
Abstract. Mammalian cells grow in three-dimensions (3-D)

in vivo. Commonly used two-dimensional (2-D) cell cultures

are inadequate to recreate the biological microenvironment of

tumor cells. The potentially different outcomes from 2-D and

3-D culture systems may have a significant impact on the

relevance of experimental findings. The purpose of this study

was to characterize the human hepatoma cell line HepG2 in

2-D and 3-D cultures. HepG2 cells in 2-D and 3-D cultures

were treated with cisplatin, 5-fluorouracil, and adriamycin

and were analyzed by scanning electron microscopy and

transmission electron microscopy. Cell cycle progression and

apoptosis were detected by flow cytometry. Inhibition of cell

proliferation was quantified by MTT assay. The expression

of E-cadherin, CD44v6, VEGF, KDR, endostatin, Bax, and

cytochrome-c were analyzed by immunohistochemical (IHC)

staining. As compared to the 2-D monolayer culture, the 3-D

multicellular spheroids (MCS) of HepG2 cells featured a

greater fraction of cells in G1 phase and were organized with

more abundant cell-cell adhesion. In addition, cells in MCS

were significantly less apoptotic in maintenance culture media

and were more resistant to drug-induced apoptosis. E-

cadherin, CD44v6, VEGF, KDR, endostatin, and cyto-

chrome-c levels were increased in MCS as compared to 2-D

cell cultures. In coclusion, MCS conferred differ-entiated

phenotypes including increased cell-cell adhesion and G1

phase cell cycle arrest, enhanced cellular resistance to

apoptosis, and upregulated angiogenic potential. Based on

our data, a multicellular morphological hierarchy may sustain

the growth/survival advantages of cancer cells in vivo.

Therefore, a 3-D culture system should be the preferred

technique for cancer biology investigation.

Introduction

Hepatocellular carcinoma (HCC) is the most common

malignancy of the liver. It is the third most common cause of

cancer mortality globally, and thus a major health concern

worldwide. Therapeutic options for HCC include surgical

resection, local ablative therapies, systemic treatment, and

liver transplantation (1). Surgery, being the most effective

treatment, is unfortunately not applicable to the majority of

HCC patients since the diagnosis is most often made at

unresectable stages. Even for patients eligible for hepatic

resection, the postoperative recurrence rate is as high as

50% two years after surgery. As a result, the median life span

of HCC patients after diagnosis is <6 months (2). Chemo-

therapy is an area that has yet to be explored as an alternative

to improve the prognosis of HCC. Unfortunately, current

chemotherapies for HCC generally have low response rates

(3-6). It is important to note that cytotoxicity in established

cancer cell lines cultured in a two-dimensional (2-D)

monolayer is a standard first line drug screening criterion.

However, as suggested by clinical observations, HCC, in

their primary and disseminated states, tend to be multi-

cellular. More importantly, tumor cells always grow in a

three-dimensional (3-D) space in vivo. Thus, the commonly

used 2-D cell culture system is probably inadequate to recreate

the biological microenvironment of tumor cells (7). The

potentially different outcomes from 2-D and 3-D culture

systems may have a significant impact on the relevance of

experimental findings.

In light of this, 3-D culture has gained significant

approval as a more advantageous in vitro system than 2-D

culture, for studying various molecular processes and screening

therapeutic agents. In the 3-D culture model, many established

human cancer cell lines form multicellular spheroids (MCS)

which mimic solid tumors more closely than the monolayer

cells in 2-D cultures (8). The 3-D system seems to be

particularly valuable in the assessment of tumor cell drug
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sensitivity since MCS manifest elevated resistance to

chemotherapeutic agents compared with monolayer cell

cultures. The increased drug resistance of MCS may be a

result of increased cell-cell interactions and polarized cell-

matrix interactions, which may not be supported by the

monolayer cell culture system. It is well documented that

molecules that regulate cell-cell and cell-matrix interactions,

including E-cadherin, catenins, CD44 family members and

integrin, play critical roles in cell proliferation, differentiation

and apoptosis (9). In addition to the histological organization

and the intrinsic characteristics of tumor cells, tumor angio-

genesis also regulates drug resistance. To this end, tumor cells

are considered to be the major contributor of the angiogenic

growth factor, vascular endothelia growth factor (VEGF). It

is intriguing to speculate that MCS may provide a convenient

in vitro model to screen and characterize anti-cancer drugs

and to study how tumor cells may contribute to angiogenic

responses in their natural environment. These possibilities are

addressed in the current study.

