingwith
the nuclear retinoid X receptor � (RXR�) (17) and its binding
partner Nur77 (18, 19).
Our recent oligonucleotide microarray analysis showed up-

regulation of Igfbp3 gene expression in men when germ cell
apoptosis was induced by intratesticular hormonal deprivation
(20). However, the role of IGFBP-3 and its signaling pathway in
regulating testicular germ cell apoptosis is not known. This
study elucidates the possible intracellular mechanisms of
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IGFBP-3 action in the induction of male germ cell apoptosis.
Our data indicate that IGFBP-3, via binding to BAX, activates
the mitochondria-dependent pathway and triggers male germ
cell apoptosis.

EXPERIMENTAL PROCEDURES

Animals and Experimental Protocol—Adult 60-day-oldmale
Sprague-Dawley rats were purchased from Charles River Lab-
oratories (Wilmington, MA) and housed in a standard animal
facility under controlled temperature (22 °C) and photoperiod
of 12 h of light and 12 h of darkness with free access to food and
water. Groups of four young adult (2-month-old) rats received
the following treatment for 5 days: (i) control, daily intratesticu-
lar saline injection; (ii) GnRH-A (acyline, 30 mg/kg of body
weight, a gift from Dr. Richard Blye, NICHD/National Insti-
tutes of Health) subcutaneous injection on day 1 and daily
intratesticular saline injection; (iii) IGFBP-3 (50 �g, gift from
Insmed Corp., Richmond, VA), daily intratesticular injection;
and (iv) GnRH-A � IGFBP-3, GnRH-A injection on day 1 and
daily intratesticular injection of 50 �g of IGFBP-3. All rats were
killed on day 6. As an additional control experiment, six adult
60-day-oldmale Sprague-Dawley rats were treated with subcu-
taneous injections of vehicle (n� 3) or GnRH-A (n� 3). There
was no intratesticular injection in these six rats. These six rats
were also killed on day 6 and used as a negative control for the
intratesticular injection process.
Tissue Preparation and Subcellular Fractionation—Both

control and experimental animals were injected intraperitone-
ally with heparin (130 IU/100 g body weight) 15 min before a
lethal intraperitoneal injection of sodium pentobarbital (100
mg/kg of body weight) to facilitate testicular perfusion using a
whole body perfusion technique (2). After perfusion with
saline, one testis was removed and weighed. Portions of testic-
ular parenchyma were snap frozen in liquid N2 and stored at
�80 °C for subcellular fractionation and Western blotting.
Mitochondrial and cytosolic fractions were prepared as

described in our prior studies (4, 6, 21, 22). Briefly, saline-per-
fused testes were homogenized using aDounce homogenizer in
HEPES buffer (0.25 M sucrose, 50 mM HEPES, 10 mM NaCl, 10
mM EDTA, 2 mM dithiothreitol) supplemented with protease
inhibitors (Complete Protease Inhibitors; Roche Applied Sci-
ence). The crude homogenates were centrifuged at 1000� g for
10min at 4 °C, and the resultant supernatant was centrifuged at
10,000� g for 15min at 4 °C to sediment the low speed fraction
containing mainly mitochondria. The mitochondria were
washed twice in HEPES buffer and pelleted. The cytosolic frac-
tions were isolated following centrifugation of the 10,000 � g
supernatant fraction at 20,000 � g for 60 min at 4° C. The
resulting supernatant was the cytosolic fraction. The purity of
the cytosolic and mitochondrial fractions was validated by
Western blotting using antibodies to actin (1:2000; Sigma-
Aldrich) and cytochrome c oxidase subunit IV (1:500; Molecu-
lar Probes), respectively.
Co-immunoprecipitation and Western Blot Analysis—Co-

immunoprecipitation of IGFBP-3 with BAX (sc-493; Santa Cruz
Biotechnology, Santa Cruz, CA) in the total, cytosol, and mito-
chondrial fractions was performed using the ExactaCruzTM F kit
(Santa Cruz Biotechnology). Briefly, following incubation of the

