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Abstract

Background/Aims: C reactive protein (CRP) levels are elevated in many diseases, including
malignant tumors and cardiovascular disorders. In this study, the protein interaction network
for CRP was evaluated to determine the importance of CRP and its interacting proteins in the
molecular pathogenesis of hepatocellular carcinoma (HCC). Methods: Isobaric tags for relative
and absolute quantitation (iTRAQ) and mass spectrometry were used to identify CRP interacting
proteins in SMMC7721 cells. Moreover, Gene Ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) were used to evaluate enriched genes and pathways for
differentially expressed genes using DAVID and WebGestalt. Co-immunoprecipitation and
western blot analyses were employed to assess interactions between CRP and KRT8, ANXA2,
ENO2, and HSP90B1. Results: In total, 52 proteins that interact with CRP were identified. A
GO analysis suggested that most of the interacting proteins were involved in CRP complexes
and regulated metabolic processes. A KEGG pathway analysis suggested that most CRP-
interacting proteins contribute to the TRAIL signaling pathway, Class I PI3K/Akt signaling
pathway, plasma membrane estrogen receptor signaling, Nectin adhesion pathway, and
S1P1 pathway. Immunoprecipitation and western blot analyses revealed interactions between
CRP and KRT8, ANXA2, ENO2, and HSP90B1. Conclusions: iTRAQ based proteomic profiling
revealed the network of CRP interacting proteins. This network may activate the PI3K/Akt
signaling pathway, thereby contributing to the pathogenesis of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary malignant cancer
affecting the liver. It is the fifth and seventh most common type of cancer affecting men
and women, respectively, and is categorized as the second most common cause of cancer
deaths among men and sixth most common cause of cancer deaths among women [1-3].
HCC has several known risk factors, including chronic hepatitis B virus and hepatitis C virus
infections, liver cirrhosis, and several metabolic diseases [4-6]. Liver injury induced by these
risk factors produces a progressive inflammatory milieu that results in a cycle of necrosis and
regeneration and the development of chromosomal instability [7]. Genetic, proteomic, and
epigenetic alterations that progressively accumulate in a background of increased reactive
oxygen species, inflammatory cytokines, and fibrosis likely lead to the initiation of HCC [8].
The initiation and progression of HCC occur by multiple steps, but the precise molecular
events that underlie HCC formation remain only partially understood.

Since the quantitative potential of proteomics was initially demonstrated, efforts have
been made to develop and improve quantitative methods (e.g., ICAT[9], iTRAQ [10, 11],
SILAC [12, 13], and label free methods [14]). These endeavors have focused primarily on
obtaining high throughput quantitative information about the abundance of proteins
at the scale of biological systems [6, 15, 16]. Since biological activity is executed directly
by proteins, proteomic analyses of diseases or stages of diseases may shed light on the
etiopathogenesis and deepen our understanding of these diseases, and may provide a basis
for the development of improved treatment strategies. The iTRAQ method is considered
a particularly powerful tool, since it can facilitate the simultaneous analysis of up to eight
samples in a single experiment. Several features of iTRAQ, such as its high through-put
ability, wide range of separation, high accuracy, and repeatability, have led to its widespread
use in proteomics.

Creactive protein (CRP), the first acute phase protein described, is an ancient and highly
conserved member of the pentraxin family; it has five identical subunits forming a planar ring
that confers very high stability to the protein [17]. It is mainly synthesized by hepatocytes
in response to various inflammatory stimuli [18]. The risk of cancer is increased when pre-
diagnostic CRP levels are high [19]. Our previous results suggest a close relationship between
CRP and HCC, and CRP levels are highly correlated with the extent of liver cancer invasion
and migration [20]. Despite extensive clinical evidence for a role of CRP in the pathogenesis
of HCC, an underlying molecular mechanism has not yet been identified.

