THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 34, pp. 23462-23472, August 22, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Novel Function of PERK as a Mediator of

Force-induced Apoptosis”

Received for publication, April 25, 2008, and in revised form, May 20, 2008 Published, JBC Papers in Press, June 11,2008, DOI 10.1074/jbc.M803194200

Baldwin C. Mak®, Qin Wang*, Carol Laschinger®, Wilson Lee*, David Ron®, Heather P. Harding®, Randal J. Kaufman'’,
Donalyn Scheuner®, Richard C. Austin/?, and Christopher A. McCulloch**

From the *Canadian Institutes of Health Research Group in Matrix Dynamics, University of Toronto, Toronto, Ontario M5S 3E2, Canada,
the Skirball Institute, New York University School of Medicine, New York, New York 10016, the YHoward Hughes Medical Institute
and Departments of Biological Chemistry and Internal Medicine, University of Michigan Medical Center, Ann Arbor, Michigan 48109, and
the!Division of Nephrology, McMaster University, Hamilton, Ontario L8N 4A6, Canada

Induction of apoptosis by tensile forces is an important deter-
minant of connective tissue destruction in osteoarthritis and
periodontal diseases. We examined the role of molecular com-
ponents of the unfolded protein response in force-induced apo-
ptosis. Magnetic fields were used to apply tensile force through
integrins to cultured fibroblasts bound with collagen-coated
magnetite beads. Tensile force induced caspase 3 cleavage, DNA
fragmentation, depolarization of mitochondria, and induction
of CHOP10, all indicative of activation of apoptosis. Immuno-
blotting, immunocytochemistry, and release of Ca®>* from the
endoplasmic reticulum showed evidence for both physical and
functional associations between bound beads and the endoplas-
mic reticulum. Force-induced apoptosis was not detected in
PERK null cells, but reconstitution of wild-type PERK in PERK
null cells restored the apoptotic response. Force-induced apo-
ptosis did not require PKR, GCN2, eIF2«, or CHOP10. Further-
more, force more than 24 h did not activate other initiators of
the unfolded protein response including IRE-1 and ATF6. How-
ever, force-induced activation of caspase 3 was dependent on
caspase 9 but was independent of mitochondria. We conclude
that force-induced apoptosis depends on a novel function of
PERK that occurs in addition to its canonical role in the
unfolded protein response.

The ability of cells to sense and respond to physical stresses is
required for tissue homeostasis and normal development. In
muscle, bone, tendons, the periodontium, and the cardiovascu-
lar system, applied forces of physiological magnitude regulate
cellular processes that are critical for normal tissue and organ
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function such as differentiation, proliferation, and migration
(1). In contrast, pathophysiological forces can induce apoptosis
(2). Indeed, force-induced death is an important mediator of
connective tissue destruction in osteoarthritis (3) and peri-
odontitis (4).

Cells in mechanically active environments constitutively
exhibit protective responses that provide resistance to apopto-
sis in the face of either continuous or intermittent, high ampli-
tude physical forces (5). As a result of these protective
responses, cell viability and normal tissue function are main-
tained. For example, tensile and compressive forces applied to
bone cells help to maintain bone mass by balancing bone appo-
sition and resorption, in part by regulating cell proliferation and
cell death (3). Cellular adaptations in high load environments
include submembrane cytoskeletal buffering of high amplitude
forces (5). In fibroblasts, tensile forces are delivered through
collagen fibers and integrins to adhesion complexes; these
forces are then transmitted intracellularly by actin filaments
(6). Both focal adhesions and actin filaments are required for
force-induced apoptosis (6, 7), but the intracellular mecha-
nisms that initiate pro-apoptotic signals beyond the actin
cytoskeleton are not defined.

Three pro-apoptotic pathways have been described and
include the extrinsic pathway, involving activation of death
receptors at the cell membrane, and two intrinsic pathways,
involving induction of mitochondria-mediated death and acti-
vation of the unfolded protein response (UPR)* in the endoplas-
mic reticulum (ER) (8). Notably, application of high amplitude
tensile forces through collagen-coated magnetite beads in
fibroblasts, which is a good model for the forces that are deliv-
ered to connective tissue cells in vivo (7), induces p38 and elF2«
(eukaryotic translation initiation factor 2a) phosphorylation
(9) and cell death (10). elF2a is regulated in the UPR as cells
progress from physiological protein translation to compensa-
tory responses to exogenous forces. These data suggest that the
UPR pathway may translate force-induced signals into apopto-
tic responses.

The UPR is conventionally considered as a stress response
that is activated by accumulation of misfolded proteins in the

“The abbreviations used are: UPR, unfolded protein response; BiP, immuno-
globulin heavy chain binding protein; BSA, bovine serum albumin; ER,
endoplasmic reticulum; HGF, human gingival fibroblast; MEF, mouse
embryonic fibroblast; PBS, phosphate buffered saline; RT, reverse tran-
scription; TUNEL, TdT-mediated X-dUTP nick end labeling.
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ER or by stressors such as hypoxia, changes in calcium concen-
tration, and nutrient deprivation. The UPR is activated by three
triggering molecules in the ER membrane: PERK (PKR (double-
stranded RNA-activating protein kinase)-like ER kinase/pan-
creatic elF2« kinase), IRE-1 (inositol requiring ER-to-nucleus
signaling 1), and ATF6 (activating transcription factor 6) (11).
Activation of these molecules initiates signaling cascades lead-
ing to the attenuation of general translation and the induction
of chaperone proteins and protein degradation pathways. Ulti-
mately, after prolonged application of force, apoptosis occurs
(12).

Apoptosis arising from UPR stimulation involves the up-reg-
ulation of CHOP10 (CAATT enhancer binding homologous
protein 10)/GADD153 (growth and DNA damage protein 153),
which is a downstream target of PERK through eIF2a phospho-
rylation, and to a lesser extent ATF6 and IRE-1 (13). Although
other mechanisms by which the UPR can initiate apoptosis
have been studied, this particular pathway is well characterized
and is best correlated with apoptotic signals originating from
the ER. Based on these previous data, we determined whether
force-induced cell death is mediated through signaling systems
in the ER.

