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Metastatic processes of hepatocellular carcinoma (HCC) are highly associated with the breakdown of
extracellular matrix (ECM). However, the regular two-dimensional (2D) culture system, in which only little
ECM is involved, fails to provide a well-defined microenvironment for HCC functional research. HAb18G/
CD147, a HCC-associated antigen, plays important roles in HCC progression, migration and invasion. In this
study, we investigated whether HAb18G/CD147 enhanced the HCC migration and invasion in three-
dimensional (3D) culture model through affecting the key molecules and enzymes involved in the metastatic
processes, such as focal adhesion kinase (FAK), matrix metalloproteinases (MMPs) and cytoskeleton proteins.
We found that, compared with those in 2D cell culture model, the expression of HAb18G/CD147 was
significantly increased in 3D cell culture model, together with a high production of MMPs (Pb0.01), an
enhanced expression and activation of FAK (Pb0.01) and a changed distribution of F-actin. In addition, the
expressions of paxillin and E-cadherin, which enhance the adhesion and migration potentials, were also
significantly increased in 3D cell culture model (Pb0.01). All the results suggest that the enhanced
expressions of HAb18G/CD147, MMPs, paxillin and FAK changed the distributions of cytoskeleton in the 3D
reconstituted basement membrane (BM) and increased the adhesion and invasion potentials of HCC cells.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Hepatocellular carcinoma (HCC) is a highly malignant tumor
characterized by rapid progression, poor prognosis, and frequent
tumor recurrence (Xu et al., 2007b). The high potentiality of migration
and invasion of HCC is closely correlated with the breakdown of
extracellular matrix (ECM). The regular two-dimensional (2D) cell
culture systemwith the involvement of very little ECM fails to provide
a well-defined microenvironment for HCC functional research in
contrast to the complex host environment provided by an in vivo
model (Kim, 2005). Thus, new functionally relevant three-dimen-
sional (3D) cell culture models have been established by using ECM-
like biomatrices, such as collagen I (rat tail collagen) and reconstituted
basementmembrane (BM,Matrigel), etc. (Weaver et al., 1995). The 3D
cell culture models provide a well-defined in vitro microenvironment
for studying cell–cell and cell–ECM interactions (Petersen et al., 1992).
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Some key focal adhesion proteins and adherent junctions have
been revealed to regulate the focal adhesion dynamics in response to
the microenvironment stimuli (Brown et al., 2002; Romer et al., 2006;
Webb et al., 2002). For example, paxillin, a multi-domain adapter focal
adhesion protein, scaffolds a number of signaling molecules such as
kinases and other adaptor proteins as well as binding to cytoskeleton
proteins (Turner, 2000). Its primary function is to integrate and
disseminate signals from integrins to modulate filamentous actin (F-
actin) dynamics, assembly/disassembly of focal adhesion, and cell
functions (Brown and Turner, 2004). FAK, another key focal adhesion
protein, also colocalizes with integrins in focal adhesions and is
activated during cell–ECM interaction (Richardson and Parsons,1996).
A line of evidence has shown that the FAK signal pathway in 3D
culture model differed from that in 2D culture model as well as being
dependent on the 3D substrate (Cukierman et al., 2001). Cadherin, an
important adherent junction protein, interacts with the catenin family
of intracellular proteins that provide anchorage to the actin cytoske-
leton (Aberle et al., 1996). Cadherin expressions are required for the
assembly of cells into solid tissues and importantly, they are expressed
with a tissue-specific pattern (Shapiro et al., 1995; Takeichi, 1991). 3D
cell growth may induce cell adhesion through affecting the expres-
sions of such adhesion molecules and the redistribution of cytoske-
leton, whichmay further enhance themotivation and invasion process
of cancer cells.
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Matrix metalloproteinases (MMPs), a major family of enzymes
degrading ECM, are capable of disrupting the BM and cleaving the ECM
components (Bhowmick and Moses, 2005; Egeblad and Werb, 2002;
Liotta and Kohn, 2001). In many tumors, MMP expressions are mainly
regulated by tumor–stroma interactions via CD147, a highlyglycosylated
cell surface transmembrane protein belonging to the immunoglobulin
superfamily (Toole, 2003). The expression of CD147 is elevated in HCC
and is correlatedwith the histopathologicmalignancygrading (Xu et al.,
2007c). We previously cloned a hepatoma-associated antigen HAb18G,
which has an identical nucleotide acid and amino acid sequence to
CD147, by screening human HCC cDNA library using hepatoma
monoclonal antibody HAb18 (Chen et al., 2001; 2002; Liu et al., 1991).
Our recent study based on 2D cell culture system showed that HAb18G/
CD147 has important functions in HCC progression, migration and
invasion (Xu et al., 2007a). In order to overcome the disadvantage of 2D
cell culture system in studying HCCmigration and invasion, the present
study aims to investigate the expressions of HAb18G/CD147 and focal
adhesionmolecules, and themorphological changes of humanHCC cells
in 3D cell culture model.

