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Abstract

Use of non-steroidal anti-inflammatory drugs (NSAIDs) is associated with reduced risk of
colorectal cancer (CRC). However, the mechanism by which NSAIDs suppress colorectal
tumorigenesis remains unclear. We previously showed that NSAIDs selectively kill emerging
tumor cells via death receptor (DR) signaling and a synthetic lethal interaction mediated by the
proapoptotic Bel-2 family protein BID. In this study, we found NSAIDs induce endoplasmic
reticulum (ER) stress to activate DR signaling and BID in tumor suppression. Importantly, our
results unveiled an ER stress- and BID-dependent immunogenic effect of NSAIDs, which may be
critical for tumor suppression. NSAID treatment induced hallmarks of immunogenic cell death
(ICD) in CRC cells and colonic epithelial cells upon loss of APC tumor suppressor, and elevated
tumor-infiltrating lymphocytes (TILs) in the polyps of APCMIV* mice. ER stress inhibition or B/D
deletion abrogated the antitumor and immunogenic effects of NSAIDs. Furthermore, increased ER
stress and TILs were detected in human advanced adenomas from NSAID-treated patients.
Together, our results suggest that NSAIDs induce ER stress- and BID-mediated ICD to restore
immunosurveillance and suppress colorectal tumor formation.
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Introduction

Colorectal cancer (CRC) remains the second leading cause of cancer-related death in the
United States despite recent successes in early detection and therapeutic intervention [1].
Prevention of CRC is a promising approach for reducing the mortality and morbidity of this
disease. The widely used non-steroidal anti-inflammatory drugs (NSAIDs) have been shown
to reduce CRC incidence in epidemiological studies, clinical trials, and animal model studies
[2, 3]. It is well known that a key effect of NSAIDs is inhibition of cyclooxygenases [2, 3].
However, the antitumor mechanisms of NSAIDs and other chemopreventive agents are not
well understood.

Colorectal tumorigenesis often initiates with the formation of adenomatous precursor
lesions. This process is driven by gatekeeper alterations in the Adenomatous Polyposis Coli
(APC) tumor suppressor pathway, leading to aberrant Wnt signaling, accumulation and
nuclear translocation of p-catenin, and subsequent activation of c-Myc and other oncogenes
[4]. A critical activity of NSAIDs in chemoprevention is selective killing of intestinal stem
cells acquiring the gatekeeper alterations [5, 6]. Our previous studies showed that NSAIDs
activate death receptor (DR) signaling to trigger a synthetic lethal interaction in intestinal
epithelial cells with APC loss and c-Myc accumulation [7]. This selective killing effect of
NSAIDs is mediated by apoptosis through the mitochondrial pathway [8-10]. Blocking this
effect by deleting the proapoptotic Bcl-2 family member B/D abrogates the antitumor
activity of NSAIDs such as sulindac in APCMIV* mice, a commonly used genetic model of
intestinal tumorigenesis and chemoprevention [7]. However, the upstream events leading to
DR signaling and BID-mediated cell death in response NSAIDs remain unclear.

Previous work on CRC prevention has mostly focused on tumor cell intrinsic alterations.
Recent studies suggest antitumor immunity also plays a critical role in CRC prevention [11].
Emerging tumor cells must overcome immunosurveillance to sustain the course of
development by accumulating additional oncogenic alterations [12, 13]. Chemopreventive
agents such as NSAIDs are known to have immune-modulatory effects [14]. However, the
origin and functional role of immune responses in NSAID-mediated chemoprevention are
poorly understood. It is known that different cell death pathways have diverse
immunological consequences [15, 16]. For example, apoptosis mediated by endoplasmic
reticulum (ER) stress promotes a robust immune response and is therefore considered as
immunogenic cell death (ICD) [17]. NSAIDs can induce various cellular responses
including ER stress, which has not been carefully examined in previous studies.

In this study, we further investigated the selective cell-killing effect of NSAIDs and its
immunogenic consequences using cultured cells, animal models, and human adenoma
specimens. Our results reveal the antitumor activity of NSAIDs is mediated by ER stress,
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which not only leads to death of emerging tumor cells, but also triggers an antitumor
immune response that may be critical for tumor suppression.

Results

Induction of ER stress mediates apoptosis induced by sulindac sulfide in HCT116 cells

We previously showed that NSAIDs upregulate DR5 to engage the extrinsic apoptotic
pathway in CRC cells [7]. Upon examining DR5 upstream pathways, we found ER stress is
responsible for DR5 upregulation in response to NSAIDs. Treating HCT116 CRC cells with
sulindac sulfide (SUS), an active metabolite of the NSAID sulindac, markedly induced ER
stress markers in a dose- and time-dependent manner, including phosphorylation of PERK
(pPERK; T981) and EIF2a (pEIF2a; S51), and increased expression of BiP (GRP78),
ATF4, and CHOP (Fig. 1, A and B). It is worth noting that SUS at 30 pM, which is close to
its plasma concentration range in humans [18], was sufficient to induce DR5, pPERK and
pEIF2a (Fig. 1A), suggesting relevance of ER stress to its anticancer activity. The induction
of the ER stress markers coincided with induction of DR5mRNA and protein (Fig. 1A, 1B
and S1A). Transmission electron microscopy (TEM) detected rough ER with much
elongated membrane structures in SUS-treated HCT116 cells compared to untreated cells
(Fig. 1C). This abnormal ER morphology is distinct from swollen ER (up to five times the
volume) in response to other ER stress inducers as described previously [19, 20]. Similar to
swollen ER, the elongated ER should also create additional ER space to accommodate
increased protein folding and allow cells to cope with increased protein load [19, 20]. In
addition, immunostaining and immunogold TEM revealed cytoplasmic and cell surface
enrichment of BiP (Fig. S1, B and C), which has not been described in previous ER stress
studies, suggesting atypical ER stress in response to SUS.