EXPERIMENTAL PROCEDURES

Reagents—]C-1 and mag-fura-2/AM were purchased from
Molecular Probes (Eugene, OR). Magnetite beads, bovine
serum albumin (BSA), poly-L-lysine, fibronectin, thapsigargin,
tunicamycin, staurosporine, carbonyl cyanide 3-chlorophenyl-
hydrazone, and camptothecin were obtained from Sigma. Acid-
ified bovine type 1 collagen was from Angiotech (Palo Alto,
CA). Swinholide A was purchased from Calbiochem. Rabbit
polyclonal antibodies for phospho-elF2q, total eIlF2a, cleaved
caspase 3, phospho-PERK, and caspase 9 were from Cell Signal-
ing Technologies (Beverly, MA). Antibodies to CHOP10
(GADD153 (F-168)) were from Santa Cruz Biotechnology.
Anti-GRP78 (glucose-regulated protein 78)/immunoglobulin
heavy chain binding protein (BiP) mouse monoclonal, anti-cal-
nexin mouse monoclonal, and anti-caspase 8 rabbit antibodies
were from BD Transduction Laboratories. Anti-actin mono-
clonal antibody (clone AC-40) and anti-vinculin mouse mono-
clonal antibody (clone BM75.2) were from Sigma. Anti-ATF6
rabbit polyclonal antibody was from R. C. A. (14). Rabbit poly-
clonal antibody to caspase 12 was from Pharmingen. Anti-glyc-
eraldehyde-3-phosphate dehydrogenase monoclonal antibody
(MAB374) was obtained from Chemicon International
(Temecula, CA).

Cell Culture—PERK wild-type, PERK null, GCN2 (general
control amino acid 2) wild-type, and GCN2 null mouse embry-
onic fibroblasts (MEFs) were maintained according to Harding
et al. (15, 16). Mouse embryonic fibroblasts expressing wild-
type elF2a (401-406 elF2 Ser/Ser) or mutant, non-phospho-
rylatable e[F2a(S51A) (401-404 elF2 Ala/Ala) were grown as
described (17). PKR wild-type MEFs and PKR null MEFs were
maintained as described (18). PKR cells were provided by Bryan
Williams of the Cleveland Clinic Foundation. All rights, title,
and interest in these materials are owned by the Cleveland
Clinic Foundation. Human gingival fibroblasts (HGFs) were
maintained according to Pender and McCulloch (19). HeLa
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cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen), supplemented with 10% fetal bovine serum, and
1% penicillin/streptomycin. CHOP10/GADD153 null MEFs
were from R. C. A. Caspase 9 null MEFs were provided by Razq
Hakem (Princess Margaret Hospital/Ontario Cancer Institute,
Toronto, Ontario) (20), and APAF-1 (apoptotic protease-activat-
ing factor 1) null MEFs were obtained from Tak Mak (Princess
Margaret Hospital/Ontario Cancer Institute) (20). In all experi-
ments, control samples included untreated cells and thapsigargin-
treated cells (1 um for 0.5 or 1 h or 300 nMm for 24 h).

Collagen Bead Preparation and Mechanical Force
Application—Collagen-coated magnetite beads (9) were bound
to cells at 37 °C for 30 min, washed with phosphate-buffered
saline (PBS), and incubated in medium containing 10% serum
prior to force exposure (0.65 piconewtons/um?) at 37 °C. After
force induction, cells were washed with PBS, and lysates were
collected in Laemmli sample buffer for determination of pro-
tein concentration and analysis. Tensile forces were applied by
placing the magnet above the cells. Compressive forces were
applied by placing the magnet below cells, and twisting forces
were applied by rotating the magnet placed above cells by 90°
after half the total length of exposure time.

Isolation of Focal Adhesions— After addition of collagen- or
BSA-coated magnetite beads, bead-associated proteins were
isolated from cells as described (9). Briefly, cells were washed
with cold PBS to remove unbound beads, scraped into cold
cytoskeleton extraction buffer (9), and sonicated for 10 s. The
beads were isolated from the lysate with a magnet, resuspended
in cold cytoskeleton extraction buffer, homogenized, and reiso-
lated magnetically. Bead-associated proteins were removed by
boiling in Laemmli sample buffer. In control experiments, cell
cultures were treated with swinholide A (50 nm, 25 °C, 20 min)
prior to bead binding to dissipate focal adhesion formation.

Ectopic Expression of ER Stress Proteins—A wild-type mouse
PERK expression vector was transfected into PERK null MEFs
using FUGENE 6 transfection reagent (Roche Applied Science).
After force application, cell lysates were collected for protein
concentration determination and analysis. Hemagglutinin-
tagged mouse PERK constructs in pcDNA3 were kindly pro-
vided by T. Rutkowski and R. J. K.

Western Blotting—Adherent cells and the culture medium
containing detached cells were combined for preparation of
samples. Cell lysates were collected in Laemmli sample buffer,
and protein concentrations were measured with the BCA pro-
tein assay. Equal amounts of protein were separated by SDS-
PAGE, transferred to membranes, and blotted with antibodies.
Quantitation of band intensity was performed using the NIH
Image] 1.34n program. The values were normalized to actin
loading controls within the same lane and expressed as a ratio
relative to the zero time point for comparison between lanes.

Colocalization of ER Resident Proteins with Beads—Chamber
slides (8-well, Labtek) were coated with poly-L-lysine (100
pg/mlin PBS). Cells were plated for 6 h prior to incubation with
collagen-coated or BSA-coated latex microbeads for 30 min at
37°C. Prior to immunostaining, cells were fixed (3.7%
paraformaldehyde in PBS for 10 min at room temperature),
blocked, and permeabilized (PBS with 0.2% Triton X-100 and
0.2% BSA) for 15 min at room temperature. Antibodies were
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diluted in PBS with 0.2% Triton X-100 and 0.2% BSA. Immu-
nofluorescence staining was performed with mouse calnexin
antibody for 1 h at room temperature. Slides were washed with
PBS, incubated with goat anti-mouse fluorescein isothiocya-
nate-conjugated antibody for 1 h, washed, and sealed with cov-
erslips. The slides were viewed with a Nikon 300 inverted fluo-
rescence microscope equipped with differential interference
contrast optics. Images were captured with a charge-coupled
device camera (Imagepoint, Photometrics, Phoenix, AZ).