Materials and methods

Cell culture

Human hepatoma cell line SMMC-7721 was obtained from the
Institute of Cell Biology, Academic Sinica. For 2D cell culture, SMMC-
7721 cells were cultured inmonolayer inT-flaskwith RPMI 1640medium
(GIBCO,NewYork,USA) supplementedwith10% fetal bovine serum(FBS)
(GIBCO,NewYork,USA),1%penicillin/streptomycin and2% L-glutamin, at
37 °C in a humidified atmosphere of 5% CO2. For 3D cell culture, freshly
harvested SMMC-7721 cells were resuspended in Matrigel (BD Bios-
ciences, San Jose, CA) with a final density of 1×105 cells/cm3 at a
temperature of 0 °C. The cell-containing substrata were gelled (45–60
min, 37 °C) and then covered with RPMI 1640 medium containing 10%
FBS, 1% penicillin/streptomycin and 2% L-glutamin. After 6–10 days of
culturing, themajorityof cellswere clustered (Weaveret al.,1997). For the
observation of morphogenesis, photos were taken by invert phase-
contrast microscope (Olympus CX41, Tokyo, Japan) every other day.

Indirect immunofluorescence

SMMC-7721 cells were cultured in 3D matrix for 6 days. Then, the
cell-containing substrata were fixed with 4% paraformaldehyde
Fig. 1. Phase contrast micrographs of SMMC-7721 cells viewed directly inside 2D and 3D cult
(D) were successively collected at the 2nd day, 4th day, 6th day and 8th day. The black arrow
culture model. Magnification: ×200.
(PFA) in PBS for 20 min at RT, quenched with 0.1 M glycine, and
equilibrated first with sucrose and subsequently with Tissue-Tek OCT
compound (McCormick, Norcross, USA) before freezing in a dry ice/
ethanol bath. 10 μm sections was cut with a cryotome (LEICA
CM1900, Wetzlar, Germany), collected on APES-coated (Maixin,
Fuzhou, China) glass slides and stored at −70 °C. For relevant
antibody immunostaining, the prepared frozen sections were
washed 3 times with PBS and air-dried. For 2D monolayer culture,
SMMC-7721 cells were grown on acid-washed glass cover slips 1 day
before immunostaining.

For F-actin staining, the cells were permeabilized for 5 min in 0.1%
Triton X-100, blocked with 5% normal goat serum (30 min, 37 °C) and
then incubated with TRITC-phalloidin (1:40, Invitrogen, Carlsbad,
USA) for 20min in the dark at RT. The nuclei were counterstained with
DAPI (Biotium, Hayward, USA) for 1 min in the dark at RT.

