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Abstract
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The Graduate School
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Unlike 2 dimensional (2D) culture system, extracellular matrix

(ECM)-surrounded 3 dimensional (3D) conditions differentially modulate

cellular behaviors. Transmembrane 4 L six family member5 (TM4SF5),

a branch of the tetraspanin superfamily, is a transmembrane

glycoprotein. TM4SF5 is highly expressed in hepatocarcinoma. Previous

studies showed that TM4SF5 is involved in epithelial-mesenchymal

transition (EMT), cell migration and invasion. Here, we explored the

TM4SF5-mediated behaviors of HCC cells embedded in 3D ECM gels,
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with regards to invasive properties. To growing cells in 3D ECM Gel,

I used 3D Matrigel (basement membrane) and/or Collagen Type I gel

systems. In 3D Matrigel contidion, TM4SF5-positive cells formed

aggressively invasive foci depending on PI3K or JNKs activity, and

actin cytoskeletal organization, whereas TM4SF5-null cells did not. No

invasive foci formation of TM4SF5-null cells in 3D Matrigel were

recovered by ROCK inhibition itself, or by adding collagen I into

Matrigel and additional EGF treatment in collagen I plus Matrigel

condition. This TM4SF5-mediated invasive foci formation was

inhibited by suppression of either p27kip1, TM4SF5 or pharmacological

inhibition of either JNK or AKT and also RhoA activation inhibited

the invasive foci formation. However, ERK or RacI inhibition didn't

affected this invasvie foci formation. Further, when cell spheroids were

embedded in 3D collagen I gels, TM4SF5-positive spheroids showed

more protrusive morphology, compared with TM4SF5-null spheroids.

Also, TM4SF5-positive spheroids showed dramatic formation of

invadopodia enriched with F-actin and cortactin at the tips of

protrusive edges. Moreover, when TM4SF5-positive or TM4SF5-null

cells were co-cultured in 3D Matrigel, even TM4SF5-null cells

exhibited invasive foci formation surrounded by TM4SF5-positive cells.

All these observations suggest that TM4SF5 can play crucial roles in

regulation of invasive properties in 3D ECM environment.

Keywords : 3D cell culture, Extracellular matrix, TM4SF5, Cell

invasion, Tumor microenvironment

Student number : 2013-21601
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INTRODUCTION

During metastasis of cancer from a primary site to a distal site,

cancer cells should communicate with their extracellular environmental

cues including ECM, mechanical stimuli, cytokines, growth factors and

neighboring cells containing leukocyte, endothelial cells and fibroblasts

(1). Multiple mutations and genomic instabilities may allow cancer

cells to disseminate from a primary tumor by abnormal alteration of

cell-cell contact and cell-ECM interactions (2). In normal epithelial

cells, cells maintain cell polarity which is supported by cell-cell

adhesions and cell-ECM interactions. However, during cancer

progression, some carcinoma cells lose the cell polarity and invade

through their basement membrane. This phenomenon is referred to as

epithelial-mesenchymal transition (EMT) and thought to be a crucial

event of cancer progression (3-5). Also, In mammalian tissues, cells

are not only interact each other, but also supported by extracellular

matrix (ECM). Extracellular matrix consists of several proteins, such

as collagen, laminin, elastin (9). However, in tumor mircroenvironment,

there is an abnormal ECM remodeling near tumor mass. especially

during the tumor progression, ECM scaffold undergoes structural

changes including increased collagen I, III and IV, and fibronectin (10).

During metastasis, migration and invasion of tumor cell are regulated

by signaling pathways that respond to the extracellular matrix or
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soluble factors of tumor microenvironment (11).