ER Calcium Release—Estimation of [Ca®" ], was performed
as described (21). Briefly, cells were incubated with mag-fura-
2/AM (4 um) for 150 min. The medium was replaced with nom-
inally calcium-free HEPES buffer (9) for bead binding and then
force application. Visual inspection of mag-fura-2/AM-loaded
cells showed fluorescent labeling of intracellular organelles as
shown earlier (22), which correspond spatially with the ER.
[Ca®"]gz measurements based on the mag-fura-2 fluorescence
ratio were obtained with alternating excitation wavelengths of
340 and 380 nm and an emission wavelength of 520 nm.

DNA Fragmentation—Staining for DNA fragmentation
(TdT-mediated X-dUTP nick end labeling, TUNEL) was per-
formed using an in situ cell death detection kit (Roche Diagnos-
tics) as outlined in the manufacturer’s instructions. Briefly,
after force application, paraformaldehyde-fixed cells were per-
meabilized with Citrate buffer (0.1% Triton X-100 in 0.1%
sodium citrate) for 15 min at room temperature, washed twice
with PBS, and then stained with the TUNEL reagent mixture
for at least 1 h at 37 °C. They were washed with PBS and coun-
terstained with 4',6-diamidino-2-phenylindole. Positive con-
trol cells were treated with 300 nm thapsigargin for 24 h and
stained in the same manner. Stained cells were visualized on a
Leica inverted fluorescence microscope, and digital images
were captured using a Nikon CoolPix camera. For estimation of
the percent of TUNEL-positive cells, three fields were photo-
graphed from each of three separate cultures, and the mean
percent of TUNEL-positive cells was estimated from the total
number of 4',6-diamidino-2-phenylindole-stained cells.

Mitochondrial Membrane Potential (s,,)—JC-1 is a mito-
chondrial membrane potential-sensitive dye that exists largely
as a green fluorescent monomer at low membrane potential in
dead or dying cells. At higher (physiological) mitochondrial
membrane potentials, JC-1 forms red fluorescent “J-aggre-
gates.” JC-1 staining followed by analysis of JC-1 aggregates and
monomers by two-color flow cytometry was conducted as
described (7). Cells were loaded with collagen beads and treated
with or without force. Floating (presumptive dead) cells were
washed away and removed. Attached cells were trypsinized,
washed, and suspended in PBS containing 10% serum and
stained with JC-1 at 0.32 pg/ml for 1 h at 37 °C in the dark. Cells
were washed and resuspended in PBS for analysis as described
(23). Cells denoted as positively stained for aggregates were
determined from signal thresholds of untreated controls and
for monomers cells treated with carbonyl cyanide 3-chlorophe-
nylhydrazone for 2 h to dissipate ...

Reverse Transcription (RT)-PCR Detection of XBP-1 Cleavage—
RT-PCR detection of XBP-1 (Xhol site-binding protein 1)
cleavage was performed as described by Ref. 24 with modifica-
tions to primers for human XBP-1. Preparation of cDNA from
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RNA was performed using the Qiagen Omniscript RT kit (Qia-
gen, Mississauga, Ontario) by diluting RNA in RNase-free
water, denaturing at 65 °C for 5 min, and incubating with 5 mm
dNTPs, 10X RT buffer, 10 um oligo(dT),,, and Omni RT mix-
ture at 42 °C for 2 h for cDNA synthesis. PCR was performed
using the Qiagen HotStarTaq master mixture kit by mixing
c¢DNA with HotStarTaq mixture and 25 um forward and
reverse primers for PCR amplification of XBP-1 products. The
PCR products were resolved on a 3% NuSieve 3:1 agarose gel
(Cambrex, Rockland, ME). The primers used for hXBP-1 were
forward, 5'-GAGAACCAGGAGTTAAGACA-3’, and reverse,
5'-TAAGACTAGGGGCTTGGTA-3".

Animal Model—For assessment of force-induced cell death
in vivo, latex rubber separators were placed between the first
and second mandibular molar teeth of male Wistar rats (250 g;
n = 3) (25). This maneuver applies tensile forces to rat peri-
odontal ligament cells in vivo and initiates apoptosis in peri-
odontal ligament cell populations (7). Controls (n = 3) con-
sisted of animals without separators. Rats were killed at 2 days
after stimulation. Jaws were fixed in paraformaldehyde, decal-
cified, and prepared for paraffin sections. Cells in the periodon-
tal ligament were stained with an antibody to phosphorylated
PERK at 1:100 as described (26). The tissue sections were not
counterstained. The experiments were conducted according to
an experimental protocol approved by the Animal Care Com-
mittee at the University of Toronto.

Statistical Analysis—For continuous variables, means and
S.E. were computed. Band intensities reported are averaged
data from three separate measurements. Statistical significance
was estimated by Student’s ¢ test using individual values from
three different measurements. All experiments were performed
at least three times in triplicate.

RESULTS

Mechanical Force Induces Apoptosis—Robust time-depend-
ent increases in the active (cleaved) form of caspase 3 were
observed in MEFs and in HGFs exposed to tensile force (Fig.
1a). This was consistently observed as early as 16 h after force
application and was detected with application of stretching,
compression, and twisting forces (Fig. 15). To ensure complete
and reliable detection of activation in all subsequent studies,
cleavage of caspase 3 was monitored after 24 h of force expo-
sure. Tensile force did not activate caspase 8, an indicator of
death receptor-mediated apoptosis activation (Fig. 1c), but did
increase phosphorylation of elF2« (Fig. 1d). DNA fragmenta-
tion detected by TUNEL staining was observed in MEFs (45%
TUNEL-positive at 24 h) and in human gingival fibroblasts
(35% TUNEL-positive at 24 h) after exposure to mechanical
forces (Fig. 1e) and was restricted to cells that bound collagen-
coated beads. In contrast, cells with attached collagen-coated
magnetite beads that were not exposed to tensile force exhib-
ited minimal caspase 3 cleavage and no detectable DNA frag-
mentation (Fig. 1, a— cand e). Together, these data indicate that
the primary inducer of apoptosis is mechanical force and not
collagen bead binding alone.

