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© Activation of the IRE1o-XBP1 branch of the unfolded protein response (UPR) has been implicated in

. multiple types of human cancers, including multiple myeloma (MM). Through an in silico drug discovery
approach based on protein-compound virtual docking, we identified the anthracycline antibiotic

. doxorubicin as an in vitro and in vivo inhibitor of XBP1 activation, a previously unknown activity for this

. widely utilized cancer chemotherapeutic drug. Through a series of mechanistic and phenotypic studies,

we showed that this novel activity of doxorubicin was not due to inhibition of topoisomerase Il (Topo I).

. Consistent with its inhibitory activity on the IRE1a.-XBP1 branch of the UPR, doxorubicin displayed

 more potent cytotoxicity against MM cell lines than other cancer cell lines that have lower basal IRE1c-

: XBP1 activity. In addition, doxorubicin significantly inhibited XBP1 activation in CD138+ tumor cells

. isolated from MM patients. Our findings suggest that the UPR-modulating activity of doxorubicin may
be utilized clinically to target IRE1Lo.—-XBP1-dependent tumors such as MM.

Multiple myeloma (MM) is a plasma cell dyscrasia and the second most frequent type of blood cancer in the
. US, accounting for 13% of hematological malignancies and 1% of all neoplastic diseases'. Because of the ele-
: vated monoclonal paraprotein secretion, MM cells experience endoplasmic reticulum (ER) stress and engage
* the unfolded protein response (UPR) as an adaptive strategy to survive and proliferate under these conditions.
Mammalian cells have 3 major UPR signaling branches: inositol-requiring enzyme 1o (IREla) - X-Box
. Binding Protein 1 (XBP1), PKR-like ER kinase (PERK) - activating transcription factor 4 (ATF4), and activating
© transcription factor 6 (ATF6)%. When unfolded proteins accumulate in the ER, IRE1« is activated through auto-
* phosphorylation and oligomerization, leading to activation of its endoribonuclease (RNase) activity®. Activated
. IREla splices a 26-base-pair intron from XBPI mRNA, resulting in a translational frame-shift to encode spliced
. XBPI (XBP1s), a potent transcription factor®. In addition to its XBPI splicing activity, activated IRE1a also pref-
. erentially degrades ER-associated mRNAs through cleavage at both stem-loop sites and non-stem-loop sites, a
. process referred to as regulated IRE1-dependent decay (RIDD). This process is thought to reduce the folding
. load of nascent proteins in the ER and maintain ER homeostasis®®. XBP1 is highly expressed in human MM
© cells’. Inhibition of XBP1 expression by siRNA sensitizes myeloma cells to stress-induced apoptosis'® and XBP1
overexpression recapitulates MM pathogenesis in a mouse model!. The results from these studies are consist-
ent with clinical reports showing that XBP1s expression is associated with poor MM patient survival'% Despite
recent advances in therapy, MM still remains incurable and overall survival following treatment is 3-7 years!.
. Therapeutic strategies based upon modulating the UPR are effective in cancer treatment and FDA approval of
* the proteasome inhibitor bortezomib for treating MM is an example of a cancer therapy targeting the UPR'.
. Papendreou et al. first reported the feasibility of inhibiting the IRE1cai-XBP1 pathway with a small molecule
inhibitor'. Since then, other IRE1a-XBP1 inhibitors and their associated cytotoxicity on MM cells have been
reported'>~17.
In this study, we applied an in silico approach to identify small molecules that structurally fit into the
endoribonuclease domain of IRElc based on its crystal structure'®. After screening a small ligand library of
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Figure 1. Identification of doxorubicin as an inhibitor of the IRE1a-XBP1 axis. (A) Left: Crystal structure
of the cytoplasmic portion (kinase domain and kinase extension nuclease, KEN domain) of yeast IRE1 v dimer
(PDB#:3L]J0), with ADP and quercetin (a flavonol that activates IRE1cw endoribonuclease activity) bound. Right:
Bottom view of the IRE1o dimer where the endoribonuclease domain and RNA substrate recognition site are
located. Individual monomers are colored in blue and yellow. The 3 residues (H1061, R1056 and Y1043) critical
for endoribonuclease activity are labeled in red. (B) Docking (left) and binding affinity (right) of doxorubicin

to the endoribonuclease domain of IRE1 . The ZINC database ID# of doxorubicin is shown on the left. (C) Log
[inhibitor] response curve of doxorubicin defined as the ratio of luciferase activity measured from HT1080-
XBP1-luc cells and that from the HT1080-CMV-luc (a control for non-specific toxicity) cells treated with

