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Substrate-attached materials are enriched
with tetraspanins and are analogous
to the structures associated
with rear-end retraction in migrating cells
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Introduction

Cell adhesions on extracellular matrices (ECMs) are involved in
the regulation of a variety of biological processes, including cell
growth, differentiation, survival, and migration. The interaction
of cells with ECMs is mediated mainly by integrins, heterodi-
mers composed of non-covalently associated a- and B-subunits.!
The binding of integrins to ECMs stimulates their clustering
and the formation of multiprotein complexes called focal adhe-
sions. Focal adhesions perform both mechanical and signaling
functions that control cytoskeletal rearrangements and various
cellular responses.>* The mechanical functions are mediated by
focal adhesion components such as talin, kindlin, a-actinin, and
vinculin, which connect the actin cytoskeleton to the ECM. The
signaling functions are mediated by components such as FAK,
Src, paxillin, and ILK, which transmit intracellular signals via the
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regulation of protein and lipid kinases and GTPases."? Defects in
the regulation of integrin-mediated cell adhesions result in vari-
ous diseases such as cancer, immune disorders, thrombosis, and
skeletal muscle dystrophy.i-¢

Cell migration is a coordinated process that involves the
formation and disassembly of cell adhesion sites together with
dynamic changes in the actin cytoskeleton.”® To migrate effi-
ciently, cells must possess an asymmetric morphology with
defined leading and trailing edges. Nascent focal adhesions are
newly formed at the leading edge, following which they either
mature into stabilized adhesions or turnover. In contrast, focal
adhesions at the trailing edge are disassembled during rear-end
retraction, which allows the cell body to translocate. The regu-
lation of adhesion disassembly at the trailing edge is less well
understood than the maturation and turnover of adhesions at
the leading edge.
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In the 1970s, substrate-attached materials (SAMs) were found
to remain tightly bound to substrates when adherent cells were
detached with the Ca**-specific chelator, EGTA.> Morphological
investigations revealed that SAMs are composed of cell-surface
regions rich in adhesion sites.'®"" Biochemical analyses showed
that SAMs contain relatively large amounts of cell surface com-
ponents that participate in cell adhesion such as cellular fibronec-

tin,”? proteoglycans,’® and gangliosides.””!¢ Detailed analysis
of the molecular composition of SAMs may therefore provide
insight into the molecular mechanisms underlying the cellular
events regulated by cell adhesion, but the molecular properties
of SAM:s have remained largely uninvestigated over the past two
decades.

In the present study, we sought to define the molecular com-
position of SAMs by proteomic analysis using liquid chromatog-
raphy coupled with tandem mass spectrometry (LC-MS/MS) to
investigate the mechanisms underlying the regulation of cellular
responses by cell-ECM adhesions. We found that SAMs contain
large amounts of tetraspanins and their associated proteins, but
not focal adhesion proteins, and thus resemble the footprints and
retraction fibers of migrating cells that are also enriched with
tetraspanins.””*® In addition, the formation of SAMs was depen-
dent on actomyosin activity and dynamin-mediated endocytosis,
as is the case with rear-end retraction in migrating cells.'*?® Our
findings revealed that SAMs are closely correlated with rear-end
retraction in migrating cells.

Results

Proteomic analysis of SAMs. To comprehensively identify the
protein components of SAMs, A549 cells that had been cul-
tured on laminin-511 in serum-free conditions were treated with
EGTA to prepare SAMs. Scanning electron microscopy showed
that EGTA treatment evoked the retraction and rounding of
cells, leaving long, thin and branched protrusions (SAMs) firmly
bound to the substrates (Fig. 1A). These results are consistent
with a previous report,' in which SAMs were prepared from rat
hepatoma CMH5123 cells and examined by scanning electron
microscopy. To perform proteomic analysis, SAMs were har-
vested from the dishes with SDS after the detachment of cells by
treatment with EGTA. Determination of the protein content in
SAMs and detached cells indicated that only 0.88 + 0.03% (7 =
3) of the total cellular protein was recovered in SAMs. Separation
of the SAM proteins by SDS-PAGE showed that their banding
pattern was obviously different from that of proteins in detached
cells (Fig. 1B).

The SAM proteins separated by SDS-PAGE were subjected
to in-gel digestion with trypsin, and the resulting peptides wete
extracted from the gels and analyzed by LC-MS/MS. LC-MS/
MS analyses of three independent SAM preparations resulted
in the detection of 1971, 3018, and 2691 proteins per analysis
(Tables S1-3), 1739 proteins of which were reproducibly detected
(Table S4). In the present study, we focused on plasma trans-
membrane proteins, because they should include cell adhesive
molecules and regulators, which are important in initiating cellu-
lar responses at the interface of cell-ECM interactions. We found
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that the plasma transmembrane proteins thus detected in SAMs
include integrins, CD44 and Lu/BCAM, which also have been
detected in tetraspanin-enriched microdomains (also referred to
as the tetraspanin web) (Table 1; Table S4).?** Notably, pro-
tein components of focal adhesions were not detected in SAMs,
except for a-parvin (Table S4).

Enrichment of tetraspanins in SAMs. To further examine
the occurrence of proteins that have been shown to associate
with focal adhesions and tetraspanin-enriched microdomains
in SAMs, we performed immunoblot analysis (Fig. 2A). Talin,
a-actinin, vinculin, paxillin, and a-parvin, which are compo-
nents of focal adhesions, were scarcely detected in SAMs, as
was the case with actin. In contrast, the two tetraspanins CD9
and CD81 were significantly enriched in SAMs when compared
with lysates prepared from detached cells, although another
tetraspanin, CD151, was not concentrated in SAMs but was

305

— 120 —



Table 1 Plasma transmembrane protems detected by LC MS/MS analysxs of SAMs

Category e Protein Lo ,V‘Gyefne”,, : A550ciaii0nWithTSPAN§* :
CD9 antigen (CD9)
~ CD81 antigen o sy
Tetraspanins ; ’ ’
Tetraspanin-4 (TSPAN4)
Tetraspanin-14 ' ' L k\'(VT;S‘PA‘NMV)
Integrin a3 (ITGA3) +
ntegrina6 . (TGA i
Integrin av (ITGAV) +
Integrinpl . (TGBY) o
Integrin B5 (ITGB5) +
o :.ig'superfamlly memberS/Ele b - . (IGFSF8) e o+
Lutheran blood group glycoproteln (BCAM) +
Ig superfamily  (Dl66antigen ,;";Lﬂf:',(ALCAM) o o+
Bastgln/CD1{}7* B ’ (BSG) NR
Poliovirusreceptor/NECLS VR NR
CD44 antlgen (CD44) +

(CLDNT)

Receptors

(ADAM10)

(NICA)
: (SLC3A2)'
(SLC7A5)

Transporters

(MTDH)
,(ESYTZ)
(PLP2)
Amylo;d B A4 protem (APP)
2 (SPINTD)

The listed plasma transmembrane protems were reproducibly detected in three mdependent LC- MS/MS analyses of SAMs prepared from AS49 cells
cultured on laminin-511. *+ indicates the proteins that have been shown to interact with tetraspanins.**%° NR, not reported. *Protein reported to inter-
act with integrin @381 and a631.5" *Protein reported to interact with integrin $1.52% See also Table S4.

:‘Kumtz-type protease lnhlblto’)"z o

detected at a relatively high level. The lower abundance of CD151  tetraspanins by LC-MS/MS, possibly because a major part of
may explain why CDI151 was detected in only one of three pro-  their sequence is transmembranous.? Integrin B1, integrin a3,
teomic analyses (Table S2). Alternatively, the failure of LC-MS/  CD44, and ADAMI10, which are known to be associated with
MS analysis may be due to the difficulty in the detection of tetraspanins, were also detected in SAMs at relatively high levels
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compared with focal adhesion proteins. Similar results, includ-
ing the detection of large quantities of tetraspanins, were also
obtained with HT-1080 cells (Fig. S1). Consistent with these
results, SAMs remaining on laminin-coated surfaces after EGTA
treatment were positively immunostained with anti-CD9, anti-
CD81, and anti-CDI151 antibodies (Fig. 2B). The signals for
CD81 were less pronounced than those for CD9 and CDI151,
possibly due to the reduced reactivity of the anti-CD81 antibody
toward formaldehyde-fixed SAMs. These results indicate that
SAMs contain tetraspanins and their associated proteins, but not
focal adhesion proteins.