antibody against BAXwith the species-specific immunoprecipita-
tion (IP) matrix, themitochondrial fraction in thematrix was pel-
leted via microcentrifugation at maximum speed for 30 s at 4 °C
and washed twice with 500 �l of phosphate-buffered saline. After
the final wash of the IP antibody-IP matrix complex, 500 �g of
total, cytosolic, or mitochondrial fractions of testis lysates was
added to the pelleted matrix and incubated at 4 °C on a rotator
overnight. The mixture was again pelleted by microcentrifuge at
maximum speed for 30 s at 4 °C, washed three times with radio-
immune precipitation assay lysis buffer, and resuspended in 40
�l of reducing 2� electrophoresis sample buffer (Santa Cruz
Biotechnology). After boiling samples for 3 min, a quick spin
was performed to pellet the IP matrix, and the supernatant
was loaded onto a gel to continue with electrophoresis.
Bands were visualized using the corresponding horseradish
peroxidase-conjugated ExactaCruzTM F reagents and the
enhanced chemiluminescence solutions per themanufactur-
er’s specifications (Amersham Biosciences).
Western blotting was performed as described previously (4,

6, 21, 22). In brief, proteins were separated on a 4–12% SDS-
polyacrylamide gel with MES or MOPS purchased from
Invitrogen at 150V.Gel was transferred on a Immunoblot poly-
vinylidene difluoride membrane (Bio-Rad) overnight at 4 °C.
Membrane was blocked in blocking solution (0.3% Tween 20 in
Tris-buffered saline and 10% nonfat dry milk) for 1 h at room
temperature and then probed using goat polyclonal anti-
IGFBP-3 (1:200, R&DSystems, Inc.,Minneapolis,MN) overnight
at 4 °C with constant shaking. After three 10-min washes in
0.3% Tween 20 in Tris-buffered saline, membrane was then
incubated with anti-goat (Santa Cruz Biotechnology) IgG-
horseradish peroxidase secondary antibody at a 1:1000 dilution.
All antibodies were diluted in blocking buffer. For immunode-
tection,membranewaswashed three times in 0.3%Tween 20 in
Tris-buffered saline wash buffer, incubated with enhanced
chemiluminescence solutions per themanufacturer’s specifica-
tions (Amersham Biosciences), and exposed to Hyperfilm ECL
(Denville Scientific, Inc., Metuchen, NJ). Band intensities were
determined using Quantity One software from Bio-Rad. Non-
reducing Western blotting was also performed as described
above except for the absence of sample heating and reducing
agents.
Rodent IGFBP-3ELISA—Goat anti-mouse IGFBP-3 IgG, bio-

tinylated goat anti-mouse IGFBP-3 antibody, mouse IGFBP-3
protein standard and streptavidin-horseradish peroxidase con-
jugate were purchased from R&D Systems. Super block block-
ing buffer, o-phenylenediamine dihydrochloride, and hydrogen
peroxide substrate were purchased from Pierce. Themouse/rat
IGFBP-3 assay has a sensitivity of 0.2 ng/ml and does not cross-
react with mIGF-I, mIGF-II, mIGFBP-1, or mIGFBP-2. The
ELISA uses a polyclonal anti-mouse IGFBP-3 antibody, which
has a very high degree of cross-reactivity with rat IGFBP-3.
96-well microtiter plates were coated with goat anti-mouse
IGFBP-3 IgG at 0.3 �g/well in 100 �l of 50 mM sodium bicar-
bonate, pH 9.5, incubated 3 h at room temperature on a shaker,
washed three times with 300 �l/well wash buffer (phosphate-
buffered saline, 0.05% Tween 20) followed by two washes with
blocking buffer. Recombinant mouse IGFBP-3 protein stand-
ard was diluted in sample buffer (phosphate-buffered saline,
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0.1% Tween 20, and 10% normal goat serum) in concentrations
ranging from 0 to 50 ng/ml. Samples were appropriately diluted
with assay buffer prior to assay. Standards, controls, or diluted
samples (50 �l/well) and 50 ng/well biotinylated goat anti-
mouse IGFBP-3 IgG (in 50 �l of assay buffer) were incubated
overnight at room temperature on shaker. The wells were
washed three timeswithwash buffer followed by the addition of
streptavidin-horseradish peroxidase conjugate (100 �l/well in
phosphate-buffered saline, 5% Tween 20) and incubated fur-
ther for 20 min at room temperature. After four washes, 100 �l
of o-phenylenediamine dihydrochloride (1 mg/ml in hydrogen
peroxide substrate) was added to each well and incubated for
10–20min. The reactionwas stopped by the addition of 50�l of
2 N H2SO4, and the absorbance was determined at 490 nm in a
plate reader (Molecular Design, Sunnyvale, CA). The standard
curve was analyzed using four-parameter logistic curvefit.
Dot Blot Assessment—Targeted proteins and respective con-

