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ABSTRACT 

Transmembrane4 L six family member5 (TM4SF5), a branch of the 

tetraspanin superfamily, is a tetratransmembrane glycoprotein that consists 

of 197 amino acid. Certain tetraspanins are highly expressed in tumor cells 

from many types of cancers, whereas TM4SF5 is reported to be over-

expressed in hepatocarcinoma. The biological functions of TM4SF5 are 

predicted to be rendered in tetraspain-enriched microdomains (TERM), 

although direct evidence has not been previously shown. In previous studies, 

TM4SF5 is known to cross-talk with integrins and induces EMT (epithelial-

mesenchymal transition) at the cellular level, resulting in not only 

morphological elongation change through actin reorganization, but also 

promotion of cell migration/invasion and cell proliferation. 

However, the direct roles of TM4SF5 in intracellular signal transduction 

remain largely unknown. Here we explored the mechanistic roles of 

TM4SF5 in intracellular signal transduction. In this study, we have 

investigated the roles of TM4SF5 intracellular domain by using its deletion 

mutants of the cytoplasmic regions of TM4SF5 in diverse functions human 

hepatocarcinoma cells. An interesting aspect in TM4SF5 roles was 

observed with respect to both its intracellular loop domain and C-terminal 

domain. At first, we found that the functional blocking anti-integrin β1 

antibody and TSAHC inhibitor treatment abolished TM4SF5-enhanced FAK 

signaling activity. Moreover, we identified that the binding between TM4SF5 



 

 

intracellular loop domain and FAK was essential for the TM4SF5-mediated 

FAK activation. Further study of TM4SF5 C-terminal deletion mutant, we 

observed that TM4SF5 regulates p130Cas signaling activity and ROS 

generation via its C-terminal domain. In addition, we revealed that the 

involvement of p130Cas activity which is known to mediate 

mechanosensing is associated with the differential regulation by TM4SF5 C-

terminal domain depending on time and different extracellular environment, 

in particular, extracellular matrix concentration under cell adhesion-

dependent condition. It is of further interest to determine the identification of 

a role for TM4SF5-mediated p130Cas regulation during mechanosensing 

and or ROS signaling. 

Altogether, this study suggests the mechanism of TM4SF5-mediated FAK 

activation and the mechanosensitive p130Cas activation via the TM4SF5 

intracellular domains and partially gives a insight into the role of TM4SF5 in 

liver cancer. 
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INTRODUCTION 

Hepatocellular carcinoma (HCC) is the seventh most common malignancy 

and the third leading cause of cancer-related death worldwide (GLOBOCAN 

2008). Despite the recent advanced in diagnosis and treatment of HCC, it 

remains a highly lethal disease. The lethality of liver cancer stems in part 

from its resistance to existing anti-cancer drugs, a lack of biomarkers for 

detecting surgically resectable incipient disease, and underlying the limits of 

using chemotherapeutic drugs. In HCC patients, metastasis remains by far 

the major cause of cancer-related mortality. However, the underlying 

mechanisms of tumor initiation, progression and metastasis are still not fully 

understood. 

At any rate, for a successful cancer metastasis, tumor cells must undergo a 

communication with their microenvironment, which contains various 

extracellular matrices, soluble factors and neighboring cells. For such 

processes to occur, cell membrane receptors sense extracellular cues as a 

transducer intracellular signaling pathways (Sung et al., 2007). One of the 

membrane receptor, tetraspanin and the tetraspanin superfamily (TM4SFs) 

comprises cell surface proteins characterized by four highly conserved 

transmembrane domains and a group of hydrophobic proteins of 

approximately 25-50 kDa (Maecker et al., 1997; Wright and Tomlinson, 

1994), and some of tetraspanins have been found to be overexpressed in 

human epithelial malignancies, as tumor-associated antigens. Tetraspanins 
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are principal structural components of tetraspanin-enriched microdomains, 

TERM (also known as a tetraspanin web) where they collaboratively perform 

their biological functions in cell adhesion, proliferation, and motility through a 

complex network of protein-protein and protein-lipid interactions, recruiting 

various transmembrane and cytoplasmic proteins into TERM including 

integrins, receptor tyrosine kinases, and protein and lipid kinases 

(Berditchevski, 2001; Charrin et al., 2003; Hemler, 2005; Yang et al., 2004).  

In 1997, Gress et al. performed a large-scale screen for differentially genes 

in pancreatic cancer tissues and identified transmembrane 4 L6 family 

member 5 (TM4SF5 or L6H) that encodes 197 amino acids which is 

localized at chromosome 17p13.3. and is overexpressed in pancreatic 

cancer tissues as compared with control tissues, and to date, it is also 

reported in other human cancer tissues including hepatocarcinoma (Choi et 

al., 2008; Lee et al., 2008; Muller-Pillasch et al., 1998; Pascual-Le Tallec et 

al., 2002). In addition to being a transmembrane glycoprotein, TM4SF5 is a 

homolog of tumor-associated antigen L6 (TM4SF1 or L6-Ag) and forms a 

transmembrane 4 L6 superfamily containing L6, IL-TMP, and L6D. Although 

this L6 superfamily is not a bona fide member of the tetraspanin superfamily, 

however, all of them shares a similar topology with four transmembrane 

domains, short cytoplasmic domains at their N- and C- termini, and two 

extracellular domains, a smaller domain between transmembrane domains 

1 and 2 (TM1 and TM2), and a large domain between TM3 and TM4, even 
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their differences of N-glycosylation sites in extracellular loop domains 

(Edwards et al., 1995; Tomlinson et al., 1993; Wright et al., 2000). The 

extracellular loop 2 (EC2) of genuine tetraspanins has a variable region 

which mediates specific interactions and a conserved region that includes 4 

conserved cysteine residues for disulfide bonding, correct folding, and 

homodimerization (Stipp et al., 2003) whereas the EC2 loop of TM4SF5 is 

relatively divergent and has 2 cysteine residues (Wright et al., 2000).  

Previous study implicated the existence of interactions between TM4SF5 

and integrin signaling pathways (Choi et al., 2009; Lee et al., 2006). In 

epithelial cells, TM4SF5 is shown to interact with integrin α2 or α5 during 

migration or angiogenesis, respectively (Choi et al., 2009; Lee et al., 2009a). 

In Cos7 fibroblasts, TM4SF5 affects actin remodeling and focal adhesion 

turnover depending positively on an interaction with integrin α2 and 

negatively on serum treatment (Lee et al., 2006). Integrins, a group of cell 

adhesion receptors composed of an α and a β subunit, activate diverse 

intracellular signaling molecules (Lee and Juliano, 2004) and reorganize 

actin filaments (Brakebusch and Fassler, 2003) when they interact with 

extracellular matrix at focal adhesions and is also affected by growth factor 

signaling (Guo and Giancotti, 2004) and/or by interactions with TM4SFs. As 

mentioned above, TM4SF5 cross-talks with integrins to regulate actin 

reorganization, cell adhesion, spreading, and migration (Lee et al., 2011). 

Besides, TM4SF5 expression in epithelial cells leads to stabilization of 
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p27kip1 in the cytosol and inactivation of RhoA, resulting in aberrant actin 

reorganization which causes EMT in snail1 independently and loss of 

contact inhibition for anchorage-independent proliferation (Lee et al., 2008). 

