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Ramucirumab combination 
with sorafenib enhances 
the inhibitory effect of sorafenib 
on HepG2 cancer cells
Amna Mohamed Taha1, Mohammad Mabrouk Aboulwafa2,4*, Hamdallah Zedan3 & 
Omneya Mohamed Helmy3

Sorafenib, an oral multiple kinase inhibitor, is the standardized treatment for hepatocellular 
carcinoma (HCC). One strategy to improve HCC therapy is to combine agents that target key signaling 
pathways. In this study we set out to investigate the effect of combining sorafenib with either 
bevacizumab (anti-VEGF), panitumumab (anti-EGFR) or ramucirumab (anti-VEGFR2) on HepG2 
cancer cell line with the aim of improving efficacy and possibility of therapeutic dose reduction of 
sorafenib.: HepG2 cancer cell line was treated with sorafenib alone or in combination with either 
bevacizumab, panitumumab or ramucirumab. Cell proliferation; apoptosis and cell cycle distribution; 
gene expression of VEGFR2, EGFR, MMP-9 and CASPASE3; the protein levels of pVEGFR2 and pSTAT3 
and the protein expression of CASPASE3, EGFR and VEGFR2 were determined. Combined treatments 
of sorafenib with ramucirumab or panitumumab resulted in a significant decrease in sorafenib IC50. 
Sorafenib combination with ramucirumab or bevacizumab resulted in a significant arrest in pre-G 
and G0/G1 cell cycle phases, significantly induced apoptosis and increased the relative expression 
of CASPASE3 and decreased the anti-proliferative and angiogenesis markers´ MMP-9 and pVEGFR2 
or VEGFR2 in HepG2 cells. A significant decrease in the levels of pSTAT3 was only detected in case 
of sorafenib-ramucirumab combination. The combined treatment of sorafenib with panitumumab 
induced a significant arrest in pre-G and G2/M cell cycle phases and significantly decreased the relative 
expression of EGFR and MMP-9. Sorafenib-ramucirumab combination showed enhanced apoptosis, 
inhibited proliferation and angiogenesis in HepG2 cancer cells. Our findings suggest that ramucirumab 
can be a useful as an adjunct therapy for improvement of sorafenib efficacy in suppression of HCC.

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide, accounting for 75–85% of liver 
cancer’s cases; it is often diagnosed in late stages when most therapeutic options are not very effective1. It is the 
second leading cause of cancer deaths worldwide and is associated with substantial morbidity and mortality; 
World Health Organization estimates that more than one million patients will die from liver cancer in 20302. 
Among the important factors for HCC development are angiogenesis and signaling cascades for regulating cell 
proliferation such as the Raf/MAPK kinase/MAPK pathway, which is activated in numerous hepatic carcinoma 
derived cell lines and tumor samples3. Tumor angiogenesis is induced by an increased secretion of endogenous 
angiogenic factors or down-regulation of angiogenesis inhibitors4,5. Angiogenic factors are produced by tumor 
cells and by other cell types such as: endothelial cells, fibroblasts, smooth muscle cells/pericytes, and infiltrating 
immune cells; they initiate the angiogenic process by activating endothelial cells and induction of the angiogenic 
switch4,6. Vascular endothelial growth factor (VEGF) is involved in endothelial cell activation and is the major 
tumor angiogenesis factor6,7. Inhibiting endothelial cell growth and survival through the use of endothelial-
specific integrin inhibitors, or inhibiting endothelial cell invasion using specific inhibitors of MMPs are used 
approaches to hinder tumor growth and spread8.
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Sorafenib, an oral multiple kinase inhibitor, is the first molecular targeted therapy approved by the U.S. Food 
and Drug Administration (FDA) for advanced HCC, and is now its standardized treatment3,9. It significantly 
inhibits the activities of multiple tyrosine and serine/threonine kinases, as well as tumor angiogenesis, cell 
proliferation and induces apoptosis9. Sorafenib inhibits tumor angiogenesis by targeting Raf serine/threonine 
kinases, besides different receptor tyrosine kinases, including c-Kit, FLT-3, vascular endothelial growth factor 
(VEGF) and platelet-derived growth factor (PDGF) signaling10. However, in clinical practice, sorafenib pro-
duces relatively low tumor response rates in the majority of HCC patients and is beneficial in only ~ 30% of the 
patients3. Sorafenib treatment has severe toxicity and many adverse reactions; this pushes a large percentage of 
patients to reduce sorafenib dose or terminate treatment3. Even with treatment, the survival of certain patients 
is short3; also in most patients, who initially responded to sorafenib, tumor recurrence and progression often 
occurs following a few months of sorafenib therapy3.

Different compounds were tested for their suitability, as a combination therapy with sorafenib, to overcome 
its lower efficacy treatment of advanced HCC, including bortezomib, rapamycin and a selective MEK inhibi-
tor, AZD6244; the combined therapies had better responses compared to sorafenib11. Combining therapies 
that inhibit different signaling pathways has the potential to be more effective than a single pathway inhibition 
and to overcome tumor resistance12. Vascular endothelial growth factor (VEGF) and epidermal growth factor 
receptor (EGFR) inhibitors are fundamental treatments for several tumor types13,14. Bevacizumab is a recombi-
nant humanized monoclonal antibody that binds VEGF with high affinity15, thereby inhibiting tumor growth, 
paracrine/autocrine growth factor release and metastasis15. Bevacizumab, as a single agent or in combination 
with other agents, has shown modest activity in treating advanced HCC16. Ramucirumab is a fully humanized 
monoclonal antibody that targets the extracellular domain of VEGFR-2 and is administered intravenously every 
2 or 3 weeks17,18. EGFR is a tyrosine kinase transmembrane receptor that is overexpressed in several types of 
cancer cells; it plays a central role in tumor proliferation12, survival and differentiation13,19. Panitumumab is a fully 
humanized antibody, IgG2, that binds to EGFR and prevents receptor dimerization, tyrosine autophosphoryla-
tion of EGFR and the activation of downstream signaling molecules13. In clinical trials, combining bevacizumab, 
an anti-VEGF monoclonal antibody (mAb), with either cetuximab, an anti-EGFR mAb, or erlotinib, an EGFR 
tyrosine kinase inhibitor, had an increased antitumor activity compared with treating with either of these anti-
EGFR agents alone or in combined chemotherapy20. Therefore, inhibition of both pathways could improve the 
antitumor efficacy and overcome resistance to EGFR inhibition21,22.

Resistance to anti-VEGF therapy can be mediated via the overexpression of VEGF receptors, an increase 
in VEGF levels, and the upregulation of alternative angiogenesis signaling pathways, such as platelet-derived 
growth factor receptor (PDGFR) signaling23,24. Therefore, a complete blockage of the VEGF-signaling pathway 
by combining a ligand inhibitor, such as bevacizumab, with a multi-targeted kinase inhibitor, blocking the VEGF 
system on the receptor level (sorafenib) and also targeting compensatory pro-angiogenic mechanisms, could 
cause a synergistic inhibition of tumor angiogenesis. Thus, combining sorafenib with other antiangiogenic agents, 
with different targets, may improve the efficacy of sorafenib monotherapy and minimize the development of 
drug resistance. Combining sorafenib with different targeted therapies would allow dose reduction of sorafenib, 
without concomitant loss of its effectiveness, and thus reducing its toxicity and overcome tumor resistance. This 
could complement bevacizumab activity by the complete vertical blocking of VEGF signaling and inhibiting 
other angiogenic pathways potentially involved in mediating resistance to bevacizumab23.

A synergistic combination treatment plan that includes sorafenib at low doses, to decrease its toxicity, along 
with an anti-VEGF, anti-EGFR or an anti-VEGFR2 could result in a better cytotoxic effect in case of HCC. We 
set up to investigate the therapeutic efficacy of different combinations of sorafenib with bevacizumab, or pani-
tumumab or ramucirumab, on the hepatic cancer cell lines HepG2. Several parameters were tested, including 
cellular proliferation, cell cycle regulation, apoptosis, relative expression of VEGFR2, EGFR, MMP-9 and CAS-
PASE3 and the protein levels of pVEGFR2 and pSTAT3 in HepG2 cancer treated cells. Sorafenib-ramucirumab 
was proved to be the optimum combination that would allow dose reduction of sorafenib, without concomitant 
loss of its effectiveness, and thus lessening its toxicity.

