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Abstract: This study aimed to investigate the exact function of RGC-32 in kidney diseases and explore the potential 
mechanism of RGC-32 in regulating cell cycle. RGC-32 knockout (RGC-32-/-) mice were generated from C57BL/6 
embryonic stem cells. Differentially expressed proteins in the kidney were investigated with the isobaric tags for rela-
tive and absolute quantification (iTRAQ) technique. Gene ontology analyses (GO), Kyoto encyclopedia of genes and 
genomes (KEGG) pathway mapping analysis and functional network analysis were also performed. The expressions 
of Smc3, Smad 2-3, DNA-PK were further confirmed by qPCR. Results showed that 4690 proteins were quantified on 
the basis of 25165 unique peptides. Comparative proteomic analysis revealed 361 differentially expressed proteins 
in RGC-32-/- mice (knockout/wild ratio >+/- 1.2 and P<0.05). GO and KEGG pathway mapping analyses showed dif-
ferentially expressed proteins were involved in spliceosome, fluid shear stress and atherosclerosis protein process-
ing in endoplasmic reticulum, pathways in cancer, viral carcinogenesis, epithelial cell signaling in Helicobacter pylori 
infection, HTLV-I infection, PI3K-Akt signaling pathway, ubiquitin mediated proteolysis, Parkinson’s disease, MAPK 
signaling pathway, carbon metabolism, Alzheimer’s disease, NOD-like receptor signaling pathway, tight junction, 
Proteoglycans in cancer, phagosome, ribosome, mTOR signaling pathway, and AMPK signaling pathway. Differen-
tially expressed proteins Smc3 (0.821), DNA-PK (0.761), Smad 2-3 (0.631) were involved in cell cycle regulation. 
mRNA expression of Smad2-3, DNA-PK, and Smc3 was consistent with that from iTRAQ. It is concluded that RGC-32 
may affect the expression of many proteins (76 up-regulated and 285 down-regulated) in the kidney, and may regu-
late the expression of Smc3, DNA-PK and Smad 2-3 to affect the cell cycle. 
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Introduction

Response gene to complement 32 (RGC-32), 
also known as the regulator of cell cycle (RG- 
CC), was first cloned in the rat by Badea et al 
[1]. It’s expressed in a variety of tissues and 
organs including the kidney, skeletal muscle, 
placenta, pancreas, liver, etc [2]. Studies have 
shown that RGC-32 plays an important role in 
the cell proliferation, cell differentiation of in- 
flammation and cancer [2-8]. It has been sho- 
wn that RGC-32 may affect the cell cycle pro-
gression, especially the G2/M phase [9-12]. 
Over-expression of RGC-32 may increase the 
DNA synthesis and cause cell cycle progres- 
sion from G1/G0 phase to G2/M phase, and 
RGC-32 gene silencing inhibits cell cycle pro-

gression and induces cell arrest in G2/M pha- 
se [4, 13, 14]. However, the exact mechanism 
underlying the regulation of RGC-32 on cell 
cycle remains still unclear and needs to be  
further elucidated. 

Our previous study showed RGC-32 was invo- 
lved in the pathogenesis of some renal disea- 
ses [6]. RGC-32 was critical for the transform-
ing growth factor β-induced epithelial-mesen-
chymal transition of human renal proximal tu- 
bular cells. There was a Smad binding eleme- 
nt in the upstream of the transcription start si- 
te of RGC-32 gene. Smad2 and PEA3 coope- 
ratively activated the promoter of RGC-32 ge- 
ne [15]. In children with immunoglobulin A ne- 
phropathy (IgAN), RGC-32 was expressed in the 
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renal tubular epithelial cells and related to the 
degree of renal pathology [16]. In addition, 
RGC-32 expression following renal ischemia 
reperfusion (IRI) injury decreased significantly 
in a time-dependent manner in a rat model 
[17]. In vitro, RGC-32 gene silencing was fo- 
und to arrest TNF-α (Tumor Necrosis Factor-α) 
treated NRK-52E cells in G2/M phase [18]. On 
the basis of these findings, we hypothesized 
that RGC-32 might be involved in the renal 
tubular injury and repair. 