For FAK, phospho-FAK (p-FAK) and paxillin staining, the permea-
bilized cells were blocked with 5% normal goat serum (30 min, 37 °C)
and respectively incubated (1 h, 37 °C) with monoclonal mouse anti-
human pY397-FAK (1:100, BD Biosciences, San Jose, CA), monoclonal
mouse anti-human FAK (1:100, BD Biosciences, San Jose, CA) and
monoclonal mouse anti-human paxillin (1:500, BD Biosciences, San
Jose, CA), and subsequently incubated (30 min, 37 °C) with FITC-
conjugated goat anti-mouse secondary antibody (1:500, Pierce
Biotechnology, Rockford, USA). The nuclei were counterstained with
DAPI (Biotium, Hayward, USA) for 1 min in the dark at RT.

For HAb18/CD147 and E-cadherin staining, fixed cells were
blocked with 5% normal goat serum (30 min, 37 °C) and respectively
incubated (1 h, 37 °C) with HAb18 mAb (5 μg/ml, developed in our
laboratory) and E-cadherin monoclonal mouse anti-human (1:50,
Abcam, Cambridge, UK), and followed by incubation (40 min, 37 °C)
with FITC-conjugated goat anti-mouse secondary antibody (1:500,
Pierce Biotechnology, Rockford, USA). The nuclei were counter-
stained with DAPI (Biotium, Hayward, USA) for 1 min in the dark at
RT.

Finally, the cells were mounted using glycerol and analyzed by
using a laser scanning confocal microscope (Olympus FV1000, Tokyo,
Japan).

Western blotting

SMMC-7721 cells in 3D cell culture model were firstly recovered by
cell recovery solution (BD Biosciences, San Jose, CA) at 0 °C, and then
harvested in a RIPA lysis buffer (Beyotime, Haimen, China). Finally, equal
ure models for morphology at various time points during 8-day culture. (A), (B), (C) and
in (C) and (D) indicated the forming filopodia at the surface of the colonies in 3D cell



Fig. 2. Distribution of F-actin in SMMC-7721 cells in 2D (left) and 3D (right) culture models analyzed by laser scanning confocal microscopy. Magnification: ×600.
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amount of cellular proteins were loaded onto 12% SDS-PAGE for
electrophoresis. Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Pierce Biotechnology, Rockford, USA) and blots
were probedwith HAb18mAb (0.5 μg/ml, developed in our laboratory),
mouse anti-human FAKmAb (1:1000, BD Biosciences, San Jose, CA) and
mouse anti-human paxillin mAb (1:10,000, BD Biosciences, San Jose,
CA), respectively. β-actin was chosen as internal control and the blots
Fig. 3. Confocal images of HAb18G/CD147 (A), the expression of HAb18G/CD147 protein (B)
culture models. The expressions of HAb18G/CD147 protein were tested by using Western b
means±SD from three independent experiments, each with triplicates. ⁎, Pb0.01, t test. M
were probed with mouse anti-actin mAb (1:1000, Chemicon Interna-
tional Inc., Temecula, CA). After washing with Tris-buffered saline/0.1%
Tween 20 and incubation with horseradish peroxidase (HRP)-conju-
gated secondary antibody (1:5000, Pierce Biotechnology, Rockford,
USA) for 1 h, immunodetection was performed by using the Western-
Light chemiluminescent detection system (Amersham Bioscience,
Piscataway, USA).
and the gray scale analysis of HAb18G/CD147 (C) in SMMC-7721 cells in 2D and 3D cell
lot analysis and normalized by human β-actin expression respectively. Results are the
agnification: ×400.
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Zymography

After 8 h culturing in 2D and 3D cell culture systems with serum-
free medium, conditioned medium was collected and separated on
12% acrylamide gels containing 0.1% gelatin (Sigma, St. Louis, USA).
The gels were incubated in 2.5% Triton X-100 solution at RT with
gentle agitation and then soaked in reaction buffer (0.05 mol/l Tris–
HCl [pH 7.5], 0.2 mol/l NaCl, and 0.01 mol/l CaCl2) overnight at 37 °C.
The gels were stainedwith Coomassie blue and destained in a solution
of 7.5% acetic acid and 5% methanol. The zones of gelatinolytic activity
were shown by negative staining.

