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Introduction

Mounting publications direct activation of Talin and its inter-
action with integrin as the mechanism for integrin activation.1-3 
Although this can be a long-searched mechanism to activate inte-
grin avidity, there are also other factors that regulate integrin-
mediated cell adhesion.

One of such factors is CD43, an inhibitor for various kinds 
of cell adhesion. CD43 is a cell surface antigen abundantly 
expressed in various leukocytes.4,5 Disruption of cd43 gene in 
CEM cells resulted in increased β1 integrin-mediated cell adhe-
sion,6 while T lymphocytes from cd43-/- mice showed increase in 
both β1 and β2 integrin-mediated cell adhesions.7 Meanwhile 
CD43 expression in Hela cells inhibited β2 integrin-mediated 
adhesion with T lymphocytes.8 Besides integrin-mediated cell 
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adhesion, CD4-mediated cell adhesion to HIV gp120 and 
L-selectin-mediated tethering were also decreased by CD43.7,9 
PMA-treated thymocytes and bone marrow-derived mast cells 
from cd43-/-mice showed augmented homotypic adhesion com-
pared to those cells from wild-type mice.7,10 At the same time, 
CD43 often shows uneven distribution in a cell. In polarized  
leukocytes, CD43 is localized at the Uropods, the trailing edge of 
cells.11,12 Meanwhile, exclusion of CD43 from cell-cell adhesion 
sites was reported.13,14 These uneven distribution and exclusion 
from adhesion sites suggest that the effect of CD43 on cell adhe-
sion is reversible and that CD43 is not a static inhibitor, but a 
dynamic regulator of cell adhesion.

Then, how does CD43 inhibit cell adhesion? Human 
CD43 is a type-1 single-pass transmembrane protein of 400 
amino acids. CD43, also known as sialophorin or leukosialin, 
is highly O-glycosilated on its ectodomain.15,16 This throughout 
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considered essential for the formation or maintenance of micro-
villi. However, ERM need conformation changes and activation 
for the interaction with other proteins.35,36,38-40 Although the 
mechanism of ERM activation is not fully revealed yet, phos-
phorylation on a conserved threonine residue (T567 in Ezrin, 
T564 in Radixin, T558 in Moesin) are considered as a marker 
for activated ERM.32,35,36 Conveniently, ERM that are phosphor-
ylated at this threonine residue can be identifed by anti-phos-
pho-ERM antibodies. Such phosphorylated ERM are observed 
at microvilli, Uropods and cortex of spherical cells,26,35,36,41-43 
while dephosphorylation of ERM is accompanied with collapse 
of microvilli by chemokines,26,41,43 indicating phosphorylated 
and therefore, activated ERM are essential for the formation and 
maintenance of these structures. Thus, there should be a mecha-
nism of ERM activation upon formation of microvilli, although 
it has not been fully revealed yet.

In this article, we demonstrated cell rounding, inhibition of 
re-attachment, formation of microvilli and phosphorylation of 
ERM were induced by the expression of CD43 in HEK293T 
cells. Mutant studies revealed the ectodomain of CD43 essential 
and sufficient for all these phenomena. Based on further inves-
tigation about these phenomena, we propose inhibition of cell 
adhesion as the mechanism of CD43 to induce ERM phosphory-
lation, microvilli formation and eventual cell rounding.

Results

CD43 expression induced cell rounding. During investiga-
tion for other purposes, we happened to find CD43 expression 
induced HEK293T cells a switch from a polarized to a spheri-
cal shape. To confirm this effect of CD43, we expressed either 
GFP or CD43-GFP chimeric protein, in which GFP was fused 
to the C-terminus of CD43, in HEK293T cells and investigated 
these cells by phase contrast and fluorescent microscopy. In low 
magnification, we observed most HEK293T cells expressing 
CD43-GFP were spherical at 40 h after transfection (Fig. 1Ab  
and d), while most GFP-expressing cells were spread (Fig. 1Aa 
and c). Cell surface expression of CD43 was confirmed in 
CD43-HEK293T cells by flowcytometry (FCM), while endog-
enous CD43 was not detected in parental HEK293T cells 
(Fig. 1B). Although CD43-HEK293T cells were spherical and 
detached from plates, we found these cells not dead or apop-
totic by Trypan-blue staining and by nucleic acid staining (data 
not shown). No significant accumulation in mitotic phase was 
observed in CD43-HEK293T cells (Fig. 1C), either.

Since CD43 is a well-documented inhibitor for cell adhesion, 
we presumed these alterations in cell shape were caused by the 
loss of cell-substrata adhesion. To confirm such effects of CD43 
on cell adhesion in HEK293T cells, we developed HEK293T 
cells stably expressing human α4 integrin (α4-HEK293T) as 
well as plates coated with GST fusion protein of fibronectin CS1 
peptide (GST-CS1), a ligand for α4β1 integrin. α4-HEK293T 
cells bind and spread on BSA-blocked GST-CS1-coated plates, 
while HEK293T cells do not (Sup. Fig. 1A). Expression of 
CD43 in α4-HEK293T cells inhibited cell adhesion and spread-
ing on BSA-blocked GST-CS1-coated plates (Sup. Fig. 1B–D), 

O-glycosylation with sialic acids prevents folding of the ectodo-
main and helps CD43 to protrude from cell surface. The average 
length of the CD43 ectodomain is 45 nm,17 which is considered 
larger than most extracellular domains of cell surface receptors. 
Based on these structural characteristics, it has been proposed 
that CD43 protrudes from cell surface and inhibits cell surface 
receptors to reach their ligands by its height. Although not fully 
proved, this inhibitory mechanism of CD43 for cell adhesion has 
been well accepted.

Since CD43 is one of the major O-glycosylated proteins in  
T lymphocytes,4 we analyzed CD43 as a carrier protein during 
our investigation of O-glycans. We soon experienced various 
events possibly related to CD43’s inhibitiory function for cell 
adhesion. Furthermore, we found that CD43 expression lead to 
the formation of microvilli-like protrusions.

Microvilli are cell surface thin protrusions, composed of cyto-
plasmic membrane and parallel bundles of actin filaments.18,19 
Microvilli are most recognized in epithelial cells of intestinal 
and renal brush borders and functions of such microvilli include 
expansion of cell surface area for absorption and molecule pre-
sentation and inhibition of cell adhesion.19 Meanwhile, micro-
villi are also observed on the surface of lymphocytes and other 
hematopoietic cells.20-23 Contradictory roles in cell adhesion 
were proposed for leukocyte microvilli. Several adhesion recep-
tors are specifically localized on microvilli, and such localization 
may be critical for the binding to vascular endothelium.22,24,25 
Meanwhile, microvilli in lymphocytes were collapsed by the 
stimulation of chemokines,26 suggesting an inhibitory function 
of microvilli for cell adhesion. Moreover, microvilli of lympho-
cytes were lost after passing through high endothelial cells,27 sug-
gesting dynamic regulation of microvilli during extravasation.