The present study aimed to investigate the pr- 
otein expression profile in RGC-32 knockout 
(RGC-32-/-) mice as compared to wild type  
(RGC-32+/+) mice and explore the potential 
mechanism of RGC-32 regulating the cell cycle. 

Materials and methods

animal care

The mice were housed in animal cages (5 mi- 
ce/cage) with suitable ventilation, 12 h light 
dark cycle, temperature of 22-25°C, and free 
access to food and water, in the Medical 
Genetic Research Institute of Shanghai. All ex- 
perimental protocols were previously review- 
ed and approved by the Ethics Committee for 
Animal Experimentation of Shanghai Children’s 
Hospital.

Generation and mating of RGC-32-deficient 
mice

RGC-32-deficient (RGC32-/-) mice were gene- 
rated from C57BL/6 embryonic stem cells wi- 
th deletion of exon 2 and 3 of the RGC-32 ge- 
ne. The RGC-32 gene has only one transcrip-
tomes coding protein in mice. L1L2_Bact_P 
transgene vector was built and then introduc-
ed into embryonic stem cells. 9311 bases fr- 
om 79300967 to 79291656 on chromosome 
14, which were exons 2 and 3 of RGC-32 gene 
were replaced by homologous recombination, 
aiming to make target gene disabled. Recom- 
bined embryonic stem cell was injected into 
blastomere of C57BL/6 mice, and then im- 
planted into mice, which became RGC-32+/- 

mice. RGC-32-/- mice was then generated tr- 
ough copulation. RGC-32-/- embryonic stem  
(ES) cells with C57BL/6 background were  
purchased from the Knockout Mouse Project 
(KOMP) Repository (https://www.komp.org/ge- 
neinfo.php?project = CSD69150, UC Davis, CA, 

USA). RGC-32-/- ES cell-mouse chimeras were 
also produced by the KOMP Repository. Germ 
line transmission was obtained by breeding  
the male chimeras with C57BL/6 female mi- 
ce. RGC-32-/- mice were acquired by mating 
RGC-32-/+ male mice with RGC-32-/+ female 
mice. 

Genotyping of mice by PCR 

The tail tissues (0.5-1.0 cm) were obtained 
mice aged 4-6 weeks and total DNA was 
extracted for PCR. To genotype the mice, two 
pairs of primers were provided by KOMP Re- 
pository. 1st pair of primers (product size: 750 
bp): 5’-CAG CAT CTC TGC TAC GCG TGT CAC TGA 
G-3’ (forward); 5’-CAC AAC GGG TTC TTC TGT 
TAG TCC-3’ (reverse); 2nd pair of primers (prod-
uct size: 285 bp): 5’-AGG TAG CCA GTG GAC TTG 
GGC ACA CAC-3’ (forward); 5’-CAG GAG AGC 
TGG AGA GGA GTT GGT TGG-3’ (reverse). 

Sample collection and protein extraction

Male mice were sacrificed at the age of 12-16 
weeks. One kidney of each mouse was colle- 
cted and stored at -80°C for protein process-
ing. 15 RGC-32-/- mice and 15 RGC-32+/+ mice 
were randomly divided to 3 groups indepen-
dently (5 mice in each group). Lysis buffer (4% 
SDS, 1 mM DTT, 150 mM Tris-HCl pH 7.6, and 
protease inhibitor) with protease inhibitor (Th- 
ermo Fisher, Germany) was added to the renal 
tissues of each group, followed by homogeni- 
zation. The mixture was sonicated for 5 min  
on ice. The homogenate was then centrifuged 
at 14000 g for 10 min at 4°C. The superna- 
tant was collected, transferred into a new tube 
and stored at -80°C. The protein content was 
determined with the BCA protein assay kit 
(Thermo Fisher, Germany). 