We used pharmacological and genetic approaches to investigate the functional role of ER
stress in SUS-induced apoptosis. Inhibiting ER stress by salubrinal, which indirectly
suppresses elF2a by preventing its dephosphorylation [21], abrogated SUS-induced CHOP
and DR5 expression, as well as caspase 3 and BID cleavage and nuclear fragmentation (Fig.
1, D and E). Knockdown of PERK, ATF4, or CHOP by small-interfering RNA (siRNA) in
HCT116 cells suppressed SUS-induced DR5 expression and apoptosis and rescued cell
viability (Fig. 1, F-J and S1D). In contrast, B/D and DR5knockout (KO) did not affect
CHOP induction, despite blocking apoptosis and caspase activation (Fig. S1, E-G),
consistent with ER stress as the key upstream event leading to DR5 induction and
subsequent BID-dependent apoptosis [7].

Induction of ER stress mediates the killing activity of other NSAIDs in different CRC cells

The induction of ER stress markers was detected in HCT116 cells undergoing apoptosis
induced by indomethacin (Indo) (Fig. 2A), which is an NSAID with a distinct chemical
structure compared to sulindac [8]. Indomethacin-induced apoptosis and caspase 3 activation
was also suppressed by ER stress inhibition by salubrinal (Fig. 2, B and C), and knockdown
of PERK, ATF4, or CHOP (Fig. 2, D-F). Furthermore, other NSAIDs including diclofenac,
naproxen, sodium salicylate, and celecoxib, as well as commonly used drugs acetaminophen
and metformin, also induced pEIF2a and/or CHOP at a concentration that caused apoptosis
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in HCT116 cells (Fig. 2G). Apoptosis induced by these drugs in HCT116 cells was inhibited
by DR5KO and CHOP knockdown (Fig. 2, Hand I).

We further analyzed RKO and HT29 colon cancer cells, which have different driver
mutations compared to HCT116 cells [22]. Consistent with the results from HCT116 cells,
SUS-induced apoptosis and caspase activation in RKO and HT29 cells was associated with
the induction of DR5 and ER stress markers (Fig. S2A), and abrogated by A7F4 or CHOP
knockdown and DR5 KO (Fig. S2, B-F). Indomethacin-induced apoptosis also involved the
induction of DR5 and ER stress markers in RKO and HT29 cells (Fig. S2G). Together, these
results suggest a broad functional role of ER stress in triggering apoptotic response to
different NSAIDs in CRC cells with different genetic backgrounds.

ER stress mediates selective killing of APC-deficient colonic epithelial cells by NSAIDs

We tested if induction of ER stress is responsible for selective killing of APC-deficient
intestinal epithelial cells using non-transformed NCM356 colonic epithelial cells expressing
functional APC[7, 23]. While NCM356 cells are insensitive to SUS [7], knockdown of APC
by siRNA triggered SUS-induced apoptosis in these cells (Fig. 3, A-C). This apoptotic
response to SUS upon APC depletion was accompanied by elevated pEIF2a and induction
of the ER stress effectors ATF4, CHOP and DR5 (Fig. 3, A-C). In line with the data from
CRC cells, ER stress inhibition by salubrinal or knockdown of A7F4 or CHOP suppressed
SUS-induced DR5 expression and apoptosis in APC-depleted NCM356 cells (Fig. 3, B-G).
Importantly, pEIF2a, CHOP and DR5 induction occurred in SUS-treated control NCM356
cells without APC depletion and substantial cell death (Fig. 3, B, D and E), indicating that
these events can be triggered by sulindac regardless of APC status, but lead to apoptosis only
upon APC loss. These results indicate that the induction of ER stress by NSAIDs plays a key
role in mediating the selective killing of colonic epithelial cells with the gatekeeper changes.

NSAID-induced apoptosis is immunogenic cell death (ICD)

