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etraspanin CD81-Regulated Cell Motility Plays a Critical Role in
ntrahepatic Metastasis of Hepatocellular Carcinoma

NTONIO MAZZOCCA, FRANCESCO LIOTTA, and VINICIO CARLONI
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ackground & Aims: Human hepatocellular carci-
oma (HCC) can invade the portal vein and metasta-
ize to other parts of the liver. Currently, the molec-
lar and cellular mechanisms underlying intrahepatic
etastasis of HCC are poorly understood. Tumor

nvasiveness could be considered an aspect of dys-
egulated motility, and the mechanisms that inhibit
ell movement are considered to counteract the
preading of cancer cells through the liver. Accumu-
ating observations suggest that the CD81 tetraspanin

ay have an inhibitory effect on cell movement.
ethods: In the present study using both loss- and

ain-of-gene function approaches, we verified that the
unctional interaction of tetraspanin CD81 with type
I phosphoinositide 4-kinase (PI4KII) suppressed
CC cell motility by promoting the formation of
D81-enriched vesicles, non-endosomal intracellular

tructures, that sequestered actinin-4 with conse-
uent remodeling of actin cytoskeleton. Results: We
eported that HCC cells expressing CD81 showed an
nability to metastasize compared with HCC cells
ith undetectable levels of CD81. Conclusions:
aken together, these findings indicate that CD81

unctions as a molecular organizer of membrane mi-
rodomains, whereby proteins such as PI4KII control
ctin remodeling and cell motility, establishing a role
or these genes as negative modifiers of oncogenicity
nd HCC progression.

epatocellular carcinoma (HCC) is known to arise in
many patients with end-stage liver disease and is

ne of the most frequent cancers worldwide.1 The long-
erm survival of patients with HCC is poor because of the
igh incidence of recurrence within the liver after treat-
ent. Pathologic studies have identified 2 types of recur-

ence of HCC, namely multicentric development of new
umors and intrahepatic metastasis.2

Intrahepatic metastasis of HCC is frequently observed
uring advanced stages of the disease, and it is thought
o develop through tumor cell dispersal via the portal
ein. There is a strong statistical correlation between the
resence of intrahepatic metastasis and the frequency of
ascular invasion.3 However, the pathogenesis of the high
requency of intrahepatic metastasis in HCC has not

een elucidated.
Tumor invasiveness may be considered a disease of cell
otility. In fact, cell motility plays a central role during

arcinoma cell dissemination, and the cytoskeleton, a key
tructure of cell machinery, is continuously remodeled
uring cell movement. In this context, it is not clear what
ole is played by the “endosomal compartment” in con-
rolling actin organization and cell movement. Recently,
n attempts to shed light on this issue several studies
ave shown that several members of the tetraspanin
rotein family, such as CD9, CD63, and CD82, can affect
ell motility.4 –7 Furthermore, a few of these proteins have
een associated with intracellular vesicles lacking endo-
omal markers.8

CD81 is a ubiquitously expressed tetraspanin protein
hat has been described to be involved in a broad range of
ellular functions, including cellular fusion, exocytosis,
nd cell motility. CD81 has been proposed to play a role
n determining the metastatic behavior of tumors, and in
articular the decreased expression of CD81 is associated
ith the presence of distant extrahepatic metastasis in
atients with HCC.9 Previously, our laboratory has
hown that CD81 is involved in controlling the motility
f liver cells (ie, hepatic stellate cells); however, the mech-
nisms by which CD81 regulates this process are not
ompletely known.10

An important feature of CD81 is its ability to form
ligomers and to associate with a variety of other signal-

ng proteins into membrane microdomains termed tet-
aspanin-enriched microdomains.11 We and others have
reviously shown that type II phosphoinositide 4-kinase

PI4KII) is one of the various signaling proteins with
hich CD81 can create functional complexes.12–14 How-

ver, the importance of this interaction in influencing cell
igration has not been investigated. Whether CD81 reg-

Abbreviations used in this paper: cDNA, complementary DNA; CEV,
D81-enriched vesicle; FACS, fluorescence-activated cell sorting; GFP,
reen fluorescent protein; HCC, hepatocellular carcinoma; IGF-1R, in-
ulin-like growth factor type 1 receptor; PCR, polymerase chain reac-
ion; PI4KII, type II phosphoinositide 4-kinase; PtdIns(4)P, phosphati-
ylinositol 4-phosphate; PtdIns(4,5)P2, phosphatidylinositol (4,5)-
isphosphate; RNAi, RNA interference; RT-PCR, reverse transcription–
olymerase chain reaction; siRNA, small interfering RNA.

© 2008 by the AGA Institute
0016-5085/08/$34.00
doi:10.1053/j.gastro.2008.03.024
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lates cell motility directly or by modulating the function
f associated molecules is an issue that remains unclear.

In the present study, using both loss- and gain-of-
unction approaches, we show that CD81 interacts with
I4KII to suppress tumor cell motility. The functional
ooperation between CD81 and PI4KII contributes to the
ormation of intracellular vesicles lacking endosomal

arkers. These vesicles are able to sequester actinin-4
rom the plasma membrane and impair proper assembly
f the actin cytoskeleton. Intriguingly, we found that the

ipid kinase activity of PI4KII is necessary for the inter-
ction with the cytoskeleton and the suppression of cell
otility. This represents an unexpected function of this

rotein in regulating cell migration.