Protein processing and iTRaQ labeling

Protein processing was performed according  
to the filter-aided sample preparation proce-
dure described by Wisniewski et al [19]. The 
resultant peptide mixture was labeled using  
the 8-plex iTRAQ reagent (AB SCIEX, Fram- 
ingham, MA, USA) according to the manufac-
turer’s instructions. Briefly, 200 mg of proteins 
from each sample was added into 30 mL of 
STD buffer (4% SDS, 100 mM DTT, 150 mM 
Tris-HCl, pH 8.0). The detergent, DTT and other 
low-molecular-weight components were rem- 
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oved using UA buffer (8 M urea, 150 mM Tris-
HCl, pH 8.0), followed by repeated ultrafiltra- 
tion (Microcon units, 30 kDa). 100 mL of 0.05 
M iodoacetamide in UA buffer was then add- 
ed to block reduced cysteine residues, followed 
by incubation for 20 min in dark. Finally, the 
protein suspension was digested with 2 mg of 
sequencing-grade trypsin (Promega, Madison, 
WI, USA) in 40 mL of DS buffer at 37°C for 16  
h and the resultant peptides were collected  
as a filtrate. The peptide content was deter-
mined by detecting the optical density at 280 
nm with an UV spectrophotometer, and an 
extinction coefficient of 1.1 of 0.1% (g/l) solu-
tion was calculated on the basis of the frequ- 
ency of tryptophan and tyrosine in vertebrate 
proteins [20]. For labeling, each iTRAQ reagent 
was dissolved in 70 μl of ethanol and then 
added to the peptide mixture. The samples 
were labeled with iTRAQ reagent 113, 114, 
115, 116, 117, 118, 119 and 121, respective-
ly, multiplexed and then dried in vacuum. 

Peptide fractionation with strong cation ex-
change (SCX) chromatography 

iTRAQ-labeled peptides were fractionated by 
SCX chromatography using the AKTA purifier 
system (GE Healthcare, Fairfield, CT, USA). The 
dried peptide mixture was reconstituted and 
acidified with 2 ml of buffer A (10 mM KH2PO4  
in 25% of ACN, pH 2.7) and subjected to a po- 
lysulfoethyl A column (100 mm × 4.6 mm, 200 
A pore size, 5 mm particle size) (PolyLC, 
Columbia, MD, USA) on a Waters Delta 600 
HPLC unit (Waters, Milford, MA, USA). The pep-
tides were eluted at a flow rate of 1 ml/min-1 
with 0-10% buffer B (500 mM KCl, 10 mM 
KH2PO4 in 25% of ACN, pH 2.7) for 2 min, 
10-20% buffer B for 25 min, 20-45% buffer B 
for 5 min, and 50-100% buffer B for 5 min. 
Elution was monitored by detecting the absor-
bance at 214 nm, and the fractions were col-
lected once every 1 min. The collected frac-
tions (about 30 fractions) were integrated into 

Experiments were performed on a Q Exac- 
tive mass spectrometer that was coupled to 
Easy nLC (Thermo Fisher Scientific Inc., San 
Jose, CA, USA). 10 mL of each fraction was 
injected for nano LC-MS/MS. The peptide mix-
ture (5 mg) was loaded onto a C18-reversed-
phase column (Thermo Scientific Easy Colu- 
mn, 10 cm long, 75 mm inner diameter, 3 mm 
resin) in buffer A (0.1% formic acid) and sepa-
rated using a linear gradient of buffer B (80% 
acetonitrile and 0.1% formic acid) at a flow ra- 
te of 250 nl/min controlled by IntelliFlow tech-
nology over 140 min. MS data were acquired 
using a data-dependent top 10 method, and 
the most abundant precursor ions were dyna- 
mically chosen from the survey scan (300-
1800 m/z) for higher-energy collisional disso-
ciation fragmentation. Determination of the 
target value was based on predictive automa- 
tic gain control. The dynamic exclusion dura- 
tion was 60 s. Survey scans were acquired at  
a resolution of 70 000 at the m/z of 200, and 
the resolution for higher-energy collisional dis-
sociation spectra was set to 17500 at the  
m/z of 200. The normalized collision energy 
was 30 eV and the underfill ratio, which speci-
fies the minimum percentage of the target 
value likely to reach the maximum fill time, was 
defined as 0.1%. The instrument was run with 
the peptide recognition mode enabled.