Cells loaded with JC-1 to monitor mitochondrial membrane
potential, incubated with collagen beads, and then exposed to
force or no force showed that tensile force reduced the ratio of
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FIGURE 1. Induction of apoptosis by mechanical stretching. g, collagen-coated magnetite beads were bound to MEFs or HGFs. Cells were either
undisturbed or exposed to tensile force with magnets. Lysates were collected from cells at different durations of force exposure and resolved by
immunoblotting to detect caspase 3 cleavage. Actin expression was used as a loading control. b, MEFs were exposed to stretching force (lane 1),
compression force (lane 2), and twisting force (lane 3) for the time duration indicated and analyzed for induction of caspase 3 cleavage as described
under “Experimental Procedures.” Untreated cells (C) and thapsigargin-treated cells (Tg; 300 nm, 24 h) were used as negative and positive controls,
respectively. ¢, an immunoblot of lysates from HGFs exposed to force for detection of caspase 8 cleavage is shown. Proform 55/50-kDa (inactive) and
cleaved form 40/36-kDa (active) caspase 8 were detected using a polyclonal antibody to caspase 8. Actin expression was used as a loading control.
Negative control samples were treated with thapsigargin (1 um, 1 or 4 h). Positive controls for active caspase 8 were from cells treated with camptothecin
(Camp; 1 ng/ml, 4 h).d, MEFs were treated with force as described above, and lysates were immunoblotted for phosphorylated elF2« and for actin as the
loading control. e, MEFs and HGFs grown on coverslips were stained by TUNEL and counterstained with 4',6-diamidino-2-phenylindole (DAPI). Control
samples with bound beads were not exposed to force (0 h) or not treated with beads (control). Cells treated with thapsigargin (300 nm, 24 h) were used

as a positive control. Magnifications were MEFs, X375, and HGFs, X450.
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TABLE 1
Mitochondrial membrane potential in attached cells

Cells were incubated with collagen-coated beads and treated as indicated. Attached
cells were removed by trypsinization, stained with JC-1, and analyzed by two-color
flow cytometry. JC-1 aggregates were estimated by red fluorescence and JC-1 mono-
mers by green fluorescence. For each treatment group, at least 1000 cells were
analyzed to generate an aggregate-to-monomer ratio as an estimate of mitochon-
drial membrane potential. This experiment was repeated three times. The data from
asingle representative experiment are shown below. The mean aggregate:monomer
ratios for three experiments are given in parentheses after the single experimental
data.

Time (h)/treatment No. of No. of Aggregate:monomer
aggregates monomers
0/ Beads + no force 1962 612 3.2 (3.4)
24/ Beads + no force 7872 2190 3.6 (3.3)
24/ Beads + force 1384 1429 1.0 (0.9)
2/ Carbonyl cyanide 205 1144 0.2 (0.3)

3-chlorophenylhydrazone

JC-1 aggregates to monomers (Table 1), an estimate of . The
aggregate-to-monomer ratio was reduced to less than one-
third of that of cells not exposed to force, indicating that
stretching forces cause dissipation of .. Cells treated with
carbonyl cyanide 3-chlorophenylhydrazone, a positive control
for dissipation of s, exhibited a ratio of aggregates to mono-
mers that was %15 that of control ratios. Thus tensile force may
be able to induce apoptosis in fibroblasts through intrinsic
pathways associated with both the ER and mitochondria.
Plasma Membrane Interactions with the ER at Focal
Adhesions—Increased elF2a phosphorylation has been
observed in response to force application (9), and our data
above (Fig. 1d) indicated that the UPR is activated in this sys-
tem. Accordingly, we determined if there was a mechanical
continuity between focal adhesions and the ER. Colocalization
and coisolation experiments were performed to assess whether
focal adhesion proteins bound to magnetite beads can interact
with the ER. In human fibroblasts, collagen or BSA-coated
beads were bound to cells and stained for calnexin, an ER pro-
tein. Enrichment of calnexin was observed around collagen-
coated beads but not around BSA-coated beads in permeabi-
lized cells (Fig. 2a) or in unpermeabilized cells (data not
shown). Second, focal adhesion-associated proteins were iso-
lated from cells after binding to collagen-coated beads, and the
bead-associated proteins were immunoblotted. Both calnexin
and GRP78/BiP, another ER resident chaperone protein, were
detected in immunoblots of the focal adhesion-associated pro-
teins from collagen-coated bead-bound samples (Fig. 2b, lane
1) but not from BSA-coated bead-bound samples (Fig. 2b, lane
2). Vinculin, a focal adhesion-associated protein, was also
detected in these samples, indicating that the adhesions formed
around the beads were authentic focal adhesions. Inhibition of
actin filament polymerization with swinholide A blocked focal
adhesion formation and coaggregation of calnexin and GRP78/
BiP (Fig. 2b, lane 3), indicating that the interaction between
focal adhesions and ER-resident proteins depends on the integ-
rity of actin filaments and the formation of focal adhesions.
To determine whether applied forces can generate an ER-
specific response, [Ca®>" ] was estimated from measurements
of the mag-fura-2 excitation ratio in single cells. Dye-loaded
fibroblasts were switched to Ca®"-free medium (to prevent
entry of Ca®>" through stretch-activated plasma membrane
channels (27)), and within 1 min, force was applied (for a 1-s
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duration). Under these conditions, cells exhibited rapid reduc-
tion of the mag-fura-2 ratio when forces were applied through
collagen-coated beads but not BSA-coated beads (Fig. 2¢), indi-
cating a close physical association between focal adhesions (the
site of force application in this model) and the ER. As a control,
thapsigargin-treated cells exhibited rapid reduction of the mag-
fura-2 ratio (Fig. 1¢).

