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The UPR Transducer IRE1 Promotes Breast
Cancer Malignancy by Degrading Tumor
Suppressor microRNAs

Kezhong Zhang,1,2,3,* Hui Liu,3,7 Zhenfeng Song,1 Yuanyuan Jiang,3 Hyunbae Kim,1 Lobelia Samavati,1,4

Hien M. Nguyen,5 and Zeng-Quan Yang3,6,8,*

SUMMARY

Dysregulation of inositol-requiring enzyme 1 (IRE1), the primary transducer of
Unfolded Protein Response (UPR), has been observed in tumor initiation and pro-
gression, but the underlying mechanism remains to be further elucidated. In this
study, we identified that the IRE1 gene is frequently amplified and over-ex-
pressed in aggressive luminal B breast cancer cells and that IRE1 upregulation
is significantly associated with worse overall survival of patients with breast can-
cer. IRE1 processes and mediates degradation of a subset of tumor suppressor
microRNAs (miRNAs), including miR-3607, miR-374a, and miR-96, via a mecha-
nism called Regulated IRE1-Dependent Decay (RIDD). IRE1-dependent degrada-
tion of tumor suppressor miR-3607 leads to elevation of RAS oncogene GTPase
RAB3B in breast cancer cells. Inhibition of IRE1 endoribonuclease activity with
the pharmacological compound 4m8C or genetic approaches effectively
suppresses luminal breast cancer cell proliferation and aggressive cancer pheno-
types. Our work revealed the IRE1-RIDD-miRNAs pathway that promotes malig-
nancy of luminal breast cancer.

INTRODUCTION

Inositol-requiring enzyme 1 (IRE1, also known as IRE1a and ENR1), an endoplasmic reticulum (ER)-resident,

type I transmembrane protein, was originally identified as a primary transducer of Unfolded Protein

Response (UPR) (Tirasophon et al., 1998). IRE1 possesses two distinct catalytic domains: an endoribonu-

clease (RNase) and a serine/threonine kinase. Upon a variety of cell-intrinsic or extrinsic stress conditions

that trigger accumulation of unfolded or misfolded proteins in the ER (collectively known as ER stress), such

as hypoxia, nutrient deprivation, and protein over-expression, IRE1 oligomerizes and autophosphorylates

to render its RNase activity (Zhang and Kaufman, 2008). IRE1 executes unconventional splicing of themRNA

that encodes a potent transcription factor, XBP1, which activates the expression of genes involved in pro-

tein folding, secretion, and degradation of misfolded proteins. In addition to processing the XBP1 mRNA,

IRE1 can process select mRNAs or precursor microRNAs (pre-miRNAs), leading to their degradation, a pro-

cess known as regulated IRE1-dependent decay (RIDD) (Hollien and Weissman, 2006; Upton et al., 2012;

Wang et al., 2017). Recent studies suggested that IRE1 undergoes dynamic conformational changes and

switches its functions depending on the duration of ER stress (Li et al., 2010; Lin et al., 2007; Tam et al.,

2014). It has been proposed that IRE1 quickly forms oligomeric clusters to process XBP1 mRNA splicing

(XBPs) in response to acute ER stress. However, under chronic or physiological ER stress, or when IRE1 is

exogenously over-expressed in mammal cells, IRE1’s functional specificity as an RNase shifts to cleaving

primarily ER-targeted mRNAs or miRNAs, instead of XBP1 mRNA, via the RIDD pathway (Han et al.,

2009; Hollien et al., 2009; So et al., 2012; Wang et al., 2017, 2018). Importantly, the RIDD targets may

depend on the tissue context and biological processes (Dejeans et al., 2014; Dufey et al., 2020; Lhomond

et al., 2018). Previous studies on the role of IRE1 in human cancer, particularly breast cancer, have focused

on the IRE1/XBP1 pathway (Chen et al., 2014; McGrath et al., 2018; Zhao et al., 2018). However, whether the

IRE1-RIDD pathway plays a role in breast cancer malignancy remains largely unknown.

Dysregulation of miRNAs was found to be involved in the initiation of tumorigenesis, as well as the progres-

sion, invasion, and metastasis of cancers (Dawson and Kouzarides, 2012; Farazi et al., 2011; Jacobsen et al.,

2013; Stecklein et al., 2012; Wang and Wang, 2012; You and Jones, 2012). Increasing evidence indicates
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that miRNAs are less abundant in tumors, including breast cancer, than in their normal tissue counterparts,

leading to the notion that miRNAs are predominantly tumor suppressors rather than tumor promoters (Ja-

cobsen et al., 2013; Liu, 2012; Zhang et al., 2013). Canonical miRNA biogenesis requires a series of sequen-

tial enzymatic processing reactions, and the key enzyme among these is the DICER RNase, which cleaves

the pre-miRNA to generate a mature miRNA (Ha and Kim, 2014). miRNAs regulate gene expression by

inducing degradation of target mRNAs and/or by interfering with protein translational machinery (Ameres

and Zamore, 2013; Lin and Gregory, 2015). A search for general regulators of cancer metastasis identified a

set of miRNAs whose expression is repressed in metastatic human breast cancer cells, suggesting crucial

roles of miRNAs in repressing breast cancer progression (Tavazoie et al., 2008).

In this study, we revealed that the UPR transducer IRE1 acts as an oncogenic factor to repress a subset of

tumor suppressor miRNAs via the RIDD mechanism and subsequently control expression of a major onco-

gene, RAB3B, in aggressive luminal breast cancer cells. Our work suggests that the IRE1-RIDD-miRNAs axis

has a functional role during tumor development and progression and therefore provides a foundation for

treating aggressive breast cancers by specifically targeting oncogenic RNase activity of IRE1.

RESULTS

IRE1 Is Frequently Gained/Amplified in Luminal B Breast Cancers and Associated with Patient

Survival

As copy number alteration (CNA) is an important mechanism that activates oncogenes or inactivates tumor

suppressors in human cancers (Albertson, 2006; Albertson et al., 2003; Beroukhim et al., 2010), we first

queried CNAs of the IRE1 gene in more than 10,000 tumor samples across 32 cancer types from the

Pan-Cancer Atlas of The Cancer Genome Atlas (TCGA) via cBioPortal (Cerami et al., 2012; Gao et al.,

2013). Although IRE1 is altered across many types of human tumors, the highest frequency (6.26%) of the

IRE1 gene amplification was observed in breast cancers (Figure 1A). When we incorporated low-level

gain of IRE1, 39.35% TCGA breast cancer samples had an increased IRE1 copy number. Based on the

expression of 50 select genes (PAM50), breast cancer is categorized into five molecular subtypes: estrogen

receptor-positive luminal A and B, epidermal growth factor receptor 2-enriched (HER2+), basal-like

(commonly known as triple-negative), and normal-like breast cancers (Cancer Genome Atlas, 2012; Perou

et al., 2000; Riaz et al., 2013). To determine the breast cancer subtypes that possess IRE1 CNAs, we per-

formed the CNA analysis of IRE1 in different subtypes of breast cancer. We found that luminal B breast can-

cer had the highest frequency (68.53%) of the IRE1 gene gain/amplification, whereas the normal-like breast

cancer subtype had the lowest frequency (8.57%) (Figure 1B). Luminal B breast cancer has been reported to

have lower expression of estrogen receptors, higher expression of proliferation markers, and higher histo-

logic grade than luminal A (Ades et al., 2014; Tran and Bedard, 2011). In addition, luminal B breast cancer

exhibits worse prognosis and has a distinct response profile to hormone therapy and chemotherapy (Ades

et al., 2014; Tran and Bedard, 2011).

