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Secretedprotein acidic and rich in cysteine (SPARC) is impor-
tant for the normal growth andmaintenance of themurine lens.
SPARC-null animals develop cataracts associated with a
derangement of the lens capsule basementmembrane and alter-
ations in lens fiber morphology. Cellular stress and disregula-
tion of apoptotic pathways within lens epithelial cells (LEC) are
linked to cataract formation. To identify molecular targets of
SPARC that are linked to this disorder, we stressed wild-type
(WT) and SPARC-null LECby serumdeprivation or exposure to
tunicamycin. SPARC enhanced signaling by integrin-linked
kinase (ILK), a serine/threonine kinase known to enhance cell
survival in vitro. In response to stress, an ILK-dependent
decrease in apoptosis was observed in WT relative to SPARC-
null LEC. Co-immunoprecipitation and cross-linking of cell
lysates revealed enhanced levels of a SPARC-integrin �1 com-
plex during stress. Competition with monoclonal antibodies
and peptides indicated that the copper binding domain of
SPARC is required for SPARC-mediated response to stress.
Inhibiting the binding and/or activity of ILK, integrin �1, or
SPARCresulted in increased apoptosis of stressedLEC.Wecon-
clude that SPARC protects cells from stress-induced apoptosis
in vitro via an interaction with integrin �1 heterodimers that
enhances ILK activation and pro-survival activity.

SPARC (secreted protein acidic and rich in cysteine),2 a
member of thematricellular family of proteins, is important for
the development of the murine lens and the maintenance of its
transparency. SPARC-null mice develop early onset cataracts
due in part to aberrant assembly of the lens capsule and disrup-
tion of fiber cells (1–5). SPARC-nullmice also show accelerated
wound closure (6–8), enhanced tumor growth (9–11),

increased adipogenesis (12, 13), and altered extracellularmatrix
(ECM) deposition in a variety of tissues. A secreted glycopro-
tein, SPARC binds to several integral components of the ECM
and exhibits an anti-adhesive function that includes abrogation
of focal adhesions and disruption of cell spreading and motility
(14, 15).
SPARC has traditionally been described as a stress-response

protein secreted at high levels by cultured cells (16–18). How-
ever, little is known about the role secreted SPARCplays during
cellular stress. SPARChas been shown to act as a survival factor
in stressed glioma cells (19, 20) and to potentiate the invasive-
ness of certain cancers. Recent work has shown that SPARC
regulates cellular assembly of fibronectin by its stimulation of
the activity of integrin-linked kinase (ILK) (20, 21). Whereas
ILK, by virtue of its interaction with integrin cytoplasmic
domains, has been located predominantly on the cytoplasmic
side of the plasma membrane, secreted SPARC acts extracellu-
larly at points of integrin-ECM interaction. The juxtaposition
of ILK and SPARC across the cell membrane necessitates the
involvement of transmembrane proteins for SPARC-mediated
alteration of ILK activity. The integrin receptors are logical can-
didates, as they have been shownpreviously to interactwith ILK
and are major mediators of signal transduction between cells
and the ECM.
ILK interacts with the cytoplasmic tails of the integrin �1/�3

subunits, which play a significant role in cell adhesion, motil-
ity, differentiation, and survival (for review, see Ref. 22) and
with the intracellular complex associated with focal adhe-
sions. ILK functions downstream and independently of
phosphatidylinositol 3-kinase (PI3K) to phosphorylate sev-
eral effector proteins including Akt, glycogen synthase
kinase 3�, the forkhead transcription factor, and integrins
�1/�3. Interaction between integrins and certain ECM
ligands activates ILK via the integrin cytoplasmic tail. How-
ever, little is known about the role matricellular proteins play
in the initiation or modulation of ILK signaling by virtue of
their alteration of integrin-ECM interaction.
Although SPARC has been shown to interact with ECMpro-

teins and to be taken up by cells in culture, a high affinity cell
surface receptor for SPARC has not been found. Stabilin-1, a
scavenger receptor on alternately activatedmacrophages, binds
SPARC specifically (23, 24) and has been proposed to facilitate
macrophage-mediated clearance of SPARC from damaged tis-
sues (23). However, with its lineage-limited expression, stabi-
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lin-1 seems unlikely to mediate signaling initiated by SPARC in
epithelial, endothelial, and fibroblastic cells.
We hypothesized that, during the induction of stress in cul-

tured cells, SPARC acts as a pro-survival factor at least in part
by its augmentation of ILK activity through an interaction with
specific integrins. By comparing lens epithelial cells (LECs)
derived from WT and SPARC-null mice, we now show that
SPARC decreases apoptosis in cultured cells subjected to dif-
ferent types of stress and that this activity resides in the Cu2�

binding domain of SPARC. A SPARC-dependent increase in
ILK activity was required for the enhanced survival ofWTLEC,
whereas inhibition of ILK resulted in increased cellular apopto-
sis. SPARC showed a significantly increased interaction with
integrin �1 in cells subjected to stress, and this interaction was
decreased after the addition of blocking antibodies against
either integrin �1 or to SPARC, concomitant with decreases in
ILK activity and subsequent cell death.