Although microvilli and their component proteins have been 
studied, it is still unclear how microvilli are formed. Recently, 
several reports indicated the involvement of a few sialomucins in 
the formation of microvilli. Okumura et al. reported that long 
form of gicerin/CD146/Muc18/MCAM (melanoma cell adhe-
sion molecule) was localized in microvilli in melanoma cells and 
induced microvilli elongation in mouse fibroblasts.28 Guezguez 
et al. further reported that MCAM augmented the number and 
extension of microvilli in NKL cells and augmented rolling on 
endothelial cells.29 Meanwhile, Nielsen et al. reported that podo-
calyxin, a CD34-related molecule, was a potent inducer of micro-
villous formation.30

There are several publications suggesting the relations 
between microvilli and CD43, another sialomucin. Yonemura 
et al. reported concentration of CD43 at microvilli.31 Forced 
expression of a chimeric molecule of E-cadherin ectodomain and 
CD43 transmembrane/intracellular domain induced elonga-
tion of microvilli in mouse fibroblast.32 This phenomenon has 
been explained as the effect of recruitment of Ezrin/Radixin/
Moesin proteins (ERM) to cellular membrane, since ERM bind 
juxta-membrane region of CD43’s intracellular domain.33 ERM 
are observed in various cytoskeleton-based structures includ-
ing microvilli, and are considered as docking proteins that link 
cell surface proteins with actin cytoskeleton.14,19,34-36 Since anti-
sense oligonucleotides to ERM abrogated microvilli,37 ERM are 
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5 min, washed, fixed and analyzed by fluorescence microscopy. 
In CD43-GFP-HEK293T cells, long protrusions were visual-
ized by the fluorescence of CD43-GFP and by that of CMO 
(Fig. 3Ad and b), indicating that microvilli-like protrusions 
were visualized by the staining with CMO. In contrast, short 
cell surface protrusions were identified as the fluorescence of 
CMO in HEK293T cells (Fig. 3Aa). Although this method was 
easy and no need of transgene, fluorescence of CMO at protru-
sions was weak. Therefore, we next tested membrane-anchored 
fluorescent proteins to visualize cell surface microstructure. 
mCherry fused to the myristoylation site of c-Src (Myr-mCherry) 
was co-expressed with either GFP or CD43-GFP and localiza-
tion of fluorescent proteins were investigated. In CD43-GFP-
HEK293T cells, long and dense protrusions were identified 
by Myr-mCherry (Fig. 3Bb) at the same sites as CD43-GFP  
(Fig. 3Bd), indicating that microvillous protrusions were 

indicating CD43’s inhibitory effect on integrin-mediated cell 
adhesion in HEK293T cells.

Identifiation of microvilli-like protrusions in CD43-
HEK293T cells. In addition to cell rounding and inhibition of 
cell adhesion by CD43, we also noticed cell surface protrusions in 
CD43-HEK293T cells. Fluorescence of CD43-mCherry fusion 
protein was observed at the structures protruding from edges of 
round cell bodies by live cell investigation (Fig. 2Ab and arrows). 
To further study these protrusions, CD43-GFP-HEK293T cells 
were detached by pipetting, reattached to PLL-coated coverslips, 
fixed and investigated by fluorescent microscopy. As demon-
strated in Figure 2B, fine long protrusions were visualized as the 
fluorescence of CD43-GFP.

For the precise investigation of these protrusions, CD43-
HEK293T cells attached to PLL-coated coverslips were analyzed 
by immunocytochemistry. As demonstrated in Figure 2Ca, 
CD43 (green), visualized by anti-CD43 mAb, was observed in 
part at cell surface protrusions. Meanwhile, filamentous actin 
(red), visualized by AF546-labeled Phalloidin, was also identified 
at protrusions (Fig. 2Cb) and co-localized with CD43 (merged 
image, Fig. 2Cc). Ezrin, one of known microvilli-localizing pro-
teins,34 was also detected at the protrusions in CD43-HEK293T 
cells (Fig. 2Cd–f). These findings indicated that there are micro-
villi-like protrusions rich in CD43, filamentous actin and Ezrin 
in CD43-HEK293T cells.

For further analysis of these protrusions, we investigated 
CD43-HEK293T cells by electron microscopy. Many long pro-
trusions were observed by SEM and by ultrathin-section electron 
microscopy in CD43-HEK293T cells (Fig. 2Db and d, respec-
tively), while a few short protrusions were observed in Vector-
HEK293T cells (Fig. 2Da and c). Parallel fibers of filamentous 
actin were observed within such protrusions by ultrathin-section 
electron microscopy (Fig. 2De and f, arrows), confirming these 
protrusions as microvilli. It was also observed that glycoca-
lyx in the surface of microvilli was thick in CD43-HEK293T 
cells, whereas thin in Vector-HEK293T cells (Fig. 2De and f, 
arrowheads).

Given the fact that CD43-HEK293T cells were surrounded 
by microvilli, we wondered subcellular localization of adhesion 
molecules such as integrin. Immunocytochemical analysis with 
anti-integrin mAbs demonstrated that both α4 and β1 integrin 
were localized at the protrusions in CD43-α4-HEK293T cells 
(Fig. 2E). Thus, although integrin-mediated cell adhesion was 
defective in these cells, integrin was localized on cell surface 
microvilli.

Augmentation of microvilli-like protrusions by CD43 
expression. Although we found long microvilli in CD43-GFP-
HEK293T cells, we did not know whether CD43 induced aug-
mentation of such protruding structure, or, was just localized at 
such structure already existing in HEK293T cells. To determine 
the effect of CD43 on augmentation of microvilli, we attempted 
to visualize cell membrane by fluorescent microscopy to investi-
gate cell surface microstructure.

