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CIB1 is a 22-kDa calcium binding, regulatory protein with ~50% homology to calmodulin and calcineurin
B. CIB1 is widely expressed and binds to a number of effectors, such as integrin aIlb, PAK1, and polo-like
kinases, in different tissues. However, the in vivo functions of CIB1 are not well understood. To elucidate the
function of CIB1 in whole animals, we used homologous recombination in embryonic stem cells to generate
Cib1~'~ mice. Although Cib1 ™'~ mice grow normally, the males are sterile due to disruption of the haploid
phase of spermatogenesis. This is associated with reduced testis size and numbers of germ cells in seminiferous
tubules, increased germ cell apoptosis, and the loss of elongated spermatids and sperm. CibI ™/~ testes also
show increased mRNA and protein expression of the cell cycle regulator Cdc2/Cdkl. In addition, mouse
embryonic fibroblasts (MEFs) derived from CibI '~ mice exhibit a much slower growth rate compared to
Cib1*'* MEFs, suggesting that CIB1 regulates the cell cycle, differentiation of spermatogenic germ cells,

and/or differentiation of supporting Sertoli cells.

Spermatogenesis is the long, complex process by which germ
cells are produced through successive periods of regulated cell
proliferation, meiosis, and haploid differentiation (6, 19). Dur-
ing spermatogenesis in the mammalian testis, stem cells pro-
liferate to produce spermatogonia, which differentiate into pri-
mary spermatocytes. Following a prolonged meiotic prophase,
the spermatocytes undergo two consecutive meiotic divisions
to generate haploid spermatids. Spermatids then undergo
marked morphological changes from an initially round to a
progressively elongated shape with condensed nuclei, eventu-
ally forming sperm (4, 19). Mouse spermatogenesis has been
well defined morphologically and is divided into 12 stages (29).
The orderly progression of germ cells from spermatogonia to
sperm requires the support of testis somatic cells such as Ser-
toli and Leydig cells (37). Sertoli cells provide structural sup-
port, create an immunological barrier, participate in germ cell
movement, and nourish germ cells via secretary products (24).
Although genes expressed only in the testis such as Gapdhs
(glyceraldehyde 3-phosphate dehydrogenase-S) (22) and genes
that are more widely expressed such as Cdk2 (cyclin-dependent
kinase 2) (32) have been implicated in spermatogenesis, the
regulation of this process is not fully understood due to the
complex involvement and regulation of multiple gene products
(21, 46). Interestingly, several genes not previously implicated
in spermatogenesis were found to be essential for male mouse
reproduction when specific knockout mice were generated,
including Ppplcc, which encodes the protein phosphatase 1cy
subunit (PPlcy) (41), and NKcc2, which encodes Na*-K™-
2Cl" cotransporter (34). Here, we describe another gene,
Cib1, which is essential for male mouse fertility.

CIB1 was first identified as a calcium and integrin binding
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protein (27). It contains four EF hand motifs, two of which
bind calcium (8). We previously found that CIB1 binds to the
allb subunit of integrin allbB3 and inhibits agonist-induced
alIbB3 activation in megakaryocytes, potentially via interfer-
ence with the association of talin to the integrin (48). CIB1 is
widely distributed and binds to a number of potential effectors,
such as the small GTPase Rac3 (11), and several serine/threo-
nine kinases, such as the polo-like kinases Plk2 and PIk3 (12),
PAKI1 (p2l-activated kinase) (14), and FAK (focal adhesion
kinase) (26). We previously showed that CIB1 directly acti-
vates PAK1, which results in decreased cell migration via a
LIM kinase- and cofilin-dependent pathway (14). Moreover,
sequence analysis indicates that CIB1 may be the founding
member of a distinct subfamily of EF hand-containing proteins
(8). However, the role of CIBI in vivo has never been ad-
dressed. Therefore, we generated CibI null mice via homolo-
gous recombination in embryonic stem (ES) cells and found
that CIBI is essential for mouse spermatogenesis.

