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Research article

Inhibition of ER stress—associated IRE-1/
XBP-1 pathway reduces leukemic cell survival
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Jianguo Tao,'3 Javier A. Pinilla-lbarz,'3 Juan R. Del Valle,2 and Chih-Chi Andrew Hu'3

"Department of Immunology, 2Drug Discovery Department, and 3Department of Malignant Hematology,
H. Lee Moffitt Cancer Center and Research Institute, Tampa, Florida, USA.

Activation of the ER stress response is associated with malignant progression of B cell chronic lymphocytic
leukemia (CLL). We developed a murine CLL model that lacks the ER stress—-associated transcription factor
XBP-1 in B cells and found that XBP-1 deficiency decelerates malignant progression of CLL-associated dis-
ease. XBP-1 deficiency resulted in acquisition of phenotypes that are disadvantageous for leukemic cell sur-
vival, including compromised BCR signaling capability and increased surface expression of sphingosine-1-
phosphate receptor 1 (S1P1). Because XBP-1 expression requires the RNase activity of the ER transmembrane
receptor IRE-1, we developed a potent IRE-1 RNase inhibitor through chemical synthesis and modified the
structure to facilitate entry into cells to target the IRE-1/XBP-1 pathway. Treatment of CLL cells with this
inhibitor (B-I09) mimicked XBP-1 deficiency, including upregulation of IRE-1 expression and compromised
BCR signaling. Moreover, B-I09 treatment did not affect the transport of secretory and integral membrane-
bound proteins. Administration of B-I09 to CLL tumor-bearing mice suppressed leukemic progression by
inducing apoptosis and did not cause systemic toxicity. Additionally, B-I09 and ibrutinib, an FDA-approved
BTK inhibitor, synergized to induce apoptosis in B cell leukemia, lymphoma, and multiple myeloma. These
data indicate that targeting XBP-1 has potential as a treatment strategy, not only for multiple myeloma, but

also for mature B cell leukemia and lymphoma.

Introduction

The functional role of the ER stress response in mature B cell leu-
kemia or lymphoma has been largely overlooked because leukemia
and lymphoma cells do not expand their ER as do multiple myelo-
ma (MM) cells. Recently, chronic lymphocytic leukemia (CLL), the
most common adult leukemia, was shown to require activation of
the ER stress response for survival (1).

The IRE-1/XBP-1 pathway represents the most conserved ER
stress-response pathway. IRE-1 contains a luminal stress-sensor
domain and a cytoplasmic kinase/RNase domain (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JCI173448DS1). The RNase domain is critical for the
function of IRE-1 because it splices 26 nucleotides from the XBP1
mRNA, causing a frame shift in translation (2-4). The spliced XBPI
mRNA encodes a functional 54-kDa XBP-1s transcription factor.
The role of XBP-1 in cancer has not been validated by genetic dele-
tion of the Xbp1 gene in mice. Thus, we deleted the XbpI gene from
B cells of Eu-TCL1 transgenic mice (Cd19-Cre Xbp1/o</flex Eu-TCL1,
herein referred to as XBP-1X°/Eu-TCL1), arguably the best CLL
mouse model to date (5, 6). The Eu-TCL1 mouse model is clinically
relevant because TCL1 expression is found in 90% of human CLL
cases (1, 7). Eu-TCL1 mice develop leukemia with all clinical fea-
tures of aggressive human CLL (6, 8) and have been used repeatedly
for preclinical drug tests (9-16). Using XBP-1X0/Eu-TCL1 mice, we
examine the role of the IRE-1/XBP-1 pathway in tumor progression.

While most transcription factors remain undruggable, the specif-
icactivation mechanism of XBP-1 renders IRE-1 an attractive target
for therapeutic intervention. Although chemical screens have led to
the identification of inhibitors of the IRE-1 RNase activity (17-20),
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there is a need to develop novel small molecules with improved cel-
lular and in vivo efficacy. We synthesized and evaluated novel tri-
cyclic chromenone inhibitors of IRE-1 RNase activity that potently
suppress the expression of XBP-1 and induce apoptosis. We also
determined the bioavailability and pharmacokinetics of our lead
inhibitor, B-I09, and showed that B-109, when administered as a
single agent, effectively induces leukemic regression without caus-
ing systemic toxicity in CLL-bearing Eu-TCL1 mice. Since the inhi-
bition of the IRE-1/XBP-1 pathway compromises B cell receptor
(BCR) signaling, we tested for a potential synergistic effect between
B-I09 and the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib.
Our results demonstrate the effectiveness of targeting both the
IRE-1/XBP-1 and BCR signaling pathways to induce apoptosis in
human B cell leukemia, lymphoma, and MM cells.

Results
XBP-1¥0/Ew-TCL1 mice develop leukemia significantly more slowly than
XBP-1"T/Ew-TCLI mice. To investigate how the loss of XBP-1 can
counter malignant progression of leukemia, we crossed B cell-spe-
cific XBP-1XO mice (Cd19-Cre Xbp1/e¥/fox; the expression of Cre recom-
binase is under the control of the Cd19 promoter) with Eu-TCL1
mice to create a B cell-specific XBP-1-deficient CLL mouse model,
XBP-1X°/En-TCL1. To show that B cells produced by this new
mouse model do not produce the 54-kDa spliced XBP-1 protein
(XBP-1s), we isolated B cells from spleens of 6-week-old XBP-1K¥0/
Eu-TCL1 and XBP-1¥T/Eu-TCL1 mice (Supplemental Figure 2A),
stimulated them with LPS, and confirmed no expression of XBP-1s
in XBP-1¥0/Eu-TCL1 B cells (Figure 1A). When XBP-1s is missing,
the elevated expression of IRE-1 is observed in XBP-1X°/Eu-TCL1
B cells (Figure 1A), consistent with previous XBP-1 knockout and
inhibition data in WT B cells (1, 21). We monitored leukemic pro-
gression in 5-,9-, and 12-month-old XBP-1X0/Eu-TCL1 mice by ana-
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Figure 1

XBP-1 deficiency decelerates leukemic progression in Eu-TCL1 mice. (A) CD5-/B220+ B cells purified from 6-week-old XBP-1WT/Eu-TCL1 (XBP-1WT/
TCL1) and XBP-1X0/Eu-TCL1 (XBP-1X0/TCL1) mice were stimulated with LPS for a course of 3 days and lysed for analysis of indicated proteins
by immunoblots. Data shown in immunoblots are representative of 3 independent experiments. (B—D) Splenocytes isolated from XBP-1WT/
Eu-TCL1 and XBP-1K9/Eu-TCL1 mice at the ages of 5, 9, and 12 months were stained with CD3-APC-Cy?7, IgM-PE-Cy7, B220-FITC, CD5-APC,
and DAPI. Gated live CD3-IgM+ B cell populations were analyzed for the expression of B220 and CD5. (E) The percentages of CD5+*B220+ CLL
cells in splenocytes of XBP-1WT/Eu-TCL1 and XBP-1K0/Eu-TCL1 mice at the ages of 5, 9, and 12 months were plotted as mean + SEM (n =5 in
each age group). (F) CD5*B220+ CLL cells purified from spleens of XBP-1WT/Eu-TCL1 and XBP-1X0/Eu-TCL1 mice were lysed to analyze for the
expression of indicated proteins. Data shown in immunoblots are representative of 3 independent experiments. (G) Spleens from 12-month-old
age-matched XBP-1WT/Eu-TCL1 and XBP-1KO/Eu-TCL1 littermates and a WT mouse. (H) Kaplan-Meier analysis of overall survival of XBP-1K0/
Eu-TCL1 mice (n = 18). Four mice from the XBP-1X0/Eu-TCL1 group were censored (circled in red), as they were removed for other studies.

