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Abstract. The purpose of the present study was to evaluate 
the effects of vascular endothelial growth factor (VEGF) 
on tumorigenic properties in two‑dimensional (2D) and 
three‑dimensional (3D) cultures of hepatoma cells. The 
proliferation and invasion of hepatoma cells was assessed 
using wound healing, chemotaxis Transwell, invasion, 
tube‑forming and hanging drop assays in both 2D and 3D 
cultures. The expression levels of epithelial‑mesenchymal 
transition (EMT) and stemness markers were analysed using 
reverse transcription‑quantitative PCR (RT‑qPCR) for mRNA 
expression and immunofluorescence assay for protein expres‑
sion. To validate the role of VEGF in tumour growth, a VEGF 
receptor (VEGFR) inhibitor (sorafenib) was used. The results 
demonstrated that the hepatoma cells formed 3D spheroids that 
differed in size and density in the absence and presence of the 
growth factor, VEGF. In all spheroids, invasion and angiogen‑
esis were more aggressive in 3D cultures in comparison to 2D 
conditions following treatment with VEGF. Mechanistically, 
the VEGF‑mediated increase in the levels of EMT markers, 
including Vimentin, N‑cadherin 2 (Cadherin 2) and Thy‑1 
Cell Surface Antigen was observed in the 2D and 3D cultures. 
Sorafenib treatment for 24 h culminated in a marked reduc‑
tion in cell migration, cell‑cell adhesion, spheroid compaction 
and EMT gene expression in 3D models as compared to the 
2D models. On the whole, the findings of the present study 
suggested that as compared to the 2D cell cultures, 3D cell 
cultures model may be used as a more realistic model for the 
study of tumour growth and invasion in the presence of angio‑
genic factors, as well as for tumour inhibitor screening.

Introduction

Hepatocellular carcinoma (HCC) is one of the most lethal 
cancer types worldwide (1). It is a highly vascularized 
tumour and angiogenesis plays a crucial role in its develop‑
ment, invasion and metastasis. The induction of angiogenesis 
has been recognized as a crucial step for HCC progression 
and one of the hallmarks of HCC progression (2‑5). The 
process of angiogenesis comprises of an active prolifera‑
tion and new vessel formation of vascular endothelial cells, 
followed by the release of several growth factors, including 
vascular endothelial growth factor (VEGF), platelet‑derived 
growth factor and erythropoietin (6‑8). One of the main 
associations between angiogenesis and HCC growth is the 
transition of epithelial liver cells to a mesenchymal pheno‑
type, specified as epithelial‑mesenchymal transition (EMT) 
by angiogenic growth factors, such as VEGF (9‑12). EMT 
confers traits of mesenchymal cells to hepatic tumour cells, 
which subsequently display a high motility and aggressive‑
ness. Thus, tumour cells acquire the ability to easily enter 
the bloodstream by invading tumour tissues and blood vessel 
walls, ultimately resulting in metastasis (8). Hepatic tumour 
growth, angiogenesis and EMT have been mostly studied 
in two‑dimensional (2D) cell line models in vitro; however, 
they may not be the ideal system for the elucidation of the 
underlying molecular mechanisms as they do not mimic 
the complex in vivo tumour tissue architecture. It has been 
reported in recent studies that three dimensional (3D) models 
more closely resemble the in vivo tumour microenvironment 
by exhibiting complex phenotypic heterogeneity. It has been 
illustrated that cell‑matrix interactions are better recre‑
ated by complex aggregated cell populations in 3D culture 
systems rather than simple 2D cell monolayers (13,14). 3D 
in vitro models of HCC recapitulate the phenotypic and 
functional characteristics of the in vivo liver tissue and hence 
may be best suited to comprehend the role of growth factors 
in inducing EMT and tumour growth (15,16). VEGF is one 
of the key cytokines that affects tumour survival, spread and 
aggressiveness. The effect of VEGF has been evaluated on 
several tumour cell lines using conventional two‑dimen‑
sional (2D) cell culture models; however, they have provided 
only limited information. Provided that three‑dimensional 
(3D) cell spheroid cultures closely mimic the in vivo‑like 
microenvironments, the effects of exogenous treatment with 
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VEGF on several tumorigenic properties of hepatoma cell 
lines were investigated in the present study.

Materials and methods

Cells and cell culture. Human liver hepatoma Huh7 (p53mut) 
and liver cancer HepG2 (p53+\+) cell lines were obtained from 
the National Centre for Cell Science (Pune, India). All cell 
lines were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) with 10% 
FBS (HyClone; Cytiva) and 100 µg/ml streptomycin and 
100 IU/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C in incubator containing 5% CO2. Human umbilical 
vein endothelial cells (HUVECs), which are primary cell line 
(cat. no. CL019; Hi‑media Laboratories, LLC) were grown 
in endothelial medium (HiMedia Laboratories, LLC) with 
growth factors and 1% antibiotics (100 µg/ml streptomycin 
and 100 IU/ml penicillin) on gelatin‑coated plates.

Co‑culture of cells. In order to examine the mechanisms 
through which endothelial cells modulate the tumorigenic 
behaviour of HBx‑transfected hepatoma cells, direct and 
indirect co‑cultures were performed. For indirect co‑cultures, 
Huh7 cells were treated with conditioned medium (CM) from 
HUVECs. CMs were prepared after serum starvation of these 
cells for 24 h and then collecting the supernatants after centrif‑
ugation to remove cell debris. For obtaining VEGF‑induced 
cells, hepatoma cells were exposed to a 10 ng/ml VEGF 
concentration for 48 h (17).

Drug induction in cells. For the evaluation of the effects of the 
inhibition of VEGF on hepatoma cells, the cells were exposed 
to a sorafenib (BAY‑BAYERS Corporation) at a concentra‑
tion of 15 µm, dissolved in 0.1% dimethyl sulfoxide (DMSO, 
HiMedia Laboratories, LLC) for 24 h (18).

