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The Membrane-Proximal KXGFFKR Motif of a-Integrin Mediates

Chemoresistance
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Cell adhesion-mediated drug resistance contributes to minimal residual disease and relapse in hematological malignancies.
Here, we show that adhesion of Jurkat T-acute lymphoblastic leukemia cells to substrates engaging a4 1-integrin or a5 1-in-
tegrin promotes chemoresistance to doxorubicin-induced apoptosis. Reconstituted expression of a49, a truncated a4-integrin
with KXGFFKR as the cytoplasmic motif, in a4-deficient cells promoted chemoresistance to doxorubicin in a manner indepen-
dent of a4-mediated adhesion. The adhesion-independent chemoresistance did not require [31-integrin as the heterodimeric
pair, since expression of Tacd, a monomeric nonintegrin transmembrane protein fused to the juxtamembrane KXGFFKR, was
sufficient to reproduce the phenomenon. The requirement for integrin-mediated adhesion in stimulation of Akt phosphoryla-
tion and activation was bypassed for cells expressing a46 and Tacd. Cells expressing a4 and Tacd exhibited a high influx of
extracellular Ca®*, and inhibition of Ca®>* channels with verapamil attenuated the adhesion-independent chemoresistance. Tacd
cells also exhibited greater rates of drug efflux. ®43 and Tacd interacted with the Ca®>*-binding protein calreticulin, in a manner
dependent on the KXGFFKR motif. Adhesion-mediated engagement of a4-integrins promoted an increased calreticulin-a4 as-
sociation and greater influx of extracellular Ca®* than in nonadherent cells. The a-integrin KXGFFKR motif is involved in adhe-

sion-mediated control of chemoresistance in T cells.

Acquired chemoresistance is a significant contributor to mini-
mal residual disease and treatment relapse in hematological
malignancies (1, 2). Multiple studies have implicated the role of an
integrin-substratum ligand interaction in promotion of tumor
cell prosurvival signaling and chemoresistance, a process termed
cell adhesion-mediated drug resistance (CAM-DR) (3-9). These
processes are deemed to occur in hematopoietic niches, such as
the bone marrow stroma, where tumor cell interactions with mi-
croenvironmental factors, including adhesion, promote their sur-
vival and potentiate minimal residual disease following chemo-
therapy (10).

Integrins are heterodimeric cell adhesion receptors that consist
of a- and B-subunits; their extracellular domains mediate cell
attachment to extracellular matrix proteins or cell adhesion mol-
ecules, and their cytoplasmic domains couple signaling and link-
age with the cytoskeleton (11, 12). The a4-integrins are highly
expressed in leukocytes and play critical roles in their recruitment
and trafficking to hematopoietic niches (13). Cell adhesion medi-
ated via a4-integrins also contributes to chemoresistance (3, 4, 9),
which can be overcome by neutralization of the extracellular a4-
integrin—substrate interactions (5, 14-16). However, adhesion via
integrins other than a4 that are expressed by lymphocytes also
contributes to chemoresistance (68, 17), suggesting a common
regulatory mechanism governed by integrin-mediated adhesion
as the chemoprotective switch. The adhesion-mediated chemore-
sistance is often attributed to B 1-integrin-mediated stimulation of
Akt activity and subsequent regulation of prosurvival signaling (3,
18, 19).

By comparison, the contribution of a-integrins in chemoresis-
tance and prosurvival signaling remains little characterized. The
cytoplasmic domains of a-integrins share few sequence similari-
ties, with the exception of the highly conserved membrane-prox-
imal KXGFFKR motif (11). This motif is required to maintain the
a-B-integrin heterodimer by forming a salt bridge with its B-cy-
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toplasmic domain counterpart (11, 20). The KXGFFKR motif also
mediates interactions with proteins that regulate various aspects
of integrin function, including sharpin (21), MDGI (22), Mss4
(23), CIB (24), and calreticulin (25). The role for these interac-
tions in regulating CAM-DR remains to be characterized, but
their likely role is implicated since they modulate aspects of integ-
rin-mediated adhesion.

The a4-cytoplasmic domain interacts with several proteins,
including paxillin (26), type I protein kinase A (PKA) (27), and
nonmuscle myosin ITA (28), to regulate cell spreading and migra-
tion. These interactions are specific to a4-integrin, as supported
by mutational analyses that implicated sequences C-terminal of
the KXGFFKR motif that are unique to a4-integrin. Given that
these interactions modulate a4-dependent adhesion, we under-
took this study to investigate the requirement of the a4-integrin
cytoplasmic domain in regulation of a4-dependent CAM-DR in a
T cell model for acute lymphoblastic leukemia (ALL). We found
that engagement of different integrins in Jurkat T-ALL cells
equally promoted CAM-DR. Expression of a truncated a4-integ-
rin with only KXGFFKR as the cytoplasmic motif resulted in a
chemoresistant cell line that bypassed the requirement for cell
adhesion. Further characterization revealed that several signaling
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events normally requiring adhesion as the trigger are constitu-
tively activated by cells expressing the juxtamembrane KXGFFKR.
Thus, a-integrin KXGFFKR-mediated interactions constitute a
common regulatory mechanism with the potential to impact pro-
survival signaling and tumor cell chemoresistance.

MATERIALS AND METHODS

Cells. Jurkat T cells were obtained from the American Type Culture Col-
lection. JB4 is a Jurkat derivative lacking a4-integrin expression and has
been described previously (29). Cells were cultured at 37°C, 5% CO, in
complete RPMI (RPMI 1640 supplemented with 10% fetal bovine serum
[EBS; Sigma-Aldrich], L-glutamine, penicillin-streptomycin, and nones-
sential amino acids [Invitrogen]). Cell transfections were performed us-
ing an Amaxa nucleofection kit V (Lonza) and selected accordingly for
hygromycin or G418 (Invitrogen) resistance. Cells stably expressing the
desired receptor levels were sorted to homogeneity following surface im-
munolabeling with antibodies.