ER stress-mediated apoptosis can trigger a robust immune response and is considered as
immunogenic cell death (ICD) [17]. We determined the immunogenic consequences of
NSAID-induced apoptosis by analyzing the ICD hallmarks of attracting and engaging
phagocytic dendritic cells (DCs) [24]. Immunostaining and flow cytometry detected
markedly enhanced cell-surface translocation of calreticulin (CRT), a pro-phagocytic signal
[17], in HCT116 cells upon SUS and Indo treatment (Fig. 4A). The CRT translocation was
abrogated by salubrinal, CHOP or PERK knockdown, and by blocking apoptosis with B/D
KO or caspase 8 knockdown (Fig. 4, A—C). Similar observation was made in RKO cells
undergoing SUS-induced apoptosis (Fig. S3A). We then directly tested if dying CRC cells
can be engulfed by DCs. SUS-treated HCT116 cells and DCs differentiated from healthy
donor’s human monocytes were labelled with red and green fluorescence, respectively, and
co-incubated. DC phagocytosis was analyzed by detecting fused cells by fluorescence
microscopy and quantified by flow cytometry. We observed a significant increase in DC
phagocytosis of dying HCT116 cells, which was attenuated by A7+4, CHOP knockdown or
BID KO (Fig. 4D, S3B and S3C). Furthermore, increased CRT cell-surface translocation and
DC phagocytosis was observed in SUS-treated NCM356 cells with APC knockdown, but not
in those without APC depletion (Fig. 4, E and F, and S3D). Together, these results indicate
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that NSAID-induced ER stress and apoptosis in CRC cells and APC-deficient colonic
epithelial cells favors DC phagocytosis, which is the first step for an adaptative antitumor
immune response [12, 13].

Inhibition of ER stress suppresses NSAID-mediated chemoprevention and tumor
infiltration of lymphocytes in APCMIN*mice

We then used the APCMIV+ mouse model to investigate the role of ER stress and ICD in
NSAID-mediated chemoprevention. To initiate intervention at an early timepoint, four-
week-old APCMIN* mice were treated with diet containing the prodrug sulindac (200 ppm)
alone, or in combination with salubrinal (IP; 1 mg/kg/day) for 2 weeks. After 4 weeks when
polyps became visible, the same treatment was repeated for 1 week, followed by sacrifice of
mice at week 11 and analysis of polyp numbers as described [7, 25] (Fig. 5A). As expected,
sulindac treatment markedly reduced the numbers of small intestinal and colonic polyps in
APCMIN* mice. Salubrinal, which had no effect by itself, significantly inhibited the activity
of sulindac by ~50% in both small intestines and colon (Fig. 5, B and C). To determine if
this change was due to inhibition of ER stress and apoptosis, we analyzed mice on sulindac
treatment for 1 week (Fig. 5A) [7, 25]. Consistent with polyp phenotypes, salubrinal
treatment abrogated sulindac-induced CHOP expression (Fig. 5D), as well as caspase 3
activation in the small intestines and colon of APCMIV* mice (Fig. 5, E and F). These results
indicate that ER stress plays a critical role in mediating the chemopreventive and apoptotic
effects of sulindac in APCMIV* mice.

To determine if the chemopreventive activity of sulindac is mediated by an immune
response, we analyzed influx of tumor infiltrating lymphocytes (TILs), which was shown to
be associated with ER stress [26, 27]. CD3 and CD8 immunostaining was performed on
intestinal tissues isolated from 10-week-old APCMI* mice treated with sulindac +/-
salubrinal for 1 week (Fig. 5A). We found sulindac treatment markedly induced CD3+ and
CD8+ T lymphocyte infiltration in the small intestinal and colonic polyps of APCMIN* mice.
ER stress inhibition by salubrinal abrogated this effect (Fig. 6, A-C and S4A). Interestingly,
blocking sulindac-induced apoptosis by B/D KO suppressed both apoptosis and TILs to a
slightly greater extent (Fig. 6, A-C and S4A). Immunostaining of other immune cell markers
revealed ER stress- and B/D-dependent enrichment of CD69 (active leucocytes including T
cells), CD11c (DCs), and MHCII (antigen presenting cells including DCs) positive cells in
the small intestinal polyps of sulindac-treated APCMIN* mice (Fig. 6, D-G; Fig. S4, B and
C), suggesting activation of T cells and DCs by sulindac treatment. These results
demonstrate that sulindac-induced ER stress and cell death is required to activate an immune
response, which may play a critical role in tumor suppression by sulindac in APCMIV* mice.

Induction of ER stress and lymphocyte infiltration in NSAID-treated human adenomas

We previously found that advanced human adenomas from NSAID-taking patients have
increased apoptosis and caspase activation [7]. Coinciding with increased caspase 8
activation (Fig. 7A), a substantial increase in pEIF2a in the adenomas of NSAID-taking
patients was observed compared to untreated patients (Fig. 7B). Using a counting algorithm
based on positive pixels, we detected higher numbers of CD8+ T cells and slightly increased
CD3+ T cells in the adenomas from NSAID-taking patients (Fig. 7C and S5). However, the
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differences in TILs lack statistical significance (P=0.067 for CD8) and were not as strong as
those seen in APCMIN* mice, which may be due to limited sample size and long-term
NSAID use by these patients [7]. Nonetheless, our results from human adenomas support the
findings from cells and animal models and suggest that the antitumor effect of NSAIDs is
mediated by antitumor immunity and restoration of immunosurveillance.