EXPERIMENTAL PROCEDURES

Antibodies—For immunoblotting, immunoprecipitation,
and immunostaining procedures, the following antibodies were
used: hamster anti-integrin �1 (Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit (rb) anti-integrin �1 (Upstate Cell Sig-
naling, Lake Placid, NY), hamster integrin �1-blocking anti-
body (BD Biosciences), mouse (ms) monoclonal (mAb)
anti-integrin �6�1/4 (Chemicon, Temecula, CA), goat (gt)
anti-mouse SPARC (R&D Systems, Minneapolis, MN), ms
mAb and rb polyclonal anti-ILK (Upstate), rb anti-ILK IgG
(25), rb anti-caspase-3 (Cell Signaling Technology, Beverly,
MA), rb anti-phospho-glycogen synthase kinase 3� (Cell Sig-
naling Technology), msmAb anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Ambion Inc., Austin, TX), ms mAb
anti-phospho-myelin basic protein (MBP) (horseradish perox-
idase (HRP)-conjugate) (Upstate), and rb anti-heavy chain-
binding protein (BiP) (Cell Signaling Technology). For immu-
noprecipitation of ILK, SPARC-blocking assays, and epitope
determination, ourmAbs 236, 255, 293, and 303 against human
(h) SPARC, rb serum against SPARC peptide 2.1, rb serum
against SPARC peptide 3.2, and guinea pig serum against
SPARC peptide 2.3 were used as previously described (25–28).
Rabbit polyclonal antibodies from our laboratory against ILK
and SPARC were affinity-purified against their respective
immunogens (25–27).
Cell Culture—C57Bl6/J � 129SVJ murine LEC were gener-

ated from lens epithelial explants as described previously (29).
WT and SPARC-null mouse LEC were cultured in growth
medium consisting of Dulbecco’smodified Eagle’smedium and
10% fetal bovine serum (FBS), 10 units/ml penicillin G, 10
�g/ml streptomycin sulfate, and 0.25 �g/ml Fungizone�
(Invitrogen). Cells were released with trypsin, seeded at 1.8 �
104 cells/cm2 on tissue culture plastic, and incubated at 37 °C
with 5% CO2 for 24 h before stress induction. Tunicamycin-
treated cells were incubated for 24 or 48 h in growth medium
containing 5 �g/ml tunicamycin (Calbiochem). Serum-de-
prived cells were incubated for 48 h in growth medium lacking
FBS but containing 0.1% BSA. Control cells were incubated in
growth medium only and received fresh medium at the same
time as their experimental counterparts.

Immunoblotting—Control, serum-deprived, and tunicamy-
cin-treated cells were washed with PBS, lysed with ILK lysis
buffer (1% Nonidet P-40, 50 mM HEPES, 150 mM NaCl, 5 mM
Na3VO4, 5mMNaF, 400�g/mlDNase, andHalt protease inhib-
itor mixture (Pierce)), and resolved by SDS-PAGE on 12%
acrylamide gels. Proteins were transferred to polyvinylidene
difluoride membranes (Millipore Corp., Billerica, MA). Non-
specific binding was blocked by incubation for 18–20 h at 4 °C
in AquaBlock (East Coast Biologics, North Berwick, ME)
diluted 1:1 with PBS containing 0.4% Tween 20. Membranes
were incubated for 20 h at 4 °C in rb anti-BiP IgG (1:1000), gt
anti-mouse SPARC IgG (1 �g/ml), ms anti-ILK IgG2b (1
�g/ml), rb anti-phospho-glycogen synthase kinase 3� IgG
(1:1000), rb anti-caspase-3 IgG (1:1000), or ms anti-GAPDH
IgG1(1 �g/ml). Blots were washed 3 � 5 min in PBS containing
0.4% Tween 20 and incubated for 1 h in HRP-conjugated sec-
ondary antibody (donkey (dk) anti-rabbit IgG (Jackson Immuno-
Research, West Grove, PA), dk anti-goat IgG (Jackson
ImmunoResearch), or gt anti-mouse IgG (Pierce). Immobilon
Western HRP substrate (Millipore) was used for detection of
antibody-antigen complexes. Some blots were subsequently
regenerated in Restore Western blot Stripping Buffer (Pierce)
according to the manufacturer’s instructions and were blocked
and re-probed as described above.
Measurement of Reactive Oxygen Species—Levels of cytosolic

reactive oxygen species (ROS) in tunicamycin-treatedWT and
SPARC-null LEC were assessed as previously described (30)
with slight modification. After a 24- or 48-h incubation with 5
�g/ml tunicamycin, 1 �g/ml 2�,7�-dichlorodihydrofluorescein
diacetate (H2-DCFH-DA) (Invitrogen) was incubated with the
cells for 20–30min followed by counting of fluorescent cells by
flow cytometry (FACSCalibur, BD Biosciences).
Quantification of Cell Death—For analysis with acridine

orange/ethidium bromide, procedures were followed as
described previously (31) with some modification. Briefly, WT
and SPARC-null LEC, grown for 24 h on glass coverslips in
Dulbecco’smodified Eagle’s medium containing 10% FBS, were
either deprived of serum (3 or 6 days) or exposed to tunicamy-
cin (5 �g/ml for 24 or 48 h). Cells were incubated for 30 min at
37 °C in Dulbecco’s modified Eagle’s medium, FBS containing
100 �g/ml acridine orange and 100 �g/ml ethidium bromide.
Cells were photographed with a fluorescence microscope
(Leica Microsystems AG, Wetzlar, Germany) and were scored
as follows: full green nuclei, viable cells; condensed green
nuclei, earlymid apoptotic cells; condensed red nuclei,mid-late
apoptotic cells; full red nuclei, necrotic cells. Routinely 3–4
panels containing 250–300 cells each were counted per condi-
tion. Additionally, the viability of trypsinized cells was deter-
mined by trypan blue exclusion.
Immunoprecipitation—Control, serum-deprived, and tuni-

camycin-treated cells were washed with PBS and were lysed
with ILK lysis buffer as described above. As controls for immu-
noprecipitation in each trial, experimentally treated lysates
were precipitated with beads only and a nonspecific antibody.
Resulting immunoblots from these samples was negative unless
otherwise indicated in each figure. For blocking experiments,
10 �g/ml nonspecific ms IgG, ms integrin �1-blocking anti-
body, orms anti-SPARCmAb (236, 255, 293, or 303) was added
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to the media during induction of stress. Lysates were collected,
and protein concentration was determined by BCA assay (21).
Two �g of hamster anti-integrin �1 IgG, ms anti-integrin
�6�1/4 IgG, or rb polyclonal antibody anti-ILK (25) was added
to 150–200 �g of total cell lysates, and incubation occurred
with gentle agitation for 20 h at 4 °C. Twenty �l of protein
A/G�-agarose (Santa Cruz Biotechnology) was added to each
sample, and incubation was continued for 1 h at 4 °C with agi-
tation. Samples were purified by 2 sequential washes with ILK
lysis buffer (modified to contain 750 mM NaCl) and boiled for
10 min in SDS-PAGE buffer (21) containing 1 mM dithiothrei-
tol. Samples were centrifuged at 10,000 rpm for 5 min at room
temperature before resolution by SDS-PAGE. Immunoblots
were incubated for 20 h at 4 °C in gt anti-mouse SPARC IgG (1
�g/ml), and protein detection was performed as described
above.
ILK Activity Assay—Immunoprecipitation of ILK from