Statistical analysis

Results are expressed as mean values±SD and representative for
at least three independently performed experiments. Statistical
significance between the different values was analyzed by Student's
t test for unpaired data and was set at Pb0.05 (SPSS 13.0 statistical
software).

Results

Morphological changes of SMMC-7721 cells in 3D cell culture model

Profound differences inmorphology became evident after only 1 day
following their culturingwithin a 3D reconstituted BM (Fig.1A). Within
8 days, SMMC-7721 cells formedmonolayer, anchorage-dependent and
polygon colonies in 2D cell culture, while in 3D cell culture model,
SMMC-7721 cells gradually formed large, spheroidal and unpolarized
Fig. 4. Confocal images of paxillin (A), the expression of paxillin protein (B) and the gray sc
expression of paxillin protein was determined by using Western blot analysis and normali
independent experiments, each with triplicates. ⁎, Pb0.01, t test. Magnification: ×400.
invasive colonies along the culture process (Fig. 1). In addition, SMMC-
7721 cells formed filopodia similar to tentacles on the surface of the
colonies in 3D cell culture model after 5 days (Figs. 1C and D).

Distributions of F-actin in two different cell culture models

F-actin distributions have been used to characterize the relative
intensity of the cell–cell and cell–substratum interactions experienced
by hepatocytes (Tzanakakis et al., 2001). In 2D monolayer cell culture
model, intense F-actin stress fibers distributed throughout the SMMC-
7721 cells (Fig. 2, left) indicating that there were strong cell–
substratum interactions for SMMC-7721 cells forming anchorage-
dependent colonies under this condition. However, F-actin stress
fibers surrounded the SMMC-7721 cells surfaces in 3D cell culture
model (Fig. 2, right). The results suggested that there were not only
cell–substratum interactions but also cell–cell interactions in 3D cell
culture model.

Expression of HAb18G/CD147 in 3D cell culture model

As shown in Figs. 3B and C, the expression of HAb18G/CD147 was
significantly increased in 3D cell culture model by more than 4-fold as
compared with that in 2D culture model (Pb0.01). Similar results were
obtained by laser scanning confocal microscopy analysis (Fig. 3A).

Expression of paxillin in 3D cell culture model

To determine whether the 3D culture model affected focal
adhesion, the expression of paxillin was detected. As shown in
ale analysis of paxillin (C) in SMMC-7721 cells in two different cell culture models. The
zed by human β-actin expression respectively. Results are the means±SD from three
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Figs. 4B and C, the protein expression of paxillin was significantly
elevated in 3D cell culture model with more than 5-fold in SMMC-
7721 cells as compared with that in 2D culture model (Pb0.01).
Similar results were obtained by using laser scanning confocal
microscopy analysis (Fig. 4A).

Expressions and activation of FAK in two different cell culture models

FAK, another key focal adhesion molecule, was also detected to
determinewhether the 3D culturemodel affected focal adhesion. Both
the laser scanning confocal microscopy and Western blot analysis
showed that the protein expression of FAK was obviously increased in
3D cell culture model (Fig. 5). The expression of FAK was increased
more than 2-fold in SMMC-7721 cells in 3Dmodel comparedwith that
in 2D model (Fig. 5C) (Pb0.01). Activities of FAK are regulated by a
complex set of phosphorylation sites (Schaller et al., 1994). The
expression of p-FAKwas tested by laser scanning confocal microscopy,
Fig. 5. Confocal images of FAK and p-FAK (A), the expression of FAK protein (B) and the gr
expression of FAK protein was tested by using Western blot analysis and normalized by hum
experiments, each with triplicates. ⁎, pb0.01, t test. Magnification: ×400.
too. As shown in Fig. 5, the punctuate p-FAK cluster signals were also
stronger in 3D cell culture model than that in 2D model.

Expression of E-cadherin in two different cell culture models

The E-cadherin expression is a specific indicator of cell–cell
interaction during the formation of 3D colonies. As shown in Fig. 6,
E-cadherin was highly expressed at the cell–cell boundary in 3D cell
culture model (red arrow), leading to the formation of new spheroidal
colonies. However, in 2D cell culture model, SMMC-7721 cells
expressed E-cadherin sparingly and did not form 3D colonies (Fig. 6).