Plasmids. The truncated a43-integrin corresponding to human o4
amino acids 1 to 1007 was amplified by PCR using primers, adding a stop
codon following the KAGFFKR sequence, and subcloning into pcDNA3.1
(Invitrogen). Tacd was cloned as a fusion of Tac (human CD25 amino
acids 1 to 263) to KLGFFKR encoded by double-stranded oligonucleo-
tides. For Tacd*”, the oligonucleotides encoded KLRFGFK. Expression
plasmids for full-length a4-integrin and the Tac epitope were gifts from
Mark Ginsberg (UCSD).

Recombinant proteins and fibronectin. Glutathione S-transferase
(GST)-tagged proteins were purified from BL21 Escherichia coli lysates by
affinity chromatography through glutathione-Sepharose (GE Healthcare)
according to the manufacturer’s instructions. GST-CS1 and GST-Fn9.11
are GST fusions to the fibronectin CS1 region (30) and repeats 9 to 11
(31), respectively. Expression vectors for GST-KLGFFKR and GST-KLR
FGFK proteins were made as double-stranded oligonucleotides encoding
the peptides fused C-terminal to GST and encoded by pGEX-4T (GE
Healthcare). Fibronectin from human plasma was purified by affinity
chromatography through gelatin-Sepharose (GE Healthcare).

Antibodies. Antibodies used for flow cytometry labeling of cell surface
proteins were the following: B1-integrin (sc-53711; Santa Cruz Biotech-
nology) and Tac (BC96) and a4-integrin (9F10) from BioLegend. Anti-
bodies used for immunoblotting were Akt (40D4), a4-integrin (4600),
and phospho-Akt substrate (23C8D2) from Cell Signaling Technology;
a4-integrin (sc-365209) and Tac (sc-665) from Santa Cruz Biotechnol-
ogy; GAPDH (FF26A/F9; BioLegend), phospho-Thr308 Akt (EP2107Y;
Epitomics), phospho-Ser473 Akt (EP2109Y; Epitomics), and calreticulin
(PA3-900; Thermo Scientific). Antibodies used for immunoprecipitation
were a4-integrin (sc-365209 [Santa Cruz Biotechnology] or HP2/1
[Beckman-Coulter]) and Tac (BC96; BioLegend).

Flow cytometry. Flow cytometry work was conducted at the Child &
Family Research Institute (CFRI) Flow Core facility. Analytical work was
conducted on FACSCalibur and FACSCanto instruments, while fluores-
cence-activated cell sorting was conducted on a FACSAria apparatus (BD
Biosciences). Postacquisition analysis was done using FlowJo (Tree Star).

Preparation of adhesion substrates. Tissue culture dishes (Corning
Costar) were incubated with 40 wg/ml of GST-CS1, GST-Fn9.11, GST, or
1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS; 137
mM NaCl, 2.7 mM KCl, 1.5 mM KH,PO,, 8 mM Na,HPO, [pH 7.4];
Sigma) overnight at 4°C and then blocked with 1% BSA-PBS for 1 h.
Following 2 washes with PBS, the coated dishes were ready for seeding
with cells.

Cell apoptosis. Twelve-well substrate-coated plates were seeded with
cellsat 2 X 10° cells/well in 1.0 ml complete RPMI for 4 h before addition
of doxorubicin to the desired concentration. The half-maximal effective
concentrations (ECs,s) of doxorubicin for Jurkat and JB4 cells were de-
termined to be 0.05 and 0.03 pg/ml, respectively. After 48 h of incubation,
cells were resuspended and incubated with annexin V-Cy5 (BD Biosci-
ences) according to the manufacturer’s instructions prior to flow cytom-
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etry analysis. In some experiments, cells were treated with (i) Akt inhibitor
IV (Millipore) at the indicated concentrations or (ii) 0.6 mM EGTA
(Sigma) or 60 WM verapamil (Enzo), either alone or with doxorubicin for
48 h before determination of apoptosis.

Cell adhesion assay. Cells were plated on substrate-coated 6-well
dishes for 30 min before imaging. For each condition, 12 different fields of
view (FOVs) were acquired before physical agitation of the dishes, fol-
lowed by reacquisition of the same FOVs. Alignment markers imprinted
on the dish were used for registration of images. Imaging was performed
with an Olympus IX81 microscope equipped with a 20X phase objective,
CoolSnap HQ2 camera (Photometrics), H-117 linear-encoded stage
(Prior Scientific), and control with MetaMorph (Molecular Devices).
Postacquisition image processing was performed with Image] (http://rsb
.info.nih.gov/ij/) before and after images were pseudocolored, aligned,
and overlaid. Nontranslocated cells were scored as adhered, and displaced
cells were scored as nonadhered. The percent cell adhesion was calculated
for each FOV (number of adhered cells/total number cells), with means
and standard deviations computed for the 12 FOVs. On average, each
FOV had ~150 cells, with ~1,800 cells scored per cell-substrate combi-
nation.

Affinity chromatography, immunoprecipitation, and Western blot
analysis. Cell lysates were routinely prepared in PN buffer [10 mM piper-
azine-N,N’-bis(2-ethanesulfonic acid), 50 mM NaCl, 150 mM sucrose, 50
mM NaF, 40 mM Na,P,O, - 10H,0, 1 mM CaCl,, 1 mM MgCl,, 1%
Triton X-100, Complete protease inhibitors (Roche)]. For phospho-Akt
analysis, cells were serum starved in 0.5% FBS—RPMI for 48 h before
plating on 100-mm-diameter substrate-coated dishes. For immunopre-
cipitations, 1 mg cell lysate was incubated with 2 pg antibodies for 14 h.
Then, 10 pl bed-volume protein A/G-Sepharose (Pierce) was added, and
the mixture was incubated a further 2 h before washes and elution in
SDS-PAGE sample buffer. For recombinant GST-protein pulldown of
calreticulin, 1 mg Jurkat lysate was incubated with 12 wg GST-KLGFFKR
or GST-KLRFGFK immobilized on GSH-Sepharose for 14 h. Loading of
GST-protein fusions was done by Coomassie blue staining of an excised
portion of the SDS-PAGE gel. For Western blot analyses, SDS-PAGE-
separated proteins transferred onto nitrocellulose membranes (Bio-Rad)
were incubated with primary and infrared dye-conjugated secondary an-
tibodies (Pierce and Rockland). Blots were imaged on an Odyssey imaging
system (LI-COR). The Akt activation index (in relative units) was calcu-
lated as the fluorescence intensity of Akt-phosphorylated substrates di-
vided by that of GAPDH, the loading reference.

