
IRE1α RNase–dependent lipid homeostasis promotes survival in
Myc-transformed cancers

Hong Xie, … , Chih-Chi Andrew Hu, M. Celeste Simon

J Clin Invest. 2018;128(4):1300-1316. https://doi.org/10.1172/JCI95864.

  

Myc activation is a primary oncogenic event in many human cancers; however, these transcription factors are difficult to
inhibit pharmacologically, suggesting that Myc-dependent downstream effectors may be more tractable therapeutic
targets. Here, we show that Myc overexpression induces endoplasmic reticulum (ER) stress and engages the inositol-
requiring enzyme 1α (IRE1α)/X-box binding protein 1 (XBP1) pathway through multiple molecular mechanisms in a
variety of c-Myc– and N-Myc–dependent cancers. In particular, Myc-overexpressing cells require IRE1α/XBP1 signaling
for sustained growth and survival in vitro and in vivo, dependent on elevated stearoyl-CoA-desaturase 1 (SCD1) activity.
Pharmacological and genetic XBP1 inhibition induces Myc-dependent apoptosis, which is alleviated by exogenous
unsaturated fatty acids. Of note, SCD1 inhibition phenocopies IRE1α RNase activity suppression in vivo. Furthermore,
IRE1α inhibition enhances the cytotoxic effects of standard chemotherapy drugs used to treat c-Myc–overexpressing
Burkitt’s lymphoma, suggesting that inhibiting the IRE1α/XBP1 pathway is a useful general strategy for treatment of Myc-
driven cancers.
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Introduction
The Myc family of proto-oncogenes (MYC, MYCN, MYCL) 
encodes bHLHZ (basic helix-loop-helix leucine zipper) tran-
scription factors, which regulate thousands of genes coordinating 
numerous cellular processes, including proliferation, differentia-
tion, self-renewal, and metabolism (1). While Myc proteins exhibit 
variable expression patterns, they share considerable functional 
redundancy (2). Although MYC genes are normally induced by 
mitogenic stimulation and their activity is tightly regulated under 
physiological conditions, oncogenic activation occurring via 
mutation, genomic amplification, and translocation leads to aber-
rant overexpression or stabilization of Myc proteins (1).

Dysregulation of Myc oncoproteins is a frequent event in a 
broad array of human cancers, including Burkitt’s lymphoma 
(BL), breast cancer, neuroblastoma (NB), etc. (1). The role of Myc 
in tumor initiation and maintenance makes it an appealing target 
for cancer therapy (3), although targeting transcription factors has 
generally proven difficult. Despite an increasingly detailed mech-
anistic understanding of Myc structure and function, therapeutic 
strategies to directly manipulate Myc remain a historic challenge 
(4–7), suggesting that alternative approaches are needed.

One important consequence of Myc activation is enhanced 
ribosome biogenesis and protein synthesis, required for its onco-
genic output and cancer cell survival (8). Oncogenic Myc can thus 
engage the unfolded protein response (UPR), a cellular homeostatic 

program initiated by an excess of unfolded or misfolded proteins in 
the endoplasmic reticulum (ER) lumen (9). In mammalian cells, the 
UPR has evolved into a complex network of signaling events, medi-
ated by 3 major stress sensors: inositol-requiring enzyme 1 (IRE1), 
activating transcription factor 6 (ATF6), and PKR-like endoplasmic 
reticulum kinase (PERK). Each sensor engages unique mechanisms 
to affect distinct transcription factors, initiating a specific molecu-
lar response. Interestingly, PERK promotes an autophagic program 
that sustains cell viability and promotes tumor growth in c-Myc–
overexpressing cells (10, 11). In contrast, a role for the IRE1 pathway 
in Myc-overexpressing cells and its potential utility as a therapeutic 
target for Myc-driven cancers have not been investigated.

IRE1 is the only ER stress sensor conserved from yeast to 
mammals, and the mammalian genome encodes 2 isoforms, 
IRE1α and IRE1β. IRE1α is more ubiquitously expressed, whereas  
IRE1β is restricted to the epithelium of the gastrointestinal tract 
(12). IRE1 proteins have an ER-luminal sensor domain that recog-
nizes unfolded proteins as well as cytosolic kinase and endoribo-
nuclease (RNase) domains that mediate responses through down-
stream effectors (12) (see Figure 1A). Under conditions of ER 
stress, IRE1 is activated through dimerization and autophosphor-
ylation and removes 26 nucleotides from unspliced X-box bind-
ing protein 1 (XBP1u) mRNA to generate spliced XBP1 (XBP1s), 
producing a functional XBP1s transcription factor (Figure 1A) 
(12). XBP1s in turn regulates the expression of numerous genes 
that maintain ER homeostasis, including those encoding ER- 
resident chaperones and components of the ER-associated deg-
radation machinery (ERAD) (13, 14). The IRE1 RNase also selec-
tively degrades ER-bound mRNAs to alleviate ER protein load, a 
process known as regulated IRE1-dependent decay (RIDD) (15).
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RNA content (Supplemental Figure 2C). Along with the canonical  
target gene LDHA (Supplemental Figure 2D), c-Myc induction cor-
related with elevated ERN1 (IRE1α), HSPA5 (BiP), XBP1t, XBP1s 
(XBP1s), and XBP1s/XBP1t (Figure 2, C–E), suggesting that c-Myc 
regulates multiple components of the IRE1α stress-response path-
way in these cells.

c-Myc appeared to induce the IRE1α/XBP1 pathway through 
a variety of mechanisms. First, restimulation of previously c-Myc–
depleted P493 cells via tetracycline withdrawal revealed a time- 
dependent increase in LDHA, ERN1, HSPA5, XBP1t, and XBP1s 
mRNA (Figure 2F and Supplemental Figure 2E) and protein (Figure 
2G), with maximal expression levels achieved by 24 to 48 hours. 
Importantly, IRE1α, BiP, XBP1s, and c-Myc protein levels in P493 
High Myc cells were comparable to multiple bona fide BL cell lines: 
Raji, Daudi, Ramos, and EB-2 (Supplemental Figure 2F), consistent 
with the notion that P493 High Myc cells are a faithful BL model 
(20). ChIP-sequencing (ChIP-seq) analysis of P493 cells confirmed 
c-Myc binding to E-box sequences in the ERN1, HSPA5, and XBP1 
promoters, confirming that c-Myc activates their transcription 
directly (Supplemental Figure 2G). Second, c-Myc regulates IRE1α 
RNase activity, as demonstrated by increased XBP1s/XBP1u ratios 
(Figure 2D) and phosphorylated IRE1α protein levels (Figure 2E) in 
c-Myc–expressing cells. Consistent with this observation, XBP1s/
XBP1t ratios were reduced upon c-Myc suppression, but only fully 
restored 48 hours after c-Myc induction (Figure 2, F and G). These 
data likely reflect a delay between c-Myc–dependent target gene 
induction (<24 hours) and accumulation of sufficient misfolded/
unfolded proteins to stimulate IRE1α RNase activity (between 
24 hours and 48 hours). Third, utilizing a cycloheximide (CHX) 
chase assay, we observed that IRE1α protein half-life was regulated  
by c-Myc (Supplemental Figure 2H). IRE1α protein stability can 
be positively regulated by DDRGK domain–containing protein 1 
(DDRGK1) through ufmylation modification (21). However, in con-
trast to a previous study, this may be DDRGK1 independent in BL, 
as DDRGK1 expression was negatively correlated with IRE1α sta-
bility in P493 cells (Supplemental Figure 2I). In addition, Sun et al. 
demonstrated that IRE1α is a substrate of the SEL1L-HRD1 ERAD 
complex and that ERAD-mediated IRE1α degradation is attenuated  
by ER stress (22). However, no significant changes in SEL1L1 or 
HRD1 protein levels were observed in P493 cells with variable 
c-Myc expression (Supplemental Figure 2, J and K), suggesting that 
the exact mechanism of how c-Myc regulates IRE1α protein stabili-
ty needs to be further investigated.

Treating c-Myc–overexpressing BL cell lines with the non-
specific Myc inhibitor JQ1 (Supplemental Figure 2, L and M) or 
low-dose CHX (Supplemental Figure 2N) significantly reduced 
HSPA5 and XBP1s transcripts and proteins as well as XBP1s/
XBP1t ratios. Consistent with these biochemical findings, trans-
mission electron microscopy revealed an irregular ER structure, 
with substantially expanded membranes and distended lumens 
in c-Myc–overexpressing P493 cells (Figure 2H). Taken together, 
our data are consistent with a model in which c-Myc engages the 
IRE1α/XBP1 stress pathway through multiple mechanisms (Fig-
ure 2I) by (a) directly activating ERN1, HSPA5, and XBP1 tran-
scription, (b) stabilizing IRE1α protein, and (c) increasing ER pro-
tein load, thereby activating IRE1α RNase activity and promoting 
XBP1 splicing (See Discussion).