PERK Mediates Force-induced Apoptosis—The data above
indicated that mechanical forces could be transmitted to the ER
and thereby activate apoptosis, possibly through the UPR.
Because tensile forces can increase elF2a phosphorylation in
fibroblasts (9), and as shown also by our data above, force
induction of apoptosis was examined by focusing on the PERK
signaling pathway. Detection of eIlF2a phosphorylation and
induction of CHOP10/GADD153 by immunoblotting were
used as downstream indicators of PERK activity and UPR acti-
vation, whereas cleavage of caspase 3 was used to estimate apo-
ptosis. In PERK wild-type MEFs, force application enhanced
elF2a phosphorylation at 1 h, slightly higher than levels seen
with thapsigargin treatment (Fig. 3a). There was also marked
induction of CHOP10/GADD153 and caspase 3 cleavage after
prolonged exposure to sustained force (Fig. 3b). When PERK
null MEFs were examined under the same conditions, elF2«a
phosphorylation, induction of CHOP10/GADDI153, and
caspase 3 cleavage were not observed above background levels
(Fig. 3, a4 and b). Ectopic expression of hemagglutinin-tagged
wild-type mouse PERK into PERK null MEFs, confirmed by
hemagglutinin expression (data not shown), restored force-in-
duced caspase 3 cleavage (Fig. 3c). Relative to cells at zero time,
caspase 3 activation was induced 2-3-fold after force. Notably,
in some experiments, thapsigargin-treated cells showed little or
no detectable actin, possibly because of cell death and degrada-
tion of cytoskeletal proteins by caspases. Furthermore, in some
experiments, cells binding large numbers of beads showed
caspase 3 cleavage even when not exposed to force; however,
the levels of induction were below that of force-treated cells
(Fig. 3, b and ¢, see values below blots and Fig. 1a). For all
experiments, bead-bound cells exposed to prolonged force con-
sistently exhibited higher caspase 3 activation compared with
bead-bound cells in the absence of force.

As a second approach for evaluating apoptosis, TUNEL
staining was performed and was observed in PERK wild-type
MEFs after 24 h exposure to force but not in PERK null MEFs
(Fig. 3, d and e). Only PERK wild-type MEFs with attached
collagen-coated magnetite beads were TUNEL-positive (45%
after 24 h). In contrast, PERK null MEFs did not stain positively
for TUNEL regardless of whether they had bound collagen-
coated beads after force application (Fig. 3d). These observa-
tions cannot be attributed to differential binding capacities of
the two cell lines because collagen bead binding by PERK wild-
type and PERK null MEFs were comparable (data not shown).
Staining for TUNEL and caspase 3 cleavage after treatment
with thapsigargin (a chemical activator of the UPR) indicated
that activation of apoptosis by the UPR was intact in PERK null
MEFs (Fig. 3, a and b).

We asked whether PERK may be involved in force-depend-
ent signaling events in vivo. Accordingly, cells in rat periodontal
ligament exposed to mechanical forces or not were examined
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FIGURE 2. Association between plasma membrane and the endoplasmic reticulum. g, human gingival
fibroblasts plated on poly-L-lysine were incubated with collagen (Coll)- or BSA-coated latex microbeads for 30
min at 37 °Cand immunostained for calnexin followed by fluorescein isothiocyanate-conjugated second anti-
body. The microscope was focused on the dorsal surface of the cell to image bead-associated proteins. DIC,
differential interference contrast. Magnification was X800. b, immunoblots of proteins from focal adhesion
complexes show coisolation of calnexin and GRP78/BiP with complexes prepared from cells bound with col-
lagen-coated beads (lane 1) but not with BSA beads (lane 2). Disruption of the actin cytoskeleton with swinhol-
ide A blocked formation of focal adhesion complexes and the association of calnexin and GRP78/BiP (lane 3).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as a control for FAC purity, was detected only in
whole cell lysates (lane 4). ¢, mag-fura-2 ratio data are shown for estimation of [Ca** ;. Cells plated on poly-L-
lysine were loaded with mag-fura-2/AM and preincubated with collagen- or BSA-coated beads. Traces are
representative of three independent experiments, each with n = 3-5 cells. The bottom panel shows composite
traces of five cells incubated with thapsigargin (Tg; 1 um) at the indicated time as a positive control for release

of calcium from the ER.

by immunohistochemistry using previously described methods
(7). Phosphorylated PERK was detected in force-loaded tissues
but not in unloaded tissues (Fig. 3e).

Force Induction of Apoptosis Is Not Dependent on elF2a
Phosphorylation—Previous reports have shown that elF2a
phosphorylation in the UPR is reliant on PERK expression (28).
As force-induced elF2a phosphorylation and caspase 3 cleav-
age were both ablated in the absence of PERK, we examined the
contribution of other eIF2« kinases (PKR and GCN2) to force
induction of apoptosis. In PKR null MEFs (Fig. 4a) and GCN2
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null MEFs (Fig. 4b), force induction
of both CHOP10/GADD153 (used
as a downstream indicator of elF2«
phosphorylation) and caspase 3
cleavage remained intact, indicating
that neither PKR or GCN2 is
required for force-induced apopto-
sis. Immunoblots showed that force
application activated caspase 3
above levels seen with bead binding
alone (Fig. 4, a and b), similar to pre-
vious findings in the other cell lines.
Notably, in both the GCN2 and PKR
null cell lines, force induced
TUNEL-positive cells (Fig. 4, a and
b; ~40% for both cell types).

