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The unfolded protein response (UPR) is a cellular homeostatic mechanism that is activated in many human cancers and
plays pivotal roles in tumor progression and therapy resistance. However, the molecular mechanisms for UPR activation and
regulation in cancer cells remain elusive. Here, we show that oncogenic MYC regulates the inositol-requiring enzyme 1 (IRE1)/
X-box binding protein 1 (XBP1) branch of the UPR in breast cancer via multiple mechanisms. We found that MYC directly
controls /RE1 transcription by binding to its promoter and enhancer. Furthermore, MYC forms a transcriptional complex with
XBP1, a target of IRE1, and enhances its transcriptional activity. Importantly, we demonstrate that XBP1is a synthetic lethal
partner of MYC. Silencing of XBP1 selectively blocked the growth of MYC-hyperactivated cells. Pharmacological inhibition

of IRE1 RNase activity with small molecule inhibitor 8866 selectively restrained the MYC-overexpressing tumor growth in
vivo in a cohort of preclinical patient-derived xenograft models and genetically engineered mouse models. Strikingly, 8866
substantially enhanced the efficacy of docetaxel chemotherapy, resulting in rapid regression of MYC-overexpressing tumors.
Collectively, these data establish the synthetic lethal interaction of the IRE1/XBP1 pathway with MYC hyperactivation and

Introduction

During tumor initiation and progression, cancer cells undergo var-
ious forms of intra- and extracellular stresses, resulting in signifi-
cant proteostasis perturbations (1, 2). How do cancer cells survive
and proliferate in the face of these cytotoxic stresses? Recent stud-
ies have shown that the unfolded protein response (UPR) is acti-
vated in many human cancers and plays important roles in tumor
initiation, progression, and therapy resistance (1-7). The mamma-
lian UPR is a 3-pronged cellular homeostatic mechanism that pro-
tects cells against stress caused by the accumulation of unfolded
or misfolded proteins in the endoplasmic reticulum (ER). The
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provide a potential therapy for MYC-driven human breast cancers.

UPR is triggered by 3 distinct transmembrane sensors in the ER
membrane, namely, inositol-requiring enzyme 1 (IRE1, encoded
by ERNI), protein kinase RNA-like ER kinase (PERK, encoded
by EIF2AK3), and activating transcription factor 6 (ATF6) (8, 9).
Upon activation, these sensors initiate their respective down-
stream arms by sending signals from the ER lumen to the cytosol
and the nucleus. The bifunctional kinase-RNase IRE1 is the most
ancient and conserved member of the mammalian sensory triad
of the UPR (10-12). Under ER stress, IRE1 oligomerizes and trans-
autophosphorylates to activate its cytosolic RNase domain (13, 14).
This activated form of IRE1 then excises 26 nucleotides from the
mRNA of unspliced X-box binding protein 1 (XBPI), resulting in a
frame shift to produce the mature, spliced XBPI (XBPIs) (15-17).
This unique cytosolic splicing mechanism enables rapid XBP1 iso-
form switching in response to perturbations in ER proteostasis (8).

Manipulating UPR might be clinically useful in a variety of con-
texts; however, several fundamental questions must be addressed
in order to rationally target the UPR and improve disease outcome.
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Recent studies showed differential UPR activation in distinct
tumor types (1, 3, 4). However, the underlying mechanism is largely
unknown. Both prolonged excessive and insufficient activation of
the UPR are detrimental to cancer cells (1, 2); thus, the UPR must be
tightly regulated for cancer cell survival. It is not clear how the UPR
is regulated and integrated into oncogenic stress management in
cancer cells. Though numerous compounds have been developed
for targeting the UPR (5, 18-24), in vivo validation in patient-rel-
evant disease models and the identification of the potential bio-
markers to predict patient response are to date still lacking.

In this study, we found that oncogenic MYC directly tran-
scriptionally activates the IRE1/XBP1 pathway by binding to
the IREI promoter and enhancer. We show that, in the nucleus,
MYC also interacts with XBP1 and enhances its transcriptional
activity. Importantly, we found that MYC-hyperactivated cells
are more vulnerable to XBPI inhibition and that suppression of
the IRE1 RNase activity with selective small molecule inhibitor
8866 (IUPAC name: 7-hydroxy-6-methoxy-4-methyl-3-[2-(4-
morpholinyl)-2-oxoethyl]-2-ox0-2H-1-benzopyran-8- carboxalde-
hyde. CAS number: 1338934-59-0) blocks MYC-overexpressing
preclinical patient-derived breast tumor and genetically engi-
neered mouse (GEM) tumor progression and sensitizes the tumors
to standard chemotherapy.

Results

MYC is necessary and sufficient for activation of the IRE1/XBPI
pathway. The IRE1/XBP1 pathway is activated in triple-negative
breast cancer (TNBC) in the absence of external stimuli (3), but
the underlying mechanism for this remains elusive. Since MYC
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expression is elevated in TNBC and has been reported as one of
the key features driving TNBC (25, 26), we asked whether MYC
is an upstream activator of IRE1/XBP1. To test this, we depleted
MYC using 2 distinct shRNAs (27, 28) in MYC-dependent SUM159,
BT549, and MDA-MB-231 breast cancer cell lines (Figure 1, A and
B, and Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI95873DS1). As
expected, MYC knockdown decreased the expression of classical
MYC targets in all 3 breast cancer cell lines (Supplemental Figure
1, B-D). Interestingly, silencing of MYC significantly reduced IRE1
at both the mRNA and protein levels in all cell lines in compari-
son with the scramble shRNA controls (Figure 1, A-D, and Supple-
mental Figure 1A). XBP1 splicing was also suppressed by MYC
depletion (Figure 1, E and F, and Supplemental Figure 1A). Next,
we engineered a nontransformed MCF10A human breast epithe-
lial cell line with a tamoxifen-inducible ¢-MYC estrogen receptor
fusion transgene (MCF10AMYCER) (Figure 2A). The treatment of
MCF10AMYCER cells with 4-hydroxytamoxifen (4-OHT) resulted
in a dose-dependent translocation of the MYC fusion protein
into the nucleus and upregulation of MYC target genes, includ-
ing NCL, HSPD1, and DDX18 (Figure 2B and Supplemental Figure
2A). Notably, this MYC hyperactivation induced dose-dependent
IRE1 mRNA and protein expression and XBPI splicing (Figure 2, B
and C, and Supplemental Figure 2B). Moreover, the classic XBP1
target genes DNAJB9, SEC63, HSPA5, DNAJC3, DNAJCI10, PDIA3,
and SEC61A1 were also upregulated upon MYC hyperactivation
(Figure 2D and Supplemental Figure 2C). As controls, ERN2,
CD59, and PMP22 were not induced by MYC (Supplemental Fig-
ure 2, C and D), suggesting that the regulation of the IRE1/XBP1
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Figure 3. MYC binds to and regulates /IRE7 proximal promoter and enhancer.
(A) Track view of MYC ChlIP-seq density profile on IRET genomic region from
published data sets. (B) Schematic diagram of the ChIP primer (P1-P4) loca-
tions across the IRET promoter region. (C and D) Chromatin extracts from
SUM159 cells (€) and MC1 PDX tumors (D) were subjected to ChiIP using
anti-MYC antibody or normal IgG. Genomic regions of the /RET promoter
were tested for enrichment of MYC binding. Data are presented relative to
input and shown as mean + SD of technical triplicates. (E) Schematic dia-
gram of the ChIP primer (E1-E4) locations across the IRET enhancer region.
(F and G) Chromatin extracts from SUM159 cells (F) and MC1 PDX tumors
(G) were subjected to ChIP using anti-MYC antibody or normal IgG. Genomic
regions of IRE7 intron were tested for enrichment of MYC binding. Data are
presented relative to input and shown as mean + SD of technical tripli-
cates. (H and 1) IRET promoter (H) or enhancer (l) luciferase reporter was
transfected into SUM159 cells infected with lentiviruses encoding scramble
control shRNA (shScr) or MYC shRNA (shMYC), and luciferase activity was
measured 48 hours after transfection. pGL3-basic or pGL3-promoter is the
empty vector control for IRET promoter or enhance reporter, respectively.
Data are presented relative to Renilla readings and shown as mean * SD of
biological triplicates. All results shown are representative of 3 independent
experiments. *P < 0.05; **P < 0.01, 2-tailed unpaired Student’s t test.

pathway by MYC was not due to nonspecific global transcriptional
induction. To examine the correlation between MYC and IRE1 in
breast cancer patients, we performed IHC analysis of MYC and
IRE1 expression in a tissue microarray composed of 60 breast
cancer specimens (44 TNBC cases and 16 luminal breast cancer
cases). As shown in Figure 2, E and F, IRE1 expression was highly
correlated with MYC in these patients. Taken together, these data
demonstrate that MYC is necessary and sufficient to activate IREI
transcription and XBPI splicing.