To validate our findings from the TCGA breast cancer dataset regarding the IRE1 gene amplification, we

conducted an independent analysis using the METABRIC dataset that contains approximately 2,000 breast

cancer samples with long-term clinical follow-up data. Again, we found that IRE1 had high-level amplifica-

tion in 8.47% of METABRIC breast cancer samples. We also found that luminal B METABRIC breast cancer

had the highest frequency (40.57%) of IRE1 gene gain/amplification, compared with other subtypes (Fig-

ure S1A). We then examined the correlation between IRE1 copy number and the probability of overall sur-

vival in METABRIC breast cancer patients. Amplification or gain of IRE1 was significantly associated with

shorter survival in METABRIC breast cancer patients (p = 0.0017) (Figure 1C).

Breast cancer cell lines retain many of the molecular characteristics of the tumors from which they were

derived and represent excellent models for investigating breast cancer pathobiology (Daemen et al.,

2013; Liu et al., 2009, 2016). We examined the genetic alterations and expression levels of IRE1 in a panel

of breast cancer cell lines. Based on our data and published array-based comparative genomic hybridiza-

tion data, we identified that, among 19 breast cancer cell lines, 11 lines had IRE1 amplification/gain (Bar-

retina et al., 2012; Liu et al., 2009; Neve et al., 2006; Ray et al., 2004). Notably, the luminal B breast cancer

cell line SUM52 has a focal amplification at the IRE1 loci (17q23.3) (Figure S1B). Furthermore, luminal B (e.g.,

SUM52) and luminal-like HER2+ breast cancer cell lines (e.g., SUM225) exhibited higher expression of IRE1

at both mRNA and protein levels, compared with the other breast cancer cell lines (Figures 1D and 1E).
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Together, these data indicated that IRE1 is frequently upregulated in aggressive luminal B breast cancers,

and its gain/amplification is significantly associated with survival of patients with breast cancer.

IRE1 Promotes Expression of the RAS Oncogene Family Member RAB3B in Luminal Breast

Cancer Cells

To understand themechanistic basis by which IRE1 is involved in luminal breast cancermalignancy, we analyzed

the transcriptomic signature that IRE1 regulates in breast cancer. Under ER stress, IRE1 is activated through

trans-autophosphorylation at Ser/Thr residues to elicit its RNase activity (Zhang and Kaufman, 2008). Previously,

we and others demonstrated that Lys to Alamutations that destroy IRE1 kinase activity (K599A) or RNase activity
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Figure 1. The IRE1 Gene is Amplified and Over-expressed in Luminal Breast Cancer

(A) Frequencies of high-level amplification of the IRE1 gene in more than 10,000 TCGA tumor samples across 32 tumor

types.

(B) Frequencies of Gain/Amp of the IRE1 gene in five subtypes of TCGA breast cancer samples. The frequencies were

based on the TCGA dataset of 1,084 human patients with breast cancer.

(C) Kaplan-Meier plots of overall survival associated with gain/amplification of IRE1 in METABRIC breast cancers. The plot

was based on the METABRIC dataset, which includes 1,974 human patients with breast cancer.

(D) Expression levels of the IRE1mRNA in a panel of normal-like, luminal, HER2-positive, and basal-like breast cancer cell

lines, determined by qPCR (n = 3 biological repeats). The mRNA expression levels in MCF10A cells were arbitrarily set as

1. Relative expression levels are shown as fold changes compared with those of MCF10A cells. (Blue bar, luminal subtype;

pink bar, Her2+ subtype; red bar, basal-like subtype). *p < 0.05.

(E) Levels of IRE1, estrogen receptor 1 (ESR1), and HER2 proteins in a panel of normal-like, luminal, HER2-positive, and

basal-like breast cancer cell lines, determined by western blot analysis.
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(K907A) decrease the Xbp1 mRNA splicing and RIDD activity (Tirasophon et al., 1998; Wang et al., 2017)

(Figure 2A). We suppressed the activity of IRE1 RNase in SUM52 line by adenoviral-based over-expression of

the IRE1 dominant-negative K599A or K907A and then performed RNA sequencing (RNA-seq) analysis with

IRE1 dominant-negative and control SUM52 cells. Through the RNA-seq analysis, we identified 98 genes

that were commonly upregulated (65 genes) or downregulated (33 genes) in K599A-expressing SUM52

(SUM52-K599A) or K907A-expressing SUM52 (SUM52-K907A) cells (Figure 2B). SUM52-K907A cells had

significantly more altered genes than SUM52-K599A cells. This was consistent with the previous observation

A B

C

D

E

Figure 2. IRE1 Modulates Expression of the Genes Involved in ER Proteostasis and Classic Oncogenes in Luminal

Breast Cancer Cells

(A) Illustration of the IRE1 functional domains. WT, wild-type; K599A, IRE1 kinase dominant-negative mutant; K907A, IRE1

RNase dominant-negative mutant.

(B) RNA-seq heatmap of differentially expressed genes in SUM52-K599A and SUM52-K907A cells compared with SUM52-

GFP control (Ctrl) cells.

(C) qPCR analyses of RAB3BmRNA in the IRE1 dominant-negative mutant (K599A or K907A) or 4m8C-treated SUM52 cells

(n = 3 biological repeats).

(D) Western blot analyses of RAB3B protein levels in the IRE1 dominant-negative mutant or 4m8C-treated SUM52 cells.

(E) Correlation between expression levels of the IRE1 and RAB3BmRNAs in 1,084 TCGA human breast cancer specimens.

Expression of two genes exhibits positive correlation with the Pearson correlation coefficient 0.23 (p < 0.0001).
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that over-expression of K907A was more efficient in suppressing IRE1 RNase activity than that of K599A (Tiraso-

phon et al., 1998; Zhang et al., 2011). Based on the RNA-seq result and gene ontology and pathway analysis,

most of the upregulated mRNAs upon IRE1 inhibition were those encoding enzymes or regulators involved

in ER protein folding homeostasis or ER stress response, such as PDIA4, DERL2, SEC61B, HSPA1A, HSPB1,

ERO1LB, EDEM2, SEL1L, DNAJB11, andMANF (Figures 2B and S2). Notably, PDIA4mRNA has been identified

as an IRE1 RIDD target (Maurel et al., 2014). It is possible that the mRNAs upregulated by IRE1 inhibition are the

targets of IRE1-RIDD activity even in the absence of ER stress in breast cancer, an interesting question to be

elucidated in the future. Furthermore, gene ontology enrichment analysis revealed that most of the downregu-

lated genes upon IRE1 inhibition, including RAS oncogene family members (RAB3B) and RET proto-oncogene,

were involved in cell growth, invasion, and cancer pathways (Figures 2B and S3). To confirm the results of RNA-

seq analysis, we performed qPCR and western blot assays of the major oncogenic factors downregulated in

SUM52 cells expressing IRE1 dominant-negative or treated with a specific IRE1 RNase inhibitor, 4m8C (Cross

et al., 2012; Qiu et al., 2013). Among others, we confirmed that expression of the classic oncogene RAB3B in

IRE1 dominant-negative-expressing or 4m8C-treated SUM52 cells was significantly decreased at both mRNA

and protein levels, compared with that in the control SUM52 cells (Figures 2C and 2D). These results suggest

that RAB3B is a downstream target of IRE1 RNase activity in breast cancer. In addition, we examined expression

of RET proto-oncogene in SUM52 cells in which IRE1 RNase activity is suppressed by IRE1 dominant-negative

over-expression. Consistent with the RNA-seq analyses, expression levels of the RET mRNA or protein in

SUM52-K599A or SUM52-K907A cells were reduced, compared with that of the control SUM52 cells

(Figures S4A and S4B).