300 nM thapsigargin and varying doses of doxorubicin for 12 hours.

clinically-utilized drugs, we identified doxorubicin, an anthracycline antibiotic, as a novel inhibitor of the
IRE1a-XBP1 pathway. Our findings thus reveal a previously unknown activity of doxorubicin and support a pre-
clinical rationale for applying this drug in treating pathological conditions where elevated IRE1ai-XBP1 signaling
is implicated.

Results
The reported crystal structure of the IREla protein provided a unique opportunity for structure-based drug
identification based upon disrupting the interaction between the endoribonuclease domain and its mRNA sub-
strate’®. AutoDock (AD) Vina is a newly-developed computing program for molecular docking with improved
performance and accuracy compared to predecessors'®. Applying AD Vina with a grid box encompassing the
endoribonuclease domain of the IRE1a dimer, we performed a virtual screen on a library of clinically-utilized
drugs (Fig. 1A). Interestingly, the anthracycline antibiotic doxorubicin was identified to have a high predicted
binding affinity (—8.5kcal/mol), although this drug has not been known to influence the IRE1a-XBP1 pathway
previously (Fig. 1B). We confirmed its inhibition on IREla-induced XBP1 splicing using an XBP1-luciferase
reporter cell line (HT1080-XBP1-luc) normalized to the control HT1080-CMV-luc reporter cell line* (Fig. 1C).
Next, we treated human HT1080 fibrosarcoma cells with 300 nM thapsigargin (Tg, an inhibitor of ER Ca?*
ATPase that causes ER stress) and assessed the effect of doxorubicin on the expression of different UPR signaling
proteins (Fig. 2A). Consistent with the results of the luciferase reporter assay, doxorubicin completely blocked
Tg-induced XBP1s expression at >2 pM. Meanwhile, the total level of IRE1a protein decreased, with kinetics
matching the inhibition of XBP1s, consistent with a previous report?'. In contrast, Tg-induced phosphorylation
of elF2¢, a marker of activation of the PERK-ATF4 branch of UPR, was not significantly affected by doxorubicin
treatment. To demonstrate that doxorubicin directly inhibits IRE1o RNase activity, we performed in vitro nucle-
ase assays to test doxorubicin inhibition on two substrates, XBP1 and BLOC1S1 (BLOS1), representing XBPI
splicing and RIDD? activities, respectively. We found that doxorubicin inhibited IRE1cx activity in vitro with an
ICs, of ~20 uM for both XBP1 and RIDD (Supplementary Fig. S1). These data indicate that in a cell-free assay,
doxorubicin directly inhibits IRE1c in a concentration-dependent manner. To ascertain whether this inhibitory
effect applies to the high endogenous IRE1a-XBP1 activity in MM cells, we examined the expression of the same
set of UPR signaling proteins under basal conditions in a panel of MM cells exposed to doxorubicin (Fig. 2B
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Figure 2. In vitro and in vivo inhibition of the IRE1c.-XBP1 pathway by doxorubicin. (A) Western blot
analysis of UPR signaling proteins in HT1080 cells treated with 300 nM thapsigargin together with varying
doses of doxorubicin for 14 hours. XBP1s denotes spliced XBP1 and XBP1u denotes unspliced XBP1. 3-actin
was used as a loading control. (B) Western blot analysis of UPR signaling proteins in RPMI 8226 cells treated
with varying doses of doxorubicin for 14 hours. 3-actin was used as a loading control. (C) Top: 0-hour and 96-
hour bioluminescent imaging of XBP1-luc transgenic mice injected with 7 mg/kg doxorubicin intraperitoneally.
Color scheme shows the radiance level. Lower left panel: Treatment schedule with arrows indicating the time
points for each treatment. Lower right panel: histograms summarize the bioluminescent signals normalized to
0hour, which is set to 100%. (D) Expression levels of representative target genes of different UPR branches as
well as 2 RIDD target genes in RPMI 8226 cells after no treatment or 1 uM doxorubicin treatment for 6 hours
analyzed by qRT-PCR. Results represent average quantities of technical triplicates normalized to 3-actin £ c.v.
(coeflicient of variation).

