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Abstract

Mammalian spermatogenesis comprises three successive phases: mitosis phase, meiosis phase, and spermiogenesis. During
spermiogenesis, round spermatid undergoes dramatic morphogenesis to give rise to mature spermatozoon, including the
condensation and elongation of nucleus, development of acrosome, formation of flagellum, and removal of excessive
cytoplasm. Although these transformations are well defined at the morphological level, the mechanisms underlying these
intricate processes are largely unknown. Here, we report that /gcg, which was previously characterized to be involved in a
chromosome translocation of human leukemia, is highly expressed in the spermatogenesis of mice and localized to the
manchette in developing spermatids. Igcg knockout causes male infertility, due to severe defects of spermiogenesis and
resultant total immobility of spermatozoa. The axoneme in the Igcg knockout sperm flagellum is disorganized and hardly
any typical (“9+2") pattern of microtubule arrangement could be found in Igcg knockout spermatids. Iqcg interacts with
calmodulin in a calcium dependent manner in the testis, suggesting that Iqcg may play a role through calcium signaling.
Furthermore, cilia structures in the trachea and oviduct, as well as histological appearances of other major tissues, remain
unchanged in the Igcg knockout mice, suggesting that Igcg is specifically required for spermiogenesis in mammals. These
results might also provide new insights into the genetic causes of human infertility.
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Introduction Gope, and Csnk2a2) [11,12,13] and flagellum formation (e.g., Bbs2,
Tektin-t, Akap4, Meigl, and Pacrg) [14,15,16,17,18]. Although some
of these gene products were demonstrated to bind each other and
function in a cooperative manner [17,19], the exact molecular
roles and network of these proteins are still elusive and need to be
further investigated.

Human IQ) motif containing G (/QCG) gene was first reported to
be involved in the chromosome translocation in a case of acute T-
lymphoid/myeloid leukemia [20]. In that case, the gene /QCG on
chromosome 3 was disrupted, and its C-terminal was fused to the
N-terminal of the gene Nucleoporin 98 (NUP98) on chromosome 11,
resulting in the formation of a chimeric protein NUP98-IQCG.
NUP98-IQCG displayed oncogenic properties, which could block
both the differentiation and apoptosis of myeloid cells i vitro [20]
and initiate an acute myeloid leukemia phenotype in the murine
bone marrow transplantation model i vivo (unpublished data),
suggesting its critical role in leukemogenesis. However, the
physiological role of the wild-type (WT) /QCG in mammals
represented a challenge. In the present work, we find the
expression of Igcg is prominently enriched in the testis of mice
and reveals an ordered expression pattern during spermatogenesis.
Igcg knockout (KO) mice are sterile, due to the severe malforma-
tion and total immobility of their spermatozoa. The axoneme in

Mammalian spermatogenesis is a complex and tightly controlled
process occurring in the seminiferous tubule of testis [1].
Generally, it can be divided into three consecutive phases: mitotic
phase, meiotic phase, and spermiogenesis. In the mitotic phase,
spermatogonia undergo serial mitotic divisions and give rise to
spermatocytes. Then the round haploid spermatids are generated
by two successive meiotic divisions of spermatocytes. The last
phase, spermiogenesis, refers to the dramatic morphogenesis of the
round spermatids to differentiate into the tadpole-like spermato-
zoa, which includes the condensation and elongation of nucleus,
development of acrosome, formation of flagellum and disposal of
excessive cytoplasm. These spermatozoa will go through the tract
of epididymis to obtain further maturation and eventually become
motile and functional spermatozoa which can fertilize oocytes.

Although the morphological changes during spermiogenesis
were well defined in various species [2,3,4], the mechanisms
underlying these processes are largely unknown. During the last
two decades, the development of gene targeting technique in mice
helped researchers to identify plenty of genes that are critical for
normal spermiogenesis [1,5]. Among them are genes essential for
nuclear condensation and head shaping (e.g., Hookl, Prmi, Prm2,
Tnpl, and Tnp2) [6,7,8,9,10], acrosome development (e.g., Hrb,
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the KO sperm flagellum is disorganized and hardly any typical
normal “9+2” pattern, composed of two central microtubules
surrounded by nine microtubular doublets, could be found in the
KO spermatids. However, the cilia structures in the trachea and
oviduct, as well as histological appearances of other major tissues,
remain unaffected in the KO mice, suggesting Igeg’s specific role in
spermiogenesis.

It is worth pointing out that during our manuscript preparation,
another group also reported similar sperm phenotypes using both
Iqcg-mutagenesis and KO strategies [21]. However, our report
here performed more detailed analyses of Igcg KO spermiogenesis,
as well as the histology of other tissues after Igcg KO, especially for
these tissues with motile cilia, e.g., trachea and oviduct.
Furthermore, we also experimentally identified the interaction
between Iqcg and calmodulin, thus providing more clues to the
molecular function of Iqcg in spermiogenesis.

Results

lgcg was highly and orderly expressed in the
spermatogenesis of mice

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR) assay was used to examine the expression levels of Igcg
in cDNA samples from 13 murine tissues. As previously reported
in humans, Igeg was ubiquitously expressed in various tissues
(Fig. 1A). Interestingly, when compared with other tissues, the
expression level of Igeg was prominently enriched in the testis,
which implied its potential role in spermatogenesis. To study the
expression and localization pattern of Iqcg protein, a rabbit
polyclonal antibody against the C-terminal fragment of murine
Iqgcg (amino acids 241-419) was generated and affinity purified.
The specificity of this antibody was further affirmed using our KO
mouse model (Fig. S1). Western blot analysis revealed that Iqcg
protein was abundantly expressed in the testis and oviduct,
followed by the trachea, lung, and uterus, consistent with the RT-
PCR data (Fig. 1B).