lyzing CD5"B220" CLL cells on gated CD3-IgM" B cell populations
in the spleens (Figure 1B) and found that XBP-1¥°/Eu-TCL1 mice
develop leukemia significantly more slowly than their age-matched
XBP-1¥T/Eu-TCL1 litctermates (Figure 1, B-E). We also confirmed
that indeed XBP-1s is expressed by CD3-IgM*CDS5"B220* CLL cells
isolated from the spleens of 12-month-old XBP-1¥T/Eu-TCL1 mice
but not by those of the age-matched XBP-1X0/Eu-TCL1 littermates
(Figure 1F). As a result, spleens isolated from XBP-1X0/Eu-TCL1
mice are significantly smaller than those from their control litter-
mates (Figure 1G). XBP-1¥°/Eu-TCL1 mice also survive longer than
their WT counterparts (Figure 1H).

XBP-1-deficient EWw-TCL1 CLL cells exhibit compromised BCR signaling.
Constitutive BCR activation is a critical survival signal for CLL cells
(22,23). To understand how the loss of XBP-1 may contribute to the

slower progression of leukemia in Eu-TCL1 mice, we purified CLL
cells from XBP-1¥T/Eu-TCL1 and XBP-1¥0/Eu-TCL1 littermates
(Supplemental Figure 2, B and C), cultured them in LPS for 3 days,
activated the BCR using F(ab')2 anti-mouse IgM, and lysed the cells.
Cell lysates were immunoblotted for phospho-Syk and phospho-
BTK because Syk and BTK are critical BCR signaling molecules for
CLL survival (22, 23). Compared with XBP-1¥T/Eu-TCL1 CLL cells,
XBP-1¥0/Eu-TCL1 CLL cells are defective in Syk and BTK phos-
phorylation upon activation of the BCR (Figure 2A). Unlike naive
normal B cells, XBP-1¥T/Eu-TCL1 CLL cells synthesize significantly
increased amounts of secretory forms of IgM and release them into
culture medium in the absence of any stimulation (Figure 2, B and
C). The lack of XBP-1 leads to dramatically decreased synthesis of
secretory U heavy chains, resulting in decreased secretion of IgM into
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XBP-1 deficiency compromises activation of the BCR and synthesis of secretory IgM in Eu-TCL1 B cells. (A) XBP-1X9/Eu-TCL1 B cells respond
ineffectively to activation via the BCR. XBP-1WT/Eu-TCL1 and XBP-1K9/Eu-TCL1 B cells were treated with LPS for 3 days, stimulated with F(ab’)2
anti-mouse IgM to crosslink the BCR for indicated times, and lysed for analysis of indicated proteins by immunoblots. (B and C) WT B cells and CLL
cells were isolated from 12-month-old WT, XBP-1WT/Eu-TCL1 and XBP-1K9/Eu-TCL1 mice. Purified cells were radiolabeled for 15 minutes, chased
for indicated times, and lysed. Intracellular and extracellular IgM were immunoprecipitated from lysates (B) and culture medium (C), respectively,
using an anti-k antibody. Immunoprecipitates were analyzed on an SDS-PAGE gel. Data are representative of 3 independent experiments.

culture medium. Both XBP-1¥T/Eu-TCL1 and XBP-1X¥°/Eu-TCL1
CLL cells produce comparable amounts of membrane-bound
w heavy chains (Figure 2B). The p heavy chains can be assembled
with x light chains in the ER to form membrane-bound IgM
(mIgM), which can be delivered to the cell surface (Figure 2B). While
CLL cells isolated from XBP-1¥T/Eu-TCL1 mice acquire monoclo-
nality, as evidenced by the use of a unique k light chain, XBP-1-defi-
cient CLL cells undergo slower clonal selection (Figure 2, B and C).
The synthesis, assembly, and transport of the class I and class II
MHC molecules are similar when comparing XBP-1¥T/Eu-TCL1
and XBP-1¥°/Eu-TCL1 CLL cells (Supplemental Figure 3).
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XBP-1 deficiency leads to increased surface expression of SIP1, but not
other critical B cell markers in EW-TCLI CLL cells. In addition to the BCR,
CLL cells express critical surface proteins that contribute to their
survival. To determine how XBP-1 deficiency contributes to the sur-
face expression of B cell markers on Eu-TCL1 CLL cells, we chose to
investigate age-matched XBP-1¥T/Eu-TCL1 and XBP-1X°/Eu-TCL1
mice, the spleens of which still contain CDS- precancerous B cells
and CDS5* CLL cells. When Eu-TCL1 CDS5" B cells turned into CDS*
CLL cells, we observed the significantly increased surface expression
of CD43 and decreased expression of B220, CD21, CD22, CD23,
and IgD (Figure 3). There was little change in the surface expression
Volume 124 ~ Number 6
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XBP-1 deficiency delays immunophenotypic changes in leukemia. (A) Splenocytes isolated from approximately 9-month-old XBP-1WT/Eu-TCL1
and XBP-1X9/Eu-TCL1 mice were stained with monoclonal antibodies against CD3, IgM, CD5, and CD43. The expression of CD43 on the
surface of CD5- B cells and CD5+* CLL cells were analyzed on gated CD3-IgM+ B cell populations of the spleens. Data are representative of 3
independent experiments. (B—G) Splenocytes isolated from approximately 9-month-old XBP-1WT/Eu-TCL1 and XBP-1KO/Eu-TCL1 mice were
stained with monoclonal antibodies against CD3, IgM, CD5, and an additional marker indicated in each panel: (B) B220, (C) CD21, (D) CD22,
(E) CD23, (F) IgD, and (G) S1P1. The expressions of the indicated markers on the surface of CD5- B cells and CD5* CLL cells were analyzed
on gated CD3-IgM+ B cell populations of the spleens. Data are representative of 3 independent experiments. (H) B cells purified from XBP-1WT/
Eu-TCL1 and XBP-1KO/Eu-TCL1 mice were stimulated with LPS for 3 days and lysed for analysis of the expression of S1P1, p97, and actin by
immunoblots. (I) Splenocytes isolated from a 14-month-old XBP-1K0/Eu-TCL1 mouse were stained with monoclonal antibodies against CD3,
IgM, CD5, and S1P1 and similarly analyzed.

of CD1d, CD49b, CD20, CD24, CD38, CD184, MHC class II mol-
ecules, CD25, and GL7 (Supplemental Figure 4). In contrast to MM
cells, these CLL cells do not express CD138 (Supplemental Figure
4). Notably, sphingosine-1-phosphate receptor 1 (S1P1) was synthe-
sized and expressed at the elevated levels on the surface of XBP-1K°/
Eu-TCL1 B cells (Figure 3, G and H). Although XBP-1¥°/Eu-TCL1
B cells eventually express similar levels of S1P1 when they turn into
CDS5* CLL cells (Figure 3I), the initial increased expression of S1P1
as a result of XBP-1 deficiency may contribute to opposing homing
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signals and facilitate the egress of CLL cells from spleens and lymph
nodes, leading to delayed leukemic progression (24).