Tissues and organs in vivo are made by three-dimensional

constructs of organized assembly of different cell types that contribute

to the architecture for functional differentiation (12). However, cells

grown in vitro on flat 2D tissue culture substrates can differ

considerably in their morphology, cell-cell and cell-ECM interactions,

and differentiation from those growing in more physiological

three-dimensional environments (13). 3D cell culture condition can

recapitulating normal and pathological tissue architectures, hence

providing physiologically relevant models to study normal development

and disease (13). In 3D cell culture systems, cells attach and

proliferate to one another and form natural cell-cell and cell-ECM

interactions. Thus, by using 3D ECM cell culture system, it can mimic

the tumor microenvironment in vivo. To growing cells in 3D ECM gel,

I used 3D BME/Matrigel and/or collagen type I gel systems. Matrigel

(basement membrane) is an important extracellular matrix that is

found in all epithelial and endothelial tissues. Type I collagen is the

major ECM component of fibrous connective tissue. Tumor cells in

3D extracellular matrix-surrounded gels can have dynamic behaviors

including invasive protrusion, migration, foci formation, all of which

can recapitulate tumor cell behaviors traveling through the stromal

area enriched with ECM (14).

TM4SF5 is a transmembrane glycoprotein of the transmembrane 4 L
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six family, and highly expressed in many types of cancers. TM4SF5

expression decreases expressions of E-cadherin and ZO-1, and

increases expression of α-smooth muscle actin leading to a loss of

cell-cell contacts, depending on cytosolic p27kip1-mediated RhoA

inactivation and morphological changes (6). Also, TM4SF5 collaborates

with integrins or growth factor receptors for cellular function (6-9).

However these TM4SF5 studies were mostly conducted in conventional

2D cell culture systems. Thus, we here explored TM4SF5-mediated

cell behaviors for tumorigenic roles in 3D gel system. In this study,

we investigated whether and how the invasive behaviors of

TM4SF5-expressing cells embedded in 3D ECM gel could be

regulated.
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Material and Methods

1. 2D Cell culture

Control (SNU449Cp, SNU761-Mock), TM4SF5 WT (SNU449T7,

SNU761-WT), or N-glycosylation mutant (N138A/N155Q) -expressing

human hepatocellular carcinoma cells and HCC827 (mock, TM4SF5

WT1-9) human lung carcinoma cells have been described previously

(7,18). SNU449T7 cells stably transfected with shRNA against

TM4SF5 or scramble with tGFP (Origene Inc.) were selected by

Puromycin 7µg/ml. every cells were cultured in RPMI-1640 (Welgene

Inc.) containing 10% FBS and 1% penicillin/streptomycin (GenDEPOT

Inc.) at 37⁰C in 5% CO2.

2. 3D Cell lysate preparation and Western blots.

Cells embedded into 3D Matrigel and cultured for 24 hrs were

transferred into ice-cold 1.5ml tubes and centrifuged 5000 RPM for 1

min to remove residual medium. Cell pellet within Matrigel masses

were washed with ice cold PBS and then homogenized in a modified

RIPA buffer (50mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, and

0.25% sodium deoxycholate) with a protease inhibitor cocktail

(GenDEPOT, USA), The extract were centrifuged for 30 min at 13000

RPM and 4⁰C. The samples were normalized for equal protein loading
in standard immunoblots via α-tubulin levels.
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3. Antibodies and reagents

Antibodies and reagents used in this study were listed below.

α-tubulin (Sigma-Aldrich), pS10p27kip1, pS473AKT (SantaCruz

Biotechnology), pT473Y473ERK, pS63c-jun (Cell signaling), ERK, p27kip1

(BD Transduction Laboratory), RhoA (Transduction Laboratory),

Matrigel, Rat-tail collagen type I (BD biosciences),

Diaminophenylindole and Rhodamine phalloidin (Invitrogen), SP600125,

U-0126, LY294002, Y27632 (LC-LABs), NSC23766 (SantaCruz

Biotechnology)

4. Cell culture in three-dimensional Matrigel/Collagen I gels.

3D Collagen type I gels for cell culture were prepared using Rat tail

Collagen I (BD biosciences). Collagen I mixtures (2.5 mg/ml) were

made by adding the appropriate volumes of 10x reconstitution buffer

(260 mM sodium bicarbonate and 200 mM HEPES), 10x RPMI (Sigma

Aldrich) to the collagen I solution. To adjust the pH of the collagen I

solution mixture, I used the ice-cold solution of 2 N NaOH. Collagen I

mixtures with the cells were incubated in 37⁰C for 30 min. In case of
3D Matrigel, cells were mixed with Matrigel solution in 4⁰C and

incubated in 37⁰C for 30 min.