Materials and methods

2-D and 3-D cell culture. The human hepatoma cell line

HepG2 (ATCC, USA) was maintained in a 2-D monolayer

culture in RPMI-1640 supplemented with 10% fetal bovine

serum (Gibco, USA). MCS of HepG2 cells were obtained by

a liquid overlay technique as described previously (10).

Briefly, for 2-D cultures, a HepG2 single cell suspension in

complete media was seeded at 2x105 cells/ml in each culture

flask. The conditions for 3-D cell culture were the same as

for monolayer cultures, except that the culture flasks were

coated with 2% agarose before cell plating. Fifty percent of

the culture medium was renewed every two days.

Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) studies of 2-D and 3-D cell

organization. The monolayer cells and MCS were washed

with PBS and fixed in 2.5% glutaraldehyde for 2 h. The cells

were then post-fixed on the plate with 1% OsO4, and dehy-

drated by graded ethanol. The cells were then covered with

gold palladium and examined by SEM (JEOL, JSM-840,

Japan), or embedded in Epon812 expoy resin and examined

by TEM (Hitachi, H-600, Japan).

MTT cell viability assay. The cytotoxicity of drugs was

measured by 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl

tetrazolium bromide (MTT) assay using a previously

described method (11). Briefly, 1500 cells in either a mono-

layer or MCS in 150 μl of maintenance medium were

seeded into a 96-well plate. Next, the cells were treated with

50 μl of cisplatin (CDDP) (Qilu Pharmaceutical Company,

Shandong, P.R. China), 5-fluorouracil (5-FU) (Xudonghaipu

Pharmaceutical Company, Shanghai, P.R. China), or

adriamycin (ADM) (Haizheng Pharmaceutical Company,

Zhejiang Province, P.R. China) for 48 h at the indicated

concentrations. The cells were then incubated with 20 μl of

MTT reagent (5 mg/ml, Sigma, USA) at 37˚C for 4 h. The

media was collected and measured at the spectrometric

absorbance of 492 nm, yielding A492 nm values, using a Multi-

function microplate reader (POLARstarOPTIMA, BMG,

Germany). The inhibition of cell viability was calculated by

the formula (1-A492 nm/A'492 nm) x100%, where A492 nm is from

the treated cells and A'492 nm is from the untreated cells. All

sample measurements were replicated 5 times.

Cell sorting by flow cytometry. Monolayer cells and MCS

were harvested, suspended, and fixed in 70% alcohol at 4˚C

overnight. The cells were then stained by propidium iodide

(PI, 50 μg/ml) at 37˚C in the dark for 30 min and analyzed by

flow cytometer (FACScan, BD, USA). In parallel, cells

harvested from monolayer or MCS cultures were stained

with PI and assayed for Annexin V. Briefly, cells were

resuspended in a 200 μl solution containing FITC-conjugated

Annexin V antibody (Beijing Zhongshan Golden Bridge

Company, P.R. China) and PI (50 μg/ml) for 15 min and

analyzed by flow cytometry. The percentage of Annexin V-

positive/PI-negative apoptotic cell populations was calculated

using the Cell Quest software.