We determined whether phos-
phorylation of elF2« is required for
force-induced apoptosis because it
is important for apoptosis in classi-
cal UPR mechanisms (17). We
examined MEFs expressing wild-
type elF2a or elF2a harboring a
point mutation at Ser-51, the site of
PERK-induced phosphorylation.
Because elF2a phosphorylation
cannot be detected in the S51A
mutant cell line, CHOP10/GADD153
elevation was used as a downstream
functional readout for elF2« phos-
phorylation. Increased expression
of both CHOP10/GADD153 and
caspase 3 cleavage were observed in
cells expressing wild-type elF2a
after force application. In elF2a
mutant cells, as anticipated,
CHOP10/GADD153 expression
was not observed, but caspase 3
cleavage was still detected, indicat-
ing that caspase 3 activation by force
does not require eIF2a phosphoryl-
ation or CHOP10/GADD153 (Fig.
5a). This notion was confirmed with
CHOP10/GADD153 null MEFs
that showed induction of caspase 3
cleavage by force and staurosporine
(Fig. 5b). CHOP10/GADDI153 ex-
pression was not detected by immu-
noblotting (data not shown), and this result was confirmed by
absence of an UPR-mediated apoptotic response (caspase 3
cleavage) to thapsigargin. Quantification of cleaved caspase 3
bands from both elF2a cell lines indicates that activation of
caspase 3 was enhanced after prolonged force induction (Fig.
5a), and quantification of TUNEL staining showed ~35% after
24 h of force.

Force Application Does Not Activate Canonical ER Stress
Responses—As phosphorylation of elF2a and induction of
CHOP10/GADD153 were neither necessary nor sufficient for
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FIGURE 3. Force-induced apoptosis is mediated through PERK. Tensile forces were applied to PERK wild-type (Wt) or PERK null MEFs. a and b, immunoblots
of cell lysates show enhanced elF2a phosphorylation, up-regulation of CHOP10/GADD153, and caspase 3 cleavage in PERK wild-type MEFs but not PERK null
MEFs. Actin was used as a loading control; thapsigargin was used as a positive control (Tg; 300 nm, 24 h). Band intensity for phosphorylated elF2a was measured
and expressed as a ratio relative to the 0-h time point as described under “Experimental Procedures.” Values comparing the statistical significance of force-
treated and untreated samples at 24 h were analyzed using Student’s t-test. The reported average values at 1-24 h after force were significantly higher (p <
0.05). C, untreated cells. ¢, immunoblots of cell lysates show no induction of caspase 3 cleavage in PERK null cells, whereas in PERK null cells transfected with
wild-type mouse PERK there was abundant cleaved caspase 3 at 24 h. Cleaved caspase 3 band intensities were measured and expressed as a ratio relative to the
0-h time point as described under “Experimental Procedures.” Student’s t test showed significantly higher (p < 0.002) cleaved caspase 3 at 24 h compared with
0 h. Control samples include untreated cells and thapsigargin-treated samples (1 um for 1 h or 300 nmfor 24 h). d, TUNEL staining in PERK wild-type (top panel)
and PERK null (bottom panel) cells after force application is shown. Cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Magnification was
X 350. Cells treated with thapsigargin (300 nm, 24 h) were used as positive controls. FITC, fluorescein isothiocyanate. e, immunohistochemical staining for

phospho-PERK in rat periodontal ligament subjected to orthodontic forces (left panel) or to no force (right panel) is shown. Magnification was X225.

force-induced apoptosis, the canonical UPR mechanism lead-
ing to cell death through PERK and elF2« evidently does not
mediate force-induced apoptosis. To determine whether other
UPR mechanisms are involved, the activities of IRE-1 and ATF6
were examined. Cleavage of XBP-1 mRNA by IRE-1 was used to
detect activation of IRE-1. RNA was isolated from cells after
force treatment and analyzed with RT-PCR using primers spe-
cific for inactive (uncleaved) and active (cleaved) XBP-1. Cells
exposed to force for 15 min or 24 h did not exhibit XBP-1
cleavage (Fig. 6a). In contrast, thapsigargin-treated controls
showed typical XBP-1 cleavage (29). Therefore, the IRE-1 path-
way of the UPR was not activated by mechanical force, as indi-
cated by the absence of XBP-1 cleavage, and it is unlikely to
mediate force-induced apoptosis.

We also examined the ATF6 pathway of the UPR by immu-
noblotting for cleaved forms of ATF6 in cell lysates after expo-
sure to force. In contrast to cells treated with dithiothreitol,
thapsigargin, and tunicamycin, which were used as positive
controls, activation of ATF6 was not detected in cells exposed
to mechanical force (Fig. 6b), indicating that the ATF6 pathway
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of the UPR is not activated by force. Notably, it is possible that
cleavage of XBP-1 or ATF6 in response to force occurs at very
low levels that are below the detection threshold by RT-PCR
and Western blotting, respectively. If this were the case, it is
unlikely that the low level of activation of XBP-1 or ATF6 con-
tributes significantly to the apoptotic response induced by
mechanical forces because activation of caspase 3 by mechani-
cal force is lost in PERK null cells where IRE-1 and ATF6
remain intact (Fig. 3b).

PERK-mediated Force Induction of Apoptosis Involves and
Caspase 9 but Not APAF-1—As we detected mitochondrial
depolarization after force application (Fig. 1f), mitochondria-
mediated apoptotic signals involving the cytochrome C-APAF-
1-caspase 9 apoptosome complex could be involved in force-
induced cell death (30). To examine the role of mitochondrial
systems in facilitating force-induced apoptosis, cells deficient
in APAF-1 or caspase 9, proteins required for formation of the
apoptosome, were exposed to force and examined for caspase 3
activation. In the absence of APAF-1 expression, caspase 3
cleavage was stimulated after force application, and TUNEL
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FIGURE 4. Force-induced apoptosis is not dependent on PKR or GCN2.
Tensile force was applied to cells. Lysates were collected forimmunoblotting
to detect CHOP10/GADD153 and caspase 3 cleavage. Actin was used as a
loading control. a, PKR wild-type or PKR null MEFs. CHOP10/GADD153 and
cleaved caspase 3 was detected by immunoblotting. TUNEL staining was
done on PKR null cells after 24 h of force application. Band intensity was
measured and expressed as a ratio relative to the 0-h time point as described
under “Experimental Procedures.” DAPI, 4'6-diamidino-2-phenylindole.
b, GCN2 wild-type or GCN2 null MEFs. Control samples include untreated cells
(C) as negative controls and cells treated with thapsigargin (Tg; 1 umfor 1 h or
300 nm for 24 h) as positive controls. TUNEL staining was done on GCN2 null
cells 24 h after force application. Magnification for TUNEL staining was X250.

staining was still noted (30% TUNEL-positive after 24 h); how-
ever, the deficiency in caspase 9 expression abrogated caspase 3
activity (Fig. 7a). These data imply that force-induced apoptosis
occurs through caspase 9 activity, independent of APAF-1 and
possibly mitochondria. Although the JC-1 data above indicated
mitochondrial depolarization, suggesting that mitochondria-
mediated apoptotic signals are activated, these pathways may
be not necessary for force induced apoptosis but instead func-
tion to enhance the PERK-mediated apoptotic signal (31).