However, the mechanistic aspects of how TM4SF5 is responsible for the 

TM4SF5-mediated intracellular signal transduction have been unknown so 

far. Here, we attempt to identify the mechanism via the intracellular domains 

of TM4SF5 in human hepatocarcinoma cells. the cytoplasmic tails of integrin 

subunits recruit diverse focal adhesion molecules including focal adhesion 

kinase (FAK), paxillin, p130Cas, and c-Src (Carragher and Frame, 2004). 

More recently, relating to p130Cas and mechanical stretch, it is reported that 

mechanical forces increase p130Cas phosphorylation which enables 

transformation of external force into intracellular biochemical signaling 

transduction (Tamada et al., 2004). Considering the roles of TM4SF5 in 

multiple aspects to collaborate with integrins, it is of interest to examine the 

relationship between focal adhesion molecules and TM4SF5 intracellular 

domains. In the present study, we examined the roles of TM4SF5 

intracellular domains using deletion mutants of TM4SF5 cytoplasmic regions, 

which could participate in TM4SF5-mediated signal transduction. Based on 

the results of introducing deletion mutant of TM4SF5-intracellular loop 

domain into hepatocarcinoma cells, we found a physical association 

between TM4SF5 intracellular loop domain and FAK. Also we provided a 

evidence that their interaction is essential for the TM4SF5-mediated FAK 
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activation under both normal and replating condition. With regards to the 

portion of TM4SF5 C-terminal domain, we showed that the activity levels of 

p130Cas (pY165p130Cas) and ROS generation are regulated by TM4SF5 C-

terminal domain in normal condition. Moreover, we hypothesized whether 

TM4SF5-mediated p130Cas activation could be regulated via TM4SF5 C-

terminal domain onto adhesion-dependent/Extracellular matrix-dependent 

conditions. Indeed, consistent with this hypothesis, we observed that 

according to ECM-stiffness (ECM-concentration), TM4SF5 C-terminal 

domain affected the TM4SF5-mediated p130Cas phosphorylation activity 

during replating procedure, especially at late adhesion time. Taken together, 

our findings provide insight into the mechanism of TM4SF5-mediated 

intracellular signal transduction via its intracellular domains. 
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MATERIALS AND METHODS 

1. Cells 

Control (SNU449, SNU761 parental, SNU449Cp, and SNU761-mock), 

TM4SF5 WT (SNU449Tp and SNU761-TM4SF5 WT), or mutant (SNU761-

ΔICL19 or ΔC and V3)-expressing human hepatocellular carcinoma cells 

have been described previously () or prepared by G418 (A.G. Scientifics) 

selection following transfection of FLAG-mock, -TM4SF5 WT, -TM4SF5-

ΔICL19 or –TM4SF5-ΔC and TM4SF5-V3 plasmids into TM4SF5-null 

SNU761 hepatocytes. Stable cells were maintained in RPMI-1640 

(WelGene) containing 10% FBS, G418 (250 μg/ml) and antibiotics 

(Invitrogen). Endogenously TM4SF5-expressing HepG2 cells were 

maintained in DMEM-H (WelGene) containing 10% FBS and antibiotics 

(Invitrogen). 

2. Cell lysate preparation and Western blots 

Subconfluent cells in media containing 10% FBS were harvested, or cells 

infected or transiently transfected with plasmid for 24 or 48 h were either 

harvested for whole cell lysates. In some cases, cells were transiently 

transfected with TM4SF5 for 48 h, treated with DMSO or pharmacological 

inhibitors at indicated concentrations, including TSAHC against TM4SF5 for 

24 h, or pretreated with normal mouse IgG or neutralizing anti-integrin β1 

antibody (Invitrogen, clone P4C10, 20 g/ml) for 30 min in the middle of 
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rocking prior to replating. For replating, cells were trypsinized and washed 

with serum-free media containing 1% BSA twice before rocking (60 rpm) at 

37℃ for 1 h and then either kept in suspension or replated on FN (10 μg/ml) 

or Col (5, 20, 50 μg/ml)-precoated culture dishes for the indicated times. The 

cells were then harvested using a lysis buffer containing 1% Brij58, 150 mM 

NaCl, 20 mM HEPES, pH 7.4, 2 mM MgCl2, 2 mM CaCl2, and protease 

inhibitors, or alternatively using a RIPA lysis buffer (50 mM Tris, pH 7.5, 150 

mM NaCl, 50 mM NaF, 1 mM sodium pyrophosphate, 0.1% sodium 

deoxycholate, 1% NP-40 and protease inhibitors) and processed for 

standard Western Blots. 

3. Human liver tissue histology 

Normal and tumor liver tissues were obtained from liver cancer patients in 

the Kyungpook National University Hospital (Daegu, Korea) from March to 

April, 2007 with informed consent and IRB agreement. Clinical and 

biological information was available for the tissue samples. Tissues removed 

in an operation room were immediately fixed with formalin, and embedded in 

paraffin. Serial sections (6 μm thick) cut from each paraffin block were 

stained with homemade and protein A/G affinity-purified anti-TM4SF5 

polyclonal serum (1:100), or Tyr577-phosphorylated FAK polyclonal 

antibody (Invitrogen, 1:250) prior to visualization by using a microscope 

(BX51, Olympus) 

4. In vivo xenograft analysis 
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SNU761 cells stably expressing TM4SF5 WT or ΔICL19 (5 x 106 cells/100 

in RPMI-1640) were injected into the lateral tail vein of female BALB/c-n/n 

mice (n = 3, Orient. Co. Ltd.). In some cases, 50 mg/kg TSAHC (in 40% 

DMSO) was intraperitoneally injected every other day. All animal procedures 

were performed according to the procedures in the Seoul National 

University Laboratory Animal Maintenance Manual and IRB agreement. All 

mice were sacrificed 6 weeks after cell injection, and their lungs were 

weighed and harvested. The lung pieces were frozen in liquid N2 until 

extract preparation, prior to standard Western analysis. 

5. Immunoprecipitation 

Whole cell extracts were immunoprecipitated with anti-HA or –FLAG 

antibody-precoated agarose beads (Sigma) overnight, prior to 

immunoblotting for the indicated molecules. Alternatively, cell extracts were 

incubated with anti-(His)6 antibody overnight prior to protein A/G bead 

precipitation for 2 h. Immunoprecipitated proteins were boiled within 2 x 

SDS-PAGE sample buffer before standard Western blots. 

6. Constructs DNA and cDNA mutagenesis 

The TM4SF5 cDNA sequence (NM-003963, 197 aa) was conjugated to 

pFLAG, and deletion mutation in the ICL were constructed to produce 69RA-

90SV (ΔICL with a deletion of 71GGKGCCGAGCCGNRCRMLR89) and in the 

C-terminal domains were constructed to produce 1M-187G (ΔC with a 

deletion of 188DCRKKQDTPH197) or 1M-191K (V3 with a deletion of 
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192KQDTPH197) (Fig.1). (HA)3-FAK point mutation (Y397F, Y577F) constructs 

were engineered and confirmed by direct sequence analysis. 

7. ROS assay 

Cells were seeded in 6 well plates at 3 x 105 in normal serum containing 

media and incubated for overnight at 37℃. The cells then treated with 10 

μM/ml DCF-DA (6-carboxy-2', 7'-dichlorodihydrofluorescein diacetate, Sigma) 

with serum free media or containing 1% FBS media, then incubated for 

additional 30 min at 37℃. Fixed and mounted samples were visualized 

using a fluorescent microscope (BX51, Olympus). 
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RESULTS 

1. TM4SF5 expression induced FAK activity in human 

liver cancer tissue and liver cancer cells. 