In this study, we demonstrate that the IRE1α/XBP1 pathway is 
engaged in both c-Myc– and N-Myc–driven cancers and that c-Myc 
regulates this pathway through multiple molecular mechanisms. 
Moreover, IRE1α/XBP1 signaling induces stearoyl-CoA desaturase 
(SCD) transcription, which generates unsaturated lipids required 
for ER membrane homeostasis. Pharmacological inhibition of 
IRE1α RNase activity or XBP1 depletion decreases growth and 
initiates apoptosis preferentially in Myc-overexpressing cells in 
vitro and in vivo and is reversed by exogenous unsaturated lipids. 
Treatment with a SCD inhibitor phenocopies the effects of IRE1α 
suppression on in vivo tumor growth. Finally, a highly selective 
IRE1α inhibitor (B-I09) exhibits synergistic effects with standard 
of care (e.g.,  doxorubicin) to treat c-Myc–transformed BL. Taken 
together, these findings reveal an essential mechanism whereby 
oncogene-driven anabolic metabolism engages homeostatic stress 
responses to promote tumor growth. Importantly, the use of IRE1α 
inhibitors (such B-I09) could improve treatment of both c-Myc–
driven (e.g., BL) and N-Myc–driven  (e.g., NB) malignancies.

Results
ER stress and the IRE1α/XBP1 pathway are enhanced in human and 
mouse BL. Previous reports suggested a relationship between c-Myc 
expression and ER stress, although the details of this interaction 
remain unclear (10). We employed BL as a c-Myc–dependent 
disease model in which MYC translocation into immunoglobu-
lin loci leads to its constitutive transcriptional dysregulation and 
expression (16). Analysis of Oncomine data (www.oncomine.org) 
revealed that HSPA5 mRNA, which encodes the ER chaperone BiP, 
is elevated in BL cells relative to normal centroblasts (CB) (Fig-
ure 1B), BL cells of origin. HSPA5 levels also correlated with MYC 
mRNA abundance and an established c-Myc signature (Figure 1C, 
Supplemental Figure 1A, and Supplemental Table 1; see Methods 
for details; supplemental material available online with this article; 
https://doi.org/10.1172/JCI95864DS1), suggesting that increased 
c-Myc engages ER stress–response pathways in BL patients. We ini-
tially focused on the IRE1α arm of the UPR, whose regulatory and 
functional mechanisms have not been previously investigated in 
this setting. Gene-expression profiles of 2 independent BL patient 
cohorts (17, 18) revealed that elevated XBP1s target mRNAs (19) 
relative to CB (Figure 1D), consistent with increased IRE1α RNase 
activity and XBP1s accumulation. Interestingly, RIDD was not 
engaged, as indicated by the overexpression (rather than underex-
pression) of multiple RIDD targets in BL (Supplemental Figure 1B). 
In addition, ratios of Xbp1s to total Xbp1 (Xbp1t) transcripts, an indi-
cator of IRE1α RNase activity, were elevated in Eλ/MYC murine BL 
lymphoma cells and LAP/MYC murine hepatocellular carcinoma 
cells compared with their normal counterparts (Figure 1E and Sup-
plemental Figure 1C), demonstrating that elevated c-Myc induces 
IRE1α RNase activity in multiple cancer types.

c-Myc activation initiates ER stress and the IRE1α/XBP1 path-
way through multiple mechanisms. To study the effect of c-Myc on 
ER stress responses, we employed human P493 B cell lymphoma 
cells, in which c-Myc levels can be manipulated with tetracycline 
and β-estradiol (20) (annotated as  No Myc, Low Myc, and  High 
Myc) (Supplemental Figure 2A). Cell proliferation, cell size, and 
protein content increased proportionally with c-Myc abundance 
(Figure 2, A and B, and Supplemental Figure 2, A and B), as did total 
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(Supplemental Figure 3A), which was previously shown to mimic  
XBP1 deficiency and suppress chronic lymphocytic leukemia 
(CLL) progression (23). B-I09 treatment resulted in a dose- 
dependent decrease in XBP1s protein in P493 High Myc cells 

Synthetic lethality between c-Myc overexpression and IRE1α 
RNase activity inhibition in vitro and in vivo. To investigate the 
effects of IRE1α inhibition in the context of c-Myc overexpres-
sion, we used the highly specific IRE1α RNase inhibitor B-I09 

Figure 1. ER stress and IRE1α/XBP1 signaling are enhanced in human and mouse BL. (A) Schematic model of the IRE1α/XBP1 pathway. (B) log2 medi-
an-centered intensity of HSPA5 in human BL (n = 17) and CB (n = 5, 2-tailed Student’s t test). Microarray data were obtained from the Oncomine database. 
Whiskers denote the minimal to maximal values. (C) Correlation of MYC and HSPA5 in samples from B. R2 and P values were determined by a 2-tailed 
Pearson correlation test. (D) In 2 independent cohorts of BL patients and CB controls, heatmap shows the relative expression of genes directly regulated 
by XBP1s. Data were extracted from the Oncomine database. Expression signals are depicted using pseudocoloring, in which expression for each gene is 
shown as high (red) or low (blue). (E) qRT-PCR analysis of Xbp1s/Xbp1t ratios in mixed B lymphocytes isolated from 2 WT mouse spleens and tumor cells 
from superficial and mesenteric lymphomas in 7 Eλ/MYC mice. Actb was utilized as the endogenous control gene, and relative mRNA expression was 
determined by normalizing to expression in WT B lymphocytes. Three technical triplicates were used in each sample.
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Figure 2. c-Myc affects ER stress and the IRE1α/XBP1 pathway through multiple molecular mechanisms. (A) P493 No Myc, Low Myc, and High Myc cells 
analyzed by flow cytometry to determine cell size using forward scatter (results are representative of >3 independent experiments). (B) Protein content of 
1 million P493 No Myc, Low Myc, and High Myc cells (n = 6, 2-way ANOVA test with Bonferroni’s correction). (C) qRT-PCR analysis of ERN1, HSPA5, XBP1t, 
XBP1s, and XBP1s/XBP1t ratios in P493 cells with different levels of c-Myc (n = 3, 2-way ANOVA test with Bonferroni’s correction). (D) RT-PCR analysis of 
XBP1 splicing in P493 cells. (E) Immunoblot analysis for IRE1α phosphorylation (phos-tag SDS-PAGE), BiP, and XBP1s in P493 cells. SE, short time exposure; 
LE, long time exposure. (F) In P493 cells, c-Myc was suppressed with tetracycline (0.1 μg/ml) for 24 hours, which was then withdrawn to reexpress c-Myc. 
At indicated times, mRNA was collected for qRT-PCR analysis. Three technical triplicates were used in each sample, and results are representative of more 
than 3 independent experiments. (G) Corresponding RT-PCR and immunoblot analysis of data in F. (H) Comparison of ER structures using transmission 
electron microscopy in P493 cells with or without c-Myc overexpression. Scale bars: 500 nm. (I) Schematic model of c-Myc regulating ER stress and the 
IRE1α/XBP1 pathway. For qRT-PCR, ACTB was utilized as the endogenous control gene. *P < 0.05; **P < 0.01; ***P < 0.001.
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significantly higher than that of doxorubicin, a traditional che-
motherapeutic drug targeting highly proliferating cells, or that 
of JQ1 (Supplemental Figure 3E). We also evaluated 3 CLL cell 
lines (MEC1, MEC2, and WaC3) with variable c-Myc levels (Sup-
plemental Figure 3F). Although WaC3 cells grow more slowly 
than MEC1 and MEC2 CLL cells (Supplemental Figure 3F), they 
were more sensitive to B-I09 treatment–induced growth arrest 
and apoptosis (Supplemental Figure 3G). These results decrease 
the possibility that variable cell proliferation rates between P493 
High Myc, Low Myc, and No Myc cells are a confounding factor 

treated with tunicamycin (Figure 3A), which blocks N-linked gly-
cosylation and amplifies ER stress (24) without altering c-Myc 
levels (Figure 3A) or IRE1α phosphorylation (Supplemental Fig-
ure 3B). Similarly, B-I09–treated P493 High Myc cells displayed 
a dose-dependent decrease in cell proliferation and viability 
(Figure 3, B and C, and Supplemental Figure 3C). Importantly, 
the effects of B-I09 were more subtle in Low Myc and No Myc 
cells, especially at 10 μM or less (Figure 3, B–E and Supplemen-
tal Figure 3D). It is noteworthy that the ability of B-I09 to spe-
cifically induce apoptosis in c-Myc–overexpressing cells was 