5. Time-lapse imaging

Time-lapse cell images in 3D Matrigel were captured with
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IX81-ZDC (Olympus) for 20 ~ 42 hrs, and the imaging system was

driven by MetaMorph software (Universal imaging). For Time-lapse

microscopes cells were plated onto 3D Matrigel in a Lab-TekTM

Chamber Slide (Thermo Scientific). All microscopes were equipped

with a Chamlide Incubator systems (LCI live cell instrument, Korea),

and an environmental chamber mounted on the microscope maintained

constantly at 37⁰C, 5% CO2 and 95% humidity.

6. 3D immunofluorescent analysis

Cells were cultured within polydimethylsiloxane prepolymer (PDMS)

glass coverslip and fixed directly with 4% formaldehyde for 30 min at

room temperature (RT), and subsequently tretead with 100mM glycine

to quench residual aldehyde groups. After PBS washing, cells were

permeabilized for 30 min with 0.5% Triton X-100 at RT and blocked

for 2 hrs with PBS in 3% BSA. Cells were stained with either

fluorescent-labeled phalloidin (Molecular probes, 1:250) or Alexa Fluor®

488-labeled anti-cortactin (Millipore, 1:200) at 4⁰C overnight. Cells

were then washed with washing buffer (PBS in 130mM NaCl, 13mM

Na10HPO4, 3.5mM NaH2PO4, pH 7.4). Nuclei were counterstained with

DAPI (Molecular probes). Confocal images were captured using

confocal microscope with a Nikon Plan-Apochromat and analyzed

using the NIK software.
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RESULT

1. TM4SF5-expressing cells form invasive foci in 3D Matrigel

system.

SNU449Cp (TM4SF5-negative) or SNU449T7 (TM4SF5-positive) cell

lines were fully embedded in 3D Matrigel and live imaged for more

than 28 hrs. Time-lapse imaging showed that TM4SF5-positive cells

interact each other and aggregated to form invasive foci. Whereas

TM4SF5-negative cells are just stay around as single cells (Fig. 1A).

When more cells embedded into Matrigel, TM4SF5-positive cells

formed invasive foci or branched cell network more obviously, whereas

control cells did not (Fig. 1B). This TM4SF5-mediated phenotypes

were inhibited by treatment of JNK inhibitor (SP600125) or

anti-TM4SF5 chemical compund (TSAHC), although ERK inhibitor

(U-0126) didn't affect it (Fig. 2C). Although immunoblot analysis

showed elevated levels of pS10p27kip1, pS63c-jun, pS473AKT in control

DMSO sample, JNK inhibitor and anti-TM4SF5 chemical compund not

only block the invasive foci formation, but also downregulate the

pS10p27kip1 and pS473AKT levels in TM4SF5-positive samples (Fig. 1D).

These results indicate that pS10p27kip1 and pS473AKT were involved in

the TM4SF5-mediated invasive foci formation.

For experiments that needed to be done in a shorter term, or to get

more clear image, cells were embedded in 3D On-Top system (15).
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When cells were embedded in 3D Matrigel On-Top system similar to

the fully-embedded condition, TM4SF5-positive cells gradually

gathered together and form invasive foci, whereas TM4SF5-negative

cells did not (Fig. 2A). To confirm this invasive foci formation is

TM4SF5-dependent, TM4SF5 N-glycosylation mutant cells or

TM4SF5-suppressed cells were embedded in 3D Matrigel On-Top. The

results showed that TM4SF5-glycosylation mutant or -suppressed

cells didn't show invasive foci formation (Fig. 2B). Also quantification

of cell velocity showed that TM4SF5-positive cells exhibited more

directional movements and higher movement speeds, compared with

the TM4SF5-negative cells. These results indicates that

TM4SF5-expressing cells gathered together and form invasive foci in

3D Matrigel.
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Figure 1. TM4SF5-positive cells formed invasive foci in a

fully-embedded 3D Matrigel system.