A potent IRE-1 inhibitor, B-H09, derived from chemical synthesis of 4u8C
analogs, interacts with IRE-1 in B cells. In an effort to develop novel
IRE-1 RNase inhibitors with improved potency and cellular effi-
cacy, we carried out the expression and purification of recombinant
human IRE-1 for use in an in vitro fluorescence resonance energy
transfer (FRET) suppression assay (25). The cytoplasmic kinase/
RNase domain (aa 547-977) of IRE-1 was expressed as a puritin-
Volume 124
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Figure 4

Development of potent inhibitors to target the IRE-1/XBP-1 pathway. (A) Recombinant human IRE-1 (hIRE-1) was expressed in insect cells and
purified using Ni-NTA column chromatography. Purified hIRE-1 was analyzed by SDS-PAGE and stained with Coomassie Birilliant Blue G-250. (B)
A diagram depicting the mini-XBP1 stem-loop RNA and its cleavage by hIRE-1. IRE-1 inhibitors block hIRE-1 from cleaving the XBP1 stem-loop
RNA substrate. (C) The Michaelis-Menten curve for hIRE-1 showing catalytic RNase activity in a FRET assay. Initial reaction rates are plotted
as a function of different XBP1 stem-loop RNA concentrations in the presence of 5 nM hIRE-1. (D) Structures of IRE-1 inhibitors with in vitro ICso
values obtained from FRET-suppression assays. (E) Dose-response curves were generated from FRET-suppression assays. Dose-response
experiments were carried out a minimum of 3 times on different days, and data were plotted as mean + SEM. The ICs values were calculated
from the mean inhibition value at each concentration. Shown here are representative curves for selected IRE-1 inhibitors. (F) LPS-stimulated
XBP-1-deficient B cells were treated with B-106 or B-107 (control) for 24 hours and lysed for immunoprecipitations using an anti-biotin antibody
and protein G—conjugated agarose. Immunoprecipitates were analyzed by SDS-PAGE and immunoblotted for IRE-1.

His-tagged IRE-1 fusion protein in SF21 insect cells and purified
by Ni-NTA affinity chromatography (Figure 4A). We evaluated the
activity of our recombinant IRE-1 using a synthetic mRNA stem
loop corresponding to the XBPI substrate sequence. This stem loop
incorporates a CyS fluorophore on its 5" end and the black hole
quencher (BHQ) on its 3" end, resulting in fluorescence only upon
site-specific cleavage by IRE-1 (Figure 4B). IRE-1 exhibits function-
al RNase activity with a Ky, value of 45 nM (Figure 4C).

We first assayed salicylaldehyde-based compounds A-I06 and
4u8C, which are known to potently inhibit XBP1 mRNA splicing
by IRE-1 (1, 19). The ICs value of each compound was calculated
by the fluorescence readout, which was inversely correlated with
the capability of a compound to inhibit IRE-1 from cleaving the
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XBP1 stem-loop substrate. The coumarin derivative 4u8C exhib-
ited an ICsp of 155 nM in the FRET suppression assay, while A-106
displayed weaker activity in vitro. We then conducted the chemi-
cal synthesis of a library of A-106 and 4u8C analogs (26), of which
B-HO09 stands out as the most potent inhibitor, with an ICso of
111 nM (Figure 4, D and E). The aldehyde moiety of each of these
inhibitors is believed to be critical for inhibition of RNase function,
allowing the highly specific formation of a Schiff base with lysine
907 in the RNase domain of IRE-1 (19, 20). Indeed, protection of
the aldehyde group of B-H09 as an acid-labile 1,3-dioxane acetal (as
in B-I08) resulted in a 16-fold drop in inhibitory activity.

We next prepared a biotin-tagged derivative, B-I06, in order to
carry out direct binding experiments with endogenously expressed
Volume 124 2589
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IRE-1 inhibitors with masked aldehyde moieties potently suppress XBP-1s expression and leukemic growth. (A) WaC3 CLL cells were treated with
indicated compounds for 24 hours and lysed for RNA extraction. Human unspliced XBP1 (XBP1u), spliced XBP1 (XBP1s), and actin were detected
by RT-PCR using specific primers. Data are representative of 3 experiments. (B) Mouse B cells were stimulated with LPS for 48 hours to allow for
XBP-1s expression, and then treated with indicated inhibitors for 24 hours. Lysates were immunoblotted for XBP-1s and p97. Data are representa-
tive of 3 experiments. (C) LPS-stimulated B cells were treated with 0, 1.25, 2.5, 5, 10, 20, 40, 80, or 160 mM B-HQ9 for 24 hours. Equal amounts of
lysates were immunoblotted for XBP-1s. The XBP-1s protein band intensity was determined using ImageJ. The percentage of inhibition was deter
mined by comparing with the untreated group. Data from 3 experiments were plotted as mean + SEM. (D) Mouse CD3-IgM+*CD5* Eu-TCL1 CLL
cells were treated with DMSO or indicated inhibitors for 3 days and subjected to XTT assays. Percentages of growth were determined by compar-
ing inhibitor-treated with DMSO-treated groups. Data from 4 identical experimental groups were plotted as mean + SD. Results are representative
of 3 experiments. (E and F) Primary CLL cells from 2 human patients were treated with DMSO or indicated inhibitors (20 uM), subjected to XTT
assays, and similarly analyzed. Data from 4 identical experimental groups were plotted as mean + SD. Results are representative of 3 experiments.

IRE-1in B cells. In our FRET suppression assay, we confirmed that
B-106 essentially retains the potency of its parent compound in
vitro (ICso = 136 nM), while the reduced (primary alcohol) deriva-
tive B-I07 was found to be inactive. As confirmation that B-H09
interacts with IRE-1, we showed that B-106, but not the negative
control B-I07, can pull down IRE-1 from mouse B cell lysates via
the use of a monoclonal anti-biotin antibody immobilized to pro-
tein G-conjugated agarose beads (Figure 4F).