Cell proliferation. Initially, Huh7 cells were seeded at a 
concentration of 30,000 cells/well in a 6‑well plate and incu‑
bated overnight at 37˚C. On the following day, the cells were 
exposed to VEGF and incubated for 24 h at 37˚C. Following 
24 h, the cells were trypsinized, stained with trypan blue 
(HiMedia Laboratories, LLC) at room temperature and imme‑
diately counted using a haemocytometer chamber slide. Cell 
numbers were counted manually at 10X objective using under 
an inverted light microscope (NIKON Eclipse Ti inverted 
microscope, Nikon Corporation), and the average of three 
independent experiments was used.

Transwell assays. Control and VEGF‑induced hepatoma cells 
were detached, harvested by centrifugation (75 g for 5 min at 
25˚C) and resuspended in DMEM (without serum), and then 
50,000 cells per chamber placed in the upper chamber of a 
modified Boyden chamber consisting of uncoated polycar‑
bonate filter membranes of an 8‑µm pore size. For invasion, the 
Transwell insert was first coated with Matrigel. The chamber 
was placed in a 24‑well culture dish containing DMEM with 
FBS in the lower chamber. After 24 h (for chemotaxis) and 
48 h (for invasion) incubation at 37˚C, the lower side of the filter 
was washed with PBS and fixed with 4% paraformaldehyde 
(HiMedia Laboratories, LLC) for 2 min at room temperature. 

The cells were then washed and permeabilized by 100% 
methanol (HiMedia Laboratories, LLC) for 20 min at room 
temperature. For quantification, cell nuclei were stained with 
0.5% crystal violet (HiMedia Laboratories, LLC) for 15 min at 
RT. The upper side of the filter containing the non‑migrating 
cells was scraped with a cotton swab. Cells migrating towards 
the lower chamber were counted manually at 4X objective in 
random fields under an inverted light microscope (NIKON 
Eclipse Ti inverted microscope, Nikon Corporation).

Wound healing assay. Control, VEGF‑induced and 
sorafenib‑treated hepatoma cells were plated in 12‑well 
plates (3x106 cells/well). Following a 6‑h exposure to 
serum‑starved conditions, a scratch was made on the cell 
layer using a 100 µl sterile micropipette tip, in order to create 
a wound. The cells were photographed using a phase‑contrast 
microscope (NIKON Eclipse Ti inverted microscope, Nikon 
Corporation), to determine the wound width at the 0 h time 
point. Following a 24‑h culture, the cells were photographed 
again. Wound healing was visualized by comparing cell layers 
at 0 h with those at 24 h, analysing the distance migrated 
by the leading edge of the wound at each time point in all 
the study groups. The relative wound width was measured 
as wound width at the 24‑h timepoint, divided by the wound 
width at the 0‑h time point. Measurements were made using 
Software NIS Elements (version 2.3) of the NIKON Eclipse 
Ti inverted microscope (Nikon Corporation). The width was 
measured in µm.

Tube formation assay. Huh7 cells were seeded at 
50,000 cells/well with HUVECs at a 1:1 ratio for direct 
co‑culture on a growth factor‑reduced Matrigel‑coated 24‑well 
plate and were incubated overnight at 37˚C. For indirect 
co‑cultures, hepatoma cells were seeded at 50,000 cells/well 
with CM from HUVECs including VEGF (10 ng/µl) on 
Matrigel, as described above. The average number (from 4‑5 
fields) of tube networks and circles per field were counted 
manually, under an inverted microscope (NIKON Eclipse Ti 
inverted microscope, Nikon Corporation) and photographed 
at 10X objective.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
Control, VEGF‑induced and sorafenib‑treated hepatoma cells 
were harvested using trypsin‑EDTA solution (0.25%). Total 
RNA was isolated by using Trizol® reagent (Thermo Fisher 
Scientific, Inc.) and quantified at 260/280 nm using a Thermo 
Scientific Nanodrop 2000 Spectrophotometer (Thermo Fisher 
Scientific, Inc.). The absorption ratio A260/A280 nm between 
1.90 and 2 was considered to indicate adequate RNA quality. 
First strand cDNA was synthesized from 1 µg of total RNA 
using reverse transcriptase (cat. no# AB1453B; Verso cDNA 
synthesis kit; Thermo Fisher Scientific, Inc.) according to the 
manufacturer instructions. qPCR was performed by using 
SYBR‑Green PCR master mix (Fermentas; Thermo Fisher 
Scientific, Inc.) on the ViiA7 instrument PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The following 
cycling parameters were used: Start at 95˚C for 5 min, 
denaturing at 95˚C for 30 sec, annealing at 60˚C for 30 sec, 
elongation at 72˚C for 30 sec, and a final 5 min extra extension 
at the end of the reaction and repeated for 40 amplification 
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cycles. The primer pairs used in the present study are listed 
in Table SI.

3D spheroid cultures. Tumour spheroids were generated 
by seeding 4,000 cells/well in six‑well ultra‑low attachment 
culture plates (Corning Inc.), culturing them in DMEM/F12 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
5% FBS (HyClone; Cytiva) then incubated at 37˚C in a 5% 
CO2 incubator for 2‑3 days; after 3 days the medium was 
replaced with serum‑free medium (with or without VEGF; 
10 ng/µl). For HUVEC direct co‑culture spheroids, Huh7 and 
HUVECs were grown at a 1:1 ratio with DMEM plus endo‑
thelial medium at a ratio of 1:1 and for indirect co‑cultures, 
the medium was replaced with CM of HUVECs. Spheroids 
were further grown on ultra‑low attachment plates for 2 weeks 
in order to establish 3D anchorage‑independent models. The 
3D anchorage‑independent models were imaged using a Nikon 
Eclipse Ti inverted microscope (Nikon Corporation) and the 
average size of the spheroids was measured using ImageJ 
Software (version 2.3, National Institutes of Health).

