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CELL DEATH

Opposing unfolded-protein-response
signals converge on death receptor 5
to control apoptosis

Min Lu,” David A. Lawrence,'™ Scot Marsters,' Diego Acosta-Alvear,”>
Philipp Kimmig,>® Aaron S. Mendez,>”®> Adrienne W. Paton,* James C. Paton,*

Peter Walter,>>+ Avi Ashkenazi't

Protein folding by the endoplasmic reticulum (ER) is physiologically critical; its disruption
causes ER stress and augments disease. ER stress activates the unfolded protein response
(UPR) to restore homeostasis. If stress persists, the UPR induces apoptotic cell death,
but the mechanisms remain elusive. Here, we report that unmitigated ER stress promoted
apoptosis through cell-autonomous, UPR-controlled activation of death receptor 5 (DR5).
ER stressors induced DR5 transcription via the UPR mediator CHOP; however, the UPR
sensor IREla transiently catalyzed DR5 mRNA decay, which allowed time for adaptation.
Persistent ER stress built up intracellular DR5 protein, driving ligand-independent DR5
activation and apoptosis engagement via caspase-8. Thus, DR5 integrates opposing UPR
signals to couple ER stress and apoptotic cell fate.

he endoplasmic reticulum (ER) mediates
folding and maturation of transmembrane
and secreted proteins (Z, 2). Elevated phys-
iological demand for protein folding can
cause misfolded proteins to accumulate in
the ER lumen—a condition called ER stress. The
unfolded protein response (UPR) senses such
stress and mediates cellular adaptation by ex-
panding the ER’s protein-folding capacity while
decreasing its synthetic load. Protein kinase R
(PKR)-like kinase (PERK) and inositol-requiring
enzyme lo (IRElo) are two key metazoan UPR
sensors (7, 2); residing in the ER membrane, each
has a lumenal domain that detects misfolded
polypeptides. PERK harbors a cytoplasmic kinase
moiety that phosphorylates eukaryotic translation-

ICancer Immunology, Genentech, Inc., 1 DNA Way, South San
Francisco, CA 94080, USA. Howard Hughes Medical
Institute, University of California, San Francisco, CA 94158,
USA. Department of Biochemistry and Biophysics,
University of California, San Francisco, CA 94158, USA.
“Research Centre for Infectious Diseases, School of
Molecular and Biomedical Science, University of Adelaide,
South Australia, 5005, Australia.

*These authors contributed equally to this work. tCorresponding
author. E-mail: peter@walterlab.ucsf.edu (P.W.); aa@gene.com
(AA)

98 4 JULY 2014 « VOL 345 ISSUE 6192

initiation factor 20, (eIF2a,). This suppresses general
translation but promotes synthesis of preferred
factors—including ATF4, which activates the UPR
transcription factor CCAAT/enhancer-binding pro-
tein homologous protein (CHOP), among other
genes. IREla has both kinase and endoribonuclease
(RNase) cytoplasmic moieties (3). The kinase con-
trols RNase activity, which mediates regulated
IREla-dependent decay (RIDD) of ER-associated
mRNAs (4) and generates the UPR transcription
factor X-box binding protein 1 spliced (XBP1s).
Certain pathological conditions can cause irre-
solvable ER stress (5), often leading to apoptotic
cell death (7, 2, 6). Two interconnected signaling
cascades control apoptosis: the intrinsic, mitochon-
drial pathway, and the extrinsic, death-receptor
pathway (7). Each engages distinct proteases, called
initiator caspases, to activate a common set of
executioner caspases (8). Unmitigated ER stress
regulates the intrinsic pathway via several Bcl-2
family proteins (7, 2, 6, 9, 10). Furthermore, IREla
cleaves specific micro-RINAs to derepress caspase-2
expression (I1); however, caspase-2 may be dis-
pensable for ER stress-induced apoptosis (12),
which leaves the underlying initiation mecha-
nisms obscure.

Experiments with biological and pharmacolog-
ical ER stressors revealed consistent activation of
caspase-8, the pivotal initiator in the extrinsic
pathway (8) (Fig. 1). The bacterial AB5 subtilase
cytotoxin SubAB induces pathophysiological ER
stress by cleaving the chaperone BiP (73). SubAB
caused dose-dependent BiP depletion and ER
stress, evident by CHOP and XBP1s up-regulation,
in KMS11 multiple myeloma cells (Fig. 1A). In
keeping with data that PERK activity persists,
whereas IREla activation is transient (14), CHOP
remained elevated, whereas XBP1s declined by 24
hours. SubAB also induced activation of caspase-8
and caspase-3 by 24 hours, evident by cleaved
caspase and poly(ADP ribose) polymerase (PARP)
products. SubAB substantially increased caspase-8
and caspase-3/7 enzymatic activity, and DNA
fragmentation—an apoptotic hallmark (fig. S1, A
to C). Brefeldin-A (BfA)—an inhibitor of ER-to-
Golgi trafficking—similarly induced ER stress,
caspase activation, and apoptosis in SK-MES-11lung
carcinoma cells (Fig. 1B and fig. S1, D to F). The
sarcoplasmic ER calcium-adenosine triphosphatase
inhibitor thapsigargin (Tg) induced persistent
CHOP and transient XBP1s expression in wild-
type and in Bax”~ HCT116 colon carcinoma cells;
whereas apoptosis required Bax, caspase-8 acti-
vation did not (Fig. 1, C and D, and fig. S1, G to I).
Moreover, small interfering RNA (siRNA) deple-
tion of caspase-8, but not caspase-2, blocked
activation of caspase-3/7 and apoptosis by di-
verse ER stressors (Fig. 1, E and F, and fig. S1, J to
0). Caspase-8 activates the Bcl-2 family protein
Bid to engage the intrinsic pathway via Bax
(15, 16). Full-length Bid declined in association
with Tg-induced caspase-8 activation (fig. S1I),
which indicated Bid processing. Bid siRNA knock-
down commensurately attenuated Tg-induced
apoptosis, whereas caspase-8 siRNA inhibited
both Bid processing and apoptosis (fig. S1, P to S).
Tg also up-regulated Bim (fig. S1I) as reported
(10); however, caspase-8 and Bid processing oc-
curred much earlier, which suggests that Bim might
support later apoptotic signals. Thus, caspase-8
plays a pivotal role, whereas caspase-2 appears
dispensable, during apoptosis induction by un-
mitigated ER stress.

