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Abstract
Identification of molecular regulators of hepatocellular carcinoma (HCC) initiation and progression is not well understood. 
We chemically induced HCC in male Wistar rats by administration of diethyl nitrosamine (DEN) and 2-acetylaminoflu-
orene (2-AFF). Using 2D-electrophoresis and MALDI-TOF–MS/MS analyses, we characterized differentially expressed 
proteins in liver tissues at early stage of HCC progression. Using RT-PCR analysis, we quantified the mRNA expression of 
the characterized proteins and validated the transcript expression with tumor tissues of clinically confirmed HCC patients. 
Using bioinformatic tools, we analyzed a network among the introduced proteins that identified their interacting partners 
and analyzed the molecular mechanisms associated with signaling pathways during HCC progression. We characterized a 
protein, namely, pre-mRNA splicing factor 1 homolog (ISY1), which is upregulated at both transcriptome and proteome 
levels at HCC initiation, progression, and tumor stages. We analyzed the interacting partners of ISY1, namely, APOA-1, 
SYNE1, MMP10, and MTG1. Real-time PCR analysis confirmed elevated expression of APOA-1 mRNA at HCC initia-
tion, progression, and tumor stages in animals undergoing tumorigenesis. The mRNA expression of the interacting partners 
was validated with tumor tissues of clinically confirmed liver cancer patients; the analysis revealed significant elevation in 
expression of transcripts. The transcriptome and proteome analyses complement each other and dysregulation in mRNA and 
protein expression of these regulators may play critical role in HCC initiation and progression.
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Abbreviations
HCC  Hepatocellular carcinoma
TTR   Transthyretin
DEN  Diethylnitrosamine

2-AAF  2-Aminoacetylfluorine
APOA1  Apolipoprotein A-1
BD  Bile duct
HA  Hepatic artery
2DE  2D-electrophoresis
ISY1  Pre-mRNA splicing factor 1 homolog
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SYNE1  Nesprin-1 isoform X6
MMP10  Stromelysin-2
MTG1  Mitochondrial ribosome-associated GTPase 

1 isoform X2
PLA2G4D  Cytosolic phospholipase A 2 delta
LMNB11  Lamin B
PRPF6  Pre-mRNA processing factor 6 homolog
PRPF31  Pre-mRNA processing factor 31 homolog
RRP1B  Ribosomal RNA-processing protein 1B
SF3B3  Splicing factor 3B subunit 3
PHYH  Phytanoyl-CoA dioxygenase, peroxisomal
PPIH  Peptidyl-prolyl cis–trans isomerase

Introduction

Liver cancer is the second leading cause of cancer-related 
mortality and accounts for the fifth highest cancer incidence 
annually (Ranjpour et al. 2018b). Hepatocellular carcinoma 
(HCC) is the most common primary liver cancer. It is 
highly aggressive and is often detected at a late stage; thus, 
new biomarkers are urgently needed for its early diagnosis 
(Faraj Shaglouf et al. 2019; Ranjpour et al. 2021). HCC is an 
asymptomatic disease developed in up to 90% of the patients 
with cirrhotic background as one of the main reasons that 
obstructs its early detection leading to inadequate treatment 
and poor survival rate (Ferrín et al. 2015). Infection with 
chronic hepatitis B and C (Li and Lan 2016), obesity, type 
2 diabetes, nonalcoholic fatty liver disease (Marengo et al. 
2016), and high amount of alcohol consumption (Vieira-
Castro and Oliveira 2017) are important causes leading to 
progression of HCC. Recent developments in gene expres-
sion profiling techniques have allowed HCC to be classi-
fied into defined subclasses that provide a strong ground 
for further research of prospective mechanisms underlying 
the development of HCC and novel biomarkers for its early 
diagnosis (Chiou and Lee 2016). Signaling cascades of Ras/
Raf/MEK/ERK play important role in transmission of sig-
nals involved in apoptosis and components of these path-
ways are aberrantly expressed in different human cancers, 
especially in HCC (Chen et al. 2011). Despite the fact that 
precise mechanism that leads to progression of HCC remains 
unclear, a number of studies indicate that progressive gath-
ering of mutations and genetic changes in hepatocytes may 
lead to HCC development (Aravalli et al. 2013; Ranjpour 
et al. 2021).

The current study was carried out to get deeper insight 
into the molecular changes that may lead to HCC progres-
sion. The total cellular proteins of control and tumor-bear-
ing animals were resolved on 2D gels, the differentially 
expressed proteins were analyzed by PD Quest analysis 
of the 2D gels, and the selected proteins were character-
ized using MALDI-TOF–MS/MS analysis. Real-time PCR 

analysis relatively quantified the transcript expression of the 
target proteins. Further, the obtained results have been vali-
dated with the tumor tissues of clinically confirmed HCC 
patients. We analyzed a specific HCC protein network that 
revealed significant interrelationship among the query pro-
tein and its interacting partners some of which were earlier 
characterized by us using the same animal model (Faraj 
Shaglouf et al. 2019; Malik et al. 2013b; Ranjpour et al. 
2020), showing cross-talk among various components of 
signaling pathways associated to HCC development.