Discussion

The antitumor mechanisms of NSAIDs have been extensively studied but remained obscure
[28]. We show NSAID-induced ER stress is responsible for selective killing of emerging
tumor cells with APC deficiency and subsequent oncogene activation by activating and
enhancing death receptor signaling to trigger synthetic lethality (Fig. 7D). Activation of c-
Myc and other oncogenes due to APC deficiency primes pre-malignant cells to NSAID-
induced apoptosis via death receptor signaling [7, 29], which explains the selective Killing
effect of NSAID. ER stress is a physiological response to misfolded proteins or variety of
other stimuli including oncogenes [30]. Severe or unresolved ER stress promotes apoptosis
via pEIF2a and CHOP-mediated DR5 induction [31, 32]. Recent studies from other groups
also suggest that ER stress-mediated apoptosis is critical for the chemopreventive effects of
NSAIDs and other anticancer agents [33, 34]. However, the direct molecular targets of
NSAIDs and upstream signaling events leading to ER stress are still unclear, which may be
related to the inhibition of cyclooxygenases by NSAIDs [7]. The elongated ER morphology
(Fig. 1C), distinct from swollen ER induced by other stimuli [19, 20], may provide a clue for
understanding the mechanism of NSAID-induced ER stress.

We used sulindac sulfide at 120 uM or high concentrations to induce apoptosis in colon
cancer cells. These concentrations, though higher than those measured in blood [18], is
justifiable for several reasons. It was shown that sulindac is converted to the active sulfide
form by aerobic gut flora on the surface of the colon and rectum [35, 36]. Systemic sulindac
sulfide concentrations were significantly reduced in patients with colectomies [37].
Therefore, gut may be physiologically exposed to sulindac sulfide at higher concentrations
than those measured in blood. This unusual mode of metabolism can create locally high
concentrations of sulindac sulfide, which may topically suppress tumor growth [38]. It may
also explain why sulindac is most effective against colorectal tumors in mice and humans.
Furthermore, many previous studies used sulindac sulfide at 100 uM or high concentrations
to induce apoptosis in colon cancer cells [8, 9, 39-41]. Our previous work showed the
results of such /n vitro studies were informative and consistent with those from animal
model studies [7, 25].

Accumulating evidence suggests that effective cancer prevention requires not only a direct
effect on pre-malignant cells, but also indirect effects such as antitumor immune response
[11]. Recent epidemiological studies indicate that NSAIDs contribute to immunoediting by
restoring immunosurveillance and reversing the immune evasive mechanisms that pre-
malignant lesions utilize [14]. Such an immunogenic effect may be essential for complete
and durable elimination of emerging tumor cells. However, the underlying mechanisms of
restoring immunosurveillance remain to be elucidated. We found that inhibiting ER stress or
blocking cell death abrogated NSAID-induced CRT cell-surface translocation, DC
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phagocytosis, and influx of TILs to adenomas of APCMI* mice, suggesting ER stress-
mediated apoptosis as a trigger of immune response (Fig. 7D). Consistent with our findings,
other chemopreventive agents such as metformin induce cell death to modulate the number
and function of TILs and therefore provide a protective immune response [42]. Induction of
ER stress was correlated with the influx of TILs in breast tumors [26]. ER stress-mediated
apoptosis was shown to promote release of so called “Damage-Associated Molecular
Pattern” (DAMP) molecules, such as CRT, ATP, and high mobility group box 1 (HMGBL),
which can act as immunogenic signals to restore antitumor immunity [43], and lead to
improved antitumor responses [15, 17]. The ICD induced by NSAIDs is similar to type Il
ICD described in previous studies, which specifically targets the ER to trigger apoptosis and
ensuing immune response [44]. The exact mechanism of NSAID-induced ICD needs to be
further examined using /7 vivo systems such as vaccination and immuno-deficient mouse
models.

Analysis of immune responses may provide markers useful for predicting chemoprevention
efficacy. Epidemiological studies suggest that regular use of aspirin is associated with
reduced risk of CRCs with low-level TILs, but may not be beneficial to those with high
levels of TILs without prior NSAID use [45]. Our data showed a trend of increased CD8+ T
cells in adenomas from NSAID-treated patients compared to untreated patients (Fig. 7C).
However, our results should be cautiously explained as they are moderate and lack statistical
significance. The adenoma patients we analyzed had variations in NSAID use frequency
(1-7 tablets/week), types of NSAIDs used (aspirin or related drugs, ibuprofen or related
drugs, and COX-2 inhibitors). It is unlikely that they took sulindac, which was focused in
this study. The lack of statistical significance is likely due to limited sample size (16 vs. 14)
and/or long-term NSAID use by the patients (ranging from 5 to up to 15-20 years). Our
animal studies suggest that a short-term NSAID exposure is optimal for analyzing the
immune response associated with ER stress and apoptosis (Fig. 5 and 6) [25]. Consistent
with this notion, a recent, short-term study showed that pre-operative treatment of CRC
patients with NSAIDs such as indomethacin and celecoxib led to a robust immune response
as shown by increased levels of TILs and reduced immunosuppressive regulatory T cells
(Tregs) in the stroma and tumor tissues [46].

Establishing and understanding the immunogenic effects of NSAIDs provides a rationale for
combining different types of agents for developing more effective and less toxic cancer
prevention strategies [47]. Chemo/immuno-based combinations may represent a promising
approach for CRC prevention. Chemopreventive agents such as NSAIDs are often
efficacious by eliminating emerging tumor cells [25], but limited by short-term responses
and potential toxicity associated with long-term drug use. For this reason, NSAIDs have not
been approved for cancer prevention in general population. In contrast, immunoprevention
by approaches such as vaccination is less efficacious, but much more durable and less toxic.
The promise of such combinations has been illustrated in recent studies for combining CAR-
T therapy with ICD-inducing DC vaccines or other inducers [48].