With the development of proteomics, increasing studies have indicated that molecular
functions and biological processes in cells are coordinated by protein complexes or
protein networks, and protein-protein interactions have been a focus of cancer research.
Co-immunoprecipitation (Co-IP) combined with mass spectrometry (MS) has become the
method of choice for identifying protein-protein interactions [21, 22]. The identification
of interacting proteins is an important way to understand the functions of CRP. Based on
our previous study, we screened CRP interacting proteins a using a targeted proteomics
approach (Co-IP coupled with iTRAQ based MS) to clarify the CRP related network and its
role in the molecular pathogenesis of HCC.

Materials and Methods

Reagents and antibodies

Eight plex iTRAQ Reagent Kits were acquired from Applied Biosystems (Foster City, CA). Monoclonal
antibodies against human CRP were obtained from HyTest (Finland, Turku), and the anti-Cytokeratin 8, anti-
Annexin A2, anti-ENO2, and anti-HSP90B1 antibodies were purchased from Abcam (Cambridge, MA). CRP-
specific Stealth Select RNAi™ small interfering RNA (siRNA) (NM_000567), Stealth RNAi™ Negative Control
siRNA, and Lipofectamine Max transfection reagent were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Small interfering RNAs against human ENO2 (ID121346,ID 121348) and HSP90B1 (ID119655, ID
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Fig. 1. Inhibition efficiency of CRP siRNA and heat
map of CRP interacting proteins. (A). SMMC7721
cells were transfected with CRP-targeted siRNAs.
Effective silencing of CRP was tested by western
blotting. (B) The differential strip of the control
and siCRP group evaluated by MS. (C). The color
scale shown at the top illustrates the fold change
in protein expression for each group. 118:113
and 121:119 refer to relative levels of protein
expression in SMMC7721 cells transfected with
control siRNA with respect to cells transfected
with CRP siRNA (group 1 and group 2, 118:113;
group 3 and group 4, 121:119; group 1 and group

3 were biological duplicates; group 2 and group 4
were technical duplicates). Statistical analyses for iTRAQ-based detection and relative quantification were
implemented using the Paragon Algorithm in ProteinPilot.

119656) were purchased from Invitrogen (Grand Island, NY). IP lysis buffer was purchased from Beyotime
(Shanghai, China). Protein A/G agarose beads were obtained from GE Healthcare (Little Chalfont, UK).

Cell culture

Human liver cell lines SMMC7721 and Huh7 were cultured in high glucose DMEM containing 10%
fetal bovine serum and 1% penicillin-streptomycin solution. They were maintained at 37°C in a humidified
chamber with an atmosphere of 5% CO, until use.

CRP siRNA transfection, co-immunoprecipitation, and iTRAQ labeling

SMMC7721 cells were transfected with 100 nM CRP-specific siRNA or a negative siRNA using
Lipofectamine Max. CRP-specific siRNA effectively silenced CRP expression (Fig. 1A). SMMC7721 cells were
then trypsinized and lysed in 1 ml of lysis buffer on ice for 20 min after 48 h. Cell lysates were centrifuged for
30 min at 13, 000 rpm and 4°C. One milligram of the lysate (1 pg/pl) was mixed with 2 pg of CRP antibodies
overnight at 4°C. Protein G beads were added to the immune complexes and incubated for 2 h under gentle
agitation at 4°C. The beads were pelleted and washed three times with lysis buffer. Bound proteins were
eluted in sodium dodecyl sulfate (SDS) sample buffer, subjected to SDS-polyacrylamide gel electrophoresis
(PAGE), and analyzed by immunoblotting. The eluted protein (300 ug) was precipitated from each pooled
group, dissolved in dissolution buffer, denatured, cysteine blocked, digested with 2 pg of sequencing grade
modified trypsin, and labeled using iTRAQ reagents (Control siRNA, 118 and 121 tag; CRP siRNA 113 and
119 tag) provided with the iTRAQ Kit. Peptides from each sample set were mixed prior to subsequent
analyses.