Methodology

Ethical statement

The present research has been carried out using liver tissue 
samples of an animal model which is specifically induced 
to study HCC at early stage of cancer initiation (Ranjpour 
et al. 2018b). The data from the animal model, present (ISY1 
homolog) and previous (nesprin-1 isoform X6: SYNE1; 
stromelysin-2: MMP10; mitochondrial ribosome-associated 
GTPase 1 isoform X2: MTG1; apolipoprotein A-1: APOA-
1) (Faraj Shaglouf et al. 2019; Ranjpour et al. 2018a) studies 
has been validated with tumors of clinically confirmed HCC 
patients. The ethical permission for the study on animal and 
human samples was granted by Jamia Hamdard Institutional 
Ethics Committee where experiments were performed and 
Ethics Committee from Pushpawati Singhania Research 
Institute (PSRI) Hospital, New Delhi, India, where the 
human samples were obtained. Consent was obtained from 
patients whose samples were used for these studies.

The rodent model for study of HCC has been developed 
by our group (Malik et al. 2013a). Briefly, rats were ran-
domly divided into two groups, namely, carcinogen-treated 
and control. Chemical carcinogens diethyl nitrosamine 
(DEN) and 2-acetylaminofluorene (2-AAF) were used to 
induce HCC and promote its progression in male Wistar 
rats. Animals in carcinogen-treated groups were adminis-
tered one high intravenous (I.V.) dose of DEN (200 mg/kg 
body weight) followed by oral doses of 2-AAF (150 mg/
kg body weight) dissolved in 1% CMC, on alternative days 
of the first week of each month for 4 months. Based on 
the carcinogen dose and time period of its administration, 
the carcinogen-treated animals were subdivided into three 
groups 1 M (sacrificed 1 month after carcinogen treatment), 
2 M (sacrificed 2 months after carcinogen treatment), and 
4 M (sacrificed 4 months after carcinogen treatment). There-
fore, a total of three, six, and twelve doses of 2-AAF were 
administered to the animals in treated groups 1 M, 2 M, and 
4 M, respectively. Animals in control group were sham fed 
with normal saline at the same schedule. Rats in groups 1 M, 
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2 M, and 4 M were anesthetized with chloroform and were 
sacrificed at the end of 1, 2, and 4 months after carcinogen 
treatment. The liver samples were collected from control 
and carcinogen-treated groups and kept at − 80 °C, for future 
proteomic studies and quantification of mRNA expression 
of the target genes (Ranjpour et al. 2018a).

Proteomic studies

The preserved liver tissues (100–150 mg) were homoge-
nized in urea lysis buffer (urea: 8 M, CHAPS: 65 mM, DTT: 
65 mM, thiourea: 2 M, Tris: 33 mM, and PMSF: 6 mM) 
using a Polytron PT3100 homogenizer. The homogenate 
was centrifuged at 10,000 rpm for 10 min (Chaudhary et al. 
2013; Faraj Shaglouf et al. 2019). The protein concentration 
in supernatant was estimated by Bradford’s method (Brad-
ford 1976). The extracted proteins (120 μg) were diluted in 
rehydration buffer containing 8 M urea, 2% CHAPS, 0.25% 
(v/v; pH 3–10) ampholytes, 30 mM DTT, and 0.1% bromo-
phenol blue (BPB) to make a final volume of 200 μl. The 
aliquots of control and carcinogen-treated samples were 
loaded on 11-cm IPG strips (immobilized linear pH gradi-
ent, pH 4–7, GE Healthcare) and allowed to rehydrate over-
night. Soon after rehydration, IPG strips containing protein 
samples were focused on an EttanIPGphor II isoelectric 
focusing system (GE Healthcare) 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 
electro-focused IPG strips were sealed on the top of 12% 
gradient SDS polyacrylamide gel electrophoresis, and the 
proteins were allowed to be fractionated for 2D analysis. 
The gels were silver stained and analyzed by PD Quest soft-
ware (Bio-Rad). The protein of interest was characterized by 
MALDI-TOF–MS/MS analysis as described earlier (Faraj 
Shaglouf et al. 2019; Ranjpour et al. 2018b).

Characterization of protein using MALDI‑TOF–MS/MS 
analysis

2D gels of control and carcinogen-treated group (1 M and 
4 M) were analyzed by PD Quest software. The spot of 
differentially expressed protein was excised from gel, de-
stained in potassium ferricyanide (15 mM), then sodium 
thiosulfate (50 Mm), three times for 10 min each, thoroughly 
dehydrated with acetonitrile and dried. The gel piece was 
rehydrated with DTT by incubation with iodoacetamide for 
45 min; it was then incubated with ammonium bicarbonate, 
completely dehydrated with acetonitrile, and dried. Trypsin 
(150–200 ng) was used to digest the protein in presence of 
50 mM ammonium bicarbonate for 16 h at 37 °C. The result-
ing peptides were extracted with the peptide extraction solu-
tion and re-suspended in tris–acetate buffer. Finally, the pro-
tein sample was analyzed by MALDI TOF/TOF Ultraflex III 
instrument version 3.2. The peptide mass fingerprints were 

submitted to the Mascot server for peptide mass fingerprint 
search in the NCBInr “Rattus norvegicus” database for pro-
tein characterization (Faraj Shaglouf et al. 2019; Ranjpour 
et al. 2018a).