In summary, our results indicate that ER stress-dependent induction of ICD plays a critical
role in chemoprevention by NSAIDs by establishing lasting antitumor immunity. Further
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studies of NSAID-induced ER stress and associated immune response may hold the key for
developing improved and safer cancer prevention strategies.

Materials and methods

Cell culture and drug treatment

Human CRC cell lines, including HCT116, RKO and HT29 (purchased from American Type
Culture Collection) and derivatives, were cultured in McCoy’s 5A (Gibco; ThermoFisher)
modified media supplemented with 10% defined FBS (Hyclone), 100 U/mL penicillin, and
100 pg/mL streptomycin (Invitrogen). NCM356 non-transformed colonic epithelial cells
(INCELL) and derivatives were cultured in M3 Media (INCELL). DR5KO HCT116 and
RKO cells were described previously [49].

Cell lines were authenticated by genotyping and analysis of protein expression by Western
blotting, and routinely checked for Mycoplasma contamination by PCR. All cell lines were
maintained at 37°C and an atmosphere of 5% CO,.

For drug treatment, cells were plated in 12-well plates at 20-30% density 24 hr prior to
treatment. Chemical agents, including sulindac sulfide (Merck), indomethacin (Sigma),
celecoxib (Sigma), acetaminophen (Sigma), metformin (Cayman Chemical), diclofenac
(sodium salt; Cayman Chemical), sodium salicylate (Sigma), and salubrinal (Apex Bio),
were prepared as DMSO stock solutions, except for Naproxen sodium (Apex Bio), which
was dissolved in dH,0. Stock solution of each agent was diluted to appropriate
concentrations in cell culture medium, and then added to cells.

Immunofluorescence imaging

HCT116 cells seeded on sterile glass chamber slides were treated with sulindac sulfide for
24 hr. After treatment, cells were fixed with 2% paraformaldehyde in PBS for 1 hr,
permeabilized with 0.1% Triton X-100 for 15 min, washed 3 times with PBS, and blocked
with 5% normal goat serum for 45 min at room temperature. Immunostaining was
performed by overnight incubation at 4 °C with anti-CHOP and anti-BiP antibodies (Table
S1). After 3 washes with PBS, slides were incubated with proper secondary antibodies
(Table S1) for 1 hr at room temperature. Upon nuclear counter staining with Hoechst 33258
for 30-45 sec, cell images were captured with a Nikon Al confocal microscope.

Transmission electron microscopy (TEM) and immunogold TEM

Control HCT116 cells, and those treated with sulindac sulfide were analyzed for ER
morphology by TEM as previously described [50]. For immunogold TEM, cells were fixed
in cold 2% paraformaldehyde in 0.01M PBS (pH 7.4), rinsed in PBS, dehydrated through a
graded series of ethanol, and infiltrated with and embedded in LR White resin (Electron
Microscopy Sciences). Semi-thin (300 nm) sections were obtained on a Leica Ultracut 7,
stained with 0.5% Toluidine Blue in 1% sodium borate, and examined under the light
microscope to determine specific areas. Ultrathin sections (65 nm) were picked up on 100
mesh nickel grids, labeled with 1:100 dilution of rabbit anti-BiP (Abcam) overnight at 4°C,
and then labeled with a 6 nm goat anti-rabbit colloidal gold conjugated secondary at a
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dilution of 1:10 at room temperature for 1 hr. After rinsing in PBS and dH,0O, the sections
were counterstained with 2% uranyl acetate and examined on JEOL 1011 transmission
electron microscope with a side mount AMT 2k digital camera (Advanced Microscopy
Techniques).

Analysis of apoptosis and cell viability

Apoptosis was analyzed by nuclear staining with Hoechst 33258 (Invitrogen) followed by
counting cells with condensed and fragmented nuclei as described [7]. Each sample was
analyzed in duplicate with at least 300 cells counted. Results were obtained from at least
three independent experiments. Viable cells in 12-well plates were visualized by crystal
violet (Sigma) staining as described [50].

siRNA transfection

Cells with 20-30% confluency seeded in 12-well plates were used for siRNA transfection,
which was performed using siRNAs listed in Table S2 and Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Drug treatment was initiated at ~24 hr after
transfection.

Western blotting

Western blotting was performed using antibodies listed in Table S1 as previously described
[51].

Real-time reverse-transcriptase (RT) PCR

Total RNA was isolated using the Mini RNA Isolation Il kit (ZYMO Research) according to
the manufacturer’s protocol. One-ug of total RNA was used to generate cDNA by using the
SuperScript 111 reverse transcriptase (Invitrogen). Real-time PCR was performed with
primers listed in Table S3 and previously described conditions [52].

Analysis of CRT cell-surface translocation

After sulindac treatment for 12 hr, cells were stained with a rabbit anti-CRT antibody (Table
S1), followed by Alexa Fluor488 anti-rabbit (1:1000; Table S1) as described [53]. Isotype-
matched 1gG antibodies were used as control. Cell-surface CRT was analyzed by flow
cytometry with ACCURI C6 (BD Biosciences) with gating of propidium iodide (PI)-
negative cells.