To study the TM4SF5-mediated intracellular signal transduction, we 

facilitated several deletion mutant constructs for TM4SF5 intracellular 

domain regions (Fig. 1). With regard to TM4SF5-mediated intracellular 

signaling pathway, previous study performed yeast two-hybrid analysis and 

revealed that TM4SF5 bound FAK (data not shown). In deed, ectopic 

overexpression of TM4SF5 in hepatocytes increased Tyr phosphorylation 

specifically in FAK, paxillin and c-Src (Fig. 2A), which are well-known to be 

activated during cell adhesion. This suggests a role of TM4SF5 in a cell 

adhesion-activated intracellular signaling transduction of hepatocarcinoma 

cells (HCC). Since it is rare to see the increased FAK phosphorylation and 

activation in normally-maintained cultures (that is, subconfluent cells 

maintain in 10% serum-containing media without any stimulation like 

reseeding to ECM). We next, being consistently, TM4SF5-positive human 

HCC tissues were also positive for Tyr577-phosphorylated FAK (i.e., 

pY577FAK); among 9 HCC patients, pY577FAK was positive 4 patients out of 

the 7 patients positive for TM4SF5 (Fig. 2B). Therefore, these data indicate 

that TM4SF5-dependent FAK phosphorylation/activation can be involved in 

development and/or metastasis of HCC. 
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Fig.1. Construct of mutagenesis in TM4SF5 intracellular loop domain. 

(A) Structural scheme of TM4SF5 intracellular domain and its constructs for 

mutagenesis as previously described. (B) The outline for summary between 

TM4SF5 intracellular domain and its relevant signaling molecules.  
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Fig.2. TM4SF5 expression induces FAK activity in human liver cancer 

tissue and cell line. 

(A) Overexpression of pFLAG-TM4SF5 in SNU449 cells shows enhanced 

Focal adhesion-related signaling molecules activity. Data shown represent 3 

independent experiments. (B) Normal and tumor region of liver tissues from 

different 9 HCC patients were fulfilled for immonohistochemistry against 

TM4SF5 or pY577FAK. Show the only three representative cases from the 

each different patient. 
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2. TM4SF5 enhances FAK activity during cell adhesion 

Next, we investigated whether TM4SF5 could activate FAK 

phosphorylation in the absence of serum component and adhesion 

dependent manner. Since FAK is a none-receptor Tyr kinase and one of the 

novel focal adhesion molecules relating to integrin-mediated signaling, it is 

likely that TM4SF5-mediated FAK activation would occur under the replating 

condition for intracellular signal transduction. As was expected, when control 

TM4SF5-null SNU449Cp or TM4SF5-expressing SNU449Tp cells were 

maintained in suspension or alternatively replated onto fibronectin (FN), 

SNU449Tp cells on FN showed increased FAK phosphorylation in Tyr397 

and Tyr577 (i.e., pY397FAK or pY577FAK) and paxillin Tyr118 phosphorylation 

(i.e., pY118paxillin) compared with control cells or suspended SNU449Tp 

cells (Fig. 3A). To confirm more about the TM4SF5-mediated FAK activation 

during cell adhesion, we next examined the effects of TM4SF5-mediated 

FAK activation under the suppression of TM4SF5-integrin crosstalk by 

neutralization using an anti-human integrin β1 antibody. Although in 

SNU449Tp cells, pY397 and pY577FAK were still obvious in 15 min after 

replating at somewhat levels higher than those seen in SNU449Cp cells, but 

declined afterward and less than in normal IgG-treated SNU449Tp cells (Fig. 

3B). These observations indicated that TM4SF5-mediated FAK 

phosphorylation is cooperative with integrins for FAK signaling transduction, 

however it cannot be rule out that the neutralizing anti-integrin β1 antibody 
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was insufficiently for complete functional blocking. More over there is also at 

least partially integrin-independent FAK phosphorylation pathway(s) during 

earlier adhesion periods and those later times after adhesion integrin-

dependency seems to become prevalent. Next, we examined whether the 

pharmacological inhibition of TM4SF5 also affects TM4SF5-mediated FAK 

activation. In previous study, TSAHC [4’-(p-toluenesulfonylamido)-4-

hydroxychalcone] antagonizes TM4SF5-mediated functions, presumably 

affecting the structural integrity and/or N-glycosylation of the extracellular 

loop 2. Thus, we tested whether FAK phosphorylation in TM4SF5-

expressing cells could be inhibited by TSAHC as a pharmacological 

blockade. Increased FAK phosphorylation in SNU449Tp cells reduced after 

TSAHC treatment in a dose-dependent manner (up to 20 μM) in normal 

condition (Fig. 3C), though TM4SF5-independent FAK phosphorylation in 

SNU449Cp cells was not sensitive to TSAHC treatment. To be consistent, in 

replating condition, TSAHC also inhibited TM4SF5-enhanced FAK 

phosphorylation when SNU449Tp cells were replated on FN (Fig. 3D). 

Taken together, These observations suggest that TM4SF5 promotes FAK 

phosphorylation via adhesion dependent manner. 
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Fig.3. TM4SF5 promotes FAK activity under the replating condition. 

Control SNU449Cp (Cp) or ectopically TM4SF5-expressing SNU449Tp (Tp) 

cells kept in suspension (Sus) or reseeded onto fibronectin (FN)-precoated 

(10 μg/ml) dishes for 2 h were harvested for standard Western blots. (B) Cp 

and Tp cells were kept in suspension or reseeded on FN for the indicated 

times as above in the presence of normal IgG (Nor-IgG) or anti-β1 

neutralizing antibody 30 min before the reseeding. (C) Effects of TSAHC 

treatment (or DMSO, for 24 h) on TM4SF5-mediated FAK and paxillin 

phosphorylation in a dose-dependent manner under normal culture 

A B 

D C 
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conditions. (D) TSAHC (20 μM) effects on TM4SF5-mediated FAK and 

paxillin phosphorylation during cell adhesion for the indicated times. Data 

represent three independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 

 

3. Interaction between TM4SF5 intracellular loop 

domain and FAK is essential for FAK activation. 

 Further, as an extension of these results, we investigate how TM4SF5 

activated FAK phosphorylation and performed in vivo xenograft analysis 

using SNU761-MOCK, TM4SF5-WT and -TM4SF5-ΔICL19 stable cells. 