Materials and methods
Tested therapeutic agents.  Sorafenib powder was kindly provided by the National Organization for 
Drug Control and Research (NODCAR, Cairo, Egypt). The tested monoclonal antibodies included: bevaci-
zumab (Avastin®; 25  mg/mL, Genetech, Switherland), panitumumab (Vectibix®; 20  mg/mL, Amgen, USA) 
and ramucirumab (Cyramza®; 10 mg/mL, Lilly, USA). Sorafenib was dissolved in dimethyl sulfoxide (DMSO; 
Sigma- Aldrich, USA) to a final concentration of 10 mM; the monoclonal antibodies were diluted in RPMI 1640 
medium to the tested concentrations chosen from literature25–28.

Culturing and treating HepG2 with the tested therapeutic agents.  Hepatocellular carcinoma cell 
line (HepG2), (ATCC® HB-8065; Manassas, VA, USA), were cultured and maintained in Roswell Park Memorial 
Institute (RPMI) 1640 medium (Gibco; Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, USA), 10,000 U/mL penicillin/10 mg/mL streptomycin and incu-
bated at 37 °C in a humidified incubator with 5% CO2, according to the supplier.

Determination of the IC50 of sorafenib, bevacizumab, panitumumab and ramucirumab and 
their combinations on HepG2 cancer cells using MTT assay.  The effect of sorafenib, bevacizumab, 
panitumumab and ramucirumab as well as their combinations on HepG2 cell viability was determined using 
MTT assay29. HepG2 cancer cells cultured in 96-well plates (CostarⓇ, Corning, Switzerland) were treated with 
100 µl of two fold serially diluted solutions of the tested agents in RPMI and the plates were incubated at 37 °C in 
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a humidified incubator with 5% CO2. Sorafenib was tested at concentrations ranging from 50 to 0.1 µM for 24, 48 
and 72 h treatment periods, while the monoclonal antibodies were tested at concentrations ranging from 2000 to 
0.98 µg/mL for 48 and 72 h treatment periods. For testing combinations of sorafenib with the monoclonal anti-
bodies, sorafenib was used at concentrations ranging from 0.1 to 50 µM while the monoclonal antibodies were 
tested at concentrations ranging from 500 to 62.5 µg/mL for 48 h; untreated HepG2 cells were used as a control.

The absorbance was determined at 490 nm using a microplate reader (Bio Tek, Winooski, VT, USA). The 
assay was repeated three times independently. The percentage of viability relative to control was calculated using 
the following formula: Viability (%) = (A490 of treated cells/A490 of control cells) × 10029. Dose response curves for 
assessing the effect of single or combination treatment were constructed. Half-maximal inhibitory concentration 
(IC50), the drug concentration at which 50% growth inhibition occurs, was calculated using GraphPad Prism 
software, version 6.00 (GraphPad Software, Inc. La Jolla, CA, USA). The combination index value was calculated 
from the fraction-affected value of each combination, according to the Chou–Talalay method, using CompuSyn 
software (ComboSyn, Inc.). A combination index value below 1 indicates synergism30.

Microscopial examination of the morphological and structural changes in HepG2 cancer 
treated cells.  HepG2 cancer cells were cultured in tissue culture flasks (TCF), 25 cm2 surface area cell cul-
ture. For testing individual agents, the cultured cells were treated with: IC50 of sorafenib, 250 µg/mL, each of bev-
acizumab, panitumumab or ramucirumab. For testing sorafenib combinations with each monoclonal antibody, 
the IC50 of sorafenib was used with 250 µg/mL of the tested monoclonal antibody. The flasks were incubated for 
48 h at 37 °C in a humidified incubator with 5% CO2. Thereafter, the cells were harvested by trypsinization and 
fixed gently by cold alcohol and stained by Hematoxylin and Eosin for histopathological examination31.

Flow cytometry for testing the effect of sorafenib, bevacizumab, panitumumab and ramu-
cirumab and sorafenib‑monoclonal antibody combinations on cell cycle and apoptosis in 
HepG2 cancer cells.  HepG2 cancer cells were cultured in tissue culture flasks (TCF). The cultured cells 
were treated with one of the following: IC50 of sorafenib, 250 µg/mL bevacizumab, 250 µg/mL panitumumab, 
250 µg/mL ramucirumab and the IC50 of sorafenib with 250 µg/mL of the tested monoclonal antibody; the flasks 
were incubated for 48 h at 37 °C in a humidified incubator with 5% CO2.

Cell cycle analysis, to determine the distribution of cells in the different cell cycle phases (G0/G1, S and 
G2/M), by measuring the DNA content of the nuclei labeled with propidium iodide32, was performed using flow 
cytometry32. In brief, cells were harvested by trypsinization and washed with cold phosphate-buffered saline 
(PBS); fixed with 70% ethanol at 4 °C for 24 h; then re-suspended in PBS containing 40 μg/mL propodium iodide 
(Sigma-Aldrich), 0.1 mg/mL RNase and 0.1% (v/v) Triton X-100 in a dark room for 30 min. The fluorescence 
intensity of individual cells was measured by a flow cytometer (Becton Dickinson, San Jose, CA).

For apoptosis analysis, the treated cells were double stained using FITC Annexin-V apoptosis detection kit 
(BioVision, Palo Alto, CA), according to manufacturer’s protocol. Annexin V-FITC binding was detected by 
flow cytometry33. Each sample was assayed three times. The coefficient of drug interaction (CDI) was calculated 
as follows: CDI = AB/(A * B), where AB is the ratio of the combination group to the control group; A or B is the 
ratio of the single agent group to the control group. A CDI value ˂ 1, = 1 or ˃ 1 indicates synergistic, additive or 
antagonistic effects, respectively34.

RT‑PCR for determining the relative expression of VEGFR2, EGFR, MMP‑9 and CASPASE3 
genes in HepG2 cancer treated cells.  Total RNA extraction from cultured HepG2 cancer cells, treated 
with IC50 of sorafenib, 250 µg/mL bevacizumab, 250 µg/mL panitumumab, 250 µg/mL ramucirumab and IC50 of 
sorafenib with 250 µg/mL of the tested monoclonal antibody, was performed using Gene JET RNA Purification 
kit (Thermofisher Scientific, EU, catalogue number K0731) according to the manufacturer’s instructions. The 
concentration and integrity of RNA were assessed using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, 
MA, USA). cDNA was synthesized from 1 µg of total RNA using a Quantitect Reverse Transcription kit (Qiagen, 
Germany, catalogue number 205311), according to the manufacturer’s instructions.

Quantitative real-time PCR was performed using QuantiTect SYBR Green PCR kit (Qiagen, Germany, cata-
logue number 204343) using a Rotor-Gene Q cycler (Qiagen, Germany). RT PCR mixture consisted of 12.5 µl 
2 × SYBR Green PCR Master Mix, 1 µl of each primer (10 pmol/µl), 2 µl cDNA and 8.5 µl RNase-free water in 
a final volume of 25 µl. The nucleotide sequences of the used primers are listed in Table 1. The amplification 
conditions included initial 10 min at 95 °C, followed by 40 two-step cycles of 15 s at 95 °C and 1 min at 60 °C 
and a final extension step at 60 °C for 10 min. Melting curves were performed after each run to determine the 
specificity of the tested primers. Relative fold changes in the expression of target genes (VEGFR2, EGFR, MMP-9 
and CASPASE3) were determined using the comparative 2(−ΔΔCt) method with GAPDH as an internal control to 
normalize the level of target gene expression35. ΔΔCT is the difference between the mean ΔCT (of treated HepG2 
cancer cells) and mean ΔCT (untreated HepG2 cancer cells), where ΔCT is the difference between the mean CT 
for gene of interest and the mean CT for internal control gene in each sample.

Determining the concentration of pSTAT3 and pVEGFR2 in HepG2 cancer treated cells.  HepG2 
cancer cultured cells, treated with IC50 of sorafenib, 250 µg/mL bevacizumab, 250 µg/mL panitumumab, 250 µg/
mL ramucirumab and IC50 of sorafenib with 250 µg/mL of the tested monoclonal antibody were tested for their 
protein levels of pSTAT3 and pVEGFR2. For measuring the concentration of pVEGFR2, a sandwiched ELISA 
assay was used using phospho-VEGFR2 (Tyr1175) CISBIO kit (catalogue number 63ADK041PEG), according 
to the manufacturer’s instructions. The determination of pSTAT3 (pTyr705) concentration was carried out using 
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RayBio® Phosphotyrosine STAT3 ELISA Kit (Ray Biotech, catalogue number PEL-Stat3-Y), according to the 
manufacturer’s instructions. Each assay was repeated three times.

