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A chimeric antibody targeting CD147 inhibits hepatocellular
carcinoma cell motility via FAK-PI3K-Akt-Girdin signaling
pathway
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Abstract CD147 is expressed at low levels in normal

tissues but frequently highly expressed in a wide range of

tumor types such as lung, breast, and liver and therefore it

is a potentially unique therapeutic target for these diverse

tumor types. We previously generated a murine antibody

HAb18 which suppresses matrix met al.loproteinase-2 and

matrix metalloproteinase-9 secretion, attenuates cell inva-

sion by blocking the CD147 molecule in tumor cells. Here,

we generated a chimeric antibody containing the variable

heavy and variable light chains of murine HAb18 and the

constant regions of human IgG1c1 and human j chain as a

potential therapeutic agent (designated cHAb18). Quanti-

tative measurement of cHAb18 antibody affinity for anti-

gen CD147 with surface plasmon resonance showed the

equilibrium dissociation constant KD was 2.66 9

10-10 mol/L, similar to that of KD 2.73 9 10-10 mol/L for

murine HAb18. cHAb18 induced antibody-dependent cell-

mediated cytotoxicity in two hepatocellular carcinoma cell

lines, SMMC-7721 and Huh-7 cells. It inhibited cancer

invasion and migration in hepatocellular carcinoma cells

by specifically blocking CD147. Except for the depression

of matrix metalloproteinase-2 and matrix metalloprotein-

ase-9 expressions, cHAb18 antibody suppressed cell

motility by rearrangement of actin cytoskeleton, which was

probably induced by decreasing the phosphorylation of

focal adhesion kinase, phosphatidylinositide-3 kinase

(PI3K), Akt, and Girdin in the integrin signaling pathway.

In an orthotopic model of hepatocellular carcinoma in

BALB/c nude mice, cHAb18 treatment effectively reduced

the tumor metastasis in liver and prolonged the survival.

These findings reveal new therapeutic potential for

cHAb18 antibody targeting CD147 on tumor therapy.
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Abbreviations

ADCC Antibody-dependent cell-mediated

cytotoxicity

BrdU Bromodeoxyuridine

DAPI 40,6-diamidino-2-phenylindole

DHFR Dihydrofolate reductase

ECM Extracellular matrix

EGFR Epidermal growth factor receptor

EMMPRIN Extracellular matrix metalloproteinase

inducer

FAK Focal adhesion kinase

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

HCC Hepatocellular carcinoma

H&E Hematoxylin and eosin

HRP Horseradish peroxidase

GHT Hypoxanthine and thymidine

GIV/Girdin Ga-interacting vesicle-associated protein

MMPs Matrix metalloproteinases

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide

PI3K Phosphatidylinositide-3 kinase

VH Variable heavy
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VL Variable light

SDS Sodium dodecyl sulfate

SPR Surface plasmon resonance

Introduction

Malignant primary tumor cells colonize distal organs to

form metastases resulting in more than 90 % of cancer-

related deaths [1, 2]. The invasion-metastasis cascade

comprises a series of steps to accomplish invasion, in-

travasation, extravasation, and colonization of target

organs to generate lethal metastases [3]. Cell motility is a

critical step in the cancer invasion-metastasis cascade, and

understanding the key molecular controls of this process

will lead to appropriate therapies for treating cancer [4].

The actin cytoskeleton provides the basic infrastructure for

the maintenance of cell motility. Polymerization of sub-

membrane actin filaments forms the invasive protrusions,

such as lamellipodia and invadopodia in invasive and

metastatic cancer cells, which is initiated by actin nucle-

ation factors [5]. Several cellular signaling cascades

including Rho-GTPases and integrin are crucial regulators

of actin turnover and coordinate the control of actin

nucleating activities [6, 7]. Drugs specifically targeting

actin polymerization thus disrupting actin assembly might

be suitable for inhibition of tumor cell migration.

CD147 is a member of the immunoglobulin superfamily

of adhesion molecules, which is associated with an inva-

sive phenotype in various types of cancers, including

hepatocellular carcinoma (HCC) [8, 9]. Denoted as an

extracellular matrix metalloproteinase inducer (EMM-

PRIN), CD147 interacts with integrin or monocarboxylate

transporter family members in signal transduction for

induction of matrix metalloproteinases (MMPs), which

modulate cell migration by both proteolytic and nonpro-

teolytic manners [10–14]. Up-regulation of CD147 in

breast epithelial cell also directly activated invadopodia by

assembling complexes of CD147, CD44, and epidermal

growth factor receptor (EGFR) in lipid raft like domains,

and mediating signaling through EGFR-Ras-ERK pathway

[15, 16]. Our previous studies demonstrated CD147 is

involved in the epithelial-mesenchymal transition in

hepatic cells [17]. With HCC cell models we showed that

CD147 inhibits Rho signaling pathways and amoeboid

movement by inhibiting annexin II phosphorylation, pro-

motes membrane localization of WAVE2 and Rac1 acti-

vation by way of the integrin-FAK-PI3K/PIP3 pathway,

and promotes the formation of lamellipodia and mesen-

chymal movement [18]. The mesenchymal mode of inva-

sion needs metalloproteinase activity to dissolute the

extracellular matrix (ECM) at the cell front, facilitating

actin-driven leading edge protrusion [19]. It is reasonable

to assume that CD147 may as a both direct and indirect

factor regulating actin reorganization and MMP induction

in the tumor cell motility, and targeting CD147 is a

promising strategy for cancer treatment.