Intracellular calcium. Cells resuspended in Ca** -free PBS were incu-
bated with 1 uM Fluo-4-AM, 0.02% (wt/vol) Pluronic F-127 (Invitro-
gen), 0.1% dimethyl sulfoxide (Sigma-Aldrich) for 30 min at 22°C. Fol-
lowing washes, cells were resuspended in PBS, 1 mM CaClL,—PBS, or 1 mM
CaClL,-5 mM EGTA-PBS for 10 min at 22°C and then kept chilled on ice
preceding flow cytometry measurements. The median fluorescent inten-
sity (MFI) values were used to compare intracellular Ca** levels within
one experiment. Intracellular calcium levels were identical for cells incu-
bated with PBS alone or with 1 mM CaCl,—-5 mM EGTA-PBS, indicating
insignificant changes resulting from Ca** efflux for the assay duration.
Ca’" influx was calculated as the intracellular Fluo-4-AM fluorescence
levels in 1 mM CaCl,—PBS subtracted from measurements in PBS alone.
To monitor adhesion-mediated changes in intracellular Ca®", aliquots
containing 1 X 10° Fluo-4-AM-labeled cells resuspended in complete
RPMI or complete RPMI-0.6 mM EGTA were seeded onto BSA-, CS1-,
or fibronectin-coated wells at 37°C, and microplate fluorescence readings
were taken at intervals following cell plating (Enspire; Perkin-Elmer).

Calcein-AM efflux assay. Harvested cells were resuspended into pre-
warmed (37°C) complete RPMI and seeded as 100-pl aliquots containing
2 X 10° cells per well in 96-well plates. Plates were incubated for 15 min at
37°C, 5% CO, prior to addition of an equal volume of calcein-AM (Invit-
rogen) dissolved in prewarmed complete RPMI at a final concentration of
250 nM. Cellular esterases convert the nonfluorescent calcein-AM to flu-
orescent calcein, which is retained in the cell. Calcein fluorescence mea-
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surements (excitation at 485 nm, emission at 520 nm) were collected
immediately (+ = 0) and thereafter at the indicated time points at room
temperature. Between t = 15 and ¢ = 30 min, the cells were reincubated at
37°C, 5% CO,. The data were plotted as the fluorescence values subtracted
from values for cell-free wells (taken as blank measurements).

Doxorubicin efflux assay. To measure doxorubicin effux, harvested
cells were resuspended into complete RPMI and incubated with 2 g/ml
doxorubicin for 2 h at 37°C. Cells were then washed free of extracellular
doxorubicin, resuspended in PBS or 1 mM CaCl,—PBS at 6 X 10° cells/ml,
and incubated at 37°C, 5% CO,. At the indicated time points, aliquots of
cell suspensions were removed and centrifuged to pellet cells, and 150 pl
of the supernatant was recovered to assay for effluxed doxorubicin in a
microplate format (excitation at 488 nm, emission at 578 nm). The data
are plotted as the fluorescence values minus the solution-only blank mea-
surements.

RESULTS

Jurkat T cells that have adhered to integrin a4f31-integrin or
a5B1-integrin substrates exhibit a decreased apoptotic re-
sponse to doxorubicin. To determine if T cells gain chemoresis-
tance upon integrin-mediated adhesion, we plated Jurkat cells on
the recombinant protein substrates GST-CS1, which engages
a4B1-integrins (30), or on GST-Fn9.11, which engages 53 1-in-
tegrins (31). For no integrin engagement, cells were plated on GST
alone or on BSA. The plated cells were left untreated or treated
with doxorubicin at the EC5, (which had been determined before-
hand for Jurkat cells) and assayed by flow cytometry based on
annexin V binding to cell surface phosphatidylserine as a marker
for apoptotic cells. In the absence of drug treatment, the fractions
of apoptotic Jurkat cells plated on CS1, Fn9.11, or control sub-
strate were not significantly different (Fig. 1A). In contrast, the
fractions of apoptotic Jurkat cells plated on CS1 or Fn9.11 and
treated with doxorubicin were 50% less than those plated on con-
trol substrate, indicating that adhesion via a431- or a531-integ-
rins confers enhanced chemoresistance to doxorubicin in Jurkat T
cells.

To confirm the requirement of a4 1-integrin in CAM-DR, we
made use of JB4 cells, a Jurkat-derivative cell line lacking o4-
integrin expression (29), and JB4-a4 cells, which we reconstituted
with a4f1-integrin expression. JB4 and JB4-a4 cells were plated
on CS1 and left untreated or treated with doxorubicin. Treatment
of B4 cells at the ECs, level resulted in a 2-fold-greater fraction of
apoptotic cells than with JB4-a4 cells (Fig. 1B). The enhanced
chemoresistance exhibited by JB4-a4 cells could be directly attrib-
uted to a4 1-integrin function, since JB4 cells lack a4 expression
and thus cannot adhere to the a4p1-specific CS1 ligand.

Cells expressing a4-integrin with a truncated cytoplasmic
tail exhibited enhanced resistance to doxorubicin-induced
apoptosis without adhesion. The a4 cytoplasmic tail mediates
interactions with several proteins, including paxillin (32), type I
PKA (27), and nonmuscle myosin IIA (28), that are important in
controlling a4-dependent cell migration. Much of the cytoplas-
mic tail is also required to support cell adhesion to a4-specific
extracellular ligands (20). To assess the requirement of a4 tail
sequences in supporting a4-mediated CAM-DR, we constructed
the tail-truncated a4d (Fig. 2A). The unique C-terminal portion
of the a4 tail was deleted, retaining only the juxtamembrane KA
GFFKR sequence, which is essential for heterodimerization with
B1 and maintaining surface a4 expression (20). JB4-a4 and JB4-
a4d cells had comparable surface a4 expression levels, as deter-
mined by flow cytometry (Fig. 2A). In comparison to the parental
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FIG 1 Adhesion on integrin substrates confers resistance to doxorubicin in
Jurkat T cells. (A) Jurkat T cells were plated on dishes coated with GST-CS1,
GST-Fn9.11, or GST and left untreated or treated with 0.05 g/ml doxorubicin
for 48 h. The data plotted are the percentage of cells that were apoptotic,
based on flow cytometry determination of Cy5-annexin V binding. Data are
means * standard deviations (n = 3). *, P < 0.001. (B) JB4 (lacking a4) or
JB4-a4 (reconstituted with a4 expression) cells were plated on GST-CSI-
coated dishes and left untreated or treated with doxorubicin at 0.03 or 0.06
wg/ml for 48 h. The data plotted are the percentage of cells that were apoptotic,
based on flow cytometry determination of Cy5-annexin V binding. Data are
means * standard deviations (n = 3). ¥, P < 0.02; **, P < 0.05.

