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ABSTRACTS 

 The biological functions of transmembrane 4 L6 family member 5 (TM4SF5) homologues 

to a tumor-associated antigen L6 are unknown, although it is over-expressed in certain forms of 

cancer.  In the present study, the ectopic expression of TM4SF5 in Cos7 cells reduced integrin 

signaling under serum-containing conditions, but increased integrin signaling upon serum-free 

replating on substrates.  TM4SF5 regulated actin organization and focal contact dynamics via 

the serum treatment-dependent differential regulation of FAK Tyr925 and paxillin Tyr118 

phosphorylations and their localizations on peripheral cell boundaries.  Y925F FAK mutation 

abolished the TM4SF5 effects.  TM4SF5 associated with integrin α2 subunit, and this 

association was abolished by serum treatment.  Furthermore, functional blocking anti-integrin 

α2 antibody abolished TM4SF5-enhanced signaling activity and caused membrane blebbing with 

abnormal actin organization.  TM4SF5 increased chemotactic but decreased haptotactic 

migration.  Altogether, this study reveals the functions of TM4SF5 collaborative with integrin 

signaling to alter focal contact dynamics, actin reorganization, and migration.  Furthermore, this 

study suggests a mechanism of cross-talk between TM4SF5 and integrin which is further 

regulated by growth factor signaling. 
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INTRODUCTION 

 Adhesion and spreading of normal epithelial and fibroblast cells regulates diverse cellular 

behaviors such as proliferation, migration, invasion, and gene transcription.  The regulations 

generally involve bi-directional signal transduction between extracellular and intracellular spaces, 

which is generally through integrins alone and/or collaboration with other membrane receptors.  

Integrins, a family of cell adhesion receptors composed of an α and a β subunit, function not only 

in direct signaling via integrin-mediated interaction of cells to extracellular matrix (ECM) 

proteins, but also in indirect signaling collaborative with other membrane receptors (e.g., growth 

factor receptors, G-protein coupled receptors, cytokine receptors, syndecans, or TM4SF), leading 

to activation of diverse intracellular signaling molecules and reorganization of actin filaments [1-

7]. 

 Transmembrane 4 superfamily (TM4SF) proteins (also referred to as tetraspanins or 

tetraspans) are a group of hydrophobic proteins with four transmembrane domains, two 

extracellular loops and two short cytoplasmic tails [8].  They are abundantly expressed 

transmembrane proteins of 25–50 kDa, with at least 28 distinct family members in mammals.  

They display numerous physiological properties important for cell adhesion, motility, and 

proliferation [9, 10].  TM4SFs are well-known to form massive cell-surface complexes (i.e., 

tetraspanin-web structures) with cell adhesion molecules to collaboratively perform their 

biological functions [7, 11-17].  Transmembrane 4 L6 family member 5 (tetraspan 

transmembrane protein L6H or TM4SF5) was originally cloned as a protein of 190 amino acids 

as a member of TM4SF proteins and assigned to human chromosome 17p13.3 [18].  It is 

homologous to a tumor-associated antigen L6 (TM4SF1) and thus it forms a four-

transmembranes L6 superfamily with L6, IL-TMP, and L6D that share just the membrane 
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topology but not other features found in other genuine TM4SF proteins [19].  TM4SF5 is highly 

expressed in pancreatic carcinoma [18], gastric carcinoma (Semi Kim, unpublished data), colon 

and hepatocellular carcinoma cell lines (S-Y Lee and JW Lee, unpublished data), and 

ACTH(corticotropin)-negative bronchial carcinoid tumors [20], and its mouse homologue is 

highly expressed in brain [21, 22].  However, its function in cancer development, brain 

maintenance, or any cell biological aspects has not been explored yet. 

 It is well-known that integrins regulate cellular migration and invasion [23].  Focal 

adhesion kinase (FAK) is activated by integrin-mediated adhesion and important for integrin-

mediated cell migration and invasion [24, 25].  Upon cell adhesion, autophosphorylation of 

Tyr397 of FAK occurs and thereafter Tyr925 phosphorylation by c-Src bound to pY397 leads to 

recruitment of adaptor proteins (Grb2 and/or Shc) for activation of the Erk1/2 cascade [26].  The 

roles of integrins in cell migration are also influenced by growth factor signaling [2, 27], and/or 

by their interactions with TM4SF [14].  However, integrin cooperation with any of the four-

transmembrane L6 family members is not known.  Cell migration involves reorganization of 

cytoskeletal network including actin filaments, as cells migrate by protrusions in the forward end 

and retraction in the rear end [28-30]. 

 In this study, we explored the function of TM4SF5 with regards to regulation of integrin-

mediated signaling activities, actin organization, and migration by virtues of cooperation with 

integrins that is further regulated by growth factor signaling. 
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MATERIALS AND METHODS 

Cells: Cos7 cells (ATCC) were cultured in DMEM-H with 10% (v/v) FBS at 37℃ and 5% CO2.  

Stable Cos7 cells were selected by G418 (400 µg/ml) after infection with retroviruses encoding 

for pLNCX or TM4SF5 cDNA (pLNCX-TM4SF5), which were prepared by separate transfection 

of PT67 packaging cells with the retroviral vector pLNCX with or without TM4SF5 cDNA insert. 

TM4SF5 Cloning: Human TM4SF5 (NM-003963) from a cDNA pool of hepatocyte Huh7 cells 

was amplified and cloned into diverse mammalian expression vectors by using PCR methods.  

Forward primer was 5’-ATG TGT ACG GGA AAA TGT GCC CGC T-3’ and reward primer 

was 5’-AGT GAG GTG TGT CCT GTT TTT TC-3’.  The cDNA was inserted into XhoI/EcoRI 

cloning sites of pEGFP-N1 (pEGFP-TM4SF5), XhoI/EcoRI sites of myc-(His)6-pcDNA3.1 [myc-

(His)6-TM4SF5], or HindIII/EcoRI sites of pcDNA3 (TM4SF5).  The plasmid-based siRNA 

construct against TM4SF5 (shTM4SF5) targets its sequence of 5’-123CCA TCT CAG CTT GCA 

AGT C141-3’ and a control shRNA targets its scrambled sequence. 

Y925F FAK mutation: pRC/CMV-(HA)3-FAK WT (a kind gift of Dr. Jun-Lin Guan, Cornell 

University, Ithaca, NY, USA) was point-mutated at Tyr925 by using Quick-change site-directed 

mutagenesis kit (Stratagene).  The mutated sequence was confirmed by direct sequence analysis. 

