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ORIGINAL ARTICLE

Downregulation of cold-inducible RNA-binding protein
activates mitogen-activated protein kinases and impairs
spermatogenic function in mouse testes

Zhi-Ping Xia', Xin-Min Zhengl, Hang Zhengl, Xiao-Jun Liu’, Gui-Yong Liu® and Xing-Huan Wang1

Cold-inducible RNA-binding protein (CIRP) is an RNA-binding protein that is expressed in normal testes and downregulated after heat
stress caused by cryptorchidism, varicocele or environmental temperatures. The purpose of this study was to investigate the functions
of CIRP in the testes. We employed RNAi technique to knock down the expression of CIRP in the testes, and performed haematoxylin
and eosin staining to evaluate morphological changes following knockdown. Germ cell apoptosis was examined by terminal
deoxynucleotidal transferase-mediated dUTP nick end labelling (TUNEL) assay, and mitogen-activated protein kinase (MAPK)
signalling pathways were investigated by Western blotting to determine the possible mechanism of apoptosis. We found that using
siRNA is a feasible and reliable method for knocking down gene expression in the testes. Compared to controls, the mean seminiferous
tubule diameter (MSTD) and the thickness of the germ cell layers decreased following siRNA treatment, whereas the percentage of
apoptotic seminiferous tubules increased. The p44/p42, p38 and SAPK/JNK MAPK pathways were activated after downregulation of
CIRP. In conclusion, we discovered that downregulation of CIRP resulted in increased germ cell apoptosis, possibly viathe activation of

the p44/p42, p38 and SAPK/JNK MAPK pathways.
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INTRODUCTION

RNA-binding proteins play important roles in spermatogenesis in the
mammalian testes, and functional deficiencies of RNA-binding proteins
may cause infertility."™ Cold-inducible RNA-binding protein (CIRP) is
a highly conserved glycine-rich RNA-binding protein that contains an
amino-terminal consensus sequence RNA-binding domain and a
carboxy-terminal glycine-rich domain.>® CIRP was observed in res-
ponse to stresses such as ultraviolet (UV) irradiation, hypoxia7 and
moderately low temperatures.® CIRP was first discovered in transcripts
induced by DNA damage as a result of UV irradiation or UV mimetic
agents, and the level of CIRP was found to be increased in a dose-
dependent manner in response to UV.>'® Overexpression of CIRP in
colon carcinoma RKO cells was found to enhance translation in a dose-
dependent manner, and cells that expressed reduced levels of CIRP were
shown to be more sensitive to UV radiation.'" CIRP has also been
observed in response to hypoxia through a hypoxia inducible factor-
1-independent mechanism’ and is considered to be a stress-inducible
protein that participates in the cellular response to oxidative stress.'”
CIRP has been further reported to be induced by mild cold-shock'>'*
and is involved in the response to several events that modulate tran-
scription, translation, the cytoskeleton, the cell cycle and metabolic
processes.'>'® CIRP has more recently been identified as part of a
new generation of proto—on(:ogenes.12

CIRP is constitutively expressed in the testes,'””'® but has not been
well studied. Nishiyama et al.'® found that the expression of CIRP
decreased in male germ cells at elevated temperatures, and Zhou
et al."® reported that overexpression of CIRP reduced the testicular
damage induced by experimental cryptorchidism. It is well known that
spermatogenesis is a temperature-dependent process and that sper-
matogenic function is impaired after heat stress in a complex patho-
logical process involving hypoxia and oxidative stress. Hypoxia and
high levels of free radicals and reactive oxygen species have been shown
to result in cell cycle arrest and apoptosis *>*' and to contribute to
male fertility problems.”** Other studies have indicated that CIRP
reduces the damage caused by hypoxia and oxidative stress”'* but it’s
downregulated after heat stress in the testes,'®1° this disorder may
result in serious damage to spermatogenic function. The purpose of
this study was to investigate the role of down-regulated CIRP in the
testes to improve our understanding of the mechanism by which heat
stress causes male infertility.

MATERIALS AND METHODS

Animals

BALB/c mice (8 weeks old) were purchased from the Experimental
Animal Center of Wuhan University (Wuhan, China) and were raised
in the ABSL-3 laboratory of Wuhan University. All animal procedures
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used in this study conformed to NIH guidelines and were approved by
the Ethics Committee of Wuhan University.