(A) SNU449 stable cell lines (SNU449Cp: control pooled clone,

SNU449T7: stably TM4SF5-overexpressing clone) were embedded in

full-3D Matrigel. After 18 hrs, cells were live imaged for 24 hrs. The

lower parts showed endpoint snapshot 42 h after embedding. (B)

SNU449T7 cells were embedded in full-3D Matrigel with inhibitors

against JNK (SP600125, 50 μM), ERK1/2 (U0126, 50 μM), or

anti-TM4SF5 TSAHC (50 μM). Images showed endpoint snapshots 42

h after the embedding. (C) SNU449Cp or T7 cells embedded in full-3D

Matrigel with each inhibitor for 42 hrs were harvested, before

immunoblottings.
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Figure 2. TM4SF5-mediated invasive foci formation in 3D

Matrigel On-Top system

(A) SNU449Cp or T7 stable cell lines were embedded and live imaged

in 3D Matrigel On Top for 20 hrs. Snapshot images were shown at

each time point. (B) SNU449 stable cell lines (Cp, T7, TM4SF5

glycosylation mutant, or TM4SF5-suppressed) were embedded in 3D

Matrigel On Top for 20 hrs. Endpoint snapshot images were shown.

(C) Quantification of the velocity of SNU449Cp or T7 cell lines in 3D

Matrigel On Top. Right panels depict movement tracks of cells that

were embedded in 3D Matrigel On Top for 20 hrs.
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2. TM4SF5-mediated ECM deformation during invasive foci

formation might not be related to p130Cas phosphorylation.

To determine whether this invasive foci formation was accompanied

by extracellular matrix deformation, I was tracking the movement of

microbeads that were seeded in the Matrigel together with the cells.

Microbead around the TM4SF5-negative cells showed only a slight

movement, while microbead around the TM4SF5-positive cells showed

more dynamic movements (Fig. 3A). Total movement of microbeads

were quantified (Fig. 3B). Furthermore, based on p130Cas scaffold

protein was known as a mechanosensor (16,17), I postulated that this

invasive foci formation and ECM deformation would be regulated by

p130Cas activation. Thus, TM4SF5-negative or TM4SF5-positive cells

were transduced with GFP-tagged retrovirus-p130Cas witdtype (WT)

or its phosphorylation mutant form (15F/mPR). The results showed

that most cells were overexpressed with p130Cas WT or its

phosphorylation-defective mutant form. However, there were no

phenotype changes in both TM4SF5-positive or TM4SF5-negative

cells, following the introduction of p130Cas WT or nonphosphorylatable

form (Fig. 3C). These observation indicates that TM4SF5-mediated

ECM deformation during invasive foci formation was not related to

p130Cas phosphorylation.
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Figure 3. TM4SF5-mediated ECM deformation during invasive

foci formation might not be related to p130Cas phosphorylation.

(A-B) Movement of the microbead around cells that were embedded in

3D Matrigel On Top for 15 hrs. Microbead with 3 mm diameter were

mixed with cells during the embedding. (A) Each graph showed total

distance that the microbeads (n = 35) around each cell line. (B) The

tracks depict microbead trajectories of the cells of each cell line. (C)

Retroviral induction of p130Cas (WT) or mutant (15 Tyr to Phe,

15F/mPR) didn’t change the phenotype to form invasive foci in 3D

Matrigel On Top.
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3. Invasive foci formation in 3D Matrigel requires PI3K, JNK

activity and RhoA inactivation.

To further gain the mechanistic insights into the formation of

invasive foci, inhibitor treatments were carried out. Since the previous

immunoblot analysis (Fig. 1D) showed elevated level of pS10p27kip1,

pS63c-jun and pS473AKT, I treated JNK inhibitor (SP600125), AKT

inhibitor (LY294002) and anti-TM4SF5 chemical compound (TSAHC).

These inhibitors effectively inhibit the TM4SF5-mediated invasive foci

formation, while TM4SF5-negative cells didn't show phenotype

changes. Also ERK inhibitor (U-0126), Rac1 inhibitor (NSC-23766)

were treated to both TM4SF5-negative or TM4SF5-positive cell line.