JB4 cells, 1-integrin expression was correspondingly increased in
JB4-04 and JB4-a48 cells (Fig. 2A), an indication that the ex-
pressed a4 or a4 are heterodimerized with B1-integrins. We also
assessed several morphological parameters for all the cell lines
used in this study and cultured under standard conditions. No
significant differences were observed for general morphology (size
and shape [see Fig. S1 in the supplemental material]), F-actin
distribution, or nuclei number (data not shown) compared to
either Jurkat cells or the parental JB4 cells.

To determine their ligand-binding properties, a cell adhesion
assay with CS1, Fn9.11, and control substrate was performed (Fig.
2B). As anticipated, JB4, JB4-a4, and JB4-a4d cells adhered to
GST-Fn9.11 and not to the control GST substrate. JB4 and JB4-
a4d cells failed to adhere to GST-CS1, confirming that the trun-
cated 43 cannot support adhesion. Furthermore, 243 expression
did not affect cell adhesion via other integrins, such as a5p1-
integrin to Fn9.11 (Fig. 2B).

Molecular and Cellular Biology


http://mcb.asm.org

A o integrin tail
ad(wt) ECD [II5) KAGFFKRQYKSILOEENRRDSWSY INSKSNDD
(ZIJ  ECD  TVDEEl

A A Jurkat
115 182
/ \ JB4
3 90
/ \ / \ JB4-a4
48 126
/ \ / \ JB4-04d
39 110
/\ /\ IgG Ctrl
4 5

" cDasd (as) D29 (B1)

60
*
50- 7
°
g
@40
<
2
% 30
5 lGsTt
o W GST-CS1
2207 PAGST-Fn9.11
(=)
10
0+
JB4 JB4-04  JB4-045
C,_\ 40- »
[
A= *
2
a [1BSA
5, 901 o — MGST-CST
c T P4 GST-Fn9.11
=
g
c 20
<
@2
0
e}
510
o
Q
<
X
0

JB4 JB4-a4  JB4-a4d

FIG 2 Expression of the a4 tail-truncated variant, a4d, confers enhanced
chemoresistance in an adhesion-independent manner. (A, top) Schematic of
the a4-integrin constructs used, highlighting the cytoplasmic domain se-
quences. a4d is truncated as indicated and retains the KAGFFKR portion of
the cytoplasmic tail. ECD, extracellular domain; TMD, transmembrane do-
main. (Bottom) Flow cytometry determination of cell surface a4-integrin and
B1-integrin expression in Jurkat, JB4, JB4-a4, and JB4-a4d cells. Numbers
under the histogram are the MFI (median fluorescence intensity). (B) JB4-a4,
JB4-a43, and JB4 cells were plated on dishes coated with GST-CS1, GST-
Fn9.11, or GST for 30 min and scored as described in Materials and Methods
for adherent versus nonadherent cells. Data plotted are the mean percentage of
adherent cells, calculated from 12 FOVs per cell type and treatment condition
(means * standard deviations; n = 12 FOVs). *, P < 0.0001. (C) JB4-a4,
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To determine if cells expressing a4 still mediate chemoresis-
tance, JB4-a4d cells were plated on various integrin substrates and
treated with doxorubicin, and the level of cell apoptosis was de-
termined. Consistent with their adhesion properties, JB4 and
JB4-a4 cells exhibited significantly reduced apoptosis when plated
on the integrin substrates to which they are adherent, in this case,
JB4 on Fn9.11 and JB4-a4 on CS1 or Fn9.11 (Fig. 2C). We noted
that for cells plated on BSA, JB4-a4 cells exhibited less doxorubi-
cin-induced apoptosis than JB4 cells, suggesting that a4 expres-
sion alone can mediate a low level of drug resistance without ad-
hesion. JB4-a4d cells plated on CS1 or BSA, to which they are not
adherent, exhibited low rates of doxorubicin-induced apoptosis
that were comparable to integrin-adhered cells (Fig. 2C). Thus,
JB4-a4d cells exhibit a form of chemoresistance that is indepen-
dent of integrin-mediated adhesion.

Expression of a carrier epitope bearing the membrane-prox-
imal KXGFFKR motif of a-integrin is sufficient to confer adhe-
sion-independent chemoresistance. The adhesion-independent
chemoresistance observed with JB4-a4d cells could be attributed
to the gain of B1l-subunit-mediated signals, as a4831, or to the
truncated a4d tail that encodes the juxtamembrane KAGFFKR.
To rule out the involvement of Bl-integrin in the observed
chemoresistance, we created JB4-Tacd and JB4-Tacd*" cells (Fig.
3A). Tac encodes the extracellular epitope and transmembrane
domains of CD25 with no cytoplasmic domain (33). Tacd is a
fusion of the C-terminal KLGFFKR peptide to Tac, while the con-
trol Tacd*" contains a scrambled KLRFGFK version of the tail.
Importantly, Tacd is a monomer that won’t heterodimerize with
B1-integrin. In the absence of integrin-mediated adhesion, JB4-
Tacd cells, but not JB4-Tacd*" cells, exhibited low levels of doxo-
rubicin-induced apoptosis comparable to those for JB4-a4d cells
(Fig. 3B), indicating that the juxtamembrane KXGFFKR motif is
sufficient to promote an adhesion-independent form of chemore-
sistance.