trols were spotted onto nitrocellulose membrane (Pierce) at 1
�l/spot and then allowed to dry. After blocking the nonspecific
sites by 0.2% I-block (Applied Biosystems, Foster City, CA) for
3 h at room temperature, the nitrocellulose membranes were
incubated with tested peptides (5 �g/ml) as detailed below
overnight at 4 °C with gentle rocking. After three 10-min
washes in 0.3% Tween 20 in Tris-buffered saline, the nitrocel-
lulose membranes were incubated with the primary antibody
(anti-IGFBP-3, 1:200 or alternatively anti-BAX, 1:500) over-
night 4 °C with gentle rocking. Following three 10-min washes
in 0.3% Tween 20 in Tris-buffered saline, the membranes were
then incubated with secondary antibody (anti-goat antibody,
1:1000, or alternatively anti-rabbit antibody, 1:2000; SantaCruz
Biotechnology) for 1 h at room temperature with gentle rock-
ing. For immunodetection, membranes were washed three
times in 0.3% Tween 20 in Tris-buffered saline, incubated with
enhanced chemiluminescence solutions per themanufacturer’s
specifications (AmershamBiosciences), and exposed to Hyper-
film ECL. The peptides used for dot blots included: Humanin
(HN, a known binding partner of IGFBP-3 (23); obtained from
GeneMed Synthesis Inc., San Antonio, TX), BCL-2 (fragment;
obtained from Santa Cruz Biotechnology), BAX (mouse full
long sequence; obtained fromProSpec-TanyTechnoGene Ltd.,
Rehovot, Israel), and bovine serum albumin (BSA, obtained
from Sigma-Aldrich), IGFBP-3. The reverse experiment pro-
tein dots were: HN, BSA, IGFBP-3; HN mutant (24) (HN-C8P,
a non-BAX-binding mutant obtained from GeneMed Synthe-
sis, Inc.), and BAX.
Mitochondria Purification and Cytochrome c and DIABLO

Release Assays—Purification of mitochondria and protein
release assays were performed by differential centrifugation as
described previously (24, 25). In brief, testes were homogenized
in HM buffer (10 mMHEPES, pH 7.4, 250 mMmannitol, 10 mM

KCl, 5 mM MgCl2, 1 mM EGTA) containing 1 mM phenylmeth-
ylsulfonyl fluoride and a mixture of protease inhibitors (Roche
Applied Science). The homogenate was centrifuged twice at
1000 � g for 5 min to remove nuclei and debris, and the result-
ing supernatant was centrifuged at 10,000 � g for 10 min to
sediment the low speed fraction containing mitochondria. The
mitochondria were washed twice with the HM buffer and
resuspended in fractionation buffer and used within 2 h.

For detection of cytochrome c and DIABLO release, 10 �l of
mitochondria (about 50�g) was added into a final volume of 50
�l of HM buffer containing BAX or IGFBP-3 or BAX together
with IGFBP-3 peptide (mixture was preincubated at 30 °C for
15min) and was incubated further at 30 °C for 45min. Samples
were then pelleted by centrifugation and resuspended in a vol-
ume of HMbuffer equal to the volume of supernatant collected
and analyzed by immunoblotting using cytochrome c (1:2000;
SantaCruzBiotechnology) or SMAC/DIABLO (1:5000;Calbio-
chem) antibodies as described above.
To determine whether BAX and IGFBP-3 can bind to each

other during the 15 min preincubation, these peptides were
mixed at two concentrations as follows: lower concentrations of
5 ng/50 �l BAX and 100 ng/50 �l IGFBP-3 (which we used in
the mitochondria protein release experiment) and higher con-
centrations of 500 ng/50 �l BAX and 600 ng/50 �l IGFBP-3
(which is the equal-molar concentration of BAX and IGFBP-3
peptide) and incubated at 30 °C for 15 min or 15 min plus 45
min with mitochondria (about 50 �g/50 �l). The mixture was
subjected to Western blot analyses using antibody to IGFBP-3
and under nonreducing conditions to test the association of
BAX with IGFBP-3.
Statistical Analysis—Statistical analyses were performed

using the SigmaStat 2.0 Program (Jandel Cooperation, San
Rafael, CA). The Student-Newman-Keuls test after one-way
repeated measures analysis of variance was used for statisti-
cal significance. Differences were considered significant if
p � 0.05.