Secretion of MMPs in 3D cell culture model

To determine whether the 3D culture model affected MMP
secretion, SMMC-7721 cells were respectively cultured in 2D and 3D
models, and the secretion levels of MMPs were detected by gelatin
ay scale analysis of FAK (C) in SMMC-7721 cells in 2D and 3D cell culture models. The
an β-actin expression respectively. Results are the means±SD from three independent



Fig. 6. Expression of E-cadherin in SMMC-7721 cells in 2D and 3D culture models analyzed by laser scanning confocal microscopy. The expression of E-cadherin was obviously
elevated at the cell–cell boundary in 3D cell culture model (red arrow). Magnification: ×400.

Fig. 7.MMP productions of SMMC-7721 cells at the 2nd day (A), 3rd day (B), 4th day (C) and 5th day (D) were tested by gelatin zymography analysis in 2D and 3D cell culturemodels
successively. The gray scale analysis of pro-MMP2 (E), MMP2 (F), pro-MMP9 (G), MMP9 (H) and total MMPs (I) in two different cell culture models. Values are the means±SD from
four independent experiments, each with triplicates. ⁎, Pb0.01, t test.
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zymography at different time points. As shown in Fig. 7, The MMPs
secretion was significantly and abidingly increased in SMMC-7721
cells in 3D cell culture model. Total MMPs production of SMMC-7721
cells was elevated more than 80-fold in 3D model as compared with
that in 2D model (Fig. 7I) (Pb0.01).

Discussion

The previous study suggested that certain cytoarchitecture
features of normal tissue cells and malignant tumor cells were lost
in 2D culture (Weaver et al., 1995). To simulate the 3D condition of the
tissue microenvironment for culture experiments, several ECM-like
biomatrices have been used. In the present study, a 3D reconstituted
BM was used to establish a 3D HCC cell culture model and the
reconstituted BM finally determined the cellular phenotypes follow-
ing culture progress. There were remarkable differences in morphol-
ogy between the 2D and 3D cell culture models in this study. SMMC-
7721 cells grew inside the reconstituted BM, attached BM and formed
three-dimensional structures, thus simulating the colonies of an in
vivo model. None of phenotypes described above appeared in 2D
monolayer cell culturemodel.We also found that the organization and
distribution of F-actin cytoskeleton had obvious changes in 3D cell
culture model. The reorganization and redistribution of F-actin was
consistent with the change of morphological characteristics.

HAb18G/CD147 is particularly over-expressed on the surface of
malignant tumor cells and enhances the production of various MMPs
by stimulating fibroblasts and endothelial cells, but it also acts in an
autocrine fashion to increase MMP synthesis and promote the
invasion of tumor cells themselves (Jiang et al., 2001; Xu et al.,
2007c). Our previous studies have indicated that the overexpression
of HAb18G/CD147 stimulated MMPs (including MMP-1, MMP-2 and
MMP-9) production and enhanced metastatic potentials in human
HCC cells (Jiang et al., 2001). In the present study, the expressions of
HAb18G/CD147 in SMMC-7721 cells were obviously increased in 3D
cell culture model together with the elevated production of MMPs,
especially the production of MMP2 during the 3D culture process.
These findings suggested that the reconstituted BM provides a more
suitable microenvironment to support the interactions between HCC
cell and ECM and induces expression of HAb18G/CD147 and secretion
of MMPs, and these interactions make HCC cells being more
susceptible to migration and invasion.