RAB3B is a member of the large Ras superfamily of small GTPases. Recent evidence indicated that RAB

family members play important roles in epithelial neoplasia (Goldenring, 2013). There are more than 60

RAB family members in humans, and most RAB members with elevated expression in cancer are positively

associated with cancer progression, especially invasion and metastasis (Goldenring, 2013). We analyzed

the genetic alterations and expression of the RAB genes in TCGA breast cancer samples. The RAB3B

gene is amplified in only 0.56% of TCGA breast cancer samples. Integrated analysis of copy number and

mRNA expression data in TCGA showed that RAB3B expression was not associated with gene CNAs.

When we analyzed the correlation between expression levels of IRE1 and RAB3B in TCGA breast cancer

specimens, we found that two genes had positive correlation with the Pearson correlation coefficient

0.23 (p < 0.0001) (Figure 2E). We then compared expression levels of the RAB3B gene in different subtypes

of breast cancer and found that the expression level of RAB3B mRNA was significantly higher in luminal B

and HER2+ subtypes (Figure S5A) (p < 0.0001), which is similar to the expression pattern of the IRE1 gene in

the breast cancer subtypes (Figures 1B and S1A). Similarly, increased expression of the RET mRNA was

positively correlated with elevated expression of the IRE1 mRNA in luminal B breast cancer cells (Fig-

ure S5B). These results suggested that elevation of RAB3B or RET may rely on IRE1, but not on RAB3B

or RET gene amplification, in select breast cancer subtypes.

IRE1 modulates expression of a set of tumor suppressor miRNAs in luminal breast cancer

cells.

A previous study demonstrated that IRE1 promotes the aggressive phenotype of triple-negative/basal-like

breast cancer by activating XBP1, which assembles a transcriptional complex with hypoxia-inducing factor 1a

(HIF1a) to promote oncogenesis (Chen et al., 2014). However, this work indicated that IRE1 promotes the

aggressive phenotype of triple-negative/basal-like breast cancer, but not in luminal breast cancer, by increasing

XBP1’s transcriptional activity. Indeed, we found no significant change in the expression of the spliced XBP1

mRNA in luminal breast cancer SUM52 cells when IRE1 RNase was suppressed by the IRE1 dominant-negative

approach or by treatment with the IRE1 inhibitor 4m8C (Figure S6), suggesting that the IRE1-XBP1 pathway in

luminal B breast cancer cells may not be active. In addition, we queried the XBP1 chromatin immunoprecipita-

tion sequencing dataset with breast cancers (Chen et al., 2014) and found that XBP1 does not directly bind the

RAB3B genomic loci. These analyses suggest that over-expressed IRE1 in select luminal B breast cancer cells

unlikely takes XBP1 mRNA as the major target for the IRE1-mediated RNA splicing event and that IRE1 may

regulate RAB3B expression through an XBP1-independent pathway.

To explore the regulatory mechanism by which IRE1 regulates oncogenic factors, particularly RAB3B, in

luminal breast cancer cells, we blocked IRE1 activity in luminal breast cancer cell lines by using the IRE1 in-

hibitor 4m8C or expressing IRE1 dominant-negative for miRNAmicroarray analysis (miRHuman_20 Version,

total >2,500 miRNAs) to determine whether IRE1 regulates the oncogene RAB3B through the miRNA
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pathway. SUM52 and SUM225 lines with high-level IRE1 expression were treated with 4m8C for 2 days. The

IRE1 kinase dominant-negative mutant K599A or K907A was also used to suppress IRE1 kinase or RNase

activity in SUM52 cells. The miRNA microarray analysis revealed a landscape change in miRNA expression

profiling in IRE1-inhibited luminal breast cancer cells (Figure 3A). Using a criterion of p < 0.05 in miRNA

analysis, we identified 41 miRNAs in both SUM52 and SUM225 cells that were altered after inhibiting

IRE1 activity. Among these 41 miRNAs, 25 were upregulated and 16 were downregulated (Figure 3A).

Conversely, we exogenously over-expressed wild-type IRE1 in human nontumorigenic mammary epithelial

MCF10A cells and then performed miRNA array assays. When we combined miRNA data from both IRE1

A B

C

D

Figure 3. IRE1 Represses a Set of Tumor Suppressor miRNAs in Luminal Breast Cancer

(A) Heatmaps of the relative abundance of human miRNAs in SUM52 and SUM225 (left lanes), 4m8C-treated SUM225 or

SUM52 cells, as well as IRE1-K599A mutant or IRE1-K907A mutant SUM52 (right lanes). 41 altered miRNAs identified from

SUM52-K599A, SUM52-K907A, SUM52-4m8C, and SUM225-4m8C cells, compared with GFP, SUM52, and SUM225

controls. Five top upregulated miRNAs (3607-3p, 516a-3p, 6073, 4764-3p, and 374a-5p) are highlighted by red on the

right.

(B–D) Expression levels of (B) miR-3607-3p, (C) miR-374-5p, and (D) miR-96-5p in IRE1 dominant-negative mutant (K599A

and K907A) and 4m8C-treated SUM52 cells, determined by qPCR. For each comparison group, the miRNA level of SUM52

control was defined as 1 and was used to calculate the fold changes of miRNA levels for the other groups. Data in all

panels are means G SEM from n = 3 biological replicates. *p < 0.05, **p < 0.01 versus controls by unpaired two-tailed

Student’s t test.
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inhibition models in breast cancer cells and exogenous over-expression of IRE1 in MCF10A cells (p < 0.05),

we identified five miRNAs (3607-3p, 374a-5p, 4764-3p, 516a-3p, and 6073) that were upregulated in IRE1-

inhibited breast cancer cells and downregulated in MCF10A-IRE1 cells. The qPCR analysis confirmed our

miRNA array findings: the top candidates, miR-3607-3p andmiR-374a-5p, were upregulated in SUM52 cells

expressing K599A or K907A or treated with 4m8C (Figures 3B and 3C). Our qPCR assay also identified that

miR-96-5p expression was regulated by IRE1 in breast cancer cells (Figure 3D), although our combined

miRNA analyses did not single out miR-96-5p, possibly due to the strict cutoff of our array analysis.

Recently, we demonstrated that IRE1 processes select miRNAs and promote their degradation in mouse

liver or skin endothelium through the RIDD pathway (Wang et al., 2017, 2018). The identification of the miR-

NAs elevated in IRE1-inhibited breast cancer cells implied that IRE1 might regulate expression of onco-

genic factors by repressing miRNAs.

IRE1 Suppresses Biosynthesis of Select miRNAs by Mediating Degradation of the Pre-

miRNAs

It was suggested that IRE1 can process mRNA or pre-miRNAs by recognizing the G/C cleavage site in the

RNA stem-loops (Figures 4A and 4B) (Upton et al., 2012; Wang et al., 2017; Yoshida et al., 2001). The RNase

activity of IRE1 can cleave selected pre-miRNAs and thus terminate de novomiRNA biosynthesis andmatu-

ration, which leads to their degradation, a process that we call ‘‘IRE1-dependent pre-miRNA decay’’ (Upton

et al., 2012; Wang et al., 2017, 2018). Bioinformatics analysis indicated that miR-3607 and miR-374, whose

levels were upregulated in IRE1-inhibited SUM52 or SUM225 breast cancer cells, possess G/C cleavage

sites in the stem-loops or at the joint sites of loops and arms in the secondary structure of the pre-miRNAs

(Figure 4C). These pre-miRNAs are potentially recognized and processed by IRE1.