Upon binding of cognate extracellular ligands,
the death receptors Fas, DR4, or DR5 nucleate a
death-inducing signaling complex (DISC) at the
plasma membrane, which activates caspase-8 via
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the adaptor Fas-associated death domain (FADD)
(17). Consistent with evidence that ER stress up-
regulates DR5 transcription (78), quantitative re-
verse transcription polymerase chain reaction
(QPCR) showed a two- to fourfold DR5 mRNA
induction by Tg, BfA, SubAB, or the glycosylation
inhibitor tunicamycin (Tm), with less impact on
DR4, Fas, or TNFRI (Fig. 2, A and B, and fig. S2, A
to C). ER stressors most often elevated both the
long (DR5L) and short (DR5S) splice variants of
DR5 (Fig. 2C and fig. S2, D to H) (19). Tg up-

regulated DR5 within 6 hours, in concert with CHOP
and XBPl1s induction, yet preceding caspase-8
processing (Fig. 2C and fig. S2D). Furthermore,
Tg induced a DR5-nucleated complex with FADD
and caspase-8, harboring elevated caspase-8 ac-
tivity, independent of Bax (Fig. 2D and fig. S2,
I to K). Immunoprecipitation (IP) of DR5 or
caspase-8 showed comparable caspase-8 activ-
ity (fig. S2L). Consistently, other ER stressors
increased DR5-associated caspase-8 activity in
multiple cell lines (fig. S2, M to O). Livers from
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Fig. 1. Unmitigated ER stress triggers apoptosis via caspase-8. (A) KMSI1 cells were treated with
SubAB and analyzed by immunoblot. cC8: cleaved caspase-8; cC3: cleaved caspase-3. (B) SK-MES-1 cells
were treated with BfA (24 hours) and analyzed by immunoblot. (C and D) Wild-type (WT) or Bax™~
HCT116 cells were treated with Tg (100 nM) and analyzed by immunoblot (C), or caspase-8 activity assay
(24 hours) (D). (E and F) HCT116 cells were transfected (48 hours) with control siRNA (Cont), a single (C8a), or
an independent pool (C8b) of caspase-8 siRNAs, or caspase-2 siRNA. Cells were treated with Tg (100 nM,
24 hours) and analyzed by immunoblot (E) or FACS to measure apoptosis by subG; DNA content (F).
Graphs depict means + SD of triplicates (D) or duplicates (F).
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Fig. 2. Unmitigated ER stress activates caspase-8 via DR5. (A) HCT116
cells were treated with Tg (100 nM), and mRNA levels were measured by QPCR
[normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)]. (B)
HCT116 cells were treated with Tm (1 ug/ml), Tg (100 nM), BfA (1 ug/ml), or
SubAB (1 ug/ml) and analyzed by QPCR (normalized to GAPDH). (C) HCT116
cells were treated with Tg (100 nM) and analyzed by immunoblot. (D) WT or
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Tm-treated mice also showed elevated DR5 and
cleaved caspase-8 in conjunction with apoptosis
(fig. S2, P and Q). DR5 siRNA knockdown in dif-
ferent cell lines strongly inhibited caspase activa-
tion and apoptosis in response to various ER
stressors (Fig. 2, E to H, and fig. S2, R to X). Thus,
DR5 is critical for caspase-8-mediated apoptotic
engagement by unmitigated ER stress.
Remarkably, siRNA depletion of the sole DR5
ligand, Apo2L/TRAIL (apo2 ligand/tumor necrosis
factor-related apoptosis-inducing ligand), had no
impact on Tg-induced apoptosis in HCT116 or
SK-MES-1 cells, unlike caspase-8 knockdown
(Fig. 3A and fig. S3, A and B). Moreover, neu-
tralization of extracellular Apo2L/TRAIL by using
soluble DR4- and DR5-Fc fusion proteins, which
blocked exogenously added ligand, did not inhib-
it apoptosis activation by Tg or BfA (Fig. 3B and
fig. S3, C and D). Thus, ER stress induces ligand-
independent DR5 activation. DR5 was barely
detectable by immunofluorescence in resting
SK-MES-1 cells but showed higher abundance
with the addition of Tg or BfA (Fig. 3C). In Tg-
treated cells, DR5 colocalized with the Golgi
marker RACS1 but not the ER marker KDEL;
however, in BfA-treated cells—which had mini-
mal Golgi—DR5 did colocalize with KDEL (Fig.
3D and fig. S3, E and F). Despite massively ele-
vating total DR5, BfA did not substantially up-
regulate cell surface DR5, nor did it increase
sensitivity to exogenous Apo2L/TRAIL (fig. S3, G
to J). However, Tg, which up-regulated both total
and cell surface DR5, did enhance sensitivity to
added ligand (fig. S3, K to N). DR5 partially co-
localized with cleaved caspase-8 within Tg-treated
cells (fig. S30), which supports intracellular ac-
tivation. Size-exclusion chromatography of deter-
gent extracts from HCT116 cells revealed Tg-driven
up-regulation of DR5L and DR5S in low molec-
ular weight (MW) fractions—representing DR5
oligomers; elevated DR5L appeared also in high
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Bax™~ HCT116 cells were treated as in (C) (24 hours), subjected to DR5 IP, and
analyzed by immunoblot. (E to H) HCT116 cells were transfected (48 hours)
with control siRNA (Cont), a single (DR5a), or an independent pool (DR5b) of
DR5 siRNAs; then treated with Tg (100 nM, 24 hours) and analyzed by immu-
noblot (E), by enzymatic activity assay for caspase-8 (F) or caspase-3/7 (G), or
by FACS for apoptosis (H). Graphs depict means + SD of triplicates.
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MW fractions—which indicates the presence of
DR5L multimers (Fig. 3E). Caspase-8 activity oc-
curred in two peaks: one coinciding with DR5L
in high MW fractions, the other separate from
DR5 in low MW compartments (Fig. 3F). Chem-
ical cross-linking verified Tg-induced formation
of DR5 oligomers and multimers (fig. S3P). Fur-
thermore, selective DR5L siRNA knockdown at-
tenuated Tg-driven activation of caspase-8 and
apoptosis (fig. S3, Q to T). Thus, Tg up-regulates
both DR5 variants but DR5L preferentially

