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Abstract
Objective—Resveratrol, trans-3, 4’, 5,-trihydroxystilbene, suppresses multiple myeloma (MM).
The endoplasmic reticulum (ER) stress response component IRE1α/XBP1 axis is essential for MM
pathogenesis. We investigated the molecular action of resveratrol on IRE1α/XBP1 axis in human
MM cells.

Methods—Human MM cell lines ANBL-6, OPM2, and MM.1S were utilized to determine the
molecular signaling events following the treatment with resveratrol. The stimulation of IRE1α/
XBP1 axis was analyzed by Western blot and reverse transcription polymerase chain reaction. The
effect of resveratrol on the transcriptional activity of spliced XBP1 was assessed by luciferase
assays. Chromatin immunoprecipitation (ChIP) was performed to determine the effects of
resveratrol on the DNA binding activity of XBP1 in MM cells.

Results—Resveratrol activated IRE1α as evidenced by XBP1 mRNA splicing and the
phosphorylation of both IRE1α and its downstream kinase JNK in MM cells. These responses
were associated with resveratrol-induced cytotoxicity of MM cells. Resveratrol selectively
suppressed the transcriptional activity of XBP1s while it stimulated gene expression of the
molecules that are regulated by non-IRE1/XBP1 axis of the ER stress response. Luciferase assays
indicated that resveratrol suppressed the transcriptional activity of XBP1s through sirtuin 1
(SIRT1), a downstream molecular target of resveratrol. ChIP studies revealed that resveratrol
decreased the DNA binding capacity of XBP1 and increased the enrichment of SIRT1 at the XBP1
binding region in the XBP1 promoter.

Conclusion—Resveratrol exerts its chemotherapeutic effect on human MM cells through
mechanisms involving the impairment of the pro-survival XBP1 signaling and the activation of
pro-apoptotic ER stress response.
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Introduction
Multiple myeloma (MM) is a severely debilitating, incurable hematologic malignancy
originating from plasma cells. It results in anemia, bone destruction, and impaired renal
function. With conventional therapies, MM remains incurable [1]. Both the MM cells and
normal plasma cells produce and secrete a large amount of immunoglobulin [2], which
require highly developed endoplasmic reticulum (ER) to maintain intracellular protein
homeostasis in response to their increased protein synthesis. Agents that disturb the normal
function of the ER have displayed efficacy in causing regression and stabilization of MM
disease [3-5].

Disturbance of ER homeostasis activates the ER stress response, which is mediated by three
parallel signaling branches initiated by PKR-like endoplasmic reticulum kinase (PERK),
inositol-requiring enzyme 1α (IRE1α), and activating transcription factor-6 (ATF6) [6, 7].
X-box binding protein 1 (XBP1) is the transcription factor central to the IRE1α signaling
branch. Upon ER stress, the endoribonulease IRE1α splices the XBP1 transcript to generate
the active form, termed spliced XBP1 (XBP1s) [8]. XBP1s regulates genes that are
implicated in protein folding, trafficking and secretion, and thus contributes to restoration of
ER homeostasis and favors cell survival under ER stress [9]. In contrast, unspliced XBP1
(XBP1u) functions as the dominant negative form that antagonizes the function of XBP1s
[10]. Several studies have shown that XBP1s plays a critical role in the development of MM
[11, 12]. The mRNA levels of XBP1s have been suggested to be a prognosis indicator for
MM patients [13]. To date several strategies have been employed to target IRE1α/XBP1s
signaling in treating MM. For instance, Bortezomib, a proteasome inhibitor and a first-in-
class drug for MM treatment, has been shown to impair XBP1s signaling via stabilizing
XBP1u to antagonize the functions of XBP1s [3]. Pharmacological intervention of IRE1α
activation to limit the generation of XBP1s represents another effective strategy to treat MM
[5]. Of note, IRE1α also acts as a kinase to activate pro-apoptotic c-Jun N-terminal kinase
(JNK) signaling to induce cell death [14]. Inhibition of IRE1α in MM cells might also
prevent generation of active JNK to induce cell death in the targeted cells. The seemingly
paradoxical dual roles of IREα in generating both pro-survival and pro-apoptotic signaling
upon ER stress challenge suggested to us that an agent that activates IRE1α and conserves
its capacity to induce JNK while selectively inhibiting XBP1s signaling should be of
therapeutic value in the treatment of MM.

Resveratrol (trans-3, 4’, 5,-trihydroxystilbene) is naturally produced by plants in response to
external attack and is present in red wine. Numerous reports have demonstrated that
resveratrol can prevent the pathogenesis and/or slow down the progression of a variety of
diseases, ranging from cancer and metabolic disorders to premature aging [15, 16]. In
particular, resveratrol has been reported to inhibit proliferation, induce apoptosis, and
overcome chemo-resistance of human MM cells [17-20]. Although the pivotal role of
IRE1α/XBP1 in tumorigenicity has been well recognized [21], it remains unclear whether
resveratrol regulates the ER stress response in cancer cells such as MM cells. We recently
found that sirtuin 1 (SIRT1), a molecular target of resveratrol [22], inhibits the
transcriptional activity of XBP1s and sensitizes cells to ER stress-induced apoptosis [23].
This finding raised the possibility that regulation of XBP1s is involved in resveratrol-
induced MM cell death. Therefore, we investigated the effect of resveratrol on the IRE1α/
XBP1s component of ER stress response in human MM cells.
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Materials and methods
Reagents and antibodies