First, we tried to visualize cell membrane by a fluorescent 
probe for membrane. Cells attached to PLL-coated coverslips 
were incubated with Cell Mask Orange (CMO) (Invitrogen) for 

Figure 1. Alterations in cell morphology by the expression of CD43.  
(A) phase-contrast (a and b) and fluorescent images (c and d) of 
heK293T cells transfected with GFp expression vector (a and c) or CD43-
GFp expression vector (b and d). (B) FCM analysis of cell surface CD43 
with anti-CD43 mAb. (C) Cell cycle analysis of CD43-heK293T cells by 
FCM with propidium Iodide.
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top phase. At the middle phase, Myr-GFP was mostly detected 
as smooth membrane and was hardly detected as protrusions. 
In contrast, CD43-GFP was observed as long protrusions and 
surface edge at every phase in CD43-GFP-α4-HEK293T cells. 
CD43-GFP cells were spherical and taller than Myr-GFP cells, 
attached to the coverglass with smaller area compared to Myr-
GFP cells. These observations further demonstrated augmenta-
tion of microvilli around whole cell surface in CD43-HEK293T 
cells. To digitalize the effect of CD43 on microvilli formation, 
we took fluorescent images of live Myr-mCherry-HEK293T 
cells and CD43-mCherry-HEK293T cells at the middle phase, 
and measured the number and length of microvilli in these 
images. As the result, the number of microvillous protrusions 
per cell in each image was 1.99 ± 2.23 (mean value ± standard 
deviation) for Myr-mCherry-HEK293T, while 32.4 ± 13.7 for 

visualized by the fluorescence of Myr-mCherry. In contrast, short 
and sparse protrusions were identified at the surface of GFP-
HEK293T cells by Myr-mCherry (Fig. 3Ba).

These analyses revealed augmentation of the number and 
length of cell surface microvilli-like protrusions by CD43. 
However, cell surface structure might be changed during detach-
ment, re-attachment, or fixation. Therefore, we next attempted 
to visualize microstructure of live cell surface. α4-HEK293T 
cells expressing either Myr-GFP or CD43-GFP were cultured 
in GST-CS1-coated coverglass chambers, and were scanned 
by laser confocal microscopy. Fluorescence of either Myr-GFP 
or CD43-GFP in each Z phase was presented in Figure 3C. In  
Myr-GFP-α4-HEK293T cells, Myr-GFP was detected as hand-
like structure with finger-like protrusions at the bottom and 
attachment phase, while was detected as short protrusions at the 

Figure 2. Localization of CD43 at microvillous protrusions. (A) subcellular localization of CD43-mCherry. A phase contrast and a fluorescent image 
of CD43-mCherry-heK293T cells cultured in a plate were presented. Arrows indicate cells with protrusions. (B) subcellular localization of CD43-GFp 
in CD43-GFp-heK293T cells fixed on a pLL-coated coverglass. (C) subcellular localizations of CD43 and ezrin in CD43-heK293T cells. CD43-heK293T 
cells fixed on pLL-coated coverglasses were double stained with anti-CD43 mAb (a) or anti-ezrin mAb (d) and AF546-phalloidin (b and e). Merged 
images were shown in (c and f). (D) electron microscopy of heK293T transfectants. scanning electron micrographs of Vector-heK293T (a) and 
CD43-heK293T cells (b). Ultrathin-section electron micrographs of Vector-heK293T (c and e) and CD43-heK293T cells (d and f). Arrows indicate actin 
filaments. Arrowheads indicate lipid bilayer membranes. (e) subcellular localization of integrin in CD43-α4-heK293T cells. Fluorescent images of 
immunocytochemistry with anti-α4 integrin mAb (a) or anti-β1 integrin mAb (d) and AF546-phalloidin (b and e) were presented. Merged images were 
shown in (c and f).
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Therefore, we next investigated which domain of CD43 was 
essential for the alterations of cell morphology.

For this purpose, we first investigated GFP fusion protein 
of CD44, another ERM-binding protein.44 If the addition of 
transmembrane adaptor proteins for ERM is sufficient to induce 
alterations in cell morphology, forced expression of CD44 should 
induce such changes. As the result, although CD44-GFP was 
expressed on cell surface, CD44-GFP expression did not induce 
cell rounding (Fig. 4Aa). Then, to determine CD43 domains 
essential for morphological alterations, we analyzed chimeric mol-
ecules between CD43 and CD44. A chimeric protein composed 

CD43-mCherry-HEK293T cells. Meanwhile, the length of pro-
trusions is 1.2 ± 0.85 μm for Myr-mCherry-HEK293T, while 
3.30 ± 1.83 μm for CD43-mCherry-HEK293T cells. These digi-
talized results further show augmentation of both quantity and 
length of microvilli by CD43 expression.

Search for the CD43 domains essential for cell rounding 
and adhesion. Then, how CD43 induces cell rounding and 
formation of microvilli? It was proposed that inhibition of cell 
adhesion is mediated by the ectodomain of CD43.17 Meanwhile, 
it is reported that the intracellular domain of CD43 is respon-
sible for its localization and potential formation of microvilli.31,32 

Figure 3. Augmentation of Microvillous protrusions by CD43 expression. (A) Visualization of cell surface protrusions by membrane staining. heK293T 
(a and c) and CD43-GFp-heK293T (b and d) cells re-plated on pLL-coated cover slips were briefly incubated with Cell Mask Orange before fixation and 
were investigated by fluorescent microscopy. (B) Visualization of cell surface protrusions by myristoylated mCherry (Myr-mCherry). Myr-mCherry was 
co-expressed with either GFp or CD43-GFp in heK293T cells. Cells were detached, re-attached to pLL-coated coverslips, fixed and investigated by 
fluorescent microscopy. (C) Confocal microscopic analysis of CD43-GFp and Myr-GFp. Live cell images of Myr-GFp-heK293T and CD43-GFp-heK293T 
cells in coverglass chambers were captured by confocal laser scanning microscopy. Three scanned images of different phases and Z-stack images for 
each cell were presented. Lines show the sections where the side images represent.
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of the CD43 ectodomain and the transmembrane 
and intracellular domains of CD44 induced cell 
rounding (Fig. 4Ab), while a chimeric protein of 
the CD44 ectodomain and the transmembrane 
and intracellular domains of CD43 did not (Fig. 
4Ac). To further define CD43 domains essen-
tial for cell rounding, we next analyzed deletion 
mutants of CD43. CD43W277-GFP, which lacks 
the entire CD43 cytoplasmic domain, induced cell 
rounding and detachment (Fig. 4Ae), like CD43-
GFP (Fig. 4Ad). Although CD43W277-GFP 
appeared to be less effective compared to CD43-
GFP, this relative ineffectiveness may be due to 
the slower localization of CD43W277-GFP to 
cell surface. Meanwhile, the membrane-anchored 
CD43 cytoplasmic domain (Myr-CD43cyto-
GFP) did not induce such cell shape alterations 
(Fig. 4Af). Thus, the membrane-anchored extra-
cellular domain of CD43 is sufficient for cell 
rounding, while the CD43 cytoplasmic domain is 
not essential.