Considering the high expression level of Igcg in the testis, we
paid more attention to the possible function of Ig¢g in spermato-
genesis. In mice, it 1s well known that the first wave of
spermatogenesis takes place during 35 days post partum (dpp)
[22], with particular types of germ cells emerging at a given time.
Testes from male mice of different dpp were dissected and Igcg
mRNA levels were determined by quantitative RT-PCR method.
As shown in Fig. 1C, Igeg was first induced at 14 dpp, which was
the time when pachytene spermatocytes appeared [22]. Then, the
expression level of Igeg went on to increase and reached the peak at
35 dpp, at which time the first wave of spermatogenesis
completed. The expression of Igeg in spermatocytes and spermatids
were further verified by X-gal staining assay later using our KO
mouse model (Fig. 1D). Moreover, immunohistochemical analysis
of sections of adult mouse testis showed Iqcg protein was first
detected in the cytoplasm of pachytene spermatocytes of stage VI.
The signal persisted and was finally localized to the flagellum of
mature testicular spermatozoon (Fig. 1E). Indirect immunofluo-
rescence assay of epididymal spermatozoa also showed Iqcg
protein localization in the flagellum and post-acrosomal region of
the head (Fig. 1F). To further determine the biochemical nature of
Iqcg in spermatozoa, we treated epididymal spermatozoa with
SDS-EDTA solution, which is known to be unable to dissolve the
accessory structures of the sperm flagellum, such as mitochondrial
sheath, outer dense fibers and fibrous sheath [23]. Iqcg was
retained in soluble supernatant after this treatment, suggesting
Iqcg was not a component of these accessory structures (Fig. 1G).
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To further study the possible role of Iqcg in spermiogenesis, the
subcellular localization of Iqcg in the developing spermatids on
stage-specific drying down preparations was investigated. Inter-
estingly, Iqcg displayed a colocalization with manchette (Fig. 2), a
testis-unique and transient microtubular structure which 1is
believed to play a central role in the nuclear shaping as well as
flagellum formation by the intramanchette transport (IMT)
process [24,25,26]. These results further suggested that Iqcg
might be a structural component of sperm flagellum that was
transported along manchette, or play a role in IMT by either
affecting the structural integrity of manchette or regulating the
transport process.

Generation of Igcg knockout mice

The high and ordered expression pattern of Igcg in mouse testis
strongly indicated that it might be involved in spermatogenesis. To
address this hypothesis, and also to explore other possible
physiological functions of Igeg in mice, we generated Igeg KO
mouse model using targeted ES cell clone from European
Conditional Mouse Mutagenesis Program (EUCOMM). This
KO mouse model was based on the “knockout first strategy” of
gene targeting (Fig. 3A) [27]. The strategy introduced an Flp-
recombinase target (FR'T)-flanked selection cassette into the intron
after the fifth exon of Igcg, which could trap the transcript through
the Engrailed-2 splice acceptor (En2 sA) element and truncate it
through the SV40 polyadenylation signal (pA). LacZ encoding B-
galactosidase was a reporter gene that could be used to trace the
expression pattern of the geg (Fig. 3A and 1D). Genotyping was
performed as indicated to distinguish the WT, heterozygous, and
homozygous KO mice (Fig. 3A and 3B). The KO efficiency of this
targeting strategy was confirmed in the representative tissues using
Western blot analysis (Fig. 3C). As this KO strategy was based on
the pre-termination of transcription, there might exist a truncated
form of Iqcg in the KO mice. We designed primers on the
5'region of Igcg and confirmed that such truncated form of Igeg
mRNA indeed existed (Fig. S2). However, the potential truncated
protein contained no structural domains and should be considered
as “loss of function”. The KO mice were viable and showed no
gross abnormalities when compared with WT controls. The
histology of major organs of KO mice, except for testis and
epididymis, was normal (Fig. S3). The ratio between three
genotypes accorded with Mendel pattern of inheritance, suggest-
ing Igeg was not essential for embryonic development.

Igcg knockout caused male infertility

Mating experiment was performed to evaluate the consequence
of Igcg KO on male fertility. Adult WT and KO male mice (10-12
weeks) were continuously coupled with WT female mice in the
ratio of 1:2 during 4 weeks, with the females changed once a week.
Both the WT and KO males could plug the females in a
comparable frequency, indicating the mating behavior of the KO
mice remained unaffected (Table 1). However, none of the females
mated with KO males became pregnant and gave birth to any
offspring (Table 1), demonstrating the complete infertility of the
KO male mice. However, female fertility appeared unaffected in
the KO mice, as they could become pregnant and give birth to a
normal litter size like the WT controls (Table 1).

Igcg was required for sperm flagellum formation
Detailed analyses were conducted to explore the reasons
accounting for the male infertility of the Igeg KO mice. First, we
compared the testis weight, body weight, and testis/body weight
ratio between WT and KO mice. No significant differences of
these parameters were found (Table S1). Histological analysis of
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Figure 1. /gcg was highly and orderly expressed in spermatogenesis of mice. (A) Igcg mRNA levels in different tissues analyzed by
quantitative RT-PCR using total RNA extracted from different tissues of mice. BM: bone marrow. Products of reverse transcription reaction with no
mRNA templates were used as negative control (NC). Experiments were performed in triplicate and data were presented as means = SEM. (B)
Expression of Iqcg protein in different tissues. Gapdh was used as a loading control. (C) Igcg mRNA levels in the first wave of spermatogenesis of mice.
(D) X-gal staining of WT and Iqcg HE (heterozygote) testis sections. The X-gal reaction product (blue stain) was abundant in the spermatocytes and
spermatids. Nucleus was counterstained with nuclear fast red. Scale bar =50 um. (E) Immunohistochemical analysis of Iqcg protein in the WT testis
sections. In stage V section, Igcg was observed in the spermatids but not in spermatogonia or spermatocytes. Iqcg began to appear in the pachytene
spermatocytes at stage VI. This signal persisted and was finally localized to the flagella of mature spermatozoa of testis, which can be seen in the
lumens of testis sections at stage VI and stage VIII. Stage Xl section showed Iqcg expression in diplotene spermatocytes but not in zygotene
spermatocytes. The stages of seminiferous epithelial cycle were denoted by the Roman numerals. Different cell types of spermatocytes were
indicated by the arrows. P: pachytene spermatocyte; Z: zygotene spermatocyte; D: diplotene spermatocyte; R: round spermatid. Scale bar =20 um.
(F) Immunofluorescence analysis of Iqcg on the slides of epididymal sperm. Igcg was localized in the flagellum and post acrosomal region of sperm
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head. DAPI was used to stain nucleus. Scale bar =10 um. (G) Western blot analysis of the sperm fractions after SDS-EDTA treatment. Iqcg was
retained in the soluble fraction after this treatment. B-tubulin and Odf1 were used as controls for the soluble (Sup.) and SDS-resistant (Pellet) fractions