Resveratrol was purchased from Enzo Life Scienes (Plymouth Meeting, PA). Tunicamycin,
protease inhibitor cocktail, trypan blue (T8154) and anti-β-actin antibody (A5316) were
from Sigma-Aldrich (St. Louis, MO). Anti-phospho-IRE1α (S724) antibody (ab48187) was
from Abcam (Cambridge, MA). Anti-IRE1α antibody (#3294), anti-SAPK/JNK antibody
(#9258), anti-phospho-SAPK/JNK (T183/Y185) antibody (#4668), and anti-Caspase-3
antibody (#9662) were from Cell Signaling Technology (Beverly, MA). Rabbit normal IgG,
anti-GADD153/CHOP antibody (sc-793), anti-SIRT1 antibody (sc-15404), and anti-XBP-1
antibody (sc-7160) were from Santa Cruz Technology (Santa Cruz, CA). HRP-conjugated
IgG secondary antibodies were from GE Healthcare Life Sciences (Little Chalfont, UK).
Polyvinylidene difluoride (PVDF) membranes were from Millipore (Bedford, MA).

Cell lines and culture conditions
ANBL-6 cells, an IL-6-dependent MM cell line kindly provided by Dr Diane F. Jelinek
(Mayo Clinic, Rochester, MN), were grown in RPMI1640 containing 10% fetal bovine
serum (FBS), 1×pen/strep antibiotics, and 2 mM L-glutamine (Invitrogen) and supplemented
with 2 ng/mL IL-6 (R&D Systems, Minneapolis, MN). MM.1S cells, kindly provided by Dr
Steven Rosen (Northwestern University, Chicago, IL), and OPM2 cells, kindly provided by
Dr Klaus Podar (Dana Farber Cancer Institute, Boston, MA), were grown in RPMI1640
containing 10% FBS, 1×pen/strep antibiotics, and 2 mM L-glutamine (Invitrogen). HEK 293
cells were cultured in DMEM containing 10% FBS and 1×pen/strep antibiotics.

Cell viability assay
Cells were treated with resveratrol for 24 h and then stained with trypan blue. The number of
live and dead cells was counted using a hemacytometer. Apoptotic cells were enumerated
with a fluorescent microscope after Hoechest 33342 staining.

Western blot
Cells were collected and centrifuged at 500 ×g for 5 min. After the washing with cold PBS,
cell pellets were lysed in cell lysis buffer (20 mM Tris HCl pH7.5, 150 mM NaCl, 1%
NP-40,1 mM EGTA, 1mM EDTA, 50 mM NaF, 1 mM β-glycerophosphate, 2.5 mM sodium
pyrophosphate, 1 mM orthovanadate, 1×protease inhibitor cocktail, 1 mM
phenylmethylsulfonyl fluoride). Protein was extracted after centrifuge at 14,000×g for 15
min at 4°C. Equal amounts (10 μg) of boiled protein samples were run on an SDS
polyacrylamide gel. The separated proteins were transferred to PVDF membranes. The
following primary antibodies were used: anti-XBP1 (1:1000), anti-phospho-IRE1α (1:2000),
anti-IRE1α (1:1000), anti-SIRT1 (1:1000), anti-phospho-SAPK/JNK (1:000), anti-SAPK/
JNK (1:1000), anti-CHOP (1:500), anti-Caspase-3 (1:1000) and β-actin (1:20000). Signals
were detected using HRP-conjugated secondary antibodies (1:2000) and ECL™ reagents
(GE Healthcare Life Sciences).

RNA extraction, Reverse transcription polymerase chain reaction, and detection of
XBP1splicing

Total RNA was isolated from cell pellets using Trizol® reagent according to the
manufacturer’s instructions. Reverse transcription was conducted using a reverse
transcription system kit (Promega, Cat.A3500). An aliquot of the product cDNA was used
for real-time PCR with iQ™ SYBR Green Supermix and iCycler iQ PCR Detection System
(Bio-Rad Laboratories). 18S rRNA was applied as an internal control for data analysis. The
nucleotide sequences of primers used for PCR are as follow: 18S rRNA 5’-
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ATCCCTGAAAAGTTCCAGCA-3’ and 5’- CCCTCTTGGTGAGGTCAATG-3’; XBP1 5’-
CCCATGGATTCTGGCGGTATTGAC-3’ and 5’-
TCCTTCTGGGTAGACCTCTGGGAG-3’; VEGFA 5’-
TACCTCCACCATGCCAAGTG-3’ and 5’- GATGATTCTGCCCTCCTCCTT-3’;
GADD34 5’- GTGGAAGCAGTAAAAGGAGCAG-3’ and 5’
CAGCAACTCCCTCTTCCTCG-3’; CHOP 5’- CAGAACCAGCAGAGGTCACA-3’ and
5’- AGCTGTGCCACTTTCCTTTC-3’.