MYC regulates IRE1 expression directly at the proximal promoter
and enhancer. An analysis of previously published data from stud-
ies using ChIP followed by sequencing (ChIP-seq) revealed 2
MYC-binding regions on IREI, at the proximal promoter and at
an intragenic region, in multiple cell lines (29) (Figure 3A). We
confirmed this by ChIP-quantitative PCR (ChIP-qPCR) experi-
ments that showed binding of MYC to the promoter and intra-
genic regions of IREI in SUM159 cells (Figure 3, B, C, E, and F). To
validate the patient relevance of the MYC binding in vivo, we per-
formed ChIP experiments on chromatin extracted from patient-
derived xenograft (PDX) tumors (MC1), which express a high level
of the MYC protein. As expected, in this PDX model, MYC bound
to the IREI promoter and intragenic regions, whereas IgG showed
no enrichment (Figure 3, D and G).

To test the functional importance of MYC binding, we cloned
the MYC-bound IREI promoter and intragenic regions into the
pGL3 basic and pGL3 promoter luciferase reporters, respectively.
As shown in Figure 3, H and I, activities of the MYC-bound promot-
er and putative enhancer regions were observed in SUM159 cells,
and the IREI promoter activity was much higher than that of the
enhancer element. These activities were suppressed by the deple-
tion of MYC by shRNA. Taken together, these data indicate that
MYC controls IREI transcription by binding to and regulating its
promoter and enhancer activities and that the IREI promoter is like-
ly the major site for MYC-driven transcriptional regulation of IRE1.

MYC interacts with XBP1 and regulates XBPI transcriptional
activity. We also tested the binding of MYC to other UPR genes
in SUM159 cells and patient-derived MC1 tumors, including ER-
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localized molecular chaperones and folding enzymes, as well as
ER-associated degradation (ERAD) components that are essen-
tial to maintaining ER homeostasis and are bound and regulated
by XBP1. ChIP-qPCR experiments showed that MYC and XBP1s
cooccupied these UPR downstream genes (Figure 4, A-C). As a
control, MYC and XBP1s did not bind to the promoters of ERN2,
TSEN34, ATP50, or NDUFA3, indicating the specificity of MYC
occupancy. To further confirm their association, we performed
sequential ChIP (ChIP-re-ChIP) experiments in SUM159 cells
using MYC antibody followed by XBP1s antibody or control IgG
antibody. Analysis of the SERPI, HSPA5, and PDIA3 promoters
demonstrated that both MYC and XBP1s bind to the same DNA
(Figure 4D). Reciprocal ChIP-re-ChIP experiments confirmed the
association of XBP1s with MYC on the same genomic loci (Supple-
mental Figure 3A). These data suggest that MYC might be in the
same transcriptional complex as XBP1s. Therefore, we expressed
Flag-tagged MYC and HA-tagged XBPls in 293T cells. Recipro-
cal coimmunoprecipitation experiments clearly demonstrated
an interaction between MYC and XBP1s (Figure 4, E and F). This
interaction was also observed with endogenous proteins from
nuclear extracts of SUM159 and BT549 cells treated with tunica-
mycin (TM), a potent ER-stress inducer that blocks N-linked gly-
cosylation and triggers robust XBP1 splicing, for 6 hours (Figure 4,
G and H, and Supplemental Figure 3C). MAX is a known dimeriza-
tion partner of MYC (30, 31) and was also found in the MYC-XBP1
complex in BT549 cells (Supplemental Figure 3, B and C). Glutathi-
one S-transferase (GST) pull-down experiments further confirmed
the interaction between MYC and XBP1s and showed that the cen-
tral region and the transactivation domain of MYC interact with
the b-zip domain of XBP1 (Supplemental Figure 3, D-T). As XBP1s
and XBPu share the b-zip domain, we found XBP1u also interact-
ed with MYC (Supplemental Figure 3, G-I). However, XBP1u is a
highly unstable protein and not detectable in breast cancer cells
(Supplemental Figure 3]) (3). Collectively, these data demonstrate
that endogenous XBP1 interacts with MYC in the nucleus.

Next, to test the contribution of MYC to the transcriptional
activity of XBP1s, we exploited 2 ER stress-response reporters,
UPRE and ERSE. The cis-acting UPRE contains the preferential
binding site for XBP1, while ERSE is bound by both ATF6 and
XBP1 (32). Consistent with previous studies, XBP1s overexpres-
sion robustly induced UPRE- and ERSE-driven luciferase activi-
ties (Figure 4, I-L). Although MYC overexpression did not signifi-
cantly transactivate UPRE and ERSE, it synergistically increased
the luciferase activities of UPRE and ERSE induced by XBP1s in
BT549 and 293T cells (Figure 4, I-L), suggesting that the inter-
action of MYC with XBP1s enhances the transcriptional activity
of XBP1s. To understand how MYC promotes XBP1s transcrip-
tional activity, we silenced MYC in SUM159 cells and examined
the binding of XBP1s and coactivators (P300, SRC3, and CBP)
to the MYC-XBP1 cooccupied targets. As shown in Supplemen-
tal Figure 4, A and B, MYC depletion significantly reduced XBP1
binding to DNAJC3, DNAJBY, and HSPA5 promoters, but had
minimal effect on the recruitment of P300, SRC3, and CBP to
the target sites. Silencing of MYC had no effect on the XBP1s
protein half-life (Supplemental Figure 4C). Conversely, XBP1s
did not affect MYC protein half-life either (Supplemental Figure
4D). These data indicate that MYC enhances XBP1 transcrip-
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Figure 4. MYC interacts with XBP1s and regulates XBP1s transcriptional activity. (A-C) ChIP assays of SUM159 cells (A) and MC1 PDX tumors (B and C)
were performed using anti-MYC or anti-XBP1s antibodies to detect enriched gene-promoter fragments. IgG was used as mock control. Genomic region
upstream of VEGFA lacking XBP1s- and MYC-binding sites was used as a negative control (Ctrl). Data are presented relative to input and shown as mean +
SD of technical triplicates. (D) ChIP-re-ChIP assay of SUM159 cells was performed using the anti-MYC antibody first (MYC ChIP). Eluents were subjected to
a second ChIP assay using 1gG (IgG reChlP) or anti-XBP1s antibody (XBP1s reChlIP) to detect enriched gene-promoter fragments. ND, not detected by gPCR
assay. Data are shown as mean + SD of technical triplicates. (E and F) Flag-tagged MYC and HA-tagged XBP1s were coexpressed in 293T cells and coim-
munoprecipitation was performed with anti-HA antibody (E) or anti-Flag antibody (F). The immunoblot was probed with anti-Flag and anti-HA antibodies.
HA-GFP (E) or Flag-GFP (F) was used as control. (G and H) Nuclear extracts from TM-treated SUM159 cells were subjected to coimmunoprecipitation with
anti-XBP1s antibody (G) or anti-MYC antibody (H). The immunoblot was probed with anti-XBP1s and anti-MYC antibodies. (I-L) UPRE or ERSE reporter was
cotransfected with MYC or XBP1s or both expression plasmids into BT549 (1 and K) or 293T (J and L) cells. Luciferase activity was measured 48 hours after
transfection. In I-L, GFP expression plasmid was used as control. Data are presented relative to Renilla readings and shown as mean + SD of biological
triplicates. All results shown are representative of 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, 2-tailed unpaired Student’s t test (D) or
1-way ANOVA with Tukey’s multiple comparison test (I-L).
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tional activity by promoting its binding to the target genes. Next,
we asked whether XBP1 regulates MYC transcriptional activity.
Silencing of XBPI did not alter the luciferase activities of MYC-
binding E box elements in SUM159 cells (Supplemental Figure
5A). Likewise, XBP1I silencing had no effect on the MYC-regu-
lated IREI promoter and enhancer activities (Supplemental Fig-
ure 5B). Consistently, depletion of XBPI or IREI in SUM159 and
MDA-MB-231 cells or overexpression of XBP1s in MCF10A cells
did not affect the MYC and MYC-MIZ1 transcriptional programs
(Supplemental Figure 5, C and D, and Supplemental Figure 6,
A-D). Taken together, these data establish MYC as an important
regulator of XBP1s by interacting with XBP1s and regulating its
transcriptional activity. In contrast, XBP1s does not affect MYC
transcriptional activity.