Hanging drop cultures. The hanging drop method was utilized 
to evaluate the tumorigenic potential of HCC tumour spher‑
oids. Untreated and treated cells (with VEGF, 10 ng/µl and/or 
sorafenib, 15 µM) were seeded in a hanging‑drop plate at a 
concentration of 1,000 cells/µl in growth medium. Images of 
drops were obtained at 24 and 72 h post‑treatment. Tumour 
spheroid adhesion occurrence was scored on a 0‑2 scale, with 
‘0’ score depicting no spheroid formation, ‘1’ the formation 
of a loose spheroid, and ‘2’ signifying compact spheroid 
formation. Migration was visualized by comparing the 0‑h 
with the 24‑ and 72‑h images and analyzing the distance 
migrated by the cells to aggregate at each time point in all 
the study groups. Relative migration percentage was measured 
as the migrated cell area at 24 and 72 h, divided by the total 
area covered by seeded cells at 0‑h time point. All measure‑
ments were performed using Software NIS Elements (version 
2.3) from NIKON Eclipse Ti (Nikon Corporation). In order 
to obtain morphometric data, two to three individual plates 
of each condition were imaged, and four to six images were 
obtained from each plate. Calibrated images were exported 
using ImageJ software, (version, 1.53e, National Institutes 
of Health) for morphometric analysis. The polygon tool was 
used to outline the spheroids and projected area was measured 
as [4π x (area)]/(perimeter)². The measurement unit was 
µm (19‑21).

Spheroid invasion assay. Spheroids (1‑week‑old; both 
VEGF‑induced and control) were seeded in 24‑well cell 
culture plates on which the Matrigel (5 mg/ml) was coated 
(Life technologies; Thermo Fisher Scientific, Inc.). Images 
were obtained at various time points (days 2, 5, 7 and 10) at 20x 
magnification using an inverted microscope (Nikon Ti Eclipse; 
Nikon Corporation). Area invaded by the cells was evaluated 
by assessing the sprouting areas per spheroid which were 
quantified using ImageJ software (version 1.53e) (13,19,22).

Immunofluorescence and histological analysis. Spheroids 
were fixed in 4% paraformaldehyde (HiMedia Laboratories, 
LLC) over night at 4˚C. Subsequently, the spheroids were 

rinsed with PBS (HiMedia Laboratories, LLC) and stained 
with 0.1% eosin (HiMedia Laboratories, LLC) for 15 min 
at room temperature. For cryosectioning, the spheroids 
were embedded in cryostat freezing mix (Sakura Finetek, 
USA) at ‑20˚C. Sections of 4 µm thickness were mounted 
on pre‑warmed slides. Standard haematoxylin‑ and eosin 
spheroid‑stained slides (staining at room temperature for 
8 and 5 min, respectively) were first evaluated to confirm 
spheroid quality. For immunof luorescence staining, 
4‑µm‑thick cryosections were cut and hydrated with 0.5% 
BSA‑PBS (HiMedia) for 15 min. The sections were exposed 
to blocking buffer (0.1% donkey serum‑PBS; Sigma‑Aldrich; 
Merck KGaA) for 30 min. The spheroids were then incubated 
overnight using primary mouse Vimentin (VIM) antibody 
(1:50, Cat no# sc‑6260; Santa Cruz Biotechnology, Inc.; 1:50) 
at 4˚C. After washing, cells were incubated with anti‑mouse 
Alexa Fluor 594 (Dilution 1:500, Cat no#sc‑516608, Santa 
Cruz Biotechnology, Inc.) secondary antibody for 45 min at 
RT. Finally, the sections were mounted with DAPI (HiMedia) 
for 5 min at RT.‑Stained images were acquired using a fluo‑
rescent microscope (Nikon Ti Eclipse; Nikon Corporation). 
For 2D culture immunofluorescence, Huh7 cells were first 
permeabilized with Triton‑X (0.1%, HiMedia) and followed 
by 4% paraformaldehyde. Following this, cells were blocked 
with serum (1% FBS (Hyclone) in PBS (HiMedia) for 1 h. All 
remaining staining protocol steps were performed as previ‑
ously described. Number of fluorescent cells were counted 
manually (n=3) using ImageJ software (version 1.53e, 
National Institutes of Health) by applying a ‘sharp edges cell 
filter’ and the percentage was calculated according to the 
ratio of average number of VIM‑positive cells to the average 
number of DAPI‑stained cells per field (in 2D culture).

Cell adhesion assay. Briefly, 48‑well plates pre‑coated with 
fibronectin (10 ng/ul; FN, Himedia) and bovine serum albumin 
(1% BSA; both HiMedia) were washed with PBS twice and 
blocked for 1 h at 37˚C with DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) containing 0.1% BSA (HiMedia) before plating 
the cells. A cell suspension containing 2x105 cells/ml (control 
and VEGF‑induced Huh7 cells) was prepared in serum‑free 
medium. The cell suspension (150 µl) was added to each 
well (BSA‑coated wells acting as a negative control). Cells 
were allowed to adhere for 1 h at 37˚C. Subsequently, the 
unadhered cells were removed by gentle washing three times 
with PBS. Adherent cells were stained with 0.5% crystal 
violet for 10 min at room temperature and the optical density 
values were measured at 405 nm wavelength using microplate 
reader (Synergy/H1 Hybrid Multimode Plate Reader; Agilent 
Technologies, Inc.).

MTT assay. For the assay, 10,000 cells/well were plated 
[control, VEGF‑induced and sorafenib (15 µM) treated Huh7 
cells] in a 96‑well plate and incubated at 24 and 48 h. Cells 
were washed with PBS and 20 µl MTT (0.5 mg/ml; HiMedia) 
were added to each well of the plate. The plates were incubated 
at 37˚C for 4 h. Subsequently, 200 µl DMSO was added for 
formazan solubilization and mixed thoroughly and left in the 
dark for 10 min. Intensity of the colour developed was recorded 
at 570 nm using a fluorescence microplate reader (Synergy/H1 
Hybrid Multimode Plate Reader; Agilent Technologies, Inc.).
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Statistical analysis. All quantitative data are expressed as the 
mean ± standard deviation.