To test whether IRE1 can directly process the select miRNAs and lead to their degradation through the RIDD

pathway, we performed in vitro cleavage assay by incubating pre-miR-3607 or pre-miR-374 oligo with the puri-

fied recombinant human IRE1 protein. In the presence of ATP, IRE1 processed both pre-miR-3607 and pre-miR-

374 and led to their degradation (Figure 4D). This result validated the role of IRE1 as an RNase to process pre-

miR-3607 and pre-miR-374 and lead to their decay through the RIDD pathway. To further confirm that IRE1

downregulates miR-3607 and miR-374, we over-expressed an expression vector encoding human pre-miR-

3607 or pre-miR-374 in wild-type (WT) or IRE1 knockout (KO) mouse embryonic fibroblasts (MEFs) and then

measured the levels of mature miR-3607 and miR-374. The levels of miR-3607-3p and miR-374a in IRE1-KO

MEFs were considerably higher than those in the WT MEFs (Figures 4E and 4F). In addition, we examined

expression levels of the human primary miR-3607 (pri-miR-3607) and primary miR-374 (pri-miR-374) in the

IRE1 dominant-negative mutant (K599A or K907A) and control SUM52 cells by qPCR analyses. The results

showed that expression levels of the human pri-miR-3607 and pri-miR-374 in SUM52-K599A or SUM52-K907A

cells were not significantly changed, comparedwith that in SUM52 control cells (Figures 4G and 4H), suggesting

that elevation of precursor ormature hs-miR-3607 or hs-miR-374 in IRE1-defective SUM52 cells is not due to any

change at the level of transcription. Together, these results suggest that IRE1 directly processes pre-miR-3607

and pre-miR-374 and thus suppresses biosynthesis of miR-3607 and miR-374 through the RIDD pathway.

IRE1 Regulates RAB3B Expression via miR-3607 in Luminal Breast Cancer

Next, we tested whether IRE1 regulates expression of the classic oncogene RAB3B in luminal breast cancer

by modulating the select miRNAs. Indeed, the 30 UTR of the human RAB3B gene contains three binding

sequences of miR-3607-3p, the IRE1-targeted miRNA (Figure 5A). To determine whether miR-3607-3p

can directly repress RAB3B expression, we performed western blot analysis with the IRE1-over-expresssing

luminal breast cancer cell line SUM52 transfected with mimics or inhibitors of miR-3607-3p, miR-96-5p, or

controls. The expression of RAB3B was suppressed in cells transfected with miR-3607-3p mimics, but not

miR-96-5pmimics or miR controls (Figure 5B). Conversely, RAB3B expression was higher in cells transfected

with a miR-3607-3p inhibitor, but not miR-96-5p inhibitor or the inhibitor control (Figure 5C), suggesting

that IRE1 regulates expression of RAB3B by repressing miR-3607-3p in luminal breast cancer cells. To

confirm the regulation of RAB3B expression in luminal breast cancer cells by the IRE1-miR-3607 regulatory

axis, we treated SUM52 cells with the specific IRE1 inhibitor 4m8C, or 4m8C plus the hs-miR-3607 inhibitor.

The results showed that 4m8C treatment decreased RAB3B expression in SUM52 cells (Figure 5D). However,

treatment of the miR-3607 inhibitor increased the levels of RAB3B expression in SUM52 cells when IRE1 was

inhibited (Figure 5D), implicating that hs-miR-3607 inhibitor can increase RAB3B expression independent

of IRE1. Together, these data suggested that increased IRE1 activity in luminal breast cancer cells leads to

increased RAB3B expression by repressing/processing hs-miR-3607.
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G H

Figure 4. IRE1 Suppresses Maturation of miR-3607 and miR-374 by Mediating Degradation of the Pre-miRNAs

(A) Illustration of IRE1-mediated miRNA decay by processing pre-miRNA stem-loop structure.

(B) IRE1 cleavage sites within human XBP1 mRNA, pre-miR-374a, and pre-miR-3607.

(C) Predicted mRNA secondary structures for human pre-miR-3607 and pre-miR-374a and their potential IRE1 cleavage

sites (G/C sites marked with red arrows).

(D) In vitro cleavage of pre-miR-374 and pre-miR-3607 by recombinant IRE1 protein (1 mg each), incubated at 37�C with

ATP (2 mM) or not as controls, and resolved on a 1.2% agarose gel. VH, vehicle buffer containing no IRE1 protein. The

image is representative of three experiments.

(E and F) miR-qPCR analyses of the abundance of mature (E) miR-374a and (F) miR-3607-3p in IRE1-KO and WT control

MEFs transfected with plasmid vector expressing human pre-miR-374 or pre-miR-3607. Data are means G SEM (n = 3

biological replicates); *p < 0.05.

(G and H) qPCR analyses of expression levels of the mRNAs encoding human primary (pri)-miR-3607 (G) and pri-miR-374

(H) in the IRE1 dominant-negative mutant (K599A or K907A) and control SUM52 cells. The data are means G SEM (n=3

biological repeats).
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To further verify IRE1-miR-3607-RAB3B regulatory pathway in luminal breast cancer cells, we utilized a bio-

informatic approach to validate the correlation between levels of miR-3607-3p and expression of RAB3B in

TCGA breast cancer samples. Based on the expression profiles of RAB3B protein in 77 TCGA breast cancer

A

B C D

E F

Figure 5. IRE1 Regulates RAB3B Expression via miR-3607 in Luminal Breast Cancer

(A) miRNA-binding sequences of miR-3607 in the 30 UTRs of human RAB3B genes. The analysis was based on the data

from microrna.org.

(B and C) Western blot analysis of RAB3B protein levels in SUM52 cells treated with the miR-3607-3p miRNA mimic or

inhibitor as indicated. The miR-96-5p miRNA mimic and inhibitor were included as controls.

(D) Western blot analysis of RAB3B levels in SUM52 cells treated with 4m8C, 4m8C plus hs-miR-3607 inhibitor, or vehicle

(miR-Ctrl). Tubulin levels were detected as the loading control.

(E and F) Relative expression levels of Hs-miR-3607-3p in different groups of TCGA breast cancer samples based on (E)

RIDD status and (F) XBP1s status. Based on the ‘‘XBP1s’’ and ‘‘RIDD’’ gene signatures; TCGA breast cancer samples were

manually divided into three groups of XBP1s or RIDD activity (high, middle, and low). The levels of miR-3607-3p were

negatively correlated (Pearson r = �0.185, p < 0.0001) with ‘‘RIDD’’ activity, but not ‘‘XBP1s’’ activity in breast cancers.

RPM: normalized count in reads per million miRNA mapped.
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from the Clinical Proteomic Tumor Analysis Consortium portal (Mertins et al., 2016), the levels of miR-3607-

3p were negatively associated with RAB3B protein expression in TCGA breast cancer samples (Pearson r =

�0.069) (Figure S7A), even though the differences were not statistically significant, possibly due to the small

sample size for RAB3B protein data. In addition, IRE1 may regulate RET expression via miR-96-5p in luminal

breast cancer cells, as is evidenced by the fact that miR-96-5p was repressed by IRE1 (Figure 3D), that the 30

UTR of the human RET gene contains two binding sequences of miR-96-5p (Figure S4C), and that the RET

mRNA and protein levels were elevated in the IRE1-knockdown breast cancer cells (Figures S4A and S4B).