@48 and Tacd expression circumvents the requirement for
adhesion-mediated stimulation of Akt phosphorylation and ac-
tivation. Cell adhesion to integrin substrates is known to stimu-
late activation of Akt (18), which is often implicated in promotion
of cell survival (34). To determine if Akt is involved in T cell
CAM-DR, we plated cells on integrin substrates and immuno-
blotted lysates to detect Thr308-phosphorylated Akt. JB4-a4 cells
plated on GST-CS1, to engage a4B1, exhibited increased levels of
phospho(T308)-Akt at 40 and 60 min poststimulation (Fig. 4A).
In contrast, phospho(T308)-Akt levels were unchanged for
JB4-a4 cells plated on the control GST substrate, or for JB4 cells
plated on GST-CS1, indicating the requirement for integrin liga-
tion to stimulate Akt phosphorylation.

We then compared phospho(T308)-Akt levels for the cell lines
plated on CS1, Fn9.11, or BSA. Consistent with the results obtained
for doxorubicin-induced apoptosis, cells adherent on ligand sub-
strates corresponding to the expressed integrins had elevated phos-
pho(T308)-Akt levels—in this case, JB4 and JB4-Tacd*" on
Fn9.11 and JB4-a4 on CS1 or Fn9.11 (Fig. 4B). Furthermore, JB4-

JB4-a43, and JB4 cells were plated on dishes coated with GST-CS1, GST-
Fn9.11, or BSA and left untreated or treated with 0.03 pg/ml doxorubicin for
48 h. Data plotted are the percentage of cells that are apoptotic, based on flow
cytometry determination of Cy5-annexin V binding (means = standard devi-
ations; n = 3). %, P < 0.02; n.s., not significant.
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FIG 3 Expression of the membrane-proximal GFFKR motif of the a-integrin
tail confers enhanced chemoresistance in an adhesion-independent manner.
(A, top) Schematic of additional fusion constructs that express the extracellu-
lar and transmembrane domains of the carrier epitope Tac, in comparison
with a4 and a48. Tacd and Tacd*" are fusions of Tac with the cytoplasmic
peptide, KLGFFKR, and the scrambled version, KLRFGFK, respectively. (Bot-
tom) Flow cytometry determination of cell surface Tac and integrin-B1 ex-
pression in JB4, JB4-Tac8, and JB4-Tacd*" cells. Numbers under the histo-
gram are the MFI (scale, 0.1X). (B) JB4, JB4-a4, JB4-a4d, JB4-Tacd, and
JB4-Tacd*" cells were plated on GST-coated dishes and treated with 0.03
rg/ml doxorubicin for 48 h. Data plotted are the percentage of cells that were
apoptotic, based on flow cytometry determination of Cy5-annexin V binding
(means * standard deviations; n = 3). *, P < 0.03; **, P < 0.01.

a4d and JB4-Tacd cells exhibited elevated levels of phos-
pho(T308)-Akt regardless of substrate (Fig. 4B). Dual phosphor-
ylation of Akt at the T308 and S473 residues is required for its full
kinase activity. To determine if KXGFFKR expression differen-
tially regulates Akt phosphorylation at these sites, we compared
the lysates of nonadherent and adherent JB4-Tacd and JB4-Tacd*"
cells in immunoblot analyses (Fig. 4C). As before, JB4-Tacd cells ex-
hibited constitutively high phospho(T308)-Akt levels in an adhesion-
independent manner. In contrast, levels of phospho(S473)-Akt were
upregulated upon adhesion for both JB4-Tacd and JB4-Tacd*" cells.
Thus, expression of the juxtamembrane KXGFFKR motif led to

4338 mcb.asm.org

constitutive phosphorylation of Akt at T308, while phosphoryla-
tion of S473 remained adhesion dependent.

To assess the activity of Akt, cell lysates were immunoblotted
with an antibody that recognized phosphorylated Akt substrates.
Nonadherent JB4-Tacd cells exhibited higher levels of phosphor-
ylated Akt substrates than did JB4-Tacd*" cells (Fig. 4D). This
enhanced level of Akt activation was also observed for Jurkat cells
adherent on fibronectin, compared to nonadherent conditions
(Fig. 4E). Finally, to assess if the enhanced Akt activity mediated
resistance to apoptosis, cells were treated with an inhibitor that
blocks Akt activation. We found that a higher concentration of an
Akt inhibitor was required to induce a comparable level of apop-
tosis of JB4-Tacd cells as that in JB4-Tacd*" cells (Fig. 4F). A
higher concentration of inhibitor was also required to reduce the
Akt activity observed in lysates of JB4-Tacd cells relative to JB4-
Tacd*" cells (see Fig. S2 in the supplemental material). Taken
together, these results indicate that adhesion via integrin ligation
to substrate promotes Akt phosphorylation and activation, and
also enhanced resistance to apoptosis. The requirement for integ-
rin-mediated adhesion is bypassed for cells expressing the mini-
mal KXGFFKR cytoplasmic tail.

Chemoresistance to doxorubicin is coupled to calcium influx
via L-type Ca** channels. We noted with interest in previous
studies that T cell adhesion on various substrates promoted eleva-
tions of intracellular Ca®" (35) and that Ca®>" channel-blocking
agents can restore chemosensitivity (36). This led us to explore the
possibility that integrin-mediated chemoresistance is coupled to
regulation of Ca** flux in CAM-DR.

First, we measured intracellular Ca®>" levels by using the cell-
permeant fluorescent Ca®" indicator Fluo-4-AM in the various
JB4 cells under nonadherent conditions. Cells were prelabeled
with Fluo-4-AM and incubated in the presence or absence of
available extracellular Ca**. In the absence of extracellular Ca**,
the intracellular fluorescence of Fluo-4-AM was not significantly
different between the cell lines tested (data not shown). In con-
trast, the presence of extracellular Ca®>" modulated the level of
intracellular Ca*>* that is attributable to influx. The influx of ex-
tracellular Ca®>" was determined to be highest for JB4-a4d and
JB4-Tacd cells, intermediate for JB4-a4, and lowest for JB4 and
JB4-Tacd*" cells (Fig. 5A). Thus, cells exhibiting enhanced adhe-
sion-independent chemoresistance (Fig. 3B) also exhibited in-
creased Ca®™" influx (Fig. 5A).