Protein network analysis

The STRING v6 software was used to analyze the interact-
ing partners of the characterized protein (ISY1 homolog) 
and to understand the functional involvement of these 
proteins with etiopathogenesis of HCC (Szklarczyk et al. 
2011). We have earlier characterized several proteins asso-
ciated with HCC initiation and progression by inducing the 
same HCC model (Faraj Shaglouf et al. 2019; Malik et al. 
2013b; P Katare et al. 2018; Ranjpour et al. 2018a; Ranjpour 
et al. 2018b; Ranjpour et al. 2020; Ranjpour et al. 2021); in 
order to better understand the interrelationship among those 
proteins with the characterized protein in the present study 
(ISY1 homolog) during HCC development, we have added 
the Uniprot ID of all these proteins during network analysis, 
in the current study. Further, to understand a better insight 
of molecular mechanism of HCC initiation, some global 
proteins showing vital role in HCC pathogenesis have also 
been added (Table 1).

Table 1  HCC-associated proteins reported by our group and others, 
used to analyze the network (Bakiri et al. 2017; Choi et al. 2017; D 
et al. 2018; Faraj Shaglouf et al. 2019; Huang et al. 2014; Malik et al. 
2013b; Paterlini-Bréchot et al. 2003; Ranjpour et al. 2018a; Ranjpour 
et  al. 2018b; Ranjpour et  al. 2020; Sakthivel and Sehgal 2016; Yu 
et al. 2007; Yuen et al. 2001; Zou et al. 2016). The protein Uniprot 
IDs and names of the genes coding these proteins have been men-
tioned in the table

Protein name Gene name Uniprot ID

Epidermal growth factor receptor egfr P00533
Transthyretin ttr P02766
Serine/threonine-protein kinase A-Raf a-raf P10398
Apolipoprotein A-I apoa-1 P02647
Proto-oncogene c-Fos fos P12841
Transcription factor AP-1 jun P17325
Cytosolic phospholipase A2 delta pla2g4d Q86XP0
Fatty acid 2-hydroxylase fa2h Q7L5A8
Complement C3 c3 P01024
Splicing factor 3B subunit 3 sf3b3 Q15393
Lamin-B1 lmnb1 P20700
Mitogen-activated protein kinase 1 mapk1 P28482
Stromelysin-2 mmp10 P09238
Nesprin-1 syne1 Q8NF91
Mitochondrial ribosome-associated GTPase 

1
mtg1 Q9BT17
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Quantification of transcript expression by real‑time PCR 
analysis

Fifty milligrams of liver tissue samples was used to isolate 
RNA using Tri reagent method combined with RNA isola-
tion kit (Mini Sure Spin total RNA isolation kit, Nucleo-
pore, Genetix Biotech Asia, India). The RNA was quan-
tified by NanoDrop 2000c spectrophotometer 56 (Thermo 
Fisher Scientific Incorporation, USA) at A260/A280. Using 
Verso cDNA Synthesis Kit (Thermo Fisher Scientific, USA), 
1000 ng of normalized RNA was reverse transcribed to syn-
thesize cDNA. The conventional PCR was carried out to 
check the integrity of cDNA using GAPDH specific primers. 
Further, the gene specific primers were designed to amplify 
the specific amplicons using T100™ thermal cycler PCR, 
Bio-Rad System, USA. The detailed information of the 
primers has been mentioned in Table 2.

PCR mixture was composed of 10 μl of 2 × PCR master 
mix, 0.5 μl of cDNA (500 ng), 10 μM of each forward and 
reverse primers, and nuclease-free water. Further the relative 
transcript quantification was carried out using Roche light-
cycler 480 Real Time PCR System (Thermo Fisher Scien-
tific, USA) in presence of SYBR green dye chemistry. Quan-
titative PCR was carried out in total volume of 25 µl using 
12.5 µl of 2 × SYBR green master mix (Maxima), 0.4 µM of 
forward and reverse primers, 1 µl of 5 times diluted cDNA, 
and 9.5 µl of nuclease free water. All reactions were per-
formed in triplicates. The gapdh 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 compara-
tive ΔCt(2−ΔΔCT) method of Livak and Schmittgen (2001).

The statistical analysis

The cDNA samples were run in triplicates. One-way 
ANOVA and post hoc Dunnett test were carried out by using 
GraphPad Prism (version 8); the difference between treated 
and control groups was considered to be significant at P ˂ 
0.05. On the other hand, unpaired t-test was used to analyze 
RT-PCR data of human samples using GraphPad Prism soft-
ware (version 8).

Results

Histological evaluation revealed HCC initiation at 1 month 
and tumorigenesis at 4 months after carcinogen treatment 
(Fig. 1). The analysis revealed presence of nodules in liver 
tissues of carcinogen-treated animals stating that the tumors 
are of field cancerization.