However, whether the IRE1-RIDD-miRNA pathway plays a direct role in promoting RET expression in

luminal breast cancer cells remains to be further investigated.

IRE1-RIDD-miRNA Pathway Is Active in Luminal B Breast Cancer Cells

An important question regarding the activity of the IRE1-RIDD pathway versus the IRE1-XBP1 splicing

pathway in different breast cancer subtypes remains. To address this question, we utilized gene signature

to gauge activation of the IRE1-XBP1mRNA splicing (XBP1s) and IRE1-RIDD pathways in a number of breast

cancer cell lines (Lhomond et al., 2018; Marcotte et al., 2016). Based on the ‘‘XBP1s’’ and ‘‘RIDD’’ signature

scores, activities of XBP1mRNA splicing and RIDD activity status in the breast cancer cell lines are divided

into three groups: high, middle, and low. Consistent with previous reports (Chen et al., 2014; Logue et al.,

2018), several triple-negative/basal-like breast cancer cell lines, such as SUM149, SUM159, HCC1937, and

MDA-MA-468, had higher ‘‘XBP1s’’ activity (Table S1). In contrast, luminal breast cancer cell lines, such as

SUM52 and MCF7 with the IRE1 gene gain/amplification, had relatively higher ‘‘RIDD’’ activity (Table S1).

Furthermore, we computed the ‘‘XBP1s’’ and ‘‘IRE1-RIDD’’ signatures for more than 1,000 TCGA breast

cancer samples. Consistently, triple-negative/basal-like breast cancer samples had relatively higher

‘‘XBP1s’’ activities, compared with the other breast cancer subtypes (Figure S7B). In addition, the levels

of miR-3607-3p, the target of IRE1 RNase, were negatively correlated (Pearson r = �0.185, p < 0.0001)

with ‘‘IRE1-RIDD’’ activity in 1,062 TCGA breast cancer samples that contain both miRNA and gene signa-

ture data (Figure 5E). There was no significant correlation between the levels of miR-3607-3p or miR-374a-

5p and ‘‘XBP1s’’ activity score in TCGA breast cancer samples (Figure 5F). Taken together, our data suggest

that a set of luminal B breast cancer cells may possess a relatively higher activity of the IRE1-RIDD-miRNA

pathway, whereas triple-negative/basal-like breast cancer cells have higher activity of the IRE1-XBP1

splicing pathway, compared with the other breast cancer subtypes.

IRE1 Inhibitor 4m8C Suppresses Luminal Breast Cancer Cell Growth and Aggressive

Phenotypes

We evaluated the functional significance of IRE1 amplification/over-expression in breast cancer growth and

aggressive phenotypes. First, we used a small-molecule IRE1 inhibitor, 4m8C, which attains its selectivity by

binding specifically to the K907 residue in the IRE1 RNase catalytic pocket to form a stable imine, to block

the IRE1 RNase activity (Cross et al., 2012). We treated two endogenous IRE1-over-expressing breast can-

cer cell lines, SUM52 and SUM225, and two control lines, SUM159 triple-negative/basal-like breast cancer

cells and the non-tumorigenic mammary gland cell line MCF10A, with 4m8C. Treatment significantly in-

hibited the growth of IRE1-over-expressing breast cancer cell lines, including SUM52 (luminal B) and

SUM225 (luminal/HER2+) cells, in a dose-dependent manner (p < 0.05) (Figure 6A). In contrast, SUM159

and MCF10A cells, which have low expression of IRE1, exhibited significantly higher IC50 (half maximal

inhibitory concentration) values for 4m8C (Figure 6A).

Anchorage-independent growth of cancer cells in vitro has been used to evaluate aggressive tumor phe-

notypes, particularly with respect to metastatic potential (Mori et al., 2009). We examined whether 4m8C

can suppress anchorage-independent growth of luminal breast cancer cells in soft agar. The luminal B

breast cancer cell line SUM52, which can form colonies robustly in soft agar, was treated with 4m8C.

The treatment of 4m8C significantly inhibited the colony-forming ability of SUM52 in soft agar, and

notably, colonies barely formed even with 0.25 mM of 4m8C (Figure 6B). To confirm the contribution of

endogenous IRE1 over-expression on the transformation of human breast cancer, we performed IRE1

knockdown experiments using pGIPZ lentiviral short hairpin RNAs (shRNAs) in four cell lines, SUM225,

SUM52, SUM159, and MCF10A. shRNA knockdown of IRE1 significantly inhibited the proliferation of

two IRE1-over-expressing breast cancer cell lines, SUM52 and SUM225 (Figure 6C). Conversely, in

MCF10A and SUM159 lines that express low levels of IRE1, no significant inhibitory effects of IRE1 knock-

down were observed.
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A B

C

Figure 6. IRE1 Inhibitor 4m8C Suppresses Luminal Breast Cancer Cell Growth and Aggressive Phenotypes

(A) Cell survival rates of MCF10A and three breast cancer cells, SUM225, SUM52, and SUM159, after the treatment of 4m8C

at the concentration ranging from 4 to 64 mM for 3 days. The same number of cells was seeded, and the absorbance

reading value representing cell viability for each treatment was determined by MTT assay. The relative cell survival rates

(percentages) were calculated by comparing the MTT values to those of the cells treated with vehicle (0 concentration).

Results are means G SEM (n = 4 biological samples). The half maximal inhibitory concentration (IC50) values for 4m8C in

four cell lines were calculated.

(B) Representative images of SUM52 cell colonies in soft agar with or without the treatment of 4m8C (0.25mM) for 3 weeks. The

numbers of cell colony in SUM52 cells treated with 4m8C or vehicle were quantified (n = 3 biological replicates; **p < 0.01.

(C) Survival rates (MTT assay) of IRE1 knockdown and control SUM225, SUM52, SUM159, andMCF10A cells. The IRE1 gene

was knocked down in SUM225, SUM52, SUM159, and MCF10A cells by using pGIPZ lentiviral shRNAs. The cells

transduced with non-silencing siRNA were included as the control. Two shRNAs targeting IRE1 were utilized to generate

two lines of IRE1 knockdown cells. The relative cell survival rates (percentage) were calculated by comparing the MTT

values with those of the knockdown control cells. Results are means G SEM (n = 4). *p < 0.05; **p < 0.01.
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DISCUSSION

In this work, we demonstrated a causative relationship between the UPR primary transducer IRE1 and luminal

breast cancer malignancy through a meta-analysis of cancer gene CNAs, breast cancer subtypes, and clinical

outcome.Mechanistically, we revealed that IRE1 processes andmediates degradation of a subset of tumor sup-

pressor miRNAs, including miR-3607-3p and miR-374a-5p, via RIDD mechanism and subsequently promotes

expression of the RAS oncogeneGTPase, RAB3B, in IRE1-amplified human luminal breast cancer cells (Figure 7).

Inhibition of IRE1 with pharmacological and genetic approaches suppresses luminal breast cancer cell prolifer-

ation and aggressive cancer phenotypes. In summary, wehave uncovered a regulatorymechanismof tumor sup-

pressor miRNAs in human breast cancer, in which the cell stress sensor IRE1 acts as the key driver by mediating

unconventional cleavage and degradation of pre-miRNAs for breast tumorigenesis. Identification of the regula-

tory mechanism for the classic oncogenes RAB3B and the approach to modulate RAB GTPase oncogenic activ-

ities by targeting IRE1 has important implications in the treatment of human breast cancers.

