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Abstract
Hepatocellular carcinoma (HCC) is one of themost common cancers associatedwith highmortality rate. Understanding of events
leading to HCC pathophysiology is essential for its better management. We earlier reported development of a novel rodent model
by administrating chemical carcinogens, DEN, and 2-AAF for study of HCC at very early stage. 2D-Electrophoresis analysis of
total serum proteins identified several differentially expressed proteins in animals undergoing tumorigenesis. MALDI-TOF-MS/
MS analyses were performed to characterize the differentially expressed proteins. Further real-time PCR analyses were taken
place to quantify the transcript expression for the identified proteins at HCC initiation and tumor stages. Considering protein-
protein interactions among the experimentally identified proteins and their interacting neighbors, a protein network has been
analyzed that provided further insight into molecular events taking place during HCC development. Histological changes
confirmed HCC initiation and hepatotumorigenesis at 1 and 4 months post carcinogen treatment, respectively. Four differentially
expressed proteins were identified which were further characterized as regulator of G protein signaling 1 (RGS1), sepiapterin
reductase (SPR), similar to zinc finger and BTB domain–containing protein 21 isoform X2 (ZNF295), and a hypothetical protein
CXorf58 homolog. Quantification of transcripts for these proteins revealed elevation in their expression both at initiation and
tumorigenesis stages. The study deciphers the regulatory role of these proteins during HCC progression.
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Introduction

Hepatocellular carcinoma (HCC) is globally the fifth most
common cancer with very high death rate among cancer pa-
tients (Ranjpour et al. 2020). HCC is one of the predominant

cancers with different etiologies (Zhen et al. 2017). Several
chronic liver diseases may lead to HCC development (van
Meer et al. 2013). A number of factors including inflammation
(Mossanen et al. 2019), genetic aberrations, and changed ex-
pression of regulatory proteins alter biologic pathways during
carcinogenesis (P Katare et al. 2018). Patients are usually
diagnosed only at advanced stage of HCC when disease man-
agement becomes relatively more difficult. Therefore, there is
an urgent need for development of new biomarkers for its
early detection (Faraj Shaglouf et al. 2020).

The present study has been designed to relatively quantify
the mRNA expression of the differentially expressed proteins
and get an insight into their regulatory role in HCC initiation
and tumorigenesis stages. Furthermore, a HCC-specific net-
work has been generated by analyzing the interaction of global
proteins and the proteins deduced from these transcripts. The
analysis deciphers regulatory pathways that play important
role during HCC development.
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Material and methods

Animal model and HCC induction

The study was performed in accordance with the ethical stan-
dards. Male Wistar rats weighing 80–100 g were divided into
four groups containing six animals each, namely, control (C) and
carcinogen-treated groups 1M (sacrificed at 1 month after carcin-
ogen treatment), 4M (sacrificed at 4 months after carcinogen
treatment), and 6M (sacrificed at 6 months after carcinogen treat-
ment). Liver cancer was chemically induced in treated groups as
reported by us earlier (Malik et al. 2013a). Briefly, DEN (200
mg/kg body weight) and 2-AAF dissolved in 1% carboxymethyl
cellulose (150 mg/kg body weight) were used as initiator and
promoter of HCC, respectively. A single i.p. dose of DEN was
followed by administration of 2-AAF. The first dose of 2-AAF
was given 1 week after DEN administration. Three doses of 2-
AAF were orally administered on three alternative days of the
first week of each month, for 4 months; thus, the treated-group
1M received 3 doses of 2-AAF while the treated-group 4M and
6M received 12 doses of 2-AAF. The controls were sham treated
with normal saline at the same schedule. Rats were anesthetized
with diethyl ether, sacrificed at the end of 1 month (1M group,
initiation stage), 4 months (4M group, tumorigenesis stage), and
6 months (6M group, tumorigenesis stage), respectively, and
livers were excised for further analysis.

Histological examination

Livers were fixed in formalin (10%) for 24 h, sliced (3–4mm),
dehydrated, and embedded in paraffin. Four cross-sections
were taken from each liver and stained with hematoxylin
and eosin followed by two washings with xylene. Sections
were mounted with DPX mountant and observed under light
microscope for histological changes. The histological exami-
nation confirmed HCC induction at 1 month after carcinogen
treatment and tumorigenesis at 4 months after carcinogen
treatment when fully grown tumors were observed. The de-
tails of histopathology analysis have been reported by us ear-
lier (Ranjpour et al. 2018a).