Mass spectrometry

Labeled peptides were fractionated and purified by immobilized-pH-gradient isoelectric focusing, as
previously described [23, 24]. Purified peptide fractions were reconstituted in solvent A (water/ACN [98:2
v/v] with 0.1% formic acid) and separated using a C18-PepMap column (Thermo Fisher Scientific, Beijing,
China) with a solvent gradient of 2-100% Buffer B (0.1% formic acid and 98% acetonitrile) in Buffer A ata
flow rate of 0.3 pl/min. The peptides were electrosprayed using a nanoelectrospray ionization source at an
ion spray voltage of 2300 eV and analyzed by a NanoLC-ESI-Triple TOF 5600 system (AB Sciex, Framingham,
MA). The mass spectrometer was set to positive ion mode at a mass range of 300-1800 m/z. The two most
intensely charged peptides above 20 counts were selected for MS/MS at a dynamic exclusion of 30 s [25].
Data were processed using ProteinPilot v2.0 (AB Sciex) and compared with the International Protein Index
Human database v3.77. Cysteine modified by methane thiosulfate was specified as a fixed modification.
Protein identification was based on a threshold protein score of >1.3. For quantitation, at least two unique
peptides with 95% confidence and a P-value less than 0.05 were required.
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Bioinformatic analysis

The differentially expressed proteins and
differently expressed genes (DEGs) between
the control siRNA group and CRP siRNA group
were identified using ProteinPilot™. For protein
identification, a confidence limit of 95% and a
false discovery rate of 5% were used, and an
additional threshold of less than 1.3 was applied
to all iTRAQ ratios to minimize false positives for
the determination of upregulated proteins. The
significant gene ontology (GO) biological process
terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways for the identified DEGs
were evaluated using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID)
and the WEB-based GEne SeT Analysis Toolkit
(WebGestalt).

Western blotting

Western blot analyses were performed to
validate the proteomic results using randomly
chosen CRP-interacting proteins. SMMC7721 and
Huh7 cell protein samples were collected in lysis
buffer. Then, 1 mg of lysate (1 pg/pl) was mixed
with 2 pg of CRP antibodies overnight at 4°C
and 20 pl of Protein G beads for 2 h under gentle
agitation at 4°C, and bound proteins were eluted
in an equal volume of SDS sample buffer. Equal
volumes of diluted samples were separated by SDS-
PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were blocked in 5% skim
milk in Tris-buffered saline with Tween20, and
incubated with primary antibodies against KRTS,
ANXA2, ENO2, and HSP90B1. The membranes
were then incubated with the horseradish
peroxidase conjugated secondary antibody at room
temperature. Finally, membranes were visualized
using an electrochemiluminescence detection
instrument (Bio-Rad Laboratories, Hercules, CA).

Confocal Microscopy

Table 1. The list of Proteins Found to Be Expressed
at Different Levels between Control siRNA group
and CRP siRNA group by iTRAQ Analysis