An unpaired Student's t‑test was used for analyses and 
comparisons between two groups. For multiple group analyses 
and comparisons, one‑way ANOVA was used, with the subse‑
quent application of Tukey's post hoc test. All experiments 
were repeated at least three times. P<0.05 was considered to 
indicate a statistically significant difference.

Results

VEGF promotes tumour growth in 2D and 3D cultures. To 
examine the effects of VEGF on tumour growth, the hepa‑
toma cells were incubated with VEGF in 2D and 3D tumour 
cell models. In 2D models, cell proliferation was assessed by 
counting the actual number of cells using trypan blue exclusion 
experiments and also using MTT cell viability assay. Following 
a 24‑h incubation with VEGF, the cell numbers were found 
to be significantly higher in the VEGF‑induced Huh7 cells as 
compared to the control Huh7 cells (Fig. 1A and B; P<0.05). 
MTT assay also revealed that VEGF induction enhanced 
the proliferation of Huh7 cells both after 24 h (P<0.05) 
and 48 h (P<0.01) as compared to the control Huh7 cells 
(Fig. 1C). In 3D models, tumour growth was assessed using 
spheroid growth in ultra‑low attachment plates as suspension 
cultures, for 2 weeks, continuously, to avoid sub‑culturing. 
Huh7 cells (4,000 cells/well) without or with VEGF induc‑
tion formed distinct spheroids within 14 days of suspension 

culture (Fig. 1D and F). The number of spheroids and their 
sizes revealed that the VEGF‑induced Huh7 spheroids were 
significantly increased in number (Fig. 1E; P<0.01) and also 
larger in size (551 µm; 3.7‑fold), as compared to the spheroids 
formed by hepatoma cells without VEGF induction (146 µm; 
Fig. 1G; P<0.001).

Tumorigenic properties in the presence of VEGF in 2D vs. 3D 
cultures. In 2D hepatoma models, the wound healing, adhesion 
and migration potential of the hepatoma cells were examined, 
in order to investigate the tumorigenic properties. The results 
depicted that VEGF‑induced Huh7 cells exhibited a relatively 
smaller wound width or increased migration (Fig. 2A and B; 
P<0.01), increased adhesion (Fig. 2C) and higher chemotaxis 
(Fig. 2D and E; P<0.05), as compared to the control Huh7 cells. 
In 3D models, non‑adherent hanging drop cultures for spheroid 
formation were used to evaluate the tumorigenic property, on 
which cellular aggregation is promoted based on gravity and 
there is complete absence of a substratum. The adhesion prop‑
erty by the formation of 3D spheroids was evaluated within a 
stringent time point i.e, on days 0 to 3, and the adhesion of cells 
to form spheroids and the spheroid compactness was considered 
as a measure of tumorigenic property. On day 3, cell‑to‑cell 
adhesion and spheroid compaction were significantly increased 
in spheroids which were treated with VEGF, as compared to 
spheroids derived from control cells in the absence of VEGF 
(Fig. 2F and G; P<0.01). Migration was assessed by the distance 
covered by cells within a confined space to form a spheroid from 

Figure 1. Proliferation assay and tumor growth assay in 2D and 3D culture respectively. (A and B) Phase contrast images of Huh7 cells (treated with VEGF 
and media alone; magnification, x10) and bar chart demonstrating the number of cells proliferated per well using trypan blue dye exclusion assay (number in 
millions). (C) Bar chart, depicting MTT assay; OD at 570 nm in Huh7 (control), Huh7 cells induced with VEGF at 24 and 48 h time points. (D and E) Phase 
contrast images of the number of spheroids formed by Huh7 cells (treated with VEGF and media alone) per field (magnification x4) and bar chart, demon‑
strating spheroid number per field. (F and G) Phase contrast images of size of spheroids formed by Huh7 cells (treated with VEGF and medium alone) per field 
(magnification, x20) and bar chart demonstrating the size of spheroids per field (in µm). Data are represented as the mean ± SD. (n=3 each). *P<0.05, **P<0.01 
and ***P<0.001. VEGF, vascular endothelial growth factor. 
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days 0 to days 1 and 3. The results revealed that on day 3, the 
percentage of migrating cells in the hanging drop able to form 
a compact spheroid was 53.10% in the VEGF‑induced cells as 
compared to 33.64% in the control cells (Fig. 2H; P<0.01). The 
average spheroid sizes are presented in Table SII.

Invasive properties in the presence of VEGF in 2D vs. 3D 
cultures. Tumour invasion in 2D cultures was measured as 
number of cells invading through the extracellular matrix 
(ECM; Matrigel‑coated Transwell) per field, and the invasion 
in 3D models was measured as the average percentage of area 
invaded by the spheroids (n=4) through the ECM (Matrigel). 
In 2D models, the results demonstrated that the numbers of 
Huh7 cells that invaded through the Matrigel were increased 
when incubated with VEGF, as compared to the control Huh7 
cells after 48 h (Fig. 3A and B; P<0.05). In 3D models, the 
VEGF‑induced spheroids that invaded into the Matrigel (which 
functioned as ECM) after day 2, demonstrated an enhanced 
invasive potential at various time points, namely day 2 
(Fig. 3D), day 5 (Fig. 3E; P<0.05), day 7 (Fig. 3F; P<0.05) and 
day 10 (Fig. 3G; P<0.01). The results also revealed that after 
day 10, the VEGF‑induced spheroids formed some vessel‑like 
structures (black arrows, Fig. 3C) inside the Matrigel. The 
average spheroid sizes are presented in Table SII.