We previously generated a murine antibody, HAb18

which suppressed MMP-2 and MMP-9 secretion, attenu-

ated cell invasion by blocking the CD147 molecule in HCC

cells [20]. The fragment of HAb18 F(ab0)2 labeled with

radionuclide iodine-131 (generic name: Iodine [131I] Me-

tuximab Injection, trade name: Licartin) was approved for

radioimmunotherapy of HCC by the China Food and Drug

Administration, showing safety and efficacy in clinical

application [21–27]. To our knowledge, no humanized

antibody against CD147 was reported in clinical trials,

although Dean NR et al. generated a chimeric anti-CD147/

EMMPRIN antibody that inhibited tumor cell proliferation

of head and neck squamous cell carcinoma in a mouse

model [28]. Other anti-CD147 therapies, such as antisense

RNA of CD147 [29] and siRNA targeted against CD147

[30] showed anti-tumor effects in HCC, suggesting CD147

is a target for HCC therapy. To translate the anti-cancer

potential targeting CD147 by antibody, we generated a

chimeric antibody, cHAb18 derived from HAb18 in this

study. We showed that cHAb18 specifically inhibited HCC

invasion and metastasis in vitro and in vivo. The motility of

HCC cells was inhibited with cHAb18 antibody by rear-

rangement of actin cytoskeleton via modulating CD147-

mediated FAK-PI3K-Akt-Girdin signaling pathway.

Materials and methods

Cell lines and plasmids

CHO-K1, dihydrofolate reductase-deficient CHO (CHO-

dhfr-), SMMC-7721, HepG2, Huh-7, and THP-1 cell lines

were obtained from the Institute of Cell Biology, Chinese

Academy of Sciences (Shanghai, China). Hybridoma cell

line expressing HAb18 antibody was kept in our laboratory

and cultured in DMEM medium (Gibco, NY, USA) sup-

plemented with 10 % fetal bovine serum (FBS) [31, 32].

SMMC-K7721 was derived from HCC cell line SMMC-

7721 by knockout of CD147 gene (Basigin-1) with zinc

finger nucleases [33]. SMMC-7721-CD147-GFP cell line was

developed and preserved in our laboratory [34]. CHO-K1,

SMMC-7721, SMMC-K7721, SMMC-7721-CD147-GFP,

and THP-1 cells were cultured in RPMI 1640 medium

(Gibco) supplemented with 10 % FBS, 100 U/ml of

penicillin, and 100 lg/ml streptomycin. CHO-dhfr- cells

were cultured in DMEM/F12 medium (Hyclone, Logan,

USA) supplemented with 10 % FBS containing 2 mmol/L
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L-glutamine, 10 lg/ml glycine, 15 lg/ml hypoxanthine,

and 5 lg/ml thymidine (GHT). All cell lines were incu-

bated in a 5 % CO2 humidified incubator at 37 �C. The

cloning pMD18-T vector was obtained from Takara (Shiga,

Japan). The secreted IgG expression vector, which con-

taining the constant regions of human IgG1c1 and human j
chain plasmid pDHL, was kept in our laboratory.

Reverse transcription PCR

PCR primers were designed with software Primo Pro

(version 3.4) and corresponding restriction endonuclease

digestion sites were introduced into the primers for cloning

variable heavy (VH) and variable light (VL) chains from

hybridoma cell line containing HAb18 antibody gene

(Table 1). Primers were synthesized by Shanghai Sangon

Biological Engineering Technology & Services Co., Ltd

(Shanghai, China). Total RNA was extracted from

hybridoma cells using Trizol reagent (Invitrogen, Carlsbad,

USA) and reverse transcribed into cDNA with a ReverTra

Ace-a kit (Toyobo, Osaka, Japan). PCR amplification

products were separated and cloned into pMD18-T vector,

named pMD18-T/VH and pMD18-T/VL. The primer

sequences for amplification of GAPDH, MMP-2, and

MMP-9 by real-time PCR were also listed in Table 1.

Construction and expression of chimeric antibody

cHAb18

VH and VL were amplified by PCR using the templates

pMD18-T/VH and pMD18-T/VL, and then inserted into

the secreted IgG expression vector containing the constant

regions of human IgG1c1 and human j chain to obtain the

plasmid 18HL-pDHL with Xho I/Hind III and Xba I/BamH

I. For stable expression, 18HL-pDHL plasmid was

transfected into CHO-dhfr- cells using Lipofectamine�

2000 Transfection Reagent (Invitrogen). Cells were cul-

tured for 3 days followed by feeding with GHT-free

DMEM medium for selection of DHFR-positive clones.