IRE-1 inhibitors with masked aldelyde moieties exert stronger effects in
suppressing XBP-1s and leukemic cell growth. We and others have previ-
ously shown that A-I06 induces cell death in MM and CLL cells
without imposing toxicity to normal B cells or to mice (1, 18). Con-
2590
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sistent with the ICso values derived from in vitro FRET suppres-
sion assay (Figure 4E), B-HO09 is significantly more effective than
A-I06 in inhibiting the splicing of XBP1 mRNA in human WaC3
CLL cells, as determined by RT-PCR (Figure SA). At the protein
level, B-HO9 effectively blocks the expression of XBP-1s in LPS-
stimulated B cells, while A-I06 requires a higher concentration to
achieve complete inhibition (Figure 5B). We have also assessed the
dose-dependent efficacy of B-H09 in suppressing XBP-1s expres-
sion in LPS-stimulated B cells and determined an approximate ICsg
value of 5.1 uM by immunoblots followed by quantitation using
densitometry (Figure 5SC). To establish growth-inhibitory effects,
we treated Eu-TCL1 CLL cells with these inhibitors (20 uM) and
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Figure 6

B-109 does not affect synthesis, assembly and transport of critical B cell integral membrane proteins. (A and B) To reveal the effect of B-109 on
membrane-bound IgM (migM), XBP-1WT/uS KO B cells were stimulated with LPS for 2 days and subsequently treated with DMSO (control) or
B-109 (20 uM) for 1 additional day. DMSO-, or B-109—treated XBP-1WT/uS KO B cells and DMSO-treated XBP-1k0/uS KO B cells were radiola-
beled for 15 minutes, chased for indicated time, and lysed. Intracellular migM and « light chain were immunoprecipitated from lysates using an
anti-k antibody (A). Secreted free k chains were immunoprecipitated from culture medium using an anti-k antibody (B). Immunoprecipitates were
analyzed by SDS-PAGE. Data are representative of 3 independent experiments. (C) Lysates similar to those in A were immunoprecipitated using
an antibody against the class | MHC heavy chain (HC), and immunoprecipitates were analyzed by SDS-PAGE. Data are representative of 3 inde-
pendent experiments. (D) Using lysates similar to those in A, we performed immunoprecipitations using an anti-lgp antibody to retrieve the Iga/
Igp heterodimers. Immunoprecipitated Igo/Igp proteins were eluted from the beads and treated with endo-H or PNGase F before being analyzed
by SDS-PAGE. uM, membrane-bound u chain; CHO, high mannose-type glycans; CHO*, complex-type glycans; NAG, N-acetylglucosamines.
Data are representative of 3 independent experiments.
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Figure 7

B-109 suppresses leukemic growth and is well tolerated in mice. (A) Phar-
macokinetic analysis of B-109 is described in Methods (n = 3; mean + SEM).
The terminal half-life (T12), time of peak concentration (Tmax), maximum
concentration (Cmax), and AUC versus time calculated using zero to infin-
ity (AUCins) of B-109 in mouse plasma are indicated. (B) CLL-bearing
Eu-TCL1 mice were intraperitoneally injected with DMSO (n = 3) or B-109
(50 mg/kg in DMSO, n = 8) daily for the first 5 days of each of 3 weeks.
Blood was collected to measure lymphocyte numbers using a HemaTrue
Hematology Analyzer (HESKA). Data were compared with lymphocyte
counts prior to B-109 injections and plotted as mean + SEM. (C) Lympho-
cyte counts in the peripheral blood of B-109-treated Eu-TCL1 mice (n = 8)
were plotted as mean + SEM. (D) PBMCs from B-109 mice, before and
after injections, were lysed for analysis of indicated proteins. (E) Sple-
nocytes from DMSO- or B-109-injected Eu-TCL1 mice were stained
with IgM-PE-Cy7, B220-FITC, CD5-APC, annexin V-PE, and 7-AAD.
Gated IgM+B220+CD5+ splenic CLL cells were analyzed for annexin V—
and/or 7-AAD—positive populations. (F) Percentages of apoptotic cells in
gated IgM+B220+CD5* CLL populations from spleens of DMSO-injected
(n=3) or B-I09-injected (n =8) Eu-TCL1 mice were plotted as mean + SEM.
(G) Weight of DMSO-injected (n = 3) or B-l09—injected (n = 8) Eu-TCL1
mice was plotted as mean + SD. (H) Paraffin-embedded sections of indi-
cated organs from Eu-TCL1 mice receiving 3 weeks of injections with
DMSO or B-109 were stained with H&E. Scale bars: 80 um.

found that B-HO09 is more potent than A-I06 and the closely related
coumarin derivative 4u8C in inhibiting mouse CLL cell growth
(Figure SD). To optimize the cellular efficacy of B-H09, we tested
whether the 1,3-dioxane group in B-I08 may serve as a putative pro-
drug moiety, thus avoiding potential interactions of the aldehyde
with serum proteins in culture medium prior to cell entry. The
aqueous solubility of B-108 was also enhanced through removal of
the allyloxycarbonyl group to generate B-I09. Although B-108 and
B-I09 exhibited weaker activity in the FRET suppression assay (Fig-
ure 4E), both were highly effective in inhibiting splicing of XBP1
mRNA in human WaC3 cells and the expression of XBP-1s in LPS-
stimulated B cells (Figure 5, A and B). The water-soluble 1,3-diox-
ane derivative B-I09 was more effective than B-H09 and 4u8C in
suppressing the growth of mouse Eu-TCL1 CLL cells (Figure 5D).
B-109 was the most potent inhibitor of the growth of CLL cells
freshly isolated from human patients (Figure S, E and F). We used
LC-MS to confirm that the 1,3-dioxane-protecting group of B-109
remains completely intact after 48-hour exposure to the FRET
suppression assay buffer (pH 7.4) and remains greater than 50%
intact after incubation in cell culture medium at 37°C for 24 hours
(Supplemental Figure 5, A and B). These results suggest that the
1,3-dioxane moiety improves cellular uptake and may decompose
to reveal the bioactive aldehyde once inside the cell. This decom-
posed compound, C-B06, has an ICsy of 248 nM and can inhibit
splicing of XBPI mRNA and expression of XBP-1s in human MEC1
and MEC2 CLL cell lines (Supplemental Figure 5, C-E).

Protein trafficking pathways are unaffected by inbibiting the IRE-1/
XBP-1 pathway using B-I09. Secretory protein transport in mamma-
lian cells posits an intricate process, as it requires coordination
among chaperones, glycosyltransferases, GTPases, and vesicular
transport systems (27). Minor defects in posttranslational modi-
fications, folding, or assembly of a membrane protein can stall
transport and lead to proteolysis. Thus, we tested whether B-109
can impose adverse effects on this process. To investigate the traf-
ficking of mIgM to the cell surface, we took advantage of uS KO
B cells, which have been genetically manipulated to allow for the
expression of only membrane-bound u heavy chain (28). We stimu-
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lated B cells with LPS for 2 days to allow the expression of XBP-1s,
treated these B cells for an additional 24 hours with B-109 (20 uM)
to inhibit the expression of XBP-1s, performed pulse-chase experi-
ments, and immunoprecipitated IgM from cell Iysates and culture
medium using an anti-k antibody. The surface display of mIgM
is clearly not affected by treatment with B-I09, as evidenced by
successful acquisition of complex glycans on membrane-bound
u heavy chains (Figure 6A). The B-109-treated uS KO B cells also
produce comparable amounts of membrane-bound w chains and
K light chains, and the latter can be secreted into culture medium
(Figure 6B). In addition, B-I09-treated uS KO and WT B cells syn-
thesize, assemble, and present class IMHC molecules, Igo, and Igf3
to their surface normally (Figure 6, C and D, and Supplemental
Figure 6, C and D). These data suggest that B-I09 does not target
critical cellular mechanisms involved in protein transport. Similar
to genetic XBP-1-deficient CLL cells, B-I09-treated B cells are inef-
fective in synthesizing secretory u chains (Supplemental Figure 6,
A and B, and Figure 2, B and C). B-I09 also phenocopies genetic
Xbpl knockout by upregulating the expression levels of IRE-1
(Supplemental Figure 7 and Figure 1, A and F).