Identification of the differentially expressed 
proteins

Total liver proteins of control and carcinogen-treated groups 
1 (1 M) and 4 (4 M) months after carcinogen treatment were 
resolved on 2D gels; PD Quest analysis of the gels was per-
formed and compared the protein profiles at HCC initia-
tion (1 M) and tumor (4 M) stages. Based on differences 
in protein intensities, differentially expressed proteins were 
analyzed. A protein spot was selected for further analysis 
which showed elevation in its expression at 1 (1 M) and 
4 months (4 M) after carcinogen treatment. The target spot 
was assigned a unique spot number (SSP) 0019 by the PD 
Quest software (Fig. 2a (c–f)). The MALDI-TOF–MS/MS 
characterization of the target protein spot was carried out 

Table 2  Nucleotide sequences of primers to amplify the target genes 
in human and Rattus norvegicus and the amplicon size. Specific 
primers have been designed to amplify the specific amplicons of the 

mRNA for the characterized proteins in human and Rattus norvegi-
cus. The primers are from different exons and are strictly cDNA spe-
cific. The details are as follows

Gene name Forward primer nucleotide sequence Reverse primer nucleotide sequence Amplicon size Species

isy1 GCT ATT CGA GAA AGA GCC CCT TCC  (7th 
and 8th exon junction)

AGC TCA GCC CTG AGT CTC TTC (8th and 
9th exon junction)

153 bp Rattus norvegicus

apoa-1 ACC GAG CTT CAC AAA AAC GC (exon 4) GTC GCT GGC CTT GGT ATG AT (exon 4) 207 bp Rattus norvegicus
gapdh ACT CTA CCC ACG GCA AGT TC (exon 1) GTG GTG AAG ACG CCA GTA GA (exon 2) 163 bp Rattus norvegicus
isy1 GAC CAG GTC CCT CTG TGT TG (3′ UTR) CAG TGC CCC TTA GTG ACT GG (3′ UTR) 252 bp Human
syne1-211 CAT GTT GCT TTT CAG AGT ATGG (23rd and 

24th exon junction)
AAC TCA GTG TGT CTC CGC  (24th and 25th 

exon junction)
185 bp Human

mtg1 ACG GTG CCG CCA TGA GAT T (exon 1) TGT TGA GGA CCA GCA AGT GAG (exon 3) 261 bp Human
mmp10 AGT TTG GCT CAT GCC TAC CC (exon 4) CAT CAT CTT GCG AAA GGC GG (exon 5) 229 bp Human
apoa-1 GCT AAA CCT AAA GCT CCT TGAC (3rd and 

4th exon junction)
TCC AGA TCC TTG CTC ATC TCCT (exon 4) 150 bp Human

gapdh GAG TCA ACG GAT TTG GTC GT (2nd and 3rd 
exon junction)

CAT GGG TGG AAT CAT ATT GGA (exon 4) 141 bp Human
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that introduced the protein as pre-mRNA splicing factor 1 
(ISY1) homolog (Fig. 2b (g and h)). Detailed information 
of peptide sequence analysis of ISY1 homolog has been rep-
resented in Table 3.

HCC specific network involving interactions of ISY1 
homolog and its interacting partners

The analysis introduced the interacting partners of ISY1 
homolog, namely, mitochondrial ribosome-associated 
GTPase 1 isoform X2 (MTG1), stromelysin-2 (MMP10), 
nesprin-1 isoform X6 (SYNE1), apolipoprotein A1 
(APOA-1), transthyretin (TTR), complement C3 (C3), 
serine/threonine protein kinase A-Raf (ARAF), cyto-
solic phospholipase A 2 delta (PLA2G4D), and fatty acid 
2-hydroxylase (FA2H). Previous to this, we had character-
ized these proteins at early stage of HCC initiation using 
the same animal model (Faraj Shaglouf et al. 2019; Malik 
et al. 2013a; Malik et al. 2013b; P Katare et al. 2018; 
Ranjpour et al. 2018b; Ranjpour et al. 2020). The network 
revealed interrelationship among these proteins through 
their neighboring partners, namely, MAPK1, lamin B 
(LMNB1), EGFR/FOS/JUN, pre-mRNA processing fac-
tor 6 homolog (PRPF6), pre-mRNA processing factor 

31 homolog (PRPF31), ribosomal RNA-processing pro-
tein 1B (RRP1B), splicing factor 3B subunit 3 (SF3B3), 
phytanoyl-CoA dioxygenase peroxisomal (PHYH), and 
peptidyl-prolyl cis–trans isomerase (PPIH) during HCC 
progression (Fig. 3a and b). The following observations 
were obtained through the network analysis.

1- ISY1 is inter-connected to MTG1 through interactions 
among SF3B3 and PRPF31.

2- ISY1 is connected to FA2H through PPIH and PHYH 
interactions.

3- The interaction among ISY1 and MMP10 has been 
mediated through interactions among SF3B3, PRPF6, 
ARAF, MAPK1, and EGFR/FOS/JUN.

4- The interaction among ISY1 and APOA-1/TTR/C3 has 
been mediated through interactions between SF3B3 
PRPF6 and ARAF.

5- ISY1 is interacted with ARAF through interactions 
among SF3B3 and PRPF6; further MAPK1 mediates 
interactions among ISY1 and SYNE1 through LMNB1.

6- The interaction between ISY1 and PLA2G4D has been 
mediated through interactions among SF3B3, PRPF6, 
ARAF, and MAPK1.