When TM4SF5 WT or mutant-SNU 761 cells were subjected to tail-vein 

injections, TM4SF5 WT cells seems to metastasis efficiently to the lung in 

vivo, whereas TM4SF5-ΔICL19 cells did not (data not shown). As observed 

in immunoblots of mouse lung tissue extracts, TM4SF5 WT cell injection 

resulted in enhanced FAK phosphorylation; whereas MOCK or TM4SF5 

ΔICL19 cell injection did not (Fig. 4A) suggesting that intracellular loop 

domain of TM4SF5 is required for FAK activation and efficient metastasis 

potential. Then, we performed co-immunoprecipitation between TM4SF5 

and FAK, and FAK was observed in the anti-FLAG-TM4SF5    

immunoprecipitates from WT-expressing cells, which was inhibited by 

TSAHC treatment. Furthermore, Tyr577 phosphorylation of FAK within 

FLAG-TM4SF5 immunoprecipitates was also abolished by TSAHC 

treatment (Fig. 4B). As reverse/extended approaches, we next examined the 

co-immunoprecipitation of FAK and actin polymerization-related molecules 

including Arp2 and pY486cortactin using anti-(HA)3-antibody against FAK in 

FLAG-TM4SF5 or -ΔICL19 SNU761 stable cells. When (HA)3-tagged FAK 

WT, Y397F, or Y577F was transiently transfected into FLAG-TM4SF5 or -
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ΔICL19 mutant-expressing SNU761 cells, FAK WT immunoprecipitates from 

TM4SF5 WT cells showed higher pY397FAK and pY577FAK levels and co-

immunoprecipitated a large amount of pY466cortactin or Arp2 than MOCK or 

TM4SF5- ΔICL19 cells (Fig. 4C). Furthermore, transfection of Y397F or 

Y577F FAK into TM4SF5 WT cells showed no complex formation between 

FAK and either pY466conrtactin of Arp2. Taken together, it seems to be likely 

that the interaction between TM4SF5 intracellular loop domain and FAK is 

required for TM4SF5-mediated FAK activation and such associations 

interestingly depended on not only FAK Tyr397 or Tyr577 phosphorylation 

status, but also TM4SF5 N-glycosylation status of EC2 affected by TSAHC 

treatment. 
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Fig.4. Interaction between the intracellular loop of TM4SF5 and FAK is 

required for FAK activation. 

(A) In vivo xenograft analysis of TM4SF5 WT- and ΔICL19-expressing cells 

(5 x 10
6
 cells) via tail vein injection were performed depending on TSAHC 

administration (only in WT) and  2 out of 3 mice lung tissues processed to 

standard Western blots. (B)  Interaction between TM4SF5 and FAK, and 

TSAHC-mediated inhibition effect on their interaction. (C) Stable SNU761 

cells were transfected with (HA)3-FAK WT, Y397F, or Y577F for 48 h prior to 

A B 
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lysate preparation and immunoblottings. Data shown are representative or 

three independent experiments. 
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4. The C-terminal domain of TM4SF5 regulates p130Cas 

activity and ROS generation. 

 Regarding TM4SF5 C-terminal domain, we found several aspects of 

TM4SF5-mediated intracellular signal transduction. Using ectopic 

overexpression of TM4SF5 WT and different mutant constructs (ΔC, V3) into 

SNU761 cells, we investigated signaling molecules with respect to adhesion, 

survival, proliferation and EMT-related marker proteins for metastatic 

potential in normal culture condition (Fig. 5A). Here, we observed that 

p130Cas phosphorylation exhibited higher levels in FLAG-WT and –ΔC, 

whereas FLAG-MOCK and -V3 did not. In accordance with p130Cas, similar 

patterns were shown in p-AKT and p-ERK for cell survival and proliferation, 

respectively. More interestingly, consistent patterns were also found in 

representative EMT- related signaling molecules including p27, pS10p27, E-

cadherin and α-SMA likely that TM4SF5-WT and -ΔC mediated EMT-

positive signal transduction, but MOCK and TM4SF5-V3 did not. Especially 

p130Cas, in addition to relating to FAK and integrin-mediated signaling, 

recent study reported that p130Cas works as sensor for 

mechanotransduction and for transformation of extracellular mechanical 

stimuli into intracellular biochemical signaling indicating that p130Cas could 

be a cytoplasmic mediator for TM4SF5-mediated intracellular signal 

transduction. However, for more positive evidence, we confirmed the 

mutants-mediated dominant-effects via transient transfection of mutant 
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constructs, FLAG-TM4SF5-ΔC and -V3, into endogenous TM4SF5 

expressing HepG2 cells (Fig. 5B). Being consistent with above data, we 

obtained similar results that signaling activities including p130Cas 

phosphorylation (pY165p130Cas) are up-regulated by TM4SF5- ΔC and 

down-regulated by TM4SF5-V3. Albeit there was subtle difference in 

p130Cas phosphorylation level of FLAG-MOCK, however, it might be due to 

different expression levels between endogenous TM4SF5 and ectopic 

mutant constructs in HepG2 cells. Furthermore, we established the 

TM4SF5-WT, ΔC and V3 761stable cell lines and for reproducible way, 

those cells recapitulated the same intracellular signal transduction. In 

addition, relating to TM4SF5 C-terminal mediated intracellular signal 

transduction and pY165p130Cas activations, we fulfilled ROS assays for 

each SNU761 stable cell line and found ROS generation alike in the pattern 

reminiscent of pY165p130Cas levels among the TM4SF5 MOCK, WT, ΔC 

and V3 (Fig. 6). These aspects imply that at least TM4SF5 C-terminal 

domain participates in intracellular signal transduction for p130Cas activity 

and ROS generation. 
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Fig. 5. TM4SF5 regulates p130Cas activity via its COOH terminal 

domain. (A) Ectopic transfection of pFLAG-TM4SF5, -ΔC or –V3 into 

SNU761 parental cells for 36 h  prior to harvests of whole cell lysates for 

standard Western blots for the indicated molecules. (B) Transient 

transfection of pFLAG-TM4SF5-ΔC or V3 into HepG2 parental cells shows 

its dominant effects under endogenous TM4SF5-expressing condition cells. 

Data represent three independent experiments. 
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Fig. 6. TM4SF5 affects ROS generation via the COOH terminal domain. 

ROS assay were performed in SNU761 stable cells (a stably pooled clone 

for pFLAG-TM4SF5-WT, -ΔC or V3) for investigating ROS generation in 

normal conditions. Data shown are representative of three independent 

experiments. 
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5. The C-terminal domain of TM4SF5 regulates 

mechanosensitive p130Cas activity in compliance with 

ECM stiffness under adhesion dependent condition. 

 In this line of continuous study, we next examined whether the 

significance of TM4SF5-C-terminal domain-mediated p130Cas activation 

(pY165p130Cas) is related to mechanosentive action against extracellular 

stimuli. For this, in SNU761 stable cells with different TM4SF5 constructs, 

we facilitated the replating assays with variation of ECM-stiffness by using 

different collagen Ι concentration (5, 20, 50 μg/ml) for coating dishes at 

different adhesion time under serum-free condition (Fig. 7). Actually, we 

observed that according to ECM stiffness (mechanical stimuli), 

mechanosensitive pY165p130Cas is affected/regulated by the TM4SF5 C-

terminal domains during adhesion procedure. While SNU761-WT and -ΔC 

cells showed more sustainable and higher pY165p130Cas in any collagen Ι 

concentration and for up to 60 min adhesion times, but in case of SNU761-

MOCK and -V3 could not activate sustainable pY165p130Cas in high 

collagen Ι concentration (50 μg/ml) at the late time. However, in a lower 

collagen Ι concentration (5, 20 μg/ml), SNU761-MOCK and -V3 could 

activate a sustainable pY165p130Cas suggesting that TM4SF5-mediated 

mechanical signal transduction pathways against hard extracellular 

environment force through C-terminal domain. Altogether, these 
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observations give some insight into the mechanism that TM4SF5 might 

regulate pY165p130Cas activity by ECM stiffness and adhesion-(time) 

dependently for intracellular signal transduction via its C-terminal domain. 
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Fig. 7. TM4SF5 regulates p130Cas activity according to ECM stiffness 

via the COOH terminal domain in adhesion-dependent manner. 