Next, we sought to inhibit the effects of KXGFFKR-mediated
chemoresistance observed for JB4-Tacd cells by blocking Ca**
influx. We assessed the apoptotic indices of cells treated with a
combination of doxorubicin and/or EGTA at a concentration suf-
ficient to chelate all extracellular Ca®* (Fig. 5B and C). Blockade of
Ca*” influx with EGTA increased the apoptotic index of doxoru-
bicin-treated JB4-Tacd*" cells by 2-fold over that of doxorubicin
treatment alone. In contrast, EGTA increased the apoptotic index
of the chemoresistant JB4-Tacd cells by 9-fold over that of doxo-
rubicin treatment alone. We then performed the assay in the pres-
ence and absence of the Ca®>* channel inhibitor verapamil, to as-
sess if the Ca®" influx in T cells is also mediated via L-type
channels (Fig. 5D and E). At a concentration that blocked ~70%
of extracellular Ca*" influx, verapamil enhanced the chemosensi-
tivity of JB4-Tacd cells to doxorubicin by 21-fold over that of
doxorubicin alone. By comparison, for the already-chemosensi-
tive JB4-Tacd*" cells, verapamil exerted only a 1.5-fold increase.
These results suggested that blockade of extracellular Ca** influx
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FIG 4 43 and Tacd expression circumvents the requirement for cell adhesion-mediated stimulation of Akt phosphorylation and activation. (A) JB4 or JB4-a4
cells were plated on dishes coated with GST-CS1 or GST for the indicated times, and cell lysates were immunoblotted to detect T308-phosphorylated Akt (pAkt)
and total Akt levels. (B) JB4-Tacd, JB4-Tacd*”", JB4, JB4-a4d, and JB4-a4 cells were plated on dishes coated with GST-CS1, GST-Fn9.11, or BSA for 45 min, and
cell lysates were immunoblotted to detect pAkt and total Akt levels. (C) JB4-Tacd and JB4-Tacd**" cells were plated on dishes coated with GST-Fn9.11 (adhesion
+ve) or GST (adhesion -ve) for 45 min, and cell lysates were immunoblotted to detect T308- or S473-phosphorylated Akt (pAkt) and total Akt levels. (D) Lysates
of JB4-Tacd and JB4-Tacd*" cells were blotted to detect Akt-phosphorylated substrates and GAPDH. The Akt activation index was calculated as the total
fluorescence of Akt-phosphorylated substrates divided by GAPDH activity (means * standard deviations; 3 independent experiments). *, P < 0.05. (E) Lysates
of Jurkat cells plated on dishes coated with BSA or fibronectin for 30 min were blotted to detect Akt-phosphorylated substrates and GAPDH as described for panel
D. Data are plotted as the Akt activation index (means * standard deviations; 3 independent experiments). *, P < 0.03. (F) JB4-Tacd and JB4-Tacd*" cells were
treated with Akt inhibitor IV at the indicated concentrations for 48 h. Data are plotted as the percentage of apoptotic cells, based on flow cytometry determination
of Cy5-annexin V binding (means * standard deviations; n = 3). *, P < 0.02; ns, not significant.

via an L-type channel potentiates the apoptotic effects of doxoru-  prelabeled with Fluo-4-AM were seeded onto substrate-coated
bicin in an otherwise-chemoresistant cell line. dishes, and fluorescence was monitored over time (Fig. 6). As

Finally, we determined if integrin engagement of T cells is suf-  expected, all wells exhibited comparable fluorescence at t = 0,
ficient to stimulate increases in intracellular Ca®". Jurkat cells indicating that comparable quantities of cells were seeded before
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FIG 6 Cell adhesion promotes increases in intracellular Ca*". Aliquots of
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ing cell seeding. Data plotted are means = standard deviations (n = 5 replicate
wells). P < 0.01 for t = 20 to 35 min for Fn versus BSA; the difference was not
significant for ¢ = 0 to 15 min.

significant adhesion had occurred. Over the next 35 min, the in-
tracellular Ca®™ levels of cells plated on CSI or fibronectin were
significantly higher than cells plated on BSA. No changes in intra-
cellular Ca*>" were observed when EGTA was added to chelate
extracellular Ca®”, indicating that integrin-mediated adhesion
promoted influx of extracellular Ca*" into cells.

Expression of the membrane-proximal KXGFFKR motif
leads to enhanced drug efflux. A well-known cellular physiolog-
ical adaptation contributing to chemoresistance in leukemia is
enhanced expression and activity of drug efflux transporters (36).
A recent CAM-DR study reported that integrin-B1 mediated ad-
hesion of Jurkat cells stimulated the expression of the p-glycopro-
tein transporter MRP1 and decreased intracellular accumulation
of doxorubicin (37).

To determine if the adhesion-independent chemoresistance
observed for Tacd expression was attributable to drug efflux ac-
tivity, cells were incubated with calcein-AM, an indicator sub-
strate used to assess the activity of certain p-glycoprotein-based
transporters (38), including MRP1. As shown in Fig. 7A, JB4-Tacd
cells accumulated fluorescent calcein at a significantly lower rate
than JB4-Tacd*" cells, indicating that Tacd expression led to en-
hanced efflux of calcein-AM. To assess drug efflux, we took ad-
vantage of the inherent fluorescence of doxorubicin. Cells were
incubated with, and then washed free of, extracellular doxorubi-
cin before being incubated in fresh buffer with or without calcium.
Release of cellular doxorubicin back to the buffer was assayed by
measuring the fluorescence of the cell-free supernatant. When
incubated in Ca”*-supplemented buffer, the supernatant of JB4-
Tacd cells accumulated a significantly higher level of doxorubicin
than did that from JB4-Tacd*" cells (Fig. 7B). In contrast, incuba-
tion of JB4-Tacd cells in a calcium-free buffer led to lower rates of
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doxorubicin efflux (Fig. 7B), indicating that available extracellular
Ca®" is an important modulator of drug transport. Taken to-
gether, these results indicate that KXGFFKR expression leads to
chemoresistance to doxorubicin that is correlated with enhanced
Ca’" influx and enhanced drug efflux.