Preparation of serum sample for proteome profiling

Rats were anesthetized and blood was drawn from their tail vein.
Blood samples were allowed to stand at room temperature for
30 min and the coagulated blood was centrifuged at 1685×g for
20 min; serum was separated and stored at − 70 °C.

High abundance protein depletion

Serum samples were selectively depleted of albumin and IgG
using GeNei albumin and IgG depletion kit using manufac-
turer’s protocol. Gradient SDS-PAGE with 12% acrylamide

gel was performed to compare the serum protein profiles of
control vis-a-vis HCC-bearing animals.

2D-Electrophoretic analysis of proteins

The protein concentration was quantified by Bradford’s meth-
od (Bradford 1976). Aliquots containing 100 μg proteins were
diluted to 200μl in rehydration buffer. The 11 cm, pH 4-7 IPG
strips (GE Healthcare, ImmobilineTM DryStrip) were incubat-
ed with rehydrated protein samples for 16 h and focused using
IEF apparatus (EttanIPGphor 3 GE Heathcare) for 500 V-1 h,
1000 V-1 h, 6000 V-2 h, and 6000 V for a total of 35,000 V-
hour. The strips were washed and equilibrated with buffer 1
(2% DTT, 6M urea, 75 mM Tris-HCl, pH 8.8, 2% SDS,
29.3% glycerol, and 0.002% bromophenol blue) followed by
equilibration with buffer 2 (2.5% IAA, 6M urea, 75 mM Tris-
HCl, pH 8.8, 2% SDS, 29.3% glycerol, and 0.002%
bromophenol blue) for 15 min each. SDS-PAGE was per-
formed using SE 600 Ruby electrophoresis unit (GE
Healthcare). The equilibrated strips were placed on 12%
poly-acrylamide gel and electrophoresis was carried out at
120 V using 190 mM Tris-glycine buffer, pH 8.3. The sepa-
rated proteins were silver stained and differentially expressed
protein spots were identified using PD-Quest software. The
protein spots of interest were excised from the gel for further
analysis by MALDI-TOF-MS/MS characterization.

Characterization of the experimentally identified
proteins with MALDI-TOF-MS/MS analysis

The excised protein spots were stored in 5% glacial acetic
acid, washed with Milli-Q water, and incubated with
Farmer’s reagent (200 μl). The gel pieces were then put in
200 μl of 50:50 (v/v) mixture of 25 mM ammonium bicarbon-
ate: acetonitrile (ACN) and shaken on a rocking platform for
20min. After discarding the supernatant, gel pieces were treat-
ed with 100% ACN for complete dehydration. After ACN
evaporation, gel pieces were rehydratedwith 20mg/ml trypsin
prepared in 25 mM ammonium bicarbonate and incubated
overnight at 37 °C. The reaction was stopped by adding 1%
formic acid. The supernatant containing tryptic peptides was
collected, mixed with 50%ACN and 0.1% trifluoroacetic acid
(TFA), and incubated for 5 min at room temperature. The
extraction was repeated with 0.5% TFA and samples were
stored at − 20 °C. For further analysis, the samples were
reconstituted in a solution containing ACN (50%) and TFA
(0.1%). CHCAmatrix (2.5 μl) was added to 2.5 μl of samples
and 1 μl was spotted on a MALDI-TOF plate. Analysis was
carried out using MALDI-TOF/TOF Ultraflex III instrument.
The following search parameters were selected: peptide mass
tolerance of ± 200 ppm, fragment mass tolerance of ±0.4 Da,
peptide charge of 1+. Peptides were then identified by data-
base search against the MASCOT search. The hit significant
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(p < 0.05) in accordance with Mascot Probability Search was
only accepted and the max missed cleave was taken as 1
(Ranjpour et al. 2018a).