However these inhibitors didn't affect the both cell lines, supporting

for the fact that TM4SF5 expression didn't affect the ERK activation

level. Interestingly, ROCK inhibitor (Y-27632) affected both

TM4SF5-negative and TM4SF5-positive cells. TM4SF5-negative cells

showed cellular aggregation, just like to TM4SF5-expression alone,

consistent with the previous report showed that TM4SF5-expressing

cells have downregulated RhoA activity. When I further suppressed

RhoA activity in TM4SF5-positive cells, it showed another phenotype,

cellular network formation (Fig. 4A). This observation was consistent

with the previous report (6,19) showed that the TM4SF5-expressing

cells have downregulated RhoA activity via accumulation of cytosolic
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p27 (pS10p27kip1). Thus I postulated that p27kip1 knockdown or RhoA

activation might inhibit the TM4SF5-mediated foci formation.

Therefore TM4SF5-expressing cells were transduced with adenovirus

for p27kip1 knockdown or transduced with retrovirus for RhoA

activation. Their result showed that both p27kip1 knockdown or RhoA

activation (RhoA Q63L) inhibited the invasive foci formation, compared

with no effects by control transductions. These results indicate that

TM4SF5-mediated invasive foci formation needed JNK, AKT

activation and RhoA inactivation.
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Figure 4. TM4SF5-mediated invasive foci formation was

inhibited by PI3K, JNK pathway, p27Kip1 suppression, or RhoA

activation.

(A) SNU449 stable cell lines were embedded in 3D Matrigel On Top

system with treatment of either DMSO, SP600125, TSAHC, LY294002,

U-0126, NSC23766 (a specific Rac1 inhibitor), or Y-27632 for 20 hrs at

the indicated concentrations. Live imagings were performed for 20 hrs,

and the endpoint snapshots were shown for each condition. (B)

TM4SF5-expressing SNU449T7 cell line was transduced with

adenovirus for p27kip1 suppression (si-p27kip1) or a control scrambled

sequence, embedded and live imaged in 3D Matrigel On TOP for 20

hrs. Upper panel showed representative endpoint (20 hrs) snapshots for

each condition. Lower panel showed p27kip1 expression levels by an

immunoblot. (C) TM4SF5-expressing SNU449T7 cell line was

transduced with a control retrovirus or retrovirus for RhoA activation

(Q63L:constitutively active), embedded and live imaged in 3D Matrigel

On Top for 20 hrs. Upper panels showed representative endpoint (20

hrs) snapshots. Lower panel showed RhoA expression levels by an

immunoblot.
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4. TM4SF5-mediated invasive outgrowth in 3D collagen I or

Matrigel.

Since TM4SF5-negative or TM4SF5-positive cells showed

differential phenotype in 3D Matrigel, I have tried to co-culture both

TM4SF5-negative and positive cell lines. Interestingly, the result

showed that TM4SF5-negative cells formed cellular aggregates

surrounded by TM4SF5-positive cell line (Fig. 5A). Further,

TM4SF5-positive cells showed invasive cellular protrusion. Such

invasive protrusion phenotype by TM4SF5-positive cells were

recapitulated by embedding the cell spheroids in 3D collagen I gel.

Time-lapse imaging showed that TM4SF5-positive spheroids exhibited

more outgrowth and dissemination of certain cells compared with

control spheroids (Fig. 5B-C). Also, immunofluorescent analysis

revealed that singnals for F-actin and cortactin, which is an indicator

of invadopodia (20), were co-localized in leading edges of the

TM4SF5-positive spheroids (Fig. 5D). while TM4SF5-negative

spheroids didn't show such cellular outgrowth and co-staining. These

observation revealed that TM4SF5-mediated cellular outgrowth

involves more effective invadopodia formation.
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Figure 5. TM4SF5-mediated invasive outgrowth in 3D collagen I

or Matrigel.

(A) SNU449Cp, SNU449T7 cell lines were labeled with cell tracker

fluorescent probe, and then cells were mixed at 50:50 (%/%) ratio for

Cp and T7 cells before being embedded in 3D Matrigel On-Top for 20

hrs. SNU449Cp cells (green) were gathered together, but SNU449T7

cells (red) were located outside of the cell mass. Panel showed the

endpoint fluorescent snapshots. (B) Spheroids of hepatic cancer

SNU761 stable cell lines (SNU761-MOCK or SNU761-TM4SF5 WT)

were fully-embedded in 3D collagen type I gels together with EGF 50

ng/ml for 26 hrs. Snapshots at the indicated time points were shown.