 SNU761 stable cells (a stably pooled clone for pFLAG-TM4SF5-WT, -ΔC 

or V3) were replated onto different concentration collagen Ι pre-coated 

dishes (5, 20, 50 μg/ml) for indicated times. Then processed harvests for 

whole cell lysates to standard Western blots. Data shown are representative 

of three isolated experiments. 
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DISCUSSION 
 

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 even neighboring 

cells containing leukocyte, endothelial cells and fibroblasts (Whiteside, 

2008). Multiple mutations and genomic instabilities may allow cancer cells to 

disseminate from a primary tumor by abnormal alteration of cell-ECM 

interactions and cell-cell contacts (Stamenkovic, 2003). In these steps, 

integrin-mediated adhesion of cancer cells to ECM may critically affect the 

metastatic potential of cells (Guo and Giancotti, 2004; Liotta et al., 1986; 

Reddig and Juliano, 2005), and integrins transduce signaling by interaction 

with growth factor receptors (Eliceiri, 2001; Guo and Giancotti, 2004) or 

TM4SFs (Charrin et al., 2003). Epithelial monolayer on the basement 

membrane is maintained by adhesions between integrins on cell surface 

and extracellular matrix proteins and by cell-cell adhesion through 

adherence junction formed by cellular E-cadherin and E-cadherin biding 

proteins such as β-catenin, α-catenin, and p120-catenin that eventually link 

to actin filaments (Harris and Tepass, 2010). But Cancer cells appear to use 

membrane receptor-mediated regulation of actin organization to alter cell-

cell contacts (Muschel and Gal, 2008) and disturb contact inhibition. Indeed, 

during the metastasis, cancer cells undergo morphological change and 
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disturbance of epithelial cell-cell adhesions eventually leading to EMT, 

epithelial-mesenchymal transition that occurs for more efficient migration 

and invasion (Guarino et al., 2007). In previous study, TM4SF5 (L6H) and 

TM4SF1 (L6-Ag) have been shown to be up-regulated in multiple tumors, 

have roles in EMT and affect migratory mechanisms involved in cancer 

invasion and metastasis (Kao et al., 2003; Lee et al., 2008; Marken et al., 

1992; Muller-Pillasch et al., 1998; Muschel and Gal, 2008; Storim et al., 

2001). TM4SFs form complexes with integrins to create massive 

tatraspanin-web or tetraspanin-enriched microdomain (TERM) structures 

that occur both extracellularly and intracellularly, and have shown to function 

signaling centers which collaboratively perform roles in cell adhesion, 

migration and proliferation (Berditchevski, 2001; Charrin et al., 2003; Yang 

et al., 2004). In the case of L6-Ag, tumor associated antigen L6 is recruited 

to TERM which showed approximately 50% amino acid sequence identity 

with TM4SF5, and has interactions with other tetraspanins on the cell 

surface including CD63 and CD82 which are regulated their expression by 

surface retention and endocytosis (Lekishvili et al., 2008). Therefore, 

considering their homologs between TM4SF5 and L6-Ag, such as genuine 

tetraspanins, TM4SF5 also as a tetraspanin traversing the membrane four 

times may presumably locate to the tetraspanin-enriched microdomains 

(TERMs) of the cell surface and appear to play roles in organizing the 

integrity of membrane receptors including integrins and growth factor 
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receptors through massive protein-protein interactions, although the direct 

evidence has not been shown yet. However, there is known to diverse 

signaling molecules involved in induction of EMT process including AKT 

(Grille et al., 2003), Snail (Hemavathy et al., 2000), FAK-Src complex (Bolos 

et al., 2010), TGFβ1 (Willis and Borok, 2007), c-MET (Naldini et al., 1991) 

and so on. One of genuine tetraspanin, CD151 has also been shown to 

induce EMT via a signaling through integrin α6β1 and PI3K (Ke et al., 2011), 

and to affect melanocyte motility in the skin (Garcia-Lopez et al., 2005). 

However, to our knowledge, no ligands have thus far been identified for 

most tetraspanins including TM4SF5, but the case of TM4SF5, it has been 

shown to induce EMT in hepatocytes and collaborate with integrins and 

other receptors on the cell membrane surface (Choi et al., 2009; Lee et al., 

2009a). In the previous studies reported that TM4SF5 caused increased 

p27Kip1 expression/cytosolic stabilization in JNK activity dependent manner 

(Kim et al., 2012) and RhoA inactivation leading to EMT involved E-cadherin 

suppression in a snail1-independent manner and increase α-smooth muscle 

actin (α-SMA) expression resulted in morphological elongation, contact 

inhibition loss, uncontrolled S-phase progression, continuous uncontrolled 

growth in multilayer and anchorage-independent growth (Lee et al., 2011). 

In addition to being related to EMT, in epithelial cells, TM4SF5 is shown to 

interact with integrin α2 or α5 during cell spreading/migration or 

angiogenesis, respectively (Choi et al., 2009; Lee et al., 2009a). Besides, an 
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interesting aspect in TM4SF5 roles was observed with respect to growth 

factor signaling dependence that TM4SF5 participated in the regulation of 

integrin signaling for actin reorganization and for FA dynamics in fibroblasts 

at cell peripheries and thereby in migration through depending on the 

association with integrin α2 and on growth factor signal transduction which 

caused to reduce TM4SF5-mediated intracellular signaling activity and 

abolish the association between TMSF5 EC2 and integrin α2, consequently 

enhancing TM4SF5-mediated migration (Lee et al., 2006). It is also 

previously indicated that TM4SF5-mediated regulation of activity or integrity 

of membrane receptors including EGFR, IGF1R, and/or c-MET on the cell 

surface may involved in gefitinib resistance of NSCLC cells (Lee et al., 

2012). Another current study suggested that TM4SF5 expression is induced 

and regulated by cross-talk between/through TGFβ1-mediated Smads 

activation and EGFR/ERKs signaling pathway leading consequently to the 

acquisition of mesenchymal cell features with regard to TM4SF5 function in 

carcinogenesis during liver malignancy (Kang et al., 2012). Thus, it is 

feasible that TM4SF5 may have different collaborators depending signaling 

contexts, and it may facilitate efficient communication between cancer cells 

and extracellular environments through organization of architectural integrity 

with integrins and growth factor receptors around TERMs as do other 

genuine TM4SFs via physical associations during liver cancer progression. 

Considering its roles in multiple aspects of liver carcinogenesis and for 
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efficient metastasis, it is not surprising that TM4SF5 expression in 

hepatocytes could enhance MMP2/MMP9 expression and activation, 

invadopodia formation, invasion through 3D ECMs in vitro, and therefore, 

link to enhanced metastatic potentials in migration by transducing signal 

activity to FAK and/or Rho GTPases (Lee et al., 2010). Moreover, it has 

been reported that angiotensin Ⅱ mediates MMP2 activation through 

FAK/c-Src and JNK signaling activities (Jimenez et al., 2009) and FAK 

activation by adhesion on fibronectin leads to an enhanced MMP9 

expression (Meng et al., 2009). 