Fig. 3. Unmitigated ER stress engages caspase-8
by inducing ligand-independent intracellular
DR5 activation. (A) HCT116 cells were transfected
(48 hours) with control siRNA or siRNA targeting
Apo2L/TRAIL or caspase-8. Cells were treated
with Tg (100 nM, 24 hours) and analyzed for apo-
ptosis. (B) HCT116 cells were treated (24 hours) with
Apo2L/TRAIL (1 ug/ml) or Tg (100 nM) in the presence
of vehicle or DR4-Fc plus DR5-Fc (10 ug/ml each)
and analyzed for apoptosis. (C) SK-MES-1 cells were
treated (16 hours) with indicated ER stressors and
analyzed by immunofluorescence with DR5-specific
antibody. (D) SK-MES-1 cells were treated with Tg
(20 nM, 24 hours) and analyzed by immunofluo-
rescence for DR5 or RACS1. (E and F) HCT116 cells
were treated with Tg (100 nM, 24 hours), extracted
with 1% Triton X-100, and subjected to size-exclusion
chromatography; fractions were analyzed by DR5 IP
and immunoblot (E) or caspase-8 activity assay (F).
Control: direct DR5 IP from Tg-treated cells. Graphs
depict means + SD of duplicates (B) or triplicates
(F). Scale bars: 20 um (C and D).

Fig. 4. DR5 integrates opposing UPR signals to
control apoptosis. (A) HCT116 cells were trans-
fected (48 hours) with control or CHOP siRNA,
treated with Tg (8 hours), and analyzed by QPCR
(normalized to GAPDH). (B) HCT116 cells were
transfected (48 hours) with control, IREla, or XBP1
siRNA; and treated with actinomycin D (2 ug/ml)
plus Tg (20 nM), then DR5 mRNA was measured as
in (A). (C) Purified recombinant human IREla com-
prising the kinase and RNase domains (KR43) was
incubated with in vitro transcribed DR5L or DR5S
mMRNA in the presence of vehicle or 4u8C (10 uM).
Reactions were resolved on a 6% Tris-borate-EDTA
(TBE)-urea polyacrylamide electrophoresis gel and
stained with SYBR Gold. (D and E) HCT116 cells were
transfected (48 hours) with control, IREla, CHOP,
or XBP1 siRNA; treated with Tg (100 nM, 24 hours);
and analyzed by immunoblot (D) or caspase-8 ac-
tivity assay (E). (F) HCT116 cells were treated with
Tg (100 nM, 24 hours) in the presence of vehicle or
4u8C (30 uM) and analyzed for caspase-8 activity.
Graphs depict means + SD of triplicates.
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multimerizes, recruiting and activating caspase-
8 and releasing processed enzyme into lower MW
fractions.

Consistent with earlier evidence (78, 20), siRNA
depletion of CHOP substantially blocked DR5
mRNA up-regulation by Tg or BfA, whereas
knockdown of the CHOP transcriptional targets
ER oxidase 1la (EROlo) or growth arrest and
DNA damage-inducible 34 (GADD34) did not
(Fig. 4A and fig. S4, A to E); these findings sup-
port direct CHOP control of DR5 mRNA. Although
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acts apoptosis by mediating DR5 RIDD. Indeed, a
recombinant protein comprising IREla’s catalytic
domains cleaved in vitro transcribed DR5 mRNAs
at discrete sites, and this was blocked by the IRElo.
RNase inhibitor 4u8C (21) (Fig. 4C and fig. S4M).
Furthermore, whereas CHOP siRNA attenuated
Tg-induced DR5 up-regulation, caspase-8 activa-
tion, and apoptosis, IRElo depletion augmented
these events (Fig. 4, D and E, and fig. S4N). Con-
versely, XBP1s knockdown—which led to com-
pensatory IRElo hyperphosphorylation (Fig. 4D)
as reported (22)—accelerated DR5 mRNA decay
and diminished DR5 up-regulation, caspase-8 ac-
tivation, and apoptosis (Fig. 4, B, D, and E, and fig.
S4, J to L and N). Finally, 4u8C enhanced caspase
activation by Tg (Fig. 4F and fig. S40), which
confirms an antiapoptotic role for IRElo, RNase.
Thus, CHOP and RIDD exert opposing effects
on DR5 to control caspase-8 activation and
apoptosis.