MYC hyperactivation is synthetic lethal with XBPI inhibition.
Having established the regulation of the IRE1/XBP1 pathway
by oncogenic MYC, we sought to ask whether this interaction
between MYC and IRE1/XBP1 could be genetically explored to
develop potential new therapies for MYC-driven tumors. To test
this hypothesis, we engineered the MCF10AMYER cells with an
XBP1 shRNA under the control of a doxycycline-inducible pro-
moter. Doxycycline treatment efficiently depleted XBP1 in the
MCF10AMYCER cells (Supplemental Figure 7A). XBP1 silencing sig-
nificantly inhibited the clonogenic growth of MYC-hyperactivated
cells, while the MYC-low MCF10AMYCER cells showed no response
(Figure 5A). The sensitivity of these cells to XBP1 depletion corre-
lated well with the level of MYC in the nucleus (Figure 5, A and B).
We found MYC activation dramatically induced the expression of
the molecular chaperones (DNAJC10, DNAJC3, DNAJB9, HSPA5),
ER protein translocation apparatus (SEC61A1, SEC63), protein
modification enzymes (PDIA2, PDIA3), and ERAD components
(EDEM1, SEL1L, and SYVN1) that are known to be upregulated
by disrupted proteostasis (Supplemental Figure 7C) (1). Silencing
of IREI or XBPI blunted the MYC-induced upregulation of these
genes (Supplemental Figure 7, B and C). These data demonstrate
the importance of the IRE1/XBP1 pathway in mediating the MYC-
induced expression of the molecular chaperones, protein modifi-
cation enzymes, and ERAD.

We also tested the effects of MYC on the PERK and ATF6
branches of the UPR. As shown in Supplemental Figure 8, A and
B, MYC activation induced PERK downstream eIF2a phosphory-
lation and increased CHOP and GADD34 expression. Silenc-
ing of PERK substantially suppressed the clonogenic growth of
MCF10AMYCER cells, but the effects were independent of MYC
hyperactivation (Supplemental Figure 8, C-E). ATF6 levels were
not significantly affected by MYC induction (Supplemental Figure
8A). However, ATF6 silencing by 2 shRNA dramatically enhanced
the MYC-independent clonogenic growth of MCF10AMYCER cells
(Supplemental Figure 8, F-H). Collectively, these data suggest that
the 3 arms of UPR play distinct roles in the genetic interaction of
UPR with MYC and that only XBP1 inhibition is synthetic lethal
with MYC hyperactivation.

The requirement of XBP1 for supporting the survival of MYC-
hyperactivated cells prompted us to evaluate whether pharma-
cological suppression of XBP1 activation would be beneficial for
treating MYC-driven tumors. IRE1 is a dual enzyme with kinase
and RNase activities. As its RNase activity is required for XBPI
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splicing and activation, we used a fourth-generation salicylalde-
hyde class inhibitor (8866) that targets the RNase domain of IRE1
(Figure 5C) (33). In 293T cells, 8866 inhibited TM-induced XBP1
splicing and the expression of its targets DNA/B9 and SEC61A1
in a dose-dependent manner (Figure 5D and Supplemental Fig-
ure 9A). Over 90% of XBP1I splicing was abolished at 5 uM (Fig-
ure 5D). Consistently, XBP1 binding to chromatin upon acute ER
stress was abrogated by 8866 in SUM159 cells (Figure 5E). Deple-
tion of IREI in SUM159 cells dramatically increased the EC50 of
8866 (Supplemental Figure 9B). To confirm a direct interaction
between 8866 and IRE1, we performed fluorescence resonance
energy transfer (FRET) assays (Figure 5F). We used a soluble trun-
cated enzyme construct containing only the cytosolic kinase and
RNase domains of IRE1. A 17-nucleotide-long stem-loop synthetic
XBPI RNA probe with a 6-FAM fluorescent tag on one terminus
and a BHQ-1 quencher on the other was used as the substrate.
Upon cleavage of the stem loop, the fluorescent tag separated
from the quencher, generating a fluorescent signal (Figure 5F). As
shown in Figure 5G, 8866 prevented the recombinant IRE1 protein
from cleaving the synthetic XBPI RNA probe, but had no effect on
RNase A. RNase L is the sole paralogue of IRE1 in mammals (34,
35), and 8866 did not inhibit its RNase activity either (Supple-
mental Figure 9C). We also tested the effect of 8866 on the RNase
activity of yeast IRE1 (scIRE1). As shown in Supplemental Figure
9D, 8866 did not inhibit yeast IRE1 activities. These data suggest
that 8866 is highly selective for mammalian IRE1. To understand
whether 8866 inhibits XBPI splicing by nonselectively targeting
IRE1kinase activity or interfering with general ER stress response,
we examined the effects of 8866 on IRE1 phosphorylation and
UPR sensor activation. Phosphorylation of IRE1 was not affected
by 8866 in 293T cells treated with TM (Figure 5H). Furthermore,
8866 treatment of 293T cells did not affect PERK phosphoryla-
tion or ATF6 cleavage (Figure 5H), excluding the possibility that
the inhibitor interferes with general UPR activation. Collectively,
these data confirm that 8866 directly inhibits the RNase activity
of mammalian IRE1.

To test whether pharmacological inhibition recapitulates the
genetic ablation of XBPI, we treated MCF10AMYCER cells with dif-
ferent doses of 4-OHT to induce MYC translocation and examined
the effect of 8866 on clonogenicity. Similarly to what occurs in
XBP1 depletion (Figure 5A), 8866 selectively restrained the clono-
genic growth of MYC-hyperactivated cells (Figure 5I), and the sen-
sitivity of the cells to 8866 correlated with the level of MYC in the
nucleus. In addition to XBP1I splicing, the IRE1 RNase also cleaves
ER-localized mRNAs through the XBPl-independent regulated
IRE1-dependent decay (RIDD) pathway under excessive ER stress
(1, 36). To test whether 8866 inhibits RIDD, we treated 293T cells
with TM to induce IRE1 hyperactivation and tested the response of
RIDD targets to various doses of 8866. As shown in Supplemental
Figure 9E, TM treatment of 293T cells substantially reduced the
level of RIDD targets CD59, DGAT2, and PMP22. Treatment with
8866 completely reversed the degradation of these RIDD targets,
suggesting that 8866 also inhibits RIDD. Next, we asked whether
MYC activation is sufficient to induce RIDD activation and wheth-
er the treatment of MYC-dependent breast cancer cells with 8866
inhibits the degradation of RIDD targets. As shown in Supplemen-
tal Figure 2D, dose-dependent activation of MYC did not induce
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Figure 5. MYC hyperactivation is synthetic lethal with XBP1 inhibition.
(A) Clonogenic growth of MCF10AMYCER cells transduced with shRNAs
against XBP1 or LacZ and treated with different doses of 4-OHT. Ethanol
was used as vehicle for 4-OHT. Changes in colony number were compared
with vehicle-treated cells expressing shLacZ. (B) Immunoblot of MYC-ER in
nuclear extracts of MCF10AMYCER cells treated with 4-OHT for 24 hours. (C)
Chemical structure of 8866. (B) XBP1-splicing assay in 293T cells that were
treated with different doses of 8866 in the presence of DMSO or 5 ug/ml
TM for 6 hours. (E) SUM159 cells were treated with DMSO or 5 uM 8866 in
the presence of 5 ug/ml TM for 6 hours. ChIP assays were performed using
anti-XBP1s antibody. Data are presented relative to input and shown as
mean + SD of technical triplicates. (F) Schematic diagram of fluorescence-
based RNA cleavage assay. (G) Cytosolic portions of IRE1 protein or RNase
A were incubated with hairpin XBP1 RNA substrate in the presence of
various doses of 8866. Cleavage reactions were monitored by fluorescence
intensity. (H) Immunoblot of IRE1 phosphorylation (phos-tag SDS-PAGE),
ATF6 cleavage (ATF6p), PERK, and elF2a phosphorylation in 293T cells
treated with different doses of 8866 for 6 hours in the presence of
DMSO or 5 pg/ml TM. Images shown are representative of 3 independent
experiments. (I) Clonogenic growth of MCF10AMYSER cells transduced with
GFP or XBP1s and treated with DMSO or 5 uM 8866 in the presence of
different doses of 4-OHT. Changes in colony number were compared with
vehicle-treated (ethanol and DMS0) MCF10AMY“8R-GFP cells. In A and I,
data are presented as mean + SD of biological triplicates. *P < 0.05;

**P < 0.01, 2-tailed unpaired Student’s t test (A) or 1-way ANOVA with
Tukey's multiple comparison test (1).

the degradation of RIDD targets CD59, DGAT2, and PMP22. Fur-
thermore, treatment of MYC-dependent SUM159 cells with 8866
had no effects on these RIDD targets (Supplemental Figure 9F).
These data suggest, that although 8866 inhibits RIDD, RIDD is
not activated in MYC-driven breast cancer cells.