Reagents

Anti-CIRP antibodies for Western blotting and immunohistochem-
istry were obtained from the ProteinTech Group (Chicago, IL, USA);
anti-B-Actin and anti-GAPDH antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-MAPK
and anti-MAPK antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). The Lipofectamine 2000 reagent
was obtained from Invitrogen (Grand Island, NY, USA).

Immunohistochemical studies

Immunohistochemistry was employed to determine the expression
profile of CIRP in the testes. Testes tissues were fixed in formalin,
embedded in paraffin and sectioned at 5 pm, and the immunohisto-
chemical streptavidin-biotin complex method (SABC) was per-
formed. Briefly, endogenous peroxidase activity was inhibited by 3%
Hydrogen peroxide in distilled water for 10 min. The sections were
microwaved in antigen retrieval solution (0.01 mol 1" pH 6.0 citrate
buffer) and were blocked with 5% bovine serum albumin for 20 min.
The samples were incubated with the anti-CIRP antibody diluted
1:100 for 1 h at room temperature and were washed in phosphate-
buffered saline (PBS) for 3X2 min. Biotinylated anti-rabbit IgG was
added, and the samples were then washed in PBS for 3X2 min.
Sections were incubated with an SABC complex (Boster, Wuhan,
China) and were washed in PBS for 4 X5 min. Peroxidase was detected
with a DAB kit (Boster, Wuhan, China), and the samples were washed
in tap water for 10 min and then dehydrated. The nuclei were stained
with haematoxylin, and the sections were sealed with neutral balsam.

Transient transfection of siRNA in the testes in vivo

The CIRP-directed siRNA sequences (siRNA group) and nonsense
siRNA sequences (negative control group, NC group) are shown in
Table 1. The sequences were designed on the Dharmacon.com
website (http://www.dharmacon.com/) and synthesized by Dharmacon
(Chicago, IL, USA) with chemical modifications including 2'-Ome,
phosphorylation and cholesterol modifications. Normal testes were taken
as a control group. Approximately 10 pg of the siRNA sequences was
diluted in 20 pl PBS and incubated with 30 pl of the Lipofectamine 2000
reagent at room temperature for 20 min. Thirty microlitres of the com-
plex was transfected into the seminiferous tubules using the microinjec-
tion method described by Ogawa et al.® The infiltration efficiency of the
siRNA complex was evaluated by a trypan blue tracer (0.04%) in frozen
sections. Testes were harvested after 48 h. All of the testes were divided
into two parts, one for knockdown validation by western blotting, and
the other for the following detections.

Histopathological examination
Testicular spermatogenesis was indicated by the mean seminiferous
tubular diameter (MSTD) and the thickness of the germ cell layers.

Table 1 siRNA sequences for CIRP
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Validated CIRP knockdown samples, siRNA-negative control samples
and normal testes were prepared for histological examination.
Testicular sections were fixed in formalin solution and stained with
haematoxylin and eosin. The diameters and thickness of the germ cell
layers of the seminiferous tubules were measured in 10 different areas
of each sample using an ocular micrometer in a light microscope, and
the MSTD and the thickness of germ cell layers were calculated for
eight samples from each group.

Detection of apoptosis

Validated CIRP knockdown samples, negative controls and normal
testes were prepared for the detection of apoptosis. Apoptosis was
assessed by terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) using an in situ cell death detection kit
and peroxidase (Roche, Mannheim, Germany). All samples were
deparaffinized with xylene and alcohol. Sections were washed and
microwaved for 5 min in the antigen retrieval solution (0.1 mol 17"
pH 6.0 citrate buffers). Hydrogen peroxide (3%) was employed to
eliminate endogenous peroxidase activity. The TUNEL reaction mix-
ture was applied to each slide so that the sections were completely
covered, and the slides were incubated at 37 °C for 1 h. Peroxidase
(conjugated with horseradish peroxidase) was applied to the slides
after blocking, and the samples were incubated at 37 °C for 30 min.
A DAB kit was used as the staining agent. The stained slides were
immersed in distilled water and kept in haematoxylin for 10-15 s.
After dipping into xylene and alcohol, the slides were covered. The
sections were evaluated using light microscopy. Seminiferous tubules
containing three or more apoptotic cells by TUNEL staining were
considered to be positive apoptotic tubules, and the apoptosis per-
centage was calculated by the ratio of positive seminiferous tubules to
the total number of seminiferous tubules in a cross-section.”® Ten
samples from each group were analysed.