Meanwhile, L6-Ag is a novel component of TERM and their physical 

association is crucial for the pro-migratory activity, there was no evidence 

linking L6-Ag to the FAK-p130Cas signaling pathway (Lekishvili et al., 2008), 

but here this study, for the first time to our knowledge, suggests that 

TM4SF5 enhance the activity of FAK and p130Cas and their regulation via 

TM4SF5 intracellular loop domain and C-terminal domain, respectively. Both 

FAK and p130Cas has pro-tumorigenic and metastatic roles and is thought 

to be required for the successful metastasis (McLean et al., 2005; Wendt et 

al., 2009; Zhao and Guan, 2009). At first, FAK, as one of the most important 

signaling molecules activated during cell adhesion and spreading, plays 

critical role in migration and invasion (Luo and Guan, 2010). Being related to 

the intracellular loop domain of TM4SF5, there is distinct feature of L6 

superfamily molecules not found in the genuine tatraspanins which is the 
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highly conserved cytoplasmic domain of 23 amino acids residues between 

TM2 and TM3 containing many cysteine and glycine. By contrast, genuine 

tetraspanins has quite short intracellular loop domain than that of L6 

superfamily which only five amino acids separate TM2 and TM3. Thus non-

receptor tyrosine kinase-typed and cytoplasmic protein FAK could be a 

novel target for signaling transduction as a cytoplasmic mediator through 

direct/indirect interaction with the intracellular loop domain of TM4SF5. In 

this line of evidence, when cells adhere to fibronectin, integrin α5β1 causes 

recruitment of FAK to focal adhesion through interaction between the FAK 

C-terminal domain and integrin β1-binding proteins, such as talin and 

paxillin (Parsons, 2003). After adhesion occurs, FAK is autophosphorylated 

at Tyr397, and c-Src is recruited to form a FAK/c-Src complex, leading to c-

Src activation. Then, activated c-Src bound to pY397FAK can phosphorylate 

other tyrosine residues, including pY576FAK and pY577FAK for full FAK 

activation (Mitra and Schlaepfer, 2006). In present study, we showed that 

TM4SF5 could enhanced pY577FAK activation in replating onto fibronectin 

condition and could abolished by suppression of TM4SF5 function by 

TSAHC treatment which appears to affect the structural aspects and/or N-

glycosylation of extracellular loop 2 of TM4SF5 (Lee et al., 2009b) and thus 

working as anti-TM4SF reagent somewhat dose dependent manner. Similar 

result was also observed by an administration of functional-blocking integrin 

β1 antibody into TM4SF5-expressing hepatocarcinoma cells, but TM4SF4-
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mediated FAK activation seems to have other redundant activating signal 

pathway(s) for integrin-independent manner at early adhesion time. For 

more extending study of using ICL deletion mutant of TM4SF5 in mouse 

xenograft in vivo system showed the intracellular loop domain of TM4SF5 is 

required for TM4SF5-mediated FAK activation. During a follow-up study, we 

have identified that TM4SF5 binds FAK and has a interaction between its 

intracellular loop domain and FAK. Interestingly, with respect to TSAHC, 

previous study indicated that TSAHC may target a sequence and/or N-

linked carbohydrates specific to the EC2 loop of TM4SF5 that is responsible 

for intramolecular and intermolecular interactions (Lee et al., 2009b). For 

that reasons, it is likely that TSAHC could cause the steric/conformational 

changes of TM4SF5 via the TM4SF5 EC2 loop domain and thus it could 

interfere the interaction between FAK and TM4SF5. The support of this 

evidence was also given by the fact that both pY397 and py577 FAK 

phosphorylation is crucial for the binding to the intracellular loop of TM4SF5 

and this may critically involve correct structural aspects at the molecular 

interface level. Next, we focus on p130Cas (p130Crk-associated substance) 

that functions as a molecular scaffold within focal adhesion complexes, and 

as a junction protein that is important to the adhesion between cytoskeleton 

and extracellular matrix which is readily phosphorylated by focal adhesion 

kinase (FAK) and Src (Schlaepfer et al., 1999). So, p130Cas thus binds 

stably to a variety of signaling molecules, including the protein-tyrosine 
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kinases (FAK etc.,), adaptor molecules (Crk etc.,), guanine nucleotide 

exchange factors (AND34 etc.,) and the MAPK family member (JNK etc.,) 

through its SH3 domain in N-terminal region, substrate domain containing 

SH2 and PTB-binding domain, and Src-binding in C-terminal region (Brabek 

et al., 2004; Geiger, 2006). The interaction of p130Cas with other proteins in 

normal cells modulates cell motility, survival and proliferation, and besides it 

has a role in cell transformation and cancer progression(Defilippi et al., 

2006). Herein, as mentioned above, we found that TM4SF regulates the 

activity of p130Cas in normal condition via its C-terminal domain. 

Interestingly, TM4SF5-V3 mutant which is the spliced variant of TM4SF5 

with a deletion of 6 amino acids ( Δ192K to 197H) in C-terminal tail induction 

into hepatocytes showed a decreased p130Cas activity in normal condition 

whereas TM4SF5-WT and -ΔC mutant (Δ188D to 197H) showed high activity. 

This pattern was also closely correlated with other signal molecules activity 

including AKT and ERK which is related to cell survival and proliferation 

respectively. With respect to EMT-associated signaling molecules, E-

cadherin is highly expressed in mock and TM4SF5-V3 mutant expressing 

cells and down-regulated in TM4SF5-WT and –ΔC mutant that showed 

EMT-positive potential in TM4SF5-WT and –ΔC and EMT-negative potential 

in V3 mutant. We also got similar results from α-SMA and p27 expression 

levels and pS10p27 phosphorylation relating to TM4SF5 (-mutant)-mediated 

EMT-inducible/repressible function. It is not clear yet whether the TM4SF5-
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mediated regulation of p130Cas activity is required for TM4SF5-mediated 

EMT and this need a physical association between TM4SF5 C-terminal 

domain and p130Cas. However, in HCC (Hepatocellular carcinoma), one 

study indicated that there is a negative correlation between the positive 

expression of p130Cas and the normal expression of the adhesion 

molecules E-cadherin/β-catenin, and p130Cas plays important roles in the 

invasion, metastasis and prognosis of HCC that p130Cas may be involved 

in altering the structure and function of E-cadherin/β-catenin by regulating 

tyrosine phosphorylation via the p130Cas-Src signal pathway (Guo et al., 

2008). So it is thus likely that TM4SF5-mediated p130Cas activity could 

affect and participate in TM4SF5-mediated EMT process and/or 

tumorigenesis. 

Further, it is previously reported that the sensitivity of focal adhesions to 

mechanical stimulation is mediated by stretching of the adaptor protein 

p130Cas which serves as a direct mechanosensor where force induces a 

mechanical extension of the substrate domain that primes it for tyrosine 

phosphorylation linking to signaling activation of small GTPases, such as 

Rap1 (Sawada et al., 2006). As well, mechanotransduction is an essential 

function of focal adhesions, indeed, the cellular responses mediated by 

integrins require adhesion to a solid matrix and cannot be triggered 

effectively by binding to soluble matrix molecules (Discher et al., 2005). 

Moreover, mechanical stimulation also affects the size and subcellular 
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localization of focal adhesions, as well as the activation of specific signaling 

events (Yoshigi et al., 2005). Furthermore, the rigidity of adhesive substrates 

affects how cells attach, spread, polarize and migrate which means, 

otherwise, cells sense the matrix stiffness and have vary functions 

depending on underlying the substrate stiffness (Discher et al., 2005). 