Relative quantification of transcript expression by
real-time PCR analysis

Total RNA was isolated from the liver using RNA extraction
kit (RNA Sure Mini kit, cat.#NP.84105) and concentration
was measured by Nanodrop Spectrophotometer (NanoDrop
2000C, Thermo Scientific). The quality of RNA was checked
on 1.2% denaturing agarose gel. The absence of genomic
DNA contamination was confirmed by PCR with β-actin
primers targeted for 1234 bp amplicon (representing an intron
in β-actin gene). Absence of amplification band confirmed
that RNA preparation was free of DNA contamination. One
microgram of normalized RNA was reverse transcribed using
RevertAidTM H Minus, First Strand cDNA Synthesis kit
(Fermentas) and the integrity of cDNA was checked by PCR
using β-actin primers, specific for a 207 bp target on the
cDNA. For PCR amplification, the reaction mixture (25 μl)
contained 1 μl of cDNA, 12.5 μl of 2X Dream Taq PCR
Master mix (Thermo Scientific), and 0.4 μM of each primer.
The conditions for PCR amplification were initial denatur-
ation at 95 °C for 5 min; 35 cycles of denaturation at 95 °C
for 30 s, annealing at 58 °C for 45 s, extension at 72 °C for 45
s, followed by final extension at 72 °C for 5 min. The reaction
products were analyzed by electrophoresis on 1.5% agarose
gel in 1X TAE buffer system. Quantitative PCR was per-
formed in total volume of 25 μl using 12.5 μl of 2X SYBR
green master mix (Maxima), 0.4 μM of each primer, 1 μl of 5
times diluted cDNA, and 9.5 μl of nuclease free water. All
reactions were performed in triplicate on the Stratagene
Mx3005P Q-PCR System (Agilent Technologies, USA).
The β-actin gene was used as reference normalizer and control
samples were taken as calibrator. The constant threshold value
was used to obtain the Ct values. The relative gene expression
was quantified with comparative ΔCt(2

−ΔΔCT) method of
Livak and Schmittgen (2001). The nucleotide sequences of
the primers that were used to amplify the desired transcripts
and amplicon sizes are shown in Table 1.

Generation and analysis of protein interaction
network

Our group recently identified several differentially expressed pro-
teins using sera of the carcinogen-treated rats which were further
characterized by MALDI-TOF-MS/MS analysis (Table 2)
(Malik et al. 2013b; Katare et al. 2018; Ranjpour et al. 2018a,
b). Using Uniprot database, the IDs for the characterized proteins
were found. These proteins along with the differentially
expressed proteins introduced by the present study were fed into
the STRING software following selection of “multiple proteins”

option from the software while the organism option was selected
as “Rattus norvegicus.” The maximum numbers of interactors
for the first and second shells were selected as “no more than 10
interactors” and the settings of the software were further updated.
The network among these proteins and their interacting partners
was analyzed. The routes of master network associated with the
MALDI-TOF-MS/MS characterized proteins were identified
representing the HCC-specific network, in the represented ani-
mal model, which depicts interactions among experimentally
characterized proteins and their interacting partners for better
understanding of HCC at molecular levels. Moreover,
GENEMANIA software was used to analyze the potential co-
expression and co-localization of the expressed genes coding for
the experimentally characterized proteins (Franz et al. 2018).

Statistical analysis

The experiments were conducted in triplicate and the data
have been presented as mean ± S.E.M. The significance of
differences between control and treated groups was analyzed
using one-way ANOVA followed by the Dunnett tests and
considered statistically significant when p < 0.05.

Results

HCC induction and histological evaluation

HCC was successfully induced by administrating chemical
carcinogens, DEN, and 2-AAF to male Wistar rats
(Ranjpour et al. 2018a, b), using the protocol as reported by
us earlier (Malik et al. 2013a). The novel critical differences in
the proposed model are the elimination of both necrogenic
doses of carcinogens and partial hepatoctemy. HCC develop-
ment was confirmed by histological analyses (Fig. 1).
Presence of neoplastic cells revealed as an indicator of liver
cancer initiation. The histology showed that there are nodules
that are not localized in any specific area but are present all
over the liver tissue. This further supports our notion that the
tumors have field cancerization origin. Similar field
cancerization may be taking place in case of human liver can-
cers also (Ranjpour et al. 2018a, b). Morphological analysis of
the liver also showed development of malignant tumors at 4
months after carcinogen treatment. Analysis showed HCC
induction at 1 month after carcinogen treatment and alteration
in liver structure and tumorigenesis at four months post car-
cinogen treatment (Ranjpour et al. 2018a).

Proteomic studies

2D-Elecrophoresis analysis of total serum proteins was per-
formed. Step-wise analysis revealed consistent changes in protein
expression level associated with HCC progression, starting from
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1 month (initiation) up to 6 months (hepatotumorigenesis) post
carcinogen treatment; Fig. 2 represents the 2D-profiles of control
and carcinogen-treated animals where target proteins have been
marked.

The PD-Quest analysis of 2D-gels was carried out that
analyzed the differentially expressed proteins at HCC initia-
tion and tumorigenesis stages. Differences in protein spot area
and intensity revealed changed expression of these proteins.
The analysis assigned unique sample spot protein (SSP) num-
bers to protein spots and revealed up-regulation in expression
of several proteins out of which four, namely, R, S, X, and Z,
were randomly selected in which elevated expression was
consistently observed throughout HCC progression. The anal-
ysis quantified the intensity of the target proteins representing
their expression in HCC initiation and tumorigenesis stages
(Fig. 3).