(C) Spheroids of lung cancer HCC827 stable cell lines (HCC827-MOCK

or HCC827-TM4SF51-9) were fully embedded in 3D collagen type I

gels for 22 hrs. Snapshots at the indicated time points were shown.

(D) Spheroids of HCC827 or SNU449 stable cell lines were

fully-embedded in 3D collagen type I gels for 24 hrs and

immunostained for cortactin (green) and stained with phalloidin for

actin (red) and DAPI (blue). White arrows indicate co-localization

points between F-actin and cortactin.
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5. Upon addition of collagen I to Matrigel, non-invasive

TM4SF5-null cells showed invasive phenotype.

Furthermore, by culturing cells in collagen I plus Matrigel condition,

even TM4SF5-negative cells showed invasive foci formation. This

phenotype is similar to RhoA inhibition in TM4SF5-negative cells.

Meanwhile, by adding collagen I to the Matrigel, TM4SF5-positive

cells showed cellular network formation (Fig. 6A). This phenotype

change became more invasive by additional EGF treatment into

TM4SF5-negative cells (Fig. 6B). To sum up, In 3D Matrigel, hepatic

epithelial cells became invasive and form invasive foci by TM4SF5

expression. This Invasive foci formation was inhibited by suppression

of either p27kip1, TM4SF5 or pharmacological inhibition of either JNK

or AKT and also RhoA activation inhibited the invasive foci formation.

TM4SF5-mediated invasive phenotype was more invasive by ROCK

inhibition or adding collagen. On the other hands. TM4SF5-negative

cells showed rounded morphologies and stayed in single cells in 3D

matrigel. By treatment of ROCK inhibitor or adding collagen I, cells

showed invasive foci formation. By further treatment of EGF in these

cells, they showed invasive network formation (Fig. 7).
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Figure 6. Upon addition of collagen I to Matrigel, non-invasive

(i.e., TM4SF5-null) cells showed malignantly invasive phenotype.

(A) SNU449 stable cell lines were embedded in 3D ECM On-Top

system (as indicated) for 20 hrs. Non-invasive SNU449Cp cells became

to form invasive foci, upon addition of collagen I, like SNU449T7 cells

in Matrigel alone (Upper panels). SNU449T7 cells became more

invasive to form network-like structure in 3D Matrigel and collagen I

(bottom panels). (B) SNU449 stable cell lines were embedded in 3D

ECM (Matrigel plus collagen I) On-Top system for 20 hrs. SNU449Cp

cells became to form invasive network, upon stimulation with EGF

(100 ng/ml), like SNU449T7 cells without EGF (Upper panels).

SNU449T7 cells became more invasive to form network-like structure

in 3D Matrigel and collagen I after EGF treatment (bottom panels).
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Figure 7. The working model

(A) In 3D Matrigel, non-invasive TM4SF5-null cells exhibited rounded

morphologies and styed still in single cells. However,

TM4SF5-expressing cells showed invasive protrusions and aggregated

together to form invasive foci. Invasive foci was inhibited by

suppression of either p27kip1 or TM4SF5 or pharmacological inhibition

of either JNK or AKT. This invasive foci was observed in

TM4SF5-null cells additionally by ROCK inhibition or by adding

collagen type I ECM to the Matrigel. The TM4SF5-null cells showed

invasive network in Matrigel/collagen I ECM further with EGF

stimulation. Meanwhile, TM4SF5-expressing cells showed more

aggressive foci formation even without collagen I addition or ROCK

inhibition, and further invasive network formation without any

stimulation.