Materials and Methods
Cell Lines, Antibodies, and Constructs
HepG2 and SW480 cells were purchased from

merican Type Culture Collection (Rockville, MD).
uh7 cells were obtained from Dr Tetsu Watanabe, De-
artment of Environmental Health, Tokai University.
he cells were maintained in Dulbecco’s modified Eagle’s
edium (Sigma Aldrich, St Louis, MO) and supple-
ented with 10% fetal bovine serum, 5 mmol/L sodium

yruvate, and 5 mmol/L nonessential amino acids at
7°C in a humidified incubator containing 5% CO2. The
ollowing antibodies were used: rabbit polyclonal anti-
I4KII� (Abgent, San Diego, CA), rabbit polyclonal
G701 anti–actinin-4 (ImmunoGlobe, Wurzberg, Ger-

any), mouse monoclonal phycoerythrin-conjugated
nti–insulin-like growth factor type 1 (IGF-1R; Santa
ruz Biotechnology, Santa Cruz, CA), mouse monoclonal
nti-hemagglutinin (12CA5), anti-Myc (9E10) (Santa
ruz Biotechnology), rabbit polyclonal (H-121), mouse
onoclonal anti-CD81 (5A6) (Santa Cruz Biotechnol-

gy), mouse monoclonal anti-green fluorescent protein
GFP; Molecular Probes, Carlsbad, CA), rabbit polyclonal
nti– early endocytic antigen 1 (Abcam, Cambridge, MA),
nd tetramethylrhodamine isothiocyanate–phalloidin
Sigma). Monoclonal anti-CD81 (5A6) was labeled with
uorochrome Alexa Fluor 488 using Zenon mouse immu-
oglobulin G (IgG) labeling kit (Molecular Probes).
CD81-GFP was obtained by polymerase chain reaction

PCR) amplification of the human CD81 complementary
NA (cDNA) expressing GFP in frame with CD81 in the

mino terminal position. The construct was subcloned into
he pCDM8 plasmid for transient expression. pcDNA3.1-
D81 was previously described.13 Myc-PI4KII� was gener-
usly provided by HL Yin. Ha-Rab5Q79L and Ha-
ab5S34N were generously provided by JL Bos. Myc-
abGAP-5 was generously provided by FA Barr. Eps15�95-
95 was a generous gift of A Benmerah.

RNA Isolation and Reverse Transcription–PCR
Total RNA was extracted from HepG2 cells using
RIzol (Invitrogen, Carlsbad, CA). Total RNA (5 �g) was e
sed for first-strand cDNA synthesis. The cDNA was then
sed as a template for PCR amplification of human
I4KII isoforms. All primers used for the amplification
ere verified in the BLAST database to ensure that each

equence was specific for the target gene; PI4KII�: for-
ard primer, 5=-ACCCAAGAATGAAGAGCCCTAT-3=, re-

erse primer, 5=-GGAGCAGTAGTTGCCGGTTAGT-3=;
I4KII�: forward primer, 5=-AAACCCAAATCAGAA-
AGCC-3=, reverse primer, 5=-GAGGGA GTCCTATC-
TATGAAACT-3=. The following thermal cycling variables
ere used: 94°C for 30 seconds, 55°C for 1 minute, 68°C

or 1 minute (35 cycles), and a final extension at 68°C for 10
inutes. Data are representative of reverse transcription–

CR (RT-PCR) from 3 separate preparations.

Chemotaxis Assay
Cell migration assays were performed using a Boy-

en chamber equipped with 8-�m porosity polyvinylpyr-
olidone-free polycarbonate filters (13-mm diameter).
olycarbonate filters were precoated with 20 �g/mL of
uman type I collagen for 1 hour at 37°C and placed
etween the upper and the bottom chambers. The lower
hamber was filled with serum-free Dulbecco’s modified
agle’s medium (control) or IGF-1 (100 ng/mL). Serum-
tarved cells (1 � 105 cells in 0.2 mL migration media)
ere added to the upper chamber. After 12 hours of

ncubation at 37°C, cells on the upper surface membrane
ere removed with a cotton-tip applicator. Migratory

ells on the lower membrane surface were fixed by treat-
ent with methanol and then stained with 0.1% crystal

iolet, 0.1 mol/L borate pH 9.0, and 2% ethanol. Cells
hat migrated to the underside of the filters were counted
s the mean number of cells in 10 high-power fields. All
xperiments were run in triplicate.