The target spots denoted as R, S, X, and Z were character-
ized by MALDI-TOF-MS/MS analysis as regulator of G pro-
tein signaling 1 (RGS 1), sepiapterin reductase (SPR), putative
CXorf58 homolog, and similar to zinc finger and BTB
domain–containing protein 21 isoform X2 (ZNF295), respec-
tively. The SSP numbers of the characterized proteins
assigned by PD-Quest analysis and their intensities at 1
(1M), 4 (4M), and 6 (6M) months after carcinogen treatment
along with their peptide sequences characterized by MALDI-
TOF-MS/MS analysis and their approximate experimental
molecular weight have been shown in Tables 3 and 4.

Real-time PCR analysis to quantify the transcript
expression

The real-time PCR analysis relatively quantified the transcript
expression for the denoted proteins, at HCC initiation and

tumorigenesis stages. The analysis for RGS1 mRNA expres-
sion revealed 16-fold increase at initiation stage, that further
increased to 63-fold at 4 months (tumorigenic state) but went
down to 17-fold at 6 months post carcinogen treatment vis-a-
vis control. The expression of mRNA for protein CXorf58
homolog was increased by 57-fold at 1 month, continued to
increase further to 80- and 136-fold at 4 and 6 months after
carcinogen treatment, respectively. Similarly, the real-time
PCR analysis for expression of SPR mRNA revealed 18-
fold increase at 1 month when it got stabilized and was 17-
and 18-fold up-regulated at 4 and 6 months after carcinogen
treatment, respectively. The expression of mRNA for zinc
finger and BTB domain–containing protein 21 isoform X2
showed a continued increase that revealed 88-fold increase
at 1 month after carcinogen treatment and 192- and 225-fold
elevation at 4 and 6 months after carcinogen treatment. The
representative data of real-time analysis have been shown in
Fig. 4.

Protein interaction study

We have analyzed a network of HCC-associated proteins in-
volving experimentally identified proteins and their
interactors.

The network revealed interactions among SPR and
RGS1 through AKT/MTOR and GSK3B. SPR is con-
nected to MTOR through AKT; however, the interrela-
tionship among RGS1 and MTOR is mediated through
GSK3B and AKT, although RGS1 can also be connect-
ed to MTOR through GSK3B, directly. The direct inter-
actions among ARAF and ApoA1, TTR and ApoA1,
and C3 and ApoA1 have been shown by the analysis
revealing ApoA1 as the mediator among ARAF, TTR,

Table 1 PCR and Q-PCR associated genes, primers, and amplicons. The gene names, nucleotide sequences of the forward and reverse primers, and
amplicon size of the amplified genes used to amplify the desired transcripts are shown in the table

Gene Forward primer Reverse primer Amplicon

rgs 1 5’- AAACTCCTTGCCAACCAGATG -3’ 5’- TCTTCTTGGCTGTCGATTCCC-3’ 226 bp

spr 5’- GCTGTTGAGGAACCCAGTGT-3’ 5’- GAAGTCCCACAGTCCACCAG-3’ 158 bp

Putative protein CXorf58 homolog 5’- GAGACCCCTGCATCTTCTGG-3’ 5’- GCTGGTAAAAGGGACGGACA-3’ 250 bp

znf 295 5’- TCGGACCCCTCAGACATCAT-3’ 5’- GCCCGTGTTCATTTGCCTTT-3’ 184 bp

β-actin 5’- CACCCGCGAGTACAACCTTC- 3’ 5’-CCCATACCCACCATCACACC-3’ 207 bp

β-actin 5’- CACCCGCGAGTACAACCTTC-3’ 5’-CCCATACCCACCATCACACC-3’ 1234 (gDNA)

Table 2 List of candidate
proteins previously characterized
by our group (Malik et al. 2013b;
Katare et al. 2018; Ranjpour et al.
2018a, b). The Uniprot ID of each
experimentally identified protein
in Rattus norvegicus and its gene
name have been shown in Table 2

Protein name Uniprot ID Gene name Organism

Serine/threonine-protein kinase A-Raf P14056 araf Rattus norvegicus

Apolipoprotein A-1 P04639 apoa1 Rattus norvegicus

Transthyretin P02767 ttr Rattus norvegicus

Complement C3 P01026 C3 Rattus norvegicus
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and C3. Further ARAF connects the ApoA1/TTR/C3
complex to AKT/MTOR. On the other hand, AKT is
directly connected to ARAF and ApoA1 and can there-
fore connect ARAF and ApoA1/TTR/C3 complex to
SPR and RGS1 through GSK3B. The interaction among
SPR and ARAF has also been mediated through AKT
(Fig. 5).