Accession Gene sym Coverage Peptides  Fold change p Value
Q13084 MRPL28 24.609999 2 2.506169081 0.0032652
Q03252 LMNB2 31.61 6 6.168507099 0.0056332
Q15149 PLEC 37.380001 27 7.597248554 0.0004678
Q9P1U1 ACTR3B 19.62 2 13.11625004 0.0016779
P29353 SHC1 21.610001 2 3.123962879 0.0272561
P62942 FKBP1A 36.55 4 4961688995 0.0130626
P02545 LMNA 48.640001 21 9.890003204 0.0010584
014974 PPP1R12A 23.59 6 14.82450199 3.68E-05
P54753 EPHB3 21.04 2 4.668119431 0.0048548
P02533 KRT14 50.639999 24 4.90069294 0.0005633
P21281 ATP6V1B2 23.48 2 9.66032505 0.0161578
Q15056 EIF4H 60.479999 7 6.00445509 0.0230626
P35579 MYH9 25.870001 18 6.234810829  0.0004855
P13639 EEF2 18.529999 7 12.41300201 0.0146423
P35580 MYH10 23.84 6 7.202699661 0.0336321
043847 NRD1 16.74 2 5.010097027 0.0023063
P62906 RPL10A 17.97 2 6.514740944 0.0048548
P09493 TPM1 51.999998 19 14.5096817 0.012117
094832 MYO1D 23.16 2 20.67488098 0.0050952
Q5T6V5 C9orf64 21.41 2 12.35050011 0.0198286
P02741 CRP 21.55 3 2644661903 7.294E-05
P23588 EIF4B 43.020001 6 15.20006847 0.0052671
P63220 RPS21 53.009999 3 2345479202 0.007298
P08865 RPSA 31.439999 3 15.32111645 0.0005267
P09104 ENO2 21.2 4 15.04630566 0.0001212
P61026 RAB10 27.500001 2 21.20749283 0.0005095
P54136 RARS 27.419999 4 17.34619141 0.0016973
P43246 MSH2 23.450001 2 9.085041046 0.0261578
P09960 LTA4H 14.89 2 5.184479237 0.0013063
015305 PMM2 37.580001 5 11.19757175 0.0174821
000151 PDLIM1 24.62 2 10.67100239 0.0003415
060701 UGDH 27.73 3 11.98338509 0.0298286
Q01082 SPTBN1 26.120001 11 10.28498173 0.0017482
P13645 KRT10 61.129999 36 4.457110882  2.34E-07
P62258 YWHAE 32.94 5 14.35660934 0.0002139
P50479 PDLIM4 34.549999 2 12.2376852 0.0194912
P35908 KRT2 60.56 34 3.858566761 0.0082652
P13647 KRT5 46.270001 36 4.572263241 2.34E-07
P53618 COPB1 17.209999 2 13.80867481 0.0148917
P14314 PRKCSH 16.069999 2 17.61119461 0.0213924
P14625 HSP90B1 37.130001 7 23.05605888 0.0007294
P00491 PNP 38.010001 2 13.5888443 0.0037482
Q96Fs4 SIPA1 37.810001 7 10.18189049 0.0034148
P05787 KRT8 48.449999 26 25.69271469 0.0028967
000159 MYO1C 31.510001 9 12.95617867 0.0004678
P62306 SNRPF 29.069999 3 12.83819485 0.0014642
P07355 ANXA2 35.100001 8 10.0636816 1.50E-05
P08729 KRT7 61.830002 26 19.39723015 0.0101146
Q9NP79 VTA1 25.709999 2 8.549180031 0.0052671
P07203 GPX1 27.720001 2 8.420338631 0.0046781
Q16186 ADRM1 16.71 3 21.94843292 0.0289668
AO0A024R152 hCG28765 14.36 3 22.01866913  0.0021392

SMMC7721 and Huh7 cells at a density of 1 x 10° cells per confocal culture dish were cultured with
DMEM supplemented with 10% fetal bovine serum for 24 h. Then, cells were fixed with 10% (vol/vol)
paraformaldehyde, perforated with 0.1% (vol/vol) Triton X-100, and blocked with 10% (vol/vol) normal
goat serum in phosphate-buffered saline with Tween-20. Cells were incubated for 18 h in anti-CRP, anti-
ENOZ2, and anti-HSP90B1 primary antibodies and were subsequently incubated in the appropriate species-
specific Alexa fluorescent dye-conjugated secondary antibodies (Invitrogen) for 90 min at 37°C. The
immunostained cells were viewed by confocal microscopy (Nikon, Melville, NY).