Western blotting

We employed Western blotting to detect the mitogen-activated pro-
tein kinase (MAPK) pathway proteins in the siRNA group, negative
control group and control group. Tissues were lysed in a triple-
detergent RIPA buffer containing a protease inhibitor cocktail and
sodium orthovanadate. Approximately 40 pg of protein was separated
by SDS-PAGE (10%) and transferred to PVDF membranes. The mem-
branes were blocked with 5% non-fat milk at room temperature for 1 h
and incubated with anti-phospho-MAPK antibody (anti-phospho-
p44/42 was diluted 1:2000; the other antibodies were diluted
1:1000 in 5% bovine serum albumin) at 4°C overnight. Following
the secondary antibody incubation (1:2000) at room temperature for
45 min, signals were visualized by enhanced chemiluminescence. The
PVDF membranes were stripped, and then anti-MAPK (1:1000) and
anti-GAPDH (1:1000) antibodies were used following the same pro-
cesses as described above.

Name Sense sequence Antisense sequence
SiRNA 1 5’-GAGACAGCUAUGACAGUUAUU-3’ 5’-UAACUGUCAUAGCUGUCUCUU-3’
SiRNA 2 5’-GUGGUAAAGGACAGGGAGAUU-3’ 5’-UCUCCCUGUCCUUUACCACUU-3’

Negative control 1
Negative control 2

5'-GCAUAAGUUGAUGACAGCAUU-3’
5'-GAUAGAGAGAGAGGCGUGAUU-3’

5’-UGCUGUCAUCAACUUAUGCUU-3’
5’-UCACGCCUCUCUCUCUAUCUU-3’

Abbreviation: CIRP, cold-inducible RNA-binding protein.
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Figure 1 The expression profile of CIRP in testes. (a) CIRP was expressed in
germ cells. (b) CIRP was mainly expressed in the primary spermatocytes, sec-
ondary spermatocytes and round spermatids but was not expressed in sperma-
togonia, elongating spermatids or Leydig cells. CIRP, cold-inducible RNA-
binding protein.

Statistical analysis

Statistical analyses were performed using SPSS software 13.0 (SPSS
corporation, Chicago, IL, USA), and all data were presented as the
mean*standard deviation. One-way ANOVA was used as the test for
statistical significance, and differences were considered significant if
P<0.05.

RESULTS

The expression profile of CIRP in mouse testes
Immunohistochemical studies showed that CIRP was expressed in
the testes under normal physiological conditions. CIRP was mainly
expressed in the primary spermatocytes, secondary spermatocytes and
round spermatids, but was not expressed in spermatogonia, elon-
gating spermatids or Leydig cells. In the primary spermatocytes,
CIRP was mainly located in the nucleus, but in round spermatids, it
was present in the cytoplasm (Figure 1).

In vivo siRNA-mediated CIRP knockdown in the testes is a feasible
and reliable research procedure

The infiltration efficiency test showed that the trypan blue appeared in
almost all of the seminiferous tubules (Figure 2a). At a high mag-
nification, trypan blue was detected in all the germ cell layers
(Figure 2b and 2c) and morphological changes were not observed.

CIRP
Control NC siRNA

Figure 2 The knockdown validation of CIRP in testes. (a) Trypan blue appeared
in almost all of seminiferous tubules in testes. (b) Trypan blue was detected in all
germ cell layers. (c) At high magnification, trypan blue transfected into semini-
ferous tubules through microinjection did not result in morphologic changes. (d)
Compared with control groups, CIRP was downregulated in CIRP siRNA group
successfully. CIRP, cold-inducible RNA-binding protein; NC, negative control.
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The tracer test suggested that microinjection was a feasible method for
transfecting the testes with exogenous reagents.

In control group and the negative control group, the expression of
CIRP was similar to each other. Compared with the control groups,
CIRP was downregulated in the siRNA group, indicating that the
siRNA sequences successfully interfered with the expression of CIRP
(Figure 2d). We discovered that chemically modified siRNA delivered
by Lipofectamine 2000 is a successful approach for knockdown of gene
expression in the testes. We performed siRNA-mediated knockdown
in vivo in samples from 12 testes, and 10 samples were confirmed to
have downregulated CIRP. We performed the analyses described
below in these samples.