Analysis of phagocytosis by DCs

Phagocytosis by DCs was analyzed as described with modifications [17]. HCT116 and
NCM356 cells with or without siRNA transfection were stained with 5 uM of Cell Trace Far
Red dye (Invitrogen) or 2 nM CellVue Claret Far Red (Sigma) and seeded in 48-well plates
at 1x10° cells/well (for flow cytometry) or in 4-well chamber slides (Nunc) (for
fluorescence microscopy). After 24 hr, cells were treated with sulindac sulfide for 12 hr.
DCs were prepared as previously described with modifications [54]. Briefly, peripheral
mononuclear cells (PBMCs) were prepared from healthy human buffy coats (Central Blood
Bank, Pittsburgh, PA or BiolVT) by Ficoll-Hypaque density gradient centrifugation. CD14+
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cells were isolated from PBMCs using CD14 MACS (Miltenyi) following the
manufacturer’s instructions. CD14+ cells were cultured at a density of 1x108/ml in AIM V
medium (Gibco; ThermoFisher) supplemented with 2% FBS, 1000 1U/ml IL-4, and 1000
IU/ml GM-CSF for 6 days. The purity and maturity of DCs was checked by flow cytometry
analysis of CD14, CD86, HLA-DR and CD83. DCs were stained with 2.5 uM of
carboxyfluorescein succinimidyl ester (CFSE; Invitrogen), incubated with an excess of higG
(20 pg/10° cells; Sigmay) for 30 min at room temperature, and added to sulindac-treated
HCT116 or NCM356 cells in 1:1 ratio, followed by co-incubation for 2 hr. Phagocytosis was
analyzed by detecting fused cells with red/green double staining by flow cytometry
(ACCURI C6) and confirmed by fluorescence microscopy on a Nikon Ti inverted
fluorescence microscope, with a Z stack of 0.2 um, and deconvoluted and analyzed using
NIS-Elements Advanced Research software.

Animal experiments

All animal experiments were approved by the Institutional Animal Care and Use Committee
of the University of Pittsburgh. Mice were housed in micro-isolator cages in a room
illuminated from 07:00 to 19:00 hours (12:12-hr light-dark cycle) and fed AIN-93G diets
(Dyets) with access to water and chow ad /ibitum. C57/BL6J BID* (B/D KO) mice [55]
were crossed with APCMIN*mice (Jackson Laboratory) to generate B/D KO APCMIN* mice
as described in [7]. Sulindac treatment was performed by switching from regular AIN-93G
diet to that containing 200 ppm sulindac (Sigma). Salubrinal treatment was done by daily
intraperitoneal injection of salubrinal at 1 mg/kg, which was freshly prepared by diluting a
stock solution (10 mg/ml) in 50/50 Poly (ethylene glycol)/saline solution. After treatment,
mice were sacrificed and tissues from small intestine and colon were harvested as previously
described [7]. Adenoma numbers were counted under a dissecting microscope as described
[7]. Mucosal scrapings from small intestine were analyzed for CHOP by western blotting,
and paraffin-embedded Swiss rolls were stained by immunohistochemistry (IHC) for active
caspase 3 as described [7]. Sections of small intestines and colon were also analyzed by IHC
for CD3, CD8, CD69, CD11c and MHCII. A total of 10-15 polyps were analyzed for each
mouse to calculate the average T cell infiltration (TIL) per polyp. All antibodies are listed in
Table S1. Sample size estimation was based on previous experience [7]. All treated animals
were analyzed without randomization and blinding to the group allocation.

Analysis of human colonic adenomas

Human colonic adenomas were acquired from the Pitt Biospecimen Core at University of
Pittsburgh. Acquisition of the tissue samples was approved by the Institutional Review
Board. Informed consent was received from all participating patients. All patients had
advanced adenomas by virtue of having polyps = 1 cm in size. They previously filled an
NSAID Use Query Form, which included questions on frequency (from 1-3 times/month to
7 times/week), duration (from <5 years to more than 20 years), and type of NSAIDs (aspirin
or aspirin-containing products, ibuprofen or ibuprofen-containing products, and COX-2
inhibitors). Subjects taking NSAIDs reported use ranging from 1-3 tablets per week to >7
tablets per week over the preceding year. The specific NSAIDs in use were not recorded.
Frozen specimens from 9 NSAID-treated patients and 7 untreated patients were analyzed by
immunofluorescence for active caspase 8 and phospho-elF2a (pelF2a; S51) using
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antibodies listed in Table S1 as previously described [7]. Results were quantified by
counting positive signals in representative fields in each slide. Paraffin blocks from 16
NSAID-treated patients and 14 untreated patients were analyzed by IHC for CD3 and CD8
at the Histology Lab of the Department of Pathology, University of Pittsburgh School
Medicine. Results were quantified by scanning each slide and using the positive pixel
algorithm.