Figure 3. Synthetic lethality between c-Myc overexpression and IRE1α RNase inhibition in vitro and in vivo. (A) P493 High Myc cells treated with indicated 
concentrations of B-I09 for 24 hours; 5 μg/ml tunicamycin was added 6 hours before harvest. Immunoblots show the expression of IRE1α, XBP1s, and 
c-Myc. (B) Cells cultured with B-I09 and counted at indicated times (n = 3). (C) Cells treated with indicated concentrations of B-I09 for 48 hours. Viability 
was determined by FITC–annexin V/propidium iodide (PI) staining (as for all viability assays). Relative viability was determined by normalizing to viability of 
cells with DMSO treatment. (D and E) Ki67 and TUNEL staining representative images (left) and quantifications (right) upon 10 μM B-I09 treatment for 48 
hours. Five fields per slide were quantified. Scale bars: 100 μm. (F) Growth of P493 High Myc subcutaneous tumors treated with vehicle or B-I09 (50 mg/kg 
intraperitoneally, once per day, 5 days per week, 2 weeks). Relative tumor volume was determined by normalizing to volume when treatment was started 
(n = 6 for control, n = 5 for B-I09, 2-tailed Student’s t test). For cell viability assays, data are representative of 3 independent experiments. Two-way ANOVA 
with Bonferroni’s correction was used to determine significance, if not specified elsewhere. *P < 0.05, **P < 0.01, ***P < 0.001 (B and D–F); ***P < 0.001, 
High Myc vs. Low Myc,  ###P < 0.001, High Myc vs. No Myc (C).
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and confirm that c-Myc overexpression could be an important 
indicator for B-I09 usage in different types of cancers. Similar 
effects were observed using 4μ8c, a distinct (albeit less potent) 
IRE1α RNase inhibitor (23, 25) (Supplemental Figure 3, H and 
I). Finally, B-I09 treatment inhibited P493 High Myc xenograft 
tumor growth in vivo (Figure 3F), with no obvious toxicity, as 
indicated by the maintenance of mouse body weight during 
treatment (Supplemental Figure 3J).

B-I09 suppresses growth and induces apoptosis in human and 
mouse BL cells. c-Myc was overexpressed in all BL cells tested (Sup-
plemental Figure 2F), which also exhibited growth and survival 
defects upon B-I09 exposure, although their sensitivity to the drug 
varied (Figure 4, A–G). For example, B-I09–treated Ramos cells dis-
played a dose-dependent inhibition of XBP1 splicing and reduced 

proliferation and viability without apparent alterations in c-Myc 
protein levels or IRE1α phosphorylation (Figure 4, A–C, and Sup-
plemental Figure 4A). The modest increase in IRE1α protein abun-
dance (Figure 4A) was consistent with that found in previous stud-
ies of XBP1 deletion in leukemic and hepatic cells and may reflect a 
negative feedback mechanism (23, 26) or changes in IRE1α protein 
stability. Importantly, the viability of B-I09–treated Ramos cells 
was rescued by treatment with CHX (Figure 4D), indicating that 
elevated protein synthesis and proteotoxicity at least partially con-
tribute to IRE1α activation. We employed Ramos (EBV–) and Daudi 
(EBV+) cells as representative of 2 categories of human BL (EBV– and 
EBV+) (27) for further study (see below). Finally, elevated IRE1α and 
XBP1s expression and increased sensitivity to B-I09 were observed 
in 8498 cells isolated from the Eκ/MYC mouse lymphoma model as 

Figure 4. B-I09 suppresses growth and induces apoptosis in human and mouse BL cells. (A–C) Ramos cells were treated with indicated concentrations 
of B-I09 for 24 hours (A), 48 hours (C), or 72 hours (B). Western blot shows the expressions of IRE1α, XBP1s, and c-Myc (A). Cell numbers were counted at 
indicated times (B) (n = 3). Cell viability was examined and relative cell viability was determined by normalizing to viability upon DMSO treatment (C). (D) 
Ramos cells pretreated with CHX (0.5 μg/ml) for 2 hours and then cultured with DMSO, 5 μM, or 10 μM B-I09 for 48 hours. Cell viability was then examined 
and relative cell viability determined by normalizing to viability upon DMSO treatment or DMSO+CHX treatment, respectively. (E–G) Raji, Daudi, and EB-2 
BL cells treated with B-I09 for the indicated times. Cell numbers  were counted (n = 3) and cell viability examined. (H) For B cells isolated from WT mouse 
spleens and 8498 cells from Eκ/MYC lymphoma tumor, protein expression of IRE1α, XBP1s, and c-Myc was compared and their sensitivities to different 
B-I09 concentrations at 48 hours examined. For all viability assays, results are representative of 3 independent experiments. P values were determined by 
2-way ANOVA with Bonferroni’s correction. **P < 0.01; ***P < 0.001.
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Figure 5. B-I09 treatment results in phenotypes 
dependent on SCD1 loss in P493 cells. (A) Heatmap 
shows relative expression of lipid metabolism genes in 
P493 cells with different c-Myc levels upon 10 μM B-I09 
treatment for 48 hours (n = 3). Expression signals are 
depicted using pseudocoloring, in which expression 
for each gene is shown as high (red) or low (blue). (B) 
U-13C-glucose tracing and fatty acid labeling in P493 
High Myc and No Myc cells with 10 μM B-I09 treat-
ment for 24 hours (n = 3). Labeled/total ratios were 
calculated for palmitate (C16:0), stearate (C:18:0), and 
oleate (C18:1). (C) Immunoblot analysis for P493 cells 
treated with DMSO or B-I09 for 48 hours. (D) Mean 
enrichment of C18:1/C18:0 was calculated in P493 High 
Myc cells from data in B (n = 3, 2-tailed Student’s t 
test). (E) ChIP-qPCR assay performed using anti-XBP1s 
antibody to detect enriched gene-promoter fragments 
in 3 conditions: control (Ct); tunicamycin (5 μg/ml) 
treatment for 6 hours (Tm); and tunicamycin+B-I09 (10 
μM) treatment for 6 hours (Tm+B-I09). IgG was used as 
mock ChIP control. ERdj4 serves as a positive control 
for XBP1s binding. Values represent relative increase 
of real-time PCR signals compared with the signal 
of IgG ChIP under control conditions. Three technical 
triplicates are presented. (F) Cell growth of P493 High 
Myc cells treated with 10 μM B-I09 and rescued with 
BSA control or OA (n = 3). (G) Relative viability of P493 
High Myc cells treated with 10 μM B-I09 and rescued 
with BSA control, OA, or POA for 48 hours. For viability 
assays, results are representative of 3 independent 
experiments. P values were determined by 2-way 
ANOVA with Bonferroni’s correction, if not specified 
elsewhere. ***P < 0.001.
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in decreased levels of SCD1 protein (Supplemental Figure 5F). 
SCD is a known c-Myc transcriptional target (38) (Figure 5A); how-
ever, c-Myc protein levels were only modestly changed, if at all, in 
response to IRE1α RNase inhibition (Figure 5C, and Supplemental 
Figure 5, D and E), suggesting that decreased SCD1 was at least 
partly c-Myc independent and XBP1s dependent. In summary, we 
identified SCD as a transcriptional target downstream of IRE1α/
XBP1 signaling in BL.

To test the critical role of SCD1 in IRE1α-inhibited, c-Myc–
overexpressing conditions, P493 High Myc cells were cultured 
with the monounsaturated fatty acids oleic acid (OA) (C18:1) or 
palmitoleic acid (POA) (C16:1). OA partly rescued cell prolifera-
tion (Figure 5F), and both OA and POA essentially restored cell 
viability without affecting the ability of B-I09 to reduce XBP1s 
and SCD1 expression (Figure 5G, and Supplemental Figure 5G). 
However, a combination of OA and saturated palmitic acid (Palm) 
(C16:0) did not rescue viability as effectively as OA alone, even 
though exposure to Palm itself was not toxic (Supplemental Figure 
5H). These results suggest that unsaturated fatty acids are critical 
to maintaining the viability of B-I09–treated cells.

Because long-chain fatty acids are relatively insoluble in aque-
ous solutions, they were conjugated to lipid-free BSA before use. 
Surprisingly, control BSA partially rescued cell growth and viabil-
ity in the absence of exogenous OA (Figure 5, F and G; and Sup-
plemental Figure 5H). This raised the possibility that BSA might 
enter B-I09–treated cells through macropinocytosis (39, 40) and 
contribute to viability by supplying free amino acids, although 
free BSA could rescue viability by scavenging lipids in the medi-
um (41). To test this, cells were cultured in medium with reduced 
lipid concentration (see Methods). Treatment with B-I09 sub-
stantially reduced cell viability in lipid-limited conditions, and 
whereas exogenous BSA alone rescued the viability of multiple 
B-I09–treated cell lines in replete medium, it had no significant 
effect on the survival of lipid-limited cells. In contrast, addition of 
exogenous BSA–conjugated OA fully rescued viability in lipid-lim-
ited cells, suggesting that BSA functioned primarily as a fatty acid 
shuttle in these experiments (Supplemental Figure 5I).