VEGF enhances the stemness potential and triggers EMT in 
the 2D monolayer and 3D spheroid model. In 2D models, gene 
expression data revealed an upregulation of mesenchymal genes, 
including VIM (Fig. 4B; P<0.05), N‑cadherin [or Cadherin 
2 (CDH2); Fig. S1A; P<0.01], Thy‑1 cell surface antigen 

(THY‑1; Fig. S1B; P<0.05) and the cancer stemness marker, 
CD133 (Fig. 4C; P<0.05), while E‑cadherin [or Cadherin 1 
(CDH1); epithelial marker; Fig. 4A] in VEGF‑induced Huh7 
cells was downregulated in comparison to the control cells. 
CDH1 gene expression data were also validated in the HepG2 
liver cancer cell line. The results revealed the upregulation 
of the mesenchymal genes, VIM (Fig. S2B; P<0.05), CDH2 
(Fig. S2D), THY‑1 (Fig. S2E; P<0.01), and the cancer stemness 
marker, CD133 (Fig. S2C; P<0.01), while CDH1 (Fig. S2A) 
in the VEGF‑induced HepG2 cells was downregulated in 
comparison to the control HepG2 cells in 2D cultures. In 3D 
models, gene expression analysis demonstrated an upregula‑
tion in the expression of the mesenchymal genes, VIM (Fig. 4F; 
P<0.05), CDH2 (Fig. S3A, P<0.05), THY‑1 (Fig S3B; P<0.01) 
and CD133 (Fig. 4G; P<0.01), while the expression of CDH1 
in the spheroids was only slightly reduced in presence of 
VEGF (Fig. 4E). In 2D culture models, the results of immuno‑
fluorescence staining revealed the increased expression of the 
mesenchymal marker, VIM (1.49‑fold higher, Fig. S4A and B; 
P<0.01) in the VEGF‑induced Huh7 cells as compared to the 
control cells (Fig. 4D). In 3D spheroid cultures, haematoxylin 
and eosin staining revealed better integrity and homogenous 
cell morphology in VEGF‑induced spheroids, as compared to 
the control spheroids (Fig. 4H). There was no marked differ‑
ence in the expression of the mesenchymal protein, VIM in the 
3D spheroids treated with and without VEGF (Fig. 4H).

Tumor growth in 2D and 3D cultures of hepatoma cells 
co‑cultured with endothelial cells. In order to determine 
the mechanisms through which heterogenous cell cultures 

Figure 2. Migration assays in 2D and 3D co‑cultures. (A) Phase contrast images of wound healing scratch assay demonstrating the migration of cells after 
the creation of a scratch in Huh7 cells with VEGF‑induced and control conditions at 0 and 24 h (magnification, x4). (B) Bar chart demonstrating the average 
of relative wound width at 24 h divided by the 0‑h wound width under various conditions. (C) Bar chart demonstrating the adhesion of cells on fibronectin 
coating; the absorbance was measured at 405 nm. (D) Phase contrast images of Transwell assays, demonstrating the migration of Huh7 cells (control and 
VEGF‑induced from the upper chamber towards the lower chamber after 24 h; magnification, x10). (E) Bar chart demonstrating the number of migrated control 
and VEGF‑induced cells in Transwell assays. (F) Phase contrast images of Huh7 spheroid formation in the control and VEGF treated cells at the day 1 and 
3 time points, to evaluate tumorigenic potential of cells (magnification, x4). (G) Bar chart demonstrating the tumorigenic potential of control and VEGF‑Huh7 
cells. (H) Bar chart demonstrating the relative migration percentage of control and VEGF‑Huh7 cells. The average size of the spheroids is presented in 
Table SII. Data are presented as the mean ± SD (n=3 each). *P<0.05 and **P<0.01. VEGF, vascular endothelial growth factor; Ct, control. 
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functioned in 2D and 3D hepatoma models, HUVECs 
and Huh7 cells were concurrently cultured in direct and 
indirect cultures on Matrigel‑coated wells. In 2D cultures, 

the results depicted that branch points (Fig. 5A and B; 
P<0.0001) and tube lengths (Fig. 5A and C; P<0.05) were 
significantly enhanced when Huh7 cells were co‑cultured 

Figure 4. Epithelial‑mesenchymal transition and cancer stemness gene expression and mesenchymal protein expression in 2D and 3D co‑cultures. Relative 
mRNA expression of (A) CDH1 (B) VIM (C) CD133 in Huh7 cells in presence of control medium and VEGF in 2D models (D) Staining of mesenchymal 
protein, VIM and DAPI in control and VEGF‑induced Huh7 cells (magnification, x10). Relative mRNA expression of (E) CDH1 (F) VIM (G) CD133 in Huh7 
cells in presence of control medium and VEGF in 3D models. (H) H&E images of control and VEGF‑induced spheroid (magnification, x20) and staining of 
mesenchymal protein, VIM and DAPI in control and VEGF‑induced spheroid (magnification, x20). Data are presented as tbe mean ± SD (n=3 each). *P<0.05 
and **P<0.01. VIM, vimentin; Ct, control; VEGF, vascular endothelial growth factor; CDH1, cadherin 1 (E‑cadherin); H&E, haematoxylin and eosin. 