serum-deprived or tunicamycin-treated LECwas carried out as
detailed above. For blocking experiments, 10 �g/ml integrin
�1-blocking antibody (BD Biosciences), ILK inhibitor KP-392
(a gift from Dr. Shoukat Dedhar), or the PI3K-inhibitor
LY294002 (Cell Signaling Technology, final concentration 10
�M) was added to cells during stress induction. Normal rb IgG
(Jackson ImmunoResearch) was used to control for nonspecific
antibody interactions. Immune complexes were isolated by a
1-h incubationwith proteinA/G�-agarose at 4 °C followed by 2
washes with ILK wash buffer and two washes with ILK kinase
buffer (50mMHEPES, 5mMNa3VO4, 5mMNaF, 10mMMgCl2,
2 mM MnCl2). For kinase reactions, samples were incubated at
30 °C for 25 min in ILK kinase buffer containing 200 mM ATP
and 5 �g/ml MBP. Samples were boiled in SDS-PAGE buffer
with 1 mM dithiothreitol for 10 min, centrifuged at room tem-
perature for 5 min at 10,000 rpm, and resolved by SDS-PAGE.
Proteins were transferred as above, and phosphorylated MBP
was detected with HRP-conjugated ms anti-phospho-MBP
(21).
Altered Media Renewal—WT LEC were incubated for 24 h

with 5 �g/ml tunicamycin. LEC were incubated normally for
the initial 12 h. For the subsequent 12 h, every 2–3 h, all of the
conditioned media was removed, the cells were washed with
PBS, and either the conditionedmedia (SPARC-null orWT) or
fresh media were added back to the cells. Cells were lysed and
immunoprecipitated as described above. WT LEC not receiv-
ing media renewal were used as a positive control.
Protein Cross-linking—During a 24-h incubation, control

and tunicamycin-treated cells were labeled with UV-sensi-
tive amino acid derivatives L-photo-Leucine and L-photo-
methionine according to the manufacturer’s instructions
(Pierce). Cells were washed with PBS and UV-cross-linked
for 10 min in a UV Stratalinker 1800 (Stratagene, La Jolla,
CA) at 365 nm. Cells were subsequently lysed in ILK lysis
buffer as described above. SDS-PAGE was performed as
described above, with the following modifications; samples
were reduced and run on a 3–8% Tris acetate NuPageTM
NovexTM minigel (Invitrogen).
Epitope Determination—mAbs raised against recombi-

nant human SPARC were selected for their reactivity with
both hSPARC and msSPARC. Epitopes of the four chosen

mAbs were mapped by enzyme-linked immunosorbent assay
against a library of SPARC peptides consisting of overlap-
ping 10-mers homologous to hSPARC, with an overlap of 3
residues. The 91 overlapping SPARC peptides plus 5 non-
SPARC 10-mers were synthesized and covalently bound to
“pins” by Mimotopes International (Clayton, Victoria, Aus-
tralia) according to their MultipinTM synthesis platform.
The rack of 96 pins, arranged in an 8 � 12 array, allowed
immersion of the peptide-bearing pins into the wells of
enzyme-linked immunosorbent assay plates containing anti-
body or substrate solutions.
Enzyme-linked immunosorbent assays were performed

according to the manufacturer’s instructions. Briefly, the rack
of pins (the peptide array) was blocked for 1 h in PBS containing
2% casein acid hydrolysate (Sigma-Aldrich) and 0.1%Tween 20,
washed 3 � 10 min in PBS, incubated for 1 h in anti-SPARC
mAb at 0.5 �g/ml in antibody diluent (PBS containing 0.1%
BSA or casein acid hydrolysate, 0.1% Tween 20), washed 3� 10
min in wash buffer (PBS, 0.1% Tween 20), incubated in perox-
idase-labeled gt anti-ms IgG (secondary) (KPL, Gaithersburg,
MD) at 0.2 �g/ml in antibody diluent, washed 3 � 10 min in
wash buffer, and immersed in TMB substrate (OptEIATM, BD
Biosciences). Assays testing the binding of the secondary alone
were used to control for background reactivity. Color develop-
mentwas stopped at 1.5min (mAb255), 3min (mAb293), or 10
min (mAb 236, mAb 303, and secondary antibody alone);
absorbance was recorded at 450 nm. The peptide array was
regenerated by ultrasonication in 10� PBS containing 1% SDS
and 0.1% �-mercaptoethanol.

Each antibody was assayed three times. The 96 absorbance
readings from each assay were scaled from 0 to 1 for analysis.
The average of the control assays (the secondary alone) was
calculated and subtracted from each mAb anti-SPARC data
point.
Dot Blot Analysis—Two �l of a 4 mM stock solution of

SPARC peptides (2.1, 2.3, 3.2, and Z-2) (26, 27, 32) in PBS
was spotted on a pre-wetted polyvinylidene difluoride mem-
brane and allowed to dry. The membrane was subsequently
blocked and probed as described above with 1 �g/ml non-
specific ms IgG or anti-SPARC mAb (236, 255, 293, or 303).
To validate the reactivity of spotted peptides, we independ-
ently probed the membrane with a 1:1000 dilution of anti-
peptide 2.1 (rb), anti-peptide 2.3 (guinea pig), or anti-pep-
tide 3.2 (rb) (26, 27).
SPARC Peptide Competition—Control (48 h), serum-de-

prived (48 h), and tunicamycin-treated (24 h) cells were incu-
batedwith varying concentrations of SPARCpeptides 2.3 or 1.1
(9, 27, 32). After the incubation, cells werewashedwith PBS and
lysed with ILK lysis buffer, and lysates were immunoprecipi-
tated as described above.
Exogenous Murine SPARC Addition—Medium conditioned

by WT LEC was determined to contain �13.5 nM SPARC by
comparative immunoblot analysis (data not shown). SPARC-
null LEC were incubated with and without stress conditions in
WT-conditionedmedia, serially diluted with SPARC-null-con-
ditioned media to contain 0–13.5 nM murine SPARC. After
incubation, cells were washed with PBS and lysed with ILK lysis
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buffer, and lysates were immunoprecipitated as described
above.