RESULTS

IGFBP-3 and GnRH-A Induce Apoptosis of Male Germ Cells

We have shown previously that IGFBP-3 treatment resulted
in a 4-fold increase of germ cell apoptosis at stages XIV-I and a
more modest increase of apoptosis occurred at stages VII-VIII
(26). Consistent with our previous observations, GnRH-A
induced marked increased in apoptosis exclusively at stages
VII-VIII. Addition of IGFBP-3 to GNRH-A treatment doubled
the increased apoptosis at stages VII-VIII without affecting
stages XIV-I (see “Opposing Roles of Insulin-like Growth Fac-
tor Binding Protein 3 and Humanin in the Regulation of Tes-
ticular Germ Cell Apoptosis” in Ref. 26).

BAX-associated IGFBP-3 Increases after GnRH-A and/or IGFBP-
3 Treatment in Total and Mitochondrial Fractions of Testicular
Extracts

Western Blot Analyses of IGFBP-3 in Total, Cytosol, and
Mitochondria of Testis Homogenates—Todetermine the role of
IGFBP-3 and its relationship with BAX in male germ cell apo-
ptosis, we first examined the IGFBP-3/BAX interaction in tes-
ticular homogenates and in cytosol or mitochondria of rats
treated with IGFBP-3 alone or in combination with GnRH-A.
IGFBP-3 protein expression was not detected by immunoblot-
ting in total, cytosol, or mitochondrial fractions without BAX
co-immunoprecipitation (supplemental Fig. 1). The testicular
homogenates (total, mitochondria, and cytosol fractions) were
then precipitated by anti-BAX antibody (supplemental Fig. 2).
After co-immunoprecipitation with BAX antibody, IGFBP-3
(endogenous glycosylated protein; molecular mass �40–42
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kDa) was detected in total (Fig. 1, top panel) and mitochondria
(Fig. 1,middle panel) fractions and not in cytosol (Fig. 1, bottom
panel) in groups treated with IGFBP-3, GnRH-A, and the com-
bination, but not in the untreated rats (control). IGFBP-3 frag-
ments (molecular mass 20–24 kDa) were found in the mito-
chondrial fractures after treatmentwithGnRH-A andGnRH-A
plus IGFBP-3 groups. To show that these changes were not
related to intratesticular injections, we demonstrated that the
same changes in IGFBP-3were present inGnRH-A-treated ani-
mals without intratesticular injections (supplemental Fig. 3).
IGFBP-3Measurement by ELISA inMitochondrial Fractions—

IGFBP-3 and BAX interaction was also quantitatively demon-
strated by ELISA. Substantiating the results of theWestern blot
analyses, IGFBP-3 protein was very low (close to the detection
limit of the assay) in samples before immunoprecipitation with
BAX (Fig. 2A). Fig. 2B shows the amount of IGFBP-3 that was
co-immunoprecipitated with BAX. Importantly, there is no
detectable IGFBP-3 in the basal control state, but we found
significantly higher levels of mitochondrial BAX-associated
IGFBP-3 in the IGFBP-3, GnRH-A, and GnRH-A � IGFBP-3
treatment groups (p� 0.05 in all groups) comparedwith saline-
treated rats (no detectable level), demonstrating increased
BAX-associated IGFBP-3 in mitochondria with these treat-
ments. These increased levels of IGFBP-3 were coincident with
increase in germ cell apoptosis (26).