Figure 3. Invasion assay in 2D and 3D co‑cultures. (A) Phase contrast images of Transwell assays, demonstrating the invasion of Huh7 cells (control and 
VEGF‑induced from the upper chamber toward lower chamber after 24 h; magnification, x10). (B) Bar chart demonstrating the number of invaded control 
and VEGF‑induced cells in Transwell assays. (C) Phase contrast images of invasion of control and VEGF‑induced Huh7 cells spheroids inside the Matrigel 
at various time points (days 2, 5, 7 and 10; magnification, x20). (D‑G) Bar charts presenting the percentage of invasion in the control and VEGF‑spheroids at 
various time points (days 2, 5, 7 and 10). The average size of the spheroids is presented in Table SII. Data are presented as the mean ± SD (n=3 each). *P<0.05 
and **P<0.01. VEGF, vascular endothelial growth factor.
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with HUVEC‑CM, as compared to single‑Huh7 cultures 
(Fig. 5A‑C). In direct 2D cultures, where Huh7 cells were 
cultured with HUVECs at a 1:1 ratio, the tubes were not 
well‑formed on the Matrigel (Fig. 5A‑C). Hence, we 
next developed anchorage‑independent heterologous 3D 
models of Huh7 cells and HUVECs. Size and number of 
the spheroids was significantly increased in Huh7 cells 
cultured with HUVECs (n=122; P<0.0001, 248.184 µm; 
1.5‑fold; P<0.0001) or when Huh7 cells were co‑cultured 
with HUVEC‑CM (n=187; P<0.0001, 325.631 µm; 2‑fold; 
P<0.0001), as compared to single Huh7 cultures (n=76; 
P<0.0001, 157.846 µm; Fig. 5D‑F).

Sorafenib, a multikinase inhibitor reduces migratory proper‑
ties in VEGF‑induced 2D and 3D cultures. The cytotoxicity 
of sorafenib on Huh7 cells in the absence or presence of VEGF 
was determined using MTT assay. It was demonstrated that 
the viability of VEGF‑untreated and VEGF‑treated Huh7 
cells was reduced by 19.8 and 29% respectively, following 
treatment with sorafenib for 24 h (Fig. S5; P<0.01). The 
effect of sorafenib on the 2D hepatoma cell culture migra‑
tory ability was evaluated by wound healing assay. In 2D 
and 3D cultures, in the presence of VEGF, sorafenib treat‑
ment resulted in a considerable reduction in migration in 2D 
cultures; i.e, a decreased wound healing ability as compared 
with untreated cells (Fig. 6A and B; P<0.05). In 3D cultures, 
on day 3, cell to cell adhesion and spheroid compaction were 
significantly decreased in the sorafenib‑treated spheroids as 
compared to the spheroids derived from control cells in pres‑
ence of VEGF (Fig. 6C and D, P<0.05). In addition, on day 3, 
the percentage of migration and compact spheroid formation 

was reduced in the hanging drops by sorafenib‑treated cells 
as compared to that observed in the control cells (50.77 vs. 
65.82%; P<0.01, Fig. 6E). The average size of spheroids 
is presented in Table SII. Furthermore, the effect of the 
angiogenesis inhibitor, sorafenib, on the expression of 
EMT‑related genes in 2D and 3D VEGF‑induced hepatoma 
models was analysed. In 2D models, the gene expression data 
revealed the upregulated expression levels of mesenchymal 
VIM (Fig. S6B) and CDH2 (Fig. S6C, P<0.05) and cancer 
stemness marker, CD133 (Fig. S6D), whereas there was no 
significant difference in the expression of CDH1 (epithelial 
marker; Fig. S6A) in the sorafenib‑treated cells, in compar‑
ison with the control cells. In the 3D models, sorafenib 
treatment resulted in downregulation in the expression of 
the mesenchymal genes, VIM (Fig. S6B; P<0.01), CDH2 
(Fig. S6C; P<0.01) and CD133 (Fig. S6D; P<0.01), while the 
differences in CDH1 expression in spheroids were not statis‑
tically significant between groups in the absence or presence 
of sorafenib (Fig. S6A).

In the context of migration, there was a 0.46‑fold inhibi‑
tion in 2D models while in 3D models, the inhibition in cell 
migration was 1.29‑fold (Fig. 6A‑E). Similarly, in terms 
of mesenchymal gene expression, in the 3D models, VIM 
expression was reduced by 2.27‑fold in sorafenib‑treated cells 
as compared to that observed in untreated cells, while in 2D 
models, VIM expression was decreased only by 1.23‑fold in 
sorafenib‑treated cells as compared to that in untreated cells 
(Fig. S6B). Expression of the cancer stemness gene, CD133 
was also reduced by 2.25‑fold in the 3D models, while in 2D 
models, it decreased only by 1.03‑fold (Fig. S6D, in comparison 
with untreated cells in respective conditions.

Figure 5. Matrigel tube assay in co‑cultures. (A) Phase contrast images of Huh7 cells alone, co‑cultures of Huh7:HUVECs (1:1) and Huh7 + HUVECs‑CM on 
Matrigel (magnification, x10). (B) Bar chart demonstrating the number of average network circles per field formed on the Matrigel under various conditions. 
(C) Bar chart demonstrating the average tube length per field formed on the Matrigel under various conditions. (D) Phase contrast images of the size of 
spheroids formed by Huh7 cells alone and Huh7 in co‑cultures (Huh7 + HUVECs and Huh7 + HUVECs‑CM) per field (magnification, x20) and (E and F) Bar 
charts demonstrating the size (in µm) and number of spheroids per field, respectively. ANOVA, followed by the Tukey's multiple comparison post hoc test, 
was used for multiple group data analysis. Data are presented as the mean ± SD (n=3 each). *P<0.05 and ****P<0.0001. HUVECs, human umbilical venules 
endothelial cells; CM, condition medium. 
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Discussion