The medium was changed every 2–3 days after transfec-

tion. After 20 days, clones were isolated using pipette tips

and then transferred into 24-well dishes and incrementally

expanded. Transfected clones were subjected to screening

by stepwise increments in methotrexate (Sigma, Brooklyn,

USA) followed by subcloning at each level. The superna-

tants were harvested and tested for the antibody production

by dot blot, SDS-PAGE, and western blot analysis.

Dot blot and western blot

The cHAb18 antibody from 500 ml of culture supernatants

was purified using a Protein G affinity chromatography

column (Pharmacia Inc, Peapack, USA). For dot blot

analysis, the samples were spotted on the nitrocellulose

membranes (Millipore, Boston, MA), incubated with

horseradish peroxidase (HRP)-labeled mouse anti-human

Fc IgG (Pierce Biotechnology, Rockford, USA) for 1 h at

room temperature. For western blot, the sample in the

sodium dodecyl sulfate (SDS)-polyacrylamide gel were

transferred onto polyvinylidene fluoride microporous

membrane (Millipore) and probed with primary antibodies

including HAb18, cHAb18, anti-FAK, anti-p-FAK, anti-

PI3K, anti-p-PI3K, anti-Akt, anti-p-Akt (Cell Signaling

Technology, Danvers, USA), anti-p-Girdin (Bioscience,

CA, USA), and anti-a-tubulin antibodies (Invitrogen).

Unbound antibodies were removed by washing three times

for 30 min in PBS with 0.05 % Tween 20. Protein bands on

the membrane were visualized using a chemiluminescence

kit (Beyotime, Shanghai, China) according to the manu-

facturer’s instructions.

Table 1 Primer sequences for

PCR
Gene Primer sequences

VH Forward 50-TCCGGTAGACAAGCTTACCTGAAGAGACAGTGA-30

Hind I

Reverse 50- GGGGCTCGAGTCTAGATTGGGGATATCCACCATG-30

Xho I

VL Forward 50-GAGCGGATCCTTACGTTTGATTTCCA-30

BamH I

Reverse 50- GGGGCTCGAGTCTAGATTGGGGATATCCACCATG-30

Xba I

MMP-2 Forward 50-GGACTATGACCGGGATAAGAAATATG-30

Reverse 50-GGGCACCTTCTGAATTTCCA-30

MMP-9 Forward 50-GCACGACGTCTTCCAGTACC-30

Reverse 50-TCAACTCACTCCGGGAACTC-30

GAPDH Forward 50-TGAAGGTCGGAGTCAACGGATTTGGT-30

Reverse 50-CATGTGGGCCATGAGGTCCACCAC-30
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Surface plasmon resonance (SPR)

Six ligand channels on the carboxylated sensor chip surface

were activated, and chimeric cHAb18 and murine HAb18

antibodies were immobilized on the ProteOnTM GLC sensor

chip. The prokaryotically expressed extracellular CD147

fragment was produced as previously described [35], which

were prepared at concentration of 1.6, 0.8, 0.4, 0.2, 0.1 and

0 nmol/L by serial dilution in PBS/Tween buffer. Samples of

each concentration (100 ll) were injected into the six analyte

flow channels at a flow rate of 50 ll/min. The analyte

injection step included a 180 s association phase followed by

a 720 s dissociation phase in running buffer. Data were

analyzed using a 1:1 Langmuir binding model with global

fitting (BIAevaluation software, BIAcore).

Fluorescence

Cells were grown in dishes and washed twice with PBS and

fixed with 4 % paraformaldehyde for 30 min at room

temperature. Then the cells were blocked with 5 % goat

serum followed by incubation with primary antibodies,

including murine HAb18 and cHAb18. Fluorescein iso-

thiocyanate (FITC)-conjugated goat anti-mouse and anti-

human IgG (Pierce) were used as secondary antibodies. To

detect F-actin, the cells were probed with Alexa Fluor

488-phalloidin (Molecular Probes) at 1:40 for 20 min. Cell

nuclei were stained with Hoechst 33258 (Invitrogen) or

40,6-diamidino-2-phenylindole (DAPI) (Biotium, CA,

USA). Images were obtained with an FV1000 laser scan-

ning confocal microscope (Olympus, Nagoya, Japan).

Antibody-dependent cell-mediated cytotoxicity

(ADCC)

The targeted SMMC-7721 and Huh-7 cells were plated at a

density of 5 9 103/well, with varying amounts of the

cHAb18 antibody (0.01, 0.05, and 0.1 mg/ml) in 96-well

plate and incubated at 37 �C in 5 % CO2 for 30 min. Human

peripheral blood mononucleocytes as effector cells were

freshly prepared and added to the target cells to achieve a

ratio of 50:1 of effect cells:target cells. After 4 h incubation,

ADCC was assessed using CytoTox96 assay kit (Promega,

CA, USA) according to the manufacturer’s instructions.

Cell viability assay

Cell viability was assessed by trypan blue exclusion assay.