Lipid Kinase Assay
HepG2 cells transiently transfected with empty

ector or CD81-GFP using Lipofectamine (Invitrogen)
ere serum-starved overnight and lysed in buffer con-

aining 1% CHAPS, 20 mmol/L HEPES (pH 7.5), 200
mol/L NaCl, 5 mmol/L MgCl2, 200 �M Na3VO4, 2
mol/L NaF, 10 mmol/L Na4P3O7, 2 mmol/L phenyl-
ethylsulfonyl fluoride. After immunoprecipitation with

n anti-GFP monoclonal antibody, immunocomplexes
ere washed 4 times in lysis buffer. Thereafter, the reac-

ion was performed directly on protein A-sepharose
eads. The reaction buffer consisted of 20 mmol/L
EPES (pH 7.5), 10 mmol/L MgCl2, 50 �mol/L adeno-

ine triphosphate, 0.3% Triton X-100, 10 �Ci [32P]ade-
osine triphosphate, and 200 �g/mL sonicated L-� phos-
hatidylinositol (Avanti polar lipids, Alabaster, AL) as a
ubstrate. Lipid products were resolved by thin-layer
hromatography. Thin-layer chromatography plates were

xposed to O-Xmat film.
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RNA Interference
The small interfering RNA (siRNA) sequence tar-

eting human CD81 was previously described.14 The
iRNA sequences targeting human PI4KII� (GenBank
ccession number AY065990) spanned nucleotides
57– 678 (5=-AATGCGATTGACCGTGCAAAA-3=) and
18 –939 (5=-AATGATAATTGGTTAGTCAGA-3=). The
ontrol luciferase GL2 siRNA target sequence was 5=-
ACGTACGCGGAATACTTGGA-3=. The siRNAs were
hemically synthesized by Qiagen (Valencia, CA). For
ransfection, Amaxa nucleofection technology (Amaxa,
oeln, Germany) was used. Cells were resuspended in the
ucleofector V solution, available as part of the Amaxa
ell optimization kit, according to the Amaxa guidelines
or cell line transfection. Seventy-two hours after trans-
ection, protein expression levels were analyzed by flow
ytometry, immunoblotting, or immunofluorescence.
ransfection efficiency was at least 80% as detected by
lexa Fluor 488 –labeled control siRNA.

Lipid Delivery
Long-chain (di-C16) synthetic phosphatidylinosi-

ol 4-phosphate [PtdIns(4)P] or BODIPY FL-PtdIns(4)P
Echelon Biosciences, Salt Lake City, UT) was freshly
repared at 300 �mol/L in 150 mmol/L sodium chloride,
mmol/L potassium chloride, and 20 mmol/L HEPES

H 7.2 and resuspended by bath sonication. Polyamine
arrier–phospholipid complexes were prepared following
he Echelon Shuttle PIP kit guidelines.

Live-Cell Microscopy and Immunofluorescence
HepG2 cells transfected with control or PI4KII�

iRNA were plated in 60-mm dishes containing a sterile
0-mm circular cover glass and were maintained in cul-
ure as described above. Seventy-two hours after siRNA
ransfection, cells were transfected again with the plas-

id encoding the CD81-GFP fusion protein. On the
ollowing day, the cover glass with the cell monolayer was
ransferred to a medium-filled chamber fitted to the

icroscope stage; thereafter, the living cells were stimu-
ated with 100 ng/mL IGF-1. Live imaging was performed
t 37°C using a Zeiss LSM 510 confocal microscope.
luorescent images were captured with a cooled camera
perated by Laser Scanning Microscope LSM510 soft-
are. The images were arranged using Adobe Photoshop

oftware (Adobe, San Jose, CA).

Animal Experiments
Athymic nude rats were obtained from Charles River

aboratories and maintained in a pathogen-free environ-
ent. The human hepatoma cell line Huh7 was selected for

he development of xenograft orthotopic HCC in nude rats.
roups of 5 rats were used. Tumor size and body weight of

ats were evaluated twice a week. For intrahepatic injection,
0 �L of trypsinized Huh7-mock transfected cells or Huh7-

D81–positive cells (5 � 106) were injected intrahepatically t
y a 27-gauge needle. Five weeks after inoculation, rats were
illed and examined for the presence of orthotopic tumors.
ntrahepatic metastatic lesions were defined as lesions that
ere clearly distinct from the principal tumor.

Immunohistochemistry
Immunohistochemistry was performed using

tandard procedures as previously described.13,14

Statistical Analysis
All data are expressed as means � SDs. Statistical

nalysis was performed by one-way analysis of variance
nd when the F value was significant, indicated by Dun-
an’s test.

Results
To elucidate the involvement of CD81 in cell

otility, we first used SW480, a colon carcinoma cell
ine endogenously expressing CD81. In these cells
D81 was silenced using siRNA molecules. Interest-

ngly, CD81-siRNA cells displayed an increase in mo-
ility (Figure 1A). To gain insights into the role of
D81 regulation of HCC cell motility, we transfected
epG2 cells, an HCC cell line expressing undetectable

evels of CD81, with a GFP-tagged CD81 vector.
epG2 CD81-GFP–positive cells were then allowed to
igrate in response to IGF-1 in a Boyden chamber

hemotaxis assay. We observed that CD81 strongly re-
uced the IGF-1–induced chemotaxis in these cells (Fig-
re 1B). To exclude a hypothetical interference by GFP on
D81 function, we also performed chemotaxis assays
ith HepG2 transfected with untagged CD81. Again,
D81 was found to inhibit cell migration (data not