In the present study, the role of VEGF in inducing EMT and 
cancer stemness in both 2D and 3D models of HCC was inves‑
tigated. In 2D models, the only known measure for tumour 
growth and invasion is the increase in cell numbers, whereas 
in anchorage‑independent 3D spheroid models, the estimation 
of spheroid sizes may also reflect in vivo aspects of tumour 
growth (23). Hepatoma cells cultured in anchorage‑inde‑
pendent 3D models have been demonstrated to exhibit 
increased stemness and gene expression in previous studies. 
Jung et al (24) previously reported Huh7 hanging drop models 
and Khawar et al (25) used Huh7 liquid overlay cultures for 
3D tumour‑related studies, in which tumour cells aggregate 
spontaneously, without an exogenous supply of ECM. These 
spheroids are heterogeneous cell populations (e.g., hypoxic vs. 
normoxic, quiescent vs. replicating cells), have a well‑defined 
geometry and undergo optimal physiological cell‑to‑cell 
interactions (26‑28). In 3D models, hepatoma cells formed 
well‑defined spheroids (551 µm in diameter) in the presence of 
VEGF in a time period of 2 weeks. In hanging drop cultures, 
cells migrated towards each other, ultimately aggregating in 
the drop, and then formed a compact spheroid which was a 
result of cell‑to‑cell adhesion (20). Hence, the migration and 
adhesion of hepatoma cells in these spheroids, considered as a 
measure of tumorigenic property, were considerably enhanced 
in cell cultures treated with VEGF, similar to that reported in a 
previous study utilizing 2D cell culture models (29). 3D model 
is an improved model for the study of tumorigenic properties, 

since both migration and adhesion can be studied in a single 
experimental model. By contrast, in the 2D monolayer model, 
two sets of experiments are required to study both character‑
istics. The invasive properties of HCC models were studied 
in presence of Matrigel, in 2D and 3D formats. The presence 
of Matrigel, which represents the ECM, adds another level of 
complexity to the 2D vs. 3D differences. Matrigel invasion 
assays demonstrated that hepatoma cells were capable of 
invading efficiently in the presence of VEGF in comparison 
to cells in the control media. In 3D models, it was feasible 
to efficiently monitor spheroid invasion in different days, 
whereas invasion in 2D models could be recorded only 
after 48 h. Similar to 3D models, it was attempted to study 
tumour invasion on different days for 2D models; however, 
the results were not consistent, possibly as only the number 
of cells invading through the ECM matrix (Matrigel) were 
counted, as a parameter for the evaluation of invasion. In 3D 
models, sprouting in the spheroids treated with VEGF after 
the 10th day was also observed, indicating that 3D spheroids 
may be a promising model to simultaneously study invasion 
and angiogenesis. However, angiogenesis was not extensively 
studied on Matrigel in the 3D models, since a significant 
formation of tubes and capillaries in 3D conditions, requires 
media provision to the spheroids by using a perfusion/fluidic 
system, which was not applied in the present study. HCC is a 
fairly unique type of carcinoma, in which fibrosis and chronic 
inflammation precedes the development of HCC in >90% 
of cases (30). An excessive deposition of the ECM has been 
reported as a key hallmark of HCC (31). Hence, studying the 

Figure 6. Migration in 2D and 3D co‑cultures after sorafenib treatment. (A) Phase contrast images of wound healing scratch assay demonstrating the migration 
of cells after the creation of a scratch in Huh7 cells with sorafenib‑induced and control conditions at 0 and 24 h (magnification, x10) in VEGF‑treated and 
untreated cells. (B) Bar chart demonstrating the average of relative wound width at 24 h width divided by the 0‑h wound width under various conditions. 
(C) Phase contrast images of Huh7 spheroid formation in control and sorafenib‑induced cells on the day 1 and 3 time points, to evaluate tumorigenic potential 
of VEGF‑treated and untreated cells (magnification, x4). (D) Bar chart demonstrating the tumorigenic potential and (E) relative migration percentage of cells 
in the various groups. Tukey's multiple comparisons test in ANOVA was used for multiple group data analysis. The average size of spheroids is presented in 
Table SII. Data are presented as the mean ± SD (n=3 each). *P<0.05, **P<0.01 and ***P<0.001. VEGF, vascular endothelial growth factor.
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tumorigenic potential and invasiveness of hepatoma cells in 
presence of ECM substrates, such as Matrigel is relevant (25).

The present study then investigated whether the 3D tumour 
spheroids also exhibit a gene expression profile, characterized 
by EMT and stemness. In our previous study, we demonstrated 
that TGF‑β imparted mesenchymal traits to the hepatoma 
cells (32). In another study, Takai et al (33) cultured different 
hepatoma cells on varied matrices, demonstrating that cells in 
porous alginate scaffolds may be able to generate organoid‑like 
spheroids that mimic numerous in vivo features. It was stated in 
their study that EpCAM+ hepatoma cells cultured as spheroids 
may be more sensitive to TGFβ‑induced EMT and possess 
increased tumorigenic and metastatic potential, as compared 
to conventional 2D cultures. The variability of TGFβ‑mediated 
tumorigenic effects on 2D and 3D cultures have also been 
reported in ovarian cell lines (34). In the present study, the 
effects of VEGF on the tumour properties of hepatoma cells 
were evaluated in a 2D, as well as in a 3D microenvironment. 
The results revealed that hepatoma cells formed 3D spheroids, 
which differed in size and density in absence and presence of 
the same VEGF concentration. In all spheroids, tumour inva‑
sion and angiogenesis were more aggressive in 3D cultures in 
comparison to 2D conditions, following treatment with VEGF. 
In terms of gene expression, the VEGF‑mediated increase in 
the levels of the EMT markers, VIM, CDH2 and THY‑1 was 
observed in both 2D and 3D cultures; however, the increase 
was more notable in the 2D conditions as compared to that 
observed in 3D conditions, which may be attributed to the 
fact that tumour cells in 3D conditions may be differentially 
exposed to VEGF. CDH1, a cell‑to‑cell adhesion receptor 
is an important determinant of tumour progression and it 
has been reported to be downregulated in numerous HCC 
tumours (35). In the presence of VEGF, no change in CDH1 
gene expression was observed in 3D models, whereas in 2D 
models, a decreased expression of CDH1 was observed, which 
was in line with a previously published study (36). Of note, a 
proportionate increase in the remaining gene expression levels 
was not observed in the 3D models, in comparison to the 2D 
models. These findings suggested that 3D cultures potentially 
avoid the overestimation of mechanistic observations in 2D 
cultures, which may be ascribed to many reasons. Firstly, 
cells in 2D are all at the same cell cycle stage, whereas 3D 
cells are often in different cell cycle stages resembling to cells 
in vivo, due to oxygen and nutrient gradients. 3D models have 
limited media permeability, which may have an impact on cell 
viability and gene expression. Secondly, spheroid cells at the 
leading edge are metabolically active and show the greatest 
invasive and proliferative capacities. By contrast, the cells that 
are located away from this leading edge, towards the tumour 
centre have been reported to be more quiescent and less prolif‑
erative (37). Furthermore, spheroids often present in uneven 
sizes, with several areas including great numbers of growing 
tumour cells, and other areas including reduced tumour cell 
numbers. Thus, it may be difficult to acquire a 3D culture with 
all spheroids having identical features, particularly when they 
are grown without a substratum. Hence, at a given time, the 
number and type of cells exposed to an exogenous factor may 
vary in different wells, which may have resulted in heterog‑
enous gene expression values. By contrast, under 2D adherent 
cell culture conditions, cell lines derived from all three stages 