- 31 -

Discussion

Recently tumor microenvironment has received growing attention

from the biologist over the last decade. tumor microenvironment

consists of various factors such as immune cells, fibroblast, soluble

factors, and extracellular matrix. The tumor and the surrounding

microenvironment are closely related and interact constantly. Also

ECM is a key regulator of tumor cell behaviors (21). These crucial

microenvironment may be partially restored by using 3D cultures of

laminin-rich matrigel or collagen. Thus, The 3D cell culture represents

an important bridge for linking 2D cell culture to the organ or even

animal (22). In the basement membrane (Matrigel) non-cancerous cells

are maintained by adhesions between integrins on cell surface and

extracellular matrix proteins and by cell-cell adhesion (23). But cancer

cells undergo morphological change and disturbance of epithelial

cell-cell adhesions leading to EMT that occurs for more efficient

migration and invasion (24). In previous study, TM4SF5 have been

shown to be up-regulated in multiple tumors, have roles in EMT and

involved in cacner invasion and metastasis (25,26). In this study, the

use of hepatic cancer cells that overexpressing TM4SF5 or empty

vector in 3D Matrigel or collagen I gel might demonstrates that

formation of tumor mass in vivo-like conditions and dissemination

from tumor mass. This study revealed that the TM4SF5-expressing

cells showed elevated migration and invasion ability and formed
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invasive foci in 3D Matrigel condition, whereas with TM4SF5-null

cells showed lower migration ability in 3D Matrigel. When cells

embedded in 3D Matrigel, TM4SF5-overexpressing cells interact each

other and aggregated to form invasive foci (Fig . 1A, 2A). Immunoblot

analysis revealed that this TM4SF-mediated phenotype needed JNK

activation and cytosolic p27. Also, This foci formation phenotype was

recapitulated by treatment of ROCK inhibitor (Y-27632) or adding

collagen I into Matrigel in TM4SF5-null cells. Further, upon additional

treatment of EGF into TM4SF5-null cells in collagen I plus Matrigel

condition, TM4SF5-null cells form cellular network formation. In case

of TM4SF5-expressing cells, it showed cellular network formation just

by treatment of ROCK inhibitor or adding collagen I into Matirgel (Fig

5). These results indicates that in 3D Matrigel (basememt membrane),

TM4SF5-expression might plays crucial roles in cancer cell migration

or invasion from primary site to a distal site. Furthermore, by tracking

microbeads that embedded with the TM4SF5-negative or -positive

cells in 3D Matrigel, invasive foci formation accompanied by ECM

deformation (Fig. 3A). Based on this result (Fig. 3A) and previous

reports that cell-matrix adhesion and local ECM distribution is

associated with cell functions and mechanotransduction (27), thus we

hypothesized that this invasive foci formation and ECM deformation

might be related to p130Cas, the mechanosensor scaffold protein (17).

However, there is no phenotype changes in p130Cas-overexpression or
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suppression (Fig. 3C). In addition, when TM4SF5-negative of -positive

cells were co-cultured in 3D Matrigel, TM4SF5-negative cells

exhibited invasive foci formation surrounded by TM4SF5-positive cells

(Fig 5A). This observation indicates that TM4SF5-expressing cells

secretes some paracrine factors (i.e., TGF-β or MMP-2) that could

affect the nearby non-cancerous cells. MMP-dependent EMT has been

reported in a variety of epithelial cell types. (28-31) consistent with

these reports, pharmacological inhibition of MMP2 or antibody blocking

of TGF-βRII inhibited TM4SF5-mediated invasive foci formation (data

not shown). With these results we hypothesized that tumor-associated

stroma cells that are known as secretes various paracrine factors may

play similar roles like TM4SF5-expressing cells. (32,33). Therefore,

TM4SF5-negative cells were co-cultured with Carcinoma-associated

fibroblast (CAF) or Mesenchymal stem cell-like cell in 3D Matrigel.

The result showed similar phenotype to the TM4SF5-positive cells,

as shown in Fig. 5A. This observation might indicate that

TM4SF5-overexpressing cells have similar roles such as

carcinoma-associated stroma cells. Furthermore, we checked another

ECM protein, collagen type I. collagen constitutes the scaffold of tumor

microenvironment and affects tumor microenvironment such that it

regulates ECM remodeling by collagen degradation and re-deposition,

and promotes tumor infiltration, angiogenesis, invasion and migration

(34). TM4SF5-positive or -negative cell spheroids were embedded into
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3D collagen I gels. Time-lapse observation showed that