RESULTS

SPARC Is Increased during Stress—The expression of
SPARC increases as cells adapt to culture or are subjected to
different forms of stress (16). To determine the role of
SPARC in cell survival, we stressed LEC isolated from WT
and SPARC-null mice by serum deprivation. In parallel, the
inhibitor of dolichol-phosphate-mediated N-glycosylation,
tunicamycin, was used to initiate an intracellular stress
response, as previous work has shown that the administra-
tion of tunicamycin to LEC results in an endoplasmic retic-
ulum-associated unfolded protein response (UPR) (30).
In culture, LECproduce and secrete SPARC into theirmedia.

When placed under stress conditions, cell-associated and
secreted SPARC protein levels were increased relative to
unstressed control cells (Fig. 1). ILK levels also were increased
in response to stress, whereas integrin�1 appeared to decrease.
Conditioned media were probed additionally for ILK, integrin
�1, and GAPDH, with no reactivity (data not shown).
WT and SPARC-null LEC Undergo UPR—UPR is charac-

terized by increased levels of ROS, the endoplasmic reticu-
lum chaperone BiP, and caspase 3 and 12 activation as well as
induction of apoptosis (for review, see Ref. 33). To charac-
terize the UPR in the presence or absence of SPARC, we
treated LEC with tunicamycin and assayed for levels of ROS
or BiP. After the addition of redox-reactive dye, LEC were
analyzed by flow cytometry. ROS levels in LEC increased
over time after exposure to tunicamycin (Fig. 2, panels A and
B). SPARC-null LEC consistently showed ROS levels higher
than those of WT LEC before and during the addition of
tunicamycin (p � 0.05). As an additional indicator of UPR
induction, levels of BiP were determined by immunoblotting
(Fig. 2C). Both SPARC-null and WT LEC displayed an
�4-fold induction of BiP after exposure to tunicamycin. Nei-
ther intracellular ROS nor BiP induction was observed as a

consequence of serum deprivation (data not shown). Based
on elevated ROS and BiP levels, both SPARC-null and WT
LEC were shown to generate a UPR after exposure to
tunicamycin.
SPARCProtects LEC against Apoptosis in Vitro—Fig. 3 shows

the levels of SPARC in response to the two different types of
stress. As expected, SPARC-null LEC exhibited no SPARC,
whereas SPARC protein inWT LEC was increased after serum
deprivation or exposure to tunicamycin (5- and 4-fold, respec-
tively) (Fig. 3, panels A and D). LEC were also stained with
trypan blue or a combination of ethidium bromide/acridine
orange, the former to determine total cell death after the induc-
tion of stress (Fig. 3, panels B and E), whereas the latter was
diagnostic for apoptosis by nuclear condensation and perme-
ability (31, 34) (Fig. 3, panels C and F). Comparable staining
with trypan blue and ethidium bromide/acridine orange indi-
cated that stress-induced cell death in the two LEC populations
occurs primarily through apoptotic pathways. In both serum-
free and tunicamycin-supplemented culture media, SPARC-
null LEC showed significantly increased rates of apoptosis in
comparison with WT LEC.
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PI3K-dependent ILKActivity Is Affected by SPARC—As a sur-
vival factor, ILK has been shown to phosphorylate directly sev-
eral downstream activator molecules and, indirectly, to affect
the activity of several pro-/anti-apoptotic proteins. ILK inter-
acts directly with Akt, glycogen synthase kinase 3�, and the
forkhead transcription factor (22). Additional apoptosis-asso-
ciated proteins affected by ILK include caspase-3, caspase-9,
and Bcl-2 familymembers. As shown in Fig. 4, immunoblotting
and in vitro kinase assays were performed to determine the
relative level and activity of ILK and its PI3Kdependence inWT
and SPARC-null LEC. To determine ILK response during
stress, we performed immunoblots with lysates from resting
and stressed LEC (Fig. 4A). Both WT and SPARC-null LEC
demonstrated increased ILK production during stress. For ILK
activity in resting and stressed LEC, with and without exposure
to the PI3K inhibitor LY294002, lysates were immunoprecipi-
tated with anti-ILK antibodies and subjected to assays utilizing
MBP as an ILK substrate.WTLEC showed increased, PI3K-de-
pendent ILK activity when subjected to serum deprivation or
tunicamycin (Fig. 4B). All results were normalized to the
amount of ILK protein immunoprecipitated from each assay.
ILK Activity Is Required for SPARC-mediated Survival—Pre-

vious studies indicated that SPARC has an anti-apoptotic func-

tion via its stimulation of Akt and ILK activity in gliomas (19,
20). Phosphorylated Akt is a downstream effector of the PI3K
and ILK signaling pathways that promote survival.We reduced
ILK activity by chemical inhibition in stressed LEC to ask
whether the anti-apoptotic role of SPARC during stress is
dependent on an ILK-mediated pathway.
To determine whether the increased ILK activity observed in