Statistical Analysis

Statistical analyses were performed by using GraphPad Prism VI software. Multiple
comparisons of the responses were analyzed by one-way ANOVA and Dunnett’s post hoc
test, whereas those between two groups were made by an unpaired t test. All statistical tests
were two-tailed. Differences were considered significant if P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

APC adenomatous polyposis coli

ATF activating transcription factor

BID BH3-interacting domain death agonist

CDb3 cluster of differentiation 3

CD8 cluster of differentiation 8

CFSE carboxyfluorescein succinimidyl ester
CHOP CCAAT-enhancer-binding protein homologous protein
COX cyclooxygenase

CRC colorectal cancer

CRT calreticulun

CTLA-4 cytotoxic T-lymphocyte-associated antigen 4
DAMP damage-associated molecular pattern

DCs dendritic cells
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DR death receptor
elF2a eukaryotic translation initiation factor 2a
ER endoplasmic reticulum
HMGB1 high mobility group box 1
ICD immunogenic cell death
IHC immunohistochemistry
Indo indomethacin
KO knockout
NSAIDs non-steroidal anti-inflammatory drugs
PBMC peripheral blood mononuclear cell
PD-1 program death 1
PDI protein disulfide isomerase
PD-L1 programmed death ligand 1
PERK protein kinase R-like endoplasmic reticulum kinase
PEG polyethylene glycol
PI propidium iodide
SIRNA small-interfering RNA
RT PCR reverse-transcriptase PCR
SUS sulindac sulfide
TEM transmission electron microscopy
TILs tumor-infiltrating lymphocytes
Tregs regulatory T cells
WT wildtype
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Fig. 1. ER stress mediates the killing effect of sulindac sulfidein HCT 116 cells.
(A) Western blotting of indicated ER stress markers in HCT116 cells treated with sulindac

sulfide (SUS) at indicated concentrations for 24 hr. (B) Western blotting of indicated ER
stress markers in HCT116 cells treated with 120 uM SUS at indicated time points. *, non-
specific bands. (C) HCT116 colon cancer cells treated with 120 uM SUS for 24 hr were
analyzed by transmission electron microscopy (TEM). Arrows: endoplasmic reticulum; M:
Mitochondria; N: nucleus. Scale bars: 1.0 pm. (D) Western blotting of indicated proteins in
HCT116 cells treated with 120 uM SUS for 24 hr with or without pre-treatment with the ER
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stress inhibitor Salubrinal (1.0 uM) for 1.5 hr. C Casp 3, cleaved caspase 3. (E) Apoptosis in
HCT116 cells treated with SUS for 48 hr with or without Salubrinal pre-treatment as in (D)
was analyzed by counting condensed and fragmented nuclei after nuclear staining with
Hoechst 33258. (F)-(J) HCT116 cells transfected with control scrambled, PERK, ATF4 or
CHOP SiRNA were treated with 120 pM SUS. (F)-(H) Western blotting of indicated
proteins after SUS treatment for 24 hr. (1) Analysis of apoptosis after SUS treatment for 48
hr as in (E). (J) Crystal violet staining of viable cells after SUS treatment for 48 hr. Results
in (E) and (1) were expressed as means + SD of three independent experiments. **P < 0.01;
***p < 0.001.
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Fig. 2. ER stress mediates the killing effect of indomethacin and other NSAIDsin HCT 116 cells.
(A) Western blotting of indicated ER stress markers in HCT116 cells treated with 500 uM

indomethacin (Indo) at indicated time points. (B) Western blotting of indicated proteins in
HCT116 cells treated with Indo as in (A) for 24 hr with or without pre-treatment with the
ER stress inhibitor Salubrinal (1.0 uM) for 1.5 hr. C Casp 3, cleaved caspase 3. (C)
Apoptosis in HCT116 cells treated with Indo for 48 hr with or without Salubrinal pre-
treatment as in (B) was analyzed by counting condensed and fragmented nuclei after nuclear
staining with Hoechst 33258. (D)-(F) HCT116 cells transfected with control scrambled,
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PERK, ATF40r CHOPsiRNA were treated with 500 uM Indo. (D) Crystal violet staining of
viable cells after Indo treatment for 48 hr. (E) RT-PCR analysis of DR5 expression after
Indo treatment for 24 hr. (F) Analysis of apoptosis after Indo treatment for 48 hr as in (C).
(G) Western blotting of pEIF2a and CHOP in HCT116 cells treated with indicated
chemopreventive agents for 24 hr. Indomethacin: 500 uM; Celecoxib: 80 uM; Naproxen: 3
mM; Acetaminophen: 10 mM; Sodium Salicylate: 500 uM; Diclofenac: 600 uM; Metformin:
500 uM. (H)Apoptosis in wildtype (WT) and DR5 KO HCT116 cells treated with indicated
agents as in (G) for 24 hr was analyzed as in (C). (1) Apoptosis in HCT116 cells transfected
with control scrambled or CHOP siRNA and treated with indicated agents as in (G) for 24 hr
was analyzed as in (C). Results in (C), (E), (F), (H) and (1) were expressed as means + SD of
three independent experiments. **P < 0.01; ***P < 0.001.
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Fig. 3. ER stressmediatesthe killing effect of sulindac sulfide on non-transformed colonic
epithelial cellswith APC loss.