Next, we investigated the effects of CD43 
mutants on cell adhesion by the integrin-mediated 
binding assay described before. α4-HEK293T cells 
expressing GFP or Myr-CD43 cytoplasm-GFP 
were bound to the GST-CS1-coated substrata, 
while cells expressing CD43-GFP or CD43W277-
GFP were mostly not bound (Fig. 4B). Moreover, 
treatment of CD43-GFP-α4-HEK293T cells 
with O-Sialoglycoprotein Endopeptidase 
(OSGEP) (Cedarlane Laboratories, Burlington, 
NC USA), a bacterial peptidase that cleaves the 
extracellular peptides of sialomucins, partially 
augmented attachment of cells to the CS1-coated 
substrata. These results indicate that the ectodo-
main is essential and sufficient for the inhibition 
of integrin-mediated cell adhesion by CD43.

To confirm the effects on integrin-mediated cell 
adhesion, α4-HEK293T cells and CD43 trans-
fectants were trypsinized and re-attached to GST-
CS1-coated plates. Cellular lysates were prepared 
from these cells after incubation, and were sub-
jected to immunoblotting with anti-phospho-FAK 
Ab. As demonstrated in Figure 5, phosphorylation 
of FAK-Y397 was augmented by the incubation of 
α4-HEK293T cells in the CS1-coated substra-
tum. However, augmentation of phosphorylated 
FAK was largely reduced in CD43-α4-HEK293T 
and CD43W277-α4-HEK293T cells. Since tyro-
sine phosphorylation of FAK-Y397 is the major 
downstream signaling of integrin-mediated cell 
adhesion, this result further confirm inhibition of 
integrin-mediated cell adhesion by CD43 or by 
CD43W277 in HEK293T cells.

Involvement of the CD43 ectodomain in the 
formation of protrusions. Next, to determine the 

Figure 4. CD43’s domain essential for cell rounding and inhibition of cell adhesion. 
(A) effects of CD44 and CD43 mutants on cell morphology. GFp fusion protein of CD44 
(a), CD43-CD44 chimera (b), CD44-CD43 chimera (c), CD43 (d), CD43 extracellular and 
transmembrane domains (CD43W277, e), or myristoylated CD43 cytoplasmic domain 
(Myr-CD43cyto, f) was expressed in heK293T cells. Cell shape and subcellular localization 
of GFp fusion protein on the culture plates were visualized by phase contrast (top) and 
fluorescent (bottom) microscopy. (B) effect of CD43 mutant on integrin-mediated cell 
adhesion. each histogram indicates the number of fluorescent cells adhered to GsT-Cs1-
coated surface from three experiments. For OsGep treatment, CD43-GFp-α4-heK293T 
cells were incubated with OsGep for 5 h before assay.
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Augmentation of microvilli occured in prior to rounding of 
CD43 transfectants. Both cell rounding and microvilli forma-
tion were induced by the ectodomain of CD43, strongly sug-
gested a relation between these two events. To investigate this 
relation, live cell imaging of altering cell morphology and micro-
villi formation was performed in CD43-mCherry-HEK293T 
cells cultured in a coverglass chamber. Figure 7A showed the 
same cells with an interval of 4 h. CD43-mCherry-HEK293T 
cells changed their spreading morphology (Fig. 7A a, c, 1–3) to 
more spherical one (Fig. 7Ab and d) in 4 h, while a HEK293T 
cell with little CD43-mCherry expression (Fig. 7A4) maintained 
a similar cell shape. When cells became spherical, cellular struc-
tures bridging substrata-attachment sites (Fig. 7A, triangles) and 
cell bodies were either lost (Fig. 7Ab1) or diminished (Fig. 7Ab, 2  
and 3), while cell-cell attachments were also lost (Fig. 7Ab, 
arrows). CD43-mCherry was observed at retracting end  
(Fig. 7Ad, arrowheads) and around the vanishing cell-cell attach-
ment sites (Fig. 7Ad, arrows), further suggesting the involvement 
of CD43 in the inhibition of cell adhesion. Interestingly, CD43-
mCherry had been already observed as microvilli-like protrusions 
at the attachment phase before cell rounding (Fig. 7Ac, 1–3).

Since CD43-rich protrusions were observed in prior to cell 
rounding, we intended to investigate localization of CD43 in 
earlier phases. At an earlier time point, when cells were still 
spread, CD43-mCherry was localized diffusely at cell membrane  
(Fig. 7Ba, arrows) and at long or short protrusions (Fig. 7Bb  
and c, arrowheads) at the bottom phase.

Next, we performed a time-lapse experiment to further inves-
tigate the transition of CD43 localization. As demonstrated in 
Figure 8, a CD43-mCherry-HEK293T cell (left, upper) was 
transformed from square to spindle-like shape in 3 h. During 
this period, CD43-mCherry diffusely localized at cell membrane 
(arrows) disappeared, while short protrusions (arrowheads) 
appeared. Long protrusions had been also observed at the sites 

CD43’s domains essential for microvilli formation, we investi-
gated GFP fusion proteins in live cells at the bottom phases in 
coverglass chambers. As the result, CD43-CD44-GFP, CD43-
GFP and CD43W277-GFP were observed as long microvil-
lous protrusions (Fig. 6Ab, d and e, respectively). Meanwhile, 
CD44-GFP, CD44-CD43-GFP, and Myr-CD43cyto-GFP were 
detected as short protrusions or as a flat membranous pattern 
(Fig. 6Aa, c and f). Myr-CD43cyto-GFP was also detected as 
hand-like structure with finger-like protrusions at the edge.

To further define microvilli formation by CD43 mutants, 
we performed live cell investigation by confocal microscopy. 
As demonstrated in Figure 6B, HEK 293T cells expressing  
Myr-CD43cyto-GFP were flat, while cells expressing 
CD43W277-GFP were spherical and taller. Myr-CD43cyto-
GFP was found as hand-like structure with finger-like protru-
sions at the bottom, as short sparse protrusions at the top, and as 
smooth membranous structure in the middle. Thus, while local-
ized close to cell surface, Myr-CD43cyto-GFP, like Myr-GFP, 
was not identified as long microvillous protrusions. Meanwhile, 
long protrusions were found at every phase in CD43W277-
GFP cells. Thus, expression of CD43W277-GFP, but not Myr-
CD43cyto-GFP, induced formation of microvilli-like long 
protrusions, although microvilli formation in CD43-GFP cells 
(Fig. 3C) was more evident that that in CD43W277-GFP cells. 
These results indicate that the ectodomain is essential and suf-
ficient for the microvilli formation by CD43. Meanwhile, the 
cytoplasmic domain is not sufficient or essential for micro-
villi formation, although might contribute to some extent. In 
addition, since CD43W277-GFP was detected at microvilli, 
the cytoplasmic domain is not essential for the localization of 
CD43 at microvilli. Thus, the direct association of the CD43’s 
cytoplasmic domain with ERM is not the major mechanism for 
CD43 to induce microvilli formation, cell rounding and inhibi-
tion of cell adhesion.