ENOZ2 and HSP90B1 siRNA transfection

ENO2 or HSP90B1 siRNA was used for transfection into SMMC7721 and Huh7 cells according to
protocols provided by Invitrogen. CRP expression was monitored by western blotting.
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Results

iTRAQ quantification of

the CRP interactome

To investigate CRP
interacting  proteins, a
targeted and quantitative
proteomics analysis using
Co-IP coupled with iTRAQ
based MS was performed.
Two or more peptides were
used for quantification
and protein identification.
Differential expression
between the control and
siCRP group based on MS
is summarized in Fig. 1B.
For Protein Pilot based
database searching and
identification, the threshold
[unused protscore (conf)]
was set to 95% confidence
at a 5% FDR. Additionally,
a ProtScore value of greater
than 1.3 was used to attain
a confidence of 95%. When
proteins were classified as
significantly  differentially
regulated or not, an
additional 1.3 (1 x 1.3)-
fold cutoff was applied to

all iTRAQ ratios to minimize false positives when identifying proteins as upregulated. This
cutoff value is widely employed in iTRAQ analyses [20]. In total, 52 unique proteins were
successfully identified (fold change > 1.3 and p < 0.05) in the control siRNA group compared
with the CRP siRNA group (Table 1). A hierarchical clustering heat map of the differentially
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Fig. 2. GO term enrichment analysis of CRP-interacting proteins.
Proteins identified by iTRAQ categorized by (A) biological process, (B)
molecular function, and (C) cellular component using the WebGestalt
(WEB-based gene set analysis toolkit) Classification System (http://

www.webgestalt.org/option.php).

expressed proteins is shown in Fig. 1C.

GO term enrichment analysis of CRP interacting proteins

Theresults of the GO term enrichment analysis varied depending on GO classification and
expression changes of DEGs. In total, 52 DEGs were uploaded to the online software DAVID
and WebGestalt to identify overrepresented GO categories for an enrichment analysis. As
shown in Fig. 2, the enriched biological process terms (BP, Fig 2A) were primarily metabolic
process (34, 66.7%), cellular component organization (31, 60.7%), biological regulation
(28, 54.9%), response to stimulus (27, 52.9%), and localization (25, 49.0%). The enriched
molecular function terms (MF, Fig 2B) were mainly protein binding (36, 70.5%), ion binding
(22, 43.1%), structural molecule activity (16, 31.3%), nucleotide binding (15, 29.4%), and
hydrolase activity (10, 19.6%). In an analysis of cellular components (CC, Fig 2C), proteins
were primarily enriched for the terms macromolecular complex (32, 62.7%), cytosol (29,
56.8%), membrane (22, 43.1%), cytoskeleton (20, 39.2%), and membrane-enclosed lumen

(17, 33.3%).

KEGG pathway enrichment analysis

Using the KEGG pathway database, the CRP interactome was classified into 65
pathways, the top 20 of which are shown in Fig. 3. The TRAIL signaling pathway was the top
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pathway, followed by the
Class I PI3K/Akt signaling
pathway, plasma membrane
estrogen receptor signaling,
Nectin adhesion pathway,
and S1P1 pathway. The
KEGG maps related to the
Class I PI3K/Akt signaling
pathway suggest a fairly
complicated molecular
mechanism underlying
HCC, as shown in Fig. 4.

Disease enrichment

analysis of the CRP

interactome

Based on a disease
enrichment analysis,
CRP and CRP interacting
proteins were primarily
involved in skin diseases,
cardiovascular diseases,
metabolic diseases, and
carcinoma (data not
shown). Fig. 5 shows several
diseases in liver, metabolic
diseases, neoplasms, and
syndromes associated with
these proteins.

Protein verification by
western blotting and
immunofluorescence
Ourproteomicsanalysis
revealed many interesting
protein interactions for CRP.
To determine the reliability
of the iTRAQ results, we
selected several protein
candidates and confirmed
their expression by Co-IP
and western blotting. As
expected, KRT8, ANXA2,
ENOZ2, and  HSP90B1
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Fig. 3. KEGG pathway enrichment analysis. KEGG pathway analysis of
identified proteins. Vertical bars represent the number of identified
proteins.
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Fig. 4. Class [ PI3K/Akt signaling pathway map. KEGG pathway en-
richment analysis the map of the Class I PI3K/Akt signaling pathway.
Proteins in red frames are differentially expressed proteins identified
in this study. The solid arrow indicates activation; the dashed arrow
indicates indirect activation.