Cell replating: Plasmids were transfected into cells using Lipofectamine 2000™ reagent 

(Invitrogen), according to the manufacture’s protocols.  Two days after the transfections, cells 

were harvested or processed for replating.  Cells were kept in suspension (with rocking-over at 

80 rpm) for 1 h and then were either kept in suspension or replated on ECM-precoated dishes [10 

µg/ml collagen I (Chemicon), or 0.56 mg/ml matrigel for a thin coating (BD Biosciences)] or 

tissue culture dishes for 1 h at 37oC, as described previously [6].  In certain cases, cells were 

pretreated with 25 µM ML9 (Calbiochem) or premixed with 7.5 µg/ml anti-integrins α2 (P1E6), 
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α3 (P1B5), or α5 (P1D6) antibody (Chemicon), 30 min before the replating.  Treatment of 10% 

FBS or 50 ng/ml PDGF-AB was done by adding them directly to the replating media (DMEM-H 

plus 1% BSA), 5 min before ending of the 1 h replating period. 

Cell lysate preparation and Western blots: Whole cell lysates from control Cos7 cells or 

TM4SF5-expressing cells (at 70~80% confluence) in the normal culture media or cells kept in 

suspension or replated on ECM substrates were prepared by using a modified RIPA lysis buffer, 

as described previously [6].  The lysates were quantitated by BCA (Pierce) methods, normalized, 

and used in standard Western blots using antibodies against phospho-Y397FAK, phospho-Y416Src, 

RhoA, myc (9E10) (Santa Cruz Biotech.), integrin α2, α3, α4 (Chemicon), integrin α5, FAK, 

paxillin, α-tubulin, (BD Transduction Lab.), phospho-Y118paxillin, phospho-Y925FAK, phospho-

T508/505LIMK1/2, LIMK1, phospho-S3cofilin, cofilin, phospho-S19MLC, phospho-Erk1/2, and 

Erk1/2 (Cell Signaling Tech.). 

Immunofluorescence microscopy: Parental or stable Cos7 cells were (co)transfected with diverse 

plasmids as indicated.  Two days later, the transfected cells were replated on 10 µg/ml collagen 

I-precoated coverslips with or without ML9 pretreatment or 10% FBS treatment, as described 

above.  After incubation for 1 or 2 h, cells were fixed with 3.7% formaldehyde in PBS for 10 

min, permeabilized with 0.5% Triton X-100 in PBS for 10 min at room temperature, and washed 

three times with PBS.  Washed cells were then incubated with the primary antibody for 1 h in a 

humidified chamber at 37oC and washed with PBS (3 times x 10 min).  Cells were then 

incubated with secondary antibody-conjugated with FITC or TRITC (Chemicon) in a dark and 

humidified chamber for 1 h at 37oC.  In some cases, cells on coverslips were stained with 

rhodamine-conjugated phalloidin (Molecular Probes) for 1 h at 37oC.  Then the coverslips were 

processed to PBS washings (3 times x 10 min) and mounted with a mounting solution 
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(DakoCytomation, Germany).  Mounted samples were visualized by a fluorescent microscopy 

(Bio-Rad MRC-500).  Quantitative analyses were performed from three independent 

experiments where at least 10 separate immunofluorescent images with a few transfected and 

untransfected cells for each condition were recorded.  Microscopic fields were scored to 

compare numbers and intensities of focal contacts/adhesions (FAs), levels of actin structures (i.e., 

lamellipodia, stress fiber, and membrane ruffle), or localization of pY925FAK or pY118paxillin in 

the TM4SF5-postive versus –negative cells before graphic presentations. 

Immunoprecipitation: After the replating and FBS treatment, cells were twice washed with cold 

PBS and immediately lysed in an immunoprecipitation buffer (10 mM Tris-HCl pH 7.4, 150 mM 

NaCl, 0.5 mM EGTA, 0.2 mM Na3VO4, 0.2 mM PMSF, 1% Triton X-100 and 0.5% NP-40) on 

ice.  The lysates of 500 µg proteins per condition were mixed with anti-Myc (Clone 9E10), anti-

integrin α2 (P1E6), or anti-HA antibody (0.5 µg/condition) before rotation for 2 h at 4oC.  

Protein A/G sepharose beads (30 µl of 50% PBS slurry/condition, Upstate) were added to the 

mixtures before an additional rotation for 2 h at 4oC.  Immunoprecipitates were collected, 

washed, and eluted prior to standard Western blots for the indicated molecules. 

RhoA activity assay: RhoA activity was measured, as described previously [31].  Lysates of 1.0 

mg total protein per condition and 30 µg of GST-RBD [GST-fused Rhotekin (amino acids 7–89), 

a kind gift from Dr. Keith Burridge, University of North Carolina, Chapel Hill, NC] bound to 

glutathione-sepharose beads (Amersham Pharmacia Biotech, Sweden) were used in the assay. 

Wound healing assay: Stable Cos7 cells in 60 mm culture dishes were wounded by scraping 

through the cell monolayer with a yellow pipette tip.  Cells were then washed twice with 

DMEM-H and incubated at 37oC and 5% CO2 under DMEM-H with or without 10% FBS.  

After 12 h incubation, several images around wounds in each condition were taken. 
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Transwell migration assay:  Transwell chambers (pore size of 8 µm) were precoated with 10 

µg/ml collagen I.  Stable Cos7 cells were replated into the transwell chamber in duplicates.  

The lower chamber was filled with DMEM-H with or without 10% FBS.  After incubation for 

12 h, cells inside of the upper chamber were removed.  Cells beneath the membrane filter were 

fixed with 3.7% formaldehyde in PBS and stained with Diff-Quik® (Sysmex Cooperation, Japan) 

following the manufacture’s protocols, and five images for each condition were taken and cells in 

each image were counted visually and mean ± standard deviation values were calculated for the 

graphic presentation.
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RESULTS 

 While studying the effects of cell adhesion on gene expression, our oligonucleotide array 

experiments showed increased mRNA and protein levels of TM4SF5 as gastric carcinoma cells 

adhered on extracellular matrix (data not shown), indicating that it might be involved in cell 

adhesion processes.  We cloned TM4SF5 cDNA from a cDNA pool of Huh7 hepatocarcinoma 

cells using a PCR approach, and its sequence was confirmed directly by sequence analysis (data 

not shown).  We performed experiments to study its signaling pathways and biological functions, 

since functions of TM4SF5 are unknown. 