It has been reported that migrating cells exhibit retraction
fibers on their tails and leave behind “footprints” or “migration
tracks” that contain integrins and tetraspanins, but not focal
adhesion components.”*? Immunofluorescence staining of
A549 cells migrating on laminin-511 showed that CD9, CD81,
and CDI151 were detected discontinuously but throughout
retraction fibers (Fig. 3), overlapping with F-actin. It should be
noted that F-actin signals retracted more readily than tetraspanin
signals, leaving behind the tetraspanin®/F-actin™ regions. These
findings raise the possibility that SAMs are closely related to
footprints and retraction fibers based on not only their morphol-
ogy but also their protein composition.

Involvement of actomyosin activity and dynamin-dependent
endocytosis in the formation of SAMs. To assess whether the
process of SAM formation resembles that of rear-end retraction in
migrating cells, we examined the effects of inhibiting actomyosin
contractility, which is critically involved in rear-end retraction
in migrating cells.” When cells cultured on laminin-511 were
treated with EGTA in the presence of Y-27632 and blebbistatin,
inhibitors of ROCK and myosin II, respectively, cell retraction
and detachment were significantly attenuated, leaving the cells
spread on the substrates (Fig. 4). However, even in the presence
of the inhibitors, EGTA-treated cells extended many thin protru-
sions at their peripheries, indicating that these inhibitors delay,
rather than completely block, the formation of SAMs. In A549
cells migrating on laminin-511, these inhibitors also disturbed
the detachment of retraction tails, thereby stimulating the elon-
gation of the retraction tails (Vids. $1-83). We also investigated
whether clathrin-dependent endocytosis, which is also involved
in rear-end retraction in migrating cells,®* participates in cell
retraction following EGTA treatment. As shown in Figure 5, the
cell retraction and detachment were blocked by the addition of
dynasore, a dynamin inhibitor, which inhibits clathrin-depen-
dent endocytosis.*® As with Y-27632 and blebbistatin, dynasore
did not completely prevent, but rather retarded, the formation of
SAMs. The migration of A549 cells on Jaminin-511 was also sup-
pressed by dynasore with an apparent loss of front-rear polarity
and retraction tails (Vid. §4). These results support the possibil-
ity that SAMs are analogous to retraction fibers and footprints,
and that they are formed and left on the substrates through simi-
lar molecular processes.

Morphological similarities between SAMs and retraction
fibers on different ECM proteins. To further address the simi-
larity between SAMs and retraction fibers and footprints, we
compared cell migration on laminin-511 and type I collagen

www.landesbioscience.com

A 2 o samrceLL o samcelL
& N &r NS

Talin 4.33£1.26

cD9

363146

Actinin 8004165

cpg1i 12304160

Vinculin 7.42+£0.94

CD15814 167174 Paxillinl 4.06:+1.98

Integrin 108411 o-Parvin TITE155

Actin 7.37+1.54

Integrin o3 10419

cpaa | 87.3£63

87,0100

ADAM10

B CDS

i : mns and therr assocnated protems

jm SAMS ,(A) SAMs were prepared followmg the treatment of A549 :
cells cultured on lam n-511 with EGTA as descnbed in Materialsand

‘ Me’thods LySates (CEL, re also prepared from the cells detached by -

. the EGTA treatment SAMs and lysates were separated by SDS PAGE

: descnbed in Matenals and Methods Bar represents 10 ;xm

Cell Adhesion & Migration

by time-lapse phase-contrast microscopy. Cells on laminin-511
showed thick and stable retraction fibers on their tails, although
the retraction fibers of cells on type I collagen were thin and
fragile (Fig. 6; Vids. S5 and S6). The diameters of the retrac-
tion fibers were 0.357 pm = 0.058 (7 = 133) on laminin-511 and
0.232 pm + 0.035 on type I collagen (x = 105). Consistent with
these results, scanning electron microscopy of EGTA-treated
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cells on Jaminin-511 and type I collagen demonstrated that the
SAM:s on laminin-511 were greater in number and thicker than
those on type I collagen (Fig. 7A and B). Immunoblot analy-
sis showed that greater amounts of integrins B1 and «3, CD9,
CD81, CD151, ADAMI10, and CD44 were detected in SAMs
on laminin-511 than in SAMs on type I collagen (Fig. 7C).
These results are in agreement with the morphological distine-
tions between the SAMs on laminin-511 and type I collagen. In
contrast, the cytoskeletal protein, keratin 18, the RNA-binding
protein, G3BP, the nuclear protein, histone H3, and the mito-
chondrial protein, prohibitin, were detected at almost the same
levels in SAMs remaining on laminin-511 and type I collagen.
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It seemns likely, therefore, that integrins B1 and a3, CD9, CD81,
CD151, ADAMI10, and CD44 are intrinsic components of
SAMs, while keratin 18, G3BP, histone H3, and prohibitin,
which were detected in large amounts by mass spectrometric
analysis, are entrapped in SAMs independently of the mecha-
nism operating in cell retraction.

Discussion

SAMs were discovered in the 1970s as cellular feet that remained
on substrates after detachment of cells with EGTA, alchough
there have been few reports on SAMs in the past two decades.
In the present study, we focused on SAM:s as cell-ECM adhesion
machineries, and performed the comprehensive determination of
their protein components to uncover the molecular mechanisms
underlying cellular events regulated by cell-ECM adhesions.
Our darta indicate that SAMs are closely related to the retraction
fibers and footprints that appear during rear-end retraction in
migrating cells, thus revealing new aspects of SAMs as cell adhe-
sion structures.

Atthe rear of migrating cells, retraction fibers are observed dur-
ing rear-end detachment. At the tips of these fibers, “membrane
ripping” occurs, thereby leaving footprints on substrates.”* We
found that CD9, CD81, and CD151 were enriched in SAMs.
Integrins were also recovered in SAMs, but focal adhesion
components, including talin, a-actinin, vinculin, paxillin, and
a-parvin, were scant. These properties of SAMs are reminiscent
of those of footprints and retraction fibers. It has been reported
that footprints contain high amounts of integrins in various types
of cells, including keratinocytes and fibroblasts.?% Focal adhe-
sion constituents such as talin and vinculin are scarcely present in
footprints. Pefias et al.” reported that tetraspanins such as CD9
and CD8l exist at high levels in the footprints of keratinocytes.
In human prostate cancer Dul45 cells, CD81 was shown to be
present in footprints and retraction fibers in which F-actin was
scarcely detected.”® Consistent with these reports, we observed
that in A549 cells migrating on laminin-511, CD9, CD81, and
CDI151 were detected throughout retraction fibers, and even in
the regions near their tips where F-actin was scant. It is conceiv-
able, therefore, that SAMs are structurally analogous to the foot-
prints and retraction fibers of migrating cells.

Inhibition of ROCK and myosin II by Y-27632 and blebbi-
statin attenuated the formation of SAMs by EGTA treatment. It
is known that Rho/ROCK signaling mediates the retraction of
the trailing edges of cells and is implicated in adhesion disassem-
bly during cell detachment.” Inhibition of Rho kinase induces an
elongated morphology with impaired rear-end detachment.’ In
addition, fibroblasts deficient in myosin IIA show impaired adhe-
sion disassembly and rear-end detachment.”® We also observed
similar phenomena in A549 cells migrating on laminin-511 in
the presence of Y-27632 and blebbistatin by time-lapse micros-
copy. Therefore, rear-end retraction in migrating cells and SAM
formation by EGTA treatment may be driven by similar machin-
eries that involve actomyosin activity.