B-109 suppresses leukemic progression without imposing systemic toxicity
in mice. To determine appropriate dosing of B-I09 in vivo, mice were
intraperitoneally injected with B-I09 (50 mg/kg). B-I09 has a half-
life of approximately 1.5 hours and reaches its peak concentration
of approximately 39 uM in mouse plasma serum 15 minutes after
administration (Figure 7A). We selected tumor-bearing Eu-TCL1
mice in which CLL cells comprise the majority of the lymphocytes
in the peripheral blood (Supplemental Figure 8), treated these mice
with 50 mg/kg B-109 on the first 5 days of each week for 3 weeks, and
observed clear CLL regression in the peripheral blood (Figure 7B).
After treatment with B-I09 for 3 weeks, the numbers of lympho-
cytes in the peripheral blood dropped close to the normal range of
500~5000 cells/ul (Figure 7C). We also confirmed by immunoblots
that B-I09 indeed inhibits the expression of XBP-1s in CLL cells col-
lected from the peripheral blood of B-I09-injected Eu-TCL1 mice
(Figure 7D). Since CLL cells proliferate in secondary lymphoid
organs and are protected from cell death through interactions with
microenvironments, we examined whether B-I09 has an effect on
CLL cells residing in the spleen. When comparing mice injected with
DMSO or B-109 (50 mg/kg) for 3 weeks, we observed significantly
increased apoptotic CDS5* CLL cells in the spleens of B-109-injected
mice (Figure 7, E and F). Injection of B-109 has no apparent adverse
effects or toxicity to mice, as evidenced by no significant weight loss
or apparent histological changes to vital organs, such as liver, lungs,
kidney, and heart, after 3 weeks of treatment (Figure 7, G and H).

Inhibition of the IRE-1/XBP-1 pathway compromises BCR signaling and
synergizes with ibrutinib to induce apoptosis in B cell cancer. Genetic XBP-1
deficiency is known to compromise BCR signaling (ref. 21 and Fig-
ure 2A), which is crucial for the survival of CLL (22, 23). To examine
whether B-109 can phenocopy genetic XbpI knockout in compromis-
ing BCR signaling, we cultured B cells from WT and Eu-TCL1 mice in
LPS (20 ug/ml) and B-I09 (20 uM) for 48 hours. These cells were sub-
sequently stimulated with F(ab’)2 anti-mouse IgM and analyzed for
the phosphorylation of BTK, a central BCR-signaling molecule serv-
ing as a promising target for the treatment of CLL. Similar to XBP-1-
deficient B cells, B-109-treated WT and Eu-TCL1 B cells exhibited
compromised BCR signaling, as evidenced by reduced phosphoryla-
tion of BTK (Figure 8, A-C, and Figure 2A). In recent studies, the
treatment of mouse TCL1 CLL and human CLL with ibrutinib (a
specific inhibitor of BTK) has led to significantly improved prognosis
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Figure 8

B-109 mimics genetic Xbp1 knockout in compromising BCR signaling, and exerts a strong synergistic effect with ibrutinib. (A) WT and (B)
Eu-TCL1 B cells were treated with DMSO or B-109 (20 uM) in the presence of LPS (20 ug/ml) for 2 days, stimulated with F(ab’)2 anti-mouse IgM
for indicated times to activate the BCR, and lysed for analysis of indicated proteins by immunoblots. Data are representative of 3 experiments. (C)
Eu-TCL1 B cells were stimulated with LPS for 2 days and subsequently treated with DMSO, B-109 (20 uM), ibrutinib (10 uM), or B-109 in combina-
tion with ibrutinib for another day. LPS-stimulated XBP-1KO/Eu-TCL1 B cells serve as controls. After stimulation with F(ab’)2 anti-mouse IgM for
5 minutes, cells were lysed for analysis of indicated proteins by immunoblots. Data are representative of 3 experiments. (D) Eu-TCL1 CLL cells
were treated with DMSO (control), B-109 (10 uM), ibrutinib (1 uM), or a combination of both for 3 days and subjected to XTT assays. Percentages
of growth were determined by comparing inhibitor-treated groups with control groups. Data from 4 identical experimental groups were plotted as
mean + SD. Results are representative of 3 experiments. (E-G) Dose-dependent growth inhibition curves of MEC1, MEC2, and WaC3 human
CLL cells treated for 48 hours with B-109, ibrutinib, or a combination were determined by CellTiter Blue assays. The concentration ranges for B-109

and ibrutinib were 3.9 uM~100 uM and 1.56 uM~40 uM, respectively. Data from 2 experimental repeats were plotted as mean + SEM.

(11, 29-31). Since inhibition of the IRE-1/XBP-1 pathway results
in reduced phosphorylation of BTK, we tested whether B-I09 can
aggrandize the effect of ibrutinib. While mouse Eu-TCL1 CLL cells
were treated with B-I09 in combination with ibrutinib, we observed
enhanced growth inhibition, possibly because such a combination
can effectively block phosphorylation of AKT upon BCR activation
on LPS-stimulated Eu-TCL1 B cells (Figure 8, C and D). Of note,
TCL1 drives leukemia via activation of AKT (32, 33).
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When ibrutinib was combined with B-I09 (dual serial dilution) to
treat human MEC1, MEC2, and WaC3 CLL cell lines for 48 hours,
we determined Glso (50% growth inhibition) concentrations for
ibrutinib (between 10~20 uM) and B-I09 (between 30~40 uM) and
observed a strong synergistic effect in suppressing human CLL cell
growth (Figure 8, E-G, and Supplemental Table 1). When treating
these human CLL cell lines with 10 uM ibrutinib, 20 uM B-I09, or a
combination of the 2 for a course of 4 days, we observed that more
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Figure 9

B-109 synergizes with ibrutinib to induce apoptosis in human CLL, MM, and MCL cell lines. (A—C) MEC1, MEC2 and WaC3 human CLL cells were
treated with DMSO (control), B-109 (20 uM), ibrutinib (10 uM), or a combination of both for 4 days, and subjected to XTT assays. Percentages
of growth were determined by comparing inhibitor-treated groups with control groups. Data from 4 identical experimental groups were plotted as
mean + SD. Results are representative of 3 independent experiments. (D) MEC1 and MEC2 human CLL cells were treated with DMSO (control)
or B-109 (20 uM) for 48 hours and lysed for RNA extraction and RT-PCR. Human XBP1u, XBP1s, and actin were detected using specific prim-
ers. Results are representative of 3 independent experiments. (E) Human MEC2 CLL cells were treated for 72 hours with DMSO (control), B-109
(20 uM), ibrutinib (10 uM), or the combination of B-109 and ibrutinib. Cells were lysed for analysis of indicated proteins by immunoblots. Data are
representative of 3 independent experiments. (F and G) MM cell lines (F) and MCL cell lines (G) were treated with DMSO or the combination
of B-109 (20 uM) and ibrutinib (10 uM) for a course of 4 days and subjected to XTT assays at the end of each day. Percentages of growth were
determined by comparing treated groups with control groups. Each data point derived from 4 independent groups receiving exactly the same
treatment was plotted as mean + SD. Results are representative of 3 independent experiments.