Calreticulin interacts with «4, «40, and Tacd via the
KXGFFKR motif. To infer the possible mechanisms responsible
for the KXGFFKR-mediated chemoresistance, we evaluated the
published literature for a-integrin KXGFFKR-interacting pro-
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teins. Calreticulin (CRT), a ubiquitous multifunctional Ca*"-
binding protein, was a favored candidate, since CRT is implicated
in regulation of apoptosis (39), integrin-mediated adhesion (25),
focal adhesion assembly (40), and adhesion-mediated Ca*" influx
(25, 41), and it associates with several a-integrins (41-43).

We first determined if expression of the various constructs
impacted total CRT levels, since cell sensitivity to chemotherapeu-
tics is modulated by changes in total CRT (39). By Western blot-
ting analyses, we found comparable total CRT levels in all of our
JB4-based cell lines (Fig. 8A). To determine if CRT interacts with
KXGFFKR, Jurkat cell lysates were incubated with matrix-immo-
bilized GST-KLGFFKR or GST-KLRFGEFK fusion proteins. CRT
was detected at higher levels in a complex with GST-KLGFFKR,
indicating the specificity of the interaction (Fig. 8B). To determine
if CRT interacts with a4-integrin, we performed immunoprecipi-
tation assays. Using lysates derived from nonadherent cells, we
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detected much higher levels of CRT immunoprecipitated with
a4d than with a4 (Fig. 8C). In a similar fashion, higher levels of
CRT immunoprecipitated with Tacd than with Tacd*" (Fig. 8D).
Since cells expressing wild-type a4 exhibited enhanced Akt signal-
ing and chemoresistance only in the adherent state, we deter-
mined if adhesion may also stimulate enhanced CRT association
with a4. Adhesion of Jurkat cells on either CS1 or fibronectin
stimulated increased levels of CRT associated with immunopre-
cipitated a4 (Fig. 8E). Thus, calreticulin associates with the trun-
cated a4d in a manner requiring the KXGFFKR peptide motif, and
adhesion acts as a stimulus to enhance the interaction of calreti-
culin with wild-type a4.

DISCUSSION

Our study describes the contribution of the juxtamembrane
KXGFFKR cytoplasmic motif of a-integrins to chemoresistance in a
T-lymphocyte model. Using cells reconstituted with wild-type a4
expression, we confirmed that T cell CAM-DR requires a4p1-
mediated engagement with its substrate. CAM-DR in T cells may
be supported by other B1-containing integrins as well, as cells
lacking a4 expression exhibit chemoresistance when adhered to
substrates for the corresponding expressed integrin. Reconsti-
tuted expression with the mutant «4d, where the cytoplasmic do-
main is truncated to the minimal KXGFFKR motif, revealed a
form of chemoresistance that was adhesion independent. Expres-
sion of a nonintegrin transmembrane fusion protein bearing
KXGFFKR as the cytoplasmic domain also conferred an adhesion-
independent chemoresistance phenotype. Thus, the KXGFFKR
sequence conserved in a-integrins constitutes a common prosur-
vival regulatory motif.

As a major integrin expressed by hematopoietic cells, a4-integ-
rin has been implicated in CAM-DR of various hematologic ma-
lignancies (3-5, 44, 45). However, chemoresistance upon adhe-
sion to substrates engaging other integrins, including a5, a6, and
a2 (6-8, 17), hints at the generality of this phenomenon. A com-
mon denominator for these a-integrins is their pairing with B1,
without which the adhesion receptor is incomplete. Another de-
nominator is the conserved KXGFFKR motif, which is found in 15
out of the 18 known human a-integrins (11), and of which the
a-tail sequences C-terminal to KXGFFKR are largely divergent.
Interactions involving the a4-tail have been characterized, with
reported effects on cell adhesion and migration (27, 28, 32). We
had anticipated abrogation of CAM-DR upon reconstituted ex-
pression of the tail-truncated a4d. Although cell adhesion to the
a4B1-specific substrate was predictably disrupted (20), a43-ex-
pressing cells exhibited chemoresistance in the absence of integ-
rin-mediated adhesion. The contribution of B1 (as «48p1) in ad-
hesion-independent chemoresistance may be negated upon
expression of the monomeric fusion Tacd construct, indicating
that the KXGFFKR motif is sufficient to promote chemoresistance
normally stimulated by integrin-mediated adhesion.

Cells expressing the Tacd construct favored an opportunity to
assess the role of a conserved motif found in a-integrins in regu-
latory roles and survival signaling typically stimulated by adhe-
sion. We found that T308-Akt was constitutively highly phos-
phorylated in KXGFFKR-expressing cells exhibiting high levels of
Ca** influx, while levels of S473-Akt phosphorylation remained
adhesion regulated. Importantly, higher pT308-Akt levels corre-
lated with higher levels of Akt activity detected in lysates of non-
adherent Tacd cells, suggesting that pT308-Akt represent an im-
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portant prosurvival event that is regulated downstream of the
a-integrin KXGFFKR motif. Our results are also consistent with
the hypothesis postulated by other groups that the phosphoryla-
tion status of T308-Akt may be a more reliable indicator for Akt
activity (46), and this measure may serve as a better prognosticator
for certain tumor outcomes that include acute leukemias (47).

The increased Ca®" influx may also explain the adhesion-in-
dependent high pT308-Akt and Akt activation levels that we ob-
served in a48- and Tac8-expressing cells, as well as for adhered
cells expressing wild-type a4. As reported previously, the Ca**/
calmodulin-dependent protein kinase kinase can directly phos-
phorylate T308-Akt in a Ca**-dependent manner (48). This raises
the interesting possibility that high levels of intracellular Ca**
sustain Akt activation following the initial activation via the clas-
sical phosphatidylinositol kinase-dependent processes (49).