Briefly, Cells were treated with cHAb18 antibody diluted

in DMEM for 24 h. The supernatant was removed and cells

were washed twice with PBS followed by suspension in

trypan blue (Invitrogen). Viable cells were counted with

the Viable Cell Count (Invitrogen). Cell viability was also

assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltet-

razolium bromide (MTT) assay. Briefly, cells were seeded

in a 96-well plate and treated with cHAb18 in triplicate for

24 and 48 h, respectively. The medium was replaced with

fresh medium containing 0.5 mg/ml MTT. After 4 h, the

supernatants were removed and the resulting MTT forma-

zan was solubilized in dimethyl sulfoxide and measured

spectrophotometrically at 490 nm on a BIO-TEK micro-

plate reader (Bio-Rad Laboratories, CA, USA). Cell

proliferation was assessed using a bromodeoxyuridine

(5-bromo-20-deoxyuridine, BrdU) detection assay kit (BD

Bioscience) according to the manufacturer’s instructions.

Gelatin zymography assay

The activities of MMP-2 and MMP-9 were assayed by

gelatin zymography. Briefly, subconfluent THP-1 cells

were incubated with serum-free medium with various

concentrations of cHAb18 for 24 h. The conditioned

medium was then harvested and concentrated by ultra-fil-

tration centrifugation (Beckman, Danvers, USA). The

sample (20 ll) was mixed with loading buffer and sub-

jected to 10 % SDS–polyacrylamide gel containing 0.1 %

gelatin. Electrophoresis was performed at 100 V for 2 h at

4 �C. Gels were then washed with 2.5 % Triton X-100 at

room temperature to remove SDS, followed by incubation

at 37 �C in reaction buffer (40 mmol/L Tris–HCl, pH 8.0,

10 mmol/L CaCl2, 0.02 % NaN3). After 16 h, the gels

were stained with comassie blue R-250 for 1 h and

destained with destaining solution (20 % methanol, 10 %

acetic acid, 70 % ddH2O) until the cleat bands were

visualized.

Cell invasion assay

The ability of cells to migrate through matrigel-coated

filters was measured using commercial transwell chambers

(Millipore) with 8.0 lm pore polycarbonate filters coated

with 30 lg matrigel (BD Bioscience) on the top side of the

filter. Briefly, 2 9 104 cells in 200 ll serum-free medium

were added to each transwell insert and 400 ll complete

medium was added to the outer well to provide chemoat-

tractant and prevent dehydration. Cells were incubated at

37 �C in 5 % CO2 for 24 h and then stained with 0.2 %

crystal violet. Excess dye was washed away with tap water.

Then the dyed cells were solubilized in 33 % glacial acetic

acid and measured spectrophotometrically at 570 nm with

a BIO-TEK microplate reader (Bio-Rad Laboratories).

Wound healing migration assay

Cells were plated in a 24-well plate and grew to conflu-

ence. The monolayer culture was then scrape-wounded
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with a sterile micropipette tip to create a denuded zone

(gap) of constant width. After removing the cellular debris

with PBS, cells were exposed to various concentrations of

cHAb18 for 24 or 48 h. Cells migrated to the wounded

region were observed by inverted microscope and photo-

graphed. The wound area was measured by the program

Adobe PhotoShop. The percentage of wound closure was

estimated by the following equation: wound closure

% = [1-(wound area at Tt/wound area at T0)] 9 100 %,

where Tt is the time after wounding and T0 is the time

immediately after wounding.

Orthotopic transplantation mouse model

The 6–8 weeks old female BALB/c mice (Animal

Resources Centre, Shanghai, China) were housed under

pathogen-free conditions in facilities approved by the Forth

Military Medicine University Animal Care Committee.

Mice were kept 1 week before experimental manipulation.

All mice remained healthy and active during the experi-

ment. Cultured SMMC-7721 cells (5 9 106/injection) in

100 ll matrigel (BD Bioscience) were implanted in hepatic

lobule of mice. Five days after tumor cells implantation,

the animals were randomized into four groups, denoted as

negative control group (n = 10), low cHAb18 group

(n = 9), middle cHAb18 group (n = 9), and high cHAb18

group (n = 10) which received intraperitoneally injections

of 0.9 % NaCl, 0.4, 2, and 10 mg/kg cHAb18 twice weekly

for 3 weeks, respectively. For examination of tumor liver

metastases, until the mice died of tumor burden, the visible

surface metastases in liver were counted. Mouse body

weight and survival rate were daily monitored over

8 weeks. This study utilized moribundity as an endpoint by

determining the conditions as follows: lack of responsive-

ness to manual stimulation, immobility, and/or inability to

eat or drink. Mice meeting one of the criteria were eutha-

nized. The mouse livers were fixed in 10 % formalin and

embedded in paraffin. Tissue sections (4 lm, thick) were

obtained from the paraffin blocks, stained with hematox-

ylin and eosin (H&E) and were also subjected to immu-

nohistochemistry by staining with rabbit anti-human

CD147 (Proteintech, Chicago, USA), anti-p-Akt (antibody

revolution, CA, USA), and anti-p-Girdin antibodies (Bio-

science) using a streptavidin-peroxidase staining kit

(ZSGB-Bio., Beijing, China).