Downregulation of CIRP impairs spermatogenic function and
increases germ cell apoptosis
Both control groups showed normal testicular architecture and regu-
lar seminiferous tubular morphology with spermatogenesis, primary
spermatocytes, secondary spermatocytes, spermatids and spermato-
zoa. TUNEL assays showed that most of the seminiferous tubules in
the control groups contained less than three apoptotic cells (mainly
spermatogonia) (Figure 3a-3f). The MSTD, the thickness of germ cell
layers and the percentage of apoptotic seminiferous tubules in the
control groups were not significantly different from each other.
Compared to the controls, there were marked decreases in the
MSTD and the germ cell layer thickness in the siRNA group
(P<0.01) with severe distortion, extensive disorganisation, sloughing
and a loss of maturation of germ cells in seminiferous tubules. The rate
of apoptosis in the seminiferous tubules was higher than in the control
groups (P<<0.01), and most of the apoptotic cells appeared in primary
spermatocytes, secondary spermatocytes and round spermatids
(Figure 3g—3i). The MSTD, the germ cell layer thickness and the
percentage of apoptotic cells for each group are presented in Table 2.

Downregulation of CIRP results in MAPK pathways activation in

testes

The above-described studies led us to investigate the possible mech-
anism of the apoptosis induced by downregulated CIRP. The p44/p42,
p38 and SAPK/JNK MAPK pathways were detected in both controls
and the siRNA group. We found similar levels of both phosphorylated
and total p44/42, p38 and SAPK/JNK in both control groups, suggest-
ing that the microinjection had no effects on these pathways.
Compared to the controls, the downregulation of CIRP increased
the level of phospho-p44/42, phospho-p38 and phospho-SAPK/JNK
in the siRNA group, but had no effects on total p44/p42 and SAPK/
JNK. The total amount of p38 protein was slightly increased in the
siRNA group compared with the controls (Figure 4).

DISCUSSION

CIRP is a heat-sensitive protein that is expressed in the testes and is
downregulated after heat stress caused by cryptorchidism, varicocele
or environmental factors. It is well known that spermatogenic func-
tion is impaired after heat stress in the testes as a result of numerous
pathological processes. In earlier studies, testes were subjected to heat
stress to evaluate the functions of CIRP,'®'*?” but there is no direct
evidence to indicate which pathological processes are caused by the
downregulation of CIRP in heat-stressed testes. We employed
the RNAi method to downregulate the expression of CIRP in the
testes and found that CIRP was necessary for spermatogenesis.
Downregulation of CIRP induced germ cell apoptosis, which was
associated with the activation of the p44/p42, p38 and SAPK/JNK
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Figure 3 Downregulation of CIRP increased germ cell apoptosis in testes. Control group (a—¢) and negative control group (d-f) showed the normal testicular
architecture and morphology and most of the seminiferous tubules contained less than three apoptotic cells by TUNEL stain. In CIRP siRNA group (g-i), the testes
showed severe distortion, extensive disorganization, sloughing and a loss of maturation of germ cells in seminiferous tubules. Apoptotic cells increased and most of
them appeared in primary spermatocytes, secondary spermatocytes and round spermatids. The sections in TUNEL assays slightly tilted and the seminiferous tubules
presented as elliptic profiles. Black arrows showed the apoptotic cells stained by TUNEL. CIRP, cold-inducible RNA-binding protein; TUNEL, terminal deoxynucleo-

tidal transferase-mediated dUTP nick end labelling.

MAPK pathways. This model revealed that the downregulation of
CIRP contributed to the germ cell death caused by heat stress.

We found that CIRP was expressed in primary spermatocytes, sec-
ondary spermatocytes and round spermatids, but not in spermatogo-
nia, elongating spermatids or Leydig cells. These findings were in
accord with Nishiyama’s report in 1998.'® In primary spermatocytes,
CIRP was primarily present in the nucleus but was cytoplasmic in
round spermatids. This differential distribution of CIRP indicated
that it may have different physiological functions in primary sperma-
tocytes and round spermatids,*® the mechanisms of which are unclear.
TUNEL staining showed that apoptosis occurred mainly in primary
spermatocytes, secondary spermatocytes and round spermatids,
which are the germ cells that express CIRP. Our results indicate that
the downregulation of CIRP may induce germ cell apoptosis and
contribute to the pathological processes in heat-stressed testes.