Protein extraction and western blot analyses for determining the protein expression of 
VEGFR2, EGFR and cleaved CASPASE3 in HepG2 cancer treated cells.  Cultured HepG2 cancer 
cells, treated with the IC50 of sorafenib, 250 µg/mL bevacizumab, 250 µg/mL panitumumab, 250 µg/mL ramu-
cirumab and the IC50 of sorafenib combined with 250 µg/mL of the tested monoclonal antibody, were lysed 
in modified RIPA buffer36. The protein concentration was determined using Bradford Protein assay Kit ((Bio 
Basic Inc., Markham, Canada), according to the manufacturer’s instructions. Twenty micrograms proteins were 
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (BioRad, USA). Follow-
ing electrophoresis, the separated proteins were transferred onto a PVDF membrane (Bio-Rad Laboratories, 
Inc., CA, USA). Membranes were blocked in tris-buffered saline with 0.1% Tween 20 (TBST) buffer and 3% 
bovine serum albumin (BSA), at room temperature for 1 h and then incubated with the following antibodies: 
anti- cleaved- CASPASE3 (ASP 175) (catalogue number PA5-114687) (Thermos Fisher Scientific, USA), anti-
VEGFR2 (catalogue number BS-10412R) (Bioss, USA), anti-EGFR (catalogue number MA513070) (Thermos 
Fisher Scientific, USA) and anti-GAPDH (catalogue number AM4300), according to the manufacturer’s instruc-
tions. Subsequently, the membrane was probed with horseradish-peroxidase-conjugated secondary antibody 
(Thermo Fisher Scientific, USA) for 1 h at room temperature. The bands were visualized by a chemiluminescent 
substrate, Clarity™ Western ECL substrate (BIO-RAD, USA) and photographed with a ChemiDoc MP imager 
(BIO-RAD, USA). The band of the housekeeping control protein GAPDH was used to normalize the band inten-
sity of the target proteins using the Chemi Doc MP imager software.

Statistical analysis.  All experiments were carried out in three replicates. Data were expressed as the 
mean ± standard deviation [SD] and analyzed using one-way analysis of variance [ANOVA] between more than 
one group and unpaired t test with Welch’s correction for comparison between two groups. These statistical 
analyses were conducted by by GraphPad Prism 6 (GraphPad Prism software, La Jolla, CA, USA. The results 
were considered statistically significant at P < 0.05.

Results
Effect of sorafenib, bevacizumab, panitumumab and ramucirumab on viability of HepG2 can-
cer cell line using MTT assay.  Treatment with sorafenib at concentrations up to 0.78 µM produced no sig-
nificant effect on HepG2 cancer cells viability at either 24, 48 or 72 h treatment periods; sorafenib concentrations 
ranging from 1.56 to 50 µM produced a gradual decrease in cell viability which was both concentration and time 
dependent in most cases (S1 Fig). A 48 h treatment period with the tested monoclonal antibodies: bevacizumab, 
panitumumab and ramucirumab caused either no or little change in cell viability (S2A Fig); upon prolonging 
the treatment period to 72 h, a gradual decrease in cell viability was observed with both panitumumab and 
ramucirumab which was more pronounced at the higher tested concentrations. On the other hand, bevacizumab 
showed nearly no effect on HepG2 cell viability at its all the tested concentrations (S2B Fig).

The IC50 of sorafenib decreased significantly upon prolonging the treatment period, P < 0.05 (Fig. 1A). By 
assessing the concentration–response curves of sorafenib cytotoxicity assays using the different tested combi-
nations on HepG2 (S3 Fig), there was a significant change in the IC50 of sorafenib when combined with 250 
or 500 µg/mL of either panitumumab or ramucirumab compared to single sorafenib treatment. The calculated 
combination indices for most of tested combinations showed synergism (CI ˂  1) with sorafenib combinations 
with either 250 or 500 µg/mL of the tested monoclonal antibodies. (S1 Table). Hence the 250 µg/mL concentra-
tion of each tested monoclonal antibody was used in further experiments (Fig. 1B). Addition of panitumumab or 
ramucirumab to the tested concentration of sorafenib caused a significant time dependent decrease in sorafenib 
IC50, P < 0.05 (Fig. 1B). On the other hand, addition of bevacizumab to the tested concentrations of sorafenib 
caused nearly no effect following a 48-h treatment period and an increase in IC50 of sorafenib following a 24-h 
treatment period (Fig. 1B).

Table 1.   Sequences of RT-PCR primers used in the study.

Test gene Primer Sequence (5′–3′)

CASPASE3 Cas3
F -TTC ATT ATT CAG GCC TGC CGA GG

R-TTC TGA CAG GCC ATG TCA TCC TCA​

VEGFR2 VEGFR
F-CAG​TGG​GCT​GAT​GAC​CAA​GA

R-GGG​TGG​GAC​ATA​CAC​AAC​CA

EGFR EGFR
F -TGA​CTC​CGT​CCA​GTA​TTG​ATCG​

R -GCC​CTT​CGC​ACT​TCT​TAC​ACTT​

MMP-9 MMP-9
F-ATC​CAG​TTT​GGT​GTC​GCG​GAGC​

R-GAA​GGG​GAA​GAC​GCA​CAG​CT

GAPDH GAPDH
F-GAA​GGT​GAA​GGT​CGG​AGT​CA

R-TTG​AGG​TCA​ATG​AAG​GGG​TC
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Microscopial examination of the morphological and structural changes in HepG2 
cancer treated cells
The observed morphological and structural changes in HepG2 cancer cells treated with sorafenib, bevacizumab, 
panitumumab and ramucirumab included: necrosis, nuclear fragmentation, ruptured membrane, apoptosis, 
shrunken nuclei and peripheral condensation of chromatin (Fig. 2). Combination of sorafenib with bevacizumab, 
panitumumab or ramucirumab showed extra pathological changes, including: swollen necrotic cells, ruptured 
cellular membranes besides irregularities in cellular and nuclear outlines and membrane blebbing (Fig. 3).

Flow cytometry for testing the effect of sorafenib, bevacizumab, panitumumab and ramu-
cirumab and sorafenib‑tested monoclonal antibody combinations on cell cycle and apoptosis 
of HepG2 cancer cells.  Flow cytometry cell cycle analyses of the effect of the IC50 of sorafenib on HepG2 
cancer cells in the presence and absence of 250 µg/mL of bevacizumab, panitumumab, or ramucirumab follow-
ing 48 h treatment periods are shown in Fig. 4. Single treatment with sorafenib caused cell growth arrest in G2/M 
phase accompanied by an increase in the PreG1. This effect was also observed in case of single treatments by 
ramucirumab, bevacizumab and panitumumab. Sorafenib combination with bevacizumab caused a cell growth 
arrest in G0/G1, S and PreG1 phases; combination with panitumumab caused cell growth in G2/M and PreG1 
and the combination with ramucirumab caused cell growth arrest in G0/G1 and PreG1 phases.

The effect of treatments on the early signal transduction events, late morphological changes in cell size and 
DNA degradation together with necrosis occurring in HepG2 cancer cells are shown in Fig. 5. Treatment with 
single therapeutic agents resulted in total apoptosis in HepG2 cancer cells ranging from 7 to 23% with the highest 
effect recorded with bevacizumab and panitumumab. Combinations of sorafenib with either bevacizumab or 
ramucirumab recorded a higher apoptotic percentage than that recorded in case of sorafenib alone; nearly no 
change was recorded in case of sorafenib combination with panitumumab. Necrosis was not recorded by more 
than 3% in all treated HepG2 cancer cells by single or combined treatments.