TM4Sf5-positive spheroids showed more outgrowth and dissemination

of certain cells (Fig. 5B-C). Also, Immunofluorescence analysis

revealed that signals for F-actin and Cortactin, which is an indicator

of invadopodia (20), were co-localized in leading edges of the

TM4SF5-expressing cells, while TM4SF5-negative cells did not

showed such cellular outgrowth and co-staining (Fig. 5D). These

observasion indicates that TM4SF5-mediated outgrowth involves more

effective invadopodia formation. Furthermore, in 3D ECM gel, hepatic

cancer cells exhibited foci formation or cell network formation by

adding collagen I into Matrigel or additional treatment of EGF (Fig. 6).

These observastions showed TM4SF5-expressing cells exhibited

one-level more malignant cell phenotypes, compared with

TM4SF5-negative cells. These results indicate that TM4SF5

expression itself could be enough to cause invasive phenotypes to the

hepatic cancer cells even with a minimal environmental cues.

Moreover, these three-dimensional culture allow phenotypic

discrimination between non-maliganant and malignant especially in

breast cancer cell (36,36). This study revealed not only the

TM4SF5-mediated invasive cell behoviors in 3D ECM conditions, but

also represent the hepatic cancer cell model (i.e., invasive foci

formation or cell network formation ability) in 3D cell culture system.
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국문 초록

세포외 미세환경은 이웃하는 다른 세포, 세포성장인자들, cytokine,

chemokine, 및 세포외기질들로 구성되며, 이들은 세포의 기능 조절에 큰

영향을 미치는 것으로 잘 알려져 있다. 한편, 세포외기질(ECM)로 둘러쌓

여 있는 삼차원 배양조건에서는, 기존의 이차원 배양조건과는 다르게 세

포의 행동이 조절될 것으로 이해되고 있다. TM4SF5는 간암을 포함하여

여러 암종에서 높게 발현되며, EMT(Epithelial-mesenchymal transition,

상피-중배엽 세포 전이), 세포의 이동, 침윤을 촉진하는 역할을 하고 있음

이 알려져 있다. 본 연구에서, 나는 삼차원적으로 세포외기질로 둘러싸인

환경 속에서 분석하였을 경우, TM4SF5를 발현하는 세포는, TM4SF5가

발현되지 않는 세포에 비하여 향상된 세포의 이동/침윤 능력을 확인하였

다. 삼차원적 Matrigel 속에서는 TM4SF5를 발현하는 세포들은 PI3K,

JNK 활성 및 액틴세포골격 형성 능력, 그리고 p27Kip1 발현에 의존하는

invasive foci (암세포가 모여들어 foci를 형성)를 형성하였고, TM4SF5를

발현하지 않는 세포들은 invasive foci를 형성하지 않았다. 삼차원적

Matrigel 속에서 invasive foci를 형성하지 않았던 TM4SF5가 발현되지

않는 세포들은 ROCK를 억제하거나, Matrigel에 Collagen I 을 추가로 넣

어주게 되면 TM4SF5를 발현하는 세포들처럼 invasive foci를 형성하는

것을 확인하였다. TM4SF5를 발현하는 세포와 발현하지 않는 세포를 삼

차원적 Matrigel 속에서 공동배양 하였을 때에는 TM4SF5의 유무에 상관

없이 invasive foci를 형성하였지만, TM4SF5를 발현하는 세포가 invasive
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foci의 바깥 쪽에 위치하는 것을 확인하였다. 반면에 삼차원적 Collagen I

젤 속에서 TM4SF5를 발현하는 세포들은 TM4SF5가 발현되지 않는 세

포들에 비해서 더 침윤적으로 돌출된 형태를 나타내는 것을 확인하였으

며, 또한 이러한 세포의 말단 돌출부위에서는 invadopodia가 많이 형성되

어 F-actin과 cortactin이 같이 존재하는 것을 확인하였다. 이러한 결과들

은 TM4SF5가 삼차원적으로 ECM에 둘러싸인 배양환경에서 세포의 침윤

능력을 중요히 조절할 수 있다는 것을 제시한다.

주요어 : 삼차원 세포배양, 세포외기질, TM4SF5, 세포침윤, 종양미세환경
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