and Supplementary Fig. S2). We found that doxorubicin completely inhibited XBP1s at >2 pM. Interestingly, it
concomitantly increased eIF2a phosphorylation in some of these cells, suggesting a feedback modulation of the
PERK-ATF4 pathway. To compare the effect of doxorubicin to that of another inhibitor of IRE1c. RNase activ-
ity'*?2%, we treated HT1080 and RPMI 8226 cells with doxorubicin or STF-083010 under thapsigargin-induced
UPR. Compared to STF-083010, doxorubicin showed greater potency in inhibiting XBP1s expression
(Supplementary Fig. S3A,B) and caused greater cytotoxicity in multiple MM cell lines (Supplementary Fig. S3C).
To extend our observations to an in vivo setting, we utilized transgenic mice expressing the XBP1-luciferase
reporter in which activation of XBP1s can be detected through bioluminescence imaging®. Similar to its in vitro
activity, intraperitoneally-administered doxorubicin also inhibited in vivo XBP1 splicing in the normal tissues of
these mice (Fig. 2C).
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Figure 3. The inhibitory effect on XBP1I splicing of doxorubicin is independent of Topo II inhibition.

(A) Chemical structures of doxorubicin and etoposide. (B) Western blot analysis of the IRE1a-XBP1 branch

in HT'1080 cells treated with 300 nM thapsigargin together with varying doses of doxorubicin or etoposide

for 14 hours. 3-actin was used as a loading control. (C) Extent of DNA damage as measured by Western blot
analysis of phospho-vH2AX in HT'1080 cells treated with 300 nM thapsigargin together with varying doses of
doxorubicin or etoposide for 14 hours. 3-actin was used as a loading control. (D) Western blot analysis of the
IRE1-XBP1 branch in RPMI 8226 cells treated with varying doses of doxorubicin and etoposide for 14 hours.
B-actin was used as a loading control. (E) XTT cell viability assay for RPMI 8226 multiple myeloma cells treated
with varying doses of doxorubicin or etoposide for 24 hours. Values represent % viable cells normalized to no
treatment (set to 100%) 4 SD.

To clarify the effect of doxorubicin on the UPR, we analyzed the expression of representative target genes
of the three UPR branches as well as RIDD activity, in RPMI 8226 cells after doxorubicin treatment (Fig. 2D).
Consistent with the protein expression analysis, doxorubicin significantly repressed the expression of target genes
of the IRE1c-XBP1 branch, while inducing those of the PERK-ATF4 branch. In contrast, transcriptional activity
of the ATF6 branch was not affected. Interestingly, the RIDD activity of IRE1o was not significantly inhibited by
doxorubicin, as shown by the expression levels of two RIDD target genes (BLOC1S1** and INS’) in this setting.

The most well-established mechanism of action of doxorubicin as a chemotherapeutic drug is through inhibi-
tion of topoisomerase II (Topo II) hence blocking DNA replication and causing DNA cleavage?. We first deter-
mined whether inhibition of IRE1a-XBP1 by doxorubicin could also be due to Topo II inhibition. To address this
hypothesis, we compared the effects of doxorubicin and etoposide, another well-known Topo II inhibitor that
shares a similar DNA-damaging and cytotoxic profile as doxorubicin®, on UPR activation (Fig. 3A). In HT1080
cells treated with Tg, doxorubicin showed potent inhibition of XBP1I splicing below 4 M while etoposide had
no effect even at 10 M (Fig. 3B). This result was not due to differences in their potency to induce DNA damage,
resulting from the Topo II inhibitory activity, as both drugs equally increased the level of phospho-yH2AX,
a marker of DNA damage, at this dose range (Fig. 3C). Similarly, in RPMI 8226 cells, doxorubicin completely
blocked endogenous XBP1I splicing at 1-10 pM, while etoposide had no effect on XBP1 splicing in the same dose
range (Fig. 3D). Furthermore, RPMI 8226 cells were relatively resistant to etoposide treatment, in contrast to the