Figure 1.   Effect of sorafenib and the combinations treatments on HepG2 cancer cells. HepG2 cancer cells were 
seeded in 96-well plates and treated with sorafenib in presence and absence of bevacizumab, panitumumab 
and ramucirumab. Each value represents the mean ± SD (n = 3). *P < 0.05 compared to sorafenib. (A) IC50 of 
sorafenib at the three treatment periods calculated using GraphPad Prism software. (B) Change in sorafenib IC50 
in the presence of the tested monoclonal antibodies following 24 and 48 h treatment periods.
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Figure 2.   Photomicrographs showing the pathological changes occuring in HepG2 cancer cells after individuals 
treatments using 100 × magnification. The pathological changes were as follows: (A) untreated HepG2 
cells (control) showing regular cells with hyperchromatic nuclei and nuclear pleomorphism; (B) Sorafenib 
treated cells showing nuclear fragmentation (yellow arrows), necrotic cells with mixed euochromatin and 
heterochromatin (green arrows), ruptured cell membrane (red arrow), peripheral condensation of chromatin 
(black arrow) and shrunken apoptotic cells (blue arrow); (C) Bevacizumab treated cells showing apoptotic 
features of shrunken cells, shrunken nuclei, shrunken apoptotic cells (red arrows) and peripheral condensation 
of chromatin (green arrows); (D) Panitumumab treated cells showing shrunken apoptotic (blue arrows) with 
peripheral condensation of chromatin (orange arrows) and apoptotic body (red arrow), and (E) Ramucirumab 
treated cells showing cellular and nuclear shrinkage (yellow arrow), irregularities of cellular and nuclear outlines 
(green arrows), peripheral condensation of chromatin (red arrow) and membrane blebbing (blue arrow).
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Effect of single and combined treatments on the relative expression of CASPASE3, MMP‑9, 
VEGFR2 and EGFR in HepG2 cancer treated cells.  The effect of sorafenib, bevacizumab, panitu-
mumab, ramucirumab, sorafenib-bevacizumab, sorafenib-panitumumab and sorafenib-ramucirumab on the 
relative gene expression of CASPASE3, MMP-9, VEGFR2 and EGFR in HepG2 cancer cells was determined by 
RT-PCR using GAPDH as a normalizer (Figs. 6, 7). The tested treatments resulted in a significant increase in the 
relative expression of CASPASE3 ranging from 4.82 to 23.75 fold, with the highest increase recorded in case of 
bevacizumab (23.75 fold) (Fig. 6A); combinations resulted in a significant fold increase in CASPASE3 expression 
compared to sorafenib single treatment except in case of sorafenib-panitumumab combination (Fig. 6A).

Tested treatments resulted in a significant decrease in the relative expression of MMP-9 ranging from 0.9 to 0.1 
fold in HepG2 cancer treated cells (Fig. 6B); the most pronounced effect was recorded in case of sorafenib-ramu-
cirumab combination (0.1 fold). Combinations resulted in significant decrease in the relative gene expression of 

Figure 3.   Photomicrographs showing the pathological changes occurring in HepG2 cancer cells treated with 
sorafenib’s combinations using 100 × magnification. The pathological changes were as follows: (A) Sorafenib-
bevacizumab combination showing: swollen necrotic cells with mixed euchromatin and heterochromatin (Red 
arrows), irregularities of cellular and nuclear outlines (green arrows), ruptured cell membrane (Blue arrow) 
and membrane blebbing (Black arrows); (B) Sorafenib-panitumumab combination showing: ruptured cell 
membranes (yellow arrows), swollen necrotic cells with mixed euochromatin and heterochromatin (blue arrow), 
ruptured cellular membranes (Red arrow), necrotic cells with mixed euochromatin and heterochromatin (Green 
arrows) and peripheral condensation of chromatin (black arrow); (C) Sorafenib-ramucirumab combination 
showing swollen necrotic cells with mixed euchromatin and heterochromatin (blue arrow), ruptured cellular 
and nuclear membranes (red arrow), irregular cell membranes (green arrows) and shrunken apoptotic cells with 
irregular cellular and nuclear membranes (black arrows). *These pathological changes were in addition to those 
occured by each of the tested therapeutic product alone.



8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17889  | https://doi.org/10.1038/s41598-022-21582-w

www.nature.com/scientificreports/

MMP-9 compared to sorafenib.  The effect of sorafenib, bevacizumab and their combination on the relative gene 
expression of VEGFR2 in HepG2 cancer cells are shown in Fig. 7; all treatments resulted in a significant decrease 
in the relative expression of VEGFR2 ranging from 0.8 to 0.4 fold (Fig. 7). Sorafenib-bevacizumab combination 
resulted in a significant decrease in the relative gene expression of VEGFR2 compared to sorafenib. The effect 
of sorafenib, panitumumab and their combination on the relative gene expression of EGFR in HepG2 cancer 
treated cells are shown in Fig. 7. The tested treatments significantly decreased the fold expression of EGFR from 
0.7 to 0.3 fold; combination of sorafenib with panitumumab caused a significant decrease in the relative gene 
expression of EGFR compared to either sorafenib or panitumumab.

Effect of single and combined treatments on the protein levels of pSTAT3 and pVEGFR2 in 
HepG2 cancer treated cells.  A significant decrease in pSTAT3 protein level was observed in HepG2 can-
cer cells treated with sorafenib, bevacizumab, panitumumab, ramucirumab and with sorafenib combined with 

Figure 4.   Flowcytometry cell cycle pattern analysis of HepG2 cancer cells. Treatments were as follows: 
sorafenib (I), bevacizumab (II), panitumumab (III), ramucirumab12, sorafenib-bevacizumab combination (V), 
sorafenib-panitumumab combination (VI), sorafenib-ramucirumab (VII) and untreated (control) HepG2 
cancer cells (VIII).
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either ramucirumab or bevacizumab, with the pronounced effect observed in case of ramucirumab treatment 
(0.31) (Fig. 8A and S2 Table). A significant decrease in pVEGFR2 protein level occurred in HepG2 cancer cells 
upon separate or combined treatments with sorafenib and ramucirumab, with the highest decrease was recorded 
in case of sorafenib-ramucirumab combination (0.36) (Fig. 8B and S2 Table).

Effect of single and combined treatments on the protein expression of cleaved CASPASE3, 
VEGFR2 and EGFR in HepG2 cancer cells.  The effect of sorafenib, bevacizumab, panitumumab, ramu-
cirumab, sorafenib- bevacizumab, sorafenib-panitumumab and sorafenib-ramucirumab on the protein expres-
sion of cleaved CASPASE3, VEGFR2 and EGFR in HepG2 cancer cells was determined by western blot using 
GAPDH as a normalizer (Fig.  9). All tested treatments resulted in an increase in the abundance of cleaved 
CASPASE3 ranging from 2.3 to 8.9 fold, with the highest increase recorded in case of bevacizumab (8.9 fold) fol-
lowed by sorafenib-ramucirumab (8.5 fold). A decrease in the expression of VEGFR2 (0.69–0.13 fold) and EGFR 
(0.56–0.22 fold) was observed with all tested treatments. Combination treatments showed more pronounced 
fold decrease in VEGFR2 and EGFR compared to sorafenib single treatment.

Figure 5.   Flow cytometry analysis showing apoptosis and necrosis in HepG2 cancer cells. Treatments were 
as follows: sorafenib (I), bevacizumab (II), panitumumab (III), ramucirumab (IV), sorafenib-bevacizumab 
combination (V), sorafenib-panitumumab combination (VI), sorafenib-ramucirumab (VII) combination and 
untreated (control) HepG2 cancer cells (VIII).
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Discussion
Hepatocellular carcinoma is one of the world’s top ten solid malignant tumors in terms of morbidity and 
mortality37 and ranks the fourth in Egypt38. Worldwide, Egypt is among the top 25 countries with the highest 
rates of liver cancer39. The key signal transduction pathways in the pathogenesis of hepatocellular carcinoma 
include: VEGF, EGFR, Ras/Raf/Mek/Erk, phosphoinositide 3-kinase/Akt, mTOR, HGF/c-Met, Wnt, and Hedge-
hog signaling cascades40. Consequently, drugs that selectively target these pathways might, have anticancer 
therapeutic potential. Sorafenib is a molecular targeted agent approved, as the first-line systemic treatment for 
advanced HCC, to improve the overall survival in patients41. It induces apoptosis in cancer cells, inhibits tumor 
angiogenesis and cell proliferation10. Other tyrosine kinase inhibitors, including erlotinib, brivanib, sunitinib, 
and linifanib were tested as first-line treatments for HCC, but they didn’t show any advantage over sorafenib10. 
Sorafenib has severe adverse effects that compromises the continuity of treatment42. The simultaneous inhibi-
tion of multiple signaling pathways is a key approach for the management HCC43. Although sorafenib has 
antiangiogenic effects, the complexity of angiogenesis suggests that it cannot completely block the formation of 
tumor microvessels44. The redundancy of angiogenic mechanisms may contribute to drug resistance through 
the activation of alternative pro-angiogenic pathways. Thus, combining sorafenib with other antiangiogenic 
agents, with different targets, may improve the efficacy of sorafenib monotherapy and minimize the arising of 
drug resistance44. Thus, drug combinations offer the opportunity to reduce sorafenib doses without compromis-
ing its effect43. In this study, we tested the effect of sorafenib combination with an anti-VEGF (bevacizumab), 
anti-VEGFR2 (ramucirumab) and anti-EGFR (panitumumab) on HepG2 cancer cells viability, regulation of cell 
cycle, apoptosis, expression of VEGFR2, EGFR, MMP-9 and CASPASE3 and the levels of pVEGFR2 and pSTAT3 
proteins compared to sorafenib.