were captured when CRP was used as the bait protein (Fig. 6 A). To further explore in vivo
interactions, subcellular localization studies were performed. Confocal microscopy of cells
co-labeled with antibodies recognizing CRP and ENO2 or HSP90B1 revealed co-localization
within the HCC cells SMMC7721 and Huh7 (Fig 6B). The percentage of CRP co-localizing with
either ENO2 or HSP90B1 was analyzed and quantified using Image] (co-localization was
identified by yellow areas, and scatter plots and Pearson correlation coefficients indicated
the relationship between CRP and ENO2 or HSP90B1).
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Fig. 5. Disease enrichment analysis of the CRP o "
interactome. Disease enrichment analysis of

identified proteins by co-immunoprecipitation P
coupled with iTRAQ based MS. The vertical bars | """ ="
represent the number of identified proteins.
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Shock IR 3

Fig. 6. Confirmation of interactions between CRP and
proteins identified by the MS analysis in the hepato-
ma cell lines SMMC7721 and Huh7. (A). Co-immuno-
precipitation was employed to validate the protein-
protein interactions predicted by iTRAQ-mass spec-
trometry. CRP-specific antibodies were used to cap-
ture CRP-binding proteins. Co-immunoprecipitation
with normal rabbit IgG or not served as a negative
control. Interactions between CRP and KRT8, ANXA2,
ENO2, or HSP90B1 were successfully validated. (B)
Co-localization of CRP with proteins identified by
MS using immunofluorescence. Hepatoma cells
SMMC7721 and Huh7 were stained with an anti-CRP
antibody and an anti-ENO2 or anti-HSP90B1 anti-
body, followed by incubation with FITC-conjugated
donkey anti-rat IgG (for ENO2, HSP90B1) or PE-con-
jugated goat anti-mouse IgG (for CRP) and visualiza-
tion using a confocal microscope. (Co-localization
was identified by the yellow areas, and scatter plots
and Pearson correlation coefficients indicated the re-
lationship between CRP and ENO2 or HSP90B1).

SMMC7721 Huh7
Fig. 7. Western blot analysis of KRT8, ANXA2, ENO2, [ a - . o
G
and HSP90B1. (A) Protein levels in HCC cells trans- \@\é*:,,@‘\? @é\ﬁéﬁf\ \s\‘?‘;@:ﬁ;@&
& S &
fected with CRP-specific or control siRNAs were ana- W _(_’Q: ENOZ% I %
lyzed by western blotting. The protein expression of KRTS I— p— = CRP [
CRP in SMMC7721 cells transfected with ENO2-spe- Anxa2 [B|  GAPDH e == ==  GAPDH [gmm e |
cific siRNA (B) or HSP90B1-specific siRNA (C). ENO2 ]
HSPIOB S |
GAPDH |-

Knockdown of ENO2 or HSP90B1 suppresses CRP protein expression

High levels of CRP may play a role in cancer invasion, metastasis, and poor prognosis,
and some CRP interacting proteins are involved in these processes. Experimental results
indicated that CRP interacts with KRT8, ANXA2, ENO2, or HSP90B1 in vivo or in vitro. We
examined the role of CRP in HCC development via interactions with KRT8, ANXA2, ENO2,
or HSP90B1. SiRNA was used to knock down CRP in HCC cells, and the expression levels of
KRT8, ANXA2, ENO2, and HSP90B1 were evaluated. As shown in Fig. 7A, the levels of KRT8,
ANXA2, ENO2, and HSP90B1 decreased in response to CRP knock down, suggesting that
CRP modulates the expression of these proteins. Furthermore, the expression of CRP also
decreased in response to the knock down of ENO2 or HSP90B1 in HCC cells (Fig. 7B, C).
These results indicated that ENO2 or HSP90B1 may stimulate the secretion of CRP, thereby
promoting the progression of HCC.