Figure 5. Decreased integrin-mediated phosphorylation of FAK by CD43 expression. CD43-GFp or CD43W277-GFp was expressed in α4-heK293T cells. 
These transfectants and α4-heK293T cells were trypsinized, washed and re-plated onto Cs1-coated dishes and incubated for indicated time and then, 
lyzed. Cellular lysates were subjected to sDs-pAGe and immunoblotting with anti-phospho-FAK [pY397] Ab or anti-FAK mAb.
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Next, to further define the relation between CD43 and ERM 
phosphorylation, we investigated phosphorylated ERM in the 
early stages of CD43 expression. As demonstrated in Figure 9C, 
phosphorylated ERM were detected co-localized with CD43-
GFP at protrusions (arrowheads). In contrast to the sites of 
protrusions, phospho-ERM were not detected at the sites where 
CD43-GFP was observed as a diffuse membranous pattern 
(arrows). These results further suggested that phosphorylation 
of ERM was accompanied with the formation of protrusions by 
CD43 even in the early stages.

Cell detachment induces phosphorylation of ERM. Then, 
how did CD43’s ectodomain induce phosphorylation of ERM? 
Since CD43 is an inhibitor for cell adhesion, we presumed that 
inhibition of cell adhesion induces phosphorylation of ERM. To 
define this possibility, HEK293T cells were detached from sub-
strata by trypsinization and incubated in BSA-coated plates with 
gentle swirling to inhibit re-attachment. Then, the lysates of such 
cells were analyzed by immunoblotting with anti-phospho-ERM 
Ab. As demonstrated in Figure 10A, phosphorylated ERM were 
augmented in the lysates of detached cells, suggesting induction 
of ERM phosphorylation by keeping adherent cells detached 
from substrata. To further define this possibility, a similar anal-
ysis was performed using α4-HEK293T cells with or without 

where cell body was later retracted. These findings strongly sug-
gested that cell rounding was accompanied with formation of 
microvilli-like protrusions.

Augmented phosphorylation of ERM by CD43. Then, what’s 
the mechanism that induces microvilli formation and cell round-
ing? Because ERM, especially phosphorylated ones, are localized 
at microvilli, Uropods and cortex of rounded cells,12,31,34-36,41,42 we 
were interested in ERM and their regulation and studied phos-
phorylation of ERM by CD43 expression.

First, HEK293T transfectants were investigated by immu-
nocytochemistry with anti-phospho-ERM Ab. As demonstrated 
in Figure 9A, immunostaining with anti-phospho-ERM Ab 
at microvillous protrusions was largely augmented in the cells 
expressing CD43GFP or CD43W277GFP compared to that in 
Myr-GFP cels. Phosphorylated ERM were also detected at the 
cortex of cells, especially at the roots of protrusions, in CD43-
GFP and CD43W277-GFP cells. To confirm augmenteation of 
phosphorylated ERM, we analyzed lysates of transfectants by 
immunoblotting. Phosphorylated ERM were clearly augmented 
in CD43-GFP and CD43W277-GFP cells, while marginally 
augmented in Myr-CD43cyto-GFP cells, compared to those in 
HEK293T cells (Fig. 9B). Thus, ectodomain of CD43 was again 
essential and sufficient for the phosphorylation of ERM by CD43.

Figure 6. CD43’s domain essential for microvilli formation. (A) effect of CD44 and CD43 mutants on microvilli formation. heK293T transfectants 
cultured in coverglass chambers were investigated by fluorescent microscopy. expressed proteins were same as Figure 4A. (B) Confocal microscopic 
analysis of CD43 mutants. Live cell images of Myr-CD43cyto-GFp-heK293T and CD43W277-GFp-heK293T cells in coverglass chambers were captured 
by confocal microscopy. The method to present images was identical as Figure 4C.
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ERM is involved in the formation and maintenance of microvilli. 
It is better noted that phosphorylation of the C-terminal threo-
nine residue may not be necessary for the activation of ERM as 
well as microvilli formation in all cell types.45 However, phos-
phorylated ERM are specifically observed at microvilli and at the 
cortex of spherical cells, indicating phosphorylation of this spe-
cific site can be considered as a marker for activated ERM.

Meanwhile, phosphorylated ERM were also accompanied 
with cell rounding. Moesin was phosphorylated at the onset of 
mitosis in Drosophila cells and knocking down Moesin or its 
kinase, Slik, resulted in the inhibition of mitotic cell round-
ing and reduced cortical rigidity.42 Phosphorylated ERM were 
detected at the cortex of spherical circulating leukocytes,26,41 and 
dephosphorylation of such ERM was accompanied with a switch 
from a spherical to a polarized shape upon stimulation of che-
moattractants.12,26,43 Taken together, it is likely that localization 
of activated ERM at the cortex is essential for the formation and 
maintenance of a spherical shape and cortical rigidity.

In CD43-GFP-HEK293T cells, phosphorylated ERM 
were spacially and temporally co-localized with CD43-GFP at 

re-attachment to GST-CS1-coated substrata. Cell detach-
ment by trypsin and following washing procedure induced 
ERM phosphorylation (Fig. 10B, pellet). Keeping cells 
detached from substrata further augmented phosphorylated 
ERM (Fig. 10B, BSA), while re-attachment to the CS1-
coated plates significantly decreased phoshorylated ERM 
(Fig. 10B, CS1). Thus, detachment of cells from substrata 
and inhibition of re-attachment induce phosphorylation of 
ERM in HEK293T cells. Taken together, our findings indi-
cate the possibility that inhibition of cell adhesion by CD43 
induces ERM phosphorylation, which is accompanied with 
microvilli formation and eventual cell rounding.