We next examined whether force can activate caspase 9. In
wild-type MEFs, caspase 9 cleavage was observed after force
application in a time-dependent manner (Fig. 7b, arrows). Den-
sitometry of the caspase 9 cleaved products showed increased
detection of these proteins with prolonged exposure to force in
the wild-type cells, but the cleaved products were not detected
in the PERK null cells (Fig. 7b). We also examined caspase 12
cleavage, and these data showed loss of the caspase 12 band
between 5 and 24 h after force treatment (Fig. 7c). Replicate
analyses of caspase 12 showed that compared with 0 h, caspase
12 was reduced to 0.3 = 0.3 (1 = 3 separate experiments) of the
density at 24 h after force application. Together with previously
published work showing that apoptosis can be stimulated
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FIGURE 5. Phosphorylation of elF2a is not required for force-induced apo-
ptosis. g, force was applied to MEFs expressing wild-type (Wt) elF2« (Ser-51,
Ser/Ser) or mutant elF2a (S51A, Ala/Ala). Lysates were immunoblotted for
CHOP10/GADD153 and caspase 3 cleavage. Cleaved caspase 3 band intensity
was measured as described under “Experimental Procedures.” Values com-
paring the statistical significance of force-treated and untreated samples at
24 h were analyzed using Student’s t test. The reported average values were
significant with p < 0.05. Control samples include untreated cells (C) as neg-
ative controls and cells treated with thapsigargin (Tg; 300 nm, 24 h) as positive
controls. b, immunoblot of lysates from CHOP10/GADD153 null MEFs shows
cleavage of caspase 3 with force. Cells treated with thapsigargin (1 umfor 1 h,
300 um for 24 h) or staurosporine (STS; 200 uMm, 4 h) were used as positive
controls.
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FIGURE 6. IRE-1 and ATF6 pathways are not induced by force. a, RNA from
HGFs was isolated for RT-PCR using primers specific for uncleaved (inactive)
and cleaved (active) XBP-1 to detect IRE-1-dependent RNase activity in
response to force. Samples were resolved by agarose gel electrophoresis.
Cells treated with thapsigargin (Tg; 1 mm, 1 h) were used as positive control for
IRE-1 activity. Negative control cells were untreated. b, an immunoblot of
lysates from HGFs exposed to force for detection of ATF6 cleavage is shown.
Full-length (inactive) and cleaved (active) ATF6 were detected using a poly-
clonal antibody for ATF6. Positive control samples were treated with dithio-
threitol (DTT; 1 mm, 1 h), thapsigargin (300 nm, 6 h), or tunicamycin (Tm; 2
rg/ml, 6 h). C, untreated cells.

through caspase 9 activation in an ER-dependent manner (32),
these results are consistent with our observation that force can
elicit an apoptotic response through the ER.

DISCUSSION

In connective tissue cells, transmission of tensile forces from
fibrillar extracellular matrix proteins through integrins to the
actin cytoskeleton induces signals that can mediate cell prolif-
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FIGURE 7. Force-induced apoptosis is dependent on caspase 9 but not APAF-1. g, force was applied to
control MEFs, caspase 9 null MEFs, or APAF-1 null MEFs. Immunoblots of cell lysates show that force-induced
caspase 3 cleavage is preserved in the absence of APAF-1 but not in the absence of caspase 9. Cells treated with
thapsigargin (Tg; 1 mm for 1 h, 300 nm for 24 h) were used as positive control. Staurosporine (STS; 4 h) did not
induce caspase 3 cleavage. Negative controls cells were untreated (C). APAF null cells were TUNEL-positive
after force application. Magnification was X300. DAPI, 4’ ,6-diamidino-2-phenylindole. b, an immunoblot of
wild-type MEF lysates shows cleavage of caspase 9 after force. Actin was used as a loading control. Cells treated
with staurosporine (200 um, 4 h) or thapsigargin (1 um for 1 h, 300 um for 24 h) were used as positive controls.
Untreated cells were used as negative controls. Band intensity for cleaved caspase 9 was measured as
described under “Experimental Procedures.” Values comparing the statistical significance of force-treated and
untreated samples at 24 h were analyzed using Student’s t test. Reported average values were significantly
different (p < 0.002). ¢, caspase 12 immunoblots of MEFs show disappearance of caspase 12 at 24 h after force

because of force-induced processing.

eration or death (1). In tissues exposed to high amplitude forces
such as bone, joint, or periodontium, inappropriate responses
to physical forces contribute to the pathogenesis of several high
prevalence diseases including osteoarthritis and periodontitis
(3,4). Here we explored the signaling mechanisms that mediate
force-induced apoptosis and demonstrated that in this system,
apoptosis is mediated by a novel function of PERK. Applied
forces induced apoptosis as assessed by caspase 3 cleavage,
DNA fragmentation, depolarization of mitochondria, and
induction of CHOP10/GADD153. In some experiments in
which cells bound high numbers of collagen-coated beads for
prolonged periods, caspase 3 cleavage was observed also at low
levels in the absence of applied magnetic forces. This result
likely arose from bead-induced attractive interactions attribut-
able to the beads themselves that induce small force effects. In
situ analysis of DNA fragmentation by TUNEL showed that
apoptosis was restricted to cells that bound collagen beads. Fur-
thermore, the levels of detectable caspase 3 cleavage and
TUNEL-positive staining were consistently higher after pro-
longed exposure to beads in different cell lines. We conclude
that force-induced apoptosis was mediated largely by force-
induced mechanical stretching.