A requirement for SCD1 function in c-Myc–overexpressing 
P493 cells was further validated using a commercially available 
SCD1 inhibitor (SCDi), which phenocopied B-I09 treatment by 
inducing growth arrest and cell death (Supplemental Figure 5, 
J and K). However, apoptosis was only induced after 72 hours of 
treatment (Supplemental Figure 5K), suggesting other mecha-
nisms might also exist.

The regulation of SCD1 by IRE1α/XBP1 signaling and its role 
in maintaining cell growth and survival were further validated in 
bona fide BL cell lines (Figure 6, A–D, and Supplemental Figure 6, 
A–D). Importantly, SCD expression was increased in BL cells rel-
ative to CB (Figure 6E). Therefore, we evaluated the therapeutic 
potential of SCDi for BL growth in vivo. SCDi administration sig-
nificantly decreased tumor growth and tumor weight (Figure 6F). 
However, this was also accompanied by a slight weight loss during 
treatment (Supplemental Figure 6E), as observed in a previous 
study (42). Finally, SCDi treatment engaged all 3 UPR pathways 
(ATF6: HERPUD1; IRE1: XBP1s, DNAJB9; PERK: ATF3, DDIT3), 
and each was reversed with OA supplementation (Supplemental 
Figure 6F). Taken together, IRE1α RNase inhibition resulted in BL 

compared with WT murine B lymphocytes (Figure 4H). Collective-
ly, these data suggest an essential protective role for IRE1α RNase 
activity downstream of elevated c-Myc in BL cells.

IRE1α RNase inhibition induces growth and viability defects by 
decreasing SCD1 accumulation. There are multiple mechanisms 
whereby IRE1α might regulate growth and survival in c-Myc– 
overexpressing cells. For example, the IRE1α cytoplasmic region 
also contains a kinase domain that phosphorylates and activates the 
JNK pathway, inducing apoptosis (28). However, phospho-JNK pro-
tein levels were unaffected by B-I09 treatment (Supplemental Fig-
ure 5A). Additionally, XBP1s can regulate the expression of BECN1, 
thereby inducing autophagy (29, 30), which confers a cytoprotec-
tive advantage in c-Myc–overexpressing mammalian (10) and Dro-
sophila (11) cells. However, autophagy (based on p62 and LC3-II 
abundance) was not suppressed by B-I09 treatment (Supplemental 
Figure 5B), indicating no decline in autophagic flux in this setting.

Both c-Myc and the IRE1α/XBP1 pathway have been previ-
ously implicated in regulating lipid metabolism in normal and 
malignant tissues (19, 26, 31–33), suggesting that alterations in 
lipid homeostasis trigger growth and viability defects in IRE1α- 
inhibited, c-Myc–overexpressing BL cells. To investigate this pos-
sibility, we quantified mRNA levels of 20 lipid metabolism genes 
in IRE1α inhibitor–treated P493 cells, including those involved in 
synthesis, storage, and catabolism (Figure 5A). B-I09 treatment 
inhibited XBP1 splicing without altering c-Myc activity (based 
on unchanged LDHA levels). Expression of lipid synthesis genes, 
e.g.,  HMGCR1, HMGCS1, ACLY, ACACA, FASN, and SCD, was 
increased by c-Myc and inhibited by B-I09. De novo lipogenesis 
generated diverse free fatty acids from glucose and glutamine, 
which could be probed by supplying uniformly 13C-labeled glucose 
(U-13C-glucose) and subsequent mass spectrometry (MS) analysis 
of saponified fatty acids (34) (Supplemental Figure 5C). Analysis 
of labeling at steady state quantified the unlabeled fraction (M+0) 
relative to labeled forms arising from lipogenesis. Consistent with 
mRNA expression, de novo lipogenesis was significantly higher in 
High Myc cells and suppressed by B-I09 treatment (Figure 5B).

We focused on SCD for several reasons: (a) SCD mRNA abun-
dance was the most altered across different conditions among 
all genes tested (Figure 5A); (b) SCD encodes the rate-limiting 
enzyme in monounsaturated fatty acid formation (furthermore, 
increased levels of monounsaturated fatty acids [e.g., C18:1 oleic  
acid (OA)] are a hallmark of human c-Myc–driven lymphomas, 
based on comprehensive lipid profiling; ref. 35); and (c) previous 
work demonstrated that synthesizing or scavenging unsaturated  
lipids is critical to maintaining cell viability in multiple trans-
formed cell types, especially encountering elevated protein syn-
thesis (36, 37). Decreased SCD1 protein accumulation upon IRE1α 
RNase inhibition was confirmed in multiple cell lines (Figure 5C 
and Supplemental Figure 5, D and E). More importantly, U-13C- 
glucose labeling enabled us to determine SCD1 activity by calcu-
lating mean enrichment of labeled C18:1/C18:0 (Supplemental 
Figure 5C): SCD1 enzymatic activity was dramatically inhibited by 
B-I09 effects on SCD1 abundance (Figure 5D).

ChIP analysis demonstrated XBP1s binding to the SCD proxi-
mal promoter, regulated by both tunicamycin (utilized to increase 
XBP1s expression) and B-I09 (Figure 5E), consistent with previous 
observations in mouse liver cells (26). XBP1 knockdown resulted 
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induced apoptosis in 4-OHT–treated N-Myc SHEP cells (N-Myc 
positive) in both dose- and time-dependent manners (Figure 7, E 
and F; and Supplemental Figure 7, B–D). Furthermore, this decrease 
in cell viability was largely restored by CHX treatment (Figure 7G). 
Mechanistically, B-I09 treatment resulted in decreased SCD1 (Fig-
ure 7H) and all phenotypes were partly or totally reversed by OA 
(Figure 7I and Supplemental Figure 7E). Similarly, N-Myc SHEP 
cells were more sensitive to SCDi treatment or SCD knockdown 
with siRNA than controls (Supplemental Figure 7, F–H). To confirm 
B-I09 IRE1α target specificity, cells were treated with scrambled 
shRNA (shSCR) or shRNA targeting XBP1 (shXBP1) (Figure 8A). 
Like B-I09 treatment, XBP1 depletion with shXBP1 decreased SCD1 
protein levels and induced apoptosis in N-Myc SHEP cells, while 
control SHEP cells were largely resistant (Figure 8, A and B).

cell phenotypes, dependent on SCD1 loss. In addition, targeting 
SCD1 phenocopied B-I09 to decrease in vivo tumor growth. How-
ever, based on the toxicity of SCDi, IRE1α RNase inhibition may 
be a safer therapeutic strategy for BL patients.

N-Myc–overexpressing cells also engage the IRE1α/XBP1/SCD1 
pathway to maintain viability. To determine whether these findings 
extend to other Myc family members, we employed the N-MycER 
SHEP NB cell line in which N-Myc activity is induced by tamoxifen 
treatment (Figure 7A; and Supplemental Figure 7A). N-Myc activa-
tion via 4-hydroxytamoxifen (4-OHT) increased XBP1 splicing (Fig-
ure 7, B and C) and XBP1s protein abundance (Figure 7D), indicating 
that N-Myc also engages the IRE1α/XBP1 pathway. Whereas B-I09 
had only modest effects on the proliferation of untreated control 
SHEP cells (N-Myc negative), it robustly inhibited proliferation and 

Figure 6. B-I09 treatment results in phenotypes dependent on SCD1 loss in BL cells. (A) Immunoblot analysis of Ramos and Daudi cells treated with 
indicated concentrations of B-I09 for 48 hours. (B) Cell growth (n = 3) of Ramos and Daudi cells treated with B-I09 (20 μM for Ramos, 10 μM for Daudi) and 
rescued with BSA control or OA. (C) Relative viability of Ramos and Daudi cells treated with 10 μM B-I09 and rescued with BSA control, OA, or POA for 48 
hours. (D) Relative viability of Ramos and Daudi cells treated with 0.5 μM SCDi and rescued with BSA control or OA for 48 hours. (E) Normalized reads of 
SCD in human BL and CB from healthy donors. Microarray data were obtained from the Oncomine database. Whiskers denote the minimal to maximal val-
ues. (F) Tumor growth and weight of xenografted Ramos tumors treated with control or SCDi (5 mg/kg, orally twice daily). For all viability assays, results are 
representative of 3 independent experiments.  **P < 0.01; ***P < 0.001, 2-way ANOVA with Bonferroni’s correction (B–D); 2-tailed Student’s t test (E and F).
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impaired tumor growth in vivo (Figure 8C and Supplemental Figure 
8, C and D). In summary, like c-Myc–overexpressing cells, N-Myc–
overexpressing cells also engage the IRE1α/XBP1/SCD1 pathway to 
maintain viability, and targeting this axis could be a potential thera-
peutic strategy for N-Myc–overexpressing cancers, e.g., NB.