Rises of intracellular Ca** levels stimulated by integrin-medi-
ated adhesion have been reported in cell types that include myo-
cytes (50) and T lymphocytes (35). The Ca*™ increases appear to
involve influx of extracellular of Ca®* via L-type channels in the
plasma membrane, as well as Ca”* release from intracellular
stores (41). In our assays in which we used Fluo-4-AM to mea-
sure free cytosolic Ca®", we observed that the availability of
extracellular Ca>* is an important determinant for obtaining
the intracellular Ca>* increases mediated by integrin signaling.
Since extracellular Ca®>™ is required to support integrin-medi-
ated adhesion, we cannot conclude that adhesion-stimulated rises
in intracellular Ca®" can occur without influx of extracellular
Ca’". However, cells expressing a4 or Tacd did not require ad-
hesion to promote the measured increases in intracellular Ca’",as
long as extracellular Ca®* was available. Verapamil was able to
block the Ca*™ influx associated with Tacd expression; thus, our
findings are consistent with the involvement of L-type channels in
a-integrin KXGFFKR motif-mediated Ca** transport (41).

Ca*" influx has been associated with the drug efflux function
mediated by p-glycoprotein transporters and is thus a possible
modulator of chemoresistance (51). This relationship is decidedly
complex, as use of various Ca> " indicators as well as Ca** channel
inhibitors, such as verapamil, revealed interactions with the p-gly-
coprotein transporters themselves and a possible source of com-
plication. We attempted to control for these effects in our assays,
as follows. Drug efflux was assessed using both the calcein-AM
assay as well as measuring release of doxorubicin from cells. In
both cases, enhanced efflux was obtained for cells expressing Tacd.
Fluo-4-AM, which is used to assess intracellular Ca®*, may itself
be a substrate for efflux by p-glycoproteins. However, our assay
conditions revealed higher intracellular Fluo-4-AM fluorescence
(and hence Ca**) for a48 and Tacd cells; thus, any loss due to
Fluo-4-AM efflux was minimal. We assessed the contribution of
Ca’* influx to chemoresistance either by chelating extracellular
Ca’" with EGTA or by inhibiting L-type Ca>" channels with ve-
rapamil. At concentrations that appreciably reduced Ca*" influx,
we were able to show a synergistic effect on the apoptosis-inducing
effects of doxorubicin. Thus, our results support a correlation
between intracellular Ca*" levels, drug efflux, and apoptosis.

The a-integrin KXGFFKR motif interacts with several proteins
that have been described to regulate integrin function, including
sharpin, MDGI, Mss4, CIB, and calreticulin (21-25). We analyzed
the published data to identify the candidate effector that best de-
scribed the data obtained in our studies. Both sharpin and MDGI
actas inhibitors of integrin activation and cell adhesion (21, 22). If

November 2013 Volume 33 Number 21

a-Integrin KXGFFKR Mediates Chemoresistance

a4d or Tacd expression resulted in sharpin or MDGI binding to
the exposed KXGFFKR, then the adhesion and chemoresistance
observed via other integrins, such as a5B1 ligation to Fn9.11,
would be expected to be increased in a4d- or Tacd-expressing
cells, a phenomenon we did not observe. Mss4 is implicated in
secretion of matrix metalloproteinases and fibronectin remodel-
ing (23), neither of which is applicable with our assay system. CIB
is a calcium- and integrin-binding protein; however, detailed in-
teraction studies have indicated specificity for allb-integrin se-
quences N-terminal to and in addition to KXGFFKR (24), se-
quences not found in a4 or Tacd.

This leaves calreticulin, a ubiquitous calcium-binding and
chaperone protein found predominantly within the lumen of the
endoplasmic reticulum (ER) (52) and whose reported interac-
tions with integrins a2 and a7 are associated with transient Ca®"
fluxes upon integrin-substrate ligation (25, 41). In immunopre-
cipitation studies, we showed an increased interaction of calreti-
culin with the truncated KXGFFKR motif of nonadherent cells
and with a4-integrins from adhesion-stimulated cells. Thus, this
study adds to the list of a-integrins that show this adhesion-stim-
ulated phenomenon, which now includes integrins a2, a3, a4, a6,
and a7 (41-43, 53, 54). It remains unclear how an ER-resident
protein like calreticulin may bind to the plasma membrane-prox-
imal cytoplasmic tail of a-integrins. The stoichiometry of the in-
teraction that we observed was estimated to be very low. This is not
surprising, considering the disparate locales of the interacting
partners, with most of the calreticulin found within the ER lumen.
Our attempts to visualize and quantitate their colocalization by
immunofluorescence imaging in intact cells were inconclusive
(data not shown), as we were hampered by the abundance of ER-
resident calreticulin relative to levels found in the cytosol. Thus,
the connection between the CRT—a-integrin interaction with that
of Ca®>"-mediated chemoresistance remains a correlative one.

Yet, it remains plausible that the hypothetical integrin-calreti-
culin interaction can occur, and this deserves discussion. An in-
creasing body of work has highlighted the non-ER-resident local-
ization and function of calreticulin, which includes cytosolic, cell
surface, and secreted forms (55). Several elegant studies have
highlighted mechanisms that can account for the minor cytosolic
localization of calreticulin (56, 57). The demonstration that crt
null cells have impaired integrin-mediated adhesion and adhe-
sion-stimulated Ca®" influx (25) suggests a more intimate role for
calreticulin and integrin function. This was further supported by
the finding that reconstituted expression of a cytosolic targeted
form of CRT was able to rescue the adhesion defect exhibited by
crt null fibroblasts (56).

It has now been established from extensive structure-function-
based studies that activated integrins undergo conformational
changes that include the physical separation of the cytoplasmic
domains of a- and B-integrins (11, 58). Extrapolating from the
available evidence, we postulate that for cells expressing the min-
imal KXGFFKR motif (a48 and Tacd), KXGFFKR is potentially
accessible for binding to a prosurvival factor (such as CRT) in the
absence of adhesion. For cells expressing full-length a4- or a5-
integrins, structural changes within the integrin dimer accompa-
nying integrin-mediated adhesion may facilitate the increased as-
sociation. Influx of Ca®* may be mediated via CRT’s L-type
channel regulatory function and/or the Ca*>" buffering capacity,
triggering Akt-mediated prosurvival signaling and in the case for
chemoresistance, increased drug efflux. Thus, cell adhesion via
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integrins forms a switch for activation of prosurvival signaling and
chemoresistance.
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