Binding of extracellular matrix proteins to integrins induces
focal adhesion formation at sites of bead binding (33). Both
focal adhesions and the associated actin filaments are required
for force-induced apoptosis (6, 7). Notably, focal adhesions
contain large numbers of proteins involved in apoptotic sig-
naling pathways (9) and may provide a physical and func-
tional connection to organelles such as the ER (9, 34) that can
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contribute to activation of apopto-
tic processes (12). We determined
whether focal adhesions associate
with the ER to mediate apoptosis
through ER-specific pathways,
possibly the UPR. By immunofluo-
rescence and coisolation methods,
we found a physical association
between focal adhesions and ER
proteins. This association facili-
tated force-induced Ca*" efflux
from the ER and suggested that the
ER may be involved in force-in-
duced apoptosis.

Apoptotic signals arising from
the ER may be mediated by the
UPR-associated initiator molecules
PERK, IRE-1, and ATF6 (11). These
molecules are generally thought to
be involved in apoptosis stimulated
by up-regulation of CHOP10/
GADD153. Because previous stud-
ies showed that force promotes
elF2a  phosphorylation (9), we
focused on the role of the PERK
pathway in ER-associated apopto-
sis. Our analysis of apoptosis in
PERK wild-type and null MEFs, as
well as ectopic expression of wild-
type PERK in null MEFs, demonstrated that force-induced apo-
ptosis requires PERK and suggested that force-induced cell
death is mediated through the ER. PERK is generally considered
to be anti-apoptotic, as PERK null MEFs are more susceptible to
apoptosis after treatment with thapsigargin (15), a response
that we also observed (Fig. 3, b and c). However, after prolonged
ER stress, PERK activates apoptotic signals (13). Similarly, we
found that after prolonged force application, PERK is required
for force induction of apoptosis. Consequently, PERK may
function as an environmental force sensor by regulating cell
death and thereby contributing to tissue homeostasis.

PERK phosphorylation of elF2« initiates a signaling cascade
that leads to CHOP10/GADD153 induction (16). As expected,
phosphorylated elF2a and CHOP10/GADD153 up-regulation
were increased by force, but caspase 3 cleavage was preserved in
MEFs expressing mutant elF2a (not phosphorylated at Ser-9)
and in MEFs null for CHOP10/GADD153. These data indicate
that force-enhanced elF2a phosphorylation and CHOP10/
GADD153 expression are not essential for force-induced apo-
ptosis. Force application also induced dissipation of mitochon-
drial membrane potential, an event that initiates apoptotic
signaling cascades from the mitochondria and involves the for-
mation of the cytochrome C-APAF-1-caspase 9 apoptosome
(30). These findings suggested that mitochondrial signaling
mechanisms are involved in force-induced apoptosis, consist-
ent with the observation that mitochondrial mediated apopto-
tic pathways can also be activated upon UPR stimulation (35).
However, we found that tensile force induction of caspase 3
cleavage is maintained in the absence of APAF-1, indicating

TUNEL

- - .-
+ o+ o+ o+ -
24 5 17 24 C Tg
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that although force-induced and mitochondria-mediated apo-
ptotic pathways are both activated, they are separate and func-
tionally independent.

In contrast, caspase 9 is essential for force-induced caspase 3
activation. Despite its association with APAF-1 in the apopto-
some, caspase 9 activation can occur independent of APAF-1/
cytochrome C release (32). Indeed, the mitochondrial-apopto-
some mediated pathway is considered to amplify rather that
initiate caspase cascades leading toward apoptosis (31).
Because CHOP10/GADD153 is known to inhibit Bcl-2 expres-
sion and in turn can affect the mitochondrial membrane poten-
tial (13), force-induced up-regulation of CHOP10/GADD153
may serve to amplify a force-induced apoptotic signal by stim-
ulating the mitochondria.

In addition to the pro-apoptotic properties attributed to
CHOP10/GADD153 (13), it can also activate genes such as
GADD34, which promotes recovery from UPR-induced sup-
pression of translation (36). Depending on the type of stress
conditions, CHOP10/GADD153 may not function strictly as a
pro-apoptotic molecule but may instead maintain cellular
homeostasis, a function that would be lost with its deletion.
Conceivably, after application of tensile force, the induction of
elF2a phosphorylation and CHOP10/GADD153 may be a
recovery response to stress. Furthermore, our observations that
force did not induce CHOP10/GADDI153 in both PERK null
cellsand elF2« Ala/Ala mutant cells imply that ATF6 and IRE-1
pathways, which can also up-regulate CHOP10/GADD153, are
not activated by force in both cell lines. This notion was con-
firmed by the absence of ATF6 and XBP-1 cleavage in stretched
cells.

Activation of the UPR generally involves the integration of
PERK, ATF6, and IRE-1 signaling pathways, but their selective
activation has been observed previously in myoblast and B cell
differentiation (37). Perhaps in connective tissues exposed to
high tensile forces such as tendon, ligaments, and bone, PERK
can function separately from ATF6 and IRE-1. Notably, skeletal
abnormalities are associated with defects in the PERK/elF2«
signaling pathway in both PERK null and ATF4 null mice and in
humans affected by the Wolcott-Rallison syndrome, a disease
linked to mutations in the human PERK gene (38). These skel-
etal abnormalities have been attributed to the inefficient proc-
essing and secretion of extracellular matrix proteins such as
collagen, and manifest as fragmented and distended ER in the
osteoblasts of PERK null mice. Loss of PERK function may also
dysregulate the expression of growth factors that direct bone
development.

Our data indicate that PERK is essential for force-induced
apoptosis and suggest that it may play a role in integrating
force-related signals with other extracellular stimuli. In con-
trast, CHOP10/GADD153 expression and elF2a phospho-
rylation are not essential, and the canonical UPR is not
induced. The PERK signaling pathway also acts independ-
ently of mitochondrial signals leading to apoptosis but
requires the activation of caspase 9 and evidently involves
caspase 12, thereby linking PERK to the caspase pathway.
The discovery that PERK expression is required for force-
induced apoptosis in a system that is activated in addition to
its effects in the UPR indicates that PERK may play a more
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universal role in cell and tissue homeostasis than was con-
sidered previously.
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