B-I09 enhanced in vitro cytotoxicity of BL chemotherapeutic 
drugs. Given the c-Myc–dependent toxicity of B-I09 observed 
in BL cell lines, we explored whether B-I09 treatment would 

MYCN amplification is found in approximately 25% of NB cases  
and remains the best-characterized genetic marker of high-risk 
disease (43). We compared 3 NB cell lines with or without MYCN 
amplification: SK-N-AS (no MYCN amplification), BE2C (MYCN 
amplification), and Kelly (MYCN amplification). Cells with MYCN 
amplification expressed higher levels of HSPA5 and XBP1s and 
exhibited enhanced sensitivity to B-I09 (Supplemental Figure 8, A 
and B). Importantly, XBP1 knockdown in Kelly cells dramatically 

Figure 7. N-Myc activates the IRE1α/XBP1 pathway, rendering cells vulnerable to XBP1s loss. (A–D) SHEP N-MycER cells were treated with 4-OHT 
(200 nM) to activate N-Myc nuclear translocation (A). XBP1s/XBP1t ratios examined with qRT-PCR (B) (n = 3). XBP1 splicing analyzed by RT-PCR (C) and 
XBP1s protein accumulation determined by immunoblots (D). (E) SHEP cells cultured in vehicle (control) or 4-OHT containing medium for 48 hours before 
treatment with DMSO or B-I09. WST-1 assay was used to examine cell growth. Relative absorbance was determined by normalizing to absorbance at time 
0 hours (n = 6). IC50 was then determined (n = 3, 2-tailed Student’s t test). (F) Representative contour plots of control and 4-OHT SHEP cells treated with 
30 μM B-I09 for 96 hours. (G) SHEP cells pretreated with CHX (0.5 μg/ml) for 2 hours and then cultured with DMSO or 30 μM B-I09 for 72 hours. Relative 
viability was determined by normalizing to viability upon DMSO treatment or DMSO+CHX treatment, respectively. (H) Immunoblot for control and 4-OHT 
SHEP cells with B-I09 treatment for 72 hours. (I) Control or N-Myc SHEP cells treated with DMSO or B-I09 and rescued with BSA or OA for 72 hours. Viabili-
ty was examined and relative viability was determined by normalizing to viability upon DMSO treatment.  For viability assays, results are representative of 
3 independent experiments. P values were determined by 2-way ANOVA with Bonferroni’s correction, if not specified elsewhere. *P < 0.05, ***P < 0.001 (B, 
E and B, E, and G); ***P < 0.001, comparison of B-I09 and DMSO treatment; ###P < 0.001, comparison of B-I09+BSA or B-I09+OA and B-I09 treatment (I).
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indicate that Myc-transformed cancer cells rely on this pathway to 
sustain cell proliferation and viability. We further identify SCD1 
as a critical IRE1α/XBP1 effector required for maintenance of ER 
homeostasis and prevention of Myc-mediated cytotoxic ER stress.

Disruption of ER-dependent protein folding and transport 
results in the accumulation of misfolded proteins and consequent 
activation of ER stress responses. Specifically, cells initiate at least 
1 of 3 major UPR-signaling pathways (PERK, IRE1, ATF6) that 
collectively attenuate protein synthesis, increase protein folding, 
and elevate protein degradation to sustain cell survival. If these 
responses do not restore ER homeostasis, persistent UPR signal-
ing can ultimately trigger apoptosis (9). The UPR has recently been 
appreciated as a central player in tumor development, making it an 
appealing target in both solid and hematological malignancies (45, 
46). However, several fundamental issues need to be addressed 
to rationally target the UPR and improve patient outcomes. For 
example, what constitutes cell-autonomous drivers of UPR in dif-
ferent types of cancer and how they function to integrate stress 
management must be elucidated. In addition, how to identify 
patients most likely to respond to UPR inhibition remains unclear. 
In the current study, we determined that both c-Myc and N-Myc 
overexpression activate the IRE1α/XBP1 pathway through multi-
ple molecular mechanisms. More importantly, this signaling path-
way induces SCD1 as a critical downstream effector that generates 
unsaturated lipids to maintain ER membrane homeostasis in the 
face of Myc-dependent proteotoxicity. Consistent with our results, 

improve standard therapies currently used to treat BL clinically. 
Apoptosis triggered in BL cells by either doxorubicin or vincristine 
treatment was further enhanced by B-I09. Combination indices 
(CIs) showed additive or synergistic effects with doxorubicin and 
vincristine in Daudi and Ramos cells (Figure 9, A–C, and Table 1), 
and the effects of B-I09 depended on SCD1 activity (Supplemen-
tal Figure 9, A and B). These results suggest that B-I09 and other  
IRE1α inhibitors could be used to treat a variety of Myc-driven 
malignancies, including c-Myc–overexpressing BL and N-Myc–
overexpressing NB, to improve standard of care.

Discussion
Myc overexpression drives tumor growth and progression by 
altering the expression of thousands of target genes that regulate 
myriad cellular processes (1). Although Myc-transformed tumors 
are highly dependent on sustained Myc transcriptional activity,  
directly inhibiting Myc as a therapeutic approach has proven tech-
nically difficult and largely unsuccessful (7). Alternative approach-
es, such as inhibition of Myc-mediated downstream effectors, 
need to be investigated. Paradoxically, Myc is known to activate 
both proliferation and apoptosis, depending on the cellular context 
(1, 44). However, the mechanisms that cancer cells use to escape 
Myc-induced apoptosis remain poorly understood. In this study, 
we found Myc activated the prosurvival IRE1α/XBP1 pathway in 
a broad spectrum of human and murine cancers, including BL, 
CLL, NB, and hepatocellular carcinoma. In addition, our findings 

Figure 8. XBP1 depletion results in apoptosis and tumor regression in N-Myc–overexpressing NB cells. (A and B) SHEP cells infected with lentivirus con-
taining shSCR or shXBP1 constructs for 48 hours  and vehicle or 4-OHT subsequently added. After 72 hours, cells were imaged and harvested for immuno-
blot analysis and viability assays. For viability assays, results are representative of 3 independent experiments. P values were determined by 2-way ANOVA 
with Bonferroni’s correction. (C) Kelly cells with tetracycline-inducible shSCR or shXBP1 constructs injected subcutaneously into the left or right flanks 
of mice, respectively. When tumor sizes reached 50–150 mm3, doxycycline chow was used to knock down XBP1. Tumor growth, tumor weight, and bulk 
tumors are shown. *P < 0.05; **P < 0.01; ***P < 0.001, 2-tailed paired t test.
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lipogenesis, yet SCD1 loss does not fully explain cellular responses 
to IRE1α inhibition. Therefore, it is possible that decreased lipid bio-
synthesis also contributes to the observed phenotypes. Future stud-
ies will investigate how Myc, MondoA, and XBP1s coordinate with 
each other to regulate lipid metabolism. Our results also extend an 
emerging theme in which oncogenic transformation simultaneously  
induces anabolic metabolism to increase proliferation along with 
homeostatic pathways that maintain cell viability. These include 
lipid and protein scavenging in RAS-transformed tumors (39, 53), 
autophagy downstream of c-Myc overexpression (10), and lipid 
storage downstream of HIF2α activation (54).

The role of the IRE1α/XBP1 pathway in human cancers may 
be more general, as Genovese et al. recently demonstrated that 
pancreatic ductal adenocarcinoma cells exhibiting a Myc gene- 
expression signature undergo an anabolic switch that increases 
protein metabolism and adaptive activation of IRE1α-mediated  
survival pathways (55). Increased XBP1s levels are frequently 
associated with human multiple myeloma (56), and disruption of 
XBP1 splicing by inhibiting IRE1α may be a promising therapeu-
tic option in this and other malignancies. Finally, XBP1s promotes 
triple-negative breast cancer progression via HIF1α (57), suggest-
ing that different oncogenic pathways may engage distinct down-
stream UPR responses and therefore harbor nonoverlapping vul-
nerabilities to specific inhibitors.