To directly test whether the impact of 8866 on the clonogen-
ic growth of MYC-hyperactivated cells is due to the modulation
of off-targets, we ectopically expressed XBP1s in 8866-treated
MCF10AMYCER cells and performed clonogenic assays. Enforced
expression of XBP1s completely rescued the 8866-mediated
growth inhibition of the MYC-hyperactivated cells (Figure 5I),
indicating that the effects of IRE1 RNase inhibitor 8866 on MYC-
hyperactivated cells are mediated by XBP1I splicing.

Taken together, these data indicate that MYC hyperactivation
is synthetic lethal with IRE1 RNase inhibition and that both genet-
ic and pharmacological inhibition of XBP1 activation selectively
suppress the growth of MYC-hyperactivated cells.

8866 Suppresses growth of PDX and GEM tumors with high MYC
expression and sensitizes the response to chemotherapy. To examine
the efficacy of IRE1 inhibition of XBPI splicing for preventing
MYC-driven tumor progression in vivo, we utilized PDX models,
which recapitulate the patient tumor heterogeneity and histopa-
thology and have been used to predict the clinical response of
patients to drug treatment (37). We first tested different doses of
8866 for maintaining in vivo suppression of the IRE1/XBP1 path-
way. XbpI splicing and its target gene expression were continuous-
ly inhibited in mice administered 300 mg/kg of 8866 via daily oral
gavage (Supplemental Figure 10, A and B), a dose that was then
selected for evaluating its efficacy in 4 preclinical in vivo tumor
models with differing levels of MYC protein expression (MCl,
4913, 2147, and 4195) (Figure 6, A and B). MC1 PDX tumors, which
expressed the highest level of MYC, were orthotopically trans-
planted into the cleared mammary fat pads of SCID/beige mice
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and allowed to grow to an average size of 300 mm?®. The animals
with PDX tumors were then randomly grouped and treated with
8866 or a vehicle control daily via oral gavage (Figure 6C). Treat-
ment with 8866 potently inhibited the growth of MC1 PDX tumors
and extended the survival of the tumor-bearing mice (Figure 6, D
and E). We confirmed that XBPI splicing and the expression of
XBP1 targets were suppressed by 8866 treatment via analysis of
RNA extracted from the tumor tissues (Figure 6, F and G). Fur-
thermore, tumors from 8866-treated animals showed significant
reduction of BrdU incorporation after 4 days of treatment (Supple-
mental Figure 12, A and B). We also observed a reduced number
of CD31" microvessels and an increase in cleaved caspase-3 stain-
ing after 20 days of treatment (Figure 6, H-]). These data indicate
that 8866 impaired proliferation and angiogenesis and promoted
apoptosis. Treatment of the tumor-bearing mice with 8866 did not
cause significant body weight change or obvious signs of toxicity
in major organs (Supplemental Figure 10, C and D).

To assess whether the treatment response to 8866 is corre-
lated with MYC levels, we performed similar experiments with
the 3 other PDX models expressing decreasing levels of MYC, i.e.,
models 4913, 2147, and 4195. Treatment with 8866 suppressed the
growth of established tumors in model 4913 and extended the sur-
vival of tumor-bearing mice (Figure 6K). However, the effective-
ness was reduced in models with lower MYC expression. Although
the inhibitor treatment slowed the tumor progression in model
2147, it was less effective (Figure 6L). Furthermore, treatment was
ineffective in model 4195, which expressed the lowest levels of
MYC, comparable to those of normal human breast tissues (Figure
6, A and M). Notably, treatment of all 3 PDX models with 8866 did
not result in significant body weight change or cause obvious signs
of toxicity in major organs (Supplemental Figure 10, E-I).

Next, we asked whether increasing the MYC levels in the 4195
PDX model could sensitize the tumors to 8866 treatment. While
it is technically difficult to genetically manipulate PDX tumors,
we used a pharmacological approach to transiently induce MYC
protein levels in 4195 PDX tumors. Phosphorylation of MYC on
Thr-58 by GSK3p facilitates the binding of FBW7 to MYC and
induces FBW7-mediated MYC ubiquitination and degradation
(38, 39). Pharmacological inhibition of GSK3p with a small mol-
ecule CHIR-99021 has been shown to stabilize MYC protein
(40). We treated 4195 tumors with vehicle, CHIR-99021, 8866,
and 8866 plus CHIR-99021 and assessed the tumor response.
As shown in Supplemental Figure 11A, treatment of 4195 tumors
with CHIR-99021 modestly induced MYC protein levels. The
CHIR-99021-treated tumors were partially responsive to 8866
treatments (Supplemental Figure 11B). These data indicate that
transient increased MYC levels partially sensitized the tumors to
8866 treatment. Collectively, these data demonstrate the in vivo
efficacy of 8866 for suppressing tumor growth and indicate that
the IRE1/XBP1 pathway is important for the tumorigenicity of
MYC-overexpressing tumors.

With these encouraging results, we next sought to determine
whether 8866 enhances the effectiveness of standard chemo-
therapy treatment. Currently, chemotherapy is the only systemic
therapy used clinically to treat TNBC. However, patients with
TNBC either have limited response rates or relapse within 1 to 3
years (41). For these experiments, we again utilized SCID/beige
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Figure 6. IRE1 RNase inhibitor 8866 suppresses growth of patient-
derived tumors with high MYC expression. (A) Immunostaining of MYC
in human normal mammary gland or PDX tumors. Normal mammary
gland without primary antibody incubation was used as negative control.
Scale bars: 50 um. (B) Immunoblot of MYC in PDX models. (C) Schematic
of treatment strategy with 8866. (D) Tumor volume quantification of
established MC1 PDX tumors in SCID/beige mice treated with vehicle or
8866. Data are presented as mean + SEM. (E) Kaplan-Meier survival curve
of MC1PDX tumor-bearing mice from treatment start time in vehicle (n =
6) and 8866 (n = 7) treatment groups. (F) RT-PCR analysis of XBP1 splic-
ing in vehicle-treated (n = 6) and 8866-treated (n = 7) MC1 PDX tumor
samples harvested at the end of the experiment. (G) gRT-PCR analysis
of XBP1 target gene expression in vehicle-treated and 8866-treated MC1
PDX tumor samples harvested at the end of the experiment. Data are
presented as mean + SD of biological replicates, and actin was used as
internal control. (H) H&E, cleaved caspase-3, or CD31immunostaining of
MC1 PDX tumors harvested at the end of the experiment. Scale bars: 50
um. (I and J) Quantification of CD31-positive cells (I) or cleaved cas-
pase-3-positive cells (J) on tumor sections from vehicle-treated (n = 6) or
8866-treated (n = 7) MC1 PDX mice. (K-M) Tumor volume quantification
(upper panel) and Kaplan-Meier survival curve (lower panel) of 4913 (K),
2147 (L), and 4195 (M) PDX tumor-bearing mice treated with vehicle or
8866. Data are presented as mean + SEM. The log-rank test was used

to test for the significant differences of survival between the groups (E,
K-M). *P < 0.05; **P < 0.01; ***P < 0.001, 2-way ANOVA with Bonfer-
roni’'s post test (D, K-M) or 2-tailed unpaired Student’s t test (G, 1, ).