Gene network analysis using GENEMANIA

The analysis revealed that spr gene is co-expressed along with
genes coding for araf, c3, camk2g, and map2k2 whereas, the
rgs1 gene is co-expressed with c3 and tsc22d1 genes. The
network also showed that the spr gene is co-localized with
araf and c3 genes while rgs1 gene gets co-localized with c3
and tsc22d1 genes (Fig. 6).

Discussion

The study highlights the results on animal model and co-
relates these observations with available information in litera-
ture. We reviewed the molecular biology of premalignancy
and early lesions in a specific model developed for HCC that
could support us to introduce several proteins in which dys-
regulated transcription and translation have regulatory roles
for early detection of HCC. Using bioinformatic tools, we
analyzed a HCC-specific network among these differentially
expressed proteins and their interacting partners associated
with signaling pathways to better understand the molecular
mechanisms taking place during HCC progression in order
to introduce potential diagnostic or/and prognostic targets
for HCC management and overcome the death rate associated
with its detection at late stages.

Fig. 1 Histological analysis of
liver tissue. Step-wise histological
analysis revealed presence of
hemorrhage, multi focal lesions,
enlarged vacuolated hepatocytes
with clear cytoplasm, and cystic
degeneration of hepatocytes with
deposition of eosinophilic materi-
al from early hyperplasia up to
malignant transformation of he-
patocytes. a Control showing
normal architecture of the liver;
HA: hepatic artery; BD: bile duct.
b One month after
carcinogentreatment. c Four
months post carcinogen treat-
ment. d Six months after carcino-
gen treatment. Nuclear atypia is
observed in adenoma in circles.
Scale bar is 20 μm at × 400
magnifications
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Liver cancer was chemically developed in treated groups as
reported by us earlier (Malik et al. 2013a). The model was
successfully reproduced in the present study (Ranjpour et al.

2018a, b, 2020). The blood samples were collected from the
treated and control groups. The serum was stored at − 80°
deep freezer. Then, the animals were sacrificed and different

Fig. 2 Analysis of differentially
expressed proteins. Serum
proteomic analysis of carcinogen-
treated animals and control has
been represented using 2D-elec-
trophoresis. The up-regulation in
expression of protein spots,
namely, R, S, and X, has been
observed while there is a newly
expressed spot (Z) whose expres-
sion has been increased during
HCC progression in carcinogen-
treated animals (a control, b 1
month, c 4 months, and d 6
months post carcinogen treat-
ment). The elevation in expres-
sion of these spots was statisti-
cally significant (p < 0.05)

Fig. 3 PD-Quest analyses of 2D-gels. The expression of the target
proteins on 2D-gels has been quantified using PD-Quest analysis. The
master gel has protein spots from both control (C) and treated groups. The
pop-up graphs of target spots (R, S, X, and Z) are noted in the boxes
comparing protein expression based on intensity (INT) × area between
control and treated groups. The unique SSP numbers for protein spots
have been written below the analyzed spots. a Protein spots and their

quantified intensities at one month (1M) after carcinogen treatment. The
protein marker loaded on the right side of the gel shows the approximate
experimental molecular weight of spots. b Protein spots and their quan-
tified intensities at four months (4M) after carcinogen treatment. c Protein
spots and their quantified intensities at six months (6M) post carcinogen
treatment
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sections from the liver were sent for histopathology analyses
keeping the adjacent sections in RNAlater or sometimes kept
frozen for RNA isolation. The chemically induced carcino-
genesis in our model was confirmed by histopathology eval-
uation. The details have been published earlier. Based on anal-
ysis of the histology data, we have reasons to believe that the
tumors have been developed as the result of field
cancerization and are not of monoclonal origin. Similar field
cancerization may be taking place in case of human liver can-
cers also. Due to technical reasons, micro-dissection was not
used to have cancer tissue and non-cancer tissues from the
same animal. We used tissues from carcinogen-treated and
placebo-treated animals as the experimental and controls in

our study. However, as the study reports the changes in ex-
pression of genes of interest in HCC over the control, this
strategy should not change the qualitative observations of
our study. The progression of liver cancer was monitored by
analysis of morphological and histological parameters during
HCC development. Histological evaluation showed character-
istic features of neoplastic cells and confirmed the time-bound
progression of HCC (Ranjpour et al. 2018a). After the histo-
pathology reports were received, the serum and adjacent tissue
sections were used for 1D, 2D, and RT-PCR, accordingly.
The serum protein profile of control and carcinogen-treated
rats were compared using 1D- and 2D-electrophoresis. The
changes in expression of HCC-related proteins were analyzed

Table 3 Quantification of protein expression using PD-Quest analysis.
The SSP numbers and intensity of the proteins have been revealed at 1
month (1M), 4 months (4M), and 6 months post carcinogen treatment.