MATERIALS AND METHODS

Generation of Cib1-deficient mice. Cib! genomic DNA consists of seven exons
and six introns and is ~5 kb in length. A 550-bp fragment of CibI genomic DNA,
including complete exon 4 and the majority of exon 5, was replaced with a
reversed neo gene in the Cibl knockout construct at the indicated restriction
enzyme sites (Fig. 1A). The correct targeting was verified by both PCR and
Southern blot analysis in the 129S6/SvEv ES cell line. The targeted cell lines were
injected into C57BL/6 blastocysts, resulting in birth of chimeric mice. PCR and
Southern blot analysis verified CibI targeting in the offspring of F, and F, mice
(Fig. 1B). Western blotting with a chicken polyclonal antibody against CIB1
verified a lack of CIB1 protein expression in Cib! '~ mice (Fig. 1C). The housing
and breeding of mice and all experiments performed with mice are in accordance
with national guidelines and regulations and were approved by the University of
North Carolina Institutional Animal Care and Use Committee. The mice were
analyzed during the process of backcrossing the 129S6/SvEv strain onto a
C57BL/6 background (three to seven generations). The protein and mRNA
samples from mice of different genotypes were compared among littermates.

Generation and characterization of mouse embryonic fibroblasts (MEFs).
MEFs (passage 0 [P0] cells) were generated from mouse embryos of 13.5 to 14.5
days postcoitum, resulting from the interbreeding of heterozygous Cib1 '~ mice
that had been backcrossed seven times (F, generation) on a C57BL/6 back-
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FIG. 1. Targeted disruption of the mouse Cib! gene. (A) Graphic
representations of the genomic Cibl allele, targeting vector, and mu-
tant allele. Correct targeting would lead to the insertion of a new
BamHI restriction enzyme site, resulting in a new 3-kb BamHI diges-
tion band (B, BamHI; Bc, Bcll; N, Notl; P, Pvull; X, Xhol; TK,
thymidine kinase). (B) Verification of correct targeting in the CibI null
mice. Genomic DNA was extracted from mouse tails and digested with
the BamHI restriction enzyme. Southern blotting with the indicated
probe verified correct targeting in Cibl ™/~ mice with a new 3-kb
BamHI digestion fragment (nontargeting genomic DNA shows a 15-kb
band in a CibI*/* sample). (C) CIBI protein is absent in Cibl ™/~
testes and CibI ™/~ MEFs. Western blotting with an anti-CIB1 poly-
clonal chicken antibody showed that CIB1 protein is not expressed in
testis and MEF lysates derived from Cib1 '~ mice but was expressed in
testis and sperm of CibI™'* mice. (D) Expression of CIBI protein in
isolated testis cells. Lysates from various cell types isolated from CibI™"*
testes were probed with an anti-CIB1 polyclonal antibody. Western blot-
ting analysis shows that CIB1 protein is present in round and condensing
spermatids and is at much higher levels in cultured Sertoli cells. The
loading control is a-tubulin. CIB1 expression in pachytene spermatocytes
was visible upon extended exposure. (E) Testis weight curve during testis
development. CibI /=, Cib1*/*, and Cib1*/~ mouse testes of various ages
(8 days to 4 months old; n = 3 for each data point) were dissected,
weighed, and graphed. (F) Adult seminal vesicle weight is comparable
between Cibl~'~, Cib1™'", and Cib1 "'~ mice. Adult mouse testes (3 to 4
months old) of different genotypes were dissected, and the average weight
of seminal vesicles was graphed (n = 6 for all genotypes; P > 0.6 when
seminal vesicle mass of CibI '~ mice is compared to that of CibI*/* or
Cib1™'~ mice; all values represent means =+ standard deviations).

ground according to Ferguson et al. (7). MEFs were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum, and P1 cells
were frozen for subsequent use. MEF lysates were prepared for Western blotting
as described below. For determination of MEF growth rate, passage 2, 4, and 6
MEFs from Cibl~/~, Cibl*'*, and Cib1™/~ mice were plated at 0.2 X 10°
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cells/well in duplicate (day 0). Cells were then harvested, and the cell number was
counted at the indicated days. For immunostaining, MEFs were cultured on
coverslips, fixed with 3.7% paraformaldehyde, and stained with AlexaFluor488
phalloidin (Molecular Probes) and counterstained with 4',6-diamidino-2-phenyl-
indole (DAPI; Molecular Probes). Images were collected using a laser-scanning
confocal imaging system (Fluoview 1000; Olympus) that was configured with an
Olympus model IX81 fluorescence microscope fitted with a 40X objective. Im-
ages were processed using Adobe Photoshop.