Protein identification and quantification

MS/MS spectra were searched using the MA- 
SCOT engine (Matrix Science, London, UK; ver-
sion 2.2) in the Proteome Discoverer 1.3 (Th- 
ermo Fisher Scientific Inc., San Jose, CA, USA) 
against uniprot_mouse_82199_20170105.fa- 
sta (82199 sequences, download at January 5, 
2017) and the decoy database. For protein 
identification, the following options were us- 
ed: peptide mass tolerance = 20 ppm, MS/MS 
tolerance = 0.1 Da, enzyme = trypsin, missed 
cleavage = 2, fixed modification: carbamido-

Table 1. Primers used for real-time PCR
Gene Sequences Size
DNA-PK Forward: 5’-AGTTCGCCTGATGAAGCACT-3’ 117 bp

Reverse: 5’-CCTTTCTCCGGATGTAGCTG-3’
Smad2-3 Forward: 5’-CACAGCCACCATGAATTACG-3’ 120 bp

Reverse: 5’-TGGAGGTAGAACTGGCGTCT-3’
Smc3 Forward: 5’-CAAGGCATGCTGTTGAAGAA-3’ 111 bp

Reverse: 5’-CAACTGCTTCAGGCTCAGTG-3’

10 pools and desalted on C18 cartridges 
(Sigma-Aldrich Chemical Co, St. Louis, MO, 
USA). Each fraction was concentrated by 
vacuum centrifugation and reconstituted in 
40 l of 0.1% (v/v) trifluoroacetic acid. All sam-
ples were stored at -80°C.

Liquid chromatography (LC) - electrospray 
ionization (ESI) Tandem MS (MS/MS) analy-
sis
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methyl (C), iTRAQ8-plex (K), iTRAQ8-plex (N- 
term), variable modification: oxidation (M), FDR 
r≤0.01.

Quantitative real-time PCR of target proteins

Total RNA was extracted from the renal tissu- 
es using Trizol reagent (Invitrogen, Carlsbad, 
CA) according to the manufacturer’s instruc-
tions. Subsequently, the total RNA was quan- 
tified by detecting the ratio 260/280 nm us- 
ing an UV spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA), and then reversely 
transcribed to single-stranded cDNA with Pri- 
meScript RT Reagent Kit (Takara Bio, Kyoto, 
Japan). Quantitative real-time PCR was per-
formed on a Light Cycler 96 (Roche, Basel, 
Switzerland) with SYBR Select Master Mix (Li- 
fe Technology, Grand Island, NY). Detection 
was done in duplicate, and reaction was per-
formed at 95°C for 10 min followed by 45 
cycles of denaturation at 95°C for 10 s, anne- 
aling at 60°C for 30 s, and extension at 72°C 
for 30 s. Glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH) was used as an internal 
reference. The primers used for PCR are shown 
in Table 1. The specificity of each primer was 
verified by melting curve analysis. Relative 
mRNA expression was calculated using the 
2-ΔΔct method.

Statistical analyses and bioinformatic analysis

The statistical significance of the differential 
expression levels on proteins was tested by 
t-test. A protein with KO/WT ratio >1.20 or 
<0.83 and with a corrected P value of <0.05 
was considered the differentially expressed 
one. The method of false discovery rate (FDR) 

was used for addressing the multiple-testing 
adjustment, and adjusted P<0.01 was used  
as the significant criterion. Functional protein 
analyses were performed using the AmiGO to- 
ol in the gene ontology platform (http://www.
geneontology.org/). Pathway analyses were 
performed using the Search pathway tool in  
the Kegg Mapper platform (http://www.geno- 
me.jp/kegg/mapper.html). To investigate the 
direct (physical) and/or indirect (functional) 
interactions among the identified genes, the 
search tool was used for the retrieval of in- 
teracting genes (STRING) database (http://
string.embl.de/) and the functional network 
was analyzed. 

Results

Genotyping and characterization of RGC-32-/-  
mice

The mice were genotyped by PCR (Figure 1). 
Approximately 17% of mice born after RGC- 
32+/- x RGC-32+/- crosses were found to be  
RGC-32-/-, indicating some embryonic lethality. 
These RGC-32-/- mice were indistinguishable 
from their RGC-32+/+ and RGC-32+/- littermates 
according to the appearance. RGC-32-/- mice 
did not have any obviously anatomical or his- 
tological defects, and their life expectancy was 
normal. RGC-32-/- mice did not display any  
significant phenotypic change as compared to 
RGC-32+/+ mice. 