The protocols involving animals were conducted

according to the Animal Welfare Act and approved by

Animal Care and Use Committee of the Fourth Military

Medical University (Approval number 2012065). All sur-

gery was performed under sodium pentobarbital anesthesia,

and all efforts were made to minimize suffering.

Statistical analysis

All data were expressed as mean ± SD. Statistical analysis

was done using the Student’s t test or a one-way ANOVA.

Statistical significance of in vivo data was analyzed by

Kaplan–Meier survival curves and log-rank test. The tumor

metastases in different groups were analyzed with Kruskal–

Wallis test and Mann–Whitney test. P \ 0.05 was con-

sidered statistically significant.

Results

Generation of chimeric antibody cHAb18

The vector 18HL-pDHL containing VH and VL of HAb18

and constant region of human IgG1j genes were con-

structed accordingly (Fig. 1a). Enzyme-linked immuno-

sorbent assay of different subclones showed that CHO-

dhfr-cells secreted human IgG by transfection with 18HL-

pDHL (Fig. 1b). By dot blot assay, we demonstrated that

three stable cell lines expressed human IgG were con-

structed (Fig. 1c). Subsequently, the VH and VL gene

expression was detected by RT-PCR in two stable trans-

fected-clones (Fig. 1d). The purified cHAb18 was sub-

jected to SDS-PAGE and showed that one band of 160 kDa

and two bands of 52 kDa and 28 kDa appeared under non-

reducing and reducing conditions, respectively (Fig. 1e).

Western blot analysis of the purified cHAb18 showed a

full-length form (160 kDa) under non-reducing condition

and a heavy chain (52 kDa) under reducing condition by

detection with an anti-human Fc antibody, respectively

(Fig. 1f).

cHAb18 antibody specifically binding to CD147

Quantitative measurement of antibody affinity for antigen

CD147 was performed with SPR technique. The results

showed that cHAb18 affinity was similar to that of HAb18,

and the equilibrium dissociation constant (KD) values were

2.66 9 10-10 and 2.73 9 10-10 mol/L, respectively

(Fig. 2a). Western blot analysis showed that both cHAb18

and HAb18 antibodies recognized the high-glycosylated

(45–66 kDa) and low-glycosylated (36 kDa) CD147 mol-

ecule in three HCC cell lines Huh-7, HepG2, and SMMC-

7721 (Fig. 2b). The antigen CD147 was located on cell

membrane as disclosed with immunofluorescence

(Fig. 2c). The specific binding of cHAb18 to CD147 was

confirmed using a CD147-knockout HCC cell line SMMC-

K7721, because no signals were observed in these cells

(Fig. 2b, c).
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Immune effector function of cHAb18

To explore the anti-tumor effect of human Fc of chimeric

antibody cHAb18, we performed an antibody-dependent

cell-mediated cytotoxicity (ADCC) assay using human

peripheral blood mononuclear cells. As shown in Fig. 3,

cHAb18 showed a dose-dependent cytotoxicity towards

human HCC cells. The cytotoxicity was observed in

SMMC-7721 and Huh-7 cell lines with 21.4 and 14.0 % at

0.1 mg/ml cHAb18, respectively.

cHAb18 antibody inhibits cell invasion

To explore the cytotoxic effect of cHAb18, SMMC-7721

and human acute monocytic leukemia cell line THP-1 were

treated with various concentration of cHAb18 for 24 h.

Trypan blue exclusion assay showed the cell viability was

not changed by cHAb18 treatment in both cell lines

(Fig. 4a). Two other methods, MTT and BrdU were per-

formed and verified that cHAb18 antibody exerted no

inhibition on SMMC-7721 cell proliferation (Fig. 4b, c).

Fig. 1 Generation of chimeric

anti-CD147 antibody cHAb18.

a Schematic map for the

construction of 18HL-pDHL.

b Enzyme-linked

immunosorbent assay detected

IgG production in the culture

supernatants of stable 18HL-

pDHL-transfected CHO clones.

Ten colonies were randomly

picked and ranked from the

lowest to highest expression

level of IgG. c Dot blot detected

IgG expression in the culture

supernatants of three stable

18HL-pDHL-transfected CHO

clones. Samples were detected

repeatedly. Human IgG was

spotted on the top as positive

control. The culture

supernatants of non-transfected

CHO cells were spotted on the

bottom as negative control.

d Detection of VH and VL

genes of cHAb18 by RT-PCR in

clone 9 and clone 10. Non-

transfected CHO cell line was

used as control. e Detection of

cHAb18 expression by SDS-

PAGE. f Detection of cHAb18

by western blot. The purified

cHAb18 and HAb18 were

subjected to SDS-PAGE and

western blot analysis under non-

reduced and reduced conditions.