Fig. 1  Histopathology evaluation. (a top) 100 × and (a bottom) 
400 × magnification of liver from animals in control group showing 
the centrizonal area and normal arrangement of hepatocytes in the 
liver lobule. (b top) 100 × and (b bottom) 400 × magnification of 
liver from animal in 1 M group showing mild centrizonal sinusoidal 
dilatation; (c top) 100 × and (c bottom) 400 × magnification of liver 
from animals in 2 M group showing normal arrangement of hepato-
cytes in the liver lobule and the centrizonal area with mild dilatation 
of sinusoids. (d top) 100 × and (d bottom) 400 × magnification of 

liver from animals in 4 M group showing adenocarcinoma formation 
in the form of abnormal clustering of vacuolated hepatocytes in the 
liver lobule; the figure shows the edge of the adenocarcinoma with 
vacuolated hepatocytes having large hyperchromatic nuclei at the 
right and normal hepatocytes with smaller nuclei at the left side. PT, 
portal triad; CV, central vein; VH, vacuolated hepatocytes; NH, nor-
mal hepatocytes; 1 M, 1 month; 2 M, 2 months; 4 M, 4 months post-
carcinogen treatment
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Fig. 2  PD Quest analysis of the target protein and its characterization 
by MALDI-TOF–MS/MS analysis. (a) PD Quest analysis of 2D gels. 
(a-c) Master gel represents all protein spots of control and treated 
groups 1 M and 4 M. The analysis gave unique SSP number 0019 to 
the target protein (ISY1) and compared its expression level based on 
its intensity during HCC development. The pop up graphs showed 
the protein expression pattern and revealed upregulation in expres-

sion of the target protein at 1 (HCC initiation) and 4 (tumor stage) 
months after carcinogen treatment (a–c: master gel, a–d: control, a–e: 
1 month, and a–f: 4 months after carcinogen treatment). (b) MALDI-
TOF–MS/MS analysis of the target spot: b (g) spectra of ISY1 char-
acterization. b (h) Mascot search result of ISY1 protein. Protein score 
is − 10*Log (P), where P is the probability that the observed match is 
a random event. Protein score greater than 52 is significant (P < 0.05)

Table 3  Peptide sequence analysis of ISY1 homolog by MALDI-
TOF–MS/MS characterization. Mr, average molecular mass of the 
peptide in kilodalton; Mr (expt), experimentally determined molecu-

lar mass; Mr (calc), theoretically calculated mass of peptide based on 
atomic mass; ppm, parts per million

Observed Mr (expt) Mr (calc) ppm Start–end Miss Peptide

864.5039 863.4966 863.4535 50.0 147–153 1 K.TRAELMK.A + oxidation (M)
902.4962 901.4890 901.4505 42.7 17–24 0 R.QAQLEEGK.V
960.5601 959.5528 959.4560 101 72–79 0 R.DLNDEINK.L
992.5617 991.5544 991.5484 6.02 146–153 2 R.KTRAELMK.A + oxidation (M)
1004.5762 1003.5689 1003.5127 56.0 119–127 1 R.GYKYFGAAK.D
1029.6019 1028.5946 1028.5726 21.4 194–202 2 R.EARLARGEK.E
1033.5660 1032.5587 1032.6001  − 40.13 258–265 2 R.KKMELLQK.Y + oxidation (M)
1045.5705 1044.5632 1044.5464 16.0 189–196 2 K.WKAEREAR.L
1229.6516 1228.6443 1228.6411 2.60 70–79 1 R.IRDLNDEINK.L
1316.7364 1315.7292 1315.6772 39.5 93–105 1 K.ELGGPDYGKVGPK.M
1342.7168 1341.7096 1341.7252  − 11.65 72–82 1 R.DLNDEINKLLR.E
1432.7993 1431.7921 1431.7834 6.06 15–26 2 R.FRQAQLEEGKVK.E
1547.8779 1546.8706 1546.7813 57.7 29–41 0 R.RPFLASECTELPK.A
1940.9617 1939.9544 1939.9904  − 18.57 85–101 2 K.GHWEVRIKELGGPDYGK.V
2143.0364 2142.0291 2142.0415  − 5.79 93–112 2 K.ELGGPDYGKVGPKMLDHEGK.E + oxida-

tion (M)
2399.0439 2398.0366 2398.3332  − 123.66 48–69 2 R.QIIGEISKKVAQIQNAGLGEFR.I
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Transcriptomic studies

The quantitative PCR analysis of ISY1 homolog was per-
formed and revealed significant elevation (P value: 0.0015) 
in expression of the transcript at initiation, progression, and 
tumor stages of HCC. The levels of its transcript expres-
sion continued to increase with progression of cancer stat-
ing 1.4-fold elevation at 1 month (HCC initiation), 2.5-fold 
increase at 2 months (HCC progression stage), and 3.8-fold 
increase at 4 months (tumor stage) after carcinogen treat-
ment. Similarly, we quantified the mRNA expression level 
of one of the interacting partners of ISY1 homolog, APOA-1 
in the animal model. The analysis showed significant eleva-
tion (P value: 0.005) in its mRNA expression during HCC 

progression; the analysis showed 2.47-fold increase at 
1 month and 4.5-fold elevation at 2 months post-carcinogen 
treatment; its expression tends to decrease during develop-
ment of tumors and showed 2.05-fold increase at 4 months 
post-carcinogen treatment suggesting its critical regulatory 
role at initiation and very early progression stages of HCC. 
The representative data of real-time PCR analysis of ISY1 
homolog and APOA-1 transcripts (rat liver samples) has 
been shown in Fig. 4a.