Protein identification and quantification

Soluble proteins extracted from the kidneys of 
RGC-32-/- mice and wild mice were compared  

Figure 1. Genotyping of wild-type (RGC32+/+), RGC32+/-, and RGC32-/- mice by PCR using genomic DNA isolated 
from mouse tails. 285 bp product alone indicates wild type. Presence of both 750 and 285 bp fragments indicate 
heterozygous, whereas 750 bp alone indicates the homozygous knockout. The genotype of No. 1, 4 and 5 mouse 
was RGC32+/+; the genotype of No. 2, 7, 8, 9, 12 mouse was RGC32+/-; the genotype of No. 3, 6, 10, 11 mouse was 
RGC32-/-.
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by iTRAQ-based proteomic analysis. In total, 
4690 proteins were identified on the basis of 
25165 unique peptides. All of the identified 
proteins were categorized into biological pro-
cesses, cellular components, and molecular 
functions according to their GO annotation 
(Figure 2).

GO analysis showed that the most common  
biological processes related to these proteins 
were cellular process, single-organism proce- 
ss, metabolic process, biological regulation, 
and regulation of biological processes. The 
major functions of these proteins were blind- 
ing activity and catalytic activity. The majority 
of these proteins located in cell compartment 
and organelles; remaining proteins located in 
the membrane, organelle part, macromolecu- 
lar complex, membrane-enclosed lumen, ext- 
racellular region, extracellular region part, cell 

junction, synapse part, supramolecular part 
and synapse. 

Differentially expressed proteins

Of 4690 proteins, the expression of 361 pro-
teins (76 up-regulated and 285 down-regu- 
lated) was statistically different between RGC-
32-/- mice and RGC-32+/+ mice. The top 5 up-
regulated proteins were fructose-bisphosphate 
aldolase (3.83 folds), sulfotransferase family 
cytosolic 2B member 1 (3.05 folds), periphe- 
ral-type benzodiazepine receptor-associated 
protein 1 (2.32 folds), protein Gm10073 (2.24 
folds), and testis-expressed sequence 10 pro-
tein (1.96 folds). The top 5 down-regulated  
proteins were ephexin-1 (0.27 folds), rotatin 
(0.29 folds), ATP synthase subunit alpha (0.32 
folds), NADPH oxidase 3 (0.33 folds), GTP-
binding protein Di-Ras1 (0.35 folds).

Figure 2. Protein classification based on the GO analysis of biological processes, molecular functions and cellular 
components. Each protein is characterized in terms of three ontologies: molecular function, cellular component 
and the involved biological process. Using the GO database, the involved proteins were classified in order to gain an 
overall picture of potential functions of the differentially expressed proteins in this study.
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Figure 3. The top 20 pathways related to the differentially expressed proteins by KEGG database analysis. Numbers 
refer to assigned proteins in each pathway.

Table 2. Top 20 pathways related to the differentially expressed proteins (KEGG pathway analysis)
Pathway Differentially Expressed Proteins
Spliceosome PRPF19 SF3B14 LSM3 SF3A2 DDX42 SART1 HNRNPU PRPF31 SFRS4_5_6

Fluid shear stress and atherosclerosis SUMO trxA TRPV4 SRC NOX CYBA argG IKBKG RELA

Protein processing in endoplasmic reticulum HERPUD1 SYVN1 MARCH6 SEC61B UFD1 OS9 UBE2G2 BAX

Pathways in cancer TPM3 BCR1 RALBP1 SMAD2_3 IKBKG BAX ARHGEF1 RELA

Viral carcinogenesis SRC H2B DDX3X IKBKG MAPKAPK2 BAX RELA

Epithelial cell signaling in Helicobacter pylori infection SRC ATPeV1G ADAM10 IKBKG F11R JAM3 RELA