Histological and TUNEL studies of CibI~'~ mouse testis sections. Mouse
testes at various stages were collected and fixed for 24 h in 4% paraformalde-
hyde, 4% paraformaldehyde, 4% acetic acid or Bouin’s solution. Testis sections
were stained with hematoxylin and eosin (HE) and/or periodic acid-Schiff’s
reagent (PAS), and digital images were acquired with either a Nikon Eclipse
TE300 microscope equipped with a Nikon D100 camera or an Olympus BH2
microscope equipped with a Spot RT Slider camera (Diagnostic Instruments,
Sterling Heights, MD). To detect apoptotic cells in the adult mouse testis sec-
tions, the fluorometric terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay kit (Promega) was used according to the
manufacturer’s guidelines. The fluorometric images were acquired via the Nikon
Eclipse TE300 microscope with an attached CoolSnap Photometrics HQ camera
from Media Cybernetics with Image-Pro Plus 5.0 software.

RT-PCR. Total mRNA from adult, postnatal day 17, and 25-day-old CibI*/*
and CibI ™/~ mouse testes were extracted with a QTAGEN RNAeasy kit and then
quantified and diluted to equivalent concentrations. One-step reverse transcrip-
tion-PCR (RT-PCR) was used to amplify all the specific messages (QIAGEN).
Primers for each gene were synthesized to generate DNA fragments of about 250
bp in length. To avoid possible human error, all primers were first diluted to the
same concentration, and the two primers of a particular gene were then mixed.
A master mix was initially made for a particular mRNA sample, including every
component of the RT-PCR except the primers. An equal amount of the mix was
then transferred to the PCR tubes, and equal amounts of excess primer mix were
added to each reaction. The RT-PCR cycle numbers for individual genes were
first tested to ensure that the PCR cycle number was in a linear amplification
range. We found very consistent RT-PCR results in these experiments. The
figures shown are representative of at least three independent testis samples for
the same genotype and age.

Lysates preparation, Western blotting, and antibodies. All tissue and cell
samples (i.e., testis tissue, purified testis cells, sperm, or MEFs) were lysed in
modified 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)
buffer (20 mM HEPES, pH 7.4, 0.15 M NaCl, 10 mM CHAPS, 50 mM NaF, 1 mM
NaVO;, 10 mM sodium pyrophosphate, 1 mM each of CaCl, and MgCl,, and
Protease Inhibitors Cocktail Set IIT [Calbiochem]) on ice for 30 min, and lysates
were collected after centrifugation. To obtain whole-testis lysates, testes were
homogenized with CHAPS lysis buffer. To obtain mixed-testis-cell lysates, the
tunica albuginea was removed and the seminiferous tubules were released into,
and rinsed in, phosphate-buffered saline. The tubules were then torn with forceps
in RPMI 1640 media, and a mixture of cells released from tubules was filtered
through a 100-pm mesh (Sigma) and collected and lysed in CHAPS buffer for
blotting. Purified spermatogenic cells were isolated from CD1 mice by unit
gravity sedimentation as described previously (30). Fractions were assessed for
morphology and purity by light microscopy. Sertoli cells were isolated from
17-day-old mice and were then cultured for 1 week (31) before being lysed for
Western analysis. The amount of protein was quantified by the bicinchoninic acid
protein assay, and protein samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The proteins were then transferred to a
polyvinylidene difluoride membrane and subjected to Western blotting. A CIB1
chicken polyclonal antibody was used to detect mouse CIB1. Antibodies against
PPlcy, PP2A, and o-tubulin were all from Santa Cruz Biotechnology. The
anti-Cdc2 antibodies were from Santa Cruz Biotechnology and Calbiochem.
Rabbit anti-phospho-Cdc2 (Tyr15) was from Cell Signaling. The Cdc2 expression
levels in isolated testis cells of CibI ™~ and CibI1™'* testes were quantified via
densitometry with Quantity One software (Fluor-S Multimager; Bio-Rad) and
adjusted with o-tubulin as a loading control (n = 4).