Down-regulation of integrin-related signaling by TM4SF5 in cells under a serum-containing 

condition 

 Since Cos7 fibroblasts showed no endogenous TM4SF5 (data not shown), we transiently 

transfected GFP alone or GFP-tagged TM4SF5 cDNA into Cos7 cells prior to analysis of 

TM4SF5-mediated effects on cell adhesion-related intracellular signaling pathways.  The GFP-

TM4SF5 expression level was comparable to GFP alone and showed intermolecular 

multimerization by immunoblottings under non-reducing conditions (Figure 1A, right), as shown 

for other TM4SF members [32].  Among intracellular signaling molecules, integrin-related 

signaling molecules such as FAK and paxillin were affected by TM4SF5 expression.  FAK 

Tyr925, interestingly but not Tyr397, and paxillin Tyr118 phosphorylations were reduced by 

TM4SF5 expression (Figure 1A).  Although FAK Tyr925 phosphorylation (pY925FAK) was 

reduced, the Erk1/2 phosphorylation (i.e., activity) was unchanged, indicating that TM4SF5-

mediated pY925FAK has an unusual significance in this system, rather than leading to Erk1/2 

activation (Figure 1A, left).  Since integrin signaling regulates focal adhesion (FA) formation 

and actin filament reorganization, we next examined the effects of TM4SF5 expression on FA 

formation.  FAs visualized by anti-FAK immunostaining were also reduced in the TM4SF5-
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ectopically expressing cells, as compared with neighboring untransfected cells (Figure 1B).  We 

compared cells positive versus negative for TM4SF5 transfection in terms of FA number and 

intensity.  On average, we observed that 79% (±18.9, standard deviation) of GFP-TM4SF5-

transfected cells showed fewer FAs than neighboring untransfected cells.  In addition, the effect 

of TM4SF5 expression on actin filament organization was also examined.  Typically cells 

expressing (GFP-tagged) TM4SF5 showed actin structures with fewer stress fibers and actin-

enriched lamellipodia and membrane ruffles (Figure 1C).  We quantitatively compared levels of 

actin structures (i.e., lamellipodia, stress fibers, and/or membrane ruffles) in cells positive and 

negative for TM4SF5 transfection.  On average, we observed that 75% (±8.3, standard 

deviation) of GFP-TM4SF5-transfected cells showed fewer actin structures, compared with 

neighboring untransfected cells.  However, the cells transfected with pEGFP alone did not show 

such significant changes in FA formation and actin structure, and cotransfection of TM4SF5 

expression plasmid (pcDNA3-TM4SF5) with pcDNA3-GFP vector resulted also in less 

significant actin structures only in TM4SF5-expressing cells (data not shown).  Furthermore, 

this less significant actin structure (especially stress fiber formation) in pEGFP-TM4SF5-

transfected cells was recovered by cotransfecting plasmid-based shRNA against TM4SF5 (Figure 

1D).  Plasmid-based shRNA against TM4SF5 successfully suppressed the expression of GFPB-

TM4SF5 at the monomer and multimer forms and reversed TM4SF5-mediated decreases in 

pY925FAK and pY118paxillin levels under normal serum-containing condition (Figure 1E).  

These observations indicate that TM4SF5 expression in Cos7 cells under serum-containing 

conditions down-regulates integrin-related signaling activity (especially pY925FAK), FA 

formation, and actin filament organization. 

Positive regulation of integrin-mediated signaling by TM4SF5 in cells replated on collagen I 
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in serum-free condition 

 In general, integrin signaling activity is analyzed in cells replated on ECM substrates in the 

absence of serum components [33], since such conditions allow cells to trigger only the 

integrin/ECM-mediated signaling activity.  Therefore, we next performed experiments to 

determine the effects of TM4SF5 expression in cells kept in suspension or replated on ECMs 

without serum.  Cos7 cells were transfected with either pEGFP-TM4SF5, myc-(His)6-TM4SF5, 

or pcDNA3-TM4SF5 and kept in suspension or replated on tissue culture dishes for 1 h, and 

examined for integrin-related signaling molecules.  TM4SF5-expressing cells suspended or 

replated onto tissue culture dishes did not significantly change the activities of FAK and paxillin, 

compared to control ‘vector only’-transfected cells (Figure 2A, left).  However, replating cells 

on matrigel-precoated dishes showed increased pY925FAK (but not pY397FAK), pY118paxillin, and 

pS3cofilin levels in cells transfected with different TM4SF5 constructs, as compared with cells 

transfected with a control vector only (Figure 2A, right).  Next, we examined the effects of 

replating onto other ECMs, such as, fibronectin, collagen I, and laminin I.  TM4SF5 expression 

caused more obvious increases in signaling activity in cells replated on collagen I, among these 

ECMs (Figure 2B, and data not shown).  Replating of TM4SF5-expressing cells on collagen I 

under serum-free conditions increased pY925FAK (but not pY397), pY118Paxillin, pY416c-Src, 

pT508/505LIMK1/2, and pS3Cofilin (Figure 2B).  These were opposite to the effects of TM4SF5 

under serum-containing conditions.  In addition, TM4SF5 expression resulted in activation of 

RhoA and increased phosphorylation of myosin light chain (MLC) (Figure 2B, right), which are 

known to be involved in actin reorganization.  When FA formation and actin structure were 

analyzed in cells replated on collagen I, TM4SF5-expressing cells showed more significant FAs 

visualized by integrin β1 immunostaining (Figure 2C, upper panels) and actin structures by virtue 



 12 

of actin-enriched lamellipodia and ruffles and stress fibers (Figure 2D, upper panels).  These 

observations indicate that under serum-free conditions TM4SF5 positively regulates integrin-

mediated signaling activities leading to actin filament organization, unlike under serum-

containing conditions.  Next, we examined if the pharmacological inhibition of actin 

polymerization-related intracellular signaling molecules affects TM4SF5-mediated signaling 

activity, FA formation, and actin organization.  We found that treatment with ML9 [a specific 

and potent inhibitor of myosin light chain kinase (MLCK)] abolished TM4SF5-mediated 

signaling activities (Figure 2E).  ML9 treatment might cause a reduced cofilin phosphorylation 

presumably through influencing ROCK and/or cofilin phosphatases activities without 

significantly affecting LIMK1/2 phosphorylation [34-36].  Furthermore, ML9 treatment blocked 

TM4SF5-enhanced FA formation (Figure 2C, lower panels) and actin structure (Figure 2D, lower 

panels).  These observations indicate that cross-talk between TM4SF5- and integrin-signaling 

pathways is linked to actin reorganization. 