IHC. HepG2 cells were plated on glass coverslips in a

monolayer and fixed with 4% polyoxymethylene. The MCS

were fixed with 4% polyoxymethylene and embedded in

paraffin. Blocks were sectioned at a thickness of 4 μm,

deparaffinized and rehydrated in graded alcohol. After

quenching endogenous peroxidase with 3% H2O2 in methanol

for 30 min, the sections were incubated overnight at 4˚C with

mouse monoclonal antibodies against human E-cadherin

(1:200 dilution), CD44v6 (1:200 dilution) (Maixin

Biotechnology Co.), VEGF (1:200 dilution), VEGFR-2

(1:200 dilution), endostatin (1:200 dilution), Bax (1:200

dilution), or cytochrome-c (1:200 dilution). The antibodies

against E-cadherin and CD44v6 were from P.R. China. All

other primary antibodies were from Santa Cruz Bio-

technology Inc, (Santa Cruz, CA, USA). After the slides

were blocked, the sections were incubated with the anti-

mouse secondary antibody for 40 min at 37˚C. The bound

secondary antibody was visualized by the activity of the

horse radish peroxidase conjugate using a 3,3-diamino-

benzidine tetrahydrochloride substrate (Sigma, UK). The

sections were counter-stained with hematoxylin and fixed. For

semi-quantitative evaluation of the IHC, 20 random visual

fields were examined using the LeicaQ550cw imaging

analysis system (Germany).

Statistical analysis. Data were reported as means ± SD. The

paired t-test was used for statistical analysis, and p<0.05 was

considered statistically significant.

Results

Morphological characteristics. After 3-4 days of incubation,

monolayer cells were adhered to the bottom of the flasks and

showed significant cell body extension, while MCS were

floating in the media (Fig. 1A). SEM showed that the MCS

were in different sizes, ranging from 160-200 μm in diameter

and their shapes were either oval spheroid, polyhedron or

tightly packed (Fig. 1B). TEM showed abundant desmosome

and intermediate junctions only in MCS. In parallel, the

monolayer cells were typically polygonal-shaped with more

microvilli on their surfaces, and had wider intercellular spaces
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compared to those in the MCS. Interestingly, cells in MCS

had significantly higher numbers of mitochondria than

monolayer cells (Fig. 1C).

The relationship of multicellular organization to prolifer-

ation and apoptosis. As shown in Fig. 2, more cells in the

MCS accumulated in the G1 phase of the cell cycle (59.23±

0.41%) as compared to the monolayer cells (39.45±0.27%)

(p<0.01). Consequently, the MCS had a smaller cell

population in the G2 phase (12.47±0.65%) than the mono-

layer cells (36.15±0.69%) (p<0.01). The percentage of cells

in S phase was similar between monolayer cultures

(22.37±0.76%) and MCS (26.82±0.18%) (p>0.05%). MCS

also have altered kinetics of drug-induced cell death.

Specifically, the early stage cell death (ED) for MCS and
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Figure 1. Morphological characterization of 2-D and 3-D HepG2 cell cultures. (A) Phase contract microscopy, x100. (B) Scanning electron microscopy,

x30000 and (C) transmission electron microscopy, x60000.

Figure 2. The effects of cellular organization on HepG2 cell cycle

progression. Summarizes the quantitative differences of monolayer cultures

and MCS in different phases of the cell cycle. Each experiment was repeated

5 times (*p<0.05).



monolayer cells were 1.62±0.50% and 6.29±1.61%,

respectively (p<0.05). Late stage cell death (LD) was not

significantly different between the two types of cell cultures

(Fig. 3).

The drug sensitivity of MCS. The sensitivity of the cells

cultured in monolayers and MCS to CDDP, 5-FU, and ADM

was investigated by MTT assay. Cell inhibition ratios in

monolayer cultures exposured to various concentrations of

drugs were higher than those in MCS (p<0.05) (Fig. 4A),

indicating the HepG2 cells in MCS became resistant to

CDDP, 5-FU, and ADM. When drug concentrations were

increased, cell inhibition ratios also increased.

On the basis of MTT assay results, an Annexin V/PI

staining method was used to evaluate the apoptosis rate at 3

different concentrations of each drug. As expected, apoptosis

rates were much lower in MCS than those in monolayer cells

after exposure to 5-FU and ADM for 48 h (p<0.05), but were

not significantly different after exposure to CDDP for the same

amount of time (p>0.05) (Fig. 4B).