mice with orthotopically transplanted MC1 PDX tumors grown
to 300 to 400 mm?. Mice were then divided into 1 of 4 groups to
receive treatment with vehicle, with 8866 alone, with docetaxel
alone, or with a combination of the 2 drugs (Figure 7A). Tumor
growth was reduced in mice treated with docetaxel, but no tumor
regression was observed (Figure 7B). Similarly, tumors in mice
treated with 8866 progressed more slowly than those treated with
control (Figure 7B). However, treatment with a combination of
docetaxel and 8866 resulted in rapid tumor regression within 10
days, and no palpable tumors were observed after 30 days (Figure
7B). The combination treatment was stopped after 42 days, and no
tumor recurrence was observed afterwards. Immunohistochemi-
cal analyses showed a remarkable decrease of BrdU incorporation
after 4 days of treatment (Supplemental Figure 12, A and B) and
significant increases in apoptosis after 20 days of treatment in the
combination treatment group (Figure 7, C and D, and Supplemen-
tal Figure 12C). These data indicate that 8866 potently sensitizes
the tumors to the apoptotic and proliferation inhibitory effects of
chemotherapy. Moreover, treatment with 8866 alone or in combi-
nation with docetaxel substantially prolonged the survival of the
tumor-bearing mice (Figure 7E). No signs of tissue damage were
detected upon examination of the liver, pancreas, kidney, lung,
heart, and small intestine (Supplemental Figure 12D). To further
assess safety, we tested apoptosis in the liver and pancreas of the
tumor-bearing mice. Neither 8866 alone nor combination therapy
with docetaxel increased cell death in liver and pancreas (Supple-
mental Figure 13, A-D). Food intake and glucose levels were unal-
tered upon treatment (Supplemental Figure 14, A and B). Con-
sistent with previous studies, inhibition of Xbp1 splicing by 8866
resulted in increased Irel protein in liver and pancreas (Supple-
mental Figure 13, A and B) (42). The treatments did not activate
other UPR sensors (Supplemental Figure 13, A and B). It is note-
worthy that combination therapy with 8866 and docetaxelled to a
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transient reduction of body weight during rapid tumor regression,
but that the body weight was restored after tumors were eradi-
cated (Supplemental Figure 14C). This reduction in body weight,
therefore, was likely due to the combined effects of significant
tumor weight reduction and potential transient toxicity caused by
rapid tumor lysis (43).

Since PDX models lack an intact immune system, we tested the
therapeutic efficacy of 8866, alone or in combination with chemo-
therapy, in 2 syngeneic p53-null GEM models expressing distinct
levels of Myc (Figure 7F). p53 is mutated in approximately 85%
of basal-like breast cancers (44). Despite the common loss of p53,
the p537- GEM models exhibited remarkable intertumoral hetero-
geneity in genomic copy number, gene-expression profiles, and
histopathology, reminiscent of human breast cancers (44-46). As
shown in Figure 7G, while 8866 alone slowed down the progression
of Myc-overexpressing 2153L GEM tumors, combination therapy
with 8866 and docetaxel synergistically blocked tumor growth.
The Myc-low-expressing T11 GEM tumors showed no response to
the treatments (Figure 7H). Immune surveillance plays essential
roles in tumor progression (47). To test whether treatment with
8866, alone or in combination with docetaxel, affects immune
surveillance, we analyzed the 2153L and T11 GEM tumors for the
infiltration of T cells, B cells, myeloid-derived suppressor cells
(MDSCs), macrophages, and DCs. Interestingly, while 8866 alone
minimally affected immune surveillance in both 2153L and T11
GEM models, we observed significantly increased infiltration of
CD4"and CD8" T cells and marked decrease of MDSCs selectively
in Myc-overexpressing 2153L GEM tumors (Supplemental Figure
15, A and B). These data indicate that combination therapy with
8866 and docetaxel is effective in suppressing Myc-overexpressing
GEM tumor progression and enhancing immune surveillance in
tumors. Similarly to what occurred in the MC1 PDX model, com-
bination therapy led to reduced body weight of the mice bearing
2153L tumors after 9 days of treatment, which was likely due to the
substantially decreased tumor weight (Supplemental Figure 15C).
The same treatments did not cause body weight alteration of the
nonresponsive T11 GEM model (Supplemental Figure 15D).

Having established the therapeutic efficacy of 8866 alone or
in combination with docetaxel in primary tumors, we next asked
whether the treatments are effective in blocking breast cancer
metastasis. We inoculated the MDA-MB-231-LM2 cells into the
athymic nude mice via tail-vein injection and randomly grouped
the mice for treatments with vehicle, with 8866 alone, with
docetaxel alone, or with a combination of the 2 drugs. While 8866
alone had little effect on lung metastasis, combination therapy
markedly blocked the metastasis of MDA-MB-231-LM2 cells to the
lung (Supplemental Figure 16, A and B). Collectively, these find-
ings using multiple preclinical breast cancer models reveal that
pharmacological inhibition of the IRE1/XBP1 pathway with an
IRE1 RNase inhibitor prevents MYC-hyperactivated tumor growth
and sensitizes the tumors to standard-of-care chemotherapy.

Discussion

MYC deregulation is one of the most common drivers of human
cancers (30). The direct targeting of MYC is very challenging
and has been unsuccessful to date. MYC hyperactivation results
in enormous transcriptional and translational perturbations. The
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Figure 7. 8866 enhances MYC-overexpressing PDX and GEM tumor
response to docetaxel chemotherapy. (A) Schematic of treatment strategy
with 8866 with or without docetaxel. (B) Tumor volume quantification

of established MC1 PDX tumors in SCID/beige mice treated with vehicle,
8866, docetaxel, or 8866 plus docetaxel (n = 4). Combination treatment of
tumor-bearing mice with 8866 plus docetaxel was stopped at day 42. Data
shown are representative of 3 independent experiments and presented

as mean + SEM. (C) H&E, immunostaining of CD31 or cleaved caspase-3
(Casp-3), and TUNEL staining of MC1 PDX tumors in different treatment
groups harvested 20 days after treatment. Representative images are
shown. Scale bars: 50 um. (D) Quantification of CD31-positive microves-
sels, cleaved caspase-3-positive cells, or TUNEL-positive cells on tumor
sections from different treatment groups. Doc, docetaxel. 6-12 tumor areas
from each group were counted. (E) Kaplan-Meier survival curve of MC1 PDX
tumor-bearing mice from treatment start time in vehicle, 8866, docetaxel,
or 8866 plus docetaxel treatment groups. (F) Immunoblot of Myc in tissue
lysates of 2 p53-null GEM models. Actin and GAPDH were used as loading
controls. (G and H) Tumor volume quantification of established 2153L

(G, n=6)and T11(H, n = 5) tumors in BALB/c mice treated with vehicle,
8866, docetaxel, or 8866 plus docetaxel. (I) Model for the role of the IRE1/
XBP1 pathway in MYC-driven breast cancer. Oncogenic MYC activates IRET
transcription and forms a transcriptional complex with XBP1 to facilitate
the resolution of MYC-induced proteotoxic stress and the restoration of ER
homeostasis. Data are presented as mean + SEM. *P < 0.05; **P < 0.07;
***p < 0.001, 2-way ANOVA with Bonferroni's post test (B and H), 1-way
ANOVA with Tukey's multiple comparison test (D) or log-rank test (E).

MYC-driven escalation of protein synthesis alters the proportions
of protein subunits in protein complexes (48), induces the accumu-
lation of unfolded and misfolded proteins, and confers extensive
proteotoxic stress (49). Understanding how MYC-hyperactivated
cancer cells tolerate this proteotoxic stress and maintain proteo-
stasis is imperative for identifying the Achilles’ heel that could be
exploited for therapeutics. In this study, we show that the IRE1/
XBP1 pathway is a therapeutic vulnerability accompanied by MYC
hyperactivation in breast cancer. MYC is substantially involved in
the UPR regulation via multiple previously unknown mechanisms
for coping with proteotoxic stresses.