Discussion

In this article, we have demonstrated CD43 expression 
induces cell shape alterations, both augmentation of micro-
villi and a switch from a polarized to spherical shape, 
inhibits integrin-mediated and cell-cell re-attachments and 
augments phosphorylated ERM in HEK293T cells. Mutant 
studies showed the ectodomain of CD43 was essential and 
sufficient for all these phenomena, strongly suggesting rela-
tions between these events. We would like to argue such 
relations and potential mechanisms how CD43 induces 
these phenomena.

CD43 and microvillous protrusions. Previously, CD43 
was linked to microvilli by two subjects, localization of 
CD43 in microvilli-like protrusions,31 and augmenta-
tion of microvilli by the expression of E-cadherin-CD43 
chimera.32 In the latter case, CD43 was considered as an 
adaptor protein that recruits ERM and links membrane 
and actin cytoskeleton, but was not considered as an acti-
vator for ERM. However, our results using CD43 mutants 
indicated that the intracellular domain is not essential or 
sufficient for the induction of microvillous protrusions by 
CD43. Therefore, adaptor function for the recruitment of 
ERM is not the major mechanism by which CD43 aug-
ments microvilli. Indeed, there should be sufficient amounts of 
endogenous adaptor molecules for activated ERM in HEK293T 
cells, since phosphorylated ERM were localized at microvilli in 
cells expressing CD43W277-GFP, a CD43 mutant lacking the 
cytoplasmic domain. Meanwhile, CD43W277-GFP was local-
ized at microvilli, indicating that the cytoplasmic domain, and 
therefore, interaction with ERM, is not essential for the localiza-
tion of CD43 to microvilli, either. A previous publication about 
podocalyxin also supported the insignificance of the intracellular 
domain in microvillous formation.30

ERM phosphorylation and CD43-induced alterations in 
cell morphology. Then, how does CD43 induce augmentation of 
microvilli by its ectodomain? We found increase in phosphory-
lated ERM as the result of CD43 expression. Knocking down 
ERM transcripts abrogated microvilli in mouse thymoma cells,37 
indicating ERM as an essential component of microvilli. A phos-
phorylated form-mimicked mutant of Moesin augmented micro-
villi in peripheral blood T cells and delayed chemokine-induced 
loss of microvilli.26 Taken together, it is highly likely that activated 

Figure 7. CD43 localization at protrusions in prior to cell rounding.  
(A) Images of CD43-mCherry-heK293T cells at two time points. heK293T 
cells in a coverglass chamber were transfected with pCpuroCD43-mCherry. 
phase contrast cell images (a and b) and fluorescent images of CD43-
mCherry (c and d) were captured at 14 and 18 h after transfection. Cells were 
numbered 1–4. Triangles represented cell-substrata attachment sites. Arrows 
and arrowheads represented the sites of lost cell-cell and cell-substrata 
connections, respectively. (B) Fluorescent images of CD43-mCherry at the 
bottom of spread cells. In an early stage of CD43 expression, CD43-mCherry 
was detected as diffusely membranous (a, arrows) or as long and short 
protrusions (arrowheads).
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showed the ectodomain is responsible for this ERM phosphory-
lation. Possible functions of CD43’s ectodomain include (i) the 
inhibition of cell adhesion, (ii) interaction with other cell surface 
molecules. To distinguish these CD43’s functions, we simply 
detached parental HEK293T cells by trypsin-EDTA to mimic 
inhibition of cell adhesion by CD43, and investigated phosphor-
ylation of ERM. As the result, phosphorylated ERM were largely 
augmented by trypsin-induced cell detachment and by the inhi-
bition of re-attachment, while were reduced by integrin-mediated 
re-attachment. It is worth noted that this phosphorylation of 
ERM was not caused by microvilli formation, since detachment 
of HEK293T cells by trypsin-EDTA does not induce long micro-
villi observed in CD43 transfectants.

Based on these findings, we propose that inhibition of cell 
adhesion by the expression of CD43’s ectodomain induces phos-
phorylation of ERM. Given ERM phosphorylation by trypsiniza-
tion of cells, we believe it more likely than the other mechanism 
at this moment. Furthermore, if CD43 augments phosphory-
lated ERM by inducing cell detachment, phosphorylated ERM 
is likely the cause, not the result, of microvilli formation. Besides 
CD43, ERM phosphorylation by cell detachment, and/or, ERM 
dephosphorylation by integrin-mediated cell adhesion, could be 
a novel mechanism for the organization of actin cytoskeleton and 
cellular structure in a large variety of cells.

Inhibition of cell adhesion, microvilli formation and cell 
rounding. As the other relation between CD43-induced events, 
formation of microvilli was observed in prior to cell rounding. 
Moreover, these microvilli were observed at the attachment sites 
that lost attachments later during rounding of CD43-HEK293T 
cells. The drastic alterations from a spread to a spherical shape 
within a short period of time (Figs. 7 and 8) suggest loss of 
attachment sites largely contributed to cell rounding. Question is 
whether such microvilli are involved in the detachments of these 
cells? Unlike protrusions in Myr-GFP-HEK293T cells, microvilli 
in CD43-GFP-HEK293T cells appear to be not adhesive to sub-
strata (Fig. 3C). CD43-rich microvilli in CD43-HEK293T cells 
are about 3 μm in average length and about 0.1–0.2 μm in width, 
considerably larger than the ectodomain of CD43, 0.045 μm  
in average length.17 Therefore, if CD43-rich microvilli are gen-
erated at or around the sites of attachment, such microvilli will 
likely induce further detachment of cell body from substrata and 
from other cells. Such detachment may also activate ERM and 
activated ERM possibly stabilize spherical shapes of cells.

Taken together, we presume the mechanism of CD43-induced 
alterations in cell morphology as follows. First, CD43 expressed 
on cell surface inhibits cell adhesion and induces local detach-
ment. Second, this local detachment induces activation of ERM. 
Third, activated, i.e., phosphorylated, ERM promote forma-
tion of microvilli-like protrusions. Then, such protrusions that 
are formed at the attachment sites induce further detachment of 
cells. This detachment induce cell rounding by the loss of cell 
attachment sites and by further activation of ERM.

Potential functions of CD43 in leukocytes. Then, how 
these findings are translated in primary cells? CD43 is abun-
dantly expressed in many leukocytes, and is accumulated at the 
Uropods in migrating leukocytes. Most circulating leukocytes 

microvillous protrusions, however, were not identified at the sites 
where CD43-GFP showed diffusely membranous localization. 
Phosphorylated ERM were also observed at the cortex of spherical 
CD43-GFP cells (Fig. 9A), but not at the surface of cells still spread 
(Fig. 9C and arrows). Thus, activation and phosphorylation of 
ERM are accompanied with microvilli formation and cell round-
ing by CD43, and may be the mechanism of these phenomena.