HRP-anti-human Fc antibody

and HRP-anti-mouse Fc

antibody were used for cHAb18

and HAb18 detection,

respectively
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However, cHAb18 antibody suppressed the invasion of

SMMC-7721 cells through the filter in a dose-dependent

manner with Boyden chamber assay. Treatment with

cHAb18 of 0.01, 0.05, and 0.1 mg/ml inhibited 12.6, 24.5,

and 28.3 % of cell invasion in SMMC-7721 cells, respec-

tively. Conversely, no effect was induced with cHAb18 in

SMMC-K7721 cells (Fig. 4d). The results indicated that

cHAb18 markedly inhibited the invasion of SMMC-7721

cells by blocking CD147.

cHAb18 antibody inhibits cell migration

We investigated the inhibitory effect of cHAb18 on

migration of SMMC-7721 and SMMC-7721-CD147-GFP

Fig. 2 Specific binding of cHAb18 for antigen CD147. a One-shot

kinetics for the interactions of CD147-cHAb18 antibody (upper) and

CD147-HAb18 antibody (lower) by SPR. Five sets of five sensor-

grams were generated in a single analyte injection step. Each set of

five sensograms displayed the responses to the five diluted concen-

trations of recombinant CD147 interacting with one immobilization

level of cHAb18 or HAb18 antibody. RU denoted as resonance unit.

b Specific binding of cHAb18 for antigen CD147 disclosed by

western blot analysis. Whole cell lysates harvested from CD147-

positve three cell lines Huh-7, HepG2, and SMMC-7721, and CD147-

knockout SMMC-K7721 cell line were probed with cHAb18

antibody. HAb18 and anti-a-tublin antibodies were as controls.

c Immunofluorescence detected the specific binding of cHAb18 for

antigen CD147 in SMMC-7721 cells. FITC-labeled goat anti-human

Fc antibody and FITC-labeled goat anti-mouse Fc antibody were used

for detection of cHAb18 and HAb18, respectively. Cell nuclei were

stained with Hochest 33258 (blue). CD147-knockout SMMC-K7721

cells were as control. Magnification 9600. (Color figure online)
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cells. After incubation with various concentrations of

cHAb18 for 24 h, cHAb18 suppressed the migration of

SMMC-7721 cells to the denuded zone in a dose-

dependent manner, and there was no effect in SMMC-

K7721 cells after cHAb18 treatment at the same con-

centration (Fig. 5a). With a CD147-overexpression cell

line, we observed the inhibition of cHAb18 at 48 h on

SMMC-7721-CD147-GFP cell migration (Fig. 5b). These

results revealed that cHAb18 significantly inhibited the

motility of SMMC-7721 cells by blocking CD147.

Synergistic effect of cHAb18 and marimastat

on depression of cell mobility

Since the activation of MMPs is crucial for ECM degra-

dation, and CD147 is well-known to induce MMPs pro-

duction, the effect of cHAb18 on the activation of MMPs

was investigated. After THP-1 cells treated with various

concentrations of cHAb18 for 24 h in serum-free medium,

the conditioned medium was collected, concentrated and

assayed for MMP activity by gelatin zymography. The

results showed that MMP-9 and MMP-2 activities were

markedly reduced by 0.1 mg/ml of cHAb18 (Fig. 6a). As

undetectable MMP secretion was assessed in SMMC-7721

cells with gelatin zymography, we used real-time PCR

analysis and demonstrated that 0.05 mg/ml of cHAb18

significantly suppressed the expression of MMP-9 and

MMP-2 mRNA levels in SMMC-7721 cells, but no inhi-

bition was observed in SMMC-K7721 cells (Fig. 6b).

Marimastat, a broad-spectrum MMP inhibitor showed no

inhibition in cell motility by wound healing migration

assay. However, the combination of cHAb18 and marim-

astat exerted synergistic inhibitory effect (Fig. 6c). The

results suggest a direct inhibitory effect of cHAb18 on cell

motility other than depression of MMP production in cell

invasion.

cHAb18 antibody inhibited stress fiber and lamellipodia

formations by suppressing phosphorylation of FAK,

PI3K, Akt, and Girdin

Integrin-mediated cell adhesion activating PI3K-Akt sig-

naling served as a central mediator in cell motility and

survival [36]. It has been reported that CD147 interacts

with integrin, we tried to determine whether cHAb18 could

cause cytoskeletal rearrangement in HCC cells, thus

inhibiting cell motility. To quantify the changes in cyto-

skeletal arrangements, F-actin stress fibers were labeled

with Alexa Fluor 488-phalloidin after cHAb18 treatment of

SMMC-7721 cells. We found that the formation of F-actin

stress fiber and lamellipodia were weakened at 24 and 48 h

in the cHAb18 treatment group compared with that of

negative control group (Fig. 7a), which was similar with

the distribution of F-actin in untreated-SMMC-K7721 cells

(Fig. 7a). Akt is a regulator of the actin cytoskeleton

organization, and this activity is mediated via its substrate

Ga-interacting vesicle-associated protein (GIV/Girdin)

[37]. Identified as an actin-binding protein, phosphorylated

Girdin by Akt accumulates at the leading edge of migrating

cells that is involved in both the remodeling of the actin

Fig. 3 Immune effector

function of chimeric antibody

cHAb18. The antibody-

dependent cell-mediated

cytotoxicity assay was

performed at effector:target cell

ratio of 50:1 and antibody

concentration was ranged from

0.01 to 0.1 mg/ml. Data were

calculated from three

independent experiments and

presented as mean ± SD.