It is known that MYC-induced protein synthesis and ribosome
biogenesis can indirectly activate the PERK branch of the UPR by
increasing the ER protein load in lymphomas (49). Our study and
a companion study by Simon and colleagues (50) demonstrate an
unprecedented direct transcriptional regulation of another ER stress
sensor, IRE1, by MYC in breast cancer and other cancers, includ-
ing Burkitt’s lymphoma and neuroblastoma. MYC directly binds to
and regulates the IREI promoter and enhancer regions. Silencing
of MYC in MYC-dependent cancer cells decreased IREI expres-
sion and suppressed XBPI splicing. Unexpectedly, we found that
MYC also directly interacts with XBP1 in the nucleus and enhanc-
es its transcriptional activity, thereby increasing the expression of
ER molecular chaperones and protein modification and folding
enzymes. In contrast, XBP1 does not affect the MYC transcriptional
program. Collectively, although MYC deregulation results in exten-
sive proteotoxic stress and the perturbation of ER homeostasis, it
directly facilitates the resolution of this stress by hijacking the IRE1/
XBP1arm of the UPR at multiple levels (Figure 71). In this way, MYC
aids in the correct folding and modification of newly synthesized
proteins as well as in the elimination of toxic misfolded proteins by
inducing the IRE1/XBP1-dependent expression of molecular chap-
erones, protein modification enzymes, and ERAD components.
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Intriguingly, our genetic approaches demonstrate the impor-
tance of these counteracting activities of MYC in cancer cells.
MYC hyperactivation is synthetic lethal with XBPI suppression.
We, therefore, exploited this therapeutic window with a phar-
macological approach to targeting XBP1. Chemical inhibition
of IRE1 is the most attractive therapeutic strategy for inhibiting
XBP1signaling, since its dual enzymatic functions allow interfer-
ence at multiple mechanistic levels of activation. Targeting the
IRE1 RNase domain offers a unique therapeutic strategy. Sev-
eral IRE1 RNase inhibitors have been patented and published,
including 4p8c, MKC3946, STF083010, and B-109 (5, 18, 19,
33, 51). Although MKC3946 and STF083010 have shown in
vivo efficacy in multiple myeloma cell line xenograft models (5,
19), treatment of the tumors with inhibitor alone was unable to
regress solid tumors. Furthermore, to date, the in vivo valida-
tion of UPR inhibitors in patient-relevant preclinical models
is still lacking. It is unclear what population of patients would
respond to UPR inhibitors. We now show that the IRE1 RNase
inhibitor 8866 directly inhibits IRE1 RNase activity. Although
8866 inhibits both RIDD and XBPI splicing, MYC induction
does not activate RIDD in breast cancer cells. The effects of
8866 on MYC-hyperactivated cells are mediated by XBPI splic-
ing, as restoration of XBP1s completely rescued the phenotype.
More importantly, 8866 showed in vivo efficacy in preclinical
models. Using a cohort of PDX models, we showed that the pro-
gression of MYC-overexpressing patient-derived tumor MC1
was delayed with 8866 treatment with a comparable efficacy to
that of the standard-of-care chemotherapy docetaxel. Remark-
ably, treatment with a combination of 8866 and docetaxel rap-
idly eradicated the primary tumors with high MYC expression,
which showed a marked reduction of proliferation and induction
of apoptosis, thereby substantially prolonging the disease-free
survival of tumor-bearing mice. We did not observe any tumor
recurrence at least 30 days after ending the combination treat-
ment. Importantly, treatment of these mice with 8866 continu-
ously for 42 days did not cause obvious signs of major organ tox-
icity or significant body weight change. Similar safety profiles
were also observed in rats and monkeys (data not shown). While
8866 alone did not affect the body weight of MC1 tumor-bear-
ing mice, combination therapy with 8866 and docetaxel led to
transient body weight reduction. However, body weight quickly
restored after tumor eradication and we did not observe tissue
damage in the major organs. Furthermore, treatment of the non-
responsive T11 GEM model with combination therapy did not
cause any body weight alteration. These data indicate that the
transient body weight loss in the treatment-sensitive models is
likely due to the substantial tumor mass reduction and transient
toxicity associated with rapid tumor lysis (43). Remarkably, the
combination therapy was also very effective in blocking Myc-
overexpressing GEM tumor growth and enhancing immune
response in the tumors. Taking these data together, we identify
MYC-overexpressing breast tumors as potential responders to
8866 treatment, alone or in combination with chemotherapy.
Our study delineates the genetic interactions between MYC and
IRE1/XBP1 and reveals the critical role of IRE1/XBP1 in support-
ing the growth of MYC-driven breast cancer. A companion study
by Simon and colleagues independently showed a similar require-
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ment of IRE1/XBP1 signaling for MYC deregulation in Burkitt’s
lymphoma and neuroblastoma (50). These 2 studies suggest
there may be a potentially significant clinical impact of targeting
IRE1/XBP1, as we provide a mechanism-based pharmacological
approach for the treatment of MYC-driven human tumors.

Methods

Cell culture and treatment. MDA-MB-231, 293T, and BT-549 cells were
obtained from ATCC and maintained in DMEM or RPMI supplement-
ed with 10% FBS (catalog A3160602; Gibco, Thermo Fisher Scientif-
ic) and penicillin/streptomycin. The MCF10A cells were from ATCC
and cultured in DMEM/F12 medium, 20 ng/ml epidermal growth fac-
tor (EGF) (catalog PHGO311L; Gibco, Thermo Fisher Scientific), 10
pg/ml insulin (catalog 19278, MilliporeSigma), 2% horse serum, 500
ng/ml hydrocortisone (catalog H0888, MilliporeSigma), 100 ng/ml
cholera toxin (catalog C8052, MilliporeSigma), and penicillin/strepto-
mycin. SUM159 cells were obtained from Asterand and maintained in
F12 medium supplemented with 5% FBS, 10 pg/ml insulin, 500 ng/ml
hydrocortisone, and penicillin/streptomycin.

4-OHT (catalog H7904-5MG, MilliporeSigma) was used to treat
MCF10AMYCER cells to induce MYC nuclear translocation. TM (cat-
alog T7765, MilliporeSigma) was used to treat cells or mice for ER
stress induction. IRE1 RNase inhibitor 8866 was dissolved in DMSO
when used in vitro.

For the clonogenic assay of MCF10AMCER cells, 500 cells were
plated in a 6-well plate and treated with either vehicle (ethanol) or
4-OHT for 8 to 10 days. Colonies were fixed in methanol, stained with
crystal violet (0.5% crystal violet, 20% methanol), and counted.

Plasmids, virus production, and infection. pLKO.1-shMYC-1
(TRCN0000039640) and pLKO.1-shMYC-2 (TRCNO0O00039639)
were obtained from MilliporeSigma. shRNAs targeting scramble RNA
(pLKO.1-shScr, Addgene plasmid 17920) served as a control. Induc-
ible XBP1/IRE1/PERK/ATF6 shRNA or control shRNA (shLacZ) was
cloned in pLKO-Tet-On lentiviral vector. The sequences of sShRNA are
listed in Supplemental Table 1. Retroviral vector pQCXIN-MycER was
used to generate the MCF10AMYCER cell line.

To produce lentiviruses, 293T cells were cotransfected with
psPAX2 and pMD2.G using Lipofectamine 3000 (catalog L3000015,
Thermo Fisher Scientific). To produce retrovirus, pQCXIN-MycER
and pCL-Ampho plasmids were cotransfected into 293T cells. Lenti-
or retroviruses were collected 48 and 72 hours after transfection and
used for infecting cells in the presence of 8 pg/ml polybrene (catalog
TR-1003-G, MilliporeSigma) prior to puromycin (2 pg/ml for all cells,
catalog P8833, MilliporeSigma) or G418 (200 pg/ml for MCF10A,
catalog 4727878001, MilliporeSigma) selection.

Generation of KO cells. An inducible CRISPR/Cas9 system (52) was
used to generate multiclonal IREI- or XBPI-KO SUM159 cells. Briefly,
SUM159 cells were infected with lentiviruses encoding doxycycline-
inducible Cas9-EGFP (gift from Qin Yan, Yale University, New Haven,
Connecticut, USA). The cells were treated with doxycycline, followed
by FACS sorting for EGFP* cells. The resulting SUM159-iCas9 cells
were infected with lentiviruses expressing double gRNAs targeting
the same exon and treated with doxycycline to induce Cas9 expres-
sion and gene KO.

To generate IREI- or XBPI-KO MDA-MB-231 cells, gRNAs tar-
geting IREI- or XBPI were introduced to the pSpCas9 (BB)-2A-Puro
(PX459) lentiviral vector (plasmid 62988, Addgene). MDA-MB-231
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cells were infected with lentiviruses encoding IREI or XBPI sgRNA
and selected with puromycin. Single cells were derived from the cul-
tures and 4 KO colonies were pooled.

RNA extraction and real-time quantitative reverse-transcriptase
PCR. Total RNA was extracted using TRIzol (catalog 15596026, Ther-
mo Fisher Scientific). Total RNA (1 ug) was converted to cDNA using
the High-Capacity cDNA Reverse Transcription Kit (catalog 4368813,
Applied Biosystems). mRNA levels were detected using Power SYBR
Green PCR Master Mix (Applied Biosystems) on a QuantStudio 6 Flex
Real-Time PCR System (Applied Biosystems). The sequences of all
primers are listed in Supplemental Table 1.