RESULTS

Male CibI ™'~ mice are sterile. We used homologous recom-
bination in embryonic stem cells to generate mice lacking CibI
by deleting exon 4 and most of exon 5, which code for the third
EF hand (calcium binding motif) (8) (Fig. 1A). Southern and
Western blots (Fig. 1B and C) confirm that the CibI gene is
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FIG. 2. Cell cycle regulation in Cib1 '~ MEFs is altered compared to that in CibI™/* and Cib1*'~ MEFs. (A) Growth curves of early-passage
MEFs derived from cells of Cib1™*/*, CibI*/~, and CibI '~ mice of various passages (P2, P4, and P6) were plated at 0.2 X 10° cells/well in duplicate
(day 0). For each passage (P2, P4, and P6), cells were then harvested at the indicated days and viable cells were counted. CibI** MEFs, closed
square; Cib1™/~ MEFs, open square; and Cib1 '~ MEFs, closed and open triangles (representing two separate knockout MEF cell lines). Data
represent means =+ standard errors of the means of duplicates (n = 2). (B) Early-passage CibI '~ MEFs (representative P4 is shown) showed
similar morphology compared to CibI*'* and Cib1™'~ MEFs (phalloidin, green; DAPI, blue). Scale bar, 20 wm. WT, wild type.

disrupted and that these mice do not express CIB1 protein.
Cib1~'~ mice were born at the expected Mendelian ratios from
the interbreeding of F, heterozygous Cibl™'~ mice. F, null
offspring grow normally and are macroscopically indistinguish-
able from their wild-type (CibI*'") siblings from birth to
adulthood. However, we found that male Cib! ~/~ mice fail to
reproduce despite normal mating behavior, as observed by
formation of copulatory plugs (n = 10). Although Cib/ mRNA
has been reported in the testis (45) and a microarray study
indicated that Cib/ mRNA may be expressed in both somatic
and germ cells throughout spermatogenesis (38), CIB1 has not
been implicated in spermatogenesis. We therefore examined
CIBI1 protein expression in sperm and in different cell types
isolated from CibI™*/* mouse testes. We confirmed that CIB1
protein is present in sperm of Cibl1™/* mice (Fig. 1C, lower
panel). We also found that isolated and cultured Sertoli cells
express significantly more CIB1 than isolated pachytene sper-
matocytes, round spermatids, or condensing spermatids (Fig.
1D). The high levels of CIB1 in Sertoli cells may implicate a
role of CIBI in Sertoli cells to support spermatogenesis.

We also found that the average weight of the testis from
adult Cib1 '~ male mice (3 to 4 months) is ~47.5% that of

Cib1™* and Cib1™/~ males (n = 6; P < 0.009). The weight of
the Cib1 ™/~ testis peaks at 40 days and then gradually declines,
while the weight of the Cib1™/* and Cib1 "'~ testis continues to
increase until 60 days of age (Fig. 1E). Sperm production is
undetectable upon dissection and analysis of the epididymis
(n = 6) from CibI '~ males. In contrast, male CibI*/~ and
female Cibl~/~ mice exhibited no obvious impairment of
growth, development, or reproductive performance (data not
shown). Since testosterone produced by Leydig cells is essen-
tial for male fertility and for maintenance of androgen-depen-
dent tissues, such as the seminal vesicles (35), we measured
seminal vesicle weights in adult males but found no difference
between CibI*'*, CibI*'~, and CibI '~ mice (3 to 4 month
age; n = 6; P > 0.6; Fig. 1F). This suggests that Leydig cell
function is normal in CibI '~ males and is unlikely to contrib-
ute to the observed phenotype. Our combined results indicate
that CIBI is essential for male fertility in mice and suggest a
defect in spermatogenesis per se and/or in Sertoli cells that
support germ cell differentiation.

CibI™’~ mouse embryo fibroblasts proliferate at a de-
creased rate. Precise cell cycle regulation and proliferation are
integral for the progression of normal spermatogenesis. To
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FIG. 3. CibI-deficient males exhibit a disruption of spermatogenesis with an increase in apoptosis. Testis and epididymis tissues were fixed
overnight in either 4% paraformaldehyde or Bouin’s solution, and sections were stained with HE or PAS. Unstained sections were subjected to
a fluorometric TUNEL assay. (A to D) PAS-stained sections from Bouin’s fixed adult testis from Cib1 """ mice (A and C) and CibI /'~ mice (B
and D) are shown. Spermatogonia (black arrow head), spermatocytes (white arrow head), and round spermatids (white asterisk) are present in the
testis of CibI~/~ mice. However, seminiferous tubules in CibI '~ animals lack typical advanced spermatids (white arrow in panel C) but have
multinucleated spermatids near the tubule lumen (black arrows in panels B and D) and accumulation of PAS-positive secretory material (black
broken arrows in B and D). (E and F) HE-stained cross-sections of the cauda epididymis from adult mice show dark blue-stained sperm heads
(black arrow) in the lumen of Cib1*'* epididymis (E) but no sperm in the Cib1 '~ epididymis (F). (G and H) TUNEL staining of testes sections
from adult CibI '~ mice (H) reveals increased apoptosis (green) compared to that of CibI*/* mice (G). Testes sections were also stained with
propidium iodide (red) to delineate the cross-section contours. (I to K) HE-stained cross-sections of testes from postnatal day-20 (I and J) and
day-25 (K and L) mice. Day-20 testes of Cib1™'* (1) and CibI '~ (J) mice show similar morphologically identifiable round spermatids (black star).
By postnatal day 25, testis of Cib1*'* mice (K) continued to exhibit normal morphological development, whereas testis from Cib! ~/~ mice (L) show