hown). Taken together, these results suggest that CD81
unctions as a suppressor of cell motility. In addition,
mmunofluorescence analysis showed that CD81 was lo-
alized in both plasma membrane and small vesicular
tructures scattered throughout the cytoplasm after ex-
ression of CD81-GFP in HepG2 cells. Notably, the ex-
ression levels of CD81-GFP obtained by transfection
ere comparable to the endogenous levels of CD81 ex-
ressed by SW480 cells (Figure 1C).
The formation of vesicles enriched in CD81 and the

apability of CD81 to inhibit cell motility argued in favor
f a possible interaction of CD81 with the endosomal
ompartment. To address this point, we compared the
ffect of endocytic pathway components such as Rab5,
abGAP-5, and Eps15 on CD81 in IGF-1–mediated che-
otaxis. The guanosine triphosphatase– deficient mu-

ant Rab5Q79L generates abnormally large endosomes
y stimulating homotypic fusion of early endosomes.15

ctopic expression of Rab5Q79L in HepG2 cells reduced
GF-1–stimulated cell migration. Conversely, over expres-
ion of constitutively inactive Rab5 (Rab5S34N) or Rab-
AP-5, a Rab5 guanosine triphosphatase–activating pro-
ein, had no effect on IGF-1–induced cell migration
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Supplementary Figure 1A; see supplemental material
nline at www.gastrojournal.org). In addition, HepG2
ells transfected with Eps15 �95-295, a dominant-nega-
ive mutant of the endocytic protein Eps15, had no effect
n migration. Eps15 acts by sequestering the endocytic
daptor protein AP2 and inhibits both ligand-induced
nd constitutive endocytosis.16 Because only Rab5Q79L
nd CD81 were able to suppress cell motility, we exam-
ned a possible intracellular co-distribution of CD81-GFP
ith Rab5 and its effector early endocytic antigen 1

igure 1. CD81 inhibits IGF-1–in-
uced cell migration. (A) CD81 ex-
ression in SW480 was knocked
own by RNA interference (RNAi) as
hown by immunoblotting (middle
anel) and RT-PCR (bottom panel)

hen cell migration was evaluated by
oyden chamber technique without

black bars) or with IGF-1 (gray bars).
ndogenous GAPDH mRNA level was
easured as the internal control. All

esults are representative of 3 inde-
endent experiments. The values are
xpressed as means � SDs. *P �
001 vs CTL-siRNA. (B) HepG2 cells
xpressing undetectable levels of
D81 as indicated by immunoblotting

middle panel) and RT-PCR (bottom
anel) were transfected with CD81-
FP and IGF-1–independent (black
ars) and IGF-1–induced (gray bars)
ell migrations were evaluated. The
ndogenous GAPDH mRNA level was
easured as the internal control. All

esults are representative of 3 inde-
endent experiments. The values are
xpressed as means � SDs. *P �
001 vs vector. (C) CD81-GFP–trans-
ected HepG2 cells analyzed by im-

unofluorescence showed that pro-
ein was localized at the plasma
embrane and in small vesicular

tructures scattered throughout the
ytoplasm (arrows). The expression

evels of CD81-GFP obtained by
ransfection were comparable to
D81 endogenous levels expressed
y SW480 (left panel).
EEA1) that is a well-established marker for early endo- D
omes. Interestingly, most of the intracellular CD81-GFP
as localized in vesicles that did not overlap with early

ndosomes (Supplementary Figure 1B; see supplemental
aterial online at www.gastrojournal.org). Because sev-

ral tetraspanins have been shown to localize to late
ndosomes, we performed colocalization studies of
D81-GFP with tetraspanin CD63, a marker of late en-
osomes. We found no detectable overlap of CD63 punc-
ate staining with CD81-GFP (Supplementary Figure 1B).
hese findings are in agreement with the recent report by

eneka et al8 in which they show a lack of colocalization

http://www.gastrojournal.org
http://www.gastrojournal.org
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f CD63 and CD81 in human monocytes-macrophages.
aken together, these results indicate that vesicles con-

aining CD81, hereafter termed CD81-enriched vesicles
CEVs), differ from both early and late endosomes and
uggest the presence of a distinct vesicular trafficking
athway responsible for the inhibition of cell motility.
Because IGF-1 was used as a motogenic factor, we also

ested the hypothesis that the inhibitory effect of CD81
n cell migration was due to changes in the expression of
he IGF-1R on the plasma membrane. CD81 could se-
uester the IGF-1R within CEVs and thereby affect the

nternalization process. This is substantiated by the ca-
ability of CD81 to form oligomers and associate with

arious transmembrane receptors.11 However, fluores- i
ence-activated cell sorting (FACS) analysis showed that
D81-GFP did not cause any significant difference in the

xpression levels of IGF-1R (Supplementary Figure 2; see
upplemental material online at www.gastrojournal.org).

e therefore excluded the possibility that CD81 alters
nternalization and endocytic recycling of IGF-1R.