Immunoblot analysis. Total cell extracts or nuclear extracts were
separated by SDS-polyacrylamide gels and transferred to PVDF mem-
branes (catalog 162-0177, Bio-Rad). IRE1 phosphorylation was moni-
tored by Phos-tag SDS-PAGE (Wako) as described previously (53). The
following antibodies were used for immunoblot analysis: anti-XBP1s
(catalog 619502, BioLegend); anti-PERK (catalog 3192, Cell Signal-
ing Technology); anti-IRE1 (catalog 3294, Cell Signaling Technology);
anti-ATF6 (catalog BAM-73-500-EX, Cosmo Bio); anti-ATF6 (for
mouse Atf6 detection, ref. 54; gift from Ann-Hwee Lee, Weill Cornell
Medicine, New York, New York, USA); anti-TBP (catalog ab51841,
Abcam); anti-eIF2a (catalog sc-11386, Santa Cruz Biotechnology Inc.);
anti-phospho-elF2a (catalog 9721, Cell Signaling Technology); anti-
MYC (catalog sc-42, Santa Cruz Biotechnology Inc.); anti-GAPDH
(catalog sc-32233, Santa Cruz Biotechnology Inc.); anti-B-actin (cata-
log 49708, Cell Signaling Technology); anti-HA (catalog sc-805, Santa
Cruz Biotechnology Inc.); anti-Flag (catalog F7524, MilliporeSigma);
anti-MAX (catalog sc-197, Santa Cruz Biotechnology Inc.); and anti-
caspase-3 (catalog 9662, Cell Signaling Technology).

Luciferase assay. The firefly luciferase reporter for IREI promoter
or enhancer was constructed by cloning the genomic region of the
IRE] promoter or intron (MYC bound region) into the Mlul and Ncol
sites in pGL3-basic vector (Promega) or the Mlul and Bg/II sites in the
pGL3-promoter vector (Promega), respectively. All constructs were
verified by DNA sequencing. The sequences of all primers are listed
in Supplemental Table 1. MYC-responsive 3x E-Box firefly luciferase
reporter was a gift from Xin-Hua Feng and its empty control, pBV-Luc,
was purchased from Addgene (plasmid 16539). For Figure 3, H and I,
and Supplemental Figure 5, A and B, SUM159 cells infected with shScr,
shLacZ, shXBPI1, or shMYC were cotransfected with 10 ng pRL-PGK
(Promega) and 50 ng firefly luciferase reporter plasmids using Lipo-
fectamine 3000. For Figure 4, I-L, BT549 or 293T cells were cotrans-
fected with 10 ng pRL-PGK, 50 ng firefly luciferase reporters, and
50 ng expression plasmids. Cell lysates were collected 48 hours after
transfection, and luciferase activities were analyzed using the dual-
luciferase reporter assay system (catalog E1910, Promega). pRL-PGK,
which expresses Renilla luciferase, was used as the internal control for
adjustment of discrepancies in transfection and harvest efficiencies.

ChIP assay. SUM159 cells were crosslinked with 1% formaldehyde
for 10 minutes at room temperature. Reaction was quenched with 125
mM glycine. For PDX tumor, fresh tumor tissues were minced into small
pieces on ice and crosslinked with 1.5% formaldehyde for 10 minutes at
room temperature. Reaction was quenched with 125 mM glycine. ChIP
was performed as previously described (55) with XBP1 antibody (catalog
619502, BioLegend), MYC antibody (catalog sc-764, Santa Cruz Bio-
technology Inc.), P300 antibody (catalog sc-585, Santa Cruz Biotechnol-
ogy Inc.), SRC3 antibody (catalog 2126, Cell Signaling Technology), CBP
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antibody (catalog sc-583, Santa Cruz Biotechnology Inc.), or normal rab-
bit IgG control (catalog 2729, Cell Signaling Technology). For ChIP-re-
ChIP assay, MYC or XBP1s antibody was crosslinked to Protein A Sepha-
rose beads (catalog CL-4B, GE Healthcare) using dimethyl pimelimidate
dihydrochloride (catalog D8388, MilliporeSigma). The beads were then
incubated with chromatin extracts overnight and washed with 0.1% SDS
buffer and eluted with 1% SDS elution buffer. The eluate was diluted to
a final concentration of 0.1% SDS and incubated with fresh antibody-
bound Protein A Sepharose beads for the second round of ChIP. The
sequences of all primers are listed in Supplemental Table 1.

Coimmunoprecipitation. For exogenous coimmunoprecipitation,
293T cells in a 6-cm dish were transfected with 1 ug expression plas-
mids and harvested 36 hours after transfection. FLAG beads (catalog
E2426, MilliporeSigma) or HA beads (catalog E6779, MilliporeSigma)
were incubated with the whole cell extracts overnight at 4°C. For
endogenous coimmunoprecipitation, SUM159 or BT549 cells were
treated with 5 pg/ml TM for 6 hours before harvest. Nuclear extracts
were incubated with 4 pg of anti-XBP1s antibody or anti-MYC anti-
body (catalog sc-42, Santa Cruz Biotechnology Inc.) overnight at 4°C.
The protein complexes were precipitated by the addition of Protein A
Sepharose beads (catalog CL-4B, GE Healthcare) and incubation for
4 hours at 4°C. The beads were then washed 5 times, and the precipi-
tated proteins were eluted and analyzed by Western blot.

GST pull-down assay. The GST pull-down assay was performed as
previously described (3). Briefly, full-length human XBP1s or MYC was
cloned into pET42b (Novagen). The plasmids were transformed into
BL21-competent E. coli, resulting in expression of XBP1s or MYC protein.
E. coli-expressed proteins were purified via binding to GSH-Sepharose
beads (catalog 17075601, GE Healthcare). The protein-bound beads
were incubated with XBP1 and MYC full-length or fragment-overex-
pressed 293T cell lysates overnight at 4°C. The beads were washed 5
times with cell lysis buffer. The eluents were analyzed by Western blot.

FRET assays. IRE1 endoribonuclease activity was evaluated using
fluorescence-based RNA cleavage assays. A stem-loop hairpin RNA
substrate  (5'-6-FAM-CAUGUCCGCAGCGCAUG-BHQI-3) mim-
icking the XBP1 splice site was labeled with 6-FAM and black hole
quencher 1 (BHQ1) on its 5" and 3’ terminus, respectively (Millipore-
Sigma). Cleavage of the stem loop leads to derepression of the FAM
signal, which can be measured in real time. Briefly, 8866 compounds
were preincubated with 10 nM purified cytoplasmic portions of IRE1
protein or 1 pM RNasA in reaction buffer (50 mM Tris, pH 7.0, 0.5
mM MgCl, 10 mM KCl, 0.025% Tween-20, 0.063 mg/ml tRNA,
and 2 mM DTT) for 1 hour at room temperature. Upon addition of
100 nM stem-loop RNA substrate (diluted in 10 mM Tris, pH 7.0, 0.1
mM EDTA), cleavage reactions were monitored in real time by fluo-
rescence intensity at 1-minute intervals using the QuantStudio 6 Flex
Real-Time PCR System (Thermo Fisher Scientific). No enzyme and no
substrate groups served as negative controls.

Gel-based RNase L in vitro cleavage assay. Full-length RNase L at
0.4 nM was activated with 5 nM 2'-5'oligoadenylate (2-5A) and 50 uM
ADP. The activated RNase L was incubated with 8866 ranging from
0.5 nM to 50,000 nM for 30 minutes on ice, and then 135 nM of the
6-FAM-RNA-BHQ1 substrate (5-6-FAMUUAUCAAAUUCUUAU-
UUGCCCCAUUUUUUUGGUUUABHQI1-3) was added to the mix-
ture. Time points were taken at 5, 10, and 20 minutes, and the samples
were run on a UREA-TBE RNA gel. The gel fluorescence was read at
488 nm using a GE Healthcare Typhoon Variable Mode Imager.
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Murine and yeast IRE1 in vitro cleavage assay. For murine (mlrel)
and yeast IRE1 (scIRE1) in vitro cleavage assay, murine and yeast full-
length IRE1 at 100 nM and 1 uM, respectively, with the latter activated
with 2.5 mM ADP, were incubated with 8866 ranging from 0.00056
UM to 100 puM for 30 minutes on ice. On addition of the stem-loop
hairpin XBPI RNA substrate (5'-Alexa Fluor 647-CAUGUCCGCAGC-
GCAUG-BHQI1-3') at 100 nM and 25 nM for murine and yeast IRE1,
respectively, cleavage reactions were monitored in real time by fluores-
cence intensity (Aexcited = 651 nm, Aemission = 672 nm) at 2-minute
intervals using a Molecular Dimensions Analyst HT microplate reader.