Our findings support the use of IRE1α RNase inhibitors as an 
approach to targeting multiple tumors. BL, characterized by MYC 
translocation and dysregulation, is a highly aggressive malignancy  
that clinically presents as the most common pediatric cancer in 
specific geographic locations, such as equatorial Africa, Brazil, and 
Papua New Guinea. Although intensive chemotherapy can achieve 
long-term survival, these nontargeted agents are unsafe in older  
patients due to immune suppression and cannot be efficiently 

an accompanying report (47) utilizing a triple-negative breast can-
cer model also demonstrates c-Myc regulation of IRE1α/XBP1 sig-
naling and shows that cells with higher c-Myc expression are more 
sensitive to pharmacological IRE1α inhibition and genetic XBP1 
depletion. Taking these two studies together, we identified IRE1α/
XBP1 signaling as a critical survival pathway downstream of Myc 
activation in multiple cancers; therefore, Myc activation might be 
utilized to predict responses to IRE1α RNase inhibitor treatment in 
patients with CLL, NB, and breast cancers.

Previous studies clearly show that XBP1s regulates ER- 
associated degradation, protein entry into the ER, and protein 
folding (13, 14). However, to maintain ER homeostasis in cells with  
oncogene-driven protein synthesis, ER lipid membrane biogenesis 
must also be regulated to accommodate elevated protein load. For 
example, our previous studies revealed an essential role for unsat-
urated lipids in maintaining ER homeostasis and viability in cells 
with constitutive mTORC1 activity (48). The relationship between 
the UPR and ER lipid homeostasis is underscored by data demon-
strating mutant IRE1α and PERK proteins lacking the ability to 
sense unfolded proteins retain their responsiveness to increased 
lipid saturation (49) and showing that SCD1 inhibition initiates ER 
stress in multiple conditions (50, 51). In this study, we extend the 
model by demonstrating that IRE1α/XBP1 signaling itself regulates 
SCD1 expression (Figure 9D). In the case of Myc-transformed can-
cer cells, this feedback loop is essential for cell proliferation and 
viability. Interestingly, the accompanying study describes the com-
plex formation of c-Myc/XBP1s in the nucleus; it is  possible c-Myc/
XBP1s coordinately transcriptionally regulates SCD. Carroll et al. 
found that oncogenic Myc requires the Myc superfamily member 
MondoA for tumorigenesis (52) and that decreased lipid biosynthe-
sis plays an important role in MondoA-deficient cell death. In our 
study, we also found that IRE1α RNase inhibition decreased de novo 

Figure 9. B-I09 CI with doxorubicin and vincristine. (A) Daudi cells treated 
with doxorubicin plus B-I09 for 48 hours. (B) Daudi cells treated with 
vincristine plus B-I09 for 48 hours. (C) Ramos cells treated with vincristine 
plus B-I09 for 48 hours. Relative viability was determined by normalizing 
to viability upon DMSO treatment. (D) Proposed model illustrating the reg-
ulation of ER stress and the IRE1α/XBP1 pathway by c-Myc and N-Myc and 
the protective role of an IRE1α/XBP1/SCD1 axis to counterbalance anabolic 
metabolism mediated by Myc overexpression.
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SK-N-AS cells were cultured in DMEM supplemented with 15% FBS, 2 
mM glutamine, 1× nonessential amino acids (NEAA), and penicillin/ 
streptomycin. BE2C cells were maintained in DMEM with 10% FBS, 4 
mM glutamine, and penicillin/streptomycin. During experimental con-
ditions, FBS was decreased to 5%, with other components unchanged. 
For lipid-deprivation experiments, lipid concentration in the culture 
medium was achieved through the dilution of complete FBS into Deli-
pidized FBS (catalog 900-123, Gemini Bio Products) without changing 
other components. The P493 cells were derived from human peripheral  
blood B cells immortalized by an EBV genome that was complemented 
with an EBV nuclear antigen-estrogen receptor (EBNA2-ER) fusion pro-
tein and a tetracycline-repressible c-Myc transgene. With tetracycline 
(0.1 μg/ml) and β-estradiol (1 μM), which activates EBNA2-ER, the cells 
proliferated with induction of endogenous c-Myc by EBNA2, achiev-
ing a Low Myc state that is equivalent to that of EBV-immortalized B 
lymphocytes. With tetracycline alone, c-Myc was suppressed and a No 
Myc state was achieved. In the absence of tetracycline and β-estradiol, 
ectopic c-Myc was induced in a High Myc tumorigenic state that resem-
bled human BL. In N-MycER SHEP cells, N-MycER activation was per-
formed by treatment with 4-OHT at 200 nM.

Reagents. B-I09 was described in a previous publication (23). Tet-
racycline (catalog 87128), β-estradiol (catalog E8875), CHX (catalog 
C7698), tunicamycin (catalog T7765), fatty acid–free BSA (catalog 
A8806), OA (catalog O3008), POA (catalog P9417), sodium palmitate 
(catalog P9767), 4-OHT (catalog H7904), and doxorubicin hydrochlo-
ride (catalog D1515) were purchased from Sigma-Aldrich. JQ1 (catalog 
4499) was from TOCRIS, and 4μ8c (catalog 412512) was from Milli-
pore. SCDi (catalog Cay10012562) and vincristine sulfate (catalog 
11764) were purchased from Cayman. U-13C-glucose (catalog CLM-
1396) was from Cambridge Isotope Laboratories.

Plasmids, virus production and infection. GIPZ nonsilencing len-
tiviral shRNA control (clone ID RHS4346) and shRNA-targeting 
XBP1 (clone ID V3LHS_387388) were purchased from Dharmacon. 
Inducible control shRNA (forward: 5′-CCGGCCTAAGGTTAAGTC-
GCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTG-3′, 
reverse: 5′-AATTCAAAAACCTAAGGTTAAGTCGCCCTCGCTC-
GAGCGAGGGCGACTTAACCTTAGG-3′) or XBP1 shRNA (forward: 
5′-CCGGGACCCAGTCATGTTCTTCAAACTCGAGTTTGAAGAA-
CATGACTGGGTCTTTTTG-3′, reverse: 5′-AATTCAAAAAGAC-
CCAGTCATGTTCTTCAAACTCGAGTTTGAAGAACATGACTG-
GGTC-3′) was cloned in pLKO-Tet-On lentiviral vector. To produce 
lentiviruses, 293T cells were cotransfected with the lentivirus expres-
sion vectors psPAX2 and pMD2.G using FuGENE 6 transfection 
reagent (catalog E2691, Promega). Lentiviruses were collected 48 
hours after transfection. For N-MycER SHEP cells, the infection 
efficiency was greater than 95% after 2 days infection, examined by 
GFP-positive cells. For Kelly cells, viruses were used with 8 μg/ml 
polybrene for infection and cells were selected with 0.75 μg/ml puro-
mycin for 5 days to establish stable cell lines.

RNA interference. siRNA pools targeting human XBP1 (catalog 
L-009552), SCD (catalog L-005061), and nontargeting pool control 
(catalog D-001810) were from Dharmacon. For P493 cells, 5 × 106 
cells were electroporated using an Amaxa Nucleofector with Program 
O-06, Nucleofactor Kit V (catalog VCA-1003, Lonza), and 2 μM siRNA 
for each reaction was used. For N-MycER SHEP cells, lipofectamine 
RNAiMAX Reagent (catalog 13778, Invitrogen) was employed accord-
ing to the manufacturer’s instructions.

deployed in less developed regions because of the need for exten-
sive supportive care. Thus, targeted treatment strategies with fewer 
side effects are urgently needed. We provide a proof of principle of 
combining IRE1α inhibitors with chemotherapy drugs to decrease 
cytotoxicity and improve survival. In addition, MYCN amplification 
is a major prognostic factor in NB (43); targeting IRE1α underlying 
N-Myc overexpression is thus a promising strategy for treating a 
second fatal pediatric disease, where standard of care is extremely 
difficult and lengthy and imposes substantial toxicities.

Methods
Cell culture. Raji, Daudi, Ramos, EB-2, SK-N-AS, and BE2C cells were 
obtained from ATCC in 2016, and the Kelly cell line was obtained from 
Sigma-Aldrich. MEC1, MEC2, and WaC3 cells were described previ-
ously (58). The 8498 cells were obtained from Alexander L. Kovalchuk  
and Herbert C. Morse III (both from the National Institute of Allergy 
and Infectious Disease, NIH, Rockville, Maryland, USA). N-MycER 
SHEP cells were described previously (59). Cells were cultured for a 
maximum of 6 weeks before thawing fresh, early passage cells and rou-
tinely confirmed to be Mycoplasma negative. Raji, Daudi, Ramos, EB-2, 
MEC1, MEC2, WaC3, P493, 8498, N-MycER SHEP, and Kelly cells were 
maintained in RPMI 1640 supplemented with 10% FBS, 2 mM glu-
tamine, and penicillin/streptomycin and cultured in 5% CO2 at 37°C. 