The characterized proteins along with their represented spots, experimen-
tal molecular weight, and the accession number for each protein have
been shown in Table 3

SSP 1M SSP 4M SSP 6M Intensity 1M Intensity 4M Intensity 6M Spot name Experimental molecular weight Accession number

6612 6411 7620 5696 6476 20638 Spot Z 66 < Z < 97.4 gi|564376384

7402 7313 7304 7502 12339 6534 Spot R 29 < R < 43 gi|71895007

6333 2316 4218 6762 5418 5364 Spot S 29 < S < 43 gi|266078

6405 6304 7404 19429 23399 42631 Spot X 20 < X < 29 gi|392343258

Table 4 List of peptide sequences characterized byMALDI-TOF-MS/MS involving their specific characteristics. TheMS/MS peptide summary of the
target proteins is shown in the table. The queries matched for spots Z, R, S, and X are 6, 7, 4, and 4, respectively

Protein Observed Mr (expt) Mr (calc) Delta Start-End Miss Peptide

ZNF295
(spot Z)

713.4286 712.4214 712.3036 0.1177 1030–1034 0 R.QFMCK.L

757.4476 756.4403 756.4745 − 0.0342 267–273 0 K.AIELALK.R

801.4589 800.4516 800.4729 − 0.0212 655–660 2 K.RNLRSR.A

842.4731 841.4658 841.5385 − 0.0727 861–867 1 K.QLKVQVK.E

949.5161 948.5088 948.4930 0.0159 578–584 1 K.RFHTNFK.V

1656.6882 1655.6809 1655.7903 − 0.1094 298–312 1 K.GGGQGEDRNLLYYSK.L

RGS1
(Spot R)

522.2658 521.2585 521.2962 − 72.21 5–8 0 K.AYLR.S

524.2511 523.2439 523.2134 58.2 1–4 0 -.MDMK.A

535.2305 534.2232 534.2649 − 78.02 110–114 0 R.ESTAK.K

637.5246 636.5173 636.2867 362 138–142 0 K.DSYPR.F

966.4278 965.4205 965.5256 − 108.77 130–137 0 K.VIYALMEK.D

982.8900 981.8827 981.5205 369 130–137 0 K.VIYALMEK.D

1435.3018 1434.2945 1434.7289 − 302.80 42–54 0 K.LLANQMGQNVFGK.F

SPR
(Spot S)

842.5259 841.5186 841.5385 0.0199 34–40 0 K.LLSLLQR.D

1077.2969 1076.2896 1076.4808 − 0.1912 4–12 0 R.ETSMDPELR.S

1320.7042 1319.6970 1319.6139 0.0830 4–14 1 R.ETSMDPELRSR.L

1707.9161 1706.9088 1706.7781 0.1307 18–33 0 K.LNSEGELVDCGTSAQK.L

CXorf58 homolog
(Spot X)

749.1643 748.1570 748.3901 − 0.2332 148–153 1 K.IMGERK.F

757.4479 756.4406 756.4065 0.0341 281–286 1 K.MKHLGR.R

870.5142 869.5069 869.4317 0.0753 300–306 1 K.KAYMETK.E

881.2481 880.2408 880.3783 − 0.1374 93–99 1 K.DPSMKCK.V
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s t a r t ing f rom in i t i a t ion o f l ive r cance r and a t
hepatotumorigenesis. The differentially expressed proteins
were identified by PD-Quest analysis of 2D-gels; some of
these proteins were later characterized using MALDI-TOF-
MS/MS analysis. The expression level of the target proteins
and the mRNA coding for these were quantified at HCC

initiation and during tumorigenesis stages that revealed trans-
lation and transcription analyses complement each other. The
differentially expressed proteins characterized in this study
play important role in pathophysiology of HCC.