*P \ 0.05, **P \ 0.01

cFig. 4 cHAb18 antibody exerted an inhibition in tumor cell invasion

but no cell proliferation. a SMMC-7721 and THP-1 cells were treated

with various concentration of cHAb18 antibody for 24 h, and the cell

viability was determined by typan blue exclusion assay. b SMMC-

7721 cells were treated with various concentration of cHAb18

antibody for 24 and 48 h, respectively. The cell viability was

determined by MTT assay. c FACS analysis (left panel) and

quantification (right panel) of SMMC-7721 cell proliferation (%)

after cHAb18 treatment by BrdU incorporation assay. d SMMC-7721

and SMMC-K7721 cells were treated with various concentration of

cHAb18 for 24 h and cell invasion assay was determined by Boyden

chamber assay. The invaded cells were photographed (magnification

9200) and quantified spectrophotometrically. Data were calculated

from three independent experiments and presented as mean ± SD.

*P \ 0.05, **P \ 0.01
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cytoskeleton and in cell motility [38]. The effects of

cHAb18 on the phosphorylated status of FAK, PI3K, Akt,

and Girdin in SMMC-7721 cells were investigated. As

shown in Fig. 7b, cHAb18 antibody reduced the phos-

phorylation of FAK, PI3K, Akt, and Girdin in a time-

dependent manner, suggesting the inhibition of cell

migration by cHAb18 via suppressing integrin-FAk-PI3K/

Akt-Girdin signaling pathway (Fig. 7c).

cHAb18 antibody inhibits HCC metastasis and prolongs

survival in orthotopic transplantation HCC mouse

model

We used an orthotopic model of human HCC in nude mice

to investigate whether cHAb18 antibody had a therapeutic

effect on anti-HCC metastasis in vivo. Our study showed

that cHAb18 antibody significantly reduced the metastases

and CD147-positive tumor foci in liver with a dose-

dependent manner (Fig. 8a). To understand the molecular

events occurring in cHAb18-treated tumors, two key signal

molecules were examined by immunohistochemistry

staining. We determined that cHAb18 treatment reduced

both Akt and Girdin phosphorylation in HCC tumors

derived from SMMC-7721 cells (Fig. 8a), which was

consistent with cell signaling changes in vitro as shown in

Fig. 7b. Over 50 metastases were observed in 80.0 %

(8/10) mice in the control group, whereas 44.4 % (4/9),

33.3 % (3/9), and 0 % (0/10) mice in cHAb18 low-, mid-

dle-, and high-dose groups, respectively (Table 2). The

survival curves and log rank test showed that cHAb18

Fig. 5 cHAb18 antibody inhibited tumor cell migration. Cell mon-

olayers were scraped by a sterile micropipette tip and the cells were

treated with various concentration of cHAb18 for 24 or 48 h.

a SMMC-7721 and SMMC-K7721 cells. b SMMC-7721-CD147-GFP

cells. The area of wound was quantified in three fields in each

treatment. Data were calculated from three independent experiments

and presented as mean ± SD. **P \ 0.01. Magnification 9200
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antibody significantly prolonged the survival in mice

(Fig. 8b).

Discussion

Oncogene-targeted antibodies have entered the main-

stream of cancer therapy [39]. In this study, we generated

a chimeric human-murine IgG1 antibody cHAb18 directed

against CD147. The desired animal model for evaluating

human-mouse chimeric antibody is a mouse with human

immune system. Currently humanized mice with human

immune system was generated by reconstituting immu-

nodeficient mice with human fetal liver-derived hemato-

poietic stem cells [40]. However, this kind of hepatoma-

bearing mouse model was not available for us. To explore

the role of human Fc of chimeric antibody cHAb18 in

tumor response, we performed an ADCC assay and

observed cytotoxicity of cHAb18 in both SMMC-7721

and Huh-7 cells. Moreover, cHAb18 displayed higher

cytotoxicity in SMMC-7721 than Huh-7 cell line, proba-

bly due to the higher level of CD147 expression in

SMMC-7721 cells compared with Huh-7 as shown in

Fig. 2b.

The migration and invasion of HCC were specifically

inhibited with cHAb18 possibly by depression of MMP

production and rearrangement of actin cytoskeleton.

Induction of MMPs is one of cancer-related features of

CD147, which is well elucidated in various types of can-

cers [10]. To assess the anti-tumor effects of cHAb18

against CD147 in vitro, the activities of MMP-2 and MMP-9

which can be induced by CD147 were assayed by gelatin

Fig. 6 Synergistic effect of cHAb18 and Marimastat on depression of

cell mobility. a THP-1 cells were treated with various concentration

of cHAb18 for 24 h and the activities of MMP-9 and MMP-2 were

determined by gelatin zymography. b SMMC-7721 and SMMC-

K7721 cells were treated with various concentration of cHAb18 for

24 h and the expressions of MMP-2 and MMP-9 mRNA were

analyzed by RT-PCR. GAPDH mRNA was used to normalize RNA

inputs. c SMMC-7721 cells monolayers were scraped by a sterile

micropipette tip and treated with either cHAb18, Marimastat, or both

combined for 24 h. The area of wound was quantified in three fields in

each treatment. Data were calculated from three independent

experiments and presented as mean ± SD. **P \ 0.01,

***P \ 0.001. Magnification 2009
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zymography. Using gray-scale scanning, we determined