The TM4SF5 effects in the replated cells depend on serum components treatment 

 We observed that TM4SF5-expression in cells under serum-containing conditions reduced 

integrin-related signaling (Figure 1).  Therefore, we recapitulated the serum effects even in cells 

newly replated on collagen I in the absence of serum, via a direct addition of serum components 5 

min before ending the 1 h replating incubation.  Interestingly, treatment of PDGF-AB or serum 

(i.e., FBS at a 10% final concentration) abolished TM4SF5-mediated increases in pY925FAK and 

pY118paxillin (Figure 3A).  As expected, their treatments increased the phosphorylation of 

Erk1/2 (Figure 3A), indicating that mitogenic signal stimulation by serum components had 

occurred.  However, EGF treatment (50 ng/ml) did not alter TM4SF5-increased 

phosphorylations, indicating a specificity of serum components to regulate the effects of TM4SF5 

(data not shown).  Consistent with the effects of FBS on pY925FAK and pY118paxillin levels, 
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serum treatment abolished TM4SF5-enhanced FA formation (Figure 3B, upper panels) and actin 

reorganization (Figure 3B, lower panels), resulting in no significant difference between TM4SF5-

null and TM4SF5-expressing cells.  Although it was observed that cells in normal serum (10% 

FBS)-containing medium showed TM4SF5-mediated decreases in integrin signal activities 

(Figure 1), serum treatment (i.e., treatment with FBS at a final concentration of 10% for 5 min) to 

cells replated on collagen I resulted in no increases in TM4SF5-mediated activities upon serum-

free replating, indicating that serum treatment might not completely mimic the normal serum 

containing culture condition.  Quantitatively, about 67% (±5.92, standard deviation) of GFP and 

TM4SF5 positively cotransfected cells up-regulated actin structures and 33% (±3.05) showed no 

significant changes when they were replated on collagen I (Figure 3C, left bars).  However, 50% 

(±6.95, standard deviation) cells of GFP and TM4SF5 positively cotransfected cells showed a 

down-regulation, 42% (±4.23) showed no significant change, and about 8% (±3.76) showed a 

slight up-regulation in actin structures when cells replated on collagen I were serum-treated 

(Figure 3C, right bars).  Even after a longer incubation after replating (e.g., 2 h), TM4SF5-

mediated effects were similar (data not shown), indicating that the effects appeared not to be 

dependent on different cell spreading stages after replating.  Therefore, TM4SF5-enhanced actin 

structures and FAs upon serum-free replating were almost abolished by serum treatment. 

TM4SF5 affects also localization of pY925FAK and pY118paxillin 

 Next we analyzed phosphorylation of the integrin signaling molecules that were regulated 

by TM4SF5 expression, by indirect immunofluorescent microscopy.  Interestingly, we found 

that TM4SF5-transfected cells showed more peripheral localization of pY925FAK than 

neighboring untransfected cells (Figure 4A).  Therefore, we analyzed if the cellular localizations 
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of pY925FAK and pY118paxillin were altered by TM4SF5 expression in a serum treatment-

dependent manner using pLNCX or pLNCX-TM4SF5 stable cells.  Control TM4SF5-null 

pLNCX Cos7 cells showed pY925FAK located internally from the cell boundaries after being 

replated on collagen I, but TM4SF5-expressing pLNCX-TM4SF5 stable cells under the same 

condition clearly showed pY925FAK at peripheral cell boundaries (Figure 4B, upper).  This 

change in localization accompanied changes in the sizes and numbers of pY925FAK-postive spots; 

the spots positive for pY925FAK in pLNCX cells were longer, fewer in number, and radially and 

outwardly directed, whereas they were shorter, more numerous, and more located at boundaries, 

presumably indicating the localization of more pY925FAK at focal contacts around the cell 

boundaries of pLNCX-TM4SF5 cells.  Changes in the localizations of pY925FAK were blocked 

not only by ML9 but also by serum treatment (Figure 4B).  To avoid artifacts due to the cell-

spreading stage-dependent effects on their localizations, we tried to confirm TM4SF5-mediated 

effects at different incubation periods after replating (e.g., 2 h).  Even after 2 h incubation, 

TM4SF5-mediated effects were similar (data not shown).  Quantitatively, 79.2% (±5.03, 

standard deviation) of GFP and TM4SF5 positively-cotransfected cells located pY925FAK on 

peripheral plasma membranes, whereas 16.6% (±7.37) and 4.2% (±4.89) of cells located 

pY925FAK at both periphery/internal areas and mostly at internal areas, respectively, upon serum-

free replating on collagen I (Figure 4D, upper, left bars).  However, an increased trend toward 

internal localization of pY925FAK was observed by serum treatment; more cells showed 

pY925FAK located internally (35.1%±4.97) or both peripherally and internally (51.4%±5.10) 

rather than on peripheral boundaries (13.5%±3.02) (Figure 4D, upper, right bars).  Therefore, 

the TM4SF5-mediated peripheral localization of pY925FAK after serum-free replating decreased 

and simultaneously its internal localization increased by serum treatment. 
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 The localization of pY118paxillin was also regulated by TM4SF5, but in the manner opposite 

to that of pY925FAK.  pY118paxillin in control pLNCX cells was located usually at the 

peripheries, whereas in TM4SF5-expressing cells it was located internally from boundaries after 

serum-free replating on collagen I (Figure 4C, upper panels).  However, serum treatment 

appeared to abolish the TM4SF5-mediated translocation of pY118paxillin, since a certain 

population of pY118paxillin in TM4SF5-expressing cells remained at cell peripheries after serum 

treatment (Figure 4C, lower panels).  Quantitatively, 73.9% (±4.96, standard deviation) of GFP 

and TM4SF5 positively-cotransfected cells showed pY118paxillin localized internally, whereas 

8.7% (±6.73) and 17.4% (±6.92) of cells located pY118paxillin either to both peripheral and 

internal areas or to peripheral boundaries, respectively, after being serum-freely replated on 

collagen I (Figure 4D, lower, left bars).  However, TM4SF5-transfected cells showed still 

significant pY118paxillin localization on peripheral boundaries even after serum treatment; more 

cells showed pY118paxillin at peripheral boundaries and at both peripheral and internal areas 

(34.8%±3.89 and 47.8%±6.94, respectively) rather than at internal areas (17.4%±3.82) (Figure 

4D, lower, right bars).  Therefore, TM4SF5 expression was found to affect the cellular 

localizations of pY925FAK and pY118paxillin, depending on serum treatment. 

pY925FAK appears to be important for the effects of TM4SF5  

 Since TM4SF5 appeared to regulate pY925FAK and its localization, FA formation and actin 

organization, we next examined the significance of pY925FAK on the TM4SF5 effects.  We 

mutated the Tyr925 of FAK to prevent its phosphorylation by changing it to Phe925.  Cell 

lysates were prepared 2 days after transiently transfecting Cos7 cells with either (HA)3-FAK WT 

or (HA)3-Y925F FAK, and immunoprecipitated with anti-HA antibody prior to immunoblotting.  