the presence of multinucleated cells similar to those present in adult Cib1 '~ mice shown in panels B and D. Bars, 50 pwm.

better understand the potential role of CIB1 in cell cycle reg-
ulation and cell proliferation, we generated mouse embryo
fibroblasts (MEFs) from embryos (13.5 to 14.5 days postco-
itum) resulting from the interbreeding of heterozygous
Cib1™'~ mice (F,). Growth rates of CibI*'*, CibI*'~, and
Cib1~/~ MEFs were analyzed at various passages during an
8-day period. At passage 2 (P2), two separate Cibl '~ MEF
cell lines proliferated at a slower rate than CibI */* MEFs (Fig.
2A). At P4, Cib1~/~ MEFs continued to proliferate more
slowly, and by P6, Cib1 '~ MEFs showed a significant delay in
the rate of proliferation compared to Cib1"™/* MEFs. How-
ever, we found that early-passage CibI /= MEFs were mor-
phologically indistinguishable from CibI*’* MEFs (Fig. 2B,
P4). These data suggest that CIB1 may affect spermatogenesis
by regulating cell cycle progression in germ cells and/or Sertoli
cells.

Defective spermiogenesis with spermatocyte and spermatid
apoptosis. Subsequent histological analysis of testes from adult

mice showed profound defects in the testes of adult male
Cib1~'~ versus CibI*'" mice. Spermatogonia (black arrow
heads) and primary spermatocytes (white arrow heads) appear
normal in CibI '~ testis (Fig. 3B and D) compared to Cib1*'*
testis (Fig. 3A and C). However, the layers of germ cells in the
seminiferous tubules appear less organized. More importantly,
postmeiotic spermatids were reduced in number in CibI '~
seminiferous tubules (Fig. 3D), particularly in the later stage
spermatids (steps 9 to 16), which are characterized by progres-
sive elongation and condensation of the nucleus (the white
arrow in Fig. 3C denotes elongated spermatids in the CibI /"
testis). Large, multinucleated cells (Fig. 3B and D, black ar-
row) containing numerous condensing spermatid nuclei were
frequently observed in or near the seminiferous tubule lumen
in Cib1 ™/~ testis. In addition, there were large areas containing
PAS-positive, secretory material in some seminiferous tubule
cross-sections (Fig. 3B and D, black broken arrow), suggesting
that Sertoli secretory processes may be altered in Cibl ™/~
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FIG. 4. Cdc2 is up-regulated in Cib1~/~ mouse testis. (A) Various
spermatogenesis stage-specific mRNA messages were tested in a one-
step RT-PCR approach. Most pre- and postmeiotic gene expression
levels were comparable in Cibl™'* and CibI~/~ mice, except for a
consistently increased level of Cdc2 mRNA in the testis of CibI ™/~
mice. (B) Cdc2 protein expression is up-regulated in adult Cib1 ™/~
mice. Testes of adult mice were homogenized, lysed in CHAPS buffer,
and subjected to Western blotting, which indicated an increase in Cdc2
but not PP2A protein expression. In addition, PPlcy protein levels
were reduced in adult CibI ™/~ mice. (C) Cdc2 protein expression is
up-regulated in juvenile Cib1~'~ mice during testis development. Day
8 and day 17 (17d) testes of juvenile mice as well as adult mice (60 days
[60d]) were prepared for Western blotting as described for panel B. An
increase in Cdc2 protein expression was detected in these juvenile
stages of CibI ~/~ mice compared to that of CibI*/" littermates, while
CIBI1 protein expression was maintained at a constant level throughout
testis development. The loading control was a-tubulin. (D) Cdc2 pro-
tein expression is up-regulated in isolated testis cells of 40- and 60-
day-old CibI~/~ mice. Isolated testis cells (mainly germ cells and
Sertoli cells, containing no tubular structures, in contrast to whole-
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mice. Examination of the cauda epididymis verified that sperm
was absent in CibI ™'~ mice (Fig. 3F), with only secretory
products and dead cell bodies present, compared to abundant
sperm seen in the epididymal lumen of Cib1*'* mice (Fig. 3E,
black arrow, dark blue-stained sperm head). To determine if
spermatogenic cells in CibI ~/~ mice undergo active apoptosis,
we used a TUNEL assay to examine cross-sections of the adult
testis. We observed a dramatic increase in apoptotic germ cells
across the seminiferous epithelium in Cib1 '~ versus Cib1 ™"
mice (Fig. 3G and H). Interestingly, the multinucleated cells
were generally TUNEL negative (data not shown). The in-
creased apoptosis in CibI ™/~ testis may reflect a response to
defects in germ cell differentiation and/or a Sertoli cell defect
similar to other reports of impaired spermatogenesis in knock-
out mice (15, 20, 40).