Our data delineate a cell-autonomous mecha-
nism wherein DR5 integrates dynamic UPR sig-
nals to control apoptosis in relation to ER stress
(fig. S4P). Upon reversible ER disruption, PERK-
CHOP activity induces, whereas RIDD suppresses,
DR5 transcripts. If ER stress resolves, UPR activ-
ity subsides, and DR5 mRNA returns to baseline.
However, if ER stress prevails, PERK-CHOP func-
tion persists, whereas IRElo activity attenuates
(14)), which permits DR5 mRNA to rise. DR5 ac-

SCIENCE sciencemag.org

cumulation in the ER and Golgi apparatus drives
ligand-independent multimerization of DR5L,
which—consistent with earlier data (23)—has
greater propensity to cluster than DR5S. EROlo,
previously implicated in UPR-driven apoptosis
(6), facilitates DR5L up-regulation, perhaps by
supporting disulfide isomerization. DR5L provides
a DISC-like intracellular platform for caspase-8
recruitment and apoptosis initiation. It was pro-
posed that ER stress augments apoptosis by increas-
ing autocrine death-ligand signaling (18, 24, 25);
however, ER disruption would attenuate ligand
secretion. Our data reveal that DR5 acts as an
intracellular “gauge” for persistence of ER stress.
Opposing controls on DR5 mRNA synthesis and
decay by PERK-CHOP versus IRElo define a time
window for adaptation, before committing the
cell to an apoptotic fate.
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Supplementary Materials

Materials and Methods

Cell culture and experimental reagents

HCT116, SK-MES-1, KSM11, and RPMI-8226 cells were cultured in RPMI medium. Culture
media were supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. HCT116
Bax” cells were a kind gift from Dr Bert Vogelstein (26), Johns Hopkins University Medical
School. Recombinant human DR4-Fc, DR5-Fc, TNFR1-Fc, and mouse anti-DR5 Abs were
generated at Genentech (27), Inc. Tm, Tg, BfA, ActD were from Sigma. zVAD was from R&D
systems. SubAB was prepared at the University of Adelaide, Australia, as described previously
(13). IRE1a RNase inhibitor 4u8c was synthesized at Genentech as described previously (21).

Antibody (Ab) for IP (mAb 5C7) or immunoblot (mAb 3H1) analysis of DR5 was generated at
Genentech. For Immunofluorescence, either mouse anti-DR5 mAb 3H3 (Genentech) or rabbit
anti-DR5 (Cell Signaling) was used. Abs for caspase-8 and KDEL were from Enzo Life Sciences.
Ab for FADD was from BD BioScience. Ab for XBP1s was from BioLegend. Ab for caspase-2 was
from Millipore. Cleaved caspase-8, cleaved caspase-3, PARP, Bip, PERK, Chop, Bid, Bim,
ERO1la, IREla, RCAS1, Actin, and GAPDH Abs were from Cell Signaling Technology.
Secondary antibodies were from GE Healthcare.

Mice

All mouse procedures were approved by and conformed to the guidelines and principles set by
the Institutional Animal Care and Use Committee of Genentech and were carried out in an
Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC)-
accredited facility. C57BL/6 Mice were injected i.p. with Tm (1 mg/kg) or carrier (150 mM
dextrose). Livers were collected and analyzed by immunoprecipitation with a mouse DR5
antibody (R&D Systems) followed by immunoblot with another mouse DR5 antibody
(eBioscience). Alternatively, liver sections were subjected to TUNEL staining (Invitrogen) and
imaged with a Leica SP5 inverted confocal microscope.

Caspase Activity and Apoptosis Assay

Caspase-8 or caspase-3/7 activity was measured using the Caspase-Glo 8 or Caspase-Glo 3/7
assay kits (Promega) that employ a luminogenic caspase-8 (IETD) or caspase-3/7 (DEVD)
substrate. Measurements were done using a luminescence reader (Envision, Perkin Elmer),
according to Promega’s instructions. Caspase-8 activity in the DISC was measured by
immunoprecipitating DISC components from cells using DR5 or caspase-8 pull down, followed by
a Caspase-Glo 8 assay (Promega). Apoptosis was measured by sub-diploid DNA content: cells
were fixed in 70% ethanol, stained with 50 ug/ml propidium iodide, treated with RNase A for 2 hr
at 37°C, and analyzed by flow cytometry.

Transfection with siRNA Oligonucleotides

The siRNA oligonucleotides against human caspase-8, caspase-2, DR5, Bid, Apo2L/TRAIL,
CHOP, IREla, XBP1, ERO1a, GADD34, and non-targeting controls were from Dharmacon.
siRNAs against DR5L were designed as follows:

siDR5L(1) sense sequence: GCUGUGGAGGAGACGGUGAUU

siDR5L(2) sense sequence: CCUGUUCUCUCUCAGGCAUUU

Cells were transfected using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer’s protocol.