Previous studies on the role of IRE1 in breast cancer were focused exclusively on its activity in processing

the XBP1mRNA, and no work addressing the potential role of IRE1-mediated RIDD pathway in breast can-

cer malignancy has been reported. Previous works showed that activated XBP1 promotes triple-negative

breast cancer progression via HIF1 and MYC oncogenic pathways (Chen et al., 2014; Zhao et al., 2018).

Here, our study demonstrated that the RNase activity of IRE1 can cleave selected pre-miRNAs and thus

terminate de novo miRNA biosynthesis and maturation, which leads to their degradation, a process we

call ‘‘IRE1-dependent pre-miRNA decay.’’ IRE1 induces the degradation of a subset of tumor suppressor

miRNAs, particularly miR-3607-3p, which subsequently enhances the expression of the transforming onco-

genic factor RAB3B in luminal B breast cancers. miR-3607-3p has been reported to play a tumor suppressive

Figure 7. Illustration of the IRE1-RIDD-miRNA Pathway in Luminal Breast Cancer Malignancy
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role in lung and prostate cancers (Gao et al., 2018; Saini et al., 2014). RAB proteins are part of the large Ras

superfamily of small GTPases. There are more than 60 members in humans, and each of them is specifically

localized to a subcellular membrane compartment, where it controls the intracellular traffic (Kelly et al.,

2012). Expression levels of most RAB members, particularly RAB2A, RAB3A, RAB3B, RAB3D, RAB5C,

RAB22B, RAB25, and RAB27B, are increased in cancer cells and positively associated with cancer progres-

sion, invasion, and metastasis (Jacob et al., 2013; Luo et al., 2015; Mitra et al., 2012; Wang et al., 2014). Our

data indicate that IRE1 regulates the expression of RAB3B at both mRNA and protein levels by degrading

pre-miR-3607 and thus reveal a novel IRE1 regulatory axis in luminal breast cancer cells, IRE1-miR-3607-

RAB3B, through which IRE1 promotes breast cancer malignancy.

It has been suggested the RNA sequence and secondary structural features are crucial for IRE1-mediated

cleavage of mRNAs or pre-miRNAs (Upton et al., 2012; Wang et al., 2017; Yoshida et al., 2001). The CUG-

CAG sequence motif, particularly G/C, and the stem-loop structure are critical features of the IRE1-medi-

ated cleavage site in the XBP1mRNA (Hollien andWeissman, 2006; So et al., 2012; Upton et al., 2012). How-

ever, recent studies suggested that the specificity of the IRE1 RNase-targeted sequence motif is less

stringent during the RIDD process (Han et al., 2009; Hollien et al., 2009; Hollien and Weissman, 2006).

IRE1 canmediate cleavage of RIDD-associatedmiRNA or mRNA substrates at multiple sites that have loose

structural homology to XBP1 stem-loops (Hollien et al., 2009; Oikawa et al., 2010; So et al., 2012). Through

the pre-miRNA sequence and secondary structure of the IRE1-downregulated core miRNAs using the

miRNA database (http://www.mirbase.org) and Mfold software (Zuker, 2003), we found that 16 of 25

core IRE1-targeted miRNAs, including miR-3607 and miR-374a, contain potential IRE1 G/C cleavage sites

at stem-loop structures of their pre-miRNAs. Notably, several pre-miRNAs, including pre-miR-3607,

contain a G/C duplex at the joint sites of loops and arms in the secondary structure of the pre-miRNAs (Fig-

ure 4), suggesting that alternative IRE1 cleavage modes may exist in select pre-miRNAs. Our in vitro cleav-

age assays with pre-miR-3607 and pre-miR-374a oligos and purified human IRE1 protein demonstrated that

IRE1 indeed processes these pre-miRNAs and leads to their degradation (Figure 4).

Recent studies suggested that IRE1 has a basal RIDD activity without induction of XBP1mRNA splicing, and this

basal RIDD activity is necessary for maintaining ER proteostasis (Hetz et al., 2015; Tam et al., 2014). It is specu-

lated that RIDD is constitutively active and its activity increases progressively with ER stress intensity and/or dura-

tion, whereas XBP1 mRNA splicing is activated transiently on ER stress only during the adaptive/pro-survival

phase (Maurel et al., 2014). Indeed, we identified 65 genes that were commonly upregulated upon IRE1 inhibi-

tion in SUM52 breast cancer cells, and most of the upregulated mRNAs were those encoding enzymes or reg-

ulators involved in ER protein folding homeostasis, ER-associated protein degradation, or ER-to-Golgi protein

transport (Figures 2 and S2). Notably, among the 37 RIDD mRNA substrates identified in metazoans, Ingenuity

Pathway Analysis revealed that 68% are associated with cancer (Maurel et al., 2014). Our work provided impor-

tant mechanistic basis for the involvement of RIDD pathway in cancer. The IRE1-dependent, RIDD-mediated

degradation of mRNAs and miRNAs likely plays a driving role in oncogenesis by maintaining ER proteostasis

and boosting the classic oncogenic factors, such as RAB3B and possibly RET (Figures 2 and S4). Our work

also demonstrated the therapeutic potential of the smallmolecule IRE1 inhibitor, 4m8C, in repressing the aggres-

siveness of luminal B breast cancers. As the IRE1-RIDD-miRNA regulatory axis simultaneously controls expres-

sion of multiple classic oncogenes in breast cancer cells, small molecule inhibition that selectively targets

IRE1 RNase activity may represent a highly effective therapeutic approach for a set of breast cancers.

Limitations of the Study

In this study, we employed cellular and biochemical approaches to uncover an IRE1-RIDD-miRNA pathway

in luminal B breast cancer cells. However, it should be noted that in vivo studies are needed in the future to

address the pathophysiological significance of the newly defined IRE1-RIDD-miRNA pathway in luminal

breast cancers. Although we showed that the IRE1-XBP1 pathway is not highly activated to drive oncogen-

esis in the luminal B subtype of breast cancer, the mechanistic basis governing the differential activation of

the IRE1-mediated signaling pathways in different breast cancer subtypes remains unclear. This important

question deserves further investigation in the future.
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S-Figure 1. The IRE1 gene is amplified in luminal breast cancer. Related to Figure 1. (A) 
Frequencies of Gain/Amp of the IRE1 gene in five subtypes of METABRIC breast cancer samples. 
The frequencies were calculated based on the METABRIC dataset, which includes 1974 human 
breast cancer patients. (B) Agilent array of comparative genomic hybridization image shows 
amplification of the IRE1 gene in SUM52 breast cancer cell line.  
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S-Figure 2. Gene ontology and pathway analysis of the genes upregulated in IRE1-knockdown 
SUM52 cells. We performed RNA-seq analysis with IRE1 dominant negative (K599A and K907A) 
and control SUM52 cells, and identified 65 genes that were significantly upregulated in IRE1-
knockdown cells. Gene ontology and pathway analyses were conducted through ShinyGO v0.61-
Gene Ontology Enrichment Analysis (http://bioinformatics.sdstate.edu/go/ ). Related to Figure 2. 
(A) The functional network for the genes up-regulated in IRE1-knockdown SUM52 cells. (B) The 
pathway analysis for the genes up-regulated in IRE1-knockdown SUM52 cells. The names of the 
genes involved in each pathway were listed. 
 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
S-Figure 3. Gene ontology and pathway analysis of the genes downregulated in IRE1-knockdown 
SUM52 cells. We performed RNA-seq analysis with IRE1 dominant negative (K599A and K907A) 
and control SUM52 cells, and identified 33 genes that were significantly downregulated in IRE1-
knockdown cells. Gene ontology and pathway analyses were conducted through ShinyGO v0.61-
Gene Ontology Enrichment Analysis (http://bioinformatics.sdstate.edu/go/ ). Related to Figure 2. 
(A) The functional network for the genes downregulated in IRE1-knockdown SUM52 cells. (B) 
The pathway analysis for the genes downregulated in IRE1-knockdown SUM52 cells. The names 
of the genes involved in each pathway were listed. 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S-Figure 4.  IRE1 regulates expression of the oncogene RET in luminal breast cancer cells. 
Related to Figures 2 and 3. (A) qPCR analyses of the RET mRNA in the IRE1 dominant-negative 
mutant (K599A or K907A) SUM52 cells (n=3 biological repeats). (B) Western blot analyses of 
RET and Tubulin protein levels in the IRE1 dominant-negative mutant SUM52 cells. (C) 
Sequences of the miR-96-5p binding sites within the 3’-UTR of the human RET genes based on 
the Target Scan Human algorithm. 
 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