Spermatogenesis in mice begins in the neonatal period and
progresses with defined kinetics, resulting in the appearance of
successively more differentiated germ cells in the testis at de-
fined intervals during prepubertal development (2). In 8-day-
old mice, only spermatogonia and Sertoli cells are present in
the seminiferous tubules. Meiosis begins by postnatal day 10,
and round spermatids begin to appear by day 18 after com-
pleting two meiotic divisions. Spermatids require 14 additional
days to complete spermatogenesis, at which time sperm are
released from the seminiferous epithelium and transported to
the epididymis. Sertoli cells stop dividing by approximately day
17 (44), establishing the number of Sertoli cells that remains
constant throughout adult life (43). This number is critical for
maintaining normal sperm production (33). With these kinetics
in mind, we examined testis histology at postnatal days 20 and
25 to assess the appearance of spermatogenic defects in
Cib1~/~ mice. We found that the overall structure of the testis
in 20-day-old mice was similar in CibI '~ (Fig. 3J) and
Cib1™* males (Fig. 3I), including the appearance of round
spermatids in both genotypes (black star). The presence of
round spermatids in CibI '~ mice suggests that the defect
develops after meiosis. By postnatal day 25, there are already
several multinucleated spermatids (black asterisks) forming in
the Cibl1~'~ testis (Fig. 3L) compared to the Cib1™'™" testis
(Fig. 3K). The histology of testes from the Cib1™~ mice ap-
peared normal compared to CibI*'* mice (data not shown).
Our combined histological data indicate that the absence of
CIB1 protein disrupts spermatogenesis during the late haploid
period of germ cell differentiation. This defect may reflect a
dysfunction of Sertoli cells that prevents them from nurturing
the spermatids and/or defects in developing spermatogenic
cells.

Cdc2 is overexpressed in Cib1~/~ mice. The possible regu-
latory roles of CIB1 in spermatogenesis were tested first by
determining which gene expression patterns were altered in

testis lysates) were lysed in CHAPS buffer and subjected to Western
blotting, with a-tubulin used as a loading control. The Cdc2 expression
levels in isolated testis cells from Cib! '~ mice were normalized to
a-tubulin and are presented as fold increase relative to cells from
CibI*"" mice (n = 4). (E) Passage 4 Cibl~/~ MEFs showed similar
Cdc2 protein expression and phosphorylation at Tyrl5 compared to
that of MEFs of CibI*/* and CibI1™'~ mice.
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the Cibl1 ™'~ testis via RT-PCR. We initially examined the
expression of stage-specific marker genes that appear during
meiosis, i.e., Hsp70-2 (heat shock protein, chaperone) and
Sprm-1 (POU homeodomain domain [5, 15, 25, 36]) but found
comparable mRNA expression levels in Cib1*'* and Cibl1 '~
testis samples (Fig. 4A). Moreover, the expression patterns of
all postmeiotic genes examined, such as TpI (transition protein
1), Tp2 (transition protein 2), Prm2 (protamine 2), Gapdhs
(glyceraldehyde 3-phosphate dehydrogenase-S, testis specific),
Trf2 (TBP-related factor 2), and Crem (cyclic AMP-responsive
element modulator) were comparable in CibI *'* and Cibl /'~
mice (Fig. 4A; Tpl and Gapdhs are not shown) (1, 41, 47, 49).
This is in sharp contrast to Crem knockout or mutant mice and
Trf2 knockout mice, which have marked defects during the
round spermatid stages and altered expression of the afore-
mentioned genes (3, 20, 28, 41, 49). Our findings therefore
indicate that the spermiogenesis defect in CibI ™'~ mice is
unlikely to involve changes in Crem and Trf2 transcriptional
regulation.