In agreement with previous studies, sorafenib treatments for 24, 48 and 72 h exhibited cytotoxic potential 
towards HepG2 cancer cells45–48. Both panitumumab and ramucirumab caused a gradual decrease in HepG2 

Figure 6.   CASPASE3 and MMP-9 relative gene expression in HepG2 cancer treated cells. Effect of treatment 
with sorafenib in presence and absence of bevacizumab, panitumumab and ramucirumab on the expression 
of CASPASE3 (A) and MMP-9 (B) in HepG2 cancer cells determined by RT-PCR. Each value represents the 
mean ± SD (n = 3). *P < 0.05 compared to HepG2 untreated cancer cells (control). #P < 0.05, compared to 
sorafenib treated HepG2 cancer cells.
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cancer cells’ viability which was more pronounced at ≥ 500 µg/mL concentrations in the 48 h treatment period 
and at ≥ 31.25 µg/mL concentrations in the 72 h treatment period. Similar responses were previously reported 
with panitumumab on colorectal cancer cell line after 72 h49; ramucirumab on HCC carcinoma and gastric cell 
line after 48 h26,27. A slight decrease in cell proliferation was observed with bevacizumab at prolonged treatment 
period (72 h) with high tested concentrations (≥ 1 mg/mL). Similar responses were reported for bevacizumab 
on head and neck squamous cell carcinoma50, on glioma cells after 24 and 72 h51, and on human retinoblastoma 
after 48 h treatment period52. Addition of panitumumab or ramucirumab to sorafenib, was advantageous in 
terms of reducing the IC50 of sorafenib. Similar approaches testing combinations of sorafenib with anti-VEGFR2 
and anti-EGFRvIII mAbs showed in-vitro inhibitory effects on PLC/PRF/5 and HepG2 cancer cell lines26,53. 
On the other hand, adding bevacizumab to sorafenib had nearly no effect on sorafenib’s IC50 following a 48 h 
treatment period with an unexpected increase in sorafenib IC50 following the 24 h treatment period. Treatment 
of HepG2/C3A cancer cell line with bevacizumab 5 ng/mL and 100 μg/mL for 48 h was previously reported to 
increase telomerase activity which in turn resulted in the overexpression of VEGFR1 and VEGFR254. Our find-
ings regarding the antagonistic effect of sorafenib-bevacizumab combination on cell viability could be due to 
the neutralization of the effect of VEGFR inhibition by sorafenib with bevacizumab overexpression of VEGFR. 
This could also explain the ineffectiveness observed in phase l/ll randomized trials of sorafenib-bevacizumab 
combinations in treating HCC55.

We examined cell cycle progression in HepG2 cancer treated cells by DNA flow cytometry. Cell cycle arrest in 
G2/M was recorded in case of single treatments and sorafenib-panitumumab combination. This finding was in 
line with the reported ability of sorafenib to induce cell cycle arrest in cancer cells56,57, but on the contrary beva-
cizumab and ramucirumab are reported to induce cell cycle arrest in G1/S17,58. Bevacizumab causes a significant 
accumulation of the percentage of cells in the G0/G1 phase, while it decreases the fraction of cells in the G2 and 
M phases in HCC and choroidal endothelial cells in a concentration dependent effect17. However, in another 
study, ramucirumab was ineffective in inhibiting the progression from the G2/M phase to the subsequent G0/
G1phase of cell cycle of gastric cancer27.

Significant cell accumulation in the preG1 and G0/G1 phases following treatment with sorafenib combination 
with bevacizumab (52. 6%) and ramucirumab (57.2%) indicates improved cell cycle arrest and enhanced cell 
death. These findings support the enhanced inhibitory effect of sorafenib-ramucirumab combination observed 
in HepG2 cancer treated cell line. Cell growth is a result of the balance between proliferation and apoptosis3. 
Mechanistically, tumor inhibition by combination therapies may result from an increased capacity to induce 
apoptosis57,59. We recorded an increase in apoptosis, especially late apoptosis, with combined treatments of 
sorafenib with either bevacizumab (1.9 fold) or ramucirumab (1.8 fold), compared to single sorafenib treatment. 
This agrees with previous studies that reported a pronounced effect on apoptosis following the addition of ramu-
cirumab to either regorafenib or sorafenib26. However, sorafenib-panitumumab didn’t enhance apoptosis which 

Figure 7.   VEGFR2 and EGFR relative gene expression in HepG2 cancer treated cells. The effect of treatment 
with sorafenib in the presence and absence of bevacizumab on the relative expression of VEGFR2 and in the 
presence and absence of panitumumab on the relative expression of EGFR in HepG2 cancer cells determined by 
RT-PCR. Each value represents the mean ± SD (n = 3). *P < 0.05 compared to the untreated HepG2 cancer cells 
(control). #P < 0.05, compared to sorafenib treated HepG2 cancer cells.
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disagrees with a previous study that reported a significant increase in the number of apoptotic cells following 
treatment with a combination of sorafenib and an anti-EGFRvIII53. These findings were confirmed by assessing 
the relative expression of CASPASE3 and the abundance of the pro-apoptotic marker, cleaved CASPASE-3, in 
HepG2 cancer treated cells. CASPASES are the main executors of the apoptotic process, as they carry out the 
execution of cellular demolition, thus permitting their involvement in cancer treatment60,61. We reported an over-
expression in CASPASE3 and cleaved CASPASE-3 in HepG2 cancer cells treated with sorafenib combinations with 
either bevacizumab or ramucirumab compared to sorafenib. This is in accordance with previous studies reporting 
the significant overexpression of CASPASE3 following the use of sorafenib-ramucirumab combinations17,61. In our 
study, this inhibitory activity on HepG2 cancer cells was supported by an inhibition in the expression MMP-9, 
VEGFR2 and EGFR. A down-regulated expression of VEGFR2 and EGFR was reported in HepG2 cancer cells 
treated by single and combined treatments of sorafenib and ramucirumab26,62. Degradation of the extracellular 
matrix by MMP releases proangiogenic compounds, such as vascular endothelial growth factor (VEGF) and 
integrins63. MMP9 has been identified as a biomarker in various cancers, mainly when tumor expression is 
considered63. All single treatments down-regulated the expression of MMP-9, VEGFR2 and EGFR. This is in 
agreement with previous studies that reported down regulation in the expression of MMP-9 by sorafenib64, and 
panitumumab65; VEGFR by ramucirumab26,66, sorafenib64, and bevacizumab67 and EGFR by panitumumab13 
and sorafenib48. Combining sorafenib with panitumumab significantly down regulated the expression of each 
of VEGFR and EGFR in HepG2 cancer treated cells. This is in agreement with previous studies that highlighted 
the synergistic antitumor activity of sorafenib combinations with EGFR inhibitors in various tumors including 
human non–small cell lung cancer, colorectal cancer, and HCC53,68. Both VEGF and EGF share common down-
stream signaling pathways and may function exclusively of one another during oncogenes so, dual inhibition of 
EGFR and VEGFR might yield greater antitumor activity69.