SCIENTIFICREPORTS | 6:33353 | DOI: 10.1038/srep33353 4



www.nature.com/scientificreports/

A —@— RPMI8226 (myeloma)
——MM1.R (myeloma)
—m— H1299 (lung) B
o —m—HCT116 (colon)
120% ©
——A172 (neuroblastoma) 8
——MCF7 (breast ©
100% ¢ e s S2F ok
L =Yg ko
- 80% @ = @& T =t =
g [ — | IREta
3 60% - .
- [ - | xepis
40%
|-——_ - _I XBP1u
20%
| e ——— = —— —| B-actin
0%
o 1 2 3 4 5 6
Doxorubicin (uM)
C XBP1 splicing in MM patient cells
14 4 [ Untreated
o Il +doxorubicin
= 124
&
-x
ﬁ E‘E 0.8 -
0 —
g g 06 -
25 044
% 0.2
x '
0
Patient 4 (pB) 1(BM) 2 3 4 5 6

Average ratio +dox: 0.52 P value: 4.5E-5

Figure 4. Doxorubicin preferentially induces cytotoxiciy in MM cell lines and inhibits XBP1 splicing in
MM patient cells. (A) XTT cell viability assay of RPMI 8226 and MM1.R MM cells and 4 other cancer cell
lines (H1299 non-small cell lung carcinoma, HCT116 colorectal carcinoma, A172 glioblastoma and MCF7
mammary adenocarcinoma) treated with varying doses of doxorubicin for 24 hours. Values represent % viable
cells normalized to no treatment (set to 100%) = SD. (B) Western blot analysis of IRE1c and XBP1 proteins for
the cell lines used in (A). (C) Doxorubicin inhibited endogenous XBPI mRNA splicing in CD1387 cells freshly
isolated from MM patients undergoing active therapy. CD138" cells isolated from 6 MM patients were treated
with 1M doxorubicin for 6 hours then total RNA was extracted and used for qRT-PCR analysis with primers
specific for either spliced or total XBPI. Results represent average quantities of technical triplicates of spliced
XBPI (XBP1Is) normalized to total XBP1 + c.v. Results of CD1387 cells from both peripheral blood (PB) and
bone marrow (BM) of patient 1 are shown.

potent killing by doxorubicin at >2pM (Fig. 3E). These results suggest that Topo II inhibition only partly contrib-
utes to the mechanism of cell death in RPMI 8226 cells and that inhibition of XBP1s is an important, previously
unrecognized activity of doxorubicin. To further support this conclusion, we inhibited the expression of either
TOP2A or TOP2B, which encodes one of the two Topo II isoforms, in RPMI 8226 cells using an siRNA approach
(Supplementary Fig. S4A). Knock-down of the expression of either gene did not significantly change the sensi-
tivity of RPMI 8226 cells to doxorubicin treatment (Supplementary Fig. S4B), suggesting that the cytotoxicity of
doxorubicin on MM cells is largely independent of topoisomerase II.