We also found that the formation of SAMs was suppressed
by dynasore, an inhibitor of dynamin, which also participates
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in rear-end retraction by mediat-
ing clathrin-dependent endocyto-
sis.*?%2® By time-lapse microscopy,
we observed that dynasore effectively
inhibited the migration of A549 cells
on laminin-511. It has been reported
that the endocytosis and recycling of
integrin avB3 contributes to adhe-
sion release in neutrophils migrating
on vitronectin® In the migration
of mouse fibroblast NIH3T3 and
human fibrosarcoma HT1080 cells,
clathrin-mediated  endocytosis s
involved in focal adhesion disassem-
bly.2*#2 Taken together, the forma-
tion of SAMs and rear-end retraction
in migrating cells seem to share simi-

+EGTA
Y-27632

+EGTA
Blebbistatin

lar mechanisms involving actomyo-

sin activity and clathrin-dependent B € 100
endocytosis. %
Scanning electron microscopic £ so
observations showed that SAMs on =
type I collagen-coated substrates 2
were fewer and thinner than those 5 60
on laminin-511-coated substrates. ]
Consistent with these results, tet- 2 40
raspanins and their associated pro- 3]
teins were detected at significantly i
reduced levels in SAMs on type I col- £ 20
lagen compared with SAMs on Jam- 'g
inin-511. In contrast, the cytoskeletal g

protein, keratin 18, the nuclear pro-
tein, histone H3, and the mito-

Control  Biebbistatin  Y27632

chondrial protein, prohibitin, were

detected in large amounts in SAMs
irrespective of the type of substrate.
These observations make it likely
that the nuclear, mitochondrial,
and cytoskeletal proteins frequently

detected in our LC-MS/MS analy-
ses are not intrinsic components of
SAMs, but this possibility needs to be confirmed extensively by
immunoblot analysis of individual proteins in SAMs prepared on
laminin-511 and type I collagen.

Tetraspanins, which possess four transmembrane domains,
are present in different combinations in almost all types of cells
and tissues, and have been implicated in diverse cellular func-
tions involving cell-cell and cell-substratum interactions.’**
Tetraspanins associate with each other and with other transmem-
brane proteins, e.g., integrins and immunoglobulin superfamily
proteins, thereby forming multimolecular membrane microdo-
mains, often referred to as a tetraspanin-enriched microdomain or
the tetraspanin web. Many reports have suggested that tetraspa-
nins are involved in the regulation of cell migration,?* although
the mechanisms involved remain largely unknown. Several
lines of evidence indicate that the deregulation of tetraspanin
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expression is associated with cancer metastasis.**%® Zijlstra et al.®
have reported that an anti-CD151 mAb, which blocks metasta-
sis, prevents rear-end detachment during the migration of human
epidermoid carcinoma cells, suggesting the involvement of tet-
raspanins in rear-end retraction in migrating cells. Tetraspanins,
which are major components of SAMs, may also participate in
SAM formation upon EGTA treatment. Further studies on the
roles of tetraspanins in SAM formation will provide a better
understanding of the mechanisms underlying rear-end retraction
in migrating cells.

It has been reported that GD2/GD3 gangliosides are required
for the detection of CDI151 in cellular microprocesses left on
substrates after the detachment of COS-7 cells by treatment
with EDTA. Gangliosides have been shown to associate with
several tetraspanins, i.e., CD9 and CD82, and thereby regulate
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Materials and Methods

Cell culture, ECM proteins, anti-
bodies, and reagents. A549 human
lung adenocarcinoma and HT-1080
human fibrosarcoma cells were main-
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Control

tained in 10-cm dishes in Dulbecco’s
modified Eagle’s medium (DMEM,
Sigma) supplemented with heat-inac-
tivated 10% (v/v) fetal bovine serum
(FBS; JRH Biosciences). The cells
were cultured at 37 °C in a humidi-
fied armosphere containing 5% CO,.

Laminin-511 was purified from
the conditioned medium of human
choriocarcinoma JAR cells as
described previously.” Type I col-
lagen was purchased from Nitta
Gelatin (Cellmatrix Type I-C).

A mouse monoclonal antibody
(mAb) against human CDI51
(8C3) was produced as described
previously.®  Anti-CD9  mouse
mAb (MM2/57) was purchased
from Chemicon; anti-integrin 3
goat polyclonal antibody (pAb),
anti-CD81 mouse mAb (5A6),
and anti-CD44 rat mAb (IM7)
were purchased from Santa Crugz;

Dynasore

anti-paxillin mouse mAb, anti-a-

Flgure Sl
~adheretola

actinin mouse mAb, and anti-inte-
grin B1 mouse mAb were from BD
Transduction Lab; a-parvin rabbit
pAb was from Cell Signaling; anti-
actin rabbit pAb, anti-talin mouse

protein—protein interactions in tetraspanin-enriched micro-
domains.## In addition, SAMs contain various kinds of gan-
gliosides, including GD2 and GD3.”' Thus, localization of
tetraspanins may, at least in part, be because of their association
with gangliosides. Given that gangliosides are known to par-
ticipate in the regulation of cell migration through integrins,?
tetraspanins and gangliosides may cooperatively participate in
rear-end retraction in migrating cells.

In summary, our results raise the possibility that the molecu-
lar mechanism of SAM formation mimics that of rear-end retrac-
tion in migrating cells. Given that the regulation of cell adhesion
at the trailing edges is less well defined than that at the leading
edges, the analysis of SAMs will provide novel insights into the
mechanisms of cell migration. In addition, it has been proposed
that the trailing edge of a cell drives cell migration by forming a
defined rear prior to the formation of polarized cell protrusions.“
Further analysis of SAMs could enable the molecular mecha-
nisms underlying the formation of front-rear polarization, as well
as rear-end retraction, in migrating cells to be elucidated.
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mAb (8D4), and anti-vinculin
mouse mAb (hVIN-1) were from
Sigma; anti-ADAMI0 rabbit pAb was from Millipore; peroxi-
dase-conjugated AffiniPure anti-mouse IgG, anti-rabbit IgG,
anti-rat IgG, and anti-goat IgG antibodies were from Jackson
Immuno Res; Alexa 488-conjugated anti-mouse IgG antibody
and rhodamine-labeled phalloidin were from Molecular Probes.
Y-27632, (x)-blebbistatin, and dynasore were purchased from
Calbiochem.

Preparation of SAMs. Cells were detached from dishes with
PBS containing 0.025% trypsin and 1 mM EDTA. For LC-MS/
MS, detached cells were washed 3 times with serum-free DMEM
containing 10 mM HEPES-NaOH, pH 7.5, resuspended in the
same medium, and then plated on dishes that had been coated
with 5 oM laminin-511 and blocked with Protein-free Blocking
Reagent (Pierce). For immunoblot analysis, cells were prepared
and seeded in the same way as for LC-MS/MS, except that
medium containing 10 mM HEPES-NaOH, pH 7.5, and 0.5%
(w/v) bovine serum albumin (BSA) was used for cell suspension
and blocking of the coated dishes. After culture for 2h30min,
cells were washed twice with PBS and then once with 1 mM
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EGTA, 1 mg/ml glucose in PBS, and treated with 1 mM EGTA,
1 mg/ml glucose in PBS at 37 °C for 20 min. Cells were com-
pletely detached by washing 5 times with PBS containing 1 mM
EGTA and then 3 times with PBS. Dishes were washed twice
with ice-cold PBS containing 0.2% Brij 97 at 4 °C, and further
washed 3 times with ice-cold PBS at 4 °C. SAM proteins on dishes
were extracted with 0.25% SDS at 37 °C, and then concentrated
with centrifugal filter devices (Amicon Ultra-4, Millipore) for
analysis by LC-MS/MS and immunoblotting. Cells detached by
the EGTA treatment were lysed with 0.25% SDS and used in
immunoblot analysis for comparison with SAMs.