respectively.
doi:10.1371/journal.pone.0098053.g001

adult testis sections revealed that the spermatogonia, spermato-
cytes, and round spermatids of the KO mice remained normal
both in quantity and morphology (Fig. 4A), suggesting that the
mitotic and meiotic phases of spermatogenesis were not affected by
Igcg KO. This presumption was also supported by the histological
analysis of the testis of 7dpp (only with spermatogonia), 14dpp
(with spermatogonia and spermatocytes), and 2ldpp (with
spermatogonia, spermatocytes and round spermatids), which
showed no significant differences between WT and KO mice
(Fig. S4). However, while the lumens of adult WT seminiferous
tubules of stage VII-VIII were filled with flagella, none of the KO
seminiferous tubules contained any visible flagella (Fig. 4A). The
lumens of the cauda epididymis were filled with mature
spermatozoa with long tails in the WT mice, whereas in the KO
mice, these normal sperm tails could never be found (Fig. 4A). In
addition, a large amount of degenerated cell debris was observed
in the KO cauda epididymis (Fig. 4A).

DAPI
step

1112

14/15

a-tubulin

The morphological defects of the KO spermatozoa can be
observed more distinctly on the slides. All KO spermatozoa were
identified by their extremely short flagella and often associated
with a thick irregular cytoplasm (Fig. 4B). Nuclear shaping defects
were also observed in 18.3%*2.9% of KO spermatozoa (versus
3.0%%0.6% in WT spermatozoa, mean * SEM, n= 3 for mice of
each genotype), in which the nuclei displayed irregular shapes and
lost the typical hook-shape appearance (Fig. 4B and Fig. S5).
While the WT spermatozoa showed motilities of different degrees,
the KO spermatozoa displayed no motility at all, consistent with
their paralyzed tails (Movies S1 and S2). Collectively, these results
demonstrated that Igeg was required for the normal sperm
flagellum formation and Igeg KO caused severe malformation
and total immobility of the spermatozoa.

To further identify the defects of spermiogenesis, we used
acetylated o-tubulin as a marker for sperm flagellum axoneme to
trace the flagellum formation in the KO spermatids. As shown in

merge

Figure 2. Iqcg was associated with manchette in the developing spermatids. Immunofluorescence was performed on the drying down
preparations corresponding with spermatids of different steps. a-tubulin was used as a marker for manchette. DAPI was used to stain nucleus. Scale

bar =20 um.
doi:10.1371/journal.pone.0098053.9g002
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Figure 3. Generation of /qcg knockout mice. (A) Schematic of the “knockout first” targeting strategy used for generating Igcg KO mice. This
strategy introduced an Flp-recombinase target (FRT)-flanked selection cassette into the intron after the fifth exon of Igcg, which could trap the
transcript through the Engrailed-2 splice acceptor (En2 sA) element and truncate it through the SV40 polyadenylation signal (pA). LacZ encoding f-
galactosidase was a reporter gene that could be used to trace the expression pattern of the Igcg. Neomycin resistance gene (Neo) was used as a
marker for ES clone screening which was driven by an autonomous promoter (hBactP). IRES: internal ribosome entry site. (B) A representative
genotyping by PCR assay using primers specific for mouse Igcg (5'arm and 3’arm) and LAR3 (designed on the En2 SA element of the targeted allele).
HE: heterozygote. (C) KO efficiency examined by Western blot analysis in representative tissues.

doi:10.1371/journal.pone.0098053.9g003

Fig. S6, flagellum formation was already disrupted in the
elongating spermatids, which showed very short axonemes and
these axonemes were sometimes abnormally frizzled.

It is known that cytoskeletons, especially for microtubules and
actin filaments, are critical for spermiogenesis [24,28,29]. Micro-
tubules are major components of manchette, which plays essential
roles both in head shaping and cargo transport to the tail region in
developing spermatids [24,25]. In several mouse models of
spermiogenesis defects, manchette was found to disappear or to
be abnormally assembled [17,19,30,31]. Actin filaments are
enriched in the acrosome-acroplaxome region and their dynamics
plays important roles in head shaping [28,32]. Furthermore, actin
filaments, as well as motor proteins based on them, were also
reported to exist in the manchette structure and supposed to assist
the microtubular system in cargo transport [32]. We asked
whether the spermiogenesis defects in Iggg KO spermatids might
arise from the failure of assembly of these structures. We used
antibodies against o-tubulin and B-actin to stain these structures.
As seen from Fig. S7, actin filaments were prominently found in
the acrosome-acroplaxome region, while o-tubulin defined the
manchette structure. Actin filaments were also found in the
manchette, although the signal was weaker than that in the
acrosome-acroplaxome region, consistent with the previous report
[32]. However, when compared with the WT controls, both the

Table 1. Igcg knockout caused male infertility.

microtubules and actin filaments were kept intact after Igeg KO.
These results suggested that Iqcg did not participate in spermio-
genesis through regulating the assembly of these cytoskeletal
structures.

Ultrastructural characterization of Igcg knockout
spermiogenesis

To characterize the abnormalities of Jgeg KO spermiogenesis at
the ultrastructural level, transmission electronic microscopy (TEM)
analyses of testis and epididymis from adult WT and KO mice
were performed. In the W'T' epididymal spermatozoa, normal “9+
2” pattern of the axonemal microtubules, as well as other
accessory elements such as outer dense fibers, mitochondrial
sheath and fibrous sheath were found in a well-organized
arrangement (Fig. 5A). However, none of these elegant configu-
rations were found in the KO epididymis (Fig. 5B). Instead, the
sperm heads were often associated with an irregular mass of
cytoplasm, in which the components of flagellar structures were
scattered and could not be assembled correctly (Fig. 5B).