As shown in Figure 5A, Y925F FAK transfection caused no Tyr925 phosphorylation, as was 



 16 

expected.  To determine the significance of pY925FAK in TM4SF5-mediated actin organization, 

pLNCX-TM4SF5 Cos7 cells were transfected with WT or Y925F mutant FAK plasmid 2 days 

before replating on collagen I-precoated dishes or cover glasses.  Y925F FAK-transfected cells 

showed less significant TM4SF5-enhanced actin structures in terms of stress fibers and 

lamellipodia, compared to neighboring cells with endogenous FAK in which Tyr925 would be 

phosphorylated on serum-free replating (Figure 5B).  Furthermore, the TM4SF5-enhanced 

phosphorylation of MLC was abolished in Y925F FAK-expressing cells, compared with in 

neighboring cells presumably with endogenous pY925FAK (Figures 5C and D).  However, 

Y925F FAK did not cause any changes in actin structure or in the p-MLC level of TM4SF5-null 

pLNCX cells (data not shown).  Furthermore, pY925FAK located randomly and irrelevantly with 

respect to GFP-β-actin in pLNCX cells transfected with GFP-tagged β-actin, whereas it located 

on lamellipodia around cell boundaries and mostly overlapped with GFP-β-actin in pLNCX-

TM4SF5 cells (Figure 5E), suggesting a functional relevance between pY925FAK and actin at the 

peripheries of TM4SF5-expressing cells after serum-free replating.  These observations indicate 

that pY925FAK appears to be important for TM4SF5-mediated actin organization. 

TM4SF5 collaborates with integrin αααα2 

 Generally TM4SF proteins are cooperative with integrins for cellular functions via direct 

associations [7].  Therefore, we next investigated which integrin subunits are involved in the 

effects of TM4SF5 by using a co-immunoprecipitation approach.  Cell lysates from Cos7 cells 

transfected separately with either myc-(His)6-TM4SF5 or its control myc-(His)6-pcDNA3 

plasmid were immunoprecipitated with an anti-myc or anti-integrin α2 antibody.  When anti-

myc immunoprecipitates were immunoblotted with antibodies against integrin subunits, integrin 

α2 was shown to be co-precipitated with myc-(His)6-TM4SF5 (Figure 6A, left and upper).  
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Moreover, this association between TM4SF5 and integrin α2 was abolished by serum treatment 

(Figure 6A left and upper, lanes of 3 and 4).  However, integrins α3, α4, and α5 were not co-

precipitated with TM4SF5 (Figure 6A, left and lower, and data not shown).  In a reverse 

approach, integrin α2 co-precipitated myc-(His)6-TM4SF5 and their association was lost after 

serum treatment (Figure 6A, right).  Next, we performed experiments to determine how the 

preincubation of TM4SF5-expressing cells with functional blocking anti-integrin α2 antibody 

affected the TM4SF5 effects.  TM4SF5-enhanced phosphorylations of FAK Tyr925 and paxillin 

Tyr118 upon serum-free replating were abolished by preincubating cells with integrin α2 

antibody, but not with α3 or α5 antibody (Figure 6B and data not shown).  However, Erk1/2 

activity, which appeared unrelated to TM4SF5 expression, was not affected by integrin α2 

blocking (Figure 6B, left).   Furthermore, when TM4SF5 cells premixed with functional 

blocking antibody against integrin α2 were replated, they showed severe membrane blebbing 

through abnormal actin reorganization, whereas anti-α3 or α5 antibodies did not cause significant 

changes in actin organization or membrane integrity (Figure 6C).  These observations suggest 

that TM4SF5-mediated phosphorylation and actin organization may involve cooperation between 

TM4SF5 and integrin α2. 

TM4SF5-mediated regulation of cell migration also depends on serum treatment 

 Next we examined whether TM4SF5 plays a function in the regulation of cell migration, 

since other TM4SF proteins are involved in cell migration [7, 10, 37].  First, we performed 

wound healing analysis using pLNCX or pLNCX-TM4SF5 Cos7 cells under normal serum-

containing or serum-free conditions.  Interestingly, wound healing was increased by TM4SF5 

expression under normal serum-containing conditions, whereas no significant wound healing 

occurred under serum-free conditions (Figure 7A).  However, this enhanced wound healing did 
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not result from serum-induced changes in cell proliferation, since cell numbers and Erk1/2 

activities were not significantly different between pLNCX and pLNCX-TM4SF5 cells under 

serum-containing conditions (data not shown and Figure 1A).  Next, we confirmed our 

observations by Transwell migration assays, where the bottom side of membrane filter of a 

transwell chamber was precoated with collagen I.  When 10% FBS-containing culture media 

was in the bottom chamber, migration toward FBS was increased by TM4SF5 expression (Figure 

7B, left graph bars), which was consistent with wound healing analysis in the presence of serum.  

Meanwhile, haptotactic migration toward collagen I was lower in TM4SF5-expressing cells than 

in control cells not-expressing TM4SF5 (Figure 7B, right bars).  These observations indicated 

that TM4SF5 may differently regulate cell migration mediated by chemotactic or haptotactic 

stimuli.
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DISCUSSION 

Cross-talks between TM4SF5-, integrins- and growth factor receptor-mediated signal 

transduction 

 Based on the observations made during this study, we suggest that TM4SF5 expression 

affect integrin signaling activities including the phosphorylations of FAK (pY925FAK), paxillin, 

LIMK1/2, and cofilin, which are correlated with the modulation of actin reorganization, focal 

contact (or adhesion) formation, and eventually cell migration.  To this end, TM4SF5 appears to 

cooperate with integrin α2.  Evidences for this include; (a) an association between TM4SF5 and 

integrin α2 was observed by co-immunoprecipitation, (b) TM4SF5-expressing cells on collagen I 

or matrigel affected integrin signaling activities more significantly than on fibronectin (Figure 2 

and data not shown), and (c) the TM4SF5-enhanced phosphorylations of FAK and paxillin (but 

not of Erk1/2 irrelevant to TM4SF5 as shown in figures 1A, 3A, and 6B) were abolished after 

serum-free replating of cells premixed with anti-integrin α2 antibody.  However, an interesting 

aspect in TM4SF5 roles was observed with respect to growth factor signaling dependence.  That 

is, treatment of TM4SF5-expressing cells with serum or growth factors reduced TM4SF5-

mediated intracellular signaling activity and actin organization, abolished the association between 

TM4SF5 and integrin α2, and consequently enhanced TM4SF5-mediated migration or wound 

healing.  These findings imply that TM4SF5 participates in FA disassembly, presumably at the 

rear of a migratory cell in serum-available environments (see below), through cross-talk between 

integrins-, TM4SF5-, and growth factor receptor-mediated signal transduction. 