RGS1 was found to be up-regulated in the present study
and as per our review its up-regulation has not so far been

Fig. 4 Real-time analysis of
transcripts for the target proteins.
The transcript expression for the
characterized proteins has been
relatively quantified using real-
time PCR analysis. The analysis
showed elevation in mRNA ex-
pression of a RGS 1, b putative
protein cxorf 58 homolog, c SPR,
and d zinc finger and BTB
domain–containing protein 21
isoform X2 (ZNF 295). Fold
change in expression of
carcinogen-treated transcripts
were calculated over age-matched
controls. Data presented as mean
± SEM (n = 3). p < 0.0001 using
one-way ANOVA followed by
the Dunnett test

Fig. 5 HCC-associated protein
network. The STRING software
was used to analyze the proposed
network. The segregated network
introduces AKT and ARAF as the
hub among the experimentally
characterized proteins connecting
several proteins together. The
experimentally characterized
proteins are shown within the red
circles
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reported during early stages of HCC. RGS1 stimulates prolif-
eration, invasion, and metastasis in malignancies. The regula-
tory role of RGS1 has been reported in CXCL12-CXCR4
chemokine signaling in normal plasmablasts and multiple my-
eloma cell line representing its vital role in pathophysiology of
plasma cells and multiple myeloma (Roh et al. 2016).
Elevated level of RGS1 increases the GTPase activity of small
G proteins and deregulates signal transduction that leads to
cell proliferation dysregulation, cancer cell migration, and tu-
morigenesis (Sethakorn and Dulin 2013). RGS1 has been
found to be up-regulated in majority of solid tumors
(Sethakorn and Dulin 2013) including melanoma, head and
neck squamous cell carcinoma, adult T-cell leukemia, renal
cell carcinoma, ovarian cancer, cervical cancer, and mantle
cell lymphoma (Hurst and Hooks 2009). The regulator of G
protein signaling (RGS) family is a diverse group of multi-
functional proteins that regulate cellular signaling events
downstream of G protein–coupled receptors (GPCRs) (Hurst
and Hooks 2009). In recent years, GPCRs have been linked to
the initiation and progression of multiple cancers; thus, regu-
lators of GPCR signaling are also likely to be important to the
pathophysiology of cancer (Hurst and Hooks 2009). There has
been one report showing low levels of RGS1 in tumors of
HBV- and HCV-infected HCC patients at multiple tumor

stage (Tsai et al. 2006). It may be due to extensive damage
to the liver during metastasis as well as in case of tumor re-
currence where loss of liver function has taken place during
chemo- and/or radio-therapy and surgical intervention. This
can explain the apparent discrepancy between the report and
our study showing elevated levels of RGS1, at both mRNA
and protein levels, at early stage of HCC initiation and its
progression.

Highly elevated expression of putative protein CXorf58 ho-
molog bears direct correlation with HCC initiation and tumori-
genesis. However, relatively little information is available in the
literature to decipher the precise role of this protein in HCC
initiation and/or progression. The elevation in zinc finger and
BTB domain–containing protein 21 (ZNF295) expression is sup-
ported by a study reporting significant elevation in expression of
zinc finger and BTB domain–containing protein 20 (ZBTB20) at
both protein and mRNA levels at HCC tissues of human patients
as compared to the adjacent non-tumor tissues and normal con-
trols (Wang et al. 2011). A relationship betweenHCC recurrence
rate and higher expression of ZBTB20 has also been reported.
The increased ZBTB20 expression has correlation with poor
prognosis in HCC patients (Wang et al. 2011). ZNFBTB do-
mains play pivotal role in regulation of subcellular localization
and binding of transcription factors, thus, controlling the gene

Fig. 6 Potential gene expression during HCC progression. The network
has been analyzed using GENEMANIA software. The potential co-
expression and co-localization of the target genes have been shown in
the figure. The roles associated with candidate genes coding for the ex-
perimentally identified proteins have been shown during HCC develop-
ment. CAMK2 phosphorylates SPR and plays important role in its acti-
vation and thus regulates tyrosine formation catalyzed by SPR (Ranjpour

et al. 2018a). TSC22D1 is a target for TGF-β gene (Rentsch et al. 2006)
and interacts with p53, protecting it from poly-ubiquitination and en-
hances its expression (Yoon et al. 2012). The genes coding for the target
proteins characterized in the present study (SPR and RGS1) are shown
within the blue circles. The genes coding for proteins characterized by our
group, previously, are shown in red circles
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expression. Several ZNFBTB proteins act as transcriptional re-
pressor and suppress down-stream gene expression by recruiting
co-repressors and several chromatin modifiers. On the other
hand, certain other ZNFBTB domains activate gene transcription
by recruiting co-activators. Their over expression has been asso-
ciated with tumorigenesis (Jen and Wang 2016), metastasis, and
recurrence rate in cancers (Baas et al. 2003).