Liquid chromatography coupled with tandem mass spec-
trometry. Protein samples were separated by SDS-PAGE (SDS-
PAGE) and then fixed in the gels with 30% methanol, 10%
acetic acid. After washing with deionized water, the gels were cut
into >20 rectangular pieces and then washed sequentially with
25 mM ammonium bicarbonate containing 50% acetonitrile,
100% acetonitrile, 100 mM ammonium bicarbonate, and 100%
acetonitrile. The gel pieces were dried and then incubated with
100 mM ammonium bicarbonate and 10 mM DTT at 56 °C
for 45 min. After cooling to room temperature, the DTT solu-
tion was replaced with 100 mM ammonium bicarbonate, 55 mM
iodoacetamide and the gel pieces were incubated at room temper-
ature for 30 min in the dark. The gel pieces were washed sequen-
tially with deionized water, 25 mM ammonium bicarbonate
containing 50% acetonitrile, 100% acetonitrile, 100 mM ammo-
nium bicarbonate, and 100% acetonitrile. After being dried, the
gel pieces were subjected to trypsin digestion at 35 °C overnight
with XL-TrypKit (Apro Sci.). Following enzymatic digestion, the
resulting peptides were extracted sequentially with 5% trifluoro-
acetic acid containing 50% acetonitrile, and 100% acetonitrile.
The peptides were dried and cleaned up with PepClean C-18
Spin Columns (Pierce). The peptides eluted from the columns
with 70% acetonitrile were dried and dissolved in 0.1% trifluo-
roacetic acid.

LC-MS/MS analyses were performed on a LTQ-Orbitrap XL
mass spectrometer (Thermo Fisher Scientific) equipped with a
nano-ESI source (AMR) and coupled to a Paradigm MG2 pump
(Michrom Bioresources) and an autosampler (HTC PAL, CTC
Analytics). A spray voltage of 2200 V was applied. Peptide mix-
tures were separated on a MagicC18AQ column (100 pwm x
150 mm, 3.0 pm particle size, 300 A, Michrom Bioresources)
with a flow rate of 500 nl/min. A linear gradient of 5-30% buf-
fer B in buffer A for 80 min, 30-95% buffer B in buffer A for
10 min, 95% buffer B and 5% buffer A for 4 min, and finally
decreasing to 5% buffer B in buffer A, was employed (buffer
A = 0.1% formic acid in 2% acetonitrile, buffer B = 0.1% for-
mic acid in 90% acetonitrile). Intact peptides were detected in
the Orbitrap at 60000 resolution. For LC-MS/MS analysis, 10
precursor ions were selected for subsequent MS/MS scans in a
data-dependent acquisition mode following each full scan (m/z,
450-1800). A lock mass function was used for the LTQ-Orbitrap
to obtain constant mass accuracy during gradient analysis.

Peptides and proteins were identified by means of an auto-
mated database search using Proteome Discoverer v.1.3 (Thermo
Fisher Scientific) with the MASCOT algorithm against the
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SwissProt protein database (version 2012_06, 536489 sequences).
Taxonomy was set to Homo sapiens (20312 entries). Search
parameters for peptide and MS/MS mass tolerance were 10 ppm
and 0.8 Da, respectively, with allowance for two missed cleavages
in the trypsin digest. Carbamidomethylation of cysteine was set
as a fixed modification and oxidation of methionines was allowed
as a variable modification. MASCOT results were filtered with
the integrated Percolator based filter using a false discovery rate
of <1% (based on PSMs).

Immunoblotting. The protein concentrations of samples were
determined using BCA Protein Assay Reagent (Pierce). Samples
containing equal amounts of protein were separated by SDS-
PAGE and transferred onto polyvinylidene fluoride membranes
(Millipore) in 0.1 M Tris base, 0.192 M glycine, and 20% (v/v)
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methanol using a semi-dry electrophoretic transfer cell (Bio-
Rad). The membranes were blocked with 5% (w/v) nonfat dried
milk in 0.1% (w/v) Tween 20/TBS (T-TBS) for at least 1 h at
room temperature, and then incubated with antibodies in the
blocking buffer at 4 °C overnight. After washing three times with
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T-TBS, the membranes were incubated with peroxidase-coupled
secondary antibodies in the blocking buffer at room tempera-
ture for 1 h. The membranes were then washed four times with
T-TBS and visualized using the ECL chemiluminescence system
(GE Healthcare).

Assay for cell retraction and detachment following EGTA
treatment. Cells were detached from dishes with PBS containing
0.025% trypsin and 1 mM EDTA, washed with DMEM, 0.5%
BSA, 10 mM HEPES-NaOH, pH 7.5, and resuspended in the
same medium. Cells were plated on 12-well plates coated with
5 nM laminin-511 and cultured for 2h30min. After washing
twice with PBS and then once with PBS, 1 mM EGTA, 1 mg/
ml glucose containing an inhibitor (Y-27632, blebbistatin or
dynasore), cells were treated with the same saline containing the
inhibitor at 37 °C for 15 min. Cells were fixed with 3.7% formal-
dehyde in PBS for 20 min at room temperature and then stained
with 0.1% toluidine blue. Stained cells were photographed under
a bright-field microscope (Olympus). To quantify the amounts
of cells remaining on substrates, the dye in the stained cells was
extracted with 0.5% (w/v) SDS and then subjected to colorimet-
ric measurement at 595 nm.

Immunofluorescence staining. A549 cells suspended in
DMEM, 0.5% BSA, 10 mM HEPES-NaOH, pH 7.4 were
plated on glass coverslips coated with 10 nM laminin-511. For
immunostaining of SAMs, cells were cultured for 2h30min
after plating. After washing twice with PBS and then once with
PBS, 1 mM EGTA, 1 mg/ml glucose, cells were treated with
the same saline containing EGTA at 37 °C for 15 min, and then
fixed with 3.7% formaldehyde in PBS. For immunostaining of
migrating cells, cells were cultured for 1 h after plating and
the medium was then changed to DMEM, 1% FBS, 10 mM
HEPES-NaOH, pH 7.4. Two hours after the medium change,
cells were fixed with 3.7% formaldehyde in PBS. After fixa-
tion, cells were permeabilized with 0.2% Brij 97 for 3 min and
blocked with PBS containing 2.5% (w/v) BSA. Cells were then
incubated with anti-CD9, anti-CD81, or anti-CD151 mouse
mADb at 4 °C overnight, followed by washing 3 times with PBS
and then incubation with Alexa 488-conjugated anti-mouse
IgG antibody at room temperature for 1 h. Actin filaments were
stained with rhodamine-conjugated phalloidin. Stained cells
were observed under a fluorescent microscope (Axiovert 200,
Zeiss).

Time-lapse microscopy. A549 cells suspended in DMEM,
0.5% BSA, 10 mM HEPES-NaOH, pH 7.4 were replated on
35-mm glass-bottom dishes coated with either laminin-511
(10 nM) or type I collagen (300 pg/ml). One hour after plat-
ing, the medium was changed to DMEM, 1% FBS, 10 mM
HEPES-NaOH, pH 7.4. Two hours after the medium change,
cell migration was monitored using an Axiovert 200 inverted
microscope (Zeiss). Video images were collected with a
CoolSNAP HQ CCD camera (Photometrics) at 30 sec inter-
vals for 30 min using SlideBook software (Intelligent Imaging
Innovations).

Scanning electron microscopy. A549 cells suspended in
DMEM, 0.5% BSA, 10 mM HEPES-NaOH, pH 7.4 were
replated on 35-mm dishes coated with either laminin-511 (5 nM)
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or type I collagen (300 p.g/ml), and cultured for 2h30min. After

washing twice with PBS and then once with PBS, 1 mM EGTA,
1 mg/ml glucose, cells were treated with the same saline contain-
ing EGTA at 37 °C for 15 min, and then fixed with 2% glutaral-
dehyde in 0.1 M sodium phosphate buffer (pH 7.4) at 4 °C. The
cells were postfixed in 2% osmium tetroxide solution at 4 °C.
The samples were dehydrated in a series of ethanol, immersed
in tert-butyl alcohol, freeze-dried, and coated with osmium. The
samples were examined with a scanning electron microscope

(JSM-6320F, JEOL).
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The gastrointestinal stromal tumor (GIST) is the most com-
mon mesenchymal tumor of the digestive tract, and is char-
acterized by expression of the KIT (CD117) and/or DOGI
proteins. Most GISTs have oncogenic KIT or PDFGRA muta-
tions, which is a key factor in sporadic GIST pathogenesis
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and proliferation.'™ This knowledge has facilitated the devel-
opment of targeted therapies with tyrosine kinase inhibitors
and led to the revolutionary treatment with imatinib mesylate
(Glivec®; Novartis Pharmaceuticals). Recent clinical trials
with advanced/unresectable GIST have shown that imatinib
produces objective responses in ~50% of patients, and dis-
ease stabilization (stable disease) in another 30-40%. The
corresponding 2-year overall survival rates range from 70 to
80%, indicating markedly improved patient outcomes com-
pared with anecdotal data from cytotoxic chemotherapy in
the preimatinib era.*"

Despite imatinib’s effectiveness, there remain several prob-
lems. First, GIST patients cannot stop taking the drug even if
complete response is obtained, because discontinuation inevi-
tably leads to reprogression and disease relapse.”® Second,
imatinib activity is limited by primary resistance to the drug
in ~15% of patients, and secondary resistance eventually
develops in more than 80% of patients.>® Secondary resist-
ance mainly occurs due to additional kinase domain muta-
tions, which are thought to develop in viable tumor cells
(persistent cells) during imatinib therapy. It is not yet known
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what mechanisms keep these persistent cells alive after shut-
down of KIT signaling by imatinib.