To confirm that the specific UPR-modulating activity of doxorubicin can be translated into increased tumor
cell killing in MM, we also performed XTT viability assays on RPMI 8226, MM1.R (dexamethasone-resistant),
U266 and NCI-H929 human MM cells treated with varying doses of doxorubicin. Doxorubicin showed signifi-
cant cytotoxicity on these cell lines, with NCI-H929 and MM1.R cells being more sensitive to the treatment than
the other two cell lines (Fig. 4A and Supplementary Fig. S3C). The cytotoxic effect is mainly due to the induction
of apoptosis, and an increase in G,/M arrest was also observed (Supplementary Figs S5 and S6). In contrast, other
cancer cell lines, including those that originated from lung (H1299), colon (HCT116), breast (MCF7) and CNS
(A172), showed very low basal IRE1ca expression and almost undetectable XBP1s expression compared to the
MM cells (Fig. 4B). These cells displayed much less sensitivity to doxorubicin compared to MM cells in the same
dose range (Fig. 4A). This observation suggests that doxorubicin preferentially induces cytotoxicity in tumor
cells with higher basal IRE1a-XBP1s expression. To ascertain the clinical relevance of this finding, we further
examined whether this drug also blocked XBP1 splicing in MM patients. We isolated CD138% MM cells from
patients with active disease and found that XBPI splicing was significantly inhibited by doxorubicin at 1 uM
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(Fig. 4C), which is within the previously reported cytotoxic dose range of this drug against human leukemic
cells?”. Consistent with the analysis in RPMI 8226 cells (Fig. 2D), doxorubicin treatment also induced the expres-
sion of target genes of the PERK-ATF4 branch in CD138" MM patient cells (Supplementary Fig. S7).

Discussion

Through an in silico approach, our study revealed a previously unrecognized activity of a clinically-utilized drug
in inhibiting the IRE1-XBP1 axis of the UPR. Although the established mechanism of action of doxorubicin is
through DNA/RNA intercalation and Topo II inhibition, this study indicates that it can also block XBP1 splicing
as a separate mechanism for cytotoxicity in MM cells, suggesting additional clinical indications for this chem-
otherapeutic agent. In support of our finding, previous studies of anthracyclines for use in MM?® and combina-
tions of bortezomib and pegylated liposomal doxorubicin (PegLD) treatment in MM patients have demonstrated
anti-tumor activity®’. Interestingly, doxorubicin is known to cause cardiotoxicity, in which ER stress is also rec-
ognized to play a role®. Furthermore, we also observed a concomitant decrease in total IRE1« protein level upon
doxorubicin treatment, in the presence of either chemically-induced (HT1080 cells with thapsigargin treatment)
or high level of endogenous ER stress (MM cells) (Fig. 2, Supplementary Figs S2 and S3). This is in contrast to
results from earlier studies, in which genetic deficiency of XBPI°! or pharmacological inhibition of XBP1'7%
splicing led to increased expression of IREla protein in B cells. This difference may be specific to the cell type
(myeloma versus B cells) or stress context (acute or high level of ER stress versus physiological level of ER stress).
In summary, our study provides a molecular mechanism and preclinical rationale for using doxorubicin against
MM, as well as other types of cancers in which IRE1a-XBP1 signaling plays a prominent role in their pathogen-
esis. And finally, this study demonstrates the feasibility of utilizing similar in silico screening techniques for drug
discovery.

Methods

Virtual screening. The crystal structure of yeast IRE1ce (PDB ID: 3L]0) was obtained from RCSB Protein
Data Bank. The grid box for AutoDock Vina (AD Vina) was generated using PyRx with these parameters:
center_x = 92.9680/y = —59.0127/2=23.9068, size_x =17.2531/y = 28.7066/z = 32.5466. The virtual screen was
performed using AD Vina (version 1.1.2, The Scripps Research Institute). The compound library screen was pre-
pared using the ZINC database (http://zinc.docking.org/pdbqt/), which contains 3180 forms of clinically-utilized
compounds in pdbaqt file format. The same approach has been tested on other protein targets and the results are
being validated separately.