http://dx.doi.org/10.1159%2F000491903

Ce”ular Phy5|ology Cell Physiol Biochem 2018;48:741-752
DOL

© 2018 The Author(s). Published by S. Karger AG, Basel

and Biochemistry Pubiimg 2018 |wwwkargercom/cpb

She et al. Spectrometry-Based Proteomics Data

Discussion

CRP is secreted in response to pro-inflammatory stimuli and acts in an autocrine/
paracrine fashion [26-29]. CRP levels are elevated in patients with infections, inflammatory
diseases, necrosis, myocardial infarction [30], and malignancies, including multiple myeloma
[31, 32], lymphoma [33, 34], and carcinoma [35, 36]. CRP binds to various ligands, including
pneumococcal polysaccharides, membrane phospholipids, apoptotic cells, fibronectin, and
ribonuclear particles [17, 37]. Therefore, it is important to obtain the CRP interacting protein
network to clarify the molecular pathogenesis of diseases.

CRP is a diagnostic and prognostic marker in a diverse range of cancers, from localized
to systemic cancer [38, 39]. We previously detected a close relationship between CRP and
HCC. To elucidate the molecular mechanism underlying the role of CRP in HCC, we identified
the CRP interacting protein network in the hepatoma cell line SMMC7721 by Co-IP, iTRAQ,
and MS. We adopted very stringent criteria to filter out proteins that were identified in two
independent biological replications and two experimental replications. We identified 52
proteins that interact with CRP (Table 1). Then, we performed a bioinformatics analysis of
the identified proteins using DAVID and the WebGestalt toolkit.

According to GO annotation and enrichment analyses, the interacting proteins in
hepatoma cells were primarily involved in macromolecular complexes and were located
in the cytosol and membrane. Based on its sequence and binding specificity, CRP may
contribute to the pathogenesis of HCC by binding to these receptor complexes. With respect
to ME CRP-interacting proteins were mainly involved in protein binding, structural molecule
activity, and cell-cell adhesion. With respect to the BP category, CRP and its interactome
participated in the regulation of metabolic processes, cell-cell adhesion, viral processes,
and angiogenesis. These results suggest that CRP can regulate different biological processes
in tumor cells via interactions with these key proteins, including KRT8, ANXA2, ENOZ, and
HSP90B1.

According to a KEGG pathway enrichment analysis, the TRAIL signaling pathway, Class I
PI3K/Aktsignaling pathway, plasma membrane estrogen receptor signaling, Nectin adhesion
pathway, and S1P1 pathway were the top five significantly enriched pathways. Most identified
CRP interacting proteins were enriched for these pathways. We evaluated a signaling
pathway of interest, namely, the PI3K/ Akt signaling pathway, as shown in Fig. 4. We found
that CRP and CRP interacting proteins have different roles in the PI3K/Akt signaling pathway.
CRP acts as a cytokine, binds to cytokine receptors (ANXAZ2, KRT8, and EPHB3), activates
PI3K, regulates protein or protein kinases, stimulates the expression of phosphorylated
Akt, phosphorylated MAPK, phosphorylated ERK, metabolic process related proteins, or
biological process related proteins within cells (HSP90B1, EIF4B, SIPA1, SHC1, and MSH2),
and regulates cell growth, proliferation, survival, apoptosis, and metabolism. Carcinogenesis
is the result of a disruption of the balance between cell division and growth on the one hand
and programmed cell death on the other [40]. In the context of this delicate balance, proteins
and signaling pathways that regulate cell growth, differentiation, and development undergo
oncogenic changes far more often than do other groups of molecules. It has recently been
shown that the TRAIL signaling pathway, PI3K/Akt signaling pathways, Nectin adhesion
pathway, and S1P1 pathway, which are involved in these and other processes, are frequently
disturbed in many human cancers [40-43]. HCC is a highly prevalent, treatment resistant
malignancy with a multifaceted molecular pathogenesis. The underlying mechanisms have
been linked to alterations in several important cellular signaling pathways. These pathways
are of interest from a therapeutic perspective; they are potential targets to reverse, delay, or
prevent tumorigenesis. An early study showed that the PI3K/AKT/mTOR signaling pathway
can be overactivated by the enhanced stimulation of receptor tyrosine kinases, particularly
the IGF receptor and EGFR. Both IGF and IGF receptor are upregulated in HCC and human
cirrhotic livers, resulting in the stimulation of the PI3K/AKT/ mTOR signaling pathway [44].
Thus, the CRP interactome may participate in various signaling pathways (including the
vascular endothelial growth factor [VEGF] and VEGF receptor signaling network, PDGFR-
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beta signaling pathway, and IFN-gamma pathway) and in the immune system, thereby
regulating HCC carcinogenesis.