Taking advantage of previous studies that showed an
ssociation between CD81 and PI4KII,12,13 we sought to
haracterize which PI4KII isoform associates with CD81
n HepG2 cells. RT-PCR and immunoblotting analysis
howed that HepG2 cells predominantly express PI4KII�
Figure 2A). When PI4KII� was over expressed in these
ells, confocal analysis showed prominent vesicular local-

Figure 2. PI4KII� colocalizes in intra-
cellular vesicles with CD81 and coop-
erates to inhibit cell migration. (A)
HepG2 cells predominantly express
PI4KII� as detected by RT-PCR and
immunoprecipitation. The endoge-
nous GAPDH mRNA level was mea-
sured as the internal control. Cell ly-
sates were immunoblotted with anti–
�-tubulin antibody as loading control.
(B) HepG2 cells (top panels) trans-
fected with CD81-GFP (green) and
myc-tagged PI4KII� (red) were fixed,
and indirect immunofluorescence was
performed. Transfectants displayed
colocalization of CD81 and PI4KII�
(yellow). SW480 cells (bottom panels)
stained with antibodies anti-CD81
and with anti-PI4KII� showed colocal-
ization of endogenous CD81 and
PI4KII� (yellow). (C) HepG2 cells were
transfected with CD81-GFP, myc-
PI4KII�, or in combination. After trans-
fection, serum-starved cells were al-
lowed to migrate toward IGF-1 in a
chemotaxis assay. Values are means
� SDs of at least 3 separate experi-
ments. P � .05 or higher degree of
significance vs empty vector.
zation that overlaps with CEVs. Importantly, similar

http://www.gastrojournal.org
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esults were also obtained in SW480 cells (Figure 2B).
oreover, over expression of PI4KII� reduced the migra-

ory capability of HepG2 toward IGF-1, and an additive
ffect was observed when PI4KII� was coexpressed with
D81 (Figure 2C). These results indicate that PI4KII� is

igure 3. PI4KII� is required to pro-
uce CD81-enriched vesicles. (A)
ive-cell imaging was performed on
epG2 cells transfected with control
iRNA (CTL-siRNA) or PI4KII�-siRNA.
eventy-two hours after transfection,
ells were again transiently trans-
ected with CD81-GFP, serum-
tarved, and then stimulated with
GF-1. As shown in the top panel,
epG2 cells formed intracellular vesi-
les (arrows). In PI4KII�-knockdown
ells, the formation of CEVs was im-
aired. Conversely, these cells dis-
layed an increased capability to form
lopodia (arrows). Individual frames
rom a confocal time series are
hown. (B) SW480 cells were trans-
ected with CTL-siRNA or PI4KII�-
iRNA. Seventy-two hours after trans-
ection, SW480 cells were serum-
tarved, incubated with antibodies
nti-CD81 Alexa Fluor 488 conju-
ated, and stimulated with IGF-1. As
hown in the top panel SW480 cells

ncreased the intracellular vesicles af-
er IGF-1 stimulation. In PI4KII�-
nockdown cells, the formation of
EVs was impaired. (C) HepG2 cells
ere treated with CTL-siRNA and
I4KII�-siRNA. Seventy-two hours af-

er siRNA treatment, cells were trans-
ected with GFP-tagged CD81 or GFP
lone. Equal amounts of proteins
ere immunoprecipitated using anti-
FP antibody and subjected to lipid-
inase assay using phosphatidylinosi-
ol as substrate. One representative
xperiment is shown (n � 3). (D)
epG2 cells were treated with CTL-
iRNA and PI4KII�-siRNA. Seventy-
wo hours after siRNA treatment, cells
ere transfected with GFP-tagged
D81 or GFP alone. Anti-GFP immu-
oprecipitates (top panel) and cell ly-
ates (bottom panel) were immuno-
lotted with anti-PI4KII� and anti–�-
ubulin, respectively.
equired by CD81 to inhibit cell motility. The relevance i
f the CD81-PI4KII� interaction was further investigated
sing gene-specific siRNA constructs to knockdown
I4KII� in HepG2 cells, followed by CD81-GFP expres-
ion and stimulation with IGF-1. Time-lapse confocal
maging of CD81-GFP cells transfected with nonsilenc-

ng control (siRNA) showed the formation of intracel-
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igure 4. PI4KII� plays an essential role in controlling cell motility. (A) PI4KII�-knockdown HepG2 cell migration was evaluated in an IGF-1–induced
hemotaxis assay. PI4KII�-knockdown HepG2 cells showed a dramatic ability to migrate. (B) The membrane filter used in the chemotaxis assay was
tained with crystal violet (top panel), and the PI4KII�-knockdown migratory cell shape is shown. A scatter appearance was also evidenced by
hase-contrast microscopy (bottom panel). HepG2 cells were treated with control siRNA (CTL-siRNA) or PI4KII�-siRNA. Seventy-two hours after
iRNA treatment, cells were transfected with CD81-GFP. As shown, CD81 was unable to revert the functional (C) and morphologic (D) aspect of