Further, we quantified the mRNA expression of ISY1 
homolog, APO-A1, SYNE1, MMP10, and MTG1 in tumor 
tissues of clinically confirmed HCC patients. The PCR 
analysis showed significant increase in transcript expression 
of ISY1, APOA-1, SYNE1, MMP10, and MTG1 in liver 

Fig. 3  In silico analysis of protein network during HCC progres-
sion. (a) Master protein network in HCC. (b) HCC specific protein 
network involving interactions of the experimentally characterized 
proteins. The green color proteins are ISY1 and its interacting part-
ners, namely, APOA-1, SYNE1, MMP10, and MTG1; the gray color 
proteins are HCC-related proteins reported by our group, previously 

(ARAF, TTR, C3, FA2H, and PLA2G4D). The network reveals the 
interrelationship among the characterized proteins and their interact-
ing partners associated with signaling pathways during HCC develop-
ment. These proteins have vital regulatory roles during HCC progres-
sion
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tumors of HCC patients as compared to adjacent non-tumor 
tissues (controls). The analysis of transcript expression in 
human and animal livers complements each other. Unpaired 
t-test was used to analyze RT-PCR data using GraphPad 
Prism software (version 8). The mRNA analysis of ISY1 
showed 2.27-fold significant increase in HCC patient 1 
(HCC P-1), 1.94-fold significant increase in HCC patient 
2 (HCC P-2), and 1.58-fold significant increase in HCC 
patient 3 (HCC P-3) vis-à-vis controls (P value = 0.0308). 
The analysis of transcripts for APOA-1 reported 2.28-fold 
significant increase in HCC P-1, 1.85-fold significant eleva-
tion in HCC P-2, and 2.74-fold significant increase in HCC 
P-3 (P value = 0.0022). On the other hand, mRNA expres-
sion of SYNE1 had relatively less pronounced change in 
HCC patients as compared to controls. We observed 1.32-, 
1.47-, and 1.14-fold significant increase (P value = 0.0032) 
in the levels of the mRNA expression in HCC P-1, HCC 

P-2, and HCC P-3, respectively. Besides, MMP10 transcript 
expression was significantly upregulated (P value = 0.0011) 
in HCC patients and revealed 3.39-fold increase in HCC-
P1, 2.49-fold increase in HCC-P2, and 1.75-fold increase in 
HCC-P3. However, the MTG1 mRNA expression showed 
the highest level of significant elevation (P value = 0.0004) 
among these transcripts stating 2.71-, 12.64-, and 3.59-fold 
increase in HCC P-1, HCC P-2, and HCC P-3, respectively 
(Fig. 4b).

Discussion

The animal model of HCC was chemically induced in male 
Wistar rats. We used tissues from carcinogen-treated and 
placebo-treated animals as the experimental and control 

Fig. 4  Real-time PCR analysis of the target transcripts in Rattus nor-
vegicus and human. (a) The analysis revealed significant increase in 
ISY1 (**P value = 0.0015) expression during HCC progression in 
animals undergoing tumorigenesis as compared to controls. A sig-
nificant increase in levels of APOA-1 expression (**P value = 0.005) 
was observed during HCC development in animals undergoing 
tumorigenesis as compared to controls; however, there was a slight 
decrease in the level of mRNA expression of APOA-1 at tumor 
stage (4 months) as compared to HCC initiation (1 month). One-way 
ANOVA and post hoc Dunnett test were carried out by using Graph-

Pad Prism. The data has been represented as mean ± SEM (n = 3) 
and consider significant at (*P < 0.05). (b) We observed a significant 
increase in expression of ISY1 *P value (0.0308), APOA-1 **P value 
(0.0022), SYNE1 **P value (0.0032), MMP10 **P value (0.0011), 
and MTG1 ***P value (0.0004) in liver tumors of clinically con-
firmed HCC patients as compared to the adjacent tissues. Unpaired 
t-test was used to analyze RT-PCR data using GraphPad Prism soft-
ware (version 8). HCC P-1, HCC patient 1; HCC P-2, HCC patient-2; 
HCC P-3, HCC patient-3
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groups. DEN and 2-AAF were used to induce HCC. Rats 
were randomly divided into two groups, namely, control 
and carcinogen-treated. Carcinogen-treated groups were 
further subdivided into three different groups, 1 M (sacri-
ficed 1 month after carcinogen treatment), 2 M (sacrificed 
2 months after carcinogen treatment), and 4 M (sacrificed 
4  months after carcinogen treatment). The carcinogen-
treated animals were given a single high I.P. dose of DEN; 
after the 7-day recovery period, rats were administered 
2-AAF, orally. Three doses were administered on three alter-
native days of the first week of every month for 4 months. 
Therefore, a total of three, six, and twelve doses of 2-AAF 
were administered to the animals in treated groups 1 M, 2 M, 
and 4 M, respectively. Rats in control group received normal 
saline on the same schedule. Animals from all groups were 
kept in glass chambers containing cotton soaked with diethyl 
ether to be anesthetized and sacrificed at 1, 2, and 4 months 
after carcinogen treatment. At the time of sacrifice, rats were 
transcardially perfused with saline and after death were dis-
sected to excise livers for proteomic and genomic analyses 
(Malik et al. 2013a; Ranjpour et al. 2020).