that MMP-9 and MMP-2 were reduced with 0.05 mg/ml

cHAb18 in THP-1 cells. We used real-time PCR analysis

and demonstrated that the same dose of cHAb18 sup-

pressed the expression of MMP-9 and MMP-2 mRNA

levels in SMMC-7721 cells. This dosage of cHAb18 had

similar order of magnitude with another anti-CD147 chi-

meric antibody, CNTO3899 reported in Dean’s study [28].

The MMP-independent role for CD147 was identified in

promoting cytoskeletal rearrangements and lamellipodia

formation and modulating focal adhesions by interaction

with integrin, monocarboxylate transporter 4, membrane-

Fig. 7 The potential mechanism of cHAb18 antibody in inhibition of

tumor cell motility. a Rearrangement of cytoskeleton in SMMC-7721

cells after cHAb18 treatment for 24 and 48 h. F-actin was probed with

Alexa 488-phalloidin. Cell nuclei was stained with DAPI. Confocal

images were merged (6009 magnification). b SMMC-7721 cells were

treated with 0.1 mg/ml of cHAb18 for 0.5, 1, 2, 3, 4, and 5 h. The

phosphorylations of FAK, PI3K, Akt, and Girdin were determined by

western blot. a-tubulin was used as a loading control. c Potential

signaling pathway in tumor cell motility regulated by CD147 which

was disrupted by cHAb18
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type-1 matrix metalloproteinase, and CD44-EGFR [15, 16,

41–43]. Our previous studies suggest extracellular inter-

action of CD147 and integrin b1 triggers FAK signaling,

which regulates paxillin and PI3K/Akt downstream path-

ways modulating cell–matrix adhesion, cystoskeleton

reorganization, migration, and invasion [11, 12, 18, 42].

This signal transduction is mediated by oligomerization of

CD147 molecules [34, 44]. Here, the CD147-directed

cHAb18 antibody inhibited MMP expression and actin

polymerization, probably through interfering with the

CD147 oligomerization as predicted by molecular docking

[44].

The PI3K-Akt pathway has an important role in cell

metabolism, growth, migration, survival and angiogenesis,

contributing significantly to cellular transformation and the

development of cancer [45]. Girdin is a multidomain signal

transducer that enhances PI3K-Akt signal downstream of

both G-protein-coupled receptors and growth factor

receptor tyrosine kinases during diverse biological pro-

cesses and cancer metastasis [46]. A nonreceptor guanine

nucleotide exchange factor (GEF) of Girdin was identified

as a signature motif that regulates Akt signaling remodel-

ing the actin cytoskeleton and cell migration [47, 48]. Our

study demonstrated that blockage of CD147 by cHAb18

antibody inhibited the cascade phosphorylation of FAK,

PI3K, Akt, and Girdin, implying a function of CD147 in

FAK-PI3K-Akt-Girdin signaling transduction that pro-

moting cell motility.

Identification of oncogenes that mediate progression of

cancer, and trials that monitor their products as bio-

markers, might lead to personalized therapy. Recently we

developed a diagnostic kit Cameitin for carcinoma

detection based on CD147 immunoreaction that has been

approved by the China Food and Drug Administration.

Four clinical trials of Licartin combined with radiofre-

quency ablation or transcatheter arterial chemoemboliza-

tion for anti-recurrence therapy in HCC have been

registered by us at Chinese Clinical Trial Registry (www.

chictr.org) [49]. A preclinical assessment of chimerized

cHAb18 antibody will be performed, and this non-con-

jugated antibody might be used to treat CD147-positive

populations, and thus maximize the efficacy and cost

benefit.

In the present animal study we established an orthotopic

liver transplantation mouse model to test the therapeutic

effects on survival with three doses of cHAb18 antibody.

Usually the signs of tumor in cancer research may consti-

tute an endpoint, but it was unavailable for our study.

Therefore the moribundity was used as an endpoint and

moribund mice were treated humanely.

In conclusion, we generate a CD147-directed chimeric

antibody that inhibits MMPs production and decrease the

formation of stress fibers in HCC, thereby restraining

Fig. 8 cHAb18 antibody inhibited tumor metastasis and prolonged

survival in HCC-bearing mice. a Orthotopic transplantation HCC

mice were treated with various concentration of cHAb18 antibody for

3 weeks. Liver were excised for examination of metastases. Tumor

loci were visualized by H&E staining. CD147, p-Akt, and p-Girdin

were detected by immunohistochemistry. b The survival rate of

orthotopic transplantation HCC nude mice nude after cHAb18

treatment was illustrated by Kaplan–Meier curves
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tumor metastasis. These findings laid a foundation for

CD147-targeted antibody therapy in carcinoma.
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