S-Figure 5. Relative expression levels of RAB3B (A) and RET (B) across five subtypes of human 
breast cancers based on the TCGA breast cancer datasets. Related to Figure 2. 
  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

S-Figure 6. IRE1 does not significantly regulate XBP1 mRNA splicing in luminal breast cancer 
cells. Related to Figure 3. (A-B) qPCR analyses of the spliced XBP1 mRNA in the IRE1 dominant-
negative mutant (K599A or K907A) or 4µ8c-treated SUM52 cells (n=3 biological repeats). (C) 
Western blot analysis of XBP1 and Tubulin protein levels in SUM52 cells treated with vehicle or 
4u8c (5 or 10 µM). 
 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
S-Figure 7. Correlation between miR-3607-3p and RAB3B expression as well as XBPs scores in 
TCGA breast cancer samples. Related to Figures 3 and 5. (A) Correlation between miRNA-3607-
3p expression and RAB3B protein expression in 77 TCGA breast cancer samples. iTRAQ: isobaric 
tag for relative and absolute quantitation. (B) Total XBPs scores across five subtypes of TCGA 
breast cancer samples. The methodology for the calculation of total XBP1s scores was detailed in 
“Bioinformatics analysis of XBP1 and RIDD gene signatures in breast cancer” of the Transparent 
Method session. 
   



Transparent Methods (Material and Method details) 
 
Materials - Chemicals were purchased from Sigma unless indicated otherwise. 4µ8C was 
purchased from CALBIOCHEM (Danvers, MA).  Antibodies and α-tubulin were purchased from 
Sigma (St. Louis, MO). The mouse anti-IRE1 and the rabbit anti-ESR1, anti-HER2, and anti-RET 
antibodies were from Cell Signaling (Beverly, MA). The mouse anti-RAB3B was purchased from 
Santa Cruz Biotechnology (Dallas, Texas). 
 
Genomic and clinical data of cancer samples - Genetic alteration data from 10,967 tumor samples 
spanning 32 tumor types in The Cancer Genome Atlas (TCGA) Pan-Cancer studies were obtained 
from the cBio Cancer Genomics Portal (http://www.cbioportal.org) (Cerami et al., 2012; Chu et 
al., 2017; Gao et al., 2013; Jiang et al., 2016; Liu et al., 2016). In the cBioPortal, the copy number 
for each gene was generated by the GISTIC algorithm and categorized as copy number level per 
gene: "-2" is a possible homozygous deletion, "-1" is a heterozygous deletion, "0" is diploid, "1" 
indicates a low-level gain, and "2" is a high-level amplification. Breast cancer subtype and 
clinicopathologic information in the TCGA cohort was obtained from a previous publication and 
extracted via the cBioPortal (Cancer Genome Atlas, 2012; Cerami et al., 2012). Among the 1084 
breast cancer samples, 981 had intrinsic subtype data available, including 36 normal-like, 499 
luminal A, 197 luminal B, 78 HER2+, and 171 basal-like breast cancers (Cerami et al., 2012; Liu 
et al., 2016). A detailed description of the METABRIC dataset can be found in the original 
publication (Curtis et al., 2012). Genetic alteration data from the METABRIC database were 
downloaded with permission from the European Genome-phenome Archive 
(https://www.ebi.ac.uk/ega) under accession number EGAC00000000005 as well as from the cBio 
Cancer Genomics Portal (Cerami et al., 2012). In the METABRIC dataset, 1974 samples had 
subtype data available, including 199 normal-like, 718 luminal A, 488 luminal B, 240 HER2+, and 
329 basal-like breast cancers (Curtis et al., 2012).  
 
Bioinformatics analysis of XBP1 and RIDD gene signatures in breast cancer - We used gene 
signature to gauge activation of IRE1-mediated XBP1 mRNA splicing (XBP1s) and IRE1-RIDD 
pathways in 82 breast cancer cell lines and 1,082 TCGA breast cancer samples. The gene signature 
of XBP1s contains 38 genes, and gene signature of RIDD activity contains 37 genes (Lhomond et 
al., 2018). The RNA-seq data of 82 breast cancer cell lines were obtained from GSE73526 and 
https://github.com/neellab/bfg. We calculated expression level (z-score) by the equation (X - m)/s, 
where X stands for normalized log2 expression data of each gene in each sample; m stands for 
mean of expression of each gene among all samples; and s stands for its respective standard 
deviation. The expression levels (Z-scores relative to all samples) of XBP1s and RIDD signature 
genes in 1082 TCGA breast cancer samples were downloaded from the cBioPortal 
(https://www.cbioportal.org/). We calculated the “XBP1s” and “RIDD” signatures based on the 
published method (Lhomond et al., 2018). Briefly, for each line, each gene of the “XBP1s” and 
“RIDD” signature was initially assigned a quartile-oriented gene score according to the level of its 
expression when contrasted to its complete expression distribution in these breast cancer lines or 
TCGA samples. Each gene of the signature was rated with 1 when the z-score was <= Q1 (the first 
quartile; the 25th item of ordered data); with 2 when the z-score was > Q1 AND <= Q2 (median); 
with 3 when the z-score was > Q2 AND < Q3 (the third quartile; the 75th item of ordered data); 
and with 4 when the z-score was >= Q3. After quartile ranking, each sample was assigned an 
“XBP1s” and “RIDD” score based on the summary of gene scores for XBP1s genes and RIDD 



genes, respectively. Based on the “XBP1s” and “RIDD” signature scores, activities of XBP1 
mRNA splicing and RIDD activity status in the breast cancer cell lines or TCGA samples are 
divided into three groups: High, Middle, and Low. The cell line or sample with the higher XBP1s 
signature score indicated the High XBP1 activity. In contrast, the cell line or sample with the 
higher RIDD signature score indicated the Low RIDD activity. To calculate the association 
between expression levels of  IRE1-targeted human miRNAs (Hs-3607-3p and Hs-374a-5p) and 
XBP1s and RIDD activity status in primary breast cancers, the Batch Effects Normalized miRNA 
data of TCGA samples were downloaded from the Genomic Data Commons portal 
(https://gdc.cancer.gov/about-data/publications/pancanatlas). The protein expression level 
[iTRAQ (isobaric tag for relative and absolute quantitation) log2 ratio] of RAB3B in 77 TCGA 
breast cancer was queried and downloaded from Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) portal (https://proteomics.cancer.gov/data-portal) (Mertins et al., 2016). 
 