E-cadherin is an important component of adherent junction
involved in carcinoma cells metastasis and its expression is spatially
and temporally dynamic in metastasis process. E-cadherin is down-
regulated when carcinoma cells separate from primitive neoplastic
focus, and then is up-regulated to form new carcinoma colonies
(Christofori, 2006; Thiery and Sleeman, 2006). In this study, the
expressions of E-cadherin on the plasma membrane of SMMC-7721
cells were increased in newly-formed colonies in the 3D reconstituted
BM. The recent study showed that CD147 is an additional subunit of
gamma-secretase complex which produces Abeta-peptides. Abeta-
peptides cleave a variety of type I transmembrane proteins, such as E-
cadherin, within their transmembrane regions. Removal of CD147
from gamma-secretase complexes increased the activity of Abeta-
peptides to cleave E-cadherin (Zhou et al., 2006). This suggested that
CD147 may indirectly regulate the expression of E-cadherin. The
results of present study have shown that the increased expressions of
HAb18G/CD147 accompanied the enhanced expressions of E-cadherin
in HCC cells in the 3D reconstituted BM. This finding is partially
consistent with the previous report (Zhou et al., 2006). But the
correlation between HAb18G/CD147 and E-cadherin in HCC cells
needs to be further investigated.

In the present study, the expression of paxillin and FAK were both
obviously increased in SMMC-7721 cells in 3D cell culture model. The
elevated expressions of these two focal adhesion proteins stimulated
the formation of focal adhesions which directly linked to F-actin
cytoskeleton. The high expressions of the two focal adhesion proteins
and the redistributions of F-actin may enhance the adhesion and
migration potentials of SMMC-7721 cells. We have reported that
silencing HAb18G/CD147 inhibits cells mobility, FAK and F-actin
expression in HCC cells via an ERK1/2-dependent signaling pathway
(Xu et al., 2007a). The present study showed that the increased
expression of HAb18G/CD147 was obviously accompanied by an
enhanced expression of FAK and redistribution of F-actin in the 3D
reconstituted BM. Our recent study and several reports showed that
HAb18G/CD147 is associated with integrins which mediated cell
migration and invasion processes (Berditchevski et al., 1997; Curtin et
al., 2005; Tang et al., 2008). Paxillin and FAK also bind to integrins and
interact with cytoskeletal and other signaling proteins to regulate the
signaling of focal adhesion. HAb18G/CD147 may affect the expression
of paxillin and FAK through interacting with integrins. The exact
mechanisms of HAb18G/CD147, paxillin and FAK in the adhesion and
invasion processes of HCC cells are not clear, and the investigation is
currently underway in our laboratory.

In conclusion, we established 3D HCC cell culture model by using a
3D reconstituted BM and investigated the phenotypic characteristics
and the expressions of key molecules involved in HCC cells adhesion
and invasion. In the 3D reconstituted BM, enhanced expressions of
HAb18G/CD147, MMPs, paxillin and FAK change the distributions of
cytoskeleton and increase the adhesion and invasion potentials of HCC
cells. The 3D cell culture model provides a more well-defined
microenvironment for cancer research.

Acknowledgments

This work was supported by grants from the National Natural
Science Foundation of China (30771119 and 30530720) and the
National Basic Research and Development Program of China
(2006CB708504).

We thank Xi-ying Yao, Hui Yao, Yi-feng Peng, Guan-hong Luo,
Zhen-guo Liu and Chun-ming Chen for their contributions to this
study, Fan Peng and Jin-liang Xing for their critical reading of the
manuscript.

References

Aberle, H., Schwartz, H., Kemler, R., 1996. Cadherin–catenin complex: protein
interactions and their implications for cadherin function: review article. J. Cell.
Biochem. 61, 514–523.

Berditchevski, F., Chang, S., Bodorova, J., Hemler, M.E., 1997. Generation of monoclonal
antibodies to integrin-associated proteins. Evidence that alpha3beta1 complexes
with EMMPRIN/basigin/OX47/M6. J. Biol. Chem. 272, 29174–29180.

Bhowmick, N.A., Moses, H.L., 2005. Tumor–stroma interactions: review article. Curr.
Opin. Genet. Dev. 15, 97–101.

Brown, M.C., Turner, C.E., 2004. Paxillin: adapting to change: review article. Physiol. Rev.
84, 1315–1339.