For the step 16 spermatids, representing the most mature
spermatids in testis and ready to be released to the lumen of
seminiferous tubule, the morphological defects were quite similar
with the epididymal spermatozoa, showing the mass of cytoplasm
with disorganized structures of normal flagella (Fig. 5C and 5D).

Males Females Plugs Pregnancies Average litter size
Male fertility test WT(n=6) WT(n=48) 38 36 7.5

KO(n=6) WT(n=48) 33 0 0
Female fertility test WT(n=5) WT(n=10) 8 7 5.6

WT(n=5) KO(n=10) 9 7 55

doi:10.1371/journal.pone.0098053.t001
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Figure 4. Iqcg was required for sperm flagellum formation in mice. (A) H&E staining of WT and Igcg KO testis and epididymis sections. In the
WT testis, the lumens of seminiferous tubules of stage VII-VIIl were filled with flagella. However, in the KO mice, no visible flagella could be found. The
caput of WT epididymis displayed some spermatozoa in the lumens, but no spermatozoa were observed in the KO caput epididymis. WT cauda
epididymis were filled with normal spermatozoa with long tails. However, the KO cauda epididymis only contained malformed spermatozoa and
degenerated cell debris. The stages of seminiferous epithelial cycle were denoted by the Roman numerals. Scale bar =50 pum. (B) H&E staining of WT
and Igcg KO spermatozoa on slides. WT spermatozoa showed a thin and long flagellum (a). Most KO spermatozoa showed an extremely short tail and
were often connected by a mass of cytoplasm (b). Some KO spermatozoa only showed a short tail (c). A part of KO spermatozoa also displayed

nuclear shaping defects (d). Scale bar =20 pum.
doi:10.1371/journal.pone.0098053.g004

Consistent with the results of sperm slides, nuclear shaping defects
were also observed in some developing KO spermatids (Fig. 5E
and 5F). Moreover, normal manchette structures were found in
most elongating Igeg KO spermatids (Fig. 5G and 5H), in
agreement with the o-tubulin staining result.

Attention was also paid to the centrioles of developing
spermatids, as they would form the basal body of the normal
axoneme. Both in the WT and KO spermatids, centrioles were
found and located to the posterior region of the nucleus around
step 9 (Fig. 51 and 5]). Despite the normal location of the centrioles
in the KO spermatids, the extending of the axoneme from these
centrioles appeared to be disturbed. As a result, the normal “9+2”
pattern of the axoneme could be hardly found. In some cross

PLOS ONE | www.plosone.org

sections of the extremely short tails, the mitochondrial sheath
appeared to surround the outer dense fibers, but with no
microtubular structures in the inner side, reflecting the failure of
axoneme growth (Fig. 5K and 5L).

Igcg interacted with calmodulin in a calcium ion
concentration dependent manner in the testis

It is known that some IQ) motif containing proteins interact with
calmodulin in a calcium ion concentration dependent manner
[33]. Here, we addressed whether Iqcg also interacted with
calmodulin endogenously in the context of spermatogenesis. As
shown in Fig. 6A, calmodulin was co-immunoprecipitated with

May 2014 | Volume 9 | Issue 5 | 98053
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Figure 5. Ultrastructural analysis of /gcg knockout spermiogenesis. (A) WT epididymis sections showed different segments of sperm
flagellum. (B) In Igcg KO epididymis, no normal flagellum structures were found. The sperm head was often associated with a mass of cytoplasm
where components of flagellum were found but could not be assembled correctly. (C) WT section of testis at stage VIII, which displayed the well-
organized structures of middle piece, principle piece and end piece of step 16 sperm flagellum. (D) Igcg KO step16 spermatid, showing similar
malformation as the epididymal sperm. (E) A cross section of two heads of step 11 spermatids showing the normal nuclear shape. (F) A step 12 KO
spermatid showed malformed head shape. The cross section in the acrosome region of this spermatid displayed distorted shape of the nucleus and
the acroplaxome. (G) WT step 11-12 spermatid, showing the well assembled manchette (indicated by arrows and “M"). (H) KO spermatid at step 11—
12, showing normal manchette structure. () WT step 9 spermatid showed that the centriole had been located to the posterior region of the nucleus.
(J) Centriole in KO step 9 spermatid also showed successful migration to posterior region of the nucleus. (K) Cross section of WT step 16 spermatid at
middle piece, showing the regular arrangement of mitochondria, outer dense fibers and microtubules. (L) Cross section of KO step 16 spermatid at
middle piece, showing mitochondria and outer dense fibers, but the inner “9+2" arrangement of microtubules were missing. Scale bar =1 um.

doi:10.1371/journal.pone.0098053.9g005

Iqcg in the mouse testis when the calcium ion was chelated by
2 mM EGTA. While in the presence of 2 mM CaCly, this
interaction was abrogated. Immunofluorescence analysis also
showed in the elongating spermatids, Iqcg and calmodulin
displayed some colocalization, both of which were found in the
manchette region (Fig. 6B). Furthermore, in mature epididymal
spermatozoa, both Iqcg and calmodulin were found in the
flagellum and post-acrosomal region, although calmodulin was
more enriched in the post-acrosomal region than Iqcg (Fig. 6C).
The co-existence of Iqcg and calmodulin in these regions brought
the possibility for them to physically interact with each other in a
particular cell context with a certain intracellular calcium level.
These results suggested that Iqcg may function through calmod-
ulin and its downstream molecules to participate in spermiogenesis
and the interaction between Iqcg and calmodulin may also exist in
mature spermatozoa.