Signal transducer and activator of transcription-3 (STAT3) is in the research spot asan oncogenic signaling 
molecule. It plays a critical role in transcriptional regulation of genes that are involved in tumor cell prolif-
eration, survival, migration and invasion into the extracellular matrix53,70; constitutive activation of STAT3 is 
observed in 72.4% of human HCC58. It is also involved in the invasion, metastasis during tumor progression and 

Figure 8.   The protein levels of pSTAT3 and pVEGFR2 in HepG2 cancer treated cells. The protein levels were 
as follows: (A) protein levels of pSTAT3 upon separate and combined treatments with sorafenib, bevacizumab, 
panitumumab and ramucirumab; (B) protein level of pVEGFR2 upon separate and combined treatments with 
sorafenib and ramucirumab. Each value represents the mean ± SD (n = 3). *P < 0.05 compared to untreated 
HepG2 cancer cells (control). #P < 0.05, compared to sorafenib treated HepG2 cancer cells.
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angiogenesis; has anti-apoptosis and inflammatory response1,17,48 . Single treatments with sorafenib, bevacizumab, 
panitumumab and ramucirumab significantly decreased pSTAT3 protein level in HepG2 cancer cells. Similar 
inhibition of STAT3 signaling in some cancers, including HCC was reported when treating with sorafenib53,62, 
bevacizumab71,72, ramucirumab26,67, panitumumab71,73,74, and a combination of sorafenib with an anti-EGFRvIII53. 
Sorafenib-ramucirumab combination significantly reduced pSTAT3 protein level compared to sorafenib which 
is beneficial in treating HCC. A recent phase 3 clinical trial showed an improved overall survival for treatment 

Figure 9.   Western blot of the cleaved CASPASE-3 (≈20 kDa), VEGFR2 (≈147 kDa) and EGFR (≈180 kDa) 
expressed in HepG2 cancer cells following a 48 h treatment period of single and combined treatments. GAPDH 
(≈38 kDa) was used as a normalizer and BLUelf Prestained Protein Ladder (3.5–245 kDa) was used in all runs. 
Blots were cut prior to hybridization with the antibodies.
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with ramucirumab compared to placebo in patients with hepatocellular carcinoma and α-fetoprotein concentra-
tions of at least 400 ng/mL who had received ramucirumab treatment after prior treatment with sorafenib42,75. 
An expansion cohort of REACH-2 represents a non-sorafenib sequencing study in patients with advanced HCC. 
The safety/efficacy profile of ramucirumab following a non-sorafenib based systemic therapy was consistent with 
that observed in patients who received prior sorafenib treatment76. Regarding safety, promising combination 
therapies containing ramucirumab are likely to pave the way for the future effective treatment of HCC77.

Conclusions
The present study demonstrates the synergistic interaction of ramucirumab with sorafenib to invoke a strong 
anticancer activity against hepatocellular carcinoma by inducing apoptosis; inhibiting cell growth/proliferation; 
upregulating the expression of CASPASE3; downregulating the expression of MMP-9, EGFR and VEGFR2 and 
decreasing pSTAT3 and pVEGFR2 protein levels in HepG2 cancer treated cells. Downregulation of MMP9, 
EGFR, VEGFR and STAT3 in HepG2 cancer cells could appear to play a role in tumor invasion and angiogenesis 
and to mediate the tumor microenvironment. This is in addition to decreasing the IC50 of sorafenib that could 
allow lowering sorafenib doses and a possible decrease in its toxic side effects. This suggests that combining 
ramucirumab with the sorafenib could be an attractive strategy for treating patients with advanced hepatocel-
lular carcinoma. Further confirmation of the enhanced activity of ramucirumab-sorafenib combination should 
be tested in Huh-7 hepatocellular carcinoma cell lines and normal cell lines.

Data availability
All data generated or analyzed during this study are included in the manuscript and Supporting information.

Received: 15 April 2022; Accepted: 29 September 2022

References
	 1.	 Ogunwobi, O. O. et al. Mechanisms of hepatocellular carcinoma progression. World J. Gastroenterol. 25(19), 2279 (2019).
	 2.	 Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J. Clin. 68(6), 394–424 (2018).
	 3.	 Bahman, A. A., Abaza, M. S. I., Khoushiash, S. I. & Al-Attiyah, R. J. Sequence-dependent effect of sorafenib in combination with 

natural phenolic compounds on hepatic cancer cells and the possible mechanism of action. Int. J. Mol. Med. 42(3), 1695–1715 
(2018).

	 4.	 Ellis, L. M. Epidermal growth factor receptor in tumor angiogenesis. Hematol./Oncol. Clin. 18(5), 1007–1021 (2004).
	 5.	 Geindreau, M., Bruchard, M. & Vegran, F. Role of cytokines and chemokines in angiogenesis in a tumor context. Cancers 14(10), 

2446 (2022).
	 6.	 Peng, S. et al. Autocrine vascular endothelial growth factor signaling promotes cell proliferation and modulates sorafenib treatment 

efficacy in hepatocellular carcinoma. Hepatology 60(4), 1264–1277 (2014).
	 7.	 Zhang, Y. & Brekken, R. A. Direct and indirect regulation of the tumor immune microenvironment by VEGF. J. Leukoc. Biol. 

https://​doi.​org/​10.​1002/​JLB.​5RU02​22-​082R (2022).
	 8.	 Quintero-Fabián, S. et al. Role of matrix metalloproteinases in angiogenesis and cancer. Front. Oncol. 9, 1370 (2019).
	 9.	 Keating, G. M. Sorafenib: a review in hepatocellular carcinoma. Target. Oncol. 12(2), 243–253 (2017).
	10.	 Roderburg, C., Özdirik, B., Wree, A., Demir, M. & Tacke, F. Systemic treatment of hepatocellular carcinoma: from sorafenib to 

combination therapies. Hepatic Oncol. 7, HEP20 (2020).
	11.	 Kim, Y.-S. et al. Emodin sensitizes hepatocellular carcinoma cells to the anti-cancer effect of sorafenib through suppression of 

cholesterol metabolism. Int. J. Mol. Sci. 19(10), 3127 (2018).
	12.	 Blivet-Van Eggelpoël, M.-J. et al. Epidermal growth factor receptor and HER-3 restrict cell response to sorafenib in hepatocellular 

carcinoma cells. J. Hepatol. 57(1), 108–115 (2012).
	13.	 Sakthianandeswaren, A., Sabljak, P., Elliott, M. J., Palmieri, M., & Sieber, O. M. Predictive Biomarkers for monoclonal antibody 

therapies targeting EGFR (Cetuximab, Panitumumab) in the treatment of metastatic colorectal cancer. In Advances in the Molecular 
Understanding of Colorectal Cancer (IntechOpen, 2018).

	14.	 Feng, Q.-Y. et al. Anti-EGFR and anti-VEGF agents: Important targeted therapies of colorectal liver metastases. World J. Gastro-
enterol. WJG 20(15), 4263 (2014).

	15.	 Shen, Y.-C., Hsu, C. & Cheng, A.-L. Molecular targeted therapy for advanced hepatocellular carcinoma: Current status and future 
perspectives. J. Gastroenterol. 45(8), 794–807 (2010).

	16.	 Duffy, A. & Greten, T. Developing better treatments in hepatocellular carcinoma. Expert Rev. Gastroenterol. Hepatol. 4(5), 551–560 
(2010).

	17.	 Liu, L. et al. Molecular targeting of VEGF/VEGFR signaling by the anti-VEGF monoclonal antibody BD0801 inhibits the growth 
and induces apoptosis of human hepatocellular carcinoma cells in vitro and in vivo. Cancer Biol. Ther. 18(3), 166–176 (2017).

	18.	 Zhu, A. X., Galle, P. R., Kudo, M., Finn, R. S., Qin, S, Xu, Y., et al. A study of ramucirumab (LY3009806) versus placebo in patients 
with hepatocellular carcinoma and elevated baseline alpha-fetoprotein (REACH-2) (American Society of Clinical Oncology, 2018).

	19.	 Takaoka, T. et al. Panitumumab in combination with irinotecan plus S-1 (IRIS) as second-line therapy for metastatic colorectal 
cancer. Cancer Chemother. Pharmacol. 78(2), 397–403 (2016).

	20.	 Ding, C., Li, L., Yang, T., Fan, X. & Wu, G. Combined application of anti-VEGF and anti-EGFR attenuates the growth and angio-
genesis of colorectal cancer mainly through suppressing AKT and ERK signaling in mice model. BMC Cancer 16(1), 791 (2016).