Cell culture, reporter assay, cell-free IRE1Lo RNase assay, Western blotting, qRT-PCR, cell viability
assay and bioluminescentimaging. RPMI 8226 and MM1.R multiple myeloma cells were maintained in
RPMI 1640 medium supplemented with 10% FCS. HT1080, H1299, HCT116, A172 and MCF?7 cells were maintained
in DMEM medium supplemented with 10% FCS. Standard tissue culture conditions (20% O,, 5% CO, and 37°C)
were applied to all the cell lines. Doxorubicin HCI and etoposide were obtained from APP Pharmaceuticals
(Schaumburg, IL) and Sigma-Aldrich (St. Louis, MO), respectively. XBP1-luc reporter assay was described previ-
ously?. Standard assay conditions were used for Western blotting. Antibodies used include: anti-XBP1s (1:1000,
BioLegend, San Diego, CA), anti-XBP1 (1:1000, Abcam, Cambridge, MA), anti-IRElq, anti-eIF2a/phospho-elF2
(1:1000, Cell Signaling, Danvers, MA) and anti- actin (Santa Cruz Biotech, Santa Cruz, CA). qRT-PCR was per-
formed using SYBR green and a 7900HT Fast Real-Time PCR machine (Applied Biosystems). gPCR primers used:
DNAJB9 Forward: TGGCCTCAAAAAGCTACTATGATATCTT Reverse: CCAACTTGTGAAAGGCCTTCTT;
SEC61A1 Forward: GGCCACACGCACAGACAAG Reverse: AGATTCATGAGGTTGGGAAGATTC;
MANF Forward: AGCCTGGAGCTTTCCTGATG Reverse: GTCCTAGAGTACACCAGCAACAGAAG;
GADD34 Forward: TCCCAGTTGTTGATCTTATGCAA Reverse: AAGTGCCGTGGCGACAAG;
CHOP Forward: GAGAACCAGGAAACGGAAACAG Reverse: TCTCCTTCATGCGCTGCTTT;
INHBE Forward: GGCAGCCCAGGCATTG Reverse: CCAAGGATTGTTGGCTTTGAG; HSP90BI
Forward: TTCTTTTTGGGAGAGACTTGTTTTG Reverse: TGACCCATAATCCCACATTTTACA;
CALR Forward: AGTCCGGCTCCTTGGAAGA Reverse: TCTTCCGGTTTTGAAGCATCA; PDIA3
Forward: CCAATGATGTGCCTTCTCCAT Reverse: TCACGGCCACCTTCATATTTC; BLOCISI
Forward: AGAACTGGGCTCGGAGCAT Reverse: AGCTGCCCTTTGTAGACATAT INS Forward:
GAAGCTCTCTACCTAGTGTGCGG Reverse: CTCCAGGGCCAAGGGCT; Total XBPI: Forward:
GTGAAGGAAGAACCTGTAGAAGATGA Reverse: TTTGGGCAGTGGCTGGAT; XBPIs: Forward:
GCTGAGTCCGCAGCAGGT Reverse: TTGAAGAACATGACTGGGTCCA; ACTB Forward:
ATCCGCCGCCCGTCCACA Reverse: ACCATCACGCCCTGGTGCCT. For cell viability assay, 2 x 10* cells per
well were plated into 96-well plates and treatment started 0-12 hours after plating. After 24 hours, XTT reagent
(ATCC, Manassas, VA) was added to the wells then incubated for 2 hours. Cell viability was calculated with
the formula: Absorbance = A5, (Test) — Asnm(Blank) — Aggonm(Test) using a BioTek Synergy H1 plate reader
(BioTek, Winooski, VT). In vivo luciferase activity was measured noninvasively using the IVIS imaging system
(PerkinElmer, Waltham, MA) as described previously?. In vivo bioluminescent signal was quantified by taking
the average photon count per second per square centimeter. All experimental procedures were approved and
conducted in accordance with the guidelines of the Administrative Panel on Laboratory Animal Care (APLAC)
of Stanford University (Protocol Number: 9981).

Human specimen isolation. Peripheral blood and/or bone marrow aspiration samples were obtained from
MM patients after obtaining informed consent with approval from the Institutional Review Board of Stanford
University. All methods were performed in accordance with the relevant guidelines and regulations. CD138™"
plasma cells were selected using Lymphoprep (StemCell Technologies, Vancouver) for mononuclear cell isolation
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followed by positive magnetic bead selection (StemCell Technologies, Vancouver) and cultured in RPMI 1640
medium plus 10% FCS with and without doxorubicin for 6 hours. Total RNA was extracted using Trizol Reagent
(Life Technologies).
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