than 80% growth inhibition occurs within the first 2 days of com-

The IRE-1/XBP-1 pathway is important for the survival of MM
bined treatment (Figure 9, A-C). Although MEC1 and MEC2 cells

malignancies derived from plasma cells (18, 34). We examined sev-

become resistant to treatment with ibrutinib or B-I09 alone, both
cell lines are highly sensitive to the combined treatment (Figure 9,
A and B). WaC3 cells are sensitive to ibrutinib, B-I09, and a combi-
nation (Figure 9C). We confirmed that the expression of XBP-1s is
indeed suppressed by B-I09 in all 3 human CLL cell lines (Figure 9D
and Figure 5A) and that the growth inhibition is a result of apopto-
sis, as evidenced by proteolytic cleavage of procaspase-3 and PARP
in B-I09-treated human CLL cells (Figure 9E).
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eral MM cell lines (mouse STGM 1, human RPMI-8226, human
U266, and human NCI-H929) and showed that B-109 (20 uM)
can effectively suppress the expression of XBP-1s (Supplemen-
tal Figure 9A). The combination of B-109 with ibrutinib exerts a
synergistic cytotoxic effect against all 4 MM cell lines (Figure 9F,
Supplemental Figure 9, B-E, and Supplemental Table 1). Mantle
cell lymphoma (MCL) is an incurable non-Hodgkin lymphoma
derived from mature B cells in the mantle zone. Since the role of
Volume 124~ Number 6
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the IRE-1/XBP-1 pathway in MCL is completely unknown, we
examined 4 human MCL cell lines (HBL2, Jeko, Mino, and Z138)
for the expression of XBP-1s and discovered that XBP-1s is consti-
tutively expressed by all 4 human MCL cell lines (Supplemental
Figure 10A). Treatment with 20 uM B-I09 for 24 hours effectively
inhibited the expression of XBP-1s in these MCL cells (Supplemen-
tal Figure 10A). The combination of B-I09 with ibrutinib similarly
exerted synergistic cytotoxicity against all 4 human MCL cell lines
(Figure 9G, Supplemental Figure 10, B-E, and Supplemental Table
1). The synergistic cytotoxicity is a result of apoptosis in both MM
and MCL cells (Supplemental Figure 11, A and B).

Discussion

Overexpression of XBP-1s in mouse B cells leads to monoclonal
gammopathy of undetermined significance (MGUS) (35), a pre-
cursor syndrome of MM. Inhibitors that block the splicing of
XBP1 mRNA by IRE-1 were discovered through screening chemi-
cal libraries (17-19). While the inhibitor STF-083010 (or A-106)
shows promising results in the treatment of MM and CLL (1, 18),
we show here that B cell-specific deletion of the Xbpl gene can
decelerate leukemic progression in mice. These data provide the
strongest validation of the IRE-1/XBP-1 pathway as a target for
therapeutic intervention in B cell cancer (Figure 1). By chemical
synthesis, we developed a “prodrug” inhibitor, B-109, which is
highly effective in suppressing the expression of XBP-1s and leu-
kemic cell growth in vitro and in mice (Figures 4, 5, and 7).

The expression of XBP-1s is crucial for the survival of B cell
leukemia and lymphoma (Figure 5, D-F, Figures 7-9, and Sup-
plemental Figures 9-11). Notably, CLL cells freshly purified
from spleens of Eu-TCL1 mice produced significantly increased
amounts of secretory IgM relative to B cells isolated from spleens
of WT mice (Figure 2, B and C). Deletion of the XbpI gene from
Ew-TCL1 CLL cells specifically inhibited synthesis of secretory IgM
but not membrane-bound IgM or class I and class II MHC mol-
ecules (Figure 2, B and C, and Supplemental Figure 3). Eu-TCL1
CLL cells thus require the expression of XBP-1s to support the pro-
duction of secretory IgM.

Deletion or inhibition of the IRE-1/XBP-1 pathway can compro-
mise BCR signaling (Figure 2A and Figure 8, A-C). Because the sur-
vival of mature B cell cancer relies on activation of the BCR (22, 36),
this makes targeting the IRE-1/XBP-1 pathway even more attractive
for the therapy of B cell leukemia and lymphoma. Targeting BCR
signaling in CLL and MCL using ibrutinib is considered to be one of
the most exciting breakthroughs in B cell cancer therapy (29-31, 37).
The pharmacological synergism between B-I09 and ibrutinib in
inducing apoptosis of human CLL, MCL, and MM cells suggests
a promising treatment strategy for B cell cancer (Figures 8 and 9,
Supplemental Figures 9-11, and Supplemental Table 1).

Methods
Mice. The XBP-1-deficient CLL mouse model (XBP-1¥0/Eu-TCL1) was gen-
erated by crossing CD19-Cre Xbp1/o/flex mice (21) with Eu-TCL1 mice (6).
These colonies, together with uS KO mice (with B cells lacking sIgM) (28),
were maintained at our animal facility strictly following the guidelines
provided by the University of South Florida and the H. Lee Moffitt Cancer
Center Committees on Animal Care.

Immunofluorescent staining and flow cytometric analysis of mouse splenocytes and
purified B and CLL cells. Splenocytes were obtained from mice by mashing
the spleens through cell strainers followed by RBC lysis (QIAGEN). Mouse
B cells, uS KO B cells, and Eu-TCL1 CLL cells were purified from mouse
2596
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spleens by negative selection using Pan-B Magnetic Beads (Miltenyi Bio-
tech). After nonspecific blocking for 30 minutes using FBS, cell-surface
staining was achieved by incubating cells at 4°C for 30 minutes with the fol-
lowing anti-mouse antibodies: CD3 (145-2C11; Biolegend), IgM (e-Biosci-
ence), B220 (RA3-6B2; BD Pharmingen), CD5 (53-7.3; eBioscience), CD1d
(1B1; Biolegend), CD20 (A1SB12; e-Bioscience), CD21 (7E9; Biolegend),
CD22 (OX-97; Biolegend), CD23 (B3B4; Biolegend), CD24 (M1/69; Biole-
gend), CD25 (PC61; Biolegend), CD38 (90; Biolegend), CD43 (eBioR2/60;
e-Bioscience), CD49b (DXS; Biolegend), CD138 (281-2; BD Pharmingen),
CD184 (2B11; e-Bioscience), MHC II (M5/114; Biolegend), S1P1 (713412;
R&D), GL7 (GL7; Biolegend), and IgD (11-26¢.2a; Biolegend). Viabil-
ity staining was accomplished using DAPI exclusion during acquisition.
Acquisition of B cell and CLL cell populations was performed on a LSRII
Cytometer (BD Biosciences) harboring a custom configuration for the
H. Lee Moffitt Cancer Center and Research Institute. Mid-range Spherotech
FL1 Fluorescent Rainbow Beads (BD Biosciences) were used to maintain
consistent gains for all parameters across different time points. Cytometry
data was analyzed using FlowJo software, version 7.6.1 (Tree Star Inc.).