To investigate the possible mechanism of apoptosis caused by the
downregulation of CIRP, we assessed the p44/p42, p38, SAPK/JNK
MAPK pathways in the experimental groups. MAPK pathways are
three of the major types of signalling pathways involved in the
responses to heat stress, and p44/p42, p38 and SAPK/JNK have been
shown to be activated after heat shock.” The role of activated MAPKs
in the testes differed from the roles reported for other cell lines. In

various cell systems, p44/p42 has been reported to be expressed in
response to growth stimuli and to promote cell growth, and p38
and SAPK/INK were shown to be activated in response to a
variety of environmental stresses and inflammatory signals and
to promote apoptosis and growth inhibition.>®>* In the testes,
p44/p42 and SAPK/JNK were found to be activated in a testicular
ischemia—reperfusion model,**** and their blockade resulted in less
testicular damage.>* p44/p42 and p38 were found to be activated after
testicular heat treatment, but inhibition of this activation had no
discernible effect on heat-induced germ cell apoptosis, suggesting that
it may be dispensable for heat-induced germ cell apoptosis.’>>*
Furthermore, p38 mediates germ cell apoptosis after hormone
deprivation.”” The possible roles of activated p44/p42 in germ cell
apoptosis are currently unclear and are controversial, but it is clear
that activation of p38 and SAPK/JNK promotes apoptosis in the testes.
p38 activates the iNOS gene,”®?° resulting in increased NO production
and subsequent activation of the cytochrome c-mediated death path-
way. p38 and SAPK/JNK also induce apoptosis through the activation
of the intrinsic mitochondria-dependent pathway.** Activation of
SAPK/JNK pathway has been correlated with the production of proin-
flammatory cy‘cokines,z'3 such as tumour-necrosis factor, which affects
not only the proinflammatory response,*' but also the immunoregulatory
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Table 2 MSTD, thickness of germ cell layers and apoptosis rate among three different groups

Groups MSTD (um, n=8) Thickness of germ cell layers (n=8) Apoptosis rate (%, n=10)
Control 178.12+4.00 8.65+0.29 3.60+1.35
Negative control 179.12+3.09 8.50+0.18 3.90+1.29
CIRP siRNA group 156.50+1.51* 5.45+0.32* 28.30+5.21*
Abbreviation: MSTD, mean seminiferous tubule diameter.
*P<0.01 vs. control groups (one-way ANOVA).

a Control NC CIRP siRNA b Control NC CIRP siRNA ¢ Control NC CIRP siRNA

Figure 4 The expression of MAPKs in both controls and CIRP siRNA group. (a) p44/p42, (b) p38and (c) SAPK/JNK MAPK pathways were detected in different groups.
Phosphorylated and total p44/p42, p38 and SAPK/JNK were similar in control groups. In CIRP siRNA group, the level of phospho-p44/p42 (p-p44/p42), phospho-p38
(p-p38) and phospho-SAPK/INK (p-SAPK/JNK) were increased. Three independent experiments were performed and had similar results. CIRP, cold-inducible RNA-

binding protein; MAPK, mitogen-activated protein kinase; NC, negative control.

response*? and apoptosis.’> We discovered that p44/42, p38 and
SAPK/JNK were activated in testes in which CIRP expression had been
knocked down, similarly to the response to heat treatment, which
demonstrates that the downregulation of CIRP may play an important
role in the heat-stressed testes. Although we cannot determine
whether this activation is direct or indirect, we can infer that the
downregulation of CIRP may contribute to the activation of MAPK
pathways in the heat-stressed testes and cause germ cell damage. The
activation of MAPK pathways suggested that CIRP may be an
upstream inhibitor of these pathways in the testes, but there is no
direct evidence for this. The direct relationship between CIRP and
the MAPK pathways in germ cells requires further study.

Microinjection was an important procedure in our study. We suc-
cessfully performed microinjection of the testes to deliver the sSiRNA
sequences. Microinjection has been used for stem cell transplantation
and plasmid delivery,”>**~>* as described by Ogawa et al.> in 1997. We
found that siRNA delivered with the Lipofectamine 2000 reagent to
the testes was an effective method for RNA interference research, and
our recommended proportion of siRNA and Lipofectamine 2000 is
1:3 (m:v). The appropriate volume of siRNA complex was 30 pl (for
BALB/c mice testes, about 100 mg), and the injection time should be
10 min or more.

In conclusion, CIRP plays an important role in spermatogenesis.
The downregulation of CIRP may contribute to male infertility caused
by heat stress possibly through the activation of MAPK pathways.
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