	21.	 Chen, Y., Chen, X., Ding, X. & Wang, Y. Afatinib, an EGFR inhibitor, decreases EMT and tumorigenesis of Huh-7 cells by regulat-
ing the ERK-VEGF/MMP9 signaling pathway. Mol. Med. Rep. 20(4), 3317–3325 (2019).

	22.	 Tabernero, J. The role of VEGF and EGFR inhibition: Implications for combining anti–VEGF and anti–EGFR agents. Mol. Cancer 
Res. 5(3), 203–220 (2007).

	23.	 Xie, H. et al. Dual VEGF inhibition with sorafenib and bevacizumab as salvage therapy in metastatic colorectal cancer: results of 
the phase II North Central Cancer Treatment Group study N054C (Alliance). Therap. Adv. Med. Oncol. 12, 1758835920910913 
(2020).

	24.	 Kong, D.-H., Kim, M. R., Jang, J. H., Na, H.-J. & Lee, S. A review of anti-angiogenic targets for monoclonal antibody cancer therapy. 
Int. J. Mol. Sci. 18(8), 1786 (2017).

	25.	 Xu, W. W. et al. Targeting VEGFR1-and VEGFR2-expressing non-tumor cells is essential for esophageal cancer therapy. Oncotarget 
6(3), 1790 (2015).

https://doi.org/10.1002/JLB.5RU0222-082R


15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17889  | https://doi.org/10.1038/s41598-022-21582-w

www.nature.com/scientificreports/

	26.	 D’Alessandro, R. et al. Ramucirumab and GSK1838705A enhance the inhibitory effects of low concentration sorafenib and 
regorafenib combination on HCC cell growth and motility. Cancers 11(6), 787 (2019).

	27.	 Refolo, M. G., Lotesoriere, C., Lolli, I. R., Messa, C. & D’Alessandro, R. Molecular mechanisms of synergistic action of ramucirumab 
and paclitaxel in gastric cancers cell lines. Sci. Rep. 10(1), 1–13 (2020).

	28.	 Luthra, S. et al. Effect of bevacizumab (Avastin™) on mitochondrial function of in vitro retinal pigment epithelial, neurosensory 
retinal and microvascular endothelial cells. Indian J. Ophthalmol. 61(12), 705 (2013).

	29.	 Bounous, D. I., Campagnoli, R. P. & Brown, J. Comparison of MTT colorimetric assay and tritiated thymidine uptake for lympho-
cyte proliferation assays using chicken splenocytes. Avian Dis. 36, 1022–7 (1992).

	30.	 Chou, T.-C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combina-
tion studies. Pharmacol. Rev. 58(3), 621–681 (2006).

	31.	 Zhu, W. et al. Combination of sorafenib and Valproic acid synergistically induces cell apoptosis and inhibits hepatocellular carci-
noma growth via down-regulating Notch3 and pAkt. Am. J. Cancer Res. 7(12), 2503 (2017).

	32.	 Abaza, M. S. I., Al-Saffar, A., Al-Sawan, S. & Al-Attiyah, R. c-Myc antisense oligonucleotides sensitize human colorectal cancer 
cells to chemotherapeutic drugs. Tumor Biol. 29(5), 287–303 (2008).

	33.	 Choi, C. H. et al. The anti-cancer effects of itraconazole in epithelial ovarian cancer. Sci. Rep. 7(1), 1–10 (2017).
	34.	 Chen, L. et al. Autophagy inhibition contributes to the synergistic interaction between EGCG and doxorubicin to kill the hepatoma 

Hep3B cells. PLoS ONE 9(1), e85771 (2014).
	35.	 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. 

Methods. 25(4), 402–8 (2001).
	36.	 Penke, M. et al. Oleate ameliorates palmitate-induced reduction of NAMPT activity and NAD levels in primary human hepatocytes 

and hepatocarcinoma cells. Lipids Health Dis. 16(1), 1–9 (2017).
	37.	 Zhang, X.-D. & Zhao, M. Molecular diagnosis and therapy of hepatocellular carcinoma: Achievements and challenges. Hepatoma 

Res. 5, 14 (2019).
	38.	 Rashed, W. M., Kandeil, M. A. M., Mahmoud, M. O. & Ezzat, S. Hepatocellular carcinoma (HCC) in Egypt: A comprehensive 

overview. J. Egypt. Natl. Canc. Inst. 32(1), 1–11 (2020).
	39.	 Okeke, E., Davwar, P. M., Roberts, L., Sartorius, K., Spearman, W., Malu, A., et al., editors. Epidemiology of Liver cancer in Africa: 

Current and Future Trends. Seminars in Liver Disease (Thieme Medical Publishers, 2020).
	40.	 Jiang, X. et al. Sorafenib and DE605, a novel c-Met inhibitor, synergistically suppress hepatocellular carcinoma. Oncotarget 6(14), 

12340 (2015).
	41.	 Zheng, N. et al. Co-delivery of sorafenib and metapristone encapsulated by CXCR4-targeted PLGA-PEG nanoparticles overcomes 

hepatocellular carcinoma resistance to sorafenib. J. Exp. Clin. Cancer Res. 38(1), 232 (2019).
	42.	 Zhu, A. X. et al. Ramucirumab after sorafenib in patients with advanced hepatocellular carcinoma and increased α-fetoprotein 

concentrations (REACH-2): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 20(2), 282–296 (2019).
	43.	 Tang, W. et al. The mechanisms of sorafenib resistance in hepatocellular carcinoma: theoretical basis and therapeutic aspects. 

Signal Transduct. Target. Ther. 5(1), 1–15 (2020).
	44.	 Gao, J.-J., Shi, Z.-Y., Xia, J.-F., Inagaki, Y. & Tang, W. Sorafenib-based combined molecule targeting in treatment of hepatocellular 

carcinoma. World J. Gastroenterol. 21(42), 12059 (2015).
	45.	 Liu, C.-Y. et al. Novel sorafenib analogues induce apoptosis through SHP-1 dependent STAT3 inactivation in human breast cancer 

cells. Breast Cancer Res. 15(4), 3254 (2013).
	46.	 Wang, L. et al. A novel multitarget kinase inhibitor BZG with potent anticancer activity in vitro and vivo enhances efficacy of 

sorafenib through PI3K pathways in hepatocellular carcinoma cells. Biomed. Pharmacother. 125, 110033 (2020).
	47.	 Abdelmageed, M. M., El-Naga, R. N., El-Demerdash, E. & Elmazar, M. M. Indole-3-carbinol enhances sorafenib cytotoxicity in 

hepatocellular carcinoma cells: A mechanistic study. Sci. Rep. 6, 32733 (2016).
	48.	 Zhang, Y. et al. Chenodeoxycholic acid enhances the effect of Sorafenib in inhibiting HepG2 cell growth through EGFR/Stat3 

pathway. Front. Oncol. 12, 836333 (2022).
	49.	 Kumar, S. S. et al. KRAS G13D mutation and sensitivity to cetuximab or panitumumab in a colorectal cancer cell line model. 

Gastrointest. Cancer Res. GCR. 7(1), 23 (2014).
	50.	 Fujita, K. et al. Anti-tumor effects of bevacizumab in combination with paclitaxel on head and neck squamous cell carcinoma. 

Oncol. Rep. 18(1), 47–51 (2007).
	51.	 Mesti, T. et al. Metabolic impact of anti-angiogenic agents on U87 glioma cells. PLoS ONE. 9(6), e99198 (2014).
	52.	 Zhang, Q. et al. Inhibitory effect of carboplatin in combination with bevacizumab on human retinoblastoma in an in vitro and 

in vivo model. Oncol. Lett. 14(5), 5326–5332 (2017).
	53.	 Yang, Y. et al. The monoclonal antibody CH12 enhances the sorafenib-mediated growth inhibition of hepatocellular carcinoma 

xenografts expressing epidermal growth factor receptor variant III. Neoplasia 14(6), 509–518 (2012).
	54.	 Mahfouz, N. et al. Gastrointestinal cancer cells treatment with bevacizumab activates a VEGF autoregulatory mechanism involving 

telomerase catalytic subunit hTERT via PI3K-AKT, HIF-1α and VEGF receptors. PLoS ONE 12(6), e0179202 (2017).
	55.	 Hubbard, J. M. et al. Phase I/II randomized trial of sorafenib and bevacizumab as first-line therapy in patients with locally advanced 

or metastatic hepatocellular carcinoma: North central cancer treatment group trial N0745 (Alliance). Target. Oncol. 12(2), 201–209 
(2017).