Therefore, as an extension of this line of study, we investigated TM4SF5-

mediated p130Cas activity depending on various ECM-stiffness by using 

different concentration of collagen type- Ι coating substrates in replating 

condition and try to understand more about the roles of TM4SF5-mediated 

mechanosensitive p130Cas activity. Meanwhile, collagens are the most 

abundant protein in the ECM and provide a structural support for cells. In 

this regard, upon liver cancer progression, cirrhosis is characterized by 

abnormal liver nodule formation surrounded by collagen deposition which 

subsequently allows culminating in liver fibrosis, and further, in HCC (Farazi 

and DePinho, 2006). Thereby, it is likely that collagens could be one of 

factors in account for HCC-prone microenvironment condition, and previous 

study also provide functional evidence that collagens promote cell migration 

and proliferation for metastasis in HCC (Ji et al., 2010). In this line of 

evidence, this study revealed for the first time to our knowledge the 

engagement between TM4SF5 C-terminal domain and mechanosensitive 

p130Cas tyrosine phosphorylation with changing adhesive mechanical 

properties depending on time and collagen type Ι ECM concentration. While 
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the introduction of WT and ΔC constructs into liver cancer cells with 

replating onto high collagen Ι concentration (50 μg/ml) showed sustainable 

and high p130Cas phosphorylation activity, however in case of V3 construct, 

contrary aspect was shown that p130Cas phosphorylation activity 

decreased in high collagen Ι concentration at late time, but not in low and 

medium collagen Ι concentration (5, 20 μg/ml). Considering that integrin-

mediated adhesion also triggers p130Cas tyrosine phosphorylation which 

correlates with functions in actin cytoskeleton organization, cell spreading 

and focal adhesion formation, it is not peculiar that the adhesion-mediated 

basal level of p130Cas activity might account for the activation of p130Cas 

phosphorylation to a certain degree at early adhesion time, however, it 

cannot be ruled out that TM4SF5 itself has a role for activating p130Cas 

phosphorylation in adhesion signaling independently. In any case, we 

observed the different regulated kinetics of p130Cas phosphorylation by 

TM4SF5 C-terminal domains in the replating assays, suggesting that 

TM4SF5 could potentially have a role in mechanosensing against 

extracellular matrix stiffness through regulation of p130Cas phosphorylation 

activity via its C-terminal domain. But it is not clear whether there is a/an 

direct/indirect interaction between TM4SF5 C-terminal tail and p130Cas or 

not, it will be interesting to identify cytoplasmic mediators of upstream and/or 

downstream for the cooperation between them. Actually, in terms of 

p130Cas tyrosine phosphorylation, there are many stimuli upon ECM 
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binding or growth factor and hormone stimulation that is mediated by 

membrane receptors including integrins, receptor protein tyrosine kinases, 

estrogen receptors and G-protein coupled receptors(Bouton et al., 2001; 

Cabodi et al., 2010). An early study indicated that tyrosine phosphorylation 

in endothelial cells is sensitive to exogenous oxidizing agents and provide 

evidence that ROS (reactive oxygen species) may function as signaling 

molecules regulating tyrosine phosphorylation in proteins cytoskeleton 

rearrangement that ROS activate FAK, paxillin, and p130Cas. In addition, 

an increased ROS generation is related to Hepatic steatosis, before the 

cirrhosis and also known as fatty liver which results in lipid peroxidation that 

is considered to have an important impact on liver tumorigenesis  (Seki et 

al., 2012; Wang et al., 2011). Here, in liver cancer cells, we confirmed the 

ROS generation level depending on TM4SF5 C-terminal domain in normal 

condition. Reminiscent of the similar pattern of p130Cas tyrosine 

phosphorylation activity in normal condition, ROS generation was observed 

highly in WT and ΔC mutant introduction and lowly in V3 mutant introduction 

suggesting a TM4SF5 C-terminal domain-mediated signaling link between 

ROS generation and p130Cas activity. Based on these complementary 

experimental approaches, it is possible to postulate that V3 mutant, 

TM4SF5 spliced variant, bears a contrary function against TM4SF5-wildtype. 

Indeed, ectopic expression of V3 mutant into HepG2 human 

hepatocarcinoma cell lines which is known to express TM4SF5 
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endogenously, showed dominant negative effect on several signaling 

context including p130Cas-downregulated activity on normal condition. 

Likewise, it is previously reported that transfection of CD82/KAI1 protein, 

which belongs to the tetraspanin superfamily and is known as a cancer 

metastasis suppressor, down-regulated p130Cas levels in Du145 prostate 

carcinoma cells leading to suppression of cell motility and overexpression of 

p130Cas in the cells reversed the inhibited motility that subsequent 

p130Cas-Crk coupling, probably by accelerating p130Cas turnover (Klemke 

et al., 1998; Zhang et al., 2003). In this respect, CD82 also inhibit cell 

motility by inhibiting signaling to c-Met and Src, resulting in reduced 

activation of p130Cas (Sridhar and Miranti, 2006). In addition, CD82 induces 

homotypic cell-cell aggregation that stabilize E-cadherin/β-catenin complex 

formation, which can inhibit cancer cell dissemination from the primary 

tumor (Abe et al., 2008). Thus, it cannot be excluded whether TM4SF5 

spliced variant V3 with similar aspects to CD82, could play a role for 

metastasis suppressor functions. To answer these types of questions 

confidently, further study is clearly needed. 

And to be concerned among the TM4SF5 C-terminal mutants including ΔC, 

V3, and WT, it is not clear what makes them to play the roles in distinct 

fashion and how different they are in more detailed aspects of intracellular 

signal transduction. However, several lines of evidence could raise the 

possibility for the above questions that interaction within cytoplasmic region 
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is related to post-translation modification including ubiquitylation, 

palmitoylation, and glycosylation and regulation by specific protein binding 

motif. First, ubiquitylation of various transmembrane proteins is known to 

provide a scaffolding platform for the recruitment of cytoplasmic proteins 

involved in endocytic trafficking (Mukhopadhyay and Riezman, 2007). For 

example, ubiquitylation of L6 might be an important factor in regulating the 

dynamics of CD63 on the plasma membrane. In fact, TM4SF5 C-terminal 

domain has two lysine residues (2 of 4, 191K and 192K with low and medium 

confidence respectively, and others 5K and 73K with no ubiquitylation) for 

putative ubiquitylation which is confirmed by using program for prediction of 

protein ubiquitylation sites (Radivojac et al., 2010). Therefore, it is tempting 

to speculate that ubiquitylation of TM4SF5 C-terminal domain-dependent 

juxtaposition of the scaffold platform(s) to TERM might influence the 

dynamics of the associated proteins on the plasma membrane and these 

involve TM4SF5-associated cytoplasmic proteins that either link TM4SF5 to 

TERM or/and are recruited to an ubiquitylated form of TM4SF5. Second, 

about palmitoylation, tetraspanins are known to be heavily palmitoylated 

(Berditchevski et al., 2002; Charrin et al., 2002; Yang et al., 2002). The 

intracellular juxtamembrane cysteine between one and seven are usually 

modified by palmitoylation, which contributes to the formation of a 

tetraspanin web with other tetraspanins as well as non-tetraspanin proteins. 