Other cilia structures were not affected by Igcg knockout

Apart from sperm flagellum, axoneme structure also exists in
cilium, a subcellular structure present in nearly all cell types in
vertebrate. Cilia play important roles either in sensing extracellular
signals or propelling fluid flow. Defects of ciliogenesis can cause a
lot of symptoms such as obesity, polydactyly, retinal degeneration,
hydrocephalus and left-right asymmetry defect [34,35,36]. Since
Iqcg was also highly expressed in tissues with motile cilia, e.g.,
trachea and oviduct, we asked whether Iqcg played a role in
ciliogenesis in these tissues. Interestingly, immunohistochemical
analysis showed Iqcg was also localized in the cilia of trachea and

PLOS ONE | www.plosone.org

oviduct (Fig. S8), implying the potential role of Iqcg in the
formation of these cilia. However, in contrast with the collapse of
sperm flagella, the structures of cilia from the trachea and oviduct
of Igeg KO mice appeared normal, both in histological and TEM
analyses. The lengths of these cilia were comparable to the WT
control, and the “9+2” pattern of microtubular arrangement was
kept intact (Fig. S9). Consistent with their normal structures, rapid
movements of these cilia from KO trachea and oviduct i vitro
were observed (Movies S3-S6). Furthermore, symptoms like
obesity, polycystic kidney, hydrocephalus, or left-right asymmetry
defect were not found in the KO mice, suggesting that Iqcg was
not indispensable for the formation of other cilia.

Discussion

Sperm flagellum is a highly specialized structure that is essential
for sperm motility. Although the molecular mechanisms underly-
ing flagellum formation are poorly understood, many studies from
KO mouse models have begun to uncover genes essential for this
process [5,37]. Among them some genes are also responsible for
other ciliary defects, as shown in the cases of Bbs2-, Mkks-, Mns-1-
and Kif3a-deficient mouse models [14,19,38,39]. In this report, we
demonstrated that Igeg, which first attracted our attention for its
involvement of chromosome translocation of human leukemia,
was critical for spermiogenesis in mice, especially for the flagellum
formation. The phenotype of Igeg KO mice appeared testis-
specific, as other cilia structures, as well as the histological
appearances of other major tissues, remained unaffected. Our
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Figure 6. Iqcg interacted with calmodulin in testis in a calcium concentration regulated manner. (A) Co-immunoprecipitation was
performed in the cell lysates from WT and Igcg KO testis using Iqcg antibody. Western blot analyses were conducted with Igcg and calmodulin
antibody. (B) Both Iqcg (green) and calmodulin (red) existed in the manchette region of elongating spermatids. DAPI was used to stain nucleus. Scale
bar =5 pum. (C) Iqcg (green) and calmodulin (red) localization in epididymal spermatozoa. Both Igcg and calmodulin were found in the flagellum and

post-acrosomal region. DAPI was used to stain nucleus. Scale bar =10 um.

doi:10.1371/journal.pone.0098053.g006

results here were generally consistent with the previous report of
Igcg-mutant mice [21], although there are some differences of the
phenotypes when compared in detail. First in our model, all
spermatozoa displayed malformation, especially the failure of
normal flagellum formation, while in the previously reported Igcg-
mutant mice, a small part (about 3%) of spermatozoa remained
normal appearance. Second, the defect of sperm flagellum
formation was seemingly more severe in our KO model, as a
part of spermatozoa in Igcg-mutant mice can develop long flagella,
although these flagella were often detached from the sperm heads.
We speculate such differences are possibly caused by the
remaining low level of WT transcript in that mutant mouse
model, which may contribute to form the apparently normal
flagella but with deficient package of internal flagellum structures
and thus will be easy to be detached from the sperm heads.
However, they further generated Igeg KO mice, also using an ES
cell clone from EUCOMM. The only difference of those KO mice
to ours is that they additionally deleted the sixth exon by crossing
with Cre transgenic mice, probably to avoid the potential failure of
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transcription termination by pA element provided in the targeting
cassette. However, in our study, we found the targeting cassette
was effective to truncate the transcription of Igeg. Thus, from this
point of view, these two KO models would have identical
phenotypes, although in that report, detailed comparison between
their KO and mutant mice were not carried out.

Although the spermiogenesis defects of spermatids in this setting
were carefully checked, the exact mechanism of Iqcg in regulating
of spermiogenesis is still unclear. It is believed that manchette, a
transient microtubular structure emerging in the elongating phase
of spermiogenesis, is critical for sperm head shaping, as well as
flagellum formation [24]. IMT model was proposed, by which
protein complex and organelles could be transported to the
posterior part of spermatids by motor proteins along the
manchette microtubules [25]. Several genes essential for spermio-
genesis are also important for the regulation of manchette
assembly, such as [fi88, RIM-BP3, Meg-1, and Rif3a
[17,19,30,31]. Moreover, another cytoskeleton, actin filaments
were also reported to be important in sperm head shaping and
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may also assist the microtubular system to transport cargos in the
manchette [32]. In our Igeg KO mouse model, most elongating
spermatids showed normal structures of both microtubules and
actin filaments, excluding that Igcg is required for the assembly of
these cytoskeletal elements. Considering the colocalization of Iqcg
and manchette in developing spermatids, there are two reasonable
speculations of Iqcg’s molecular function. First, Iqcg may be a
structural component of sperm flagellum transported by IMT
process, whose deficiency can cause the failure of assembly of the
axoneme. Second, Iqcg may play some roles in regulating IMT
process, as the defects of cargo transport may also cause
spermiogenesis defects. Interestingly, Iqcg was also highly
expressed In tissues with motile cilia, e.g., trachea and oviduct.
In these tissues, Iqcg was also localized in the cilia, consistent with
previous categorization of Iqcg to ciliary proteins, using bioinfor-
matical approaches [40]. However, these cilia structures were kept
normal after Igeg KO, suggesting that Iqcg’s role in these cilia
might be compensated by other related molecules. On the other
hand, this observation raised the possibility of Iqcg in regulating
IMT process, as IMT is an unique process required for sperm
flagellum formation, but not for ciliogenesis in other tissues.