 However, it cannot be ruled out at this time that unknown cytoplasmic mediator(s) such as 

kinases or phosphatases might be involved in the cross-talk.  TM4SF members of CD53 and 

CD63 have been shown to be co-immunoprecipitated with tyrosine phosphatase activities that 
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targeted tyrosine kinase Lck [38].  Integrin α3β1-CD151 complex was also found to contain a 

transmembrane protein tyrosine phosphatase PTPµ and to regulate cell-cell adhesion [39].  

Meanwhile, it is also likely that cross-talk might occur at the level of the receptors.  TM4SF 

proteins are well-known to form homophilic or heterophilic multimers (as shown in Figure 1A, 

right), with creating tetraspanin-web structures or tetraspanin-enriched microdomains that can 

function in architectural maintenance of diverse cell membrane proteins including TM4SF 

themselves, integrins, immunoglobulin super family (IgSF), and/or other membrane receptors [7, 

11-17, 32, 40].  The interaction of a specific TM4SF protein appears to be diverse, depending on 

TM4SF types and/or the availability of their binding partners on the surfaces of specific cell types 

[40].  For example, CD81 tetraspanin associates with the extracellular domain of CD19 IgSF 

member on B cells [41], and with intracellular domain of another IgSF partner of EWI-2 on 

embryonic kidney cells [42].  It has thus been suggested that changes in the compositions of the 

tetraspanin-webs on the membrane or ligands occupancy of the integrin-TM4SF5 complexes may 

control its functional properties or outcomes [7].  Therefore, it may be possible that activated 

growth factor receptors (except for EGFR, since EGF did not cause any changes, data not shown) 

may replace integrin α2 from the TM4SF5-web complex on the cell membrane, and thereby that 

TM4SF5-enhanced integrin signaling activity be abolished by serum treatment following serum-

free replating. 

TM4SF5-mediated Tyr925 FAK phosphorylation, actin organization, and FA dynamics. 

 In this study, we observed that TM4SF5 reduced pY925FAK in the presence of serum, but 

increased it in the absence of serum.  MLC phosphorylation and actin reorganization were also 

differentially regulated by TM4SF5, depending on serum treatment.  The expression of Y925F 

FAK mutant leading to a loss of pY925FAK in TM4SF5-expressing cells abolished TM4SF5-
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enhanced actin reorganization and phosphorylation of MLC upon serum-free replating.  These 

observations indicate that TM4SF5-mediated pY925FAK might mediate actin reorganization in 

this system, depending on serum components-mediated signaling. 

 It was interesting to find that TM4SF5 did not affect pY397FAK and TM4SF5-mediated 

alteration of pY925FAK did not accompany Erk1/2 activity changes (Figures 1, 3, and 6).  In 

addition to the well-established effect of pY925FAK on the activation of the Erk1/2 cascade [43, 

44], one previous study showed that pY925, but not pY397, of FAK is altered in postmigratory 

oligodendrocytes and appears to be involved in the remodeling of cell morphology through the 

regulation of actin-linkage to integrin αvβ3/ECM at inset of myelination [45].  Moreover, the 

association of dynamin to pY925FAK via Grb2 was also shown to be important for the 

microtubule-induced disassembly of focal adhesions during cell migration [46, 47], as an 

evidence of the significance of pY925FAK in focal adhesion turnover rather than of Erk1/2 

activation.  In addition to the Y925F FAK mutant study where pY925FAK was found to be 

important for TM4SF5-mediated p-MLC and actin organization, we also observed that pY925FAK 

in TM4SF5-expressing cells, but not in TM4SF5-null cells, colocalized with exogenously 

expressed GFP-β-actin in lamellipodia around peripheral cell boundaries, thus supporting the 

functional relevance of pY925FAK in actin organization. 

 In addition to their phosphorylation statuses, TM4SF5 also affected the cellular localizations 

of pY925FAK and pY118paxillin.  pY925FAK located prominently in internal areas of TM4SF-null 

Cos7 cells, but mainly on the peripheral boundary of TM4SF5-expressing cells, indicating the 

TM4SF5-mediated involvement of pY925FAK in FA formation around peripheries.  In the case 

of paxillin, pY118paxillin located oppositely.  That is, it located mainly at the peripheries of 

TM4SF5-null cells but in internal areas of TM4SF5-expressing cells.  This observation indicates 
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that TM4SF5 may affect FA dynamics via having paxillin recruited to focal adhesions located 

centrally from peripheral boundaries.  These effects on the localizations of pY925FAK and 

pY118paxillin were blocked by a short serum treatment or by inhibition of MLCK, a regulator of 

actin polymerization and thus of cellular contractility.  It was previously shown that Src-

mediated pY925FAK is associated with FAK exclusion from FAs [48], FA turnover [49], and Src-

induced epithelial-mesenchymal transition (EMT) through the MEK-Erk1/2-MLCK pathway [50, 

51].  However, our study shows that TM4SF5-mediated FA dynamics do not correlate with 

Erk1/2 activity (Figures 1A, 3A, and 6B).  It has also been reported that the FAK associations 

with GRAF (a RhoA-specific GTPase activating protein), ASAP1 (Arf1 and Arf6 GTPase-

activating protein), and p190RhoGEP (a guanine nucleotide exchange factor for Rho) provide 

important linkages between integrin-mediated adhesion processes and actin reorganization, which 

also involve Src-mediated phosphorylation of tyrosine residues in FAK [52, 53].  Consistent 

with these, TM4SF5 expression increased RhoA activity in addition to pY925FAK and pY416Src 

levels, after serum-free replating.  Therefore, our study and previous reports suggest 

significance of pY925FAK on FA dynamics and actin reorganization.  In addition, this current 

study presents evidence that TM4SF5 might influence pY925FAK-involved FA dynamics and 

actin reorganization at the peripheral edges.  During a follow-up study, we observed that the 

modulation of exogenous or endogenous TM4SF5 protein levels via siRNA introduction into 

hepatocarcinoma cell lines caused actin reorganization via the RhoA pathway (data not shown, 

manuscript in preparation). 