Table 1. B-I09 CI with doxorubicin and vincristine in Daudi and 
Ramos cells.

B-I09 (μM) CI value
B-I09 CI with doxorubicin in Daudi cells
Doxorubicin (nM)
  6.25 5 0.842
  12.5 5 0.798
  25.0 5 0.758
  6.25 10 0.866
  12.5 10 0.853
  25.0 10 0.835
B-I09 CI with vincristine in Daudi cells
Vincristine (nM)
  0.5 5 0.796
  1 5 0.625
  5 5 0.700
  0.5 10 0.659
  1 10 0.581
  5 10 0.520

B-I09 CI with Vincristine in Ramos cells
Vincristine (nM) B-I09 (μM) CI value
  0.3 10 0.995
  0.5 10 0.785
  0.7 10 0.618
  0.3 20 0.797
  0.5 20 0.547
  0.7 20 0.437

CI was calculated using CompuSyn software. CI of less than 0.9 indicates 
synergistic effects, CI greater than 0.9  and less than 1.1 indicates additive 
effects, and CI greater than 1.1 indicates antagonistic effects.
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as follows: forward: 5′-GGCCCTGTAATTGGAATGAGTC-3′, reverse: 
5′-CCAAGATCCAACTACGAGCTT-3′.

Western blot analysis. Cells were lysed in 150 mM NaCl, 10 mM Tris 
pH  7.6, 0.1% SDS, and 5 mM EDTA containing Roche cOmplete ULTRA 
Protease/Phosphatase Inhibitor (catalog 05892791001). Nuclear frac-
tionation was performed using NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (catalog 78833, Thermo Fisher Scientific). Protein 
concentration was quantified with Pierce BCA Protein Assay Kit (cata-
log 23225, Thermo Fisher Scientific). Isolated proteins were resolved 
by SDS-PAGE, and Western blot analysis was performed. IRE1α 
phosphorylation was monitored by Phos-tag SDS-PAGE (Wako Pure 
Chemical Industries Ltd.) as described previously (60). All primary  
antibodies were diluted in 1:1,000 in 5% w/v nonfat milk, unless oth-
erwise noted. Blots were incubated with primary antibodies overnight 
at 4°C. XBP1s (catalog 619502, 1:500) antibody was from BioLegend. 
c-Myc (catalog ab32072), actin (catalog ab3280),  and SCD1 (catalog 
ab19862) antibodies were purchased from Abcam. IRE1α (catalog 
3294), BiP (catalog 3177), PARP (catalog 9542), GAPDH (catalog 2118), 
total JNK (catalog 9252), phospho-threonine 183/185 JNK (catalog 
9251), p62 (catalog 5114), LC3B (catalog 2775), N-Myc (catalog 9405), 
and HDAC1 (catalog 5356) antibodies were purchased from Cell Sig-
naling Technology. DDRGK1 antibody (catalog HPA013373) was 
from Sigma-Aldrich. HRD1 antibody (catalog NB100-2526) was from 
Novus. SEL1L antibody was generated in our laboratory. Primary anti-
bodies were detected using horseradish peroxidase–conjugated sec-
ondary antibodies (Cell Signaling Technology) followed by exposure 
to enhanced chemiluminescence substrate (catalog NEL103001EA, 
PerkinElmer) or SuperSignal West Femto Maximum Sensitivity Sub-
strate (catalog 34095, Thermo Fisher Scientific).

ChIP and ChIP-qPCR assay. This assay was performed as described 
previously (57). qPCR using SYBR Green was performed per the man-
ufacturer’s protocol. The primers used for positive control ERdj4 were 
as follows: forward: 5′-GCAGCAACAACAGTTTTCCA-3′, reverse: 
5′-GCACCCTAATCTCGGTCGTA-3′. Primers for negative control 
were as follows:  forward: 5′-TTCAGGGGAAGAAAAACTTGGGA-3′ 
and reverse: 5′-TCCGAAAAACCCCTGCACTC-3′, which is located 
upstream of the SCD promoter. Primers for XBP1s binding site within 
the SCD promoter region were as follows: forward: 5′-AGAGGGAA-
CAGCAGATTGCG-3′, reverse: 5′-CTGTAAACTCCGGCTCGTCA-3′.

Analysis of lipids by fatty acid methyl esterification. Gas chromatog-
raphy/MS (GC/MS) analysis was used to examine total cellular fatty 
acids either with or without 13C enrichment. U-13C-glucose was used 
to allow differentiation between de novo– and non de novo–produced 
lipids. For 13C enrichment studies, cells were cultured in RPMI 1640 
medium (catalog 11879020, Thermo Fisher Scientific) and supple-
mented with 5% dialyzed FBS (catalog 100-108, Gemini Bio Prod-
ucts), with all unenriched glucose replaced with U-13C-glucose. Cells 
were cultured to a level of 5 × 105/ml in T-75 flasks. Subsequently, they 
were collected by centrifugation and washed 3 times with ice-cold 
PBS. The second PBS wash contained 1% fatty acid–free albumin to 
remove residual lipids from the medium. After the last centrifugation, 
1 ml of cold methanol was added prior to storage at –80°C. A standard 
Bligh-Dyer chloroform extraction was used to recover both polar and 
nonpolar lipids (61). Cells were initially sonicated in 2.7 ml of 75% 
methanol/25% water. Subsequently, chloroform and water were add-
ed, resulting in a final mixture containing 38:31:31  of methanol/water/
chloroform. The mixture separated into 2 phases with the lipids in a 

Viability assays. Cell viability was determined using the FITC–
Annexin V PI Kit (catalog 556547) or APC–Annexin V (catalog 550475) 
for GFP-positive cells from BD Biosciences according to the manu-
facturer’s instructions. Flow cytometry was performed using the BD 
Accuri C6 instrument or BD FACSCalibur flow cytometer, and dou-
ble-negative cells were determined viable.

Cell growth assay. BL cell lines and CLL cells were seeded in 6-well 
plates and exposed to indicated treatments. Cells were counted at 
various time points using the Invitrogen Countess Automated Cell 
Counter (catalog C10281)  per the manufacturer’s instructions. Con-
trol SHEP, 4-OHT SHEP, SK-N-AS, BE2C, and Kelly cells were seeded 
in 96-well plates and exposed to indicated treatments. At indicated 
time points, cell growth was analyzed using the WTS-1 reagent (catalog 
11644807001, Roche) according to the manufacturer’s instructions.

Electron microscopy. P493 cells with or without c-Myc overexpres-
sion were cultured at a concentration of 5 × 105 cells/ml. Cells were 
pelleted through centrifugation and washed with PBS once before fix-
ation. After fixation overnight, cells were submitted to the University 
of Pennsylvania Electron Microscopy Resource Laboratory for analy-
sis. At least 30 cells were analyzed from each group, and representa-
tive images are shown.