WTLEC accounted for enhanced survival, we stressedWT and
SPARC-null LEC as before but with the addition of the small
molecule, ILK-specific inhibitor KP-392 (35); total cell death
was calculated by inclusion of trypan blue dye. The addition of
the ILK inhibitor to serum-deprived (Fig. 5A) or tunicamycin-
treated (Fig. 5B) LEC elevated total death in WT LEC to levels
comparable in SPARC-null cells. KP-392 added to SPARC-null
LEC did not increase total cell death after induction of stress
(data not shown).
Extracellular SPARC-Integrin �1 Interaction Is Enhanced

during Stress—Although previous work has shown that
SPARC affects ILK activity (20, 21), the mechanism for an
interaction between a secreted (SPARC) and intracellular
(ILK) protein has not been resolved. SPARC has also been
shown to diminish focal adhesion complexes in vitro (14).
Integrins are a primary component of focal adhesions, which
enable cross-talk between the ECM and intracellular signal-
ing molecules, e.g. ILK. It was, therefore, of interest to

SPARC

GAPDH

SPARC

GAPDH

60

40

20

0

50

40

20

0

30

10

20

0

30

10

60

40

20

0

80

Day 0 Day 0

Day 0 Day 0

Day 1

Day 1

Day 2Day 6Day 3 Day 3

Day 3

%
 T

ry
pa

n 
B

lu
e-

po
si

ti
ve

 C
el

ls

%
 T

ry
pa

n 
B

lu
e-

po
si

ti
ve

 C
el

ls

M
id

dl
e/

L
at

e 
A

po
pt

ot
ic

 C
el

ls

M
id

dl
e/

L
at

e 
A

po
pt

ot
ic

 C
el

ls

A

B

C

D

E

F

WT LEC Null LEC

-          +          -           +    Serum-Free -         +           -          +    Tunicamycin

WT LEC Null LEC

WT LEC
Null LEC

*

* WT LEC
Null LEC

*

*

*

WT LEC
Null LEC *

WT LEC
Null LEC

*

FIGURE 3. Anti-apoptotic activity of SPARC during stress in vitro. WT and
SPARC-null LEC were either serum-deprived or exposed to tunicamycin (5
�g/ml) for the times indicated. A, immunoblot of SPARC in total cell lysates
after 48h of serum deprivation. B, quantification of total cell death in serum-
deprived LEC by trypan blue inclusion (*, p � 0.02). C, quantification of apo-
ptosis induced by serum deprivation by examination of nuclei stained with
ethidium bromide/acridine orange (*, p � 0.02). D, immunoblot of SPARC in
total cell lysates after 24h of exposure to tunicamycin. E, quantification of
total cell death in tunicamycin-treated LEC by trypan blue inclusion (*, p �
0.05). F, quantification of apoptosis induced by tunicamycin by examination
of nuclei stained with ethidium bromide/acridine orange (*, p � 0.05). GAPDH
was used as a protein loading control for immunoblots. A and D are repre-
sentative of three independent experiments. Columns in B, C, E, and F repre-
sent the mean of three independent experiments �S.D.
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explore the role of integrins as mediators between SPARC
and ILK during stress induction in LEC.
Lysates from LEC that were serum-deprived or exposed to

tunicamycin (Fig. 6A) were immunoprecipitated with anti-in-
tegrin �1 antibodies andwere subsequently probed for SPARC.
Increased levels of SPARC-integrin �1 complex were observed
inWT LEC after stress induction. Additionally, a SPARC-inte-
grin �1 complex was revealed after SPARC-null LEC were
stressed in WT LEC-conditioned media containing secreted,
murine SPARC (Fig. 6A).

To verify the apparent interaction between SPARC and inte-
grin �1, we used several different antibodies in co-immunopre-
cipitation assays. Anti-�6�1/4 integrin antibodies did not
immunoprecipitate SPARC from stressed LEC. However, mul-
tiple anti-integrin �1 antibodies, with different specificities,
revealed increased SPARC-integrin �1 interaction after induc-
tion of stress (Fig. 6B).
Because both SPARC and integrin �1 are processed through

the classical secretory pathway, interaction between the two
proteins might be an intracellular process before secretion of
SPARC. To address this issue, we periodically washed and sub-
sequently incubated stressed cells with either conditioned
medium or freshmediumwithout secreted SPARC.When cells
were given SPARC-null conditioned or fresh medium, the

SPARC-integrin �1 interaction was eliminated (Fig. 6C) rela-
tive to the slight decrease observed in cells receiving WT-con-
ditioned medium.
For confirmation of the formation of a complex containing

SPARC, integrin �1, and ILK, cells were labeled and cross-
linked with UV-sensitive amino acid derivatives.Western anal-
ysis showed the formation of a large protein complex that
included ILK and integrin �1 under all conditions as well as
SPARC under conditions of stress (Fig. 6D).
ILK-mediated Survival Is Dependent on SPARC-Integrin �1

Interaction—SPARC and integrin-blocking antibodies were
added to LEC in an attempt to inhibit the interaction between
SPARC and integrin �1 (Fig. 7 and Fig. 8). Nonspecific, isotype
control antibodies showed no effect on SPARC-integrin �1
interaction, but the addition of integrin �1-blocking antibodies
eliminated SPARC from the immunoprecipitated complexes
(Fig. 7A). In vitro kinase reactions were used to determine
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FIGURE 5. ILK activity contributes to the survival of stressed WT LEC. WT
LEC were stressed by serum deprivation or exposure to tunicamycin (5 �g/ml)
in the presence or absence of the ILK inhibitor KP-392. A, trypan blue inclusion
in LEC after serum deprivation and addition of ILK inhibitor (*, p � 0.02).
B, trypan blue inclusion in LEC after tunicamycin treatment and the addition
of ILK inhibitor (*, p � 0.05). In A and B, each column represents the mean of
three independent experiments �S.D.
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FIGURE 6. Extracellular SPARC binds to �1-integrin during stress and
enhances ILK activity. Lysates of serum-deprived or tunicamycin-stressed
WT and SPARC-null LEC were either used for immunoblot analysis or were
immunoprecipitated (IP) by the following antibodies: rat or rabbit (Rb) anti-
integrin �1 and rat anti-integrin �6�1/�4. Immune complexes and cross-
linked proteins were probed for SPARC, ILK, and integrin �1 by immunoblot.
A, co-immunoprecipitation of SPARC with anti-integrin �1 from LEC after
serum deprivation (48 h) or tunicamycin exposure (24 h). Additionally,
SPARC-null LEC were incubated with SPARC-containing media conditioned
by WT LEC while serum-free or tunicamycin-exposed (WT Cond. Medium).
B, co-immunoprecipitation of SPARC with various anti-integrin antibodies
after tunicamycin exposure (24 h). Hm, hamster. C, co-immunoprecipitation
of SPARC with anti-integrin �1 IgG from tunicamycin-exposed (24 h) LEC with
and without renewal with fresh medium or SPARC-null- or WT-conditioned
medium from separate cultures or WT-conditioned medium of the cells from
which lysates were immunoprecipitated (“Self” Medium). D, immunoblot of
SPARC, ILK, and integrin �1 in cross-linked protein complexes with and with-
out tunicamycin. Singular and composite blots are from single membranes
and are representative of three independent experiments.
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whether inhibition of the SPARC-integrin �1 interaction influ-
enced ILK activity during stress (Fig. 7B). Integrin �1-blocking
antibodies, also shown to block SPARC-integrin �1 complex
formation, lowered ILK activity in serum-deprived or tunica-
mycin-treated WT LEC (Fig. 7B).
Anti-SPARCmAbs varied in their capacity to block the inter-