We reported up-regulation in expression of SPR in HCC
initiation and at tumor stages. Our finding has been supported
by a study that revealed elevated expression of SPR in human
HCC that is correlated with poor prognosis, higher metastasis,
and shorter survival rates indicating its potential role as a
tumor promoter (Wu et al. 2020). On the other hand, animal
studies revealed that depletion of SPR inhibits proliferation
and promotes apoptosis of cancer cells (Wu et al. 2020).
SPR catalyzes the final step in tetrahydrobiopterin (BH4) in
tissues. BH4 is a co-factor for phenylalanine hydroxylase that
catalyzes formation of tyrosine from phenylalanine in the liver
(Haruki et al. 2016). Availability of tyrosine in cellular amino
acid pool would in turn regulate protein synthesis. Higher
BH4 availability would result in higher synthesis of tyrosine
which may modulate the synthesis of required proteins and
may facilitate the uncontrolled cell division during HCC de-
velopment (Ranjpour et al. 2018a), Though it is reported that
the enzymatic activity of SPR is not associated with develop-
ment of HCC (Wu et al. 2020). SPR also regulates the levels
of intracellular reactive oxygen species (ROS) and shows ox-
idoreductase activity that is an important cellular mechanism
to overcome oxidative stress (Yoo et al. 2009). ROS-based
DNA damage, genomic vulnerability of hepatocytes, and T-
lymphocyte suppression assist in HCC development
(Ogunwobi et al. 2019). Constant activation of inflammatory
pathways leads to elevation in secretion of inflammatory cy-
tokines that increases ROS generation (Ogunwobi et al. 2019).
Our group recently reported the increased expression of in-
flammatory cytokines IL-6 and TNF alpha, in rats at
carcinogen-treated groups during HCC progression
(Ranjpour et al. 2018b).

The significance of the proposed network is that it has been
analyzed based on HCC-associated proteins experimentally
identified at very early stage, soon after HCC was chemically
induced (at 1 month). Our group recently characterized
ARAF, ApoA1 (Ranjpour et al. 2018b), TTR, and comple-
ment 3 (C3) (Malik et al. 2013b; Katare et al. 2018) using sera
of carcinogen-treated rats and reported elevation in their ex-
pression in HCC initiation, progression, and at tumorigenesis
stages. The increased expression of these proteins was further
validated with human sera of liver cancer patients (Malik et al.
2013b; Ranjpour et al. 2018a, b). These proteins along with
the proteins characterized in the present study were taken to-
gether to construct the proposed master network. The associ-
ation of SPR with MTOR/AKT1 signaling pathway has been
reported by the represented network that was previously

validated experimentally (Feinmesser et al. 1999; Fujimoto
et al. 2002; Fuks et al. 2001; Gao et al. 2007; Kusaba et al.
2005; Li et al. 2006; Sarbassov et al. 2005; Shao et al. 2003).
The network revealed that ARAF and AKT can be introduced
as the mediators correlating ApoA1, TTR, and C3 with SPR
and RGS1. AKT1 is co-localized in nucleus and coordinate to
regulate the activity of specific transcription factor (Gao et al.
2007). AKT is activated by MTOR and its deregulation is an
important factor associated with cancer pathogenesis (Kusaba
et al. 2005; Sarbassov et al. 2005). MTOR activates STAT3
(Kusaba et al. 2005) that causes cell growth and inhibits apo-
ptosis (Shao et al. 2003). The network deciphers the correla-
tion among these proteins that regulates synthesis of protein
and lipoprotein (SPR), lipogenesis (TTR), and proliferation
(RGS1 a regulatory element of MAPK signaling).

Conclusion

The proteins reported in this study play important regulatory
roles in the liver and elevation in their expression both at
mRNA and protein levels may be one of the key factors in
liver dysfunctions and HCC progression. Besides characteriz-
ing the HCC-associated proteins and quantifying the elevated
expression of their transcripts at early initiation and tumor
stages of cancer, the study also reveals correlation among
the identified proteins with their interacting neighbors and
principal molecules associated with HCC regulation at early
initiation and tumor stages. The experimental and bioinfor-
matic data taken together reveal that dysregulation in expres-
sion of the experimentally characterized proteins may lead to
continuous cell proliferation, cancer cell migration, and tu-
morigenesis in HCC. Thus, a concept of molecule groups
could be introduced for prediction of HCC initiation and tu-
morigenesis that ultimately lead to metastasis.
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