Direct Interaction between IGFBP-3 and BAX

To validate further our new finding that IGFBP-3 interacts
directlywithBAX in testicularmitochondria, we performeddot
blot experiments where increasing concentrations of HN (a
prosurvival factor and known binding partner of IGFBP-3 and
BAX) (23, 24), BCL-2 (prosurvival factor structurally related to
BAX), BAX, BSA, and IGFBP-3 were spotted on a membrane
and then incubated sequentially with IGFBP-3, goat anti-
IGFBP-3 antibody, anti-goat secondary antibody, and ECL Plus
reporting reagent. Fig. 3A clearly demonstrates that the system
can detect IGFBP-3 and that IGFBP-3 interacts with HN (pos-
itive control), itself, and BAX but not with BCL-2 and BSA
(negative controls). In Fig. 3B, HN, BSA, IGFBP-3, HN-C8P (a
non-BAX-binding mutant of HN) (24) and BAX were spotted
on the membrane and then incubated with BAX, rabbit anti-

FIGURE 1. Endogenous IGFBP-3 interacts with BAX in the rat testis. West-
ern blots for IGFBP-3 after IP of the testis homogenates with anti-BAX or IgG
(negative control for the IP step) are shown. Rats were treated with vehicle
(Control), GnRH-A, IGFBP-3 peptide, or GnRH-A plus IGFBP-3 peptide, as
described under “Experimental Procedures.” Anti-BAX antibody was used to
immunoprecipitate IGFBP-3. Synthetic IGFBP-3 peptide was used as positive
control for unglycosylated IGFBP-3 (molecular mass �30 kDa), and rat serum
was shown as positive control for glycosylated IGFBP-3 (molecular mass
�40 – 42 kDa) (right panels). IGFBP-3 fragments (molecular mass � 20 –24
kDa) were detected only in serum and mitochondrial fractions after GNRH-A
treatments. Endogenous IGFBP-3 expression was not detected after IP with
rabbit IgG in GnRH-A-treated testis tissue (IP-IgG, right lane, negative control
for IP). After co-immunoprecipitation with anti-BAX antibody, endogenous
IGFBP-3 (glycosylated IGFBP-3, molecular mass �40 – 42 kDa) was detectable
by Western blotting with anti-IGFBP-3 after in vivo treatment with GnRH-A
with or without IGFBP-3 in testis total lysate (top panel) or mitochondrial frac-
tion (middle panel), but not detected in the control group. Endogenous
IGFBP-3 was not detectable in testis cytosol fraction (bottom panel) in control
and all treated animal groups.

FIGURE 2. IGFBP-3 was detected in testicular mitochondrial fraction by
ELISA only after anti-BAX IP. A, rats were treated with vehicle (Control),
GnRH-A, IGFBP-3, or GnRH-A plus IGFBP-3 peptide as described under “Exper-
imental Procedures.” IGFBP-3 levels measured by ELISA were very low and not
different in testicular mitochondrial fractions without anti-BAX co-immuno-
precipitation after the various treatments. B, quantitative measurements of
IGFBP-3 in testicular mitochondrial fractions after anti-BAX co-immunopre-
cipitation showed no detectable IGFBP-3 in the basal control state and signif-
icant increases in IGFBP-3 after treatment with GnRH-A, IGFBP-3, or combina-
tion of both peptides compared with control group. Values are mean � S.D.
(error bars) (n � 4 testis homogenates). *, p � 0.05.
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BAX antibody, anti-rabbit secondary antibody, and ECL Plus
reporting reagent. This complementary experiment using anti-
BAX confirmed binding of BAX to IGFBP-3, and HN, whereas
HNmutant (HN-C8P) showed absence of interaction (Fig. 3B).

Additive Effects of IGFBP-3 and BAX on Cytochrome c and
DIABLO Release from Mitochondria

We examined the release of cytochrome c (which in turn
induces a series of biochemical reactions that result in
caspase activation and subsequent cell death) and DIABLO
(a proapoptotic protein released from the mitochondria to
block the action of inhibitor of apoptosis proteins) (8–10)
from testicular mitochondria fractions by increasing concen-
trations of IGFBP-3 and BAX, or a combination of a very low,
noneffective dose of BAX (5 ng/50 �l) with increasing concen-
trations of IGFBP-3. As shown in Fig. 4, both BAX at 10 ng/50
�l and IGFBP-3 at 40 ng/50 �l alone could induce release of
cytochrome c (panels A and B) and DIABLO (panels D and E).
IGFBP-3 at a 4-fold lower dose level (10 ng/�l), when combined
with an ineffective dose of BAX (5 ng/50 �l), was able to trigger
cytochrome c (panel C) andDIABLO (panel F) release from the
mitochondria, demonstrating that IGFBP-3 and BAX cooper-
ate in mitochondrial outer membrane permeabilization. As
shown in supplemental Fig. 4A, we incubated BAX and
IGFBP-3 for 15min before the addition of testicular mitochon-