Phosphorylation of protein kinases in signaling pathways
is a key event in tumor cell survival and proliferation. Differ-
ential phosphoprotein analysis may provide clues to alterna-
tively activated pathways and/or substituted kinases that may
be activated after inhibition of main pathways, such as KIT.'®
Recent advances in mass spectrometry-based phosphoproteo-
mics enable extensive profiling of serine-threonine kinases,
while tyrosine kinase analysis has remained challenging in
terms of quantity and quality. However, a recent method
coupling peptide-level antiphosphotyrosine immunoaffinity
purification with liquid chromatography (LC)-tandem mass
spectrometry (MS/MS) has provided reasonable profiling for
tyrosine phosphorylation."’

In the present study, we quantitatively measured the phos-
phoproteomic alterations induced by imatinib in a GIST-T1
cell line. We also examined the roles of some tyrosine kinases
that were activated in persistent tumor cells after imatinib
exposure.

Material and Metheds

Cell lines

We previously established the human GIST cell line GIST-
T1, which has a 57-nucleotide (V570-Y578) in-frame deletion
in KIT exon 11."2 The cell line identity was confirmed by
DNA fingerprinting through short tandem repeat profiling,
as previously described.”” GIST-T1-R was established from
GIST-T1 as an imatinib-resistant clone that arose from con-
tinuous culturing in 5 pM imatinib. The GIST-T1-R cells
GIST-T1-R2 and GIST-T1-R8 each exhibit imatinib ICs, val-
ues of ~30 uM, which is ~1000 times that of the GIST-T1
parent.

Reagents and antibodies

Imatinib and TAG372—selective tyrosine kinase inhibitors
for KIT and focal adhesion kinase (FAK), respectively—were
synthesized and provided by Novartis Pharmaceuticals (Basel,
Switzerland). The following primary antibodies were used:
anti-phospho-Src Family (Tyr416) (1:1000), anti-phospho-
ERK and anti-ERK from Cell Signaling Technology (Danvers,
MA); anti-GAPDH from Santa Cruz Biotechnology (Santa
Cruz, CA); anti-phospho-FAK (Tyr397) from Biosource
(Camarillo, CA); anti-FAK from BD Transduction

Kinase switch in gastrointestinal stromal tumor under imatinib
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Laboratories (San Jose, CA) and anti-phosphotyrosine (clone
4G10) from Upstate Biotechnology (Lake Placid, NY).
Detailed immunoprecipitation information is provided in the
Supporting Information Materials and Methods section.

Peptide synthesis

A tyrosine-phosphorylated peptide (NVPLyK) derived from a
trypsinized peptide sequence of yeast alpha-enolase was syn-
thesized at Sigma Aldrich (Milwaukee, WI) using standard
solid-phase peptide synthesis techniques and Fmoc chemistry.

Phosphopeptide immunoprecipitation

GIST-T1 cells were treated with 400 nM of imatinib for 0, 1,
6 and 24 hr. Tyrosine-phosphorylated peptides were purified
using Cell Signaling PhosphoScan pTyrl00 Kits (Beverly,
MA) following the manufacturer’s instructions with minor
modification. Detailed information is provided in the Sup-
porting Information Materials and Methods section.

iTRAQ labeling

After immunoprecipitation, peptides were dissolved in 9.8 M
Urea (5 pL) and 1 M TEAB (20 pL). Following the manufac-
turer’s protocol (Applied Biosystems, Foster City, CA), the
samples were labeled with the isobaric tags for relative and
absolute quantitation (iTRAQ) reagents as follows: GIST-T1
with reagent 114 (0 hr), GIST-T1 with reagent 115 (1 hr),
GIST-T1 with reagent 116 (6 hr) and GIST-T1 with reagent
117 (24 hr). The labeled peptide samples were then pooled
and desalted with Sep-Pak Light C18 Cartridges, and the
peptides were dried in a SpeedVac. The labeled peptide mix-
tures were purified and fractionated into 14 fractions
using strong cation exchange fractionation, as previously
described."

Quantitative mass spectrometric analysis

Nano LC-MS/MS analysis and iTRAQ data analysis were per-
formed as described in the Supporting Information Materials
and Methods section.

Small interfering RNA transfection

Commercial FAK small interfering RNA (siRNA) and non-
specific siRNA were obtained from QIAGEN. Cells were
transfected with siRNA using Lipofectamine 2000 reagent
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(Invitrogen) following the manufacturer’s instructions. Selec-
tive silencing of FAK was confirmed by western blot analysis.

Generation of FYN knockdown cells

To generate stable FYN knockdown cell lines, GIST-T1 cells
were transfected with a commercial plasmid containing an anti-
FYN short hairpin RNA (shRNA Fyn, plasmid KHO00147N;
SABiosciences [Qiagen], Frederick, MD) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. The correctly transfected and expressing
cells were selected with 600 pg/mL G418 (Invitrogen). Stable
clones were maintained in 250 pg/mL G418. Three stable
GIST-T1-FYN shRNA cell lines were established, designated
Bl1, B2 and B3 cells. We also established a control cell line of
GIST-T1 stably transfected with the empty vector, which we
designated GIST-T1-C.

Measurement of ICs, after imatinib treatment

Cells were seeded in 96-well plates at 2000 cells/well (Costar;
Corning, Corning, NY) for 24 hr and then exposed to various
concentrations (0-40 pM) of imatinib for 72 hr. Cell prolifera-
tion was evaluated with the WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium  salt] assay (Cell Counting Kit-SF; Nacalai
Tesque) at the indicated post-treatment times. A microplate
reader Model 680 (Bio-Rad Laboratories, Hercules, CA) was
used to measure WST-8 absorption at a wavelength of 450 nm
with a reference wavelength of 630 nm. Growth rate was
expressed as the percentage of absorbance for treated cells vs.
control cells. Experiments were performed in triplicate in two
independent experiments, and the presented values are the
averages of all six wells.

Apoptosis assay

GIST-T1 cells were seeded in 6-well plates at a density of
3 X 10° cells per well and treated with imatinib and/or
TAG372 for 2 days. The cells were then washed with PBS,
and caspase-3 activity was detected using the caspase-3 fluo-
rometric assay kit (R&D systems, Minneapolis, MN) follow-
ing the manufacturer’s instructions. The presented values are
the means of three independent experiments.

Statistical analysis

Statistical analyses were performed using the Mann-Whitney
U-test or one-way analysis of variance (ANOVA), followed
by Scheffe’s test. One-way ANOVA followed by Dunnett’s
test was used for multiple comparisons.

Results

Quantitative phosphotyrosine proteomic analysis identifies
upregulation of FYN and FAK in imatinib-exposed GIST-T1
cells

GIST-T1 cells that possessed the activating mutation in exon
11 of KIT are sensitive to imatinib, with a K; value for imati-
nib of 20 nM. Time-dependent decreases in the tyrosine

Int. ). Cancer: 00, 00-00 (2013) © 2013 UICC

phosphorylation of KIT were observed when GIST-T1 cells
were treated with 400 nM imatinib for 0, 1, 6 and 24 hr
(Fig. 1a). These time-points were used for subsequent MS
analysis, with 0 hr used as a control.