appeared phenotypically alike and presented with similar 
motility characteristics. This may possibly be the main reason 
for gene expression heterogeneity in 3D cultures, as compared 
to 2D cultures. However, since this similar scenario also exists 
in vivo, it is pertinent that the results obtained in 2D models 
should be cautiously extrapolated to in vivo models in future 
studies.

To further validate the role of VEGF in inducing the 
tumorigenic properties of hepatoma cells, 2D and 3D culture 
studies were also performed using the VEGFR‑inhibitor, 
sorafenib (at a recommended concentration of 15 µM), 
in VEGF‑treated Huh7 cells for 24 h. Sorafenib has been 
suggested to inhibit hepatoma growth in the presence of 
hypoxia and hypoxia‑induced angiogenesis (38). A parallelism 
in the efficacy of sorafenib in well‑differentiated cells cultured 
in both 3D and 2D models was described in another study (39). 
Cheng et al (40) reported that combined treatment with 
sorafenib and dasatinib (another kinase inhibitor) effectively 
inhibited HCC cell‑induced angiogenesis. In particular, they 
demonstrated that the administration of a regular 10 µM‑dose 
of sorafenib in both 3D and 2D cultures may be effective at 
reducing cell proliferation and a reduction in the spheroid 
area in both Huh7 and HepG2 cell lines (40). In accordance 
with these findings, in the present study, sorafenib treatment 
culminated in a marked reduction in cell migration in both 2D 
and 3D cultures and of spheroid size in 3D cultures. However, 
a higher reduction of cell migratory properties and a decrease 
in the expression of mesenchymal genes was observed in 3D 
cultures, as compared to the 2D cultures, following sorafenib 
treatment, indicating that 3D cultures may serve as a more 
promising and reliable model for screening the effectiveness of 
tumour‑inhibiting therapeutics. The use of 2D and 3D models 
was also analysed to study the interactions between HUVECs 
and hepatoma cells in both direct (with HUVECs) and indirect 
cultures (with HUVEC‑CM). HUVECs have been previously 
reported to promote EMT (41). VEGF and angiogenin secreted 
by the HUVECs have also been reported to induce prolifera‑
tion and invasion of hepatoma cells (24). Hence, both direct 
and indirect cultures (both 2D and 3D) of HUVECs with 
hepatoma cells were used to examine the mechanisms through 
which HUVECs may affect tumour invasion. In 2D monolayer 
conditions, although indirect cultures of hepatoma cells in the 
presence of HUVEC‑CM revealed an increase in tube‑like 
structures, direct cultures of hepatoma cells with HUVECs 
did not demonstrate significant changes in branch point 
numbers, as well as the tube length of cells, in comparison to 
that observed in single hepatoma cell culture. In 3D spheroid 
culture models, the number of spheroids was significantly 
increased in both direct and indirect cultures, as compared 
to HUVECs alone, possibly suggesting that 2D monolayer 
models are not suitable to study organotypic/heterogenous cell 
tumour cell models, with 3D models being more reliable and 
predictive. In the present study, Huh7 cell lines were used to 
examine the effects of VEGF after VEGF induction, in 2D 
and 3D cultures. HepG2 cell lines have not been previously 
used, to the best of our knowledge, in 3D cultures, but only in 
several 2D culture‑related studies. Fukuyama et al (42) stated 
in their study that three liver cancer cell lines (Huh7, HepG2 
and Hep3B) fell in the same hierarchical cluster and shared 
a common origin. These cell lines and primary hepatocytes 
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appeared next to each other in cluster and demonstrated 
similar gene expression patterns. However, due to various 
gene mutations, several genetic and growth heterogeneities in 
different hepatic cell lines have been reported (43). Hence, the 
use of additional liver cancer cell lines, including HepG2 and 
Hep3B, is required to determine whether the effects of VEGF 
on 3D conditions are cell‑specific.

The observations of the present study suggested that the 
effects of growth factors as predicted in 2D cultures may 
markedly differ than those in 3D cultures and hence, in the 
in vivo setting. Taken together, the present study indicated 
subtle differences between the 2D and 3D culture systems, in 
terms of invasive phenotype and EMT‑associated gene expres‑
sion profile of hepatoma cells in the presence of VEGF.

In conclusion, the present study demonstrated that the 
tumorigenic properties of invasion and migration in response 
to growth factors and/or therapeutics can be most effectively 
studied in 3D setting as compared to the 2D setting. Additionally, 
gene expression changes obtained in 2D cultures in response 
to different treatment regimens require careful interpretations. 
Numerous anti‑tumour therapeutics appearing to be promising 
in a 2D cell culture setup, fail heavily during clinical studies. A 
better understanding of HCC with patient‑specific cells in 3D 
cultures in vitro models would certainly provide an improved 
comprehension of HCC biology in vivo, the prediction of the 
response of hepatoma cells to targeted therapy, as well as the 
development of novel therapeutic concepts.
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