I4KII�-knockdown cells. The values are expressed as means � SDs. *P � .001 compared with CTL-siRNA.
™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™3
igure 5. CD81 and PI4KII� affect the remodeling of both actin and actinin-4. (A) HepG2 cells transfected with CD81-GFP (green) and myc-PI4KII�

green) were fixed and stained with tetramethylrhodamine isothiocyanate–phalloidin (red). Both CD81 and PI4KII� colocalized with actin. HepG2 cells
xpressing CD81-GFP or myc-PI4KII� exhibited a reduced ability to form stress fibers (arrow). (B) HepG2 cells transfected with CD81-GFP (green)
nd myc-PI4KII� (green) were fixed and stained with an antibody directed against actinin-4 (red). Both CD81 and PI4KII� colocalized with actinin-4.

ote that actinin-4 was localized in stress fibers and plasma membrane in HepG2 cells nonexpressing CD81-GFP or myc-PI4KII� (arrow).
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ular CEVs and a marked reduction in the number of
lopodia at the plasma membrane (Figure 3A). Con-
ersely, imaging of live PI4KII�-siRNA cells showed
hat these cells were incapable of forming CEVs, sug-
esting that the presence of PI4KII� is required for the
ormation of these intracellular membrane structures.
n addition, we observed an increase in the number of
lopodia, a typical feature of cell motility. Similar data
ere obtained with SW480 cells which express endog-

nous levels of CD81 (Figure 3B). Additional experi-
ents carried out with these cells confirmed our ob-

ervations made on HCC cells, thus excluding the
ossibility that the effect seen in HepG2 cells could be
ue to an artifact merely caused by the ectopic expres-
ion of CD81.

PI4KII�-siRNA–treated HepG2 cells also showed a re-
uction of both CD81-associated PI4KII� activity and
rotein expression (Figure 3C and D), clearly showing
hat PI4KII� is necessary for the formation of CEVs.

The formation of CEVs is implicated in cell motility as
hown by experiments in which siRNA knockdown of
I4KII� potently increased the chemotactic-induced mi-
ration of HepG2 cells (Figure 4A) and dramatically
ltered the shape of these cells that appeared scattered
nd elongated, characteristics consistent with the motile
henotype (Figure 4B). Surprisingly, this phenotype was
ot reversed by restoring CD81 expression in these cells

Figure 4C and D), thus emphasizing the relevance of the
D81-PI4KII� interaction in controlling cell migration.
Cell migration is a highly complex process that is
ediated by dynamic changes in the actin cytoskeleton.17

o determine whether both CD81 and PI4KII� affected
he actin cytoskeleton rearrangement, we over expressed
ither CD81-GFP or Myc-PI4KII� vector in HepG2 cells.
onfocal analysis showed that CD81-GFP as well as Myc-
I4KII� produced a disassembly of actin filaments and
howed colocalization of actin with both CD81 and
I4KII� (Figure 5A). In addition to analyzing the colo-
alization of actin, we also examined the localization of
ctinin-4 in relation to CD81 and PI4KII�. Actinin-4 is
n antiparallel homodimer with an actin-binding domain
nd a binding site for phosphoinositides and has been
hown to be involved in the regulation of actin bundling
n cell motility.18 Accordingly, we investigated the inter-
ction of both CD81 and PI4KII� with actinin-4. Confo-
al analysis showed that CD81 and PI4KII� colocalize
ith actinin-4 after the expression of either CD81-GFP or
yc-PI4KII� in HepG2 cells. Moreover, this resulted in

ltering their location along the plasma membrane (Fig-
re 5B). Consistent with this finding, coimmunoprecipi-
ation experiments of endogenous CD81 in SW480 cells
howed that CD81 is associated with both actinin-4 and
I4KII� (Figure 6A). Furthermore, SW480 cells trans-
ected with PI4KII�-siRNA showed a marked reduction
n the number of CEVs. This was associated with a

ecreased colocalization of CD81 with actinin-4 in these o
esicles, as well as a partial colocalization of these mole-
ules at the plasma membrane (Figure 6B). Thus, CD81
nd PI4KII� affect the cytoskeleton through the rear-
angement of actin.

To understand the connection between the CD81-
I4KII� complex and the cytoskeleton, we hypothesized
hat PtdIns(4)P, the catalytic product of PI4KII�, could
egulate actinin-4. Our hypothesis was supported by
tudies that had established that actinin isoforms inter-
ct with PtdIns(4)P and phosphatidylinositol (4,5)-
isphosphate [PtdIns(4,5)P2] and that phosphoinositide
inding inhibited the bundling activity of actinin by
locking the interaction of the actin-binding domain
ith actin filaments.19 To test this hypothesis, we evalu-
ted the interaction of PtdIns(4)P with actinin-4 by con-
ocal microscopy using a well-established procedure to
eliver PtdIns(4)P into the cells.20,21 PI4KII�-siRNA cells
reated with BODIPY FL-PtdIns(4)P showed that syn-
hetic PtdIns(4)P associated with actinin-4 in vesicular
tructures (Figure 7A). More importantly, intracellular
elivery of PtdIns(4)P was able to revert elongated cell
hape and scatter appearance induced by PI4KII� silenc-
ng (Figure 7B). We then determined the effect of PtdIns(4)

igure 6. CD81 and actinin-4 colocalize at the plasma membrane
fter PI4KII knockdown. (A) SW480 cells were lysed and proteins were