Cell detachment and ERM phosphorylation. Then, how 
phosphorylation of ERM is induced by CD43? Mutant assay 

Figure 8. Time-lapse images of CD43-mChery-heK293T cells in early 
phases. From top (a and b) to bottom (g and h), images of the same cells 
were captured started at 16 h after transfection of pCpuroCD43- 
mCherry with an interval of 1 h each. Diffuse membranous pattern was 
shown by arrows, while short protrusions were shown by arrowheads.
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induced by the inhibition of cell attachment by CD43. Further 
studies are necessary for the functions of CD43 in leukocytes and 
for the mechanism of ERM phosphorylation by cell detachment.

Materials and Methods

Reagents and antibodies. Poly-L-lysin (PLL), puromycin, para-
formaldehyde (PFA) and bovine serum albumin (BSA) were 
obtained from Sigma (St. Louis, MO USA). Monoclonal anti-
bodies, anti-β1 integrin (MAR4), anti-α4 integrin (9F10), anti-
Ezrin and anti-FAK mAbs were obtained from BD Biosciences 
(San Jose, CA USA) and anti-CD43 (L10) mAb was from eBio-
science (San Diego, CA USA). Rabbit antibodies, anti-phospho-
ERM (#3149) and anti-ERM (#3142) were obtained from Cell 
Signaling Technologies Inc., (Danvers, MA USA), while rabbit 
anti-phospho-FAK [pY397] Ab, AF488-labeled goat anti-mouse 
IgG Ab, AF546-labeled goat anti-rabbit IgG Ab and AF546-
labeled Phalloidin were from Invitrogen (Carlsbad, CA USA).

DNAs, cell culture and transfection. cDNAs of human 
CD43, CD44 transcript variant 4 and α4 integrin were cloned 

are spherical and relatively rigid and phosphorylated ERM at 
the cortex are important for cells to keep their spherical shape 
and rigidity.12,41-43 Given inhibition of cell adhesion and follow-
ing phosphorylation of ERM, we propose CD43 is involved in 
the formation and maintenance of a spherical shape and rigidity 
for spherical leukocytes and their Uropods. On the other hand, 
dephosphorylation of ERM and redistribution of filamentous 
actin were accompanied with polarization of leukocytes by che-
moattractants and other stimuli.12,41,43 Exclusions of CD43 from 
the leading edge of polarized cells and from attachment sites fur-
ther suggest possible function of CD43 in cell rounding.11-14

Meanwhile, several adhesion molecules are localized, if not 
enriched, in leukocyte microvilli.22,24,25,29 We also observed local-
ization of α4β1 integrin in microvilli in CD43-HEK293T cells. 
However, those CD43 transfectants were defective in α4β1 inte-
grin-mediated cell adhesion despite localization of integrin in cell 
surface microvilli. It is conceivable that CD43, rich in microvilli 
in CD43-HEK293T cells, may inhibit cell adhesion mediated by 
the molecules located on microvilli. Otherwise, α4β1 integrin in 
microvilli may be inactive. In either case, it needs further study, 
because publications suggested augmentation of cell adhesion 
by the molecules located on leukocyte microvilli.22 Meanwhile, 
dephosphorylation of ERM and redistribution of filamentous 
actin upon chemokine stimulation suggest remodeling of micro-
villi, as well as that of cortical rigidity, is essential for leukocyte 
migration and extravasation.12,26,43 Therefore, it is possible that leu-
kocyte microvilli are a structure that stocks adhesion molecules in 
inactive forms. These stocked adhesion molecules become active 
for cell adhesion when microvilli are remodeled by stimulations.

Besides CD43, there are other sialomucins expressed in leu-
kocytes. We have similar results with a few of these sialomucins 
as those with CD43 (publication in preparation). Therefore, the 
functions of CD43 demonstrated in this article could be shared 
in a few other sialomucins and such sialomucins may also play 
significant roles in the regulation of leukocyte’s circulation and 
migration.

In summary, the ectodomain of CD43 induces phosphory-
lation of ERM and alterations in cell morphology. Formation 
of microvilli and rounding of cells are accompanied with ERM 
phosphorylation, and ERM phosphorylation appears to be 

Figure 9. Identification of phosphorylated eRM in CD43-heK293T 
cells. (A) Immunocytochemical analysis of phosphorylated eRM. 
heK293T transfectants were attached on pLL-coated coverslips, fixed, 
permeabilized and subjected to immunocytochemical analysis with 
anti-phospho-eRM Ab. Fluorescent images of GFp fusion proteins 
and those of phosphorylated eRM were presented. (B) Immunoblot 
analysis of phosphorylated eRM. Cellular lysates from heK293T and 
transfectants were subjected to sDs-pAGe and immunoblotting 
with anti-phospho-eRM Ab. Relative intensity of phospho-eRM on 
each lane, modified by that of eRM, was demonstrated as a digital 
number. (C) Co-localization of phosphorylated eRM with CD43 at 
microvillous protrusions. heK293T cells in a coverglass chamber at 14 h 
after transfection of pCpuroCD43-GFp were fixed, permeabilized and 
subjected to immunocytochemical analysis with anti-phospho-eRM Ab. 
phosphorylated eRM were co-localized with CD43-GFp at protrusions 
(arrowheads). Meanwhile, phosphorylated eRM were not detected at 
the sites where CD43-GFp was diffusely localized (arrows).
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Japan). Photo images of microscopy were arranged with Adobe 
Photoshop. Confocal laser scanning microscopy was performed 
by FV1000 (OLYMPUS) and analyzed by FLUOVIEW 
(OLYMPUS).

For immunofluorescence microscopy, cells attached to PLL-
coated cover slips or cultured in coverglass chambers were fixed 
with 4% PFA in PBS, permeabilized with 0.2% Triton X-100 in 
PBS and blocked with 1% BSA in PBS. Then, samples were incu-
bated with primary and secondary antibodies in 1% BSA-PBS, 
washing with PBS between and after, mounted in Mowiol 4-88 
and investigated with fluorescent microscopy (IX70 or BX51, 
OLYMPUS). For digitalization of microvilli, live fluorescent 
images at the middle phase were taken from 50 each transfec-
tants. Measurement and calculation of the number and length of 
fluorescent protrusions was performed by Adobe Photoshop and 
Microsoft Office.