By utilizing immunoaffinity enrichment of phosphotyro-
sine peptides with quantitative phosphoproteomic analysis
using iTRAQ technology combined with nano LC-MS/MS
analysis, we identified 171 tyrosine phosphorylation sites
spanning 134 proteins (Supporting Information Table S1).
After imatinib treatment, a total of 11 phosphotyrosine sites
spanning 11 proteins exhibited increases of >1.5-fold and 21
phosphotyrosine sites spanning 15 proteins showed decreases
of <0.3-fold (Table 1). As a representative protein, we con-
firmed a dramatic decrease in the tyrosine phosphorylation
levels of the KIT protein (Y609, Y703, Y747, Y823 and
Y936). In contrast, imatinib induced increased phosphoryla-
tion of FYN (Y420) and FAK (Y576). Phosphorylation of
FYN (Y420) upregulates tyrosine kinase activities, and phos-
phorylation of FAK (Y576) is critical for its maximal catalytic
activity.

To validate these results obtained from iTRAQ analysis,
we further examined the tyrosine phosphorylation of FYN
and FAK using western blotting. As shown in iTRAQ analy-
sis, western blotting confirmed that FYN (Y420) and FAK
(Y576) were time dependently phosphorylated (Figs. 1b and
2¢). When tyrosine phosphorylation in the activation loop
was measured for other Src family kinases, we found that
imatinib treatment did not increase tyrosine phosphorylation
of SRC, LYN, LCK or YES (Fig. 1b).

Inhibition of FYN or FAK enhances imatinib sensitivity of
GIST-T1 cells

To examine the functions of FYN in GIST-T1 cells exposed
to imatinib, FYN expression was stably suppressed using a
FYN shRNA plasmid. We cloned and established GIST-T1
B1, B2 and B3 cells, as well as GIST-T1 C cells transfected
with empty vector as a control (Fig. 1d). Compared with
GIST-T1 C cells, the FYN knockdown cell lines showed
significantly decreased ICsy values for imatinib (p < 0.05;
Fig. 1d).

We also examined the role of FAK activation in imatinib
treatment. We repressed FAK expression using siRNA, and
we used a FAK inhibitor (TAG372) to inhibit FAK phospho-
rylation. Transfection of FAK siRNA reduced ICs, values for
imatinib (p < 0.05; Fig. le). When used with imatinib,
TAG372 further decreased cell survival in a dose-dependent
manner (Fig. 1f).

Inhibition of FAK improves imatinib sensitivity in GIST-T1-R
cells

Next, we examined FAK activation in imatinib-resistant cell
lines established from GIST-T1 cells. Eight imatinib-resistant
cell lines were established by incubation of GIST-T1 cells with
imatinib of gradually increased concentrations. Constitutive
phosphorylation of FAK was observed in two imatinib-resistant
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Figure 1. (@) Altered tyrosine phosphorylation levels detected by iTRAQ analysis were confirmed by western blotting. Imatinib treatment led
to reduced phosphotyrosine levels. (b) Imatinib treatment changed SRC family kinase phosphorylation levels. {¢) iTRAQ analysis showed that
FYN (Y420) and FAK (Y576) exhibited similar tyrosine phosphorylation. (d) Compared with in GIST-T1 C cells, the 1C5q for imatinib was signifi-
cantly reduced in all FYN knockdown GIST-T1 cells (B1, B2 and B3). (¢) The ICsq for imatinib was reduced in GIST-T1 cells that were trans-
fected with FAK siRNA. () WST-8 assay showed the cell viability with imatinib and TAG372 treatment. Data are presented as means = SD.
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Table 1. Phosphotyrosme pept!des that were |ncreased or decreased by rmatmlb treatment as quantified by iTRAQ analysis®

‘~Accessson Number Sequence - Descrlptlon o site 1 hr/0 hr? 6 hr/oh® 24 hr/0 hr?
Greater than 1 5- fold increase of phosphorylated pep’nde at 24 hr compared with 0 hr

P06241  LIEDNEYTAR - rotein kinase Fyn . YA20 0845 2365 3641
'P15880 AFVAIGDYNGHVGLGVK 405 ribosomal protein 52 Y133 2 o 2.443

000401 VIYDFEK  Newnl WiskottAldrich syndrome Y256 0. -

1.726
1.667

Q9623 MLGEALSKNPGY[K Prohibitin-2 ‘ Y248 1.446
P62829 NLYIISVK . smal pr ' Y8 2138 134

P18433 WQEYIDAFSDYANFK Receptor-type tyrosine-protein Y791 1.245
phosphatase a\pha

Y64

Pl “FDTQYPYGEK o R

Q05397 YMEDSTWK Y570 1.043 0893  1.606
AGNI28  LDTASSNGYQRPGSVVAAK F ; e o g
P08758 LYDAYELK ©oYou 1043 1399 1581
P18669  HYGGLTGLNK . e o

IGSYIER

‘ SENEDIYYK
LQEVHSQYQEK

P10721 QEDHAEAALYK

 QISESTNHIVSNLAN

Qo796 RDNEVDGQDYHFVVSR' Disks large homolog 3~ Y673  0.556
QoAs STWELR ~ Anoctamin- . L 0
Q00535 IGEGTYGTVFK Y15
{'Q064_, - i , ’ g _{: ‘V:g"\/f‘z‘sjsyg‘/"
095297 INKSESVVYADIR Myelin protem zero- llke protem 1 Y263
Q969M3 ~ QVAGYDYSQQGR _‘Protem VIPES v
0149'64’ WQDTYQIMK ’ Hepatocyte growth factor regulated ' Y132 '
tyrosine kmase substrate

095207  SESVWYADR e

Q92569 VQAEDLLYGKPDGAFLIR Phosphatldylmosrtol 3 klnase regula Y373
tory subumt gamma

096000

P16333

P10721 DIKNDSNYVVK Mast/stem cell growth factor receptor Y823
Kit
R

The full list is provided in Supporting Information Table 1.

2The ratio of peptide derived from the iTRAQ reporter ion, as determined by iTRAQ analysis; 1 hr/0 hr, 6 hr/0 hr and 24 hr/0 hr refer, respectively,
to the value of each peptide at 1, 6 and 24 hr divided by the value of that peptide at 0 hr.

A 0-hr value of 0 (i.e. below background) and a positive value at 1, 6 or 24 hr.

“A 0-hr positive value and a value of 0 (i.e. below background) at 1, 6 or 24 hr.
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GIST-T1 cell lines (GIST-T1-R2 and GIST-T1-R8), which had
imatinib 1Csq values of 30 uM, ~1000 times that of the GIST-
T1 parent cells (Fig. 2a). TAG372 dose dependently inhibited
FAK phosphorylation in GIST-T1-R2 (Fig. 2b), and signifi-
cantly reduced the imatinib ICs values when both drugs were
used (Fig. 2c). Moreover, TAG372 induced apoptosis in GIST-
T1-R2 (Fig. 2d). These results indicate that imatinib treatment
induced activation of FYN and FAK in persistent GIST-T1 cells
and was associated with imatinib insensitivity and resistance.

Discussion

Imatinib is a selective tyrosine kinase inhibitor of KIT,
PDGFRA, ABL/BCR-ABL and CSF-1R, which was first used
to treat GIST in 2000. Since then, it has been a standard
treatment for advanced and/or recurrent GISTs.® Patients
with advanced GIST usually respond to imatinib; however,
most patients eventually experience disease progression with
the reactivation of KIT tyrosine kinase and its downstream
signaling pathways.'*'® Although imatinib has high activity
against GISTs, it cannot achieve complete eradication of
tumor cells in vivo or in vitro. Results of the BFR14 trial
showed that stopping imatinib treatment, even after complete
response, resulted in disease progression or recurrence.”® In
chronic myelogenous leukemia (CML), mathematical models
have indicated that secondary mutations might emerge after

GIST-T1 T1-R2 T1-R8
FAK pY397
FAK
GAPDH

40 -
30 g

20 -

imatinib 1Csg (1)

10 -

0

TAG372 (M) 0 250 500 1000

Figure 2. (a) Constitutive phosphorylation of FAK was observed in GIST-T1-R cells (GIST-T1-R2 and GIST-T1-R8). (b) Constitutive phosphoryla-

Kinase switch in gastrointestinal stromal tumor under imatinib

imatinib therapy;'® therefore, residual tumor cells may also
be a predisposing factor for acquired resistance to imatinib in
GIST.