Calcium signaling was well studied in the regulation of sperm
motility and acrosome reaction, whereas its role in the spermio-
genesis remains enigmatic [41]. Previous studies mainly focused on
the biochemical and electrophysiological properties of the calcium
channels existing in the spermatogenic cells and the expression
and localization pattern of the molecules related to calcium
signaling, such as calmodulin [42]. Calmodulin is also highly
expressed in the testis and displays a regulated expression pattern
during spermatogenesis [43,44,45]. In the spermatids, calmodulin
was reported to be localized to many sites including the acrosome,
flagellum and post acrosomal sheath [46,47,48]. It was also found
in the perinuclear ring region of the developing spermatids, from
where the manchette microtubules develop [48]. The regulating
roles of calmodulin in cytoskeletal dynamics, both for microtubules
and actin filaments, were well established [49,50,51]. Further-
more, calmodulin also plays important roles in regulating the
activity of unconventional myosins, e.g., myosin Va, which has
also been implicated in the IMT process along actin filaments
[32,52]. However, so far there is still no direct evidence of calcium
signaling in regulating spermiogenesis. Our study here suggested
that Iqcg might participate in spermiogenesis through its dynamic
interaction with calmodulin in different intracellular calcium
levels. Although the functional significance of this dynamic
interaction is still unclear, this result further indicated that
calmodulin and its downstream pathways might be important
for spermiogenesis.

Interestingly, in clinic, the short tail or stump tail defects of
spermatozoa in human male infertility have been reported,
whereas the genetic causes of these defects have not yet been
identified [53,54]. These patients displayed poor sperm flagellum
formation and the ultrastructures of the sperm tails were very
similar to the sperm phenotypes observed in our Igeg KO mice,
which suggested Igcg might be a good candidate gene for these
short/stump sperm tail defects in human.

In summary, our report here indicates that Igeg is essential for
the sperm flagellum formation in mice. Iqcg is associated with
manchette in the developing spermatids and might play its role
through calcium signaling. These results will not only help us to
further understand the molecular mechanisms underlying the
sperm flagellum formation but also contribute to uncover the
genetic origins of the short/stump tail defects in human male
infertility.

PLOS ONE | www.plosone.org

Igcg’s Role in Spermiogenesis

Materials and Methods

Ethics statement

All protocols for animal maintaining and handling were
approved by The Laboratory Animal Ethics Committee of Rui-
Jin Hospital affiliated to Shanghai Jiao Tong University School of
Medicine (Permit Number: 048). All efforts were made to
minimize suffering of animals.

MRNA expression analyses

Tissues were collected, briefly washed with PBS, and then
immediately homogenized in TRIZOL Reagent (invitrogen) on
ice. RNA extraction was carried out as standard protocol. 1 ug
total RNA sample was reverse transcribed using moloney murine
leukemia virus (M-MLV) Reverse Transcriptase (Invitrogen).
c¢DNA was amplified using primers for Igeg: 5-TGGAGGA-
GATTGAGAAACTGAG-3' (forward) and 5'- GCCAGGTCT-
TGCAGGTGTAC-3" (reverse). Gapdh was co-amplified as an
endogenous control, with primers 5'-CCTGGAGAAACCTGC-
CAAGTAT-3' (forward) and 5'- GGTCCTCAGTGTAGCCC-
AAGAT-3’ (reverse). For detecting the potential truncated mRNA
in the KO mice, two independent pairs of primers, named Igcg 5'-
1 (forward: 5'-GAGGTGGAAGTCGTGGAGT-3'; and reverse:
5'-GGAATGATGTAGCCGAGAATA-3") and Igg 5'-2 (for-
ward: 5'-GGGCAGGACTTTACCTTTA-3’; and reverse: 5'-
GAGCCAGAATCTTGCATCTC-3") were designed in the 5’
region of Igeg. For semi-quantitative RT-PCR, c¢cDNA was
amplified using Recombinant 7ag DNA Polymerase (Takara)
following the manufacturer’s instructions. For quantitative RT-
PCR, ¢cDNA was amplified using a SYBR Green PCR Master Mix
(Applied Biosystems) with Applied Biosystems 7500 Real-Time
PCR System in triplicate for each sample. The relative expression
levels to Gapdh were calculated using cycle time (Ct) values and the
equation: relative quantityZQiAC‘t. The obtained results were
then normalized to corresponding percentages of highest expres-
sion level.

Western blot

Tissues were homogenized in PBS and then lysed with 5 x SDS-
PAGE sample buffer by sonication for 5 minutes and boiling for 10
minutes. Samples were separated by SDS-PAGE and transferred
to PVDF membranes (GE Healthcare). Membranes were blocked
with 5% skim milk for 1 hour, followed by incubation with the
primary antibodies at 4°C overnight. Primary antibodies used
were as follows: rabbit polyclonal antibody against Iqcg (1:500
dilution, generated by this study), rabbit monoclonal antibody to
GAPDH (1:1000 dilution, code #2118, Cell Signaling Technol-
ogy), mouse monoclonal antibody to Calmodulin (1:500 dilution,
code 05-173, Millipore). After washed with TBST buffer (20 mM
Tris-HCI, pH 7.6, 150 mM NaCl, and 0.1% Tween-20) for three
times, membranes were incubated with HRP-conjugated second-
ary antibodies (Cell Signaling Technology) for 1 hour. After
washed with TBST for three times, specific proteins bands were
visualized using Immobilon Western Chemiluminescent HRP
Substrate (Millipore) with a Fujifilm LAS-4000 system.