Differential effects of TM4SF5 on chemotactic and haptotactic migration 

 In this study, the effects of TM4SF5 on serum-induced chemotactic or ECM-induced 

haptotactic migration were stimulatory or inhibitory, respectively.  We also observed that the 

effects of TM4SF5 on actin reorganization, focal contact/adhesion formation, and intracellular 
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signaling activity were negative or positive in serum-treated or serum-free conditions, 

respectively.  With regard to differential effects on cell migration, therefore, we speculate that 

TM4SF5-mediated signaling activity including p-MLC along peripheral boundaries (Figure 5D) 

and FA formation after serum-free replating might result in firm FAs that may lead to no wound 

healing and less efficient haptotactic migration.  However, when serum-mediated signals are 

triggered and the TM4SF5-integrin α2 association is disrupted, actin organization and FA 

dynamics are inversely regulated for FA disassembly, presumably at the rear of a migrating cell, 

thus leading to a TM4SF5-enhanced-chemotactic migration. 

 Cell migration occurs through a complex and integrated process that involves the continuous, 

coordinated assembly and disassembly of cell adhesion structures including peripheral FAs and 

central ‘fibrillar adhesions’ around both cell front and rear [54].  It was previously shown that 

cell migration is differentially regulated by peripheral or central FAs and p-MLC, after the 

inhibitions of either myosin light chain kinase (MLCK) or Rho-associated kinase (ROCK) [55].  

Moreover, TM4SF5-enhanced FA formation and actin organization under serum-free conditions 

might favor cell migration if they are dynamically prominent at the front edges of a migratory 

cell, but not always favor if they are strongly functional at rear edges.  Cell migration might not 

be favored, if TM4SF5-enhanced actin reorganization is radial rather than being directional (i.e., 

polarized).  Thus, it would be interesting to investigate how TM4SF5 regulates FA/fibrillar 

adhesion dynamics and actin reorganizations, especially at the sub-cellular level in migrating 

cells. 

 Altogether, this present study suggests that TM4SF5 participate in the regulation of integrin 

signaling (e.g., pY925FAK) for actin reorganization and for FA dynamics at cell peripheries and 

thereby in migration, depending on growth factor signal transduction.
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FIGURE LEGENDS 

Figure 1. Ectopic expression of TM4SF5 in Cos7 cells decreases integrin-related signaling, 

focal adhesion formation, and actin reorganization.  (A) TM4SF5-null Cos7 cells were 

transiently transfected with pEGFP or pEGFP-TM4SF5.  Two days later, whole cell lysates were 

prepared from the cells in normal serum-containing culture media and immunoblotted against the 

indicated molecules under non-reducing conditions.  (B and C) Two days after transfection with 

pEGFP-TM4SF5, cells were replated on serum-coated coverslips in the presence of 10% FBS 

prior to FAK immunostaining to visualize focal adhesions (B) or actin-staining using rhodamine-

conjugated phalloidin (C).  (D) Cos7 cells were cotransfected with pEGFP-TM4SF5 and either a 

scrambled control shRNA (upper panel) or TM4SF5 shRNA (shTM4SF5, lower panel), and 24 h 

later cells were replated on serum-coated coverslips in 10% FBS-containing culture media.  One 

day after the replating, cells were stained for actin by using rhodamine-conjugated phalloidin.  

(E) Cos7 cells were co-transfected with pEGFPB-TM4SF5 with either shRNA against scrambled 

(Cont) or TM4SF5 sequence (shTM4SF5), as explained in the Materials and Methods.  Two 

days later, cell lysates were prepared and equal amounts of proteins were subjected to standard 

Western blots against the indicated molecules.  Please notice that GFP-TM4SF5 at monomer 

and multimer forms decreased by shTM4SF5 cotransfection in the anti-GFP blots under non-

reducing conditions.  Data shown are representative from three independent experiments.  

 

Figure 2. Replating of TM4SF5-expressing cells on extracellular matrix proteins in the 

absence of serum increased the TM4SF5-mediated effects.  Cos7 cells were transiently 

transfected with pcDNA3 (as a control vector, Vec), pEGFP-TM4SF5 (GFP-TM4SF5), myc-

(His)6-TM4SF5 (MH-TM4SF5), or pcDNA3-TM4SF5 (TM4SF5) (A), or stably infected with 

either retrovirus with pLNCX (C) or pLNCX-TM4SF5 (T) (B).  Two days later, the cells were 
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kept in suspension or replated on non-precoated tissue culture dishes, matrigel- (0.56 mg/ml for a 

thin coating, A), or collagen I- (10.0 µg/ml, B and E) coated dishes for 1 h with vehicle DMSO or 

ML9 (25 µM) pretreatment (E), as explained in the Materials and Methods.  Whole cell lysates 

were then prepared prior to standard Western blots for the indicated molecules (A, B, and E).  (C 

and D) Cells were transiently cotransfected with pcDNA3-GFP and pcDNA3-TM4SF5 

(TM4SF5).  Two days later, the cells were pretreated with DMSO or ML9 (25 µM), 30 min 

before replating on collagen I-precoated coverslips for 1 h.  Cells were then immunostained for 

integrin β1 (C) or stained for actin by using rhodamine-conjugated phalloidin (D).  (E) Cells 

transfected either with pcDNA3 (Vec) or pcDNA3-TM4SF5 (TM4SF5) were pretreated with 

DMSO or ML9 (25 µM) 30 min before replating on collagen I-coated dishes.  Cell lysates were 

prepared 2 days after the transfection, and equal amounts of protein were subjected to standard 

Western blots against the indicated molecules.  Data shown are representative from three 

independent experiments. 

 

Figure 3. Treatment of serum components of cells replated on collagen I abolished TM4SF5-

mediated signaling activity, FA formation, and actin organization on replating.  (A) Stable 

Cos7 cells with pLNCX (C) or pLNCX-TM4SF5 (T) were replated on collagen I (10 µg/ml)-

coated dishes with or without growth factor(s) (50 ng/ml PDGF-AB or FBS at a final 

concentration of 10%).  The growth factors were added for the last 5 min of the 1 h replating 

period.  Whole cell lysates were prepared and equal amounts of protein were subjected to the 

standard Western blots for the indicated molecules.  Data shown are representative from three 

isolated experiments.  (B) Cos7 cells were cotransfected with pcDNA3-GFP and pcDNA3-

TM4SF5.  Replating and treatment with serum were performed as in (A), except for replating 
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cells on collagen I-coated coverslips.  Then immunostaining processes for integrin β1 (upper 

and right panel) or staining for actin by using rhodamine-conjugated phalloidin (lower and right 

panel) were followed, as explained in Materials and Methods.  The GFP and the immunostained 

images at the same fields are shown in parallel.  Data shown are representative from three 

independent experiments.  (C) Quantitative analysis of TM4SF5-mediated effects on actin 

structure organization was performed through three independent experiments, where cells were 

replated on collagen I-precoated coverslips for 1 h without (Collagen I) or with FBS treatment at 

a final concentration of 10% for the last 5 min (Collagen I + FBS) prior to staining for actin.  