Also mutation of palmitoylated residues in tatraspanins has profound 
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functional consequences and dynamically alters the partition of tetraspanins 

into TERMs (Espenel et al., 2008). TM4SF5 has many membrane-proximal 

cysteine residues and one site (189C) might be available for palmitoylation 

(S-acetylation) on C-terminal domain which TM4SF5-ΔC mutant (Δ188D to 

197H) does not have. Moreover, when overexpressing FLAG-tagged 

TM4SF5-ΔC mutant in hepatocellular carcinoma cells, TM4SF5-ΔC showed 

a narrow range of molecular weights and smeared band on whole western 

blot against anti-FLAG, whereas TM4SF5-WT showed a wide range (data 

not shown). More recently, amino-cross-linking or biochemical cross-linking 

after inhibition of palmitoylation demonstrated the existence of homo- and 

heterodimers of CD9, CD81 and CD151 emerging from Golgi compartment 

(Kovalenko et al., 2004) implying that palmitoylation seems not to be 

important for direct tetraspanin-tetraspanin interactions, rather important in 

secondary association with their partner proteins. Third, in aspect of 

cytoplasmic C-terminal domain, several earlier studies indicated that 

cytoplasmic domain of CD4 is required for its association with CD81 and 

CD82 (Imai et al., 1995). Moreover, L6-Ag represents an example of a 

transmembrane protein that is linked to TERM via its cytoplasmic regions 

(Lekishvili et al., 2008). Besides, the C-terminal cytoplasmic portion of L6-Ag 

contains an unconventional PDZ-domain-binding motif (X-Tyr-X-Cys), which 

binds to syntenin-2 (SITAC), as a cytoplasmic partner of L6 and PDZ-

domain-containing protein (Borrell-Pages et al., 2000). Importantly, efficient 
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recruitment of L6-Ag to TERM seems to require this predicted cytoplasmic 

domain of proteins. However, sequence divergence among different 

tetraspanins with C-terminal tail (only 21% identity) suggests distinct 

functions for each tetraspanin. For another example, CD63 which has a 

cytoplasmic binding partner AP-3 (recognize YXXф motif, ф represents an 

amino acid with a bulky hydrophobic side-chain) via C-terminal tail 

(Bonifacino and Dell'Angelica, 1999), the Gly-Tyr-Glu-Val-Met (GYEVM) 

motif in the C-terminal cytoplasmic tail is crucial for proper targeting to 

intracellular compartments and mutation in this motif caused CD63 to lose 

its intracellular localization and traffic to the cell surface (Rous et al., 2002). 

Besides, tetraspanins such as CD81 and CD9 (which can associated with 

CD151) associate directly EWI2 (a transmembrane protein with a conserved 

Glu-Trp-Ile motif) and bring it into proximity with integrins (Stipp et al., 2001). 

Furthermore in addition to CD63, other tetraspanins including Net-1, CD82, 

CD37, Tspan-3, CD151, A15, TM4SF6 and CO-029, contain potential YXXф 

motifs in the C-terminal tail that meet the criteria for being recognized by 

either type Ⅲ or type Ι PDZ domains (Hung and Sheng, 2002; Stipp et al., 

2003). However, it is possible that tetraspanins without these motifs could 

be localized to intracellular compartments via interactions with tetraspanins 

that do contain targeting motifs. In TM4SF5, to our knowledge, TM4SF5 C-

terminal domain does not posses any of the known targeting/sorting motifs. 

At least, TM4SF5 C-terminal mutant constructs both TM4SF5-ΔC and –V3 
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could be recruited to the membrane proximal region (data not shown). At 

any rate, it will be interesting to find cytoplasmic partner protein(s) binding to 

TM4SF5 C-terminal domain that p130Cas could be also one candidate for it. 

Finally, glycosylation of tetraspanins is important not only for their transit 

through the endoplasmic reticulum (ER) during maturation but also for 

complex formation and cellular functions (Ono et al., 1999; Ono et al., 2000; 

Scholz et al., 2009). Because, N-linked glycosylation site is mainly on EC2 

region, and the variable region of tetraspanin EC2 can mediate most of the 

specific protein-protein interactions with laterally associated proteins or with 

ligands, while the conserved region of EC2 is indicated to mediate 

homodimerization. As mentioned previously above, TSAHC appear to affect 

N-glycosylation of EC2 of TM4SF5 and/or EC2-dependent steric alteration 

leading to interfere the physical association of TM4SF5 with partner proteins 

in both extracellular and intracellular region. Additionally N-glycosylation of 

IL-TMP, another TM4SF5 homolog, is critical for it function in cell density-

dependent proliferation (Wice and Gordon, 1995). Thus, it would be 

interesting to investigate whether TSAHC could affect TM4SF5 C-terminal 

mediated signaling context including p130Cas, ROS generation and 

adhesion-dependent mechanosensitive action and their relationship, too. 

Taken together, it is implied that TM4SF5, by connecting extracellular and 

cytoplasmic elements, provide a transmembrane linker function. This 

function might be then performed through its intracellular domains 
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underlying highly organized microdomain formations and these formations 

may allow abnormal hepatic cells to communicate more efficiently with 

microenvironment, during HCC. 

 In summary, we found that TM4SF5 in hepatocarcinoma cells is involved in 

coordinating extracellular cues into intracellular signal transduction for 

enhancing metastatic potentials containing activation of FAK, p130Cas and 

ROS generation via its intracellular domains. In addition to 

mechanosensitive actions by TM4SF5, though still not well understood, it 

might be also thought to partially take a role for inducing EMT or/and 

metastasis with relevance for progression in stepwise proceeding to 

cirrhosis, fibrosis and hepatocellular carcinoma. 
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국문초록 

TM4SF5 는 197amino acid 로 구성되어 막을 4 번 통과하는 

transmembrane glycoprotein 으로 여러 암종에서 발현이 보고되어온 

tetraspanin 의 subfamily 이다. Integrin 과의 cross-talk 를 통해 단일 세포 

차원에서는 EMT(epithelial-mesenchymal transition)을 유도함으로써 

cell 의 morphological change 뿐만이 아니라 actin reorganization 을 통한 

migration 과 invasion, 세포 주기 이행 조절을 통한 cell proliferation 

촉진이 알려져 있다. 하지만 TM4SF5 의 단백질을 매개로 어떻게 

intracellular signal 로 매개되는지 그 메커니즘에 관해서는 밝혀져 있지 

않다. 따라서 본 연구에서는 간암 세포주를 이용하여 TM4SF5 막단백질의 

intracellular domain 들의 기능에 관한 연구를 수행하게 되었다. 

TM4SF5 의 intra cellular loop domain 과 C-terminal domain 의 deletion 

mutant 를 통한 연구 결과, TM4SF5 에 의한 FAK 활성은 TM4SF5 의 intra 

cellular loop 를 통한 FAK 과의 직접적인 binding 을 필요로 한다는 것을 

β1 integrin antibody 와 TM4SF5 inhibitor 를 통해서 관찰할 수 있었다. 

C-terminal domain 을 통해서는 TM4SF5 에 의한 p130Cas 의 활성 및 

ROS 생성에 변화가 관찰되었다. 특히 외부 ECM 의 농도변화에 따른 cell 

replating assay 를 통해 TM4SF5 에 의한 p130Cas 활성이 달라지는 것을 
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관찰 할 수 있었다. 이러한 연구들을 통해 다양한 외부환경, 특히 

ECM 에 대해 TM4SF5 에 의한 일련의 FAK 활성 및 mechanosensing 과 

관련된 p130Cas 의 활성화 기능이 TM4SF5 의 intracellular domain 에 의해 

조절되는 기전이 존재함을 제시한다. 

주요어 : TM4SF5, FAK, p130Cas, ROS, signal transduction 
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