To quantitate the alteration of tyrosine phosphorylation
levels induced by imatinib, we established quantitative tyro-
sine phosphoproteomic analysis. Using this technology, we
identified 171 different tyrosine phosphorylation sites in 134
proteins of GIST-T1 cells. As we were searching for alterna-
tive pathways that were activated after inhibition of KIT sig-
naling by imatinib, we pursued tyrosine kinases with
increased tyrosine phosphorylation. Our comprehensive
measures indicated that 11 tyrosine kinases exhibited tyrosine
phosphorylation increases of greater than 1.5-fold (Table 1).
The findings of the phosphoproteomic analysis were confirmed
by western blotting showing the tyrosine-phosphorylation of
KIT, FAK and other src-family kinases. SRC and LYN are
reportedly phosphorylated and activated in GIST after imatinib
treatment;'® however, in the phosphoproteomic and western
blotting analyses in the present study, we did not detect activa-
tion of SRC, LYN, YES, Lck or any other Src family kinases,
except for FYN and FAK. Activation of FYN and FAK is
reportedly involved in tumor proliferation and malignant
transformation.'”~%°

FYN appears to participate in cell growth and survival,
acting downstream of integrin and PI3K.'”*' Although the

TAG372
50 100 250 500 1000 (n)
. FAK pY397

FAK

p<0.01

0
TAG3T2 (500 nk)  _
Imatinib (10 M) 4 +

tion of FAK was observed in imatinib-resistant GIST-T1 cells (GIST-T1-R2), and TAG372 dose dependently inhibited this phosphorylation. (¢)
TAG372 reduced the ICsq of imatinib and induced apoptosis in GIST-T1-R2 cells. (d) TAG372 induced apoptosis in GIST-T1-R2 cells. Data

are presented as means = SD.
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shRNA silencing of FYN induced additional cell death in
GIST-T1 cells during imatinib treatment, dasatinib (a SRC
family kinase inhibitor) had no effect in combination with
imatinib (data not shown). These results suggest the involve-
ment of FYN in alternative survival signaling pathways.

FAK is also a nonreceptor tyrosine kinase that is acti-
vated through autophosphorylation at Tyr’”” by integrin and
growth factor receptors; this is followed by subsequent acti-
vation of other functional phosphorylation sites to transduce
the signals to downstream pathways***®> FAK is reportedly
overexpressed in malignant GISTs and correlated with recur-
rence.”® Furthermore, FAK phosphorylation is associated
with imatinib-resistance of a KIT exon 17 mutation, but not
exon 11 mutation.”® This imatinib-resistance was diminished
by TAE226, which inhibits FAK and insulin-like growth
factor-1 receptor. Our findings showed that imatinib
induced time-dependent FAK activation in GIST-T1 cells
with an imatinib-sensitive mutation of KIT exon 11. More-
over, FAK inhibition using either a FAK-specific TAG372
inhibitor or siRNA decreased the viability of GIST-T1 cells
under imatinib treatment. TAG372 also induced apoptosis
in imatinib-resistant cell lines with FAK activation. Taken
together, it appears that FAK activation may be a critical
survival signal of GIST cells under imatinib treatment, and
targeting FAK with imatinib may be a promising therapeutic
approach.

When imatinib was removed, KIT was quickly rephos-
phorylated, and FYN and FAK were simultaneously dephos-
phorylated (data not shown), suggesting that alternative
pathway activation is functional during imatinib treatment,
and may not be accompanied with qualitative changes, such
as new mutations. FYN inhibition was accompanied with a
subsequent lack of FAK activation, while FAK inhibition
resulted in increased FYN phosphorylation, thus indicating
that FYN acted upstream of FAK. However, the critical
changes that induce FYN activation and subsequent FAK
phosphorylation remain unknown. Additional studies are
required to elucidate the FYN activation mechanisms and the
alternative pathways induced by imatinib, as well as their
association with acquired drug resistance.

In summary, here we found that imatinib induced
increased tyrosine phosphorylation of FYN and FAK in
GIST-T1 cells. Blockade of these tyrosine kinases might be a
potential target to overcome imatinib resistance. Additionally,
iTRAQ-based quantitative phosphotyrosine-focused proteo-
mic analysis appears to be a useful approach to screening for
phosphoproteins associated with drug resistance.

Acknowledgments

This study was partly supported by grants from Novartis Pharmaceuticals.
Conflict of interest: N.T. has honoraria to disclose from the Novatis, Pfizer
and Bayer within past 2 years.

] Clin Oncol 2007;25:1107-13.
Le Cesne A, Ray-Coquard I, Bui BN, et al.
Discontinuation of imatinib in patients with

Int. J. Cancer: 00, 00-00 (2013) © 2013 UICC

resistance to imatinib in gastrointestinal stromal
tumor occurs through secondary gene mutation.
Clin Cancer Res 2005;11:4182-90.

— 136 —

References
Hirota S, Isozaki K, Moriyama Y, et al. Gain-of- advanced gastrointestinal stromal tumours after 16. Michor F, Hughes TP, Iwasa Y, et al. Dynamics
function mutations of c-kit in human gastrointes- 3 years of treatment: an open-label multicentre of chronic myeloid leukaemia. Nature 2005;435:
tinal stromal tumors. Science 1998;279:577-80. randomised phase 3 trial. Lancet Oncol 2010;11: 1267-70.
Nishida T, Hirota S, Taniguchi M, et al. Familial 942-9. 17. Timokhina I, Kissel H, Stella G, et al. Kit
gastrointestinal stromal tumours with germline 9. Nishida T, Shirao K, Sawaki A, et al. Efficacy and signaling through PI 3-kinase and Src kinase
mutation of the kit gene. Nat Genet 1998;19: safety profile of imatinib mesylate (ST1571) in pathways: an essential role for Racl and JNK
323-4. Japanese patients with advanced gastrointestinal activation in mast cell proliferation. EMBO ]
Hirota S, Ohashi A, Nishida T, et al. Gain-of- stromal tumors: a phase II study (STI571B1202). 1998;17:6250-62.
function mutation of platelet-derived growth fac- Int J Clin Oncol 2008;13:244-51. 18. Rossi F, Yozgat Y, de Stanchina E, et al. Imatinib
tor receptor agene in gastrtointestinal stromal 10. Mann M, Ong SE, Grenborg M, et al. Analysis of upregulates compensatory integrin signaling in a
tumors. Gastroenterology 2003;125:660-7. protein phosphorylation using mass spectrometry: mouse model of gastrointestinal stromal tumor
Verweij ], Casali PG, Zalcberg J, et al. deciphering the phosphoproteome. Trends and is more effective when combined with
Progression-free survival in gastrointestinal Biotechnol 2002;20:261-8. dasatinib. Mol Cancer Res 2010;8:1271-83.
stromal tumours with high-dose imatinib: rando- 11. Rush J, Moritz A, Lee KA, et al. Immunoaffinity 19. Koon N, Schneider-Stock R, Sarlomo-Rikala M,
mised trial. Lancet 2004;364:1127-34. profiling of tyrosine phosphorylation in cancer et al. Molecular targets for tumour progression in
Blanke CD, Rankin C, Demetri GD, et al. Phase cells. Nat Biotechnol 2005;23:94-101. gastrointestinal stromal tumours. Gut 2004;53:
11 randomized, intergroup trial assessing 12. Taguchi T, Sonobe H, Toyonaga S, et al. 235-40.
imatinib mesylate at two dose levels in patients Conventional and molecular cytogenetic 20. Sakurama K, Noma K, Takaoka M, et al.
with unresectable or metastatic gastrointestinal characterization of a new human cell line, GIST- Inhibition of focal adhesion kinase as a potential
stromal tumors expressing the kit receptor T1, established from gastrointestinal stromal therapeutic strategy for imatinib-resistant gastro-
tyrosine kinase: S0033. J Clin Oncol 2008;26: tumor. Lab Invest 2002;82:663-5. intestinal stromal tumor. Mol Cancer Ther 2009;
626-32. 13. Yokoyama T, Enomoto T, Serada §, et al. Plasma 8:127-34.
Demetri GD, von Mehren M, Blanke CD, et al. membrane proteomics identifies bone marrow 21. Linnekin D, DeBerry CS, Mou S. Lyn associates
Efficacy and safety of imatinib mesylate in stromal antigen 2 as a potential therapeutic target with the juxtamembrane region of ¢-Kit and is
advanced gastrointestinal stromal tumors. N Engl in endometrial cancer. Int ] Cancer 2013;132: activated by stem cell factor in hematopoietic cell
] Med 2002;347:472-80. 472-84. lines and normal progenitor cells. J Biol Chem
Blay JY, Le Cesne A, Ray-Coquard 1, et al. 14. Nishida T, Kanda T, Nishitani A, et al. 1997,272:2745-55.
Prospective multicentric randomized phase III Secondary mutations in the kinase domain of the ~ 22. Serrels A, McLeod K, Canel M, et al. The role of
study of imatinib in patients with advanced KIT gene are predominant in imatinib-resistant focal adhesion kinase catalytic activity on the
gastrointestinal stromal tumors comparing gastrointestinal stromal tumor. Cancer Sci 2008; proliferation and migration of squamous cell
interruption versus continuation of treatment 99:799-804. carcinoma cells. Int ] Cancer 2012;131:287-97.
beyond 1 year: the French Sarcoma Group. 15. Antonescu CR, Besmer P, Guo T, et al. Acquired 23. Cox BD, Natarajan M, Stettner MR, et al. New