Immunoprecipitation (IP) and Immunoblot Analysis

Cells were grown in 100 mm plates, treated as indicated, washed twice with cold PBS, and
harvested in cold PBS with protease inhibitor (Roche). Cells were lysed for 20 min on ice in lysis
buffer (30 mM Tris, pH7.5, 150 mM NaCl, 1% Triton X-100). The lysates were cleared by



centrifugation at 14,000 rpm for 10 min and then incubated with anti-DR5 mAb 5C7 or anti-C8
(Santa Cruz Biotechnology) conjugated beads overnight at 4°C. IP beads were subsequently
washed four times with lysis buffer and boiled in SDS sample buffer for 10 min. Samples were
then analyzed by SDS-PAGE followed by immunoblot.

Size-Exclusion Chromatography

Cells were lysed in Tris-buffered saline containing 1% Triton X-100 and protease inhibitor
(Roche). Lysates were spun at maximum speed, and supernatants were loaded onto a Superdex
200 10/300 GL column (GE Healthcare). Fractions were collected in 0.5 ml volumes and
analyzed by caspase-8 activity assay, or immunoprecipitated with DR5 Ab and immunoblotted for
DR5.

Chemical crosslinking

For chemical crosslinking, cells were lysed with PBS buffer containing 1% Triton X-100. Lysates
were spun at maximum speed, and 1 mM of DTSSP (Pierce) was added to supernatants for 1 hr
at 4°C. Cross-linking was quenched by the addition of Tris, pH7.5, at a final concentration of 30
mM.

Immunofluorescence

For immunostaining, cells cultured on Lab-Tekll Chamber slides were washed three times in
PBS, fixed for 20 min in 4% paraformaldehyde (EMS) at room temperature, washed, and
permeabilized with 0.1% Triton X-100 for 10 min at room temperature. The slides were then
treated with 5% goat serum (Jackson ImmunoResearch) in 3% BSA/PBS for 1 hr at room
temperature. Abs were diluted in blocking buffer and incubated with cells at 4°C overnight. After
three washes with PBS, cells were incubated with secondary antibodies conjugated to Alexa 488
or Alexa 568 (Invitrogen) for 1 hr at room temperature. Slides were mounted with Prolong Gold
anti-fade reagent with DAPI and viewed with a Zeiss LSM510 upright confocal microscope or
Leica SP5 inverted confocal microscope.

Flow cytometry

Surface expression of DR5 was determined by fluorescence activated cell sorting (FACS). Cells
were stained with 2 pg/ml primary anti-DR5 mAb 3H3, or a mouse IgG control Ab (BD
BioScience) for 1 hr at 4°C. Cells were then washed with PBS and incubated with a Alexa 488-
conjugated secondary antibody (Invitrogen) for 30 min at 4°C. Cells were analyzed by flow
cytometry using a FACS Calibur flow cytometer (Becton Dickinson Immunocytometry).

QPCR

TNFRSF10A, TNFRSF10B, TNFSF10, TNFRSF1A, FAS, ERN1, XBP1, DDIT3, PPP1R15A, and
EROLL transcript expression levels were assessed by QPCR using standard TagMan
techniques. Transcript levels were normalized to the housekeeping genes GAPDH or RPL19 and

. . A .
results are expressed as normalized expression values (=2 ). Primer/probe sets were
purchased from Invitrogen.

Generation of RNAs encoding human DR5 isoforms

The coding sequences of human DR5S (isoform 1) and DR5L (isoform 2) were amplified from
cDNAs obtained from HEK293T cells using Phusion DNA polymerase (New England Biolabs). An
EcoRlI site and a minimal T7 promoter were engineered into the 5’ oligonucleotide and a BamHI
site was engineered into the 3’ oligonucleotide. The oligonucleotide sequences are the following:
hDR5_EcoRI_T7:
5'-CATCATQgaattcTAATACGACTCACTATAGGCCATGGAACAACGGGGACA-3';

hDR5_BamHl:

5'-CATCATggatcCTTAGGACATGGCAGAGTCT-3'.

Gel-purified PCR products were then subcloned into the cognate sites of pUC19 (Invitrogen).
Positive clones were then digested with BamHI and 1 pg of each purified linear plasmid were



used for in vitro transcription reactions using T7 RNA polymerase (New England Biolabs). The
reaction products were treated with DNase and run on a 6% TBE-Urea PAGE gel. The products
of the expected sizes were excised from the gel and recovered using the crush-and-soak method.
The RNA was then precipitated with 300 mM sodium acetate and one volume of isopropanol. The
RNA pellets were then washed with cold 80% ethanol and dissolved in 5 pl of RNA resuspension
buffer (20 mM HEPES pH 7.5, 100 mM NaCl and 1 mM Mg(OAc),. The purified RNAs were
subsequently radiolabeled and used for in vitro cleavage assays.

Radiolabeling of RNAs encoding human DR5 isoforms

Prior to radiolabeling the RNAs encoding human DR5 isforms, 1.2 nug of the purified transcripts
were treated with calf intestine alkaline phosphatase (New Englad Biolabs) to remove the
terminal phosphates from the 5’ overhangs. The RNAs were then purfied by acid
phenol:chloroform extraction and subsequently labeled with T4 polynucleotide kinase (New
Englad Biolabs) using 70 uCi **P-ATP. To remove unincorporated **P-ATP the RNAs were
extracted again with acid phenol:chloroform, precipitated with 300 mM NaOAc and one volume of
isopropanol. The RNA pellets were then washed with cold 80% ethanol and dissolved in 5 pl of
RNA resuspension buffer (20 mM HEPES pH 7.5, 100 mM NaCl and 1 mM Mg(OAc),. 20% of the
purified, radiolabeled RNAs were subsequently used for in vitro cleavage assays.