The protein expression profile of MCS. IHC analysis

demonstrated that the cell adhesion molecules E-cadherin

and CD44v6 were upregulated in MCS compared to

monolayer cells (Table I). E-cadherin protein was detected

predominantly in the cellular membrane and in the cytoplasm

(Fig. 5A). The positive signals of CD44v6 expression were

observed mainly in the cellular membrane (Fig. 5B). Further

analyses in this study showed that Cyt-C levels were higher

in cells in MCS than in monolayer cells. The cytoplasm of

MCS was rich in mitochondria as revealed by transmission

electron microscopy. Thus, cells in MCS seemed to have

preserved a high level of integrity. In parallel, Bax expression
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Table I. Immunohistochemical pictorial analysis of protein

expression.

–––––––––––––––––––––––––––––––––––––––––––––––––
Mean grey value

––––––––––––––––––––––––––––
Monolayer cells MCS P

––––––––––––––––––––––––––––––––––––––––––––––––––––––

E-cadherin 232.28±7.80 199.93±16.58 <0.01

CD44v6 256.82±13.87 207.45±8.79 <0.01

VEGF 209.81±7.11 194.71±13.23 <0.01

KDR 174.40±19.12 140.98±19.92 <0.01

Endostatin 162.42±6.88 148.48±11.06 <0.01

Cyt-C 184.97±16.09 211.12±21.02 <0.05

Bax 172.56±17.80 171.76±14.69 >0.05
–––––––––––––––––––––––––––––––––––––––––––––––––Figure 3. Cell death analyses by flow cytometry. Cell death of monolayer

cultures and MCS detected at early (ED) and late (LD) time points were

quantified and summarized. Data are the average of five experiments

(*p<0.05).

Figure 4. Drug sensitivities of HepG2 cells in a monolayer culture and MCS. (A) Cell viability measured by MTT assay. The dose-dependent effects of the

indicated drugs on cell proliferation are presented as percent inhibition of cell viability. (B) Quantification of the apoptotic cell population is based Annexin

V-positive/PI-negative flow cytometry. Data represent the average of five experiments (*p<0.05).
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Figure 5. IHC profiling of protein expression. Representative staining results are shown for E-cadherin (A), CD44v6 (B), VEGF (C), KDR (D), endostatin

(E), cytochrome-c (F), and Bax (G). IHC performed with PBS in the presence of the primary antibody was used as the negative control (H). The

magnifications for monolayer cultures and MCS are x200 and x400, respectively.



was not significantly different between the two cell

populations. VEGF and VEGFR-2/KDR were expressed in

the cellular membrane as well as in the cytoplasm. Endostatin

was expressed in the cytoplasm (Fig. 5E). In comparison with

monolayer cell cultures, MCS featured elevated levels of

angiogenesis-related molecules VEGF, VEGFR-2/KDR, and

endostatin.

Discussion

HCC is one of the most common causes of cancer-related

mortality in the world. The increasing number of patients

with HCC and the highly unfavorable prognosis of the

disease are two important reasons why more effort needs to

be devoted to investigating more therapies able to decrease

tumor progression and cancer metastasis. Systemic chemo-

therapy has been widely used in an attempt to prolong survival

time and to provide symptomatic relief (12), but it appears to

have low efficacy, possibly because it is used when metastases

are already present and the tumor is large and spreading.

Moreover, anticancer drug resistance occurs frequently in

HCC, and multidrug resistance (MDR) is one of the biggest

limits in the use of common chemotherapies. Currently, the

best understood mechanism of MDR is associated with over-

expression of the protein efflux-pump known as P-glycoprotein

(P-gp) (13), or of MRP1, topoisomerases, and glutathione-S

transferases (14). However, this mechanism does not seem to

account for all the MDR. At the center of the current study,

our results suggest that earlier failures to predict drug

resistance, at least in part, results from 2-D cell culture

systems. Our data argue that a 3-D culture system may be

superior.