drial fraction lysates.Western blot analyses under nonreducing
conditions showed that BAX and IGFBP-3 peptides bind to
each other at higher concentration. This is consistent with our
previous dot blot experiment that BAX and IGFBP-3 bind to
each other.

DISCUSSION

Inearlierstudies,wehavedemonstratedthat themitochondria-
dependent (intrinsic) pathway is a key signal transduction path-
way for male germ cell apoptosis across species (3, 4, 6, 11, 22,
26). In the present study, using both in vitro and in vivomodel
systems,we provide evidence that the intrinsic pathway in germ
cells can be activated by IGFBP-3, via BAX binding at the
mitochondria.

FIGURE 3. BAX and IGFBP-3 interaction in dot blot experiments. A, the
peptides used for dot blots against anti-IGFBP-3 included HN (a known bind-
ing partner of IGFBP-3 used as positive control, 2, 5, and 10 nmol), BCL-2
(fragment, 1, 2, and 5 �g), BAX (mouse full long sequence, 1, 2, and 5 �g), and
BSA (used as negative control, 1, 2, and 5 �g), IGFBP-3 (used here as positive
control for anti-IGFBP-3 antibody, 1, 2, and 5 �g). B, the reverse experiment
protein dots versus with anti-BAX were: HN (a known binding partner of BAX
used here as positive control, 2, 5, and 10 nmol), BSA (used here as negative
control, 1, 2, and 5 �g); IGFBP-3 (1, 2, and 5 �g); HN mutant (HN-C8P, a non-
BAX-binding mutant; 2, 5, and 10 nmol), and BAX (used here as positive con-
trol for anti-BAX antibody, 1, 2, and 5 �g). Both dot blots confirmed the inter-
action between BAX and IGFBP-3.

FIGURE 4. Mitochondrial release of cytochrome c and DIABLO induced by
IGFBP-3 and BAX. Increasing concentrations of BAX were incubated with
adult rat testis mitochondria (50 �g in 50-�l final volume) for 45 min at 30 °C,
samples were centrifuged to generate pellets and supernatants that were
analyzed by SDS-PAGE/immunoblotting using anti-cytochrome c (Cyt C,
panel C) and anti-DIABLO (panel D). Increasing concentrations of IGFBP-3
were incubated with adult rat testis mitochondria. Samples were processed
as above (anti-cytochrome c, panel B; and anti-DIABLO, panel E). An ineffective
dose of BAX (5 ng/50 �l) was preincubated with increasing concentrations of
IGFBP-3 peptide for 15 min at 30 °C in HM buffer before adding 50 �g of rat
testis mitochondria. Samples were processed as above (panel C), using anti-
body against cytochrome c and against DIABLO (panel F). Compared with BAX
(panels A and D) or IGFBP-3 (panels B and E) alone, the combination of BAX (5
ng/50 �l, an ineffective dose) with IGFBP-3 (panels C and F) induces release of
cytochrome c and DIABLO from testis mitochondrial fractions at a lower con-
centration suggesting an additive action of the two proteins. Cytochrome c
oxidase IV (COX IV) is utilized as a sample loading control.
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IGFBP-3 induces apoptosis in various cancer cells (13–16,
27, 28). In addition to acting as a serum carrier of IGFs and
antagonizing IGF action, it has also been demonstrated that
IGFBP-3 acts as a direct cell death inducer (29)mediated by the
inactivation of antiapoptotic protein, BCL-2, through serine
phosphorylation. More recently, it has been shown that
IGFBP-3 induces apoptosis by interacting with RXR� (15) and
its binding partner Nur77 and promoting translocation to the
mitochondria to initiate the apoptotic cascade (17, 18) in pros-
tate cancer cells. Another group demonstrated a proapoptotic
role for RXR�/Nur77 heterodimers at the mitochondria, spe-
cifically an interaction of Nur77 with BCL-2 converting it from
a “protector” to a “killer” (30, 31).
Consistent with an important role of IGFBP-3 in cell death,