More than 10 separate images with a few transfected and untransfected cells were analyzed to see 

if (GFP-positive) TM4SF5-expressing cells increased (q<1), not-changed (q=1), or decreased 

(q>1) actin structures including lamellipodia, stress fiber, and/or ruffling.  The q equals to [GFP-

negative]actin/[GFP-positive]actin.  Each graph bar represents percentages (average ± standard 

deviation) of the numbers of cells within each q value group out of the total transfected cells.  * 

indicates p < 0.05 for quantitative significance. 

 

Figure 4. TM4SF5-mediated localization of pY925FAK or pY118paxillin on replating is 

regulated by serum treatment.  (A) Cos7 cells were cotransfected with pcDNA3-GFP and 

pcDNA3-TM4SF5 expression plasmids, and two days later cells were replated on collagen I-

coated coverslips for 1 h prior to immunostaining for anti-pY925FAK, as explained in the 

Materials and Methods.  Note that a GFP-positive (and thus TM4SF5-postive) cell showed more 

pY925FAK on peripheral plasma membranes, compared to neighboring untransfected (GFP-

negative) cells.  (B to D) Stable Cos7 cells with pLNCX or pLNCX-TM4SF5 were replated on 

collagen I-precoated coverslips with or without serum treatment, as in figure 3.  In some cases, 
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cells were pretreated with ML9 (25 µM) 30 min prior to replating.  Cells were then 

immunostained for pY925FAK (B) or pY118paxillin (C).  Data shown are representative from 

three independent experiments.  (D) Quantitative analysis for figure 4C.  Quantitative analysis 

for localization of pY925FAK or pY118paxillin in pLNCX-TM4SF5 cells replated on collagen I for 

1 h without or with FBS (at final concentration of 10% for 5 min in the end of the 1 h replating 

period) were performed as explained in the Materials and Methods.  Each graph bar represents 

percentages of cell numbers at average ± standard deviation (SD), and * indicates p < 0.05 for 

quantitative significance.  P; peripheral plasma membranes, I; internal areas of a cell distal from 

plasma membranes, B; both peripheral membranes and internal areas. 

 

Figure 5. Y925F mutation of FAK abolished TM4SF5-mediated integrin-signaling, actin 

reorganization, and MLC phosphorylation.  (A) Cos7 cells were transiently transfected with 

either pRC/CMV-(HA)3-WT FAK (WT) or pRC/CMV-(HA)3-Y925F FAK (Y925F) plasmid, as 

explained in the Materials and Methods.  Two days later, cells were harvested for whole cell 

lysates prior to immunoprecipitation using anti-HA antibody and immunoblotting against the 

indicated molecules.  (B to E) pLNCX-TM4SF5 Cos7 cells were cotransfected with pEGFP and 

Y925F FAK plasmids (B and D), transfected with WT or Y925F FAK plasmid (C), or transfected 

with pEGFP-β-actin (E).  Two days later, the cells were harvested for the whole cell lysates for 

immunoblotting against the indicated molecules (C), or replated on collagen I (10 µg/ml) -

precoated coverslips prior to staining with either rhodamine-conjugated phalloidin (B), anti-

phospho-MLC (D), or anti-pY925FAK (E), as explained in the Materials and Methods.  (B, D, 

and E) The GFP (left) and the immunostained images (right) at the same fields are shown in 

parallel.  Data shown are representative from three independent experiments. 
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Figure 6. TM4SF5 association with integrin αααα2 is involved in TM4SF5-mediated signaling 

activity and actin organization depending on serum treatment.  (A) Cos7 cells were 

transiently transfected with myc-(His)6 control (C) or myc-(His)6-TM4SF5 (T) plasmid.  Two 

days later, cells were replated on collagen I-coated dishes with or without serum treatment, as 

explained above.  Whole cell lysates were then prepared and equal amounts of protein were 

subjected to an immunoprecipitation by using anti-myc (9E10 clone) or anti-integrin α2 (P1E6) 

antibody.  Immunoblottings of the immunoprecipitates were performed by using anti-integrin 

subunits (left and right) or -myc tag antibody (right).  Lysates themselves showed expression of 

myc-(His)6-TM4SF5, as expected, and equal expression levels of integrins α2, α3, or α5 in the 

cells transfected with myc-(His)6 control (C) or myc-(His)6-TM4SF5 (T) plasmid (data not 

shown).  The marked (*) bands indicate a non-specific band.  (B and C) Stable Cos7 cells with 

pLNCX (C) or pLNCX-TM4SF5 (T) were replated on collagen I-coated dishes.  When 

indicated, the cells were preincubated with functional blocking anti-integrin α2 (P1E6), α3 

(P1B5), or α5 (P1D6) antibody at 7.5 µg/ml before replating.  After incubation on collagen I for 

1 h, cell lysates were prepared and subjected to standard Western blots for the indicated 

molecules.  Functional blocking experiments by using integrin α2 (P1E6) antibody were shown 

twice in separate experiments (B).  Alternatively, antibody premixed cells were replated on 

collagen I-coated coverslips in the absence of serum for 1 h prior to taking phase-contrast images 

and staining for actin (C).  Arrows indicate the blebby membranes.  Data shown represent three 

independent experiments. 

 

Figure 7. TM4SF5-expressing Cos7 cells migrate differentially depending on chemotactic or 
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haptotactic stimuli. (A) Stable Cos7 cells with pLNCX or pLNCX-TM4SF5 were subjected to 

wound healing in 10% FBS-containing or serum-free conditions.  The degree of wound healing 

was measured 12 h after initiating the wounds with a pipette tip.  The dotted lines indicate the 

start lines of wound healing.  Data shown represent three different experiments.  (B) In the 

transwell (with membrane filters precoated with 10 µg/ml collagen I) migration assay, stable 

Cos7 cells with pLNCX (C) or pLNCX-TM4SF5 (T) were replated at 5 x 104 cells per chamber 

into the upper chamber.  Bottom chambers were filled with DMEM-H without (Coll) or with 

10% FBS (FBS).  Twelve hours later, migrated cells were stained after removing the non-

migrated cells, images were taken, and average (± standard deviation) values from 5 different 

images for each condition were calculated and graphed.  Data shown were representative from 

three independent experiments. 
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