MCS is a more operative model to investigate the mechanisms

of drug resistance in vitro. Compared with monolayer culture,

tumor cells cultured as MCS exhibit a much higher level of

intrinsic or acquired MDR. Since the first studies by

Sutherland et al in 1979 (15), it has been shown that tumor

cells growing as MCS have many of the same behavior

paterns found in solid tumors, including MDR (16). The

resistance encountered in cells cultured as spheroids seems to

be analogous to the natural resistance observed in patient

tumors. In this study, human HepG2 cells cultured as MCS

were significantly less sensitive than monolayer cells to a

variety of drugs including CDDP, 5-FU, and ADM. These

results are consistent with the earlier results from breast and

ovarian cancer cell experiments (17,18).

Our data further indicate that cells in MCS underwent

significant G1 phase cell cycle arrest. Consistently, cells in

more quiescent stages, such as those in MCS, appear to have

more differentiated phenotypes. We showed that, in MCS of

up to 160-200 μm in diameter, cells were assembled with

abundant tight junctions. In contrast, cells in monolayers

were spread out with more membrane ruffles, but few cell

junctions. These morphological differences were reported by

Faute MA et al with the breast cancer cell line MCF7 (19). In

light of the increased drug resistance of cells in MCS, our data

suggest that cellular quiescence and differentiated phenotypes

may cause drug resistance.

Although malignant cells maintain the necessary intra-

cellular apoptotic machinery, inappropriate inhibition of

apoptosis allows for continued tumor growth, metastases, and

drug resistance. Our evidence that MCS formation decreased

cell apoptotic sensitivity was consistent with the results of

Kim et al with mesothelioma cells (20), and Denlinger et al

with non-small cell lung cancer cells (21). Together these

data demonstrate a direct link between drug resistance and

inhibition of apoptosis in MCS.

Multicellular 3-D structures may support mechanisms of

resistance to other stress stimuli. Our data, along with the

published literature, demonstrate distinct features associated

with 3-D cultures not found in 2-D cultures. Cells in 3-D

cultures i) express more extracellular matrix proteins (22); ii)

are linked by membrane protein anchorage with more cell

adhesion molecules such as E-cadherin and CD44v6

(10,23-25); and iii) express more proteins involved in heat

shock response or hypoxia (26-29). The overexpression of cell

adhesion molecules seems to be particularly advantageous

for survival, since inhibition of these molecules by specific

antibodies or siRNA-mediated gene silencing disrupted the

spheroid formation (10) and rendered cells more sensitive to

drug-induced apoptosis (30).

MCS may favor angiogenesis. The growth and metastasis of

tumors depends on angiogenesis. Pathological angiogenesis

plays a pivotal role during hepatic carcinogenesis. Due to

their 3-D architecture, multicellular tumor spheroids may

also manifest the biochemical constraints found in a fast

growing tumor mass that eventually develops the dependence

on angiogenesis. Indeed, angiogenesis-related molecules

VEGF, VEGFR-2, and endostatin were increased in the cells

of MCS. These results were in agreement with the clinical

finding that the mRNA levels of VEGF-165, VEGF-189, and

KDR were higher in HCC than in chronic liver diseases

(31,32). It is important to point out that endostatin is a potent

angiogenesis inhibitor. Interestingly, endostatin/C18

overexpression seems to be positively correlated with VEGF

expression and the progression of HCC (33,34) and other types

of cancer (35). While earlier reports are also consistent with

our finding, the mechanisms underlying the seemingly

paradoxical expression profiles of endostatin and VEGFs

remain elusive. It is likely that tumor angiogenesis may result

from an imbalance between positive and negative regulators.

Thus, in tumor progression, even when endostatin/C18 is

upregulated, it may still not be sufficient to counteract the

angiogenic stimuli. Nonetheless, further increase of endostatin

through gene transfer in combination with doxorubicin showed

tumor suppressive effects against HepG2 in an animal model

(36).

In summary, we provide in vitro evidence that MCS of

hepatoma cells mimic the heterogeneous multicellular

structures and the more differentiated/quiescent cellular

behavior that are common characteristics of solid tumors

in vivo. More importantly, this MCS structure restored the

resistance of tumor cells to drug-induced apoptosis. These

findings call for a greater adoption of 3-D culture systems for

cancer drug screening and for better mechanistic studies of

MDR.
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