Antibodies and reagents. Antibodies to TCL1 (Cell Signaling), IRE-1 (Cell
Signaling), XBP-1 (Santa Cruz Biotechnology Inc.), Syk (Cell Signaling),
phospho-Syk (Tyr525/526) (Cell Signaling), phospho-BTK (Cell Signaling),
S1P1 (Santa Cruz Biotechnology Inc.), phospho-AKT (Invitrogen), cleaved
caspase-3 (Cell Signaling), PARP (Cell Signaling), cleaved PARP (Cell Sig-
naling), p97 (Fitzgerald), actin (Sigma-Aldrich), u (SouthernBiotech),
and x (SouthernBiotech) were obtained commercially. Polyclonal antibod-
ies against Igf, class IMHC, and class I MHC molecules were generated in
rabbits. LPS was procured from Sigma-Aldrich.

Cell culture. Primary human CLL cells were obtained from patients at the
H. Lee Moftitt Cancer Center and Research Institute by Pinilla-Ibarz. Primary
mouse B cells, mouse Eu-TCL1 CLL cells, primary human CLL cells, human
CLL cell lines (MEC1, MEC2 and WaC3), MM cell lines (mouse STGM1,
human RPMI-8226, human U266, and human NCI-H929), and human MCL
cell lines (Mino, Jeko, and HBL2) were all cultured in the RPMI 1640 medium
(Gibco; Invitrogen) supplemented with 10% heat-inactivated FBS, 2 mM
L-glutamine, 100 U/ml penicillin G sodium, 100 ug/ml streptomycin sul-
fate, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 0.1 mM
B-mercaptoethanol (-ME). Human MCL cell line Z138 was cultured in the
IMDM medium (Gibco; Invitrogen) with the same supplemental nutrients.

Proteinisolation and immunoblotting. Cells were lysed using RIPA buffer (10 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 1 mM EDTA) supplemented with protease inhibitors (Roche).
Protein concentrations were determined by BCA assays (Pierce). Samples
were boiled in SDS-PAGE sample buffer (62.5 mM Tris-HCI, pH 6.8, 2%
SDS, 10% glycerol, 0.1% bromophenol blue) with f-ME and analyzed
by SDS-PAGE. Proteins were transferred to nitrocellulose membranes,
blocked in 5% nonfat milk (wt/vol in PBS), and immunoblotted with indi-
cated primary antibodies and appropriate horseradish peroxidase-conju-
gated secondary antibodies. Immunoblots were developed using Western
Lighting Chemiluminescence Reagent (PerkinElmer).

BCR activation and phosphorylation assay. XBP-1¥T/Eu-TCL1 B cells, XBP-1¥0/
Eu-TCL1 B cells, B-I09-treated WT B cells, or B-109-treated Eu-TCL1 B
cells were suspended in RPMI serum-free medium supplemented with
25 mM Hepes, stimulated with F(ab’)? fragments of the goat anti-mouse
IgM antibody (20 ug/ml) (SouthernBiotech) for 2 minutes, and lysed
immediately by adding ice-cold lysis buffer (50 mM Tris-HCI, pH 8.0,
150 mM NaCl, 1% Triton X-100, 1 mM EDTA) supplemented with protease
inhibitor cockrtail (Roche), 4 mM sodium pyrophosphate, 2 mM sodium
vanadate, and 10 mM sodium fluoride. The lysates were analyzed by SDS-
PAGE. Phosphorylated proteins of interest were detected by immunoblots
using phospho-specific antibodies.
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Pulse-chase experiments, immunoprecipitation, protein deglycosylation, and SDS-
PAGE. Eu-TCL1 CLL cells and primary mouse B cells were starved in methi-
onine- and cysteine-free medium containing dialyzed serum for 1 hour,
then pulse-labeled with 250 uCi/ml [33S]-methionine and [3°S]-cysteine
(PerkinElmer) for 15 minutes. After labeling, cells were incubated in
chase medium containing unlabeled methionine (2.5 mM) and cyste-
ine (0.5 mM). At the end of each chase interval, cells were lysed in RIPA
buffer containing protease inhibitors. Precleared lysates were incubated
with a primary antibody and Protein G-agarose beads (Sigma-Aldrich).
Bead-bound proteins were eluted using glycoprotein-denaturing buffer
(0.5% SDS, 1% B-ME) or reducing Laemmli SDS-PAGE sample buffer.
Enzymatic deglycosylation of proteins was achieved by denaturation of
the immunoprecipitates in glycoprotein-denaturing buffer at 95°C for
10 minutes, followed by addition of sodium citrate (pH 5.5) to a final con-
centration of 50 mM and incubation with Endo H (New England Biolabs)
at 37°C for 2 hours. Alternatively, sodium phosphate (pH 7.5) and NP-40
were added to the denatured cell lysates to a final concentration of 50 mM
and 1%, respectively, and the mixture was incubated with PNGase F (New
England Biolabs) at 37°C for 2 hours. Protein samples were then analyzed
by SDS-PAGE followed by fluorography.

RT-PCR. Total RNA was isolated using TRIZOL reagent (Invitrogen).
Complementary DNA was synthesized from RNA using Superscript II
Reverse Transcriptase (Invitrogen). The following sets of primers were
used together with Platinum Taq DNA polymerase (Invitrogen) in PCR
to detect the expression of the following: human XBP1 (GAGTTAAGA-
CAGCGCTTGGG and ACTGGGTCCAAGTTGTCCAG); human actin
(CTGAGCGTGGCTACTCCTTC and GGCATACAGGTCCTTCCTGA);
mouse Xbpl (GATCCTGACGAGGTTCCAGA and ACAGGGTCCAACTT-
GTCCAG); and mouse actin (AGCCATGTACGTAGCCATCC and CTCT-
CAGCTGTGGTGGTGAA).

Recombinant human IRE-1 expression and purification. Expression of 59.2 kD
polyhistidine-tagged puritin-hIRE-1 fusion protein was carried out in
SF21 cells using the Bac to Bac expression system (Invitrogen) according to
manufacturer specifications. An 8X-His-puritin sequence was fused to the
N-terminal end of the cytoplasmic kinase/RNase domain of human IRE-1
(aa. 547-977) in the pFastbacDual-PBL expression vector and included a
PreScission protease cleavage site in the linker. Frozen insect cell paste (1 g)
was suspended in 8 ml lysis buffer (50 mM Tris/HCl pH 8.0, 300 mM NaCl,
5 mM BME, 10 mM imidazole) containing a protease inhibitor tablet and
lysed using sonication. After removal of the cell debris via centrifugation,
the supernatant was applied to an Ni (NTA) column (5 ml). After wash-
ing untagged protein by flushing with 10 column volumes of lysis buffer,
the target protein was eluted using a linear imidazole gradient (15 column
volumes, 10-300 mM). Fractions were analyzed via SDS-PAGE. Pooled pro-
tein-containing fractions were concentrated and rebuffered into 50 mM
Tris, pH 8.0, 150 mM NaCl, and 1 mM DTT via ultrafiltration. Typically,
1 liter of insect cell culture yielded 3 mg of recombinant 8x-His-puritin-
hIRE-1 following Ni(NTA) column purification.