action of SPARC with integrin �1 (Fig. 8A). Total cell death, as
measured by trypan blue staining, of tunicamycin-treated WT
LECwas increased to levels observed in SPARC-null LECby the
addition of SPARC-blocking mAb 255 (Fig. 8B). In contrast,
nonspecific antibodies (IgG) or a non-blocking anti-SPARC
mAb (303) exhibited minimal effects on the death of WT LEC
cultured in the presence of tunicamycin (Fig. 8B).
The Follistatin Domain of SPARC Interacts with Integrin

�1—The differences between the four anti-SPARC mAbs in
their capacity to block the SPARC-integrin �1 interaction
prompted an investigation into the epitopes of each antibody.
Potential epitopes were first identified by testing the mAbs in a
series of enzyme-linked immunosorbent assays against a
MultipinTM peptide array representing the full-length amino acid
sequence of hSPARC. The peptide array contained 91 overlap-
ping 10-mers homologous to hSPARC, each offset from its
neighbor by 3 residues. Each mAb was assayed against the
entire peptide array three separate times. Background activity
of the HRP-conjugated secondary antibody alone was sub-
tracted from each reading (Fig. 9). Potential epitopes were
selected according to 1) high net reactivity with adjacent over-
lapping peptides, and 2) an absorbance pattern indicative of a
peak (candidate peaks are circumscribed by red boxes, and pre-
dicted epitope sequences are shown in red in the insets, Fig. 9).

Two of themAbs, 236 and 293, yieldedmultiple peaks within
the N-terminal half of SPARC, indicating the possibility that
the mAbs bind to peptide sequences separated by nonbinding
sequences within the primary structure of SPARC but brought
into spatial proximity by its tertiary structure. This supposition
was borne out by reacting mAbs with soluble 20- and 50-mers
approximating domains of SPARC (26, 32) (Fig. 10). Several of
the peptides were dotted onto polyvinylidene difluoride mem-
branes and probed with the four mAbs; each of these mAbs
detected peptides predicted by the data from the MultipinTM
assay and did not detect peptides for which there were no cor-
responding peaks (Figs. 9 and 10). mAbs 236 and 293 detected
peptides 2.1 and 2.3 from the follistatin domain but not Z-2
from the EC domain (see Fig. 10A for reference). mAb 255
detected one of the 2 follistatin domain peptides (2.3), andmAb
303 detected peptide Z-2 only (Fig. 10B, colored arrows corre-
spond to peptides shown in Fig. 10A).
The three mAbs with inhibitory activity toward the forma-

tion of a SPARC-integrin �1 complex all proved to have
epitopes in the follistatin domain of SPARC, whereas the non-

FIGURE 7. The addition of integrin �1-blocking antibodies prevents
SPARC binding and inhibits ILK signaling. Lysates of WT LEC stressed by
serum deprivation or exposure to tunicamycin in the presence of an isotype
control or integrin �1-blocking antibody (10 �g/ml) were co-immunoprecipi-
tated (IP) with rabbit anti-integrin �1 or rabbit anti-ILK antibody. A, stress-
induced co-immunoprecipitation of SPARC and integrin �1 in the presence of
integrin �1-blocking antibody. B, immunoblot of total ILK and phosphoryla-
ted (p-) MBP from immunoprecipitated ILK (in the presence of integrin
�1-blocking antibody) from lysates of stressed WT cells. Each gel is represent-
ative of three independent experiments.

FIGURE 8. Interaction between SPARC and integrin �1 is inhibited by sev-
eral anti-SPARC mAbs. WT LEC were exposed to tunicamycin for 24 or 48 h in
the presence of 10 �g/ml nonspecific ms IgG or one of the anti-SPARC mAbs:
236, 255, 293, or 303. Relative co-immunoprecipitation (IP) of SPARC and inte-
grin �1 (A) and total cell death (B) are shown. A, quantification of SPARC and
integrin �1 co-immunoprecipitation after incubation with nonspecific IgG or
anti-SPARC mAbs for 24 h. The SPARC signal (black bars) from the cell lysate
incubated with nonspecific IgG was set at 100% (*, p � 0.05). B, trypan blue
staining of tunicamycin-treated LEC (days 0, 1, and 2) incubated with IgG or
anti-SPARC mAbs (*, p � 0.05). A and B represent the mean of three independ-
ent experiments �S.D. The composite blot is from a single membrane and is
representaative of three independent experiments.
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inhibitory mAb 303 was found to react only with a sequence
that wasmore C-terminal (i.e. in the EC domain). Furthermore,
the three inhibitorymAbs (236, 255, and 293) reactedwith pep-
tides encompassing the SPARC copper binding sequence
KKGHK, as shown both by theMultipinTM assay and by the dot
blot of peptide 2.3 (Fig. 10, panels A and B, respectively).
SPARC Peptide 2.3 Inhibits SPARC-Integrin �1 Interaction—