Generation of Igcg knockout mice

Igeg-targeted C57BL/6N ES cell clone was ordered from the
European Conditional Mouse Mutagenesis Program (Project ID:
36432; ES cell clone number: EPD0105-3-A02; Further quality
control data and protocols for generating this targeted ES cell
clone can be found at http://www.mousephenotype.org/
martsearch_ikmc_project/martsearch/ikmc_project/36432  and
http://www.i-dcc.org/kb/entry/82/, respectively) and injected
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into C57BL/6 blastocysts. The resulting male chimeras were
mated with C57BL/6 females to get Igeg heterozygotes. Hetero-
zygotes were inbred to obtain Igeg homozygotes. Genotyping was
performed by PCR with primers specific for mouse Igeg (5'arm: 5'-
CGCCTTCCACCGCGTAGTTCTGGG-3" and 3'arm: 5'-
CAGGTTCTAGGGCTAGAGAATGGC-3") and LAR3 (5'-CA-
CAACGGGTTCTTCTGTTAGTCC-3") to amplify a 552-bp
fragment from the WT allele or a 359-bp fragment from the
targeted allele. The PCR was performed at 94°C for 3 minutes
and followed by 35 cycles at 94°C for 30 seconds, 58°C for
30 seconds, and 72°C for 45 seconds, and 1 cycle at 72°C for 10

minutes.

Generation and purification of Iqcg antibody

Mouse Iqcg protein fragment (amino acids 241-419) was
expressed in Escherichia coli and purified to immunize rabbits to
get antiserum. Antigen affinity purification was performed using
CNBr-activated Aogarose 4B (AOGMA) as standard protocol.

Histology

For histology, testis, epididymis, trachea and oviduct were fixed
in Bouin’s solution overnight at 4°C. For brain, mice were
perfused with 4% paraformaldehyde from the heart. Other tissues
were fixed in 4% formaldehyde. Samples were processed,
sectioned, and stained with hematoxylin and eosin.

Drying down preparations

Drying down preparation was performed generally as previously
reported [19]. Mouse testes were dissected and decapsulated in
PBS. Specific stages of the seminiferous tubules were identified by
transillumination [55] and stage-specific segments were transferred
i 100 mM sucrose solution. Stage specific cell suspension was
spread on an object slide and was air dried at room temperature
and stored at —80°C.

Immunohistochemistry and immunofluorescence

Bouin’s solution-fixed, paraffin-embedded tissue sections were
rehydrated, antigens were retrieved by pressure cooking in 10 mM
sodium citrate (pH 6.0) for 8 minutes, and nonspecific binding
sites were blocked in 1% BSA. Endogenous peroxidase activity was
blocked in 3% HyO,. Sections were then incubated with Iqcg
antibody diluted 1:1000 in blocking solution overnight at 4°C.
After washed with PBS, section was incubated with ChemMate
DAKO EnVision/HRP for 1 hour at room temperature, washed
with PBS, and detected by the ChemMate DAB+ Chromogen.
The section was counterstained with hematoxylin, dehydrated and
mounted in Neutral balsam.

Immunofluorescence on sperm slides was performed as
previously reported [23]. Epididymal spermatozoa were collected,
attached to slides, and fixed with 4% paraformaldehyde for 15
minutes. After washed with PBS, spermatozoa were permeabilized
with —20°C methanol for 2 minutes. The slides were washed with
PBS, and the samples were incubated with 1% BSA for 30 minutes
at room temperature and then with antibodies (anti-Iqcg, 1:50
dilution; mouse anti-calmodulin, 1:50 dilution, code ab2860,
Abcam) diluted in blocking solution for 4°C overnight. The
samples were incubated with FITC-conjugated Goat Anti-Rabbit
IgG (H+L) (Jackson ImmunoResearch) diluted 1:500 in blocking
solution for 1 hour at room temperature. After washed with PBS,
the samples were mounted with cover slips using VECTASHIELD
Mounting Medium with DAPI (VECTOR).

For immunofluorescence on drying down preparation, slides
were fixed in 4% PFA for 15 minutes and washed with PBS.
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Autofluorescence was quenched with 100 mM ammonium chlo-
ride for 2 minutes, and slides were subsequently washed with PBS
and treated with 0.5% Triton X-100 for 5 minutes. After PBS
washes slides were blocked with 10% normal goat serum in PBS
for 2 hours. Primary antibodies (anti-Iqcg, 1:500 dilution; mouse
anti-o-tubulin, 1:500 dilution, code T9026, Sigma; rabbit anti-o-
tubulin, 1:500 dilution, code #21258S, Cell Signaling Technology;
rabbit anti-Acetylated-o-tubulin, 1:500 dilution, code #5335, Cell
Signaling Technology; mouse anti-B-actin, 1:500 dilution, code
A1978, Sigma; mouse anti-calmodulin, 1:100 dilution, code
ab2860, Abcam) were diluted in 3% normal goat serum and
incubated at 4°C overnight. Slides were washed with 0.1% PBS-
Tween 20 and incubated with FITC-conjugated Goat Anti-Rabbit
IgG (H+L) or Rhodamine Red-X-conjugated Goat Anti-Mouse
IgG (H+L) (Jackson ImmunoResearch) diluted 1:500 in 3% goat
serum for 1 hour at room temperature. After washed with 0.1%
PBS-Tween 20, the samples were mounted with cover slips using
VECTASHIELD Mounting Medium with DAPI (VECTOR).

SDS-EDTA treatment of spermatozoa

SDS-EDTA treatment was performed as previously reported
[39]. Epididymal spermatozoa were collected into PBS and
centrifuged at 800 g for 5 minutes at RT. Spermatozoa were
homogenized in 1 ml of SDS-EDTA solution (1% SDS, 75 mM
NaCl, 24 mM EDTA, pH 6.0) and centrifuged at 5000 g for 30
minutes at RT. The supernatant and the pellet sample were
respectively prepared in the same final volume with SDS-PAGE
sample buffer for Western blot analysis. B-tubulin (1:1000 dilution;
code sc-55529, Santa Cruz) and Outer dense fiber-1 (Odf1; 1:1000
dilution; code sc-27907, Santa Cruz) were used as controls for the
soluble and SDS-resistant fractions respectively.