concepts regarding focal adhesion kinase
promotion of cell migration and proliferation.
J Cell Biochem 2006;99:35-52.




CD134 is a cellular receptor specific for human

herpesvirus-6B entry

Huamin Tang®P, Satoshi Serada®, Akiko Kawabata®®, Megumi Ota®®, Emi Hayashi®, Tetsuji Naka®, Koichi Yamanishi®,

and Yasuko Mori®?’

®Division of Clinical Virology, Center for Infectious Diseases, Kobe University Graduate School of Medicine, Kobe 650-0017, Japan; and Laboratories of
®Virology and Vaccinology and “immune Signal, Division of Biomedical Research, “National Institute of Biomedical Innovation, Osaka 567-0085, Japan

Edited* by Bernard Roizman, University of Chicago, Chicago, IL, and approved April 24, 2013 (received for review March 20, 2013)

Human herpesvirus-6B (HHV-6B) is a T lymphotropic $-herpesvirus
that is clearly distinct from human herpesvirus-6A (HHV-6A) accord-
ing to molecular biological features. The International Committee
on Taxonomy of Viruses recently classified HHV-6B as a separate
species. The primary HHV-6B infection causes exanthem subitum
and is sometimes associated with severe encephalopathy. More
than 90% of the general population is infected with HHV-6B during
childhood, and the virus remains throughout life as a latent infec-
tion. HHV-6B reactivation causes encephalitis in immunosuppressed
patients. The cellular receptor for HHV-6A entry was identified as
human CD46, but the receptor for HHV-6B has not been clear. Here
we found that CD134, a member of the TNF receptor superfamily,
functions as a specific entry receptor for HHV-6B. A T-cell line that is
normally nonpermissive for HHV-6B infection became highly sus-
ceptible to infection when CD134 was overexpressed. CD134 was
down-regulated in HHV-6B~infected T cells. Soluble CD134 inter-
acted with the HHV-6B glycoprotein complex that serves as a viral
ligand for cellular receptor, which inhibited HHV-6B but not HHV-6A
infection in target cells. The identification of CD134 as an HHV-6B
specific entry receptor provides important insight into understand-
ing HHV-6B entry and its pathogenesis.
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Human herpesvirus-6B (HHV-6B) is a T lymphotropic p-her-
pesvirus (1) and is clearly distinct from human herpesvirus-6A
(HHV-6A) according to their genetic and antigenic differences and
their cell tropism (2-5). Recently the International Committee on
Taxonomy of Viruses classified HHV-6B as a separate species.

The primary HHV-6B infection causes exanthem subitum (6)
and is sometimes associated with severe encephalopathy, whereas
the diseases caused by HHV-6A are still unknown. More than
90% of the general population is infected with HHV-6B during
childhood, and the virus remains throughout life as a latent in-
fection (7). HHV-6B reactivation causes encephalitis in immu-
nosuppressed patients. HHV-6B reactivation is also associated
with drug-induced hypersensitivity syndrome, and recent studies
have suggested that it could be related to the severity of this
disease (8, 9).

HHV-6A can infect a broader variety of human cells than
HHV-6B (10), although the homology between HHV-6A and
-6B is almost 90% over their entire genome (11-13). Human
CD46 has been shown to be a cellular receptor of HHV-6 (14),
and its viral ligand is a glycoprotein (g) complex made up of viral
glycoprotein H (gH)/glycoprotein L (gL)/glycoprotein Q1 (gQ1)/
glycoprotein Q2 (gQ2) (15). However, the HHV-6A gH/gl /gQ1/
£Q2 complex binds to its human cellular receptor, CD46, whereas
the corresponding complex of HHV-6B does not bind to it
(10, 15). Moreover, anti-CD46 antibody does not block HHV-6B
infection into the cells, whereas it does HHV-6A infection, in-
dicating that the cellular receptor exists specific for HHV-6B
infection. Because HHV-6B remains as a lifelong latent infection
in more than 90% of the population and causes severe disease, it
is important to identify its specific cellular receptor.

www.pnas.org/cgi/doi/10.1073/pnas. 1305187110

Here we show that CD134, a member of the TNF receptor
superfamily, functions as a specific entry receptor for HHV-6B.
A T-cell line that is normally nonpermissive for HHV-6B in-
fection became highly susceptible to infection when CD134 was
overexpressed. CD134 was down-regulated in HHV-6B~infected
T cells. Soluble CD134 interacted with the HHV-6B glycoprotein
complex that serves as a viral ligand, which inhibited HHV-6B
but not HHV-6A infection in target cells. The identification of
CD134 as an HHV-6B entry receptor provides important insight
into understanding HHV-6B entry and its pathogenesis and for
finding new targets for antiviral drug development.

Results

Construction of Soluble Glycoprotein Complex That Is a Viral Ligand
for the Cellular Receptor. To search for candidate molecules for
the HHV-6B receptor, we first prepared a soluble form of the
HHYV-6A or -6B gH/gl/gQ1/gQ2 complex, which is expressed on
the viral envelope and acts as a viral ligand for the cellular re-
ceptor (15). One component of the complex, gH, is a type I
membrane protein that retains the other molecules, gQ1, gQ2,
and gL, on the membrane through its interaction with them.
Therefore, to prepare the soluble gH/gl/gQ1/gQ2 complex, the
transmembrane domain and cytoplasmic tail of gH were re-
moved, and the ectodomain of gH was fused in-frame with Fc
(the fragment crystallizable region of the human IgG1 antibody)
and a His tag. The production of the soluble complex was con-
firmed by immunoblot analysis using antibodies for each com-
ponent of the complex (Fig. S14). Notably, the soluble HHV-6B
gH/gl/gQ1/gQ2 complex efficiently bound to the Molt-3 cell
line, which is permissive for HHV-6B infection (Fig. SiB),
whereas it bound poorly to the SupT1 cell line, which is non-
permissive (Fig. S1B). In contrast, the soluble HHV-6A gH/gl/
£Q1/gQ2 complex bound to both the Molt-3 and SupT1 cell lines
(Fig. S1B), which both express CD46 on their cell surface.

Identification of Cellular Receptor Specific for HHV-6B. Next, to
identify the cellular receptor for HHV-6B, we performed pull-
down assays using the soluble HHV-6A or -6B gH/gl/gQ1/gQ2
complex and lysates of surface-biotinylated Molt-3 cells. As
expected, the molecular masses of the streptavidin-labeled bands
differed between HHV-6A and -6B (Fig. 14). The band detected
in the HHV-6A sample seemed to correspond to CD46, but the
band in the HHV-6B sample did not (Fig. 14). The corre-
sponding band detected by silver staining was excised from the
gel and subjected to LC-MS/MS analysis. The results identified
CD134 as a candidate receptor molecule for HHV-6B.
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