Cell culture and growth assays - The SUM cell lines were obtained from Dr. Stephen P. Ethier, 
and the remaining cell lines were obtained from American Type Culture Collection (Manassas, VA, 
USA). All cell lines were tested routinely and authenticated using cell morphology, proliferation 
rate, a panel of genetic markers, and contamination checks. Adenoviral transduction with the IRE1 
dominant-negative K599A or K907A in SUM52 was performed as described previously (Qiu et 
al., 2010). Cell growth and viability with 4µ8C treatment were assessed by using a CellTiter-blue 
Cell Viability Assay kit (Promega) according to the manufacturer’s guideline. 
 
RNA-seq and miRNA array analysis - Total RNAs from SUM52 cells transducted with the IRE1 
dominant-negative K599A, K907A, or control adenovirus were harvested, frozen, and sent to the 
LC Sciences (Houston, TX, USA) for next-generation sequencing. In brief, total RNA was 
extracted with an RNeasy Plus Mini Kit in accordance with the manufacturer’s protocol (Qiagen, 
Hilden, Germany).  Libraries were prepared by using an Illumina Small RNA Sample Preparation 
Kit following the manufacturer’s protocol (Illumina, San Diego, CA). The PCR fragments were 
sequenced on an Illumina sequencing system. The mRNA abundance was normalized and 
evaluated in Fragments Per Kilobase of transcript per Million mapped reads (FPKM) using the 
Cuffdiff module of Cufflinks_v2.2.1. Gene ontology (GO) and pathway analyses were performed 
using the ShinyGO v0.61-Gene Ontology Enrichment Analysis 
(http://bioinformatics.sdstate.edu/go/). For miRNA array, total RNA was extracted with 
miRNeasy Mini kits (Qiagen, Hilden, Germany), and miRNA microarray analysis was performed 
by LC Sciences (Houston,TX).  Microarray analysis was performed by LC Sciences (Houston, 
TX). 
 
Transfection of pre-miRNA expressing plasmids - Plasmids expressing pre-miR-3607 or pre-miR-
374 were constructed by inserting human pre-miR-3607 sequence 
(CCAGCUCGGGCAGCCGUGGCCAUCUUA 
CUGGGCAGCAUUGGAUGGAGUCAGGUCUCUAAUACUGCCUGGUAAUGAUGACGG
CGGAGCCCUGCACG) or human pre-miR-374 sequence 
(GGCCAGCUGUGAGUGUUUCUUUGGCAGUGUCUUAGC 
UGGUUGUUGUGAGCAAUAGUAAGGAAGCAAUCAGCAAGUAUACUGCCCUAGAAG
UGCUGCACG UUGUGGGGCCC) into pCMV-miR vector between SgfI and MluI site. The 
empty plasmid served as the control. Cells were transfected with either 100ng of pre-miR-



expressing plasmid or empty plasmid. Samples were collected simultaneously 24 h after 
transfection for RNA analysis. 
 
In vitro IRE1-mediated pre-miR cleavage assays - In vitro cleavage of pre-miR-3607 and pre-miR-
374 by recombinant, bio-active IRE1 protein was carried out as described previously with 
modifications (So et al., 2012). Briefly, pre-miR-3607 and pre-miR-374 were amplified by PCR 
using plasmids carrying either human pre-miR-3607 or pre-miR-374 sequence as template and 
primers provided by the manufacturer. Transcription of large-scale RNAs of pre-miR-3607 or pre-
miR-374 was performed using T7 RiboMaxTM Express RNA Production system (Promega). 
Approximately 1µg in vitro-transcribed miRNAs were incubated with 1µg bio-active recombinant 
human IRE1 protein (aa468-end, purchased from SignalChem, Inc) in a buffer containing 25mM 
MOPS, pH7.2, 12.5 mM β-glycerol-phosphate, 25mM MgCl2, 5mM EGTA, and 2mM EDTA. 
The cleavage reactions were initiated by adding ATP (2mM). Reaction without ATP was included 
as the control for each sample. After incubation at 37°C for 30 minutes, the reaction products were 
resolved on a 1.2% agarose gel and visualized by ethidium bromide staining.   
 
Lentivirus-mediated shRNA knockdown - Expression of the human IRE1 gene in SUM52 or 
SUM225 was knocked down using the Expression Arrest GIPZ lentiviral shRNAmir system 
(OpenBiosystems, Huntsville, AL) as previously described (Wang et al., 2012). For cell infection, 
viral supernatants were supplemented with 6 μg/mL polybrene and incubated with cells for 24 
hours. Cells expressing shRNA were cultured under puromycin for 2-3 weeks to select knockdown 
stable cell lines prior to functional studies (cell proliferation assays). 
 
Quantitative Real-Time PCR (qPCR) analysis - Total RNA from cells were isolated with RNeasy 
Plus Mini Kit or miRNeasy Mini Kit (Qiagen). For mRNA expression, cDNA was generated from 
200ng of RNA using High-Capacity cDNA Reverse Transcription Kit (Life Technologies). qPCR 
was performed using cDNA generated from 200ng of RNA.  For miRNA detections, cDNA was 
generated from 10 ng of small RNA using miRCURY LNA™ cDNA Synthesis kit (Exiqon). qPCR 
was performed using miRNA primers synthesized by Exiqon. For pre-miR qPCRs, cDNA was 
generated using miScript II RT Kit (Qiagen). qPCR was performed using miScript Precursor 
Assays (Qiagen).  For pre-miR qPCRs, cDNA was generated from 500ng of RNA using High-
Capacity cDNA Reverse Transcription Kit (Life Technologies). qPCR was performed using 
TaqMan® Pri-miRNA Assays (Life Technologies). Amplification and detection of specific 
products were performed with the ABI PRISM 7500 Sequence Detection System or BioRad Real-
Time PCR Detection Systems, using U6 as an internal control.  
 
Western Blot and Immunoprecipitation (IP)-Western blot analyses - To determine expression 
levels of IRE1, ESR1, RAB3B, RET, or GAPDH, total cell lysates were prepared from cultured 
cells or various tissues from WT mice using NP-40 lysis buffer. Denatured proteins were separated 
by SDS-PAGE on 10% Tris-glycine polyacrylamide gels and transferred onto a 0.45-mm PVDF 
membrane (Fisher Scientific). Membrane-bound antibodies were detected by an enhanced 
chemiluminescence detection reagent (Fisher Scientific). For IP-Western blot analysis, total 
protein lysates from in vitro cultured cells were immunoprecipitated with anti-IRE1, anti-RAB3B, 
anti-RET, or anti-GAPDH antibodies. Data shown was representative of at least 3 independent 
experiments. 
 



Cell viability, dose-response, and IC50 determination – IRE1-knockdown and control SUM52 or 
SUM225 cells were treated with 4µ8C at the concentration ranging from 4 to 64 μM. The cells 
were incubated for 72 hours. After the incubation period, MTT assay was performed to determine 
cell viability. Each treatment point was performed in quadruplicate and the cell survival dose-
response was analyzed by the GraphPad Prism software (V6). The dose-response curves were 
generated through nonlinear regression based on log (dose) vs cell viability response (variable 
slope). IC50 (inhibitory concentration with 50% cell viability) values, indicating the concentration 
of Bortezomib that inhibited 50% of cell viability compared to untreated control, were calculated 
based on the dose-response curves. 
 
Statistical analysis - Experimental results are shown as mean ± SEM (for variation between 
animals or experiments). The mean values for biochemical data from the experimental groups were 
compared by a paired or unpaired, 2-tailed Student’s t test. When more than two treatment groups 
were compared, one-way ANOVA followed by LSD post hoc testing was used. Statistical tests 
with P < 0.05 were considered significant. 
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