In contrast to the mRNAs examined above, we found that
mRNA and protein expression levels of the cell cycle regulator
Cdc2/Cdk1 are elevated in adult Cibl1~/~ testis relative to
Cib1*'"™* testis (Fig. 4A and B). However, no consistent
changes in the kinase activity of Cdc2 were observed in
Cib1~'~ mouse whole-testis lysates and isolated testis cell ly-
sates (mainly germ cells and Sertoli cells) relative to CibI*/*
mice (data not shown). When we extended our expression
analysis to juvenile mice, we found that Cdc2 mRNA was also
up-regulated in the testes of Cibl~/~ mice at days 17 and 30
(Fig. 4A) and that Cdc2 protein was elevated as early as day 8
(Fig. 4C). Since we observed an increase in Cdc2 protein in
whole-testis lysates, we asked whether Cdc2 levels in isolated
testis germ cells and supporting Sertoli cells were also in-
creased. We confirmed that Cdc2 was overexpressed in cells
isolated from testis tubules of 40- and 60-day-old CibI '~ mice
(1.6- and 3.6-fold, respectively; n = 4) compared to Cibl™/™"
mice (Fig. 4D). To determine whether Cdc2 overexpression
was unique to the testis or a general phenomenon of Cibl '~
mice, we examined Cdc2 protein levels in MEFs and spleen
(passage 4, before crisis) but found Cdc2 levels to be unaltered
relative to those of CibI™'* (Fig. 4E and data not shown). We
also observed that levels of PPlcy protein, but not mRNA
expression levels, were lower in adult CibI ™/~ testis versus
Cib1™'™" testis (Fig. 4B). However, PP1cc mRNA and corre-
sponding PPlcy protein levels were not altered in juvenile
Cib1~'~ testis (Fig. 4A and data not shown).

DISCUSSION

Through targeted inactivation, we have demonstrated that
CIBl is essential for spermatogenesis. Although overall growth
and health seemed normal in CibI ~/~ mice and spermatogenic
cells can complete both mitotic and meiotic divisions, postmei-
otic spermatids do not develop normally and sperm are not
produced. We hypothesize that alterations in Sertoli cell func-
tion contribute to these defects, since CIB1 protein levels are
higher in cultured Sertoli than in isolated pachytene spermato-
cytes or spermatids. Additional cell cycle defects in either germ
cells or Sertoli cells, as well as specific defects in the haploid
period of spermatogenesis, may also contribute to the observed
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infertility phenotype. Interestingly, we did not observe female
fertility defects and attribute this to differences between the
processes of spermatogenesis and oogenesis, as noted with
several other knockout mice exhibiting male-specific pheno-
types (1, 15, 20).

We observed slower growth and division of CibI '/~ MEFs
before (P2 and P4) and at crisis (P6) (Fig. 2A) in the absence
of overall differences in growth and weight between Cibl "/~
and Cibl1™" mice (data not shown). This result is intriguing,
since CIB1 has not been previously implicated in regulating
cell growth and division. Although it is apparent that CIB1
function is not essential for somatic cell growth and division,
CIB1 may facilitate the regulation of cell growth and division.
CIB1 binds to cell cycle-regulatory proteins such as PLK2,
PLK3, and DNA-PK (12, 13, 17, 18), and thus loss of CIB1 may
lead to a delay of cell growth through one or more of these
proteins.

During mouse postnatal testis development, meiosis II in
males first occurs around 18 days of age, and the first set of
elongated spermatids do not appear until 25 to 30 days (25, 41,
49). Analysis of gene and protein expression of testis samples
at different developmental stages helped us to determine
where and how defects occur during Cib1 '~ testis develop-
ment. We found that Cdc2 protein is significantly increased in
the testis before spermatids appear, whereas postmeiotic genes
such as Crem and Trf2 are expressed comparably in Cibl '/~
and Cib1™'" mice. The increase in Cdc2 protein expression in
Cib1~'~ mice may reflect a compensatory increase that is di-
rectly related to the loss of CIB1 or a noncausal increase that
is an indirect consequence of testicular defects in these mice.
Thus, it is possible that CIB1 participates in the Cdc2 signaling
pathway (or vice versa) and that loss of CIBI1 affects the cell
cycle in germ and/or Sertoli cells.