In vitro FRET-suppression assay. The endoribonuclease activity of recombi-
nant hIRE-1 was assayed by incubation of 50 ul of 10 nM hIRE-1 and 50 ul
of various concentrations (0.01-1 uM) of fluorescently tagged XBP-1
RNA stem loop (5'-Cy5-CAGUCCGCAGCACUG-BHQ-3', obtained from
Sigma-Aldrich) in assay buffer (20 mM HEPES, pH 7.5, 50 mM KOAc, 0.5 mM
MgCl,, 3 mM DTT, 0.4% PEG, and 5% DMSO) for up to 2 hours at room
temperature in a black 96-well plate. Fluorescence was read at various time
points using a Biotek Synergy H1 plate reader with excitation and emission
at 620 nm and 680 nm, respectively. The K, of purified recombinant hIRE-1
was determined to be 45 nM using the Michaelis-Menten kinetic model. Inhi-
bition of RNA cleavage by small molecules was determined by preincubation
of 40 wl of 15 nM hIRE-1 with various concentrations of compounds (40 ul)
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in assay buffer for 30 minutes at room temperature. A 150 nM solution of’
fluorescent XBP-1 RNA (40 ul) was then added to each well and the reac-
tion allowed to proceed for 2 hours before reading fluorescence as described
above. Final concentrations of hIRE-1 and XBP-1 RNA were 5 nM and 50 nM,
respectively. All fluorescence readings were corrected using background val-
ues from wells containing only 120 ul of 50 nM XBP-1 RNA. Dose-response
experiments were carried out a minimum of 3 times on different days and
1Cso values calculated from the mean inhibition value at each concentration.

Chemical inbibitors. A-106 (2-hydroxynaphthaldehyde) and 4u8C
(7-hydroxy-4-methyl-2-oxo-2H-chromene-8-carbaldehyde) are commer-
cially available and were obtained from Sigma-Aldrich and Matrix Scien-
tific, respectively. All other IRE-1 inhibitors were chemically synthesized
in-house as described in the Supplemental Information. Ibrutinib was
prepared from commercially available 4-aminopyrazolo-(3,4-d)pyrimidine
(Sigma-Aldrich) using a modification to the known synthetic route (38).

Pharmacokinetics. In vivo pharmacokinetics studies were carried out at
Agilux Laboratories Inc. using male CD-1 mice (Charles River Laborato-
ries). B-I09 was administered intraperitoneally at S0 mg/kg as a solution
in DMSO to a group of 3 male CD-1 mice. Compound blood was collected
via tail snip into calibrated microvette tubes containing K;EDTA at 0.25,
0.5,1,2,4,8,and 24 hours after dosing. Blood samples were stored on wet
ice until processed to plasma by centrifugation within 1 hour of collec-
tion. All plasma samples were transferred to 96-well plates and stored at
-80°C until analyzed for B-I09 concentration via LC/MS/MS using a C;g
RP-HPLC column (2.1 x 50 mm) and an acetonitrile/water (with 0.1% for-
mic acid) mobile phase elution gradient. B-I09 was quantified by analysis
with API 5500 TurbolonSpray-positive ion MS detection. A noncompart-
mental model was applied to calculate pharmacokinetic parameters using
WinNonlin 4.2 software.

Compound synergism. The activity levels of compounds alone and in com-
bination were determined by a high-throughput CellTiter-Blue (Promega
Corp.) cell viability assay. Cell viability measurement is based on the abil-
ity of living cells to convert resazurin dye into the fluorescent resorufin.
Cells (3 x 103) were plated in each well of 384-well plates using a Precision
XS liquid handling station (Bio-Tek Instruments Inc.). A liquid handling
station was then used to serially dilute all drugs in medium, and 5 ul was
added to 4 replicate wells; an additional 4 control wells received a diluent
control without drug. At the end of the incubation period with drugs, 5 ul
of CellTiter-Blue reagent were added to each well. The fluorescence of the
product of viable cells’ bioreduction, resorufin (579 nm excitation/584 nm
emission), was measured with a Synergy 4 microplate reader (Bio-Tek
Instruments Inc). The fluorescence data were transferred to Microsoft Excel
to calculate the percentage of viability. We determined ICso values using
a sigmoidal equilibrium model regression and XLfit version 5.2 (ID Busi-
ness Solutions Ltd.). The ICs values obtained from single-drug cell viability
assays were used to design subsequent drug-combination experiments.

For drug-combination experiments, the cell viability assays were per-
formed as described above, and the results were analyzed for synergistic,
additive, or antagonistic effects using the combination index (CI) method
developed by Chou (39). For the application of this method, the drug con-
centration dilutions were used at fixed dose molar ratios based on the ICs
levels of each drug obtained from preliminary experiments. The dose-effect
curve for each drug alone was determined based on experimental observa-
tions using the median-effect principle and then compared with the effect
achieved with a combination of the 2 drugs to derive a CI value. This meth-
od involves plotting dose-effect curves for each agent and their combina-
tion using the following median-effect equation: fa/fu = (D/Dm)m, where D
is the dose of the drug, Dm is the dose required for a 50% effect (equivalent
to ICso), fa and fu are the affected and unaffected fractions, respectively
(fa =1 - fu), and m is the exponent signifying the sigmoidicity of the dose-
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effect curve. XLfit software was used to calculate the values of Dm and m.
The CI used for the analysis of the drug combinations was determined
by the isobologram equation for mutually nonexclusive drugs that have
different modes of action: CI = (D)1/(Dx)1 + (D)2 /(Dx)2 + (D)1(D)2/
(Dx)1(Dx)2, where (Dx)1 and (Dx)2 in the denominators are the doses (or
concentrations) for D1 (drug 1) and D2 (drug 2) alone that gives 75%, 90%,
and 95% inhibition, whereas (D)1 and (D)2 in the numerators are the doses
of drug 1 and drug 2 in combination that also inhibited 75%, 90%, and
95% (i.e., isoeffective). CI < 1, CI = 1,and CI > 1 indicate synergism, additive
effects, and antagonism, respectively.

Cell proliferation XTT assays. Appropriate numbers of cells were sus-
pended in phenol red-free culture medium, seeded in 96-well cell culture
plates, and treated with indicated IRE-1 inhibitors (20 uM, unless indi-
cated otherwise), PCI-32765 (ibrutinib; 10 uM), or a combination. Every
24 hours after the treatment, cells were spun down and proliferation was
assessed by XTT assays (Roche) according to the manufacturer’s instruc-
tions. Briefly, SO wl XTT labeling reagent, 1 ul electron-coupling reagent,
and 100 ul phenol red-free culture medium was combined and applied to
each well of the 96-well plates. Cells were then incubated for 4 hours in a
CO; incubator to allow for the yellow tetrazolium salt XTT to be cleaved
by mitochondrial dehydrogenases of metabolic active cells to form the
orange formazan dye, which can be quantified at 492 nm using a BioTek

Statistics. Kaplan-Meier analysis was used to evaluate mouse survival data.
A Pvalue of less than 0.05 was considered 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 South Florida. Patients providing cells gave
informed consent per IRB guidelines.
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