(A) Western blotting of indicated proteins in NCM356 normal colonic epithelial cells
transfected with APC siRNA and then treated with 120 pM sulindac sulfide (SUS) at
indicated time points. C Casp 3, cleaved caspase 3. *, non-specific bands. (B) Western
blotting of indicated proteins in NCM356 cells transfected with control scrambled or APC
siRNA with or without treatment with 120 uM SUS for 48 hr and pre-treatment with the ER
stress inhibitor salubrinal (1.0 pM) for 1.5 hr. *, non-specific bands. (C) Apoptosis in
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NCM356 cells treated as in (B) was analyzed by counting condensed and fragmented nuclei
after nuclear staining with Hoechst 33258. (D)-(G) NCM356 cells were transfected with
indicated siRNA or combinations, and then treated with 120 uM SUS for 48 hr. (D), (E)
Western blotting of indicated proteins. (F) Analysis of apoptosis as in (C). (G) RT-PCR
analysis of mMRNA expression of indicated genes. Results in (C), (F) and (G) were expressed
as means + SD of three independent experiments. ***P < 0.001.
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Fig. 4. NSAID-induced apoptosisisimmunogenic cell death.
(A)-(C) HCT116 cells with inhibition of apoptosis or ER stress were treated with 120 pM

sulindac sulfide (SUS) or 500 uM indomethacin (Indo) for 12 hr. CRT translocation was
examined by immunostaining followed by flow cytometry. (A) Cells with stable ShRNA
knockdown of caspase 8 (Casp 8 KD) or B/ID KO. (B) Cells with transfection of control
scrambled, CHOP, or PERK siRNA. (C) Cells with pretreatment with Salubrinal (1.0 pM)
for 1.5 hr. (D) HCT116 cells with or without SUS treatment as in (A) and dendritic cells
differentiated from healthy donors’ human monocytes were labelled with red (Far Red) and
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green (CFSE) fluorescence, respectively, and co-incubated at 1:1 ratio. DC phagocytosis was
analyzed by detecting fused cells by fluorescence microscopy and quantified by flow
cytometry. Left, representative pictures of fluorescence microscopy showing early and late
DC phagocytosis in indicated boxes; scale bars: 10 um. Right, quantification of fused HCT
116 and phagocytic DC cells by flow cytometry. (E), (F) NCM356 cells transfected with
control scrambled or APC siRNA and treated with 120 uM sulindac sulfide for 12 hr were
analyzed for (E) CRT translocation as in (A), and for (F) DC phagocytosis as in (D) by flow
cytometry. Results were expressed as means + SD of three independent experiments. **P
<0.01; ***P < 0.001
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Fig. 5. Inhibition of ER stress suppresses the chemopreventive and apoptotic effects of sulindac

in APCMIN* mice.

(A) Schemes of sulindac (dietary; 200 ppm) and salubrinal (IP; 1 mg/kg/day) treatments for
analyzing ER stress and apoptosis, polyp numbers, and TILs in APCMIV*mice. (B), (C)
Four-week-old APCMiI*mice were treated with sulindac +/- salubrinal as in (A) for
analyzing polyp numbers. (B) Representative images of the small intestine of control and
treated mice, with arrows indicating microscopic lesions (polyps/adenomas). Scale bars: 2
mm, n=4. (C) Mean numbers + SD of adenomas (>0.5mm in diameter) in the small intestine
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(upper panel) and colon (lower panel). (D)-(F) Four-week-old APCMIV*mice treated with
sulindac +/- salubrinal as in (A) for analyzing ER stress and apoptosis. (D) Western blotting
of CHOP in the small intestinal mucosa isolated from the treated mice. (E) Representative
pictures of active caspase 3 (C Casp 3) immunostaining of small intestinal sections, with
arrows indicating example cells with positive staining. Scale bars: 25 pm. (F) Quantification
of active caspase signals in the sections of small intestine (left panel) and colon of the
treated mice (right panel). In (C) and (F), means + SD are shown, n=3. **P <0.01; ***P <
0.001
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Fig. 6. ER stressinhibition and BID KO suppresses NSAI D-mediated immune cell infiltration.
Ten-week-old APCMIV*mice with WT or KO of B/D were treated with sulindac +/-

salubrinal as in Fig. 5A. Sections of small intestine were analyzed by immunostaining for
indicated immune cell markers. (A) Representative pictures and (B) quantification of CD8
staining. (C) Quantification of CD3 staining. (D) Representative pictures and (E)
quantification of CD69 staining. (F) Representative pictures and (G) quantification of
MHCII staining. In (A), (D) and (F), arrows indicate example cells with positive staining.
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Scale bars: 25 pm. In (B), (C), (E) and (G), means + SD are shown, n=5. **P <0.01; ***P <
0.001.
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Fig. 7. Induction of apoptosis, ER stress, and lymphocyte infiltration in advanced adenomas from
NSAID-treated patients.
(A), (B) Advanced adenomas from 9 NSAID-treated patients and 7 untreated patients were

analyzed by immunostaining for (A) active caspase 8 and (B) pEIF2a (S51). Left panels:
representative staining pictures with arrows indicating example positive signals. Scale bars:
25 um. Right panels: quantification of positive signals. Means + SD are shown. *** P <
0.001. (C) Advanced adenomas from 16 NSAID-treated and 14 untreated patients were
analyzed for CD8 by immunostaining. Left panels: representative staining pictures. Scale
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bars: 200 um. Right panel: quantification of positive signals. Means + SEM are shown. (D)
Proposed mechanism of NSAID-induced immunogenic cell death in APC-deficient normal
epithelial cells.
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