mmunoprecipitated (IP) with antibodies immunoglobulin G1 (IgG1) iso-
ype (Control) and anti-CD81 (5A6) antibodies. Immunoprecipitates
ere immunoblotted with rabbit polyclonal anti–actinin-4 and anti-
I4KII� antibodies. Cell lysates were immunoblotted with anti–�-tubulin
ntibody as loading control. (B) SW480 cells were transfected with
TL-siRNA and PI4KII�-siRNA. Seventy-two hours after transfection
ells were fixed and stained with antibodies directed against CD81
green) and actinin-4 (red). Note the reduction of CD81-enriched vesi-
les and the prominent localization of actinin-4 to the plasma mem-
rane (arrow) in PI4KII-siRNA–transfected cells.
n IGF-1–stimulated cell migration and found that
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tdIns(4)P inhibited the increased capability of PI4KII�-
nockdown cells to migrate (Figure 7C). Interestingly,
tdIns(4)P had no effect on the migration of cells express-

ng endogenous levels of PI4KII� (data not shown). Collec-
ively, these data indicate that the catalytic activity of
I4KII� is required for the interaction with actinin-4 and
ontrol of cell migration.22

To further address our previous findings, we made use
f an animal model in which HepG2 cells were injected
rthotopically into the liver of athymic nude rats. How-
ver, in this model HepG2 cells were unable to grow.23

herefore, we selected and used a tumorigenic cell pop-
lation present in the HCC cell line Huh7 that expresses
D81 at undetectable levels (Supplementary Table 1; see

upplemental material online at www.gastrojournal.org).

igure 7. Lipid kinase activity of
I4KII� is required for the interaction
ith actinin-4. (A) HepG2 cells were

reated with control siRNA (CTL-
iRNA) or PI4KII�-siRNA and, after 72
ours, stained for actinin-4 (red). In
ome experiments, PI4KII�-knock-
own HepG2 cells were incubated
ith polyamine shuttle carrier in the
resence of 30 �mol/L BODIPY FL-
tdIns(4)P (green) for 12 hours at
7°C. Cells were fixed and stained
ith an antibody against anti–acti-
in-4 (red). Fluorescent PI(4)P colocal-

zed with actinin-4 (yellow). (B) HepG2
ells were treated with CTL-siRNA or
I4KII�-siRNA. Seventy-two hours af-

er the start of siRNA transfection,
ells were incubated with polyamine
arrier alone or in the presence of 30
mol/L diC16-PI(4)P for 12 hours at
7°C. PI4KII�-knockdown HepG2
ells in the presence of shuttled PI(4)P
everted the scatter phenotype. (C)
epG2 cells treated with CTL-siRNA
r PI4KII�-siRNA were incubated with
olyamine carrier alone or in the pres-
nce of 30 �mol/L diC16-PI(4)P for 12
ours at 37°C. Thereafter, IGF-1–
timulated chemotaxis assay was
erformed. All results are representa-
ive of 3 independent experiments.
he values are expressed as means �
Ds. *P � .05 vs PI4KII�-siRNA.
hen injected into the liver, these cells formed both C
rimary tumors and multiple small tumors (Supplemen-
ary Figure 3A; see supplemental material online at
ww.gastrojournal.org). Huh7 were transfected with
cDNA3.1-CD81, and a stable clone expressing high lev-
ls of CD81 was sorted by FACScan (Figure 8A). In the
D81-expressing cells we performed cell proliferation,
poptosis, and cell-cycle assays. Data shown in Figure 8A
xcluded an inhibition of cell proliferation or induction
f apoptosis. Huh7-CD81–positive cells, when injected
rthotopically, developed primary tumors (Figure 8B)
ut were unable to form secondary tumors (Supplemen-
ary Figure 3B; see supplemental material online at
ww.gastrojournal.org).
These results are in agreement and extend previous

linicopathologic observations in which the expression of

D81 was examined on specimens of human HCC. In

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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hose studies the researchers identified that CD81 was
xpressed on the surface of hepatocytes in nontumor
ortions in all patients, whereas the loss of CD81 was
vident in poorly differentiated and metastatic HCC.
hey concluded that the loss of CD81 was directly asso-
iated with the differentiation and metastatic ability of
CC.9,24

Discussion
In this study, a novel mechanism of cell motility

uppression was found involving the combined actions

f both CD81 and PI4KII�. This is the first demonstra- t
ion that CD81 and PI4KII� synergistically cooperate to
nhibit cell migration. Our observations indicate that, in
he presence of CD81, PI4KII� is prevalently compart-

entalized intracellularly and this is concomitant with
he inhibition of cell migration. More importantly, the
resent study highlights the capability of PI4KII� to

nhibit cell migration, because the silencing of this gene
esulted in increased cell migration. This finding dis-
loses a novel implication for PI4KII� function. Al-
hough PI4KII proteins are tightly membrane bound, a
ignificant portion of the protein is cytosolic especially in