Scanning electron microscopy. Cells were fixed with 1.2% 
glutaraldehyde (GA) in 0.1 M phosphate buffer (pH 7.2) (PB) 
overnight, washed with 5% sucrose in PB and attached to PLL-
coated coverslips. Then, cells were fixed with 1% OsO

4
 in PB 

for 20 min, dehydrated, critical-point dried, sputter coated with 
Au-Pd and observed with JSM-5800LV scanning electron micro-
scope (JEOL, Tokyo, Japan).

Ultrathin-section electron microscopy. Cells were fixed with 
1.2% GA in PB overnight, washed with 5% sucrose in 0.1 M PB, 
fixed with 2% GA in PB overnight. After washed with 0.06 M 
cacodylate buffer (CB), cells were prefixed with 0.5 mg/ml ruthe-
nium red and 1.2% GA in 0.06 M CB overnight, washed with 
0.15 M CB and postfixed with a buffer containing 0.5 mg/ml 
ruthenium red and 1% OsO

4
 in 0.06 M CB for 3 h followed by 

washing with 0.15 M CB. Then, cells were dehydrated through 
a graded series of ethanol and propylene oxide and embedded 
in epoxy resin. Ultrathin sections were cut from these samples, 
stained with uranyl acetate and lead citrate and then observed 
with Hitachi H7500 transmission electron microscope (Hitachi 
High-Technologies Corp., Tokyo, Japan).

Binding assays. For integrin-mediated adhesion assay, plates 
coated with specific ligands for α4β1 integrin were prepared as 
follows. Tissue culture plates were incubated with PBS contain-
ing either 1 μg/ml GST or GST-CS1 for 3 h and blocked with 
1% BSA-PBS for 1 h and washed with PBS. Then, α4-HEK293T 
transfectants were harvested by trypsinization, washed, resus-
pended in DMEM and plated onto the coated plates. After incu-
bation in CO

2
 incubator for 1 h, images of cell spreading were 

captured by microscopy. Then, plates were washed four times 
with DMEM and subjected to capturing images and counting 
numbers of bound cells.

Flowcytometry (FCM). For cell surface expression, 
HEK293T and transfectants were incubated with antibodies in 
ice cold 1% BSA-PBS, washed with PBS and fixed with PBS con-
taining 0.5% PFA. For cell cycle analysis, cells were permeabi-
lized with 0.3% Saponin (Sigma) and incubated with 0.05 mg/
ml propidium iodide (Sigma) and 0.25 mg/ml RNaseA (Wako, 
Osaka, Japan). Then, cells were analyzed by FCM with FACS 
Calibur (BD Biosciences). Visual images were generated with 
FlowJo (Tree Star, Inc., Ashland, OR).

by RT-PCR. Truncated or chimeric DNA fragments were gener-
ated from these cDNAs by PCR, fused to the DNA fragment of 
EGFP or mCherry (Clontech, Mountain View, CA USA) and 
subcloned into pCpuroCMVS, a retrovirus expression vector 
generated from pCLNCMV (Imgenex, San Diego, CA USA), 
or pJ3SrcMS, an expression vector with the myristoylation site 
of c-Src. HEK293T cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal 
calf serum. If not specifically described, cells at 40–44 h after 
transfection with LipofectAmine 2000 (Invitrogen) were used 
for analysis. α4 integrin-HEK293T cells were developed by the 
transfection of pCpuroCMVS-α4 integrin followed by puromy-
cin selection. A bacterial expression vector, pGEX-CS1, which 
encodes a glutathione S-transferase (GST)-fusion protein of fibro-
nectin CS1 peptide, was a kind gift of Dr. Kenjiro Kamiguchi.46

Fluorescence microscopy. For the images of fluorescent pro-
teins in low magnification, transfectants cultured in plastic plates 
were analyzed by fluorescent microscopy (IX70, OLYMPUS, 
Tokyo, Japan). For images in high magnification, transfectants 
were detached, reattached to PLL-coated cover slips, fixed with 
4% PFA in phosphate buffered saline (PBS), mounted with 
Mowiol 4-88 (CALBIOCHEM, Darmstadt, Germany) and ana-
lyzed. Otherwise, transfectants cultured in coverglass chambers 
(Asahi Glass Co., Ltd., Tokyo, Japan) were directly analyzed by 
fluorescent microscopy. During time-lapse analysis, cells were 
incubated in Stage Top Incubator (Tokai Hit Co., Ltd., Shizuoka, 

Figure 10. phosphorylation of eRM by cell detachment. (A) 
Augmentation of phosphorylated eRM by cell detachment. heK293T 
cells were trypsinized, washed and incubated in BsA-coated plates with 
gentle swirling. Lysates from such cells were subjected to immunoblot 
analysis with anti-phospho-eRM and anti-eRM Abs. Relative intensity 
of phospho-eRM on each lane, modified by that of eRM, was 
demonstrated as a digital number. (B) Decrease of phosphorylated eRM 
by cell adhesion. α4-heK293T cells were detached by trypsinization, 
washed and incubated either in BsA-coated plates with swirling or in 
GsT-Cs1-coated plates for indicated time. Lysates from such cells were 
subjected to the immunoblot analysis described above.



www.landesbioscience.com Cell Adhesion & Migration 131

Acknowledgements

We thank Dr. Kenjiro Kamiguchi for pGST-CS-1. We also thank 
Hideki Saito, Youichi Kato, Hiroko Machida and Yoshihiro 
Katsube for technical help.

This work was in part supported by a grant for New Energy 
and Industrial Technology Development Organization (NEDO) 
and by Grants-in-Aid for Scientific Research (KAKENHI 
10011601).

Note

Supplementary materials can be found at:
www.landesbioscience.com/journals/celladhesion/article/13908

Immunoblotting. Cells attached to substrata were washed 
with ice-cold PBS and lysed in 1% Nonidet-P40 lysis buffer,46 
while non-attached cells were collected by centrifugation, washed 
and lysed with same buffers. After sonication, cellular lysates were 
centrifuged at 15,000 rpm for 10 min and the supernatants were 
boiled with lameli buffer. These samples were separated by 9% 
acrylamide SDS-PAGE, transferred onto nitrocellulose mem-
branes (PROTRAN, Whatman, Dassel, Germany), blocked with 
5% Skim Milk in Tris buffered saline (TBS), incubated with first 
Ab in TBS containing 5% BSA and analyzed by LAS-4000 mini 
(FUJIFILM Inc., Tokyo, Japan) with Horseradish Peroxidase-
conjugated second Ab (GE Healthcare, Buckinghamshire, UK) 
and chemiluminescence reagent (Western Lightning Plus-ECL, 
PerkinElmer, Shelton, CT).
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