To demonstrate the specificity of the SPARC-integrin �1 inter-
action, we used peptide 2.3 in a series of competition assays.
SPARC peptide 2.3 was shown to impair SPARC-integrin �1
interaction in a concentration-dependent manner. The capac-
ity of peptide 2.3 to inhibit the SPARC-integrin �1 interaction
was significantly greater than that seen in the presence of
another SPARC peptide (1.1) of comparable size but from
the N-terminal domain (Fig. 11, panels A and B). The effect

of peptide 1.1 (from domain 1 of
SPARC) was predicted from the
partial inhibition of SPARC anti-
apoptotic activity by anti-SPARC
IgG, as most antibodies against
intact SPARC react strongly with
domain 1.
SPARCPeptide 2.3 Inhibits Extra-

cellular SPARC Functions—To
show the extracellular specificity of
peptide competition with SPARC,
we used peptide 2.3 in a series of
assays with SPARC-null cells
treated with exogenous SPARC
fromWTLEC. Co-immunoprecipi-
tation of tunicamycin-treated
SPARC-null LEC incubated with
varying concentrations of murine
SPARC (0–13.5 nM) revealed a
concentration-dependent SPARC-
integrin �1 interaction. This inter-
action was inhibited by the addition
of peptide 2.3 to the medium (Fig.
12A). Peptide 2.3 also competed
with SPARC on stressedWTLEC in
a cross-linking experiment (Fig.
12B). Finally, the capacity of peptide
2.3 to inhibit a function of SPARC
downstream was explored in
SPARC-null LEC by an in vitro ILK
kinase assay (Fig. 13). Whereas
increasing SPARC concentrations
corresponded with increased ILK
activity, the addition of peptide 2.3
inhibited this function (Fig. 13).

DISCUSSION

The most striking developmental
characteristic of SPARC-null mice
is early onset cataractogenesis. Cat-
aracts are generally associated with
alterations in LEC behavior, lens
capsule formation, deposition of

integral ECM components, and general stress responses in lens
fiber cell layers (36). Several common lens pathologies result
from the sensitivity of this tissue to external stressors such as
hypoxia, fluctuations in ionic balance, hyperglycemia, and
ultraviolet irradiation. The discovery of SPARC in our labora-
tory was an outcome of its production by cells in vitro subjected
to stress, e.g.“culture shock” (16). Although SPARC was pre-
sented as a pro-survival factor in a recent study (20), its role in
cell survival after stress induction had not been elucidated. A
potential clue to a mechanism by which SPARCmight regulate
cell survival is its capacity to increase the activity of ILK during
fibronectin assembly (21). Despite an apparent colocalization
of SPARC and ILK on the surface of cells, the mechanism by
which ILK activity is enhanced by SPARC is not known. We
hypothesized that SPARC exhibits a pro-survival function in
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stressed cells at least in part by its augmentation of downstream
ILK activity through interaction with ILK-associated integrins
�1/�3. Our results here indicate that cell death resulting from
stress induction is apoptotic, as defined by nuclearmorphology.
Becausewe have not pursued additional apoptotic indicators or
additional downstream ILK signaling, it is formally possible
that cell death after stress is non-apoptotic. In either circum-
stance the role of SPARC is one of pro-survival during cellular
response to stress.
As had been demonstrated previously, induction of stress in

cultured cells increased expression of both SPARC and ILK,
including increased secretion of SPARC into the culture
medium (Fig. 1). In contrast to SPARC and ILK proteins, inte-
grin �1 appeared to decrease with stress. However, subsequent

immunoprecipitations with anti-in-
tegrin antibodies showed integrin
�1 protein levels equivalent to those
in resting cells, results allowing rea-
sonable estimates of SPARC inter-
action (Figs. 6–8).
Before secretion, SPARC is

prominent in the endoplasmic retic-
ulum and has been proposed as a
molecular chaperone that guides
the folding of basement membrane
proteins (37). Emerson et al. (38)
have recently demonstrated that
SPARC acts as a chaperone on
model protein substrates. It was,
therefore, of interest to generate
endoplasmic reticular stress and the
subsequent UPR in WT and
SPARC-null cells. Survival after the
UPR is dependent on endoplasmic
reticulum-specific chaperone activ-
ity and is causally related to cataract
formation in the lens (30). As indi-
cated by increased ROS and BiP
production, both WT and SPARC-
null LEC undergo an UPR after
overnight exposure to the inhibitor
of N-glycosylation, tunicamycin
(Fig. 2). There is a slight increase in
ROS production and a reduced
induction of BiP in SPARC-null
LEC, the data indicating a possible
role for SPARC during the UPR and
correlating with elevated apoptosis
in SPARC-null LEC.
For comparisonwith the intracel-

lular effects of exposure to tunica-
mycin, cells were cultured in the
absence of FBS for extended periods
of time. Deprivation of serum or
exposure to tunicamycin led to apo-
ptotic cell death, as verified by
trypan blue inclusion and observa-
tion of nuclear morphology/integ-

rity (Fig. 3). After induction of stress, WT LEC exhibited
increased production of SPARC and a decreased apoptotic rate
relative to SPARC-null LECunder similar conditions.Although
not explored here, it is possible that alterations in protein gly-
cosylation on SPARC or survival-related proteins could result
in increased SPARC-mediated survival. Previous work in our
laboratory has shown that alterations in glycosylation do not
change SPARC function, but alterations to other proteins
remain a factor for consideration.
ILK signaling in the presence of SPARCwas characterized by