Transmission electron microscopy

TEM was performed at the Laboratory of Electron Microscopy,
Shanghai Jiao Tong University School of Medicine, following
standard protocols. Mice were perfused with 2% glutaraldehyde
from heart. Testis, epididymis, trachea and oviduct were dissected,
and post- fixed in 1% osmium tetroxide. Dehydration was carried
out in ethanol and the samples were embedded in Epon 812.
Ultrathin sections were counterstained with uranyl acetate and
lead nitrate, and examined with a PHILIPS CM120 transmission
electron microscope.

X-gal staining

Testes were dissected, fixed for 2 hours in 4% paraformalde-
hyde at 4°C, washed with PBS, and then incubated for 10—
16 hours with X-gal solution. After being washed with PBS, testes
were further fixed in 10% neutral buffered formalin overnight.
They were then dehydrated, processed, and embedded in paraffin.
Sections were cut and counterstained with nuclear fast red.

Co-immunoprecipitation

Testis was decapsulated and digested using collagenase and
trypsin. After washed with TBS (50 mM Tris-HCI (pH 7.4) and
150 mM NaCl), cells were lysed on ice for 30 minutes with lysis
buffer (50 mM Tris-HCl (pH 7.4), 2 mM EGTA or CaCly,
150 mM NaCl, 1% (v/v) NP-40, protease inhibitor cocktail
(P8340, Sigma), and 1 mM PMSF). The lysates were centrifuged
at 16,100 ¢ at 4°C for 15 minutes. The supernatants were
incubated with nProtein A Sepharose 4 Fast Flow (GE Healthcare)
pre-bound with Igcg antibody 4°C overnight with gentle rotation.
The beads were washed four times with lysis buffer and prepared
with SDS-PAGE sample buffer for Western blot analysis.

May 2014 | Volume 9 | Issue 5 | 98053



Observation of the movements of spermatozoa and
other cilia

For observation of the sperm movement, cauda epididymis of
male mice was dissociated, cut into small pieces in PBS and kept in
37°C for 25 minutes to allow the spermatozoa to swim out. The
collected spermatozoa were then transferred into a new culture
dish and observed using an inverted phase contrast microscope
(Nikon ECLIPSE Ti) equipped with a color digital camera and a
video recording system.

For observation of the movements of cilia in trachea and
oviduct, tissues were isolated in Dulbecco modified Eagle medium
(DMEM) preheated in 37°C, cut into small pieces and observed in
the same way as above.

Statistical analysis

Results were expressed as means * SEM. GraphPad Prism
software was used for statistical analysis. Student’s ¢ test was used
for determining the significance of the results. P<0.05 was
considered statistically significant.

Supporting Information

Figure S1 Characterization of the specificity of Iqcg
antibody. (A) In Western blot analysis, this antibody specifically
recognized a 55 kD band in the WT testis protein sample, which
did not appear in the Igeg KO testis sample. (B) This antibody
specifically recognized Iqcg in WT testis section in immunobhis-
tochemical assay, whereas in the KO testis section, only very low
background staining could be seen. (C) Iqcg antibody specificity in
immunofluorescence assay. In the WT spermatozoa, the signal of
the antibody was enriched in the flagella and the post-acrosomal
region (middle panel). Such specific signal disappeared in the KO
spermatozoa (left panel) or when the antibody was pre-blocked
with excess antigen fragment (right panel).

(TIF)

Figure S2 Detection of the potential truncated form of
Igcg in the KO mice. Igcg 3'primers were designed in the exon
7-9, which was after the trapping cassette. Two independent pairs
of primers, Igcg 5'-1 and Igcg 5'-2, were designed in the 5’ region
of Igeg before the trapping cassette to detect the potential truncated
form of Igeg mRNA. PCR was performed using the WT or KO
testis cDNA. The obtained DNA fragments were sequenced, and
confirmed to be amplified from Igcg, demonstrating the existence
of a truncated form at mRNA level. Products of reverse
transcription reaction with no mRNA templates were used as
negative control (NC) of PCR.

(TTF)

Figure S3 Histology of tissues in the WT and Igcg KO
mice. For brain, scale bar =2 um. For others, scale bar
=50 pm.

(TIF)

Figure S4 Histology of WT and Igcg KO testis before
spermiogenesis. Scale bar =50 pm.

(TTF)

Figure S5 Nuclear shaping defects of Igcg KO sperma-
tozoa displayed by DAPI staining. Arrows indicate typical

deformed nuclei. Scale bar =20 um.
(TIF)
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Figure S6 Sperm flagellum formation was already
disrupted in the developing spermatids. Acetylated o-
tubulin (green) was used as a marker for flagellum axoneme. In the
KO spermatids, the axoneme was very short and sometimes
abnormally frizzled. Imaged were merged from the layers of
FITC, DAPI and DIC. Scale bar =20 um.c

(TIF)

Figure S7 Microtubules and actin filaments in WT and
KO spermatids. Immunofluorescence was performed on the
drying down preparations corresponding with spermatids of
different steps. Cells were double stained with o-tubulin (green)
and B-actin (red) antibodies. DAPI was used to stain nucleus. Scale
bar =5 um.

(TTF)

Figure S8 Immunohistochemical analysis of Iqcg in
trachea and oviduct. Iqcg was localized to the cilia both in
trachea and cilia. Scale bar =20 um.

(TIF)

Figure 89 Histological and ultrastructural analyses of
WT and Igcg KO cilia in the trachea and oviduct. Both the
quantities or the lengths of the cilia in the Igeg KO trachea and
oviduct revealed no significant differences to the W'T' controls. The
“9+2” pattern of microtubular arrangement also appeared intact.
For H&E staining results, scale bars =20 pm. For TEM results,
scale bars =500 nm.

(TIF)

Table S1 Igcg KO mice showed normal testis/body
weight.

(DOC)

Movie S1 Motility of WT spermatozoa.

(MP4)

Movie S2 Motility of Iqcg KO spermatozoa.
(MP4)

Movie 83 Motility of cilia in WT trachea.
(MP4)

Movie S4 Motility of cilia in Iqcg KO trachea.
(MP4)

Movie S5 Motility of cilia in WT oviduct.
(MP4)

Movie S6 Motility of cilia in Igcg KO oviduct.
(MP4)
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