Generation of recombinant proteins

Human IRE1la KR43 was expressed and purified in SF21 cells. Cloning into pFast bac HT vector
and the sequence of IRE1a KR43 was previously described (28). Expression was performed as
described in BAC-TO-BAC baculovirus expression system (Life Technologies). SF21 cells were
grown in serum-free SF-900 Il SFM media at 28°C in plastic disposable Erlenmeyer flasks
shaking at 150 rpm. The bacmid DNA was transfected into SF21 cells, and then the virus was
amplified two more times at a low MOI before infection of SF21 cells for expression. After 72 hr of
expression, the cells were isolated from media using centrifugation. Cells were then lysed in
buffer containing 20 mM Tris-HCI, pH 7.5, 600 mM NaCl, 2 mM MgCl,, 3 mM imidazole, 10%
glycerol, 1% Triton X-100, 3 mM 2-mercaptoethanol, protease inhibitors (Roche), and PhosSTOP
phosphatase inhibitor cock (Roche) and passed 3 times through an Emulsiflex-C3 homogenizer
(Avestin) for complete lysis. Lysate was cleared using centrifugation at 100,000 x g. The human
IREla was N-terminally tagged with a hexa-histidine epitope and was purified using Ni-NTA
agarose (Qiagen). Lysate was allowed to incubate on beads for 2 hr before being washed 3 times
with buffer containing 20 mM Tris-HCI, pH 7.5, 600 mM NacCl, 2 mM MgCl,, 30 mM imidazole,
10% glycerol and 3 mM 2-mercaptoethanol. Protein was eluted from column by raising the
imidazole concentration to 250 mM. Human IREla was passed through a HiTrap desalting
column (GE Healthcare) before being loaded on a Mono-Q 5/50 GL column (GE Healthcare). For
further purification the protein was then concentrated and loaded on to a Superdex 200 HR
10/300 (GE Healthare) column in buffer containing 20 mM Hepes pH 7.5, 250 mM NaCl 1 mM
MgCl,, 5% Glycerol, 5 mM DTT, and 5 mM Octyl b-D-glucopyranoside. The protein was then
stored at -80°C. Saccharomyces cerevisiae Irel KR32 was purified as previously described (29).
Purified recombinant protein was stored in buffer containing 20 mM HEPES pH 7.1, 300 mM
NaCl, 2 mM MgCl,, 5% glycerol, and 5 mM DTT, and stored at -80°C.

In vitro cleavage assay

For in vitro cleavage assays, 1 ul (20%) of the 5-**P-labeled RNAs encoding human DR5S and
DR5L were incubated with the recombinant kinase/nuclease domains of human IRE1-alpha
(KR43) or yeast (S. cereviseae) Irel (KR32) in cleavage buffer (20 mM HEPES pH 7.5, 70 mM
NaCl, 2 mM Mg(OAc),, 2 mM ADP, 4 mM DTT and 5% glycerol) in a final volume of 10 pl for the
indicated times. Stop buffer (10 M urea, 01% SDS, 1 mM EDTA, 0.05% xylene cyanol, 0.05%
bromophenol blue) was added and the reactions were heated at 80°C for 3 min prior to loading 2
pl of the cleavage products on each lane of a 5% TBE-Urea PAGE gel, stained with SYBR Gold
and photographed in a UV-transilluminator.



Statistical analysis
Where appropriate, we assessed the statistical significance of the difference between two sets of
data using an unpaired, two-tailed t-test or a paired t-test for control and experimental data

groups that could be paired. Differences were considered statistically significant (marked with an
asterisk) at 5% or less.
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Fig. S1. Unmitigated ER stress triggers apoptosis via caspase-8. (A to C) KMS11 cells were
incubated with SubAB at the indicated dose and time and analyzed by enzymatic assay for
caspase-8 (A) or caspase-3/7 (B) activity or by FACS for apoptosis based on sub-G1 DNA
content (C). (D to F) KMS11 cells were incubated with BfA at the indicated dose and time and
analyzed by enzymatic assay for caspase-8 (D) or caspase-3/7 (E) activity or by FACS for
apoptosis (F). (G) HCT116 cells were treated for 48 hr with Tg (100 nM) in absence or presence
of the pan caspase inhibitor zVAD-fmk and analyzed by FACS for apoptosis. (H) Wildtype (WT)