Brown, M.C., West, K.A., Turner, C.E., 2002. Paxillin-dependent paxillin kinase linker and
p21-activated kinase localization to focal adhesions involves a multistep activation
pathway. Mol. Biol. Cell 13, 1550–1565.

Chen, Z.N., Xing, J.L., Zhang, S.H., inventors; NTD patent and trademark agency Ltd.,
Beijing office, assignee. Anti-human hepatoma monoclonal antibody HAb18 light/
heavy chain variable region gene, and use thereof. Chinese patent ZL02114471.0,
2002 March 15; PCT international patent WO03/078469; 2003 March 17.

Chen, Z.N., Shang, P., Li, Y., Qian, A.R., Zhu, P., Xing, J.L., inventors; NTD patent and
trademark agency Ltd., Beijing office, assignee. HAb18G/CD147, its agonist and
application. Chinese patent ZL01131735.3, 2001 Sep 28; PCT international patent
WO02/094875; 2002 May 27.

Christofori, G., 2006. New signals from the invasive front: review article. Nature 441,
444–450.

Cukierman, E., Pankov, R., Stevens, D.R., Yamada, K.M., 2001. Taking cell-matrix
adhesions to the third dimension. Science 294, 1708–1712.

Curtin, K.D., Meinertzhagen, I.A., Wyman, R.J., 2005. Basigin (EMMPRIN/CD147)
interacts with integrin to affect cellular architecture. J. Cell. Sci. 118, 2649–2660.

Egeblad, M., Werb, Z., 2002. New functions for the matrix metalloproteinases in cancer
progression. Nat. Rev. Cancer 2, 161–174.

Jiang, J.L., Zhou, Q., Yu, M.K., Ho, L.S., Chen, Z.N., Chan, H.C., 2001. The involvement of
HAb18G/CD147 in regulation of store-operated calcium entry and metastasis of
human hepatoma cells. J. Biol. Chem. 276, 46870–46877.

Kim, J.B., 2005. Three-dimensional tissue culture models in cancer biology: review
article. Semin. Cancer Biol. 15, 365–377.



140 Y.-M. Wu et al. / Experimental and Molecular Pathology 87 (2009) 133–140
Liotta, L.A., Kohn, E.C., 2001. The microenvironment of the tumour-host interface:
review article. Nature 411, 375–379.

Liu, Y.F., Chen, Z.N., Ji, Y.Y., 1991. Localization of hepatocellular carcinoma with
monoclonal antibodies. Zhonghua Yi Xue Za Zhi 71, 362–365.

Petersen, O.W., Rønnov-Jessen, L., Howlett, A.R., Bissell, M.J., 1992. Interaction with
basement membrane serves to rapidly distinguish growth and differentiation
pattern of normal and malignant human breast epithelial cells. Proc. Natl. Acad. Sci.
U. S. A. 89, 9064–9068.

Richardson, A., Parsons, T., 1996. Amechanism for regulation of the adhesion-associated
proteintyrosine kinase pp125FAK. Nature 380, 538–540.

Romer, L.H., Birukov, K.G., Garcia, J.G., 2006. Focal adhesions: paradigm for a signaling
nexus: review article. Circ. Res. 98, 606–616.

Schaller, M.D., Hildebrand, J.D., Shannon, J.D., Fox, J.W., Vines, R.R., Parsons, J.T., 1994.
Autophosphorylation of the focal adhesion kinase, pp125FAK, directs SH2-
dependent binding of pp60src. Mol. Cell Biol. 14, 1680–1688.

Shapiro, L., Fannon, A.M., Kwong, P.D., Thompson, A., Lehmann, M.S., Grubel, G.,
Legrand, J.F., Als-Nielsen, J., Colman, D.R., Hendrickson, W.A., 1995. Structural basis
of cell–cell adhesion by cadherins. Nature 374, 327–337.

Takeichi, M., 1991. Cadherin cell adhesion receptors as a morphogenetic regulator:
review article. Science 251, 1451–1455.