immunoblotting and immunocytochemistry. Immunoblots or
staining of WT and SPARC-null LEC lysates after serum dep-
rivation or exposure to tunicamycin (Fig. 4A) revealed
enhanced ILK signal in both LEC lines. Whereas stress
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FIGURE 10. Confirmation of epitopes predicted by MultipinTM peptide array. SPARC peptides (20- and
30-mers) were dotted onto polyvinylidene difluoride membranes and probed with anti-SPARC mAbs 236, 255,
293, and 303. A, schematic diagram of SPARC showing relative positions of the portion of SPARC for which
crystallographic data exist (red bar, follistatin domain; blue bar, extracellular calcium binding (EC) domain),
SPARC peptides (gray bars), and mAb epitopes predicted by MultipinTM peptide array (colored bars). B, dot blot
shows immunodetection by anti-SPARC mAbs of peptides containing the predicted epitopes (236, red; 255,
green; 293, yellow; 303, blue). Reactivity of dotted peptides was confirmed by the use of guinea pig and rabbit
antisera against the respective peptides (anti-SPARC peptide antisera). Composite blots for peptides 2.1, 2.3,
3.2, and Z-2 are from single membranes and are representative of three separate experiments.
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increased protein levels of ILK in both WT and SPARC-null
LEC, ILK activity was seen only in WT LEC (Fig. 4B). Further
analysis revealed that inhibition of PI3K eliminated all the
SPARC-mediated ILK activity in cultured LEC (Fig. 4B). Addi-
tionally, ILK-specific inhibition eliminated the survival advan-
tage of WT LEC relative to their SPARC-null counterparts,
whereas inhibition of ILK did not affect the survival of SPARC-
null LEC (Fig. 5). These results indicate a specific, PI3K-de-
pendent role for ILK activity in the anti-apoptotic function of
SPARC.
SPARC affects adhesion in vitro in part by its disruption of

focal adhesions and the binding of integrins to ECM compo-
nents (14). The cytoplasmic tails of integrins �1/�3 bind to ILK
and in turn modulate its activity (22). We, therefore, asked
whether integrins could bridge signaling between extracellular
SPARC and intracellular ILK. After stress induction in the
absence of serum or in the presence of tunicamycin, there was a
significant increase in SPARC protein that was co-immunopre-
cipitated with integrin �1 in WT LEC (Fig. 6A). Immunopre-

cipitation of integrin �1 from SPARC-null cells exposed to
WT-conditionedmediumalso isolated interacting SPARCpro-
tein under stress conditions. The SPARC-integrin �1 interac-
tion appears to be specific, as several anti-integrin �1 antibod-
ies recognizing different epitopes produced similar results (Fig.
6B). Elimination of SPARC-integrin �1 interaction via periodic
removal of conditioned media demonstrated that secreted
SPARC is required for the observed complex formation. This
finding validates an extracellular connection between the
SPARC and integrin �1 (Fig. 6C). Finally, protein cross-linking
revealed a large, cell-associated complex containing ILK and
integrin �1, and induction of stress resulted in the inclusion of
SPARC in this complex (Fig. 6D).
Wepropose that the SPARCprotein co-immunoprecipitated

with anti-ILK antibodies during stress and/or during fibronec-
tin assembly is in a complex with ILK and integrin �1. These
findings do not eliminate the possibility that ILK and SPARC
have direct interaction at the cell surface, but they do indicate a
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with integrin �1. Lysates of SPARC-null LEC treated with tunicamycin (24 h)
in the presence of SPARC (0 –13.5 nM) with and without SPARC peptides (1.1
or 2.3) were immunoprecipitated (IP) by rabbit anti-integrin �1 IgG. Lysates of
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cated. A, co-immunoprecipitation (IP) of SPARC and integrin �1. Relative
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role for integrins in SPARC-mediated signaling, as a functional
interface between ILK and SPARC.
The use of anti-SPARC mAbs or a function-blocking anti-

integrin �1antibody eliminated SPARC from the immunopre-
cipitated complex before and especially after stress induction
(Fig. 8A; Fig. 7A). Blocking of a SPARC-integrin �1 interaction
impaired both downstream ILKactivation (Fig. 7B) and survival
of WT LEC under stress (Fig. 8B). These results confirm that
stress-induced SPARC-ILK signaling ismediated at least in part
by integrin �1 in vitro. The antibodies we used to immunopre-
cipitate and block integrin �1 impair the adhesive function of
this integrin. Because active integrins are required for function-
ality on the cell surface, we conclude that SPARC forms a com-
plex primarily with the active form of integrin �1 on the cell
surface. These findings do not preclude the possibility that
SPARC and integrin �1 do not directly interact. It is possible
that additional cellular factors are required tomediate or enhance
the SPARC-integrin �1 interaction demonstrated here.
To explain the varied success of the anti-SPARC mAbs to

inhibit complex formation between integrin�1 and SPARC, we
determined specific epitopes for each of the four mAb. Those
mAb that inhibited the binding of SPARC to integrin �1 (236,
255, and 293; Fig. 8A) were shown to recognize epitopes in the
follistatin domain of SPARC (Figs. 9 and 10). The capacity of
each mAb to block SPARC appeared coincident with its reac-
tivity with SPARC peptide 2.3 (27, 32). Competition assays
showed that SPARC peptide 2.3 was capable of specific,
concentration-dependent inhibition of SPARC-integrin �1 inter-
action (Fig. 11). Further analysis indicated peptide 2.3was capable
of inhibiting (i) the integrin �1 binding, (ii) the integrin-ILK com-
plex formation, and (iii) and the ILK signaling conferred by extra-
cellular SPARC on stressed LEC (Figs. 12 and 13).
Peptide 2.3 represents a copper binding sequence that stim-

ulates angiogenesis via its enhancement of the endothelial cell

cycle (27, 39). KKGHK can be proteolytically released (with
flanking amino acids) from SPARC after degradation by extra-
cellular proteases associated with wound repair and tissue
remodeling in vivo (27, 32). It is plausible that during injury,
development, tissue remodeling, and/or stress in vivo, the local-
ized increase in SPARC protein results in an interaction with
integrin �1 in which intact SPARC or SPARC proteolytic frag-
ments participate. Subsequently, the pro-survival and angio-
genic signaling required for the resolution of injury would
occur. In conclusion, SPARC has an ILK-dependent, anti-apo-
ptotic function in cultured LEC that is dependent on its copper
binding domain mediating interaction with integrin �1.
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