Determination of EC, . WT or IREI-KO SUM159 cells were seeded
into 6-well plates at 500 cells per well and treated with DMSO or vari-
ous doses of 8866 for 10 days. Colonies were fixed in methanol, stained
with crystal violet (0.5% crystal violet, 20% methanol), and counted.
The percentage of response was calculated as (N, - N)/N, x 100%,
where N, is the colony number of DMSO-treated cells and N, is the
colony number of 8866-treated cells. Concentration-response curves
were plotted, and the x values were transformed to log form. The EC_,
values were estimated using nonlinear regression analysis (56).

Invivo dose test of 8866. 8866 was provided by Fosun Orinove Inc.
The vehicle for 8866 is 1% microcrystalline cellulose in 50% sucrose.
8866 Formulation was homogenized in a water bath sonicator for 1
hour before dosing. Five- to six-week-old C57BL/6 mice from Envigo
were treated with either vehicle or 8866 through 1-time oral gavage.
All mice received 1 mg/kg TM (first dissolved in DMSO and then dilut-
ed in 150 mM dextrose) through i.p. injection 6 hours prior to sacri-
fice. Mouse livers were harvested 24 hours after oral gavage, and Xbp1
splicing was tested using reverse-transcriptase PCR (RT-PCR).

Tumor inoculation and treatment. The establishment of human
PDX and p53-null GEM tumor lines was described in detail previ-
ously (37). Fresh xenograft tumor fragments were transplanted into
the cleared mammary fat pads of 3- to 4-week-old female SCID/beige
mice (from Envigo, for human PDX tumor) or BALB/c mice (from
Envigo, for p53-null GEM tumor). When tumors reached a volume of
approximately 150-350 mm?, mice were randomized and treated with
drugs. The 8866 was administered via daily oral gavage at 300 mg/
kg dose. Docetaxel (MilliporeSigma) was dissolved in 25% Tween 80
and 12% ethanol and administered through weekly i.p. injections at 10
mg/kg dose. CHIR99021 (catalog C-6556, LC Lab) was suspended
in 4% DMSO, 10% PEG400, and 10% Tween 80 and administered
through i.p. injection every 2 days at 30 mg/kg dose. Mice undergo-
ing monotherapy also received vehicle in the combination treatment
study. The ethical end point for tumor transplantation experiments
was reached when a tumor reached 1.5 cm or more in any dimension.
Tumor volumes were monitored using calipers every 5 days and cal-
culated according to the formula / x w?/2, where [ represents tumor
length and w represents tumor width. For in vivo BrdU labeling of
tumors, mice were i.p. injected with BrdU-labeling reagent (catalog
00-0103, Invitrogen) at a dose of 10 pl/g body weight. Tumors were
harvested 2 hours after injection.

For lung metastasis experiments, 200,000 luciferase-labeled
MDA-MB-231-LM2 cells were injected into 5- to 6-week-old female
athymic nude mice (Envigo) through the tail vein. Two days later,
mice were randomized and treated with vehicle, 300 mg/kg 8866
(daily oral gavage), docetaxel (10 mg/kg, weekly i.p. injection), or the
combination of 8866 and docetaxel. Lung metastasis was measured
by bioluminescence imaging using IVIS Lumina II equipment.
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Tumor immunophenotyping. Fresh tumor tissues were chopped into
small pieces, followed by digestion in RPMI containing 0.25 mg/ml
Liberase TL (catalog 05401020001, Roche) and 0.2 mg/ml DNase I
(catalog 10104159001, Roche) for 1 hour at 37°C. Digestion was termi-
nated by adding RPMI containing 10% FBS, and single cells were filtered
through a 40-um cell restrainer. Cells were washed with PBS and incu-
bated with Fc blocker (catalog 101302, BioLegend) onice for 10 minutes.
Cell suspension was then stained with anti-CD45 PE (catalog 103105),
anti-CD45 FITC (catalog 103108), anti-F4,/80 PerCP-Cy5.5 (catalog
123127), anti-CD11b PE-Cy7 (catalog 101215), anti-CD1lc APC-Cy7
(catalog 117323), anti-Grl FITC (catalog 108405), anti-B220 PE (catalog
103207), anti-CD3 PE-Cy7 (catalog 100320), anti-CD8 PerCP-Cy5.5
(catalog 100734), anti-CD4 APC-Cy7 (catalog 100414), and DAPI (cata-
log 422801) antibodies from BioLegend. Samples were run on Attune
NxT Flow Cytometer, and data were analyzed using Flow]Jo software.

Histology, IHC, and TUNEL staining. Tissue specimens were fixed
in fresh 4% paraformaldehyde for 24 hours and stored in 70% ethanol
until paraffin embedding. Breast carcinoma tissue microarray (catalog
BR1201) and human normal mammary gland tissue sections (catalog
HuFPT127) were purchased from Biomax. H&E and THC staining were
performed on 5 um-thick paraffin sections. The following primary anti-
bodies were used in IHC: MYC (1:300, catalog ab32072, Abcam), IRE1
(1:200, catalog 3294, Cell Signaling Technology), BrdU (1:250, catalog
ab6326, Abcam), CD31 (1:50, catalog ab28364, Abcam), and cleaved
caspase-3 (1:200, catalog 9664, Cell Signaling Technology). Slides
were incubated with biotinylated secondary antibody and ABC-HRP
(both from Vector Laboratories). Sections were developed with DAB
and counterstained with hematoxylin. For quantifications of TMA
staining, TMAs were scanned using the Aperio scanner. MYC expres-
sion was evaluated at x200 magnification. For each core, 3 images
of representative areas were analyzed and a total of 1,000 to 2,000
tumor cells were counted. IHC scoring was performed using Histo-
score (H-score) calculated by the Aperio IHC nuclear image analysis
system, which included a semiquantitative assessment of both fraction
of positive cells and intensity of staining (57). The intensity score was
defined as no staining (score 0), weak (score 1), moderate (score 2), or
strong (score 3) staining. The fraction score was based on the propor-
tion of positively stained cells (0%-100%). The intensity and fraction
scores were then multiplied to obtain the H-score, which ranged from
0to 3and represented the level of MYC. IRE1 expression was evaluated
per the intensity of staining. The intensity was defined as no staining
(score 0), weak (score 1), moderate (score 2), or strong (score 3) stain-
ing. Intensity with O and 1 was classified as low intensity; intensity with
2 was classified as medium intensity; and intensity with 3 was classified
as high intensity. Images with x100 magnification were scored as the
total number of positively stained cells per captured field for the quan-
titation of cleaved caspase-3. Any discrete cluster or single cell with
positive CD31 staining was counted as 1 microvessel. All quantification
was carried out in a manner that was blinded to the treatment group.

TUNEL staining was performed on paraffin-embedded tissue sec-
tions using the In Situ Cell Death Detection Kit (catalog 11684795910,
Roche) following the manufacturer’s instructions. Sections were
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counterstained with DAPI, and images were captured under fluores-
cence microscope. Tissue sections incubated with TUNEL reaction
buffer without dTd enzyme served as negative controls. Tissue sec-
tions treated with DNase I served as positive controls.

Statistics. Data showing tumor volume, mouse body weight, immu-
nophenotyping, and metastasis quantification are presented as the
mean + SEM. Data from all other experiments are presented as the
mean * SD. Student’s ¢ test was utilized to compare the differences
between 2 groups. One-way ANOVA with Tukey’s multiple comparison
test was used to compare the differences among 3 or more groups. Two-
way ANOVA with Bonferroni’s post test was used to calculate the signifi-
cance difference for tumor volume and body weight measurement over
time. The log-rank test was used to test for the significant differences of
survival between the groups. The extra sum-of-squares F test was used
to calculate the significant difference in EC, of 8866 between groups.
Analyses were performed with GraphPad Prism, version 5 (GraphPad
Software Inc.). P < 0.05 was considered statistically significant.

Study approval. All protocols described in this study were
approved by the Baylor College of Medicine Institutional Animal
Care and Use Committee.
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