Figure 8. Growth in vitro and in vivo
of human HCC line Huh7 expressing
CD81. (A) Huh7 cells were transfected
with the pcDNA3.1-CD81 vector, and
single colonies were isolated by anti-
biotic selection in geneticin. The anti-
biotic resistant clones were subse-
quently amplified and sorted by
FACScan. Cells were then grown and
newly sorted to create a clonal cell
population expressing equal levels of
CD81 (top panels). Cell proliferation,
apoptosis (middle panels), and cell-
cycle progression (bottom panels, the
data are representative of 1 clone)
were evaluated in the above-men-
tioned cell population as well as in the
control (mock-transfected). The val-
ues are expressed as means � SDs.
*P � .05 vs Huh7. (B) Immunohisto-
chemistry of primary tumors formed
after mock-transfected Huh7 (left
panel) or Huh7-CD81–expressing
cells (right panel) were injected into
the liver of athymic nude rats. Immu-
nohistochemical staining with anti-
CD81 showed that CD81 was ex-
pressed specifically in hepatocytes
(left panel) of normal liver (NL) in com-
parison with tumors generated by
mock-transfected Huh7 cells (T). Im-
munohistochemical staining with anti-
CD81 of a tumor generated from
Huh7-CD81 cells (right panel) (T) and
hepatocytes of normal liver (NL) both
stain positive for CD81 (anti-alkaline
phosphatase). The inset shows a tu-
moral area enlarged with CD81 stain-
ing indicated by arrows.
he case of the � isoform. Because of this fact, we hy-
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othesize that the mechanisms responsible for the re-
ruitment of PI4KII to intracellular membranes represent
mportant aspects of its function. We propose that CD81
ould retain PI4KII� within intracellular compartments
uch as CEVs where the lipid kinase activity is needed for
ecruitment of actinin-4. We have also shown a direct
onnection of PI4KII� with the cytoskeleton through the
nteraction of PtdIns(4)P with actinin-4, pointing out the
ole of PtdIns(4)P as emerging regulatory molecules of
he cytoskeleton. Nevertheless, we cannot exclude the
resence of PtdIns(4,5)P2 and its possible function as a
ownstream messenger. Recently, Nasuhoglu et al25 re-
orted that the over expression of PI4KII resulted in an

ncrease of both PtdIns(4)P and PtdIns(4,5)P2. Studies
arried out on cellular phosphoinositides show that these
irectly affect the actin cytoskeleton.26 Indeed, according
o Fraley et al19 actin bundling is reduced by phospho-
nositides, and in situ evidence using GFP-tagged actinin
efective in binding to phosphoinositides suggest that
hosphoinositides negatively affect the actin-bundling
ctivity of actinin.

Moreover, the delivery of PtdIns(4)P per se or as an
mmediate precursor of PtdIns(4,5)P2 or other phospho-
nositides is capable of reverting both increased migra-
ion and the scattered phenotype induced by PI4KII
nockdown. Unlike CEV-mediated actinin-4 compart-
entalization, this mechanism avoids proper plasma
embrane localization of actinin-4, in which actin fibers

re cross-linked into actin networks. The down-regula-
ion of actinin-4 induced by the compartmentalization
rocess is an attractive mechanism for the control of cell
otility. It is noteworthy that actinin-4 is found to be

oordinately up-regulated with motility genes associated
ith invasion and metastasis. However, the mechanisms
y which this occurs and the location where lipids bind
he cytoskeletal machinery is not completely understood.
ur study supports these observations and establishes a

emporal and spatial mechanism operating in intracellu-
ar membranes by which PtdIns(4)P binds to the cytoskel-
tal machinery.

To spread within tissues, cancer cells must modify
heir shape and stiffness to interact with the surrounding
issue structures. Cell migration through tissues is a
rocess regulated by a continuous cycle of interdepen-
ent steps, dependent on several factors, including cor-
ical actin, a branched actin network below the inner
eaflet of the plasma membrane, and actin stress fibers.
tress-fiber assembly is predominantly controlled by the
mall G-protein Rho and its downstream effectors, in-
luding the Rho-associated serine/threonine kinase. In
ontrast, the cortical actin network is not regulated by
ho,27,28 and in this scenario CD81 and PI4KII could

unction as negative regulators of cortical actin assembly.
urther studies will be necessary to confirm this impor-

ant question, in light of the fact that migration of most
etastatic cancer cells is sustained by cortical actin dy-
amics.27

Elucidations into the molecular mechanisms that ini-
iate and promote cell motility are important and have
een studied a great deal. Just as important, however, is
omprehension of mechanisms that prevent or halt cell
otility because of their potential in the treatment of
etastatic cancers.

Supplementary Data

Note: To access the supplementary material ac-
ompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2008.03.024.
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able 1. Characteristics of the Selected Subpopulation of
Huh7 Tumorigenic in Athymic Rat

orphology: Epithelial-like

arkers: Alpha-1-fetoprotein (AFP) ��� ELISA
Cytokeratins (CK)18 and CK19 ��� IF
Alpha-smooth muscle actin (a-SMA) ��� IF
CD81 ��� IF, IB

nvasiveness: Highly invasive on matrigel

umorigenicity: Yes, in athymic rat (liver primary and secondary
tumors) colony-forming ability on soft agar

istology: Moderately differentiated hepatocellular carcinoma

��, strongly positive; �, negative; ELISA, enzyme-linked immu-
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