HTLV-I infection RRAS SMAD2_3 PPP3C IKBKG BAX RELA TSPO

PI3K-Akt signaling pathway TSC2 EIF4B PPP2R5 IKBKG TSC1 RELA

Ubiquitin mediated proteolysis PRPF19 UBE2Z SYVN1 UBE2L3 UBE3C UBE2G2

Parkinson’s disease UCHL1 COX5A ATPeF0F6 UBE2L3 QCR9 UBE2G2

MAPK signaling pathway SRC RRAS MAPT PPP3C IKBKG MAPKAPK2 RELA

Carbon metabolism ALDO ENO OGDH PHGDH atoB ADPGK

Alzheimer’s disease COX5A ATPeF0F6 ADAM10 MAPT QCR9 PPP3C

NOD-like receptor signaling pathway TrxA NOX CYBA TRIP6 IKBKG RELA

Tight junction PRKAB SRC SYNPO TJP3 JAM1 JAM3

Proteoglycans in cancer SRC PPP1R12B RRAS EIF4B PDCD4 ARHGEF1

Phagosome SEC61B NOX CYBA ATPeV1G MBL

Ribosome RP-L28 RP-LP1 RP-S21 RP-L21 RP-L34

mTOR signaling pathway TSC2 ATPeV1G RRAGA_B EIF4B TSC1

AMPK signaling pathway PRKAB TSC2 PPP2R5 TSC1 HNF4A

Because different proteins interact and coo- 
perate to involve biochemical reactions, a KE- 
GG pathway-based analysis was performed to 

identify pathways that would be potentially af- 
fected by differential expressed proteins in 
RGC-32-/- mice. The KEGG pathway analysis 
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showed that the top 20 pathways with invol- 
vement of differentially expressed proteins 
were spliceosome, fluid shear stress and ath-
erosclerosis, protein processing in endoplas-
mic reticulum, pathways in cancer, viral carci-
nogenesis, epithelial cell signaling in Helico- 
bacter pylori infection, HTLV-I infection, PI3K-
Akt signaling pathway, ubiquitin mediated pro-
teolysis, Parkinson’s disease, MAPK signaling 
pathway, carbon metabolism, Alzheimer’s dis-
ease, NOD-like receptor signaling pathway, ti- 
ght junction, proteoglycans in cancer, phago-
some, ribosome, mTOR signaling pathway, and 
AMPK signaling pathway (Figure 3 and Table 2). 

Protein-protein interaction network

The analysis of protein-protein interaction and 
protein-protein interaction network is impor-
tant to reveal the functions of proteins. To fur-
ther analyze the biological functions of diffe- 

rentially expressed proteins, the STRING was 
used to construct a functionally associated  
network (Figure 4). It is indicated that Ywhae 
localized at the center of the network.

Validation of iTRAQ data by qPCR

In order to confirm the results of iTRAQ-based 
proteomics analysis and to further investigate 
the mechanism of RGC-32 regulating the cell 
cycle, the mRNA expression of three genes 
(Smad2-3, DNA-PK, and Smc3) related to the 
regulation of cell cycle was detected by quan- 
titative real-time PCR (qPCR) and compared 
with that from iTRAQ. Results showed the mR- 
NA expression of Smad2-3, DNA-PK, and Smc3 
was consistent with that from iTRAQ, which 
suggests that the expression of these diffe- 
rentially expressed proteins was regulated at 
the transcription level (Figure 5 and Table 3). 

Figure 4. Differentially expressed protein interaction network analysis. Yellow nodes represent target proteins and 
green nodes represent the related proteins. Ywhae (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein, epsilon) localized at the center of the network. 
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Discussion

RGC-32, expressed in many tissues and organs, 
plays an important role in maintaining normal 
physiological functions. It has been confirmed 
that RGC-32 is an important checkpoint prote-
in in the cell cycle [1, 21]. Our previous studi- 
es showed RGC-32 expression decreased in 
the rat kidney after I/R injury and played an 
important role in the renal tubular epithelial  
cell injury and repair by regulating the G2/M 
checkpoint in cell cycle [17, 18]. However, the 
exact mechanism is still poorly understood. 

In this study, a quantitative proteomic analysis 
was done to investigate the differentially ex- 
pressed proteins in the kidney of RGC-32-/- mi- 
ce as compared to RGC-32+/+ mice. Some dif-
ferentially expressed proteins were found in  
the kidney of RGC-32-/- mice, which may provi- 
de new-insights into the function of RGC-32 
and its role in renal tubular epithelial cell inju- 
ry and repair. KEGG pathway-based analysis 
revealed the differently expressed proteins in 
RGC-32-/- mice involved in some important pa- 
thways, which may provide information on the 
potential function of RGC-32 in vivo. 