XBP1 mRNA processing was measured by amplifying the XBP1 cDNA with the primers: 5’-
AAACAGAGTAGCAGCTCAGACTGC-3’; 5’-TCCTTCTGGGTAGACCTCTGGGAG-3’.
The PCR products were digested with PstI and resolved on a 1.5% agarose gel.

Plasmids and luciferase reporter assay
Constructs expressing XBP1s, 5×UPR element (UPRE), or SIRT1 shRNA were described
previously [23]. Transfection was done in HEK293 using Lipofectamine (Invitrogen). The
transcriptional activity of XBP1s was determined by the dual luciferase assay (Promega).

Chromatin immuoprecipitation (ChIP)
Chromatin immunoprecipitation was performed using the SimpleCHIP enzymatic chromatin
immunoprecipitation kit (Cell Signaling Technology) according to the manufacturer’s
instructions. For immunoprecipitation, each aliquot of total chromatin was incubated with 2
μg of anti-XBP1 antibody or anti-SIRT1 antibody or rabbit normal IgG served as the
negative control. The occupancy of protein was assessed by real time-PCR using the
following primers: 5’-AATCCGTTTGTGGAGGAC-3’; 5’-
TTTCAGGACCGTGGCTAT-3’.

Statistical analysis
All the experiments were repeated at least 2 times. Data are presented as means ± S.E.M.
Statistical significance was analyzed by Student’s t-test using Graphpad
(http://www.graphpad.com).

Results
Resveratrol triggers the ER stress response and induces MM cell death

Since ER stress is one of the major cell stress responses that are inherently linked to cell
apoptosis [24], and MM cells are hypersensitive to ER stress challenge [12, 25], we
determined whether resveratol activated the ER stress response and its pro-apoptotic effects
in MM cells. As shown in Fig. 1A, treatment of ANBL-6 MM cells with resveratrol
increased the phosphorylation of IRE1α as detected by a specific antibody. We also
observed a slower migration of IRE1α which was correlated with its phosphorylation
modification. In accordance with the report that the activation of IRE1α results in activation
of JNK [14], we found that the phosphorylation of JNK showed a similar time-course
pattern as IRE1α (Fig. 1A). Consistent with the phosphorylation of IRE1α, there was a
significant increase in XBP1s protein levels. The decrease of XBP1u protein levels was also
seen with the antibody to XBP1s. The ER stress response of MM cells exposed to
resveratrol was also evidenced by the increase in CHOP protein levels (Fig. 1A). When we
analyzed the XBP1 mRNA, we found that resveratrol induced splicing of XBP1 mRNA. The
splicing of XBP1 mRNA caused by resveratrol in ANBL-6 cells was comparable to that
induced by the classical ER stress inducer, tunicamycin (Fig. 1B). In OPM2 and MM.1S
cells, the treatment of resveratrol also induced the splicing of XBP1 mRNA. These results
indicate that resveratrol activates the ER stress response and induces both XBP1s production
and the pro-apoptotic molecules JNK and CHOP in MM cells.
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We confirmed by DNA staining that resveratrol induced cell apoptosis in our experimental
model system (Fig. 1C), and resveratrol inhibited cell proliferation and induced cell death
dose-dependently in ANBL-6 MM cells (Fig. 1D). The apoptotic change in these cells was
reflected by the cleavage of Caspase-3 (Fig. 1E). Importantly, we found that under the
identical experimental conditions, resveratol dose-dependently triggered splicing of XBP1
mRNA, as shown by increased XBP1s and decreased XBP1u protein levels as well as
induced CHOP protein (Fig. 1E). These results clearly demonstrate that the resveratrol-
induced ER stress response is correlated with resveratrol-induced cell apoptosis.

Resveratrol represses XBP1s signaling in MM cells
Having observed that resveratrol activates the ER stress response, we next analyzed the
effects of resveratrol on mRNA expression of the target genes (XBP1, VEGFA, GADD34,
and GADD153/CHOP) of these signaling pathways in various human MM cells. Among
these target genes, both GADD34 and CHOP are regulated by non-IRE1α (PERK and
ATF6) branches of the ER stress response [2]. Human VEGFA contains putative XBP1s
binding sites in its promoters and the presence of these sites are believed to be conserved
across the species among human, murine and rat as recently shown [26]. XBP1 has been
reported to be one of the downstream target genes of XBP1s in a positive feedback loop
[27]. As shown in Fig. 2A, we found that resveratrol suppressed the expression levels of
VEGFA and total XBP1 mRNA in ANBL-6 cells, whereas the expression levels of GADD34
mRNA and CHOP mRNA were strongly induced. In OPM2 and MM.1S cells, resveratrol
caused a similar pattern of changes in ER stress response downstream genes (Fig. 2B and
C). These results indicated that resveratrol selectively inhibits the signal transduction of the
XBP1s pathway while enhancing the mRNA expression of downstream target genes of the
non-IRE1α cascades of the ER stress response, such as the PERK/eIF2α signaling pathway,
as reflected by up-regulated mRNA levels of CHOP and GADD34 in resveratrol-treated
MM