Based onadisease enrichmentanalysis, CRP and CRP-interacting proteins were primarily
involved in skin diseases, cardiovascular diseases, metabolic diseases, and carcinoma (data
not shown). Fig. 5 shows several diseases in liver, metabolic diseases, neoplasms, and
syndromes related to these proteins. These results indicated that some key proteins may
directly regulate diseases. High levels of these proteins in circulation are closely related to
the occurrence, progression, and prognosis of diseases.

Based on the results of the GO and KEGG analyses, we selected four key protein
candidates that mediate tumor progression or play an important role in related signaling
pathways. We discuss these key proteins in the following text.

ENO2 (Gamma-enolase) is an intracellular enzyme that catalyzes the dehydration of
2-phospho-D-glycerate to phosphoenolpyruvate in the catabolic direction of the glycolytic
pathway. The glycolytic pathway and its enzymes are among the most highly conserved and
important metabolic networks and have pleiotropic effects in physiological and pathological
processes, including cancer. For instance, ENO2 may bind to actin and tubulin, mediate
invasiveness and microtubule motility in tumor cells, and increase the phosphoprotein
levels of the PI3K/Akt signaling pathways [45]. HSP90B1 is an endoplasmic reticulum
protein; it chaperones and aids in the folding of client proteins, including Toll-like receptors,
Wnt coreceptor LRP6, insulin-like growth factors, and integrin [46]. Hepatocytes are
highly metabolic cells with active protein synthesis and secretory machinery, including
coagulation factors, complement proteins, C reactive protein, and many others involved
in ER maintenance and efficient stress responses. A previous study suggested that gp96 is
an oncogenic chaperone in hepatocyte carcinogenesis and a promising therapeutic target
for liver cancer [46]. We found that ENO2 and HSP90B1 were significantly down-regulated
when CRP was silenced, indicating that the depletion of CRP inhibited ENO2 and HSP90B1
expression in HCC cells. Additionally, when ENO2 or HSP90B1 was inhibited, the level of
CRP also decreased. Furthermore, CRP co-precipitated and was co-located with ENO2 and
HSP90B1 in HCC cells, indicating that CRP may mediate tumor progression, ER stress, and
the activation of tumor-related signaling pathways, including PI3K/Akt, by binding to ENO2
or HSP90OB1.

Finally, KRT8 and ANXAZ2 interacted with CRP and exhibited decreased expression in
response to CRP silencing. According to previous studies, high KRT8 expression promotes
tumor progression and metastasis by regulating epithelial-mesenchymal-transition and cell-
matrix adhesion [47]; several annexin A2-interacting proteins mediate tumor progression
via the phosphorylation and translocation of annexin A2 to the cell surface [48]. Considering
the functions of these proteins, itis reasonable to predict that CRP is involved in the molecular
pathogenesis of HCC by interacting with these proteins.

Conclusion

In this study, the CRP-interacting protein network was characterized by Co-IP and iTRAQ
based proteomic profiling. The CRP-interacting protein network may activate HCC-related
signaling pathways to contribute to the pathogenesis of HCC. The results of this study should
be verified in future research.
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