and Bax-knockout (Bax / ) HCT116 cells were treated with Tg (100 nM) for the indicated time and
analyzed by FACS for apoptosis. (I) HCT116 cells were treated with Tg (100 nM) for the indicated
time and protein markers were analyzed by immunoblot as noted. (J to L) HCT116 cells were
transfected for 48 hr with a control siRNA (Cont) or a single siRNA targeting caspase-8 (C8a), or
an independent pool of siRNAs targeting the same (C8b), or an siRNA targeting caspase-2 (C2).
The cells were analyzed by immunoblot for knockdown efficiency (J), or treated for 24 hr with Tg
(100 nM) and analyzed by enzymatic assay for activity of caspase-8 (K) or caspase-3/7 (L). (M to
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0O) SK-MES-1 cells were transfected as in (J). The cells were analyzed by immunoblot for
knockdown efficiency (M), or treated for 24 hr with BfA (1 ug/ml) or SubAB (1 pg/ml), and
analyzed by enzymatic assay for caspase-3/7 activity (N), or by FACS for apoptosis (O). (P and
Q) HCT116 were transfected for 48 hr with a control siRNA (Cont), an siRNA targeting caspase-8
(C8), or an siRNA targeting Bid (Bid). Cells were treated with Tg (100 nM) and analyzed by
immunoblot (P) or by FACS to measure apoptosis (Q). (R and S) SK-MES-1 were transfected
and treated as in (P). Cells were analyzed by immunoblot (R) or by FACS to measure apoptosis
(S). Graphed data depict means + SD of triplicates (for caspase activity) or duplicates (for

apoptosis).
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Fig. S2. Unmitigated ER stress activates caspase-8 via DR5. (A) SK-MES-1 cells were treated
with Tg (100 nM) for the indicated time, and mRNA levels of the noted death receptors were
analyzed by QPCR. The data are normalized to RPL19 mRNA levels. (B) SK-MES-1 cells were



treated for the indicated time with Tm (1 ug/ml), Tg (100 nM), BfA (1 ug/ml), or SubAB (1 pg/ml).
DR5 mRNA levels were analyzed by QPCR. The data are normalized to GAPDH mRNA levels.
(C) RPMI8226 cells were treated for 8 hr with Tm, Tg, or BfA (same doses as in B) and DR5
MRNA levels were determined as in (B). (D) SK-MES-1 cells were treated with Tg (100 nM) for
the indicated time and the noted protein markers were analyzed by immunoblot. (E) HCT116 cells
were treated for 24 hr with Tg at the indicated dose and the noted markers were analyzed by
immunoblot. (F) SK-MES-1 cells were treated for 24 hr with BfA at the indicated dose and the
noted markers were analyzed by immunoblot. (G and H) RPMI8226 (G) or KMS11 (H) cells were
treated for 24 hr with Tg, Tm, BfA, or SUbAB (same doses as in B) and DR5 was analyzed by
immunoblot. (I) HCT116 cells were treated for 24 hr with Tg (100 nM) in the absence or presence
of zZVAD (20 uM), subjected to DR5 IP, and caspase-8 activity in IPs was measured by enzymatic
assay. (J) HCT116 cells were treated for 24 hr with Tg (100 nM), subjected to caspase-8 IP and
analyzed by immunoblot. (K) KMS11 cells were treated for 24 hr with Tg (100 nM), subjected to
DR5 IP and analyzed by immunoblot. (L) HCT116 cells were treated for 24 hr with Tg (100 nM),
subjected to DR5 IP or caspase-8 IP and analyzed for caspase-8 activity by enzymatic assay. (M
to O) SK-MES-1 (M), KMS11 (N), or RPMI8226 (O) cells were treated for 24 hr with Tg, Tm, BfA,
or SUbAB as noted (same doses as in B), subjected to DR5 IP, and caspase-8 activity in IPs was
determined by enzymatic assay. (P and Q) Mice were injected i.p. with Tm (1 mg/kg) or carrier
(150 mM dextrose). Livers were collected and analyzed by immunoblot at indicated times (P) or
by immunofluorescence for TUNEL staining indicating apoptosis at 48 hr (Q). (R and S) HCT116
(R) or SK-MES-1 (S) cells were transfected for 48 hr with control siRNA (Cont) or a single siRNA
targeting DR5 (DR5a), or an independent pool of siRNAs targeting the same (DR5b): The cells
were analyzed for knockdown efficiency by immunobilot. (T to X) SK-MES-1 cells were
transfected as in (S), treated with BfA (1 pg/ml) (T) or SubAB (1 pg/ml) (U to X) for 48 hr, and
analyzed by immunoblot (T and U), or by enzymatic assay for caspase-8 (V) or caspase-3/7 (W)
activity, or by FACS for apoptosis (X). Graphed data depict means + SD of triplicates (for RT-
PCR and caspase activity) or duplicates (for caspase activity after IP and apoptosis).
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Fig. S3 Unmitigated ER stress induces ligand-independent intracellular DR5 activation to
engage caspase-8. (A) HCT116 cells were transfected for 48 hr with control siRNA or siRNA
targeting Apo2L/TRAIL and knockdown efficiency was analyzed by QPCR. Values are normalized