here we show that IGFBP-3 also plays an important role in
testicular germ cell apoptosis either as a single effector or addi-
tionally when apoptosis is triggered by hormone deprivation.
Supporting evidence for this hypothesis stems from the find-
ings of our recent study involving IGFBP-3 knock-out mice
(26). In that study, we examined whether genetic deletion of
IGFBP-3 would confer resistance to hormone derivation-in-
duced apoptosis. To induce apoptosis, mice were given a single
subcutaneous injection of GnRH-A (acyline, 20 mg/kg of body
weight), and the animals were killed 2 weeks after treatment
(32). Compared with wild type, a significant (p � 0.001) reduc-
tion (76.2–79.7%) in the incidence of germ cell apoptosis was
noted in IGFBP-3 knock-out mice (26). This suggests that
IGFBP-3 plays a role in germ cell apoptosis.
The BCL-2 family of proteins governs the mitochondria-de-

pendent pathway for apoptosis (33, 34). One of the intriguing
aspects of apoptosis regulation by members of this family is
their subcellular localization and translocation. Some BCL-2
family members such as BCL-2 constitutively localize to the
mitochondrial membrane whereas others such as BAX translo-
cate from the cytosol to mitochondria early during apoptosis.
Furthermore, insertion of BAX intomitochondrial membranes
has been shown to play an essential role in releasing cyto-
chrome c from the mitochondrial membrane space to the
cytosol in various cell systems (35–37). Data reported in this
study show that without BAX immunoprecipitation, IGFBP-3
was not detected or was present in very low concentrations in
the testis probably because of a lack of adequate sensitivity of
the Western blots and/or ELISA. After immunoprecipitation
with BAX, the IGFBP-3 bound to BAX was located mainly in
the mitochondria and not in the cytosol of the testis homoge-
nates. Moreover, the significant increase in IGFBP-3 concen-
trations that was associated with BAX only occurs in apoptotic
conditions and only in the mitochondria, as shown by both
Western blots and ELISA. BAX-bound IGFBP-3 can be up-reg-
ulated by changes in intratesticular testosterone levels and
administration of IGFBP-3. Furthermore, we have shown that
IGFBP-3 can release cytochrome c andDIABLO from themito-
chondria, thereby initiating the apoptosis cascade. IGFBP-3 at
4-fold lower dose levels, when combined with very low concen-
trations of BAX, was able to trigger cytochrome c and DIABLO
release from the mitochondria. Consequently, we speculate
that one mechanism by which IGFBP-3 can induce apoptosis is
through binding to BAX and translocation of this complex to

mitochondria, triggering the intrinsic pathway signaling. We
cannot, however, exclude the possibility that IGFBP-3 induces
apoptosis through interactions with nuclear proteins such as
RXR� and its binding partner Nur77, which rapidly translocate
to the mitochondria to initiate the cytochrome c-mediated
death pathway (18, 38, 39). Direct BAX binding of IGFBP-3 as
well as RXR�/Nur77 translocation with subsequent BCL-2
conversion as described previously may be parallel pathways
that serve to amplify the apoptotic signal in the germ cell.
In this study we have also validated a previous observation

that BAX binds the neurosurvival factor, HN (24, 25). We have
also published that IGFBP-3 binds HN and that they modify
each other’s actions on apoptosis and survival (23). The exact
mechanism of action is still being unraveled and includes both
the activation of cell surface receptors as well as intracellular
signaling. It is intriguing that these two HN partners/antago-
nists are now demonstrated to bind each other and that this
interaction occurs in the mitochondria, as HN could be tran-
scribed from the 16 S rRNA gene of the mitochondria DNA.
Future studies will be needed to determine exactly how these
three important cell fate regulators interface in the testis and
other cell systems.
In summary, we have demonstrated a new signal transduc-

tion pathway for apoptosis in male germ cells involving the
physical interaction between IGFBP-3 and BAX at the mito-
chondria. This interaction between two proapoptotic proteins
may be important in the regulation of germ cell homeostasis
and may be modulated for the regulation of male fertility and
testicular diseases such as germ cell tumors.
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