Tang, J., Wu, Y.M., Zhao, P., Yang, X.M., Jiang, J.L., Chen, Z.N., 2008. Overexpression of
HAb18G/CD147 promotes invasion and metastasis via alpha3beta1 integrin
mediated FAK-paxillin and FAK-PI3K-Ca2+ pathways. Cell. Mol. Life Sci. 65,
2933–2942.

Thiery, J.P., Sleeman, J.P., 2006. Complex networks orchestrate epithelial–mesenchymal
transitions. Nat. Rev., Mol. Cell Biol. 7, 131–142.

Toole, B.P., 2003. Emmprin (CD147), a cell surface regulator of matrix metalloproteinase
production and function. Curr. Top Dev. Biol. 54, 371–389.
Turner, C.E., 2000. Paxillin and focal adhesion signalling. Nat. Cell Biol. 2, E231–E236.
Tzanakakis, E.S., Hansen, L.K., Hu, W.S., 2001. The role of actin filaments and

microtubules in hepatocyte spheroid self-assembly. Cell Motil. Cytoskelet. 48,
175–189.

Weaver, V.M., Howlett, A.R., Langton, W., Petersen, O.W., Bissell, M.J., 1995. The
development of a functionally relevant cell culture model of progressive human
breast cancer. Cancer Biol. 6, 175–184.

Weaver, V.M., Petersen, O.W., Wang, F., Larabell, C.A., Briand, P., Damsky, C., Bissell, M.J.,
1997. Reversion of the malignant phenotype of human breast cells in three-
dimensional culture and in vivo by integrin blocking antibodies. J. Cell Biol. 137,
231–245.

Webb, D.J., Parsons, J.T., Horwitz, A.F., 2002. Adhesion assembly, disassembly and
turnover in migrating cells — over and over and over again: review article. Nat. Cell
Biol. 4, E97–E100.

Xu, H.Y., Qian, A.R., Shang, P., Xu, J., Kong, L.M., Bian, H.J., Chen, Z.N., 2007a. siRNA
targeted against HAb18G/CD147 inhibits MMP-2 secretion, actin and FAK
expression in hepatocellular carcinoma cell line via ERK1/2 pathway. Cancer Lett.
247, 336–344.

Xu, J., Shen, Z.Y., Chen, X.G., Zhang, Q., Bian, H.J., Zhu, P., Xu, H.Y., Song, F., Yang, X.M., Mi,
L., Zhao, Q.C., Tian, R., Feng, Q., Zhang, S.H., Li, Y., Jiang, J.L., Li, L., Yu, X.L., Zhang, Z.,
Chen, Z.N., 2007b. A randomized controlled trial of licartin for preventing hepatoma
recurrence after liver transplantation. Hepatolagy 45, 269–276.

Xu, J., Xu, H.Y., Zhang, Q., Song, F., Jiang, J.L., Yang, X.M., Tian, R.,Wang, L., Yao, H., Chen, Z.N.,
2007c. HAb18G/CD147 functions in invasion and metastasis of hepatocellular
carcinoma. Mol. Cancer Res. 5, 605–614.

Zhou, S., Zhou, H., Walian, P.J., Jap, B.K., 2006. The discovery and role of CD147 as a
subunit of gamma-secretase complex: review article. Drug News Perspect. 19,
133–138.


	Morphological changes and molecular expressions of hepatocellular carcinoma cells in three-dime.....
	Introduction
	Materials and methods
	Cell culture
	Indirect immunofluorescence
	Western blotting
	Zymography
	Statistical analysis

	Results
	Morphological changes of SMMC-7721 cells in 3D cell culture model
	Distributions of F-actin in two different cell culture models
	Expression of HAb18G/CD147 in 3D cell culture model
	Expression of paxillin in 3D cell culture model
	Expressions and activation of FAK in two different cell culture models
	Expression of E-cadherin in two different cell culture models
	Secretion of MMPs in 3D cell culture model

	Discussion
	Acknowledgments
	References