to GAPDH mRNA. (B) SK-MES-1 cells were transfected for 48 hr with control siRNA or siRNA
targeting caspase-8 or Apo2L/TRAIL, treated for 24 hr with Tg (100 nM), and analyzed by FACS
for apoptosis. (C and D) HCT116 cells were treated for 48 hr with Apo2L/TRAIL (1 pg/ml) or Tg
(100 nM) or BfA (1 pg/ml) in the absence or presence of DR4-Fc plus DR5-Fc (10 ug/ml each)
(C), or with TNFa (100 ng/ml) plus cycloheximide (CHX; 1 uM) in the absence or presence of
TNFR1-Fc (10 pg/ml) (D) and analyzed by FACS for apoptosis. (E and F) SK-MES-1 cells were
treated for 24 hr with Tg (20 nM) (E) or BfA (1 ug/ml) (F) and analyzed by immunofluorescence
with a specific antibody to DR5, the ER marker KDEL, or both (Merge). (G and H) HCT116 (G) or
SK-MES-1 (H) cells were treated for 24 hr with indicated BfA concentrations (ug/ml) and cell-
surface levels of DR5 were determined by FACS with DR5-specific antibody or control IgG. (I and
J) HCT116 (1) or SK-MES-1 (J) cells were treated for 24 hr with indicated BfA concentration
followed by Apo2L/TRAIL (4 ng/ml) for an additional 24 hr, and analyzed for viability by Cell Titer
Glo assay. (K and L) HCT116 (K) or SK-MES-1 (L) cells were treated for 24 hr with the indicated
Tg concentration (nM) and cell-surface levels of DR5 were determined by FACS. (M and N)
HCT116 (M) or SK-MES-1 (N) cells were treated for 24 hr with the indicated Tg concentration
followed by Apo2L/TRAIL (4 ng/ml) for an additional 24 hr ,and analyzed for cell viability. (O) SK-
MES-1 cells were treated for 24 hr with Tg (20 nM) and zVAD (20 uM) and analyzed by
immunofluorescence with specific antibody to DR5, cleaved caspase-8 (cC8), or both (Merge).
Two examples of Tg-treated cells are shown. (P) HCT116 cells were treated with Tg (100 nM) for
24 hr. Cells were lysed and subjected to chemical crosslinking with DTSSP (1 mM), followed by
DR5 IP and analysis by immunoblot under non-reducing or reducing conditions as noted. (Q and
R) HCT116 were transfected for 48 hr with a control siRNA (Cont), or two independent siRNAs
against DR5L [L(1) or L(2)]. Cells were treated with Tg (100 nM) and analyzed by immunoblot (Q)
or by FACS to measure apoptosis (R). (S and T) SK-MES-1 were transfected and treated as in
(Q). Cells were analyzed by immunoblot (S) or FACS (T). Graphed data depict means + SD of
triplicates. Scale bar: 20 uM
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Fig. S4 DR5 integrates opposing signals from CHOP and IREla to control apoptosis
activation. (A) HCT116 cells were transfected for 48 hr with control sSiRNA or siRNA targeting
CHOP, and knockdown efficiency was analyzed by Q-RT-PCR. Values are normalized to GAPDH
MRNA. (B and C) SK-MES-1 cells were transfected for 48 hr with control siRNA or independent
siRNAs targeting CHOP. The cells were treated with BfA (1 ug/ml) for 8 hr or Tg (100 nM) for 16



hr and analyzed as in (A) for levels of DR5 mRNA (B) or CHOP mRNA (C). (D and E) HCT116
cells were transfected for 48 hr with control siRNA, an siRNA targeting ERO1a, or an siRNA
targeting GADD34. The cells were treated with Tg (100 nM) for 16 hr and analyzed as in (A) for
levels of DR5 mRNA (D) or ERO1« or GADD34 mRNA (E). (F to H) HCT116 cells were
transfected for 48 hr with control siRNA or an siRNA targeting ERO1q, treated with Tg (100 nM)
for 24 hr, and analyzed by immunoblot (F), or by enzymatic assay for caspase-8 activity (G), or by
FACS for apoptosis (H). (I) HCT116 cells were transfected (48 hr) with control or IRE1la SiRNA,
treated with vehicle or Tg (20 nM) in presence of actinomycin D (2 ugml) to block de novo
transcription, and DR5 mRNA was measured by Q-RT-PCR (normalized to RPL19 mRNA). (J)
HCT116 cells were transfected for 48 hr with control, IRE1a, or XBP1 siRNA and knockdown
efficiency was analyzed as in (A). (K) SK-MES-1 cells were transfected for 48 hr with control,
IREla, or XBP1 siRNA. Cells were treated for the indicated time with Tg (20 nM) in presence of
actinomycin D (2 pg/ml). DR5 mRNA levels were then determined. (L) SK-MES-1 cells were
transfected for 48 hr with control, IRE1a, or XBP1 siRNA and knockdown efficiency was
analyzed. (M) 5-**P-labeled transcripts encoding human DR5 mRNA splice isoforms were
incubated with recombinant human IRE1a KR43 or yeast (Saccharomyces cerevisiae) Irel KR32
for the indicated times. The reactions were run on a 5% TBE-Urea PAGE gel and exposed for
one week to a blank phosphorscreen. The screen was then scanned with a Typhoon Variable-
Mode Imager (GE Life Sciences) using a 50 um pixel size resolution. Traces on the right panels
show quantification of the scans. Red traces correspond to quantification of cleavage products by
human IRE1a at 10 min. Black traces correspond to quantification of cleavage products by yeast
Irel at 10 min. White arrowheads indicate cleavage products that are specifically generated by
human IRE1la. Asterisks indicate cleavage products specifically generated by yeast Irel. The
position with respect to the initiation codon and sequence of the most prominent putative
cleavage sites, as previously defined (30), are indicated on the right. (N) HCT116 cells were
transfected for 48 hr with the indicated siRNA, treated with vehicle or Tg (100 nM) for 24 hr, and
analyzed for caspase-3/7 activity. (O) HCT116 cells were treated for 24 hr with vehicle or Tg (100
nM) in presence of vehicle or the IRE1a endonuclease inhibitor 4u8c (30 uM), and analyzed for
caspase-3/7 activity. (P) Model for UPR-controlled, intracellular DR5-mediated apoptosis
activation. See text for detailed description. Graphed data depict means + SD of triplicates.
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