Interestingly, we observed increases in Cdc2 expression in
testis as early as days 8 and 17 (Fig. 4C). Only spermatogonia
and Sertoli cells are present in seminiferous tubules at day §,
and spermatogenesis progresses to the pachytene stage of mei-
otic prophase by day 17 (26). Since Sertoli cells represent a
larger proportion of testicular cells during this juvenile period
than in the adult, the observed increase in Cdc2 in the Cib1 ™/~
testis may reflect altered expression in Sertoli cells. Such
changes in the expression of Cdc2 or other cell cycle regulators
could disrupt the normal interval of Sertoli cell proliferation,
causing an imbalance between the number of Sertoli cells and
developing germ cells (30), which can lead to increased germ
cell apoptosis and defective spermatogenesis (40).

Another possibility is that loss of CIB1 leads to defects in
Sertoli cell differentiation and function that are required for
the maintenance of spermatogenesis. Sertoli cells secrete a
variety of endocrine and paracrine factors that regulate sper-
matogenesis (10). In addition, they assemble and disassemble
various junctions that compartmentalize the seminiferous ep-
ithelium and ensure the progressive movement of germ cells
and the proper release of sperm to the lumen (16). Apical
ectoplasmic specializations, which are adhesive junctions be-
tween Sertoli cells and condensing spermatids (42), may be
particularly important in relation to the formation of the
multinucleated spermatids seen in CibI ~'~ testes. Thus, loss of
CIBI1 in Sertoli cells could alter junctional complexes or the
microenvironment that regulates germ cell differentiation, re-
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sulting in increased germ cell apoptosis and male infertility (16,
23, 24).

The loss of CIB1 may also have direct effects on spermato-
genic cells. CIB1 protein levels remain stable throughout testis
development to adulthood in CibI*'* mice (Fig. 4C and data
not shown), probably reflecting the accumulation of sperma-
tids concomitant with a marked reduction in the proportion of
Sertoli cells. Although our CIB1 antibody was not suitable for
immunohistochemistry, we detected CIB1 by Western blotting
in isolated round and condensing spermatids, suggesting that
CIB1 may play a role in these cell types. Cdc2 has been impli-
cated in apoptosis, although it is not universally required for
apoptosis (9), and indeed we observed an increase in germ cell
apoptosis in the seminiferous tubules of CibI ™/~ mice. It will
be interesting to determine if there is any causal relationship
between increased Cdc2 and increased apoptosis in testis cells
in our mouse model.

In our initial screen, we also found that PP1lcy protein is re-
duced in adult CibI '~ testis (Fig. 4B). Interestingly, Ppplcy ~/~
mice show a phenotype similar to that of Cib1 '~ mice (41). In
addition to severe impairment of spermiogenesis beginning at
the round-spermatid stage in PppIcy~/~ males, defects in mei-
osis were inferred from the presence of polyploid spermatids
(42). Further studies are needed to determine if reduced levels
of PPlcy contribute to the testicular defects observed in
Cib1™'~ mice.

Since the initial identification of CIB1, new CIB1-interacting
proteins are continually being reported. It is now clear that
CIBI1 is often associated with a variety of serine/threonine
kinases (12, 14, 26) as well as with other molecules, such as
integrin alIb and presenilin 2 (27, 39). Therefore, CIB1 may
regulate spermatogenesis via multiple kinases (identified or yet
to be identified) or another mechanism(s). In initial experi-
ments, we did not observe coimmunoprecipitation of CIB1 and
Cdc2, nor did we observe altered Cdc2 kinase activity (data not
shown). This may indicate that these proteins do not interact,
interact very transiently, or do not act in the same signaling
pathway. It should be noted that the spermatogenesis defect
we observed in CibI ™'~ mice could be a combined effect of
CIBl-interacting proteins. We are currently investigating the
potential binding partner(s) of CIB1 in order to further deter-
mine the mechanism by which CIB1 regulates spermatogene-
sis. Our findings here suggest that CIB1 null mice may provide
a useful research model for understanding human male idio-
pathic infertility and thus fertility drug targets (4, 6).
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