	56.	 Wu, W. D. et al. Antrodia cinnamomea boosts the anti-tumor activity of sorafenib in xenograft models of human hepatocellular 
carcinoma. Sci. Rep. 8(1), 1–13 (2018).

	57.	 Youssef, M. M. et al. Novel combination of sorafenib and biochanin-A synergistically enhances the anti-proliferative and pro-
apoptotic effects on hepatocellular carcinoma cells. Sci. Rep. 6(1), 1–12 (2016).

	58.	 Rusovici, R., Patel, C. J. & Chalam, K. V. Bevacizumab inhibits proliferation of choroidal endothelial cells by regulation of the cell 
cycle. Clin. Ophthalmol. (Auckland, NZ). 7, 321 (2013).

	59.	 Long, F. et al. Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma 
cell lines. RSC Adv. 7(34), 21342–21351 (2017).

	60.	 Pu, X. et al. Caspase-3 and caspase-8 expression in breast cancer: Caspase-3 is associated with survival. Apoptosis 22(3), 357–368 
(2017).

	61.	 Fang, L., Li, Z., Chen, Y. & Xiao, G. Cyramza induces apoptosis of HCC4006 cell by affecting the level of Bcl-w. Eur. Rev. Med. 
Pharmacol. Sci. 21, 3069–3074 (2017).

	62.	 Saraswati, S., Alhaider, A., Abdelgadir, A. M., Tanwer, P. & Korashy, H. M. Phloretin attenuates STAT-3 activity and overcomes 
sorafenib resistance targeting SHP-1–mediated inhibition of STAT3 and Akt/VEGFR2 pathway in hepatocellular carcinoma. Cell 
Commun. Signal. 17(1), 127 (2019).

	63.	 Jiguet-Jiglaire, C. et al. Plasmatic MMP9 released from tumor-infiltrating neutrophils is predictive for bevacizumab efficacy in 
glioblastoma patients: An AVAglio ancillary study. Acta Neuropathol. Commun. 10(1), 1–14 (2022).

	64.	 Chiang, I.-T. et al. Sorafenib inhibits TPA-induced MMP-9 and VEGF expression via suppression of ERK/NF-κB pathway in 
hepatocellular carcinoma cells. In Vivo. 26(4), 671–81 (2012).

	65.	 Gialeli, C., Theocharis, A., Kletsas, D., Tzanakakis, G. & Karamanos, N. Expression of matrix macromolecules and functional 
properties of EGF-responsive colon cancer cells are inhibited by panitumumab. Invest. New Drugs 31(3), 516–524 (2013).

	66.	 Shimodaira, Y. et al. Ramucirumab for the treatment of gastroesophageal cancers. Expert Opin. Orphan Drugs 3(6), 737–746 (2015).



16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17889  | https://doi.org/10.1038/s41598-022-21582-w

www.nature.com/scientificreports/

	67.	 Attar-Schneider, O. et al. Bevacizumab attenuates major signaling cascades and eIF4E translation initiation factor in multiple 
myeloma cells. Lab. Invest. 92(2), 178–190 (2012).

	68.	 Krbal, L. et al. Contribution of in vitro comparison of colorectal carcinoma cells from primary and metastatic lesions to elucidation 
of mechanisms of tumor progression and response to anticancer therapy. Tumor Biol. 37(7), 9565–9578 (2016).

	69.	 Le, X. et al. Dual EGFR-VEGF pathway inhibition: A promising strategy for patients with EGFR-mutant NSCLC. J. Thorac. Oncol. 
16(2), 205–215 (2021).

	70.	 El-Tanani, M. et al. Importance of STAT3 signalling in cancer, metastasis and therapeutic interventions. Cell. Signal. 92, 110275 
(2022).

	71.	 Ding, C., Li, L., Yang, T., Fan, X. & Wu, G. Combined application of anti-VEGF and anti-EGFR attenuates the growth and angio-
genesis of colorectal cancer mainly through suppressing AKT and ERK signaling in mice model. BMC Cancer 16(1), 1–13 (2016).

	72.	 Wu, H.-H. et al. Bevacizumab regulates cancer cell migration by activation of STAT3. Asian Pac. J. Cancer Prev. 16(15), 6501–6506 
(2015).

	73.	 Kruser, T. J. et al. Augmentation of radiation response by panitumumab in models of upper aerodigestive tract cancer. Int. J. Radiat. 
Oncol. Biol. Phys. 72(2), 534–42 (2008).

	74.	 Baba, Y. et al. Panitumumab interaction with TAS-102 leads to combinational anticancer effects via blocking of EGFR-mediated 
tumor response to trifluridine. Mol. Oncol. 11(8), 1065–1077 (2017).

	75.	 Kudo, M. et al. Ramucirumab after prior sorafenib in patients with advanced hepatocellular carcinoma and elevated alpha-
fetoprotein: Japanese subgroup analysis of the REACH-2 trial. J. Gastroenterol. 55, 1–13 (2020).

	76.	 Finn, R. S. et al. Ramucirumab for patients with advanced hepatocellular carcinoma and elevated α-fetoprotein following a non-
sorafenib based first-line therapy: Final results from an expansion cohort of REACH-2. Am. Soc. Clin. Oncol. 40, 423 (2022).

	77.	 Yen, C.-C. & Yen, C.-J. Safety of ramucirumab treatment in patients with advanced hepatocellular carcinoma and elevated alpha-
fetoprotein. Expert Opin. Drug Saf. 21(2), 157–166 (2022).

Acknowledgements
The authors gratefully thank Dr. Aly Fahmy Mohamed at The International Center for Training & Advanced 
Researches (ICTAR–Egypt), Cairo 11647, Egypt, through which the photographs in figures 2 and 3 were picked 
up and interpreted. His valuable technical advices are also acknowledged.

Author contributions
A.M.T.: displayed the lab work, data presentation and wrote the draft of the manuscript. M.M.A.: research idea 
conceptualization, data analysis, manuscript writing, and revision. H.H.Z.: research idea conceptualization, 
supervised the work, data analysis, manuscript revision. O.M.H.: research idea conceptualization, planned the 
experiments, supervised the work, data analysis, manuscript writing.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB). This study was not funded by any organization.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​21582-w.

Correspondence and requests for materials should be addressed to M.M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-21582-w
https://doi.org/10.1038/s41598-022-21582-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ramucirumab combination with sorafenib enhances the inhibitory effect of sorafenib on HepG2 cancer cells
	Materials and methods
	Tested therapeutic agents. 
	Culturing and treating HepG2 with the tested therapeutic agents. 
	Determination of the IC50 of sorafenib, bevacizumab, panitumumab and ramucirumab and their combinations on HepG2 cancer cells using MTT assay. 
	Microscopial examination of the morphological and structural changes in HepG2 cancer treated cells. 
	Flow cytometry for testing the effect of sorafenib, bevacizumab, panitumumab and ramucirumab and sorafenib-monoclonal antibody combinations on cell cycle and apoptosis in HepG2 cancer cells. 
	RT-PCR for determining the relative expression of VEGFR2, EGFR, MMP-9 and CASPASE3 genes in HepG2 cancer treated cells. 
	Determining the concentration of pSTAT3 and pVEGFR2 in HepG2 cancer treated cells. 
	Protein extraction and western blot analyses for determining the protein expression of VEGFR2, EGFR and cleaved CASPASE3 in HepG2 cancer treated cells. 
	Statistical analysis. 

	Results
	Effect of sorafenib, bevacizumab, panitumumab and ramucirumab on viability of HepG2 cancer cell line using MTT assay. 

	Microscopial examination of the morphological and structural changes in HepG2 cancer treated cells
	Flow cytometry for testing the effect of sorafenib, bevacizumab, panitumumab and ramucirumab and sorafenib-tested monoclonal antibody combinations on cell cycle and apoptosis of HepG2 cancer cells. 
	Effect of single and combined treatments on the relative expression of CASPASE3, MMP-9, VEGFR2 and EGFR in HepG2 cancer treated cells. 
	Effect of single and combined treatments on the protein levels of pSTAT3 and pVEGFR2 in HepG2 cancer treated cells. 
	Effect of single and combined treatments on the protein expression of cleaved CASPASE3, VEGFR2 and EGFR in HepG2 cancer cells. 

	Discussion
	Conclusions
	References
	Acknowledgements