In this study, pathway in cancer was the 2nd 
common pathway related to the differently ex- 
pressed proteins (Figure 3). The RGC-32 ex- 
pression has been detected in a wide variety  
of human cancers. In colon cancer [4], breast 
cancer [4, 22], prostate cancer [4] and cuta- 
neous T cell lymphoma [4], RGC-32 expres- 
sion is increased, but it is decreased in ad- 
vanced stages of primary astrocytoma, inva-
sive prostate cancer, multiple myeloma and 
nonsmall cell lung cancer [11, 23]. The role of 
RGC-32 in cancer is still not fully understood. 
The role of RGC-32 in cancer is ascribed to its 
regulation on cell proliferation and cell cycle. 
The investigation of differentially expressed 
proteins may provide a new way to explore the 
role of RGC-32 in cancer. 

In our research, 3 differently expressed pro-
teins (Smad2-3, DNA-PK, and Smc3) were in- 
volved in the regulation of cell cycle. Smad2-3, 
DNA-PK and Smc3 regulate the G1/S phase, S, 
G2/M phase and M phase, respectively. Yang 
et al [24] reported that G2/M arrest in epi- 
thelial cell cycle mediated renal fibrosis after 
injury and bypassing the G2/M arrest could  
rescue renal fibrosis in the ischemic kidney.  
Our previous studies also indicated that P53 
inhibitor could improve the renal tubular epi- 
thelial cell injury and repair through regulating 
G2/M phase [25]. G2/M phase is closely relat-
ed to the activity of the CyclinB1/Cdk1 com-
plex. Up to now, the mechanism by which RGC-
32 regulates the G2/M checkpoint in renal 
tubular epithelial cell injury and repair is still 
unclear. On the basis of our findings, we hypo- 
thesize that RGC-32 may regulate the activity  
of the CyclinB1/Cdk1 complex through DNA-
PK-P53-14-3-3σ pathway. Although the role of 
this pathway has not been confirmed, the pro-
tein-protein interaction network may provide 
information on this pathway. In the present 
study, protein-protein interaction network anal-
ysis indicated that Ywhae localized at the cen-
ter of the network. Ywhae is also known as 
14-3-3ε and 14-3-3σ which are members of 
14-3-3 protein family [26]. 14-3-3 protein fam-
ily represents a family of highly homologous 
proteins and the mammalian 14-3-3 proteins 
have seven isoforms (β, γ, ε, η, σ, τ and ζ) [26]. 
Early studies implicated 14-3-3 proteins were  
a critical integration point for many protein 
kinases and phosphatases that control the 
transition from G2 phase into M phase [26,  
27]. 14-3-3σ regulates the G2/M phase by 

Figure 5. mRNA expression of Smad2-3, DNA-PK and 
Smc3 in the kidney of RGC-32-/- mice and RGC-32+/+ 
mice. (*P<0.05 vs RGC-32+/+ mice). Results showed 
the mRNA expression of Smad2-3, DNA-PK, and 
Smc3 was consistent with that from iTRAQ.

Table 3. Fold change of mRNA expression of 
three proteins related to cell cycle regulation

Methods
Proteins

Smad2-3 DNA-PK Smc3
iTRAQ 0.631 0.761 0.821
qPCR 0.671 0.808 0.776
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binding to CDC2, CDC25B, WEE1 and p53; 
Ywhae (14-3-3ε) binds to CDC25B, CDC25C, 
p53 and MDMX in the regulation of G2/M 
phase [26]. These findings suggest that RGC-
32 may regulate the G2/M phase through  
DNA-PK-P53-14-3-3σ pathway.

Conclusion

In summary, iTRAQ proteomic analysis was 
applied to investigate the protein expression 
profile in the kidney of RGC-32 knockout mice 
and a total of 361 differentially expressed pr- 
oteins (76 up-regulated and 285 down-regulat-
ed) were identified as compared to wide type 
mice. GO analysis revealed some biological 
functions were related to these differentially 
expressed proteins. KEGG pathway-based an- 
alysis showed important pathways in which  
the differently expressed proteins were invo- 
lved. Ywhae (14-3-3ε) localizes at the center  
of the functionally associated network. These 
findings provide new insights into the functi- 
ons of RGC-32 in the kidney and on its role in 
the renal tubular epithelial cell injury and repair. 
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