RNA extraction, real-time quantitative RT-PCR, and RT-PCR 
analysis. Total RNA was isolated using the RNeasy Mini Kit (cata-
log 74104, QIAGEN), and cDNA was synthesized using the High- 
Capacity RNA-to-cDNA Kit (catalog 4387406, Thermo Fisher Scientif-
ic). Quantitative reverse-transcription PCR (qRT-PCR) was performed 
on a ViiA7 Real-Time PCR system from Applied Biosystems. Prede-
signed TaqMan primers were obtained from Thermo Fisher Scientific 
for the following genes: TBP (HS00427620_M1), ACTB (HS01060665_
G1), HSPA5 (HS00946084_G1), MYC (HS00153408_M1), MYCN 
(HS00232074_M1), XBP1t (HS00231936_M1), XBP1s (HS03929085_
G1), LDHA (HS01378790_G1), ERN1 (HS00176385_M1), LXR 
(HS00172885_M1), FABP5 (HS02339437_G1), PPARA (HS00947536_
M1), ACACA (HS01046047_M1), ACACB (Hs01565914_m1), FABP6 
(HS01031183_M1), PPARD (HS04187066_G1), ACAT1 (HS00608002_
M1), CPT1A (HS00912671_M1), CPT1B (HS03046298_S1), SCD 
(HS01682761_M1), ACLY (HS00982738_M1), FASN (HS01005622_
M1), ACSS2 (HS01122829_M1), DGAT1 (HS01017541_M1), DGAT2 
(HS01045913_M1), PLIN2 (HS00605340_M1), PLIN3 (HS00998416_
M1), HMGCS1 (HS00940429_M1), HMGCR (HS00168352_M1), 
ODC1 (HS00159739_M1), HERPUD1 (HS01124269_M1), DNA-
JB9 (HS01052402_M1), ATF3 (HS00231069_M1), and DDIT3 
(HS00358796_G1). VeriQuest Fast Probe qPCR Master Mix (catalog 
75680) was purchased from Affymetrix. SYBR Green primers were uti-
lized for mouse Actb (forward: 5′-AAATCTGGCACCACACCTTC-3′, 
reverse: 5′-GGGGTGTTGAAGGTCTCAAA-3′), mouse Xbp1t (forward: 
5′-GGCTGTCTGGCCTTAGAAGA-3′, reverse: 5′-CTGTCAAAT-
GACCCTCCCTG-3′), mouse Xbp1s (forward: 5′-GAGTCCGCAG-
CAGGTG-3′, reverse: 5′-GTGTCAGAGTCCATGGGA-3′), human 
XBP1t (forward: 5′-GGCATCCTGGCTTGCCTCCA-3′, reverse: 
5′-GCCCCCTCAGCAGGTGTTCC-3′), and human XBP1s (forward: 
5′-CTGAGTCCGCAGCAGGTG-3′, reverse: 5′-TCCAAGTTGTC-
CAGAATGCC-3′). SYBR Green PCR Master Mix was purchased from 
Thermo Fisher Scientific (catalog 4309155). RT-PCR assay for XBP1 
splicing was described previously (24). Primers for XBP1  were as follows: 
forward: 5′-CCTGGTTGCTGAAGAGGAGG-3′, reverse: 5′-CCATGG-
GGAGATGTTCTGGAG-3′. Primers for internal control 18S rRNA were 
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For Ramos xenografts and SCDi treatment, 1 × 106 Ramos cells were 
introduced subcutaneously into the flanks of 10-week-old female 
homozygous C.B-17 SCID mice (strain code 236, Charles River Lab-
oratories). When tumor volumes reached approximately 50–50 mm3, 
SCDi was orally administered at 5 mg/kg (dissolved in 0.5% methyl 
cellulose) twice daily. For Kelly xenografts, 3 × 106 Kelly cells with 
tet-inducible SCR or tet-inducible shXBP1 construct were injected 
subcutaneously into the left or right flanks of 5-week-old homozygous 
female BALB/c nude mice (strain code 194, Charles River Laborato-
ries), respectively. When the tumor volumes reached approximately 
50–150 mm3, dox diet (catalog S3888, Bio-Serv) was administered to 
the mice. Tumor volume was monitored by caliper measurements.

Mice, tumor formation, and B cell purification. Mice carrying the 
human MYC oncogene under the control of the Igλ regulatory elements 
(62) were crossed with WT C57BL/6J mice (mouse strain 000664, 
The Jackson Laboratory), monitored for lymphoma development, and 
sacrificed when moribund (3 to 5 months old). Total RNA from super-
ficial cervical lymphomas and mesenteric lymphomas from the same 
mouse was extracted for further analysis. For WT B cell purification, 
naive B lymphocytes were purified from C57BL/6J mouse spleens by 
magnetic depletion of CD43-positive cells (Miltenyi Biotech) accord-
ing to the manufacturer’s instructions. LAP/MYC mice were described 
previously (63). mRNA was extracted from 5 liver tumors and paired 
normal liver tissues from this mouse model for qRT-PCR analysis.

Statistics. In Supplemental Figure 5I and Supplemental 6, C and D, 
the contribution ratios of BSA were calculated using relative viability 
of B-I09+BSA to divide B-I09 treatment alone, while the contribution 
ratios of OA were calculated using relative viability of B-I09+OA to 
divide B-I09+BSA. For the correlation between HSPA5 expression and 
Myc signature (Supplemental Figure 1A, and Supplemental Table 1), 
raw data for 22 samples of interest in GSE2350 were downloaded from 
NCBI’s Gene Expression Omnibus (GEO) database. Robust multi- 
array average (RMA) was performed separately on the 9 and 13 sam-
ples, which were run on HG_U95A and HG_U95Av2, respectively. 
Resulting log2-transformed normalized intensities were quantile nor-
malized across all samples to lessen the platform-specific effects. Cor-
relation of all genes across all samples was calculated against HSPA5 
(probeset ID 36614_at). P values and false discovery rate–corrected 
(FDR-corrected) P values were calculated for each gene. The set of 
genes with corrected P values of less than or equal to 0.01 (106 genes) 
was overlapped with the set of genes described to be Myc-related in 
the Hallmark sets from MSigDB (Myc Union, 240 genes). A Fisher’s 
exact test was performed showing the overlap between these 2 lists 
and the full set of genes included in the array design. Six genes from 
the 2 lists significantly overlapped (P = 0.0364). Where necessary, 
data were statistically analyzed to generate mean ± SD. The levels of 
significance were determined using 2-tailed Student’s t test, 2-way 
ANOVA with Bonferroni’s correction, or 2-tailed paired t test. Where 
appropriate, P values are provided in the figures or in the legends. P < 
0.05 was considered statistically significant.

Study approval. All experiments involving the use of mice were 
performed following protocols approved by the Institutional Animal 
Care and Use Committee at the University of Pennsylvania.
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chloroform-rich hydrophobic phase. After centrifugation, the bottom 
hydrophobic phase (~1.3 ml) was removed with a glass pipette. A sec-
ond extraction with 0.7 ml chloroform was used to recover additional 
lipids from the methanol/water phase. The 2 hydrophobic fractions 
were combined in a single glass centrifuge tube and back extracted 
with 0.15 ml of deionized water. The hydrophobic fraction was dried 
under nitrogen in 30-ml thick-wall glass anaerobic tubes.

 The dried lipid extracts were dissolved in 2 ml of a 4:1 methanol/
toluene mixture that contained butylated hydroxytoluene (0.45 mM). 
Acetylchloride (14 mM) was added to produce catalytic H+ in situ for 
the methyl esterification reaction. The anaerobic tubes containing the 
reaction mixtures were capped with thick butyl rubber stoppers (Bell-
co) and heated at 100°C for 1 hour. After cooling, the reaction mixtures 
were mixed with 0.56 M aqueous sodium carbonate at a ratio of 2:5 to 
drive the fatty acid methyl esters into a hydrophobic phase that floated 
on top of the aqueous phase. The toluene was purified by centrifugation 
and analyzed with an Agilent 7890A GC/MS (7890A/5975C). Mass 
spectra were quantified with MSD ChemStation software from Agi-
lent. Isocor, written for the Python programming environment (www.
python.org), was used to correct mass spectra for natural abundance 
contributions from 13C. Mean enrichment was calculated as follows: 

(Equation 1)
  

where fi  =  fractional enrichment of the i-th carbon and n is the total 
number of carbons.

Cell staining and imaging. P493 cells were cytospun onto the 
slides through the CytoSep Dual Sample Chamber (catalog M967-
20FW, Medline Industries Inc.) in a 7620 Cytopro Cytocentrifuge 
(Wescor) at 212 g for 7 minutes. For immunofluorescence, slides 
were incubated with 50 mM ammonium chloride for 10 minutes, 
permeabilized with 0.25% Triton X-100 for 10 minutes, and blocked 
with 2% BSA for 30 minutes. Slides were then incubated with Ki-67 
primary antibody (catalog 550609, BD Biosciences — Pharmingen) 
at 1:100. Secondary Alex Fluor 594 goat anti-mouse antibody (cata-
log R37121, Thermo Fisher Scientific) was used at 1:200 for 1 hour at 
room temperature. Slides were mounted in ProLong Gold Antifade 
with DAPI (catalog P36935, Thermo Fisher Scientific) before imag-
ing. TUNEL staining was performed using ApopTag Plus Fluorescein 
In Situ Apoptosis Detection Kit (catalog S7111, Millipore) according 
to the manufacturer’s instructions.

OA, Palm, and POA treatment. OA-BSA conjugation solution was 
purchased from Sigma Aldrich. In this solution, OA was dissolved  in 
10% BSA; the concentration of OA is 3.33 mM. For Palm and POA, 
the powder was dissolved in 50% ethanol at 65°C to achieve a 50 mM 
stock and then conjugated with BSA in a 10% BSA solution to a con-
centration of 3.33 mM at 37°C for 1 hour. For the combination treat-
ment, OA and Palm were added 1:1 to the medium.

Xenograft tumors. For P493 High Myc xenografts and B-I09 treat-
ment, 1.5 × 107 P493 High Myc cells were injected subcutaneously 
into the flanks of 6-week-old female homozygous athymic nude mice 
(strain code 490, Charles River Laboratories). When the tumor vol-
umes reached approximately 150 mm3, B-I09 was administered intra-
peritoneally at 50 mg/kg on the first 5 days of each week for 2 weeks. 
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