Histological analysis revealed HCC initiation, progres-
sion, and tumorigenesis at 1, 2, and 4 months post-carcino-
gen treatment, respectively. The tumors were developed as 
the result of field cancerization and were not of monoclonal 
origin. Similar field cancerization may be taking place in 
case of human liver cancer (Ranjpour et al. 2018a, 2021). 
Total proteins of liver tissues were resolved on 2D gels and 
differentially expressed proteins were analyzed by PD Quest 
analysis of the gels. The analysis showed significant changes 
in expression of several proteins at HCC initiation and 
tumor stages. Based on protein intensity, a protein spot was 
selected which showed significant elevation in its expression 
associated with HCC pathogenesis at cancer initiation and 
tumor stages. MALDI-TOF–MS/MS analysis characterized 
the protein as pre-mRNA splicing factor ISY1 homolog. The 
quantitative analysis of its transcript expression also revealed 
upregulation in its expression at HCC initiation (1 M), dur-
ing its progression (2 M), and at tumor (4 M) stages. Thus, 
the transcriptomic and proteomic analyses complement each 
other. ISY1 homolog is a splicing factor which is poorly 
characterized (Du et al. 2015). It controls biogenesis of 
pro-miRNA (Anczuków and Krainer 2016; Du et al. 2015), 
modulating expression of a vast group of target genes (Anc-
zuków and Krainer 2016). Most splicing factors are involved 
in the progression of the cell cycle. In presence of mutation, 
cell cycles get arrested at G2/M phase (inter phase) in which 
DNA replication takes place (Du et al. 2018). Besides, the 
expression of highly dynamic ISY1 homolog controls poised 
pluripotency through mRNA and miRNAs to control the 
fate of embryonic stem cells (Du et al. 2015). DNA dam-
age induces the expression of ISY1 homolog (Jaiswal et al. 
2020). The DEN and 2-AAF used to induce HCC are known 

to damage DNA (Malik et al. 2013a) and thus may be one 
of the factors lead to elevated expression of ISY1 in HCC 
bearing animals as a result of administrating the carcinogen. 
Dysregulation in alternative splicing pathway plays a criti-
cal role in HCC progression (Liu et al. 2014). Cancer cells 
exhibit modified splicing activity as compared to ordinary 
cells. The generation of pro-tumorigenic isoforms is primar-
ily related to alternate splicing event which is implicated 
in cancer progression stages including cell proliferation, 
metastasis, and apoptosis (Anczuków and Krainer 2016). 
We have recently reported elevated expression of two dif-
ferent isoforms of two proteins, namely, SYNE1 and MTG1. 
The association of these proteins with HCC initiation and 
progression has been elucidated (Faraj Shaglouf et al. 2019). 
Alternative splicing is an important process taking place in 
all species including human and is a significant factor to 
proteomic complexity (Singh and Cooper 2012); it is a com-
plex nuclear process and a natural origin of errors of cancer 
causing gene expression (Venables 2004). This information 
also supports our findings that dysregulation in expression 
of different isoforms of proteins or/and genes has been docu-
mented in HCC and may be affected by aberrant expression 
of some splicing factors. The data obtained from our study 
is in agreement with previous studies.

On the other hand, we analyzed a HCC specific protein 
network associated with several signaling pathways by incor-
porating the experimentally identified proteins introduced by 
our group in the present study and earlier. Using the reported 
animal model specific for HCC, our group recently char-
acterized several differentially expressed proteins, namely, 
SYNE1, MTG1, MMP10, APOA-1, TTR, C3, ARAF, 
cytosolic phospholipase A2 delta, and FA2H and reported 
significant elevation in their expression at HCC initiation, 
progression, and tumor stages (Faraj Shaglouf et al. 2019; 
Malik et al. 2013b; P Katare et al. 2018; Ranjpour et al. 
2018a; Ranjpour et al. 2018b; Ranjpour et al. 2020). The 
network reveals correlation among ISY1 and these proteins 
and represents the interacting partners of ISY1 associated 
with HCC pathogenesis. The network states interrelationship 
among key regulators of lipid metabolism, EGFR signaling, 
MAPK, and splicing pathways including APO-A1, TTR, C3, 
cytosolic phospholipase A2 delta, FA2H, EGFR/JUN/FOS, 
MAPK1, ARAF, MMP10, SYNE1, ISY1, and MTG1 during 
HCC progression. The network reveals interactions among 
ISY1 and MTG1 through PRPF31 and SF3B3. On the other 
hand, ISY1 is connected to FA2H through PPIH and PHYH. 
MTG1 is connected to RRPIB that is a member of metastasis 
susceptibility genes (Kinoshita et al. 2017) and its increased 
expression level has been reported in HCC (Kinoshita et al. 
2017). PRPF31 has been introduced as a novel drug target 
for HBV treatment (Kinoshita et al. 2017). SF3B3 is essen-
tial for pre-mRNA splicing. Mutations in sf3b3 gene have 
been reported in different cancers (Cretu et al. 2016). The 
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sf3b3 gene is differentially expressed in HCC and plays criti-
cal role in HCC development supporting cell proliferation 
and invasion of cancer cells involved in endocytosis (Choi 
et al. 2017; Naboulsi et al. 2016). Moreover, ppih gene is 
involved in post-translational modification, protein folding, 
endocrine system development and function (Rashid et al. 
2014) and its expression is downregulated in cancer (Ibáñez 
et al. 2014). PPIH is a RNA binding protein associated with 
pre-mRNA splicing and translation machinery in tumorigen-
esis promoting cancer progression (Zhang et al. 2018). The 
phyh gene is downregulated in liver tumors of zebra fish; it 
has regulatory role in cellular metabolic processes and is 
regulated by hyperactive Raf–MEK signaling in zebra fish 
liver cells (He et al. 2011). The direct interactions among 
APOA-1 with ARAF, TTR, and C3 have been reported by 
the analyzed network. We previously reported the regula-
tory role of APOA-1, TTR, and C3 in lipid metabolism dur-
ing HCC progression (Malik et al. 2013b; P Katare et al. 
2018; Ranjpour et al. 2018a). ARAF mediates the interac-
tions of ISY1 with APOA-1 and MAPK1 through PRPF6 
and SF3B3 interactions; it also mediates interactions among 
APOA-1 and SYNE1 through interactions of MAPK1 and 
LMNB1. ARAF is a member of MAPK pathway and is 
associated with HCC progression (Ranjpour et al. 2018a, 
2018b). MAPK pathway has critical role in HCC progres-
sion (Chen et al. 2019). MAPK is important mediator of 
EGFR signaling in liver (Kannangai et al. 2006). The HCC 
proliferation and metastasis are regulated through EGF-
EGFR signaling pathways (Huang et al. 2014). The network 
shows direct interaction among MAPK1 and PLA2G4D. We 
earlier reported the elevated expression of PLA2G4D and 
demonstrated its regulatory role in lipid metabolism asso-
ciated with HCC progression. PLA2G4D regulates TGF-β 
signaling pathway that controls growth of primary hepato-
cytes and hepatoma cells (Ranjpour et al. 2020). The net-
work also shows the interrelationship among MAPK1 and 
SYNE1 through LMNB1. LMNB1 is a member of lamin 
family having different isoforms controlling DNA repair, 
gene expression, cell differentiation, and apoptosis partici-
pating in cancer development (Sakthivel and Sehgal 2016). 
LMNB1 is over expressed in HCC and is considered as a 
potential biomarker for diagnosis of cirrhotic liver and HCC. 
The regulatory role of lamins in MAPK signaling pathway 
was previously reported (Sakthivel and Sehgal 2016).

We quantified the mRNA expression of ISY1 homolog, 
APOA-1, MMP10, MTG1, and SYNE1 in liver tumors of 
clinically confirmed HCC patients by employing real-time 
PCR analysis. The quantification of mRNA expression for 
these proteins revealed significant upregulation in the tran-
script expression that validated our experimental findings 
from animal studies and are complementary to these obser-
vations. Besides, we quantified the mRNA expression of 
APOA-1 in animals undergoing tumorigenesis that revealed 

significant upregulation in its expression at HCC initiation, 
progression, and tumor stages vis-a-vis controls. However, 
we observed a slight decrease in its transcript expression at 
tumor stage as compared to HCC initiation and progression 
stages. We earlier reported elevated expression of APOA-1 
in sera of rats undergoing tumorigenesis at HCC initia-
tion, during its progression, and at tumor stages (Ranjpour 
et al. 2018a). There has been a report showing low levels 
of APOA-1 of liver cancer patients with circulating tumor 
cells at multiple tumor stages and during tumor recurrence 
(Ma et al. 2016). It may be due to extensive damage to liver 
during metastasis as well as in case of tumor recurrence 
where loss of liver function may have taken place during 
chemo- and/or radio-therapy and surgical intervention. This 
can explain the apparent discrepancy between this report 
and our study showing elevated levels of APOA-1, at both 
mRNA and protein levels, at HCC initiation, its progression, 
and tumor stages. APOA-1 is involved in lipid metabolism 
and molecular transport and is regulated by transcription 
factor HNF4αa (Dillon et al. 2013). It has been implicated 
as potential serum biomarker for HCC (Kang et al. 2010).

Taken together, we state that ISY1, APOA-1, SYNE1, 
MMP10, and MTG have critical regulatory role at HCC ini-
tiation and progression stages. The network analysis reveals 
interrelationship among these proteins and their interacting 
partners playing critical regulatory role associated with lipid 
metabolism, EGFR signaling, MAPK, and splicing pathways 
during HCC progression.

Conclusion

Altogether, we reported elevation in expression of ISY1, 
SYNE1, MMP10, MTG1, and APOA-1 in HCC initiation 
and during its progression. The correlation among these pro-
teins and their interacting neighbors, namely, EGFR, JUN, 
FOS, MAPK, LMNB1, PPIH, PHYH, LMNB1, SF3B3, 
and HGF play critical role(s) in modulating cell prolifera-
tion, metastasis, apoptosis, DNA repair, protein folding, 
post-transitional modifications, cell structure and nuclear 
integrity associated with lipid metabolism, EGFR signal-
ing, MAPK, and splicing pathways during HCC develop-
ment. Dysregulation in expression of the members of these 
pathways may affect the normal activity of hepatocytes and 
result in abnormal cell growth and proliferation.

The findings of the current study elucidate the possible 
functional role of ISY1, APOA-1, SYNE1, MMP10, and 
MTG1 in HCC pathogenesis. The interrelationship among 
these proteins plays critical role(s) associated with signal-
ing pathways during HCC progression. The validation with 
large cohort of human HCC samples and further mechanistic 
studies are required to explore the exact functional role of 
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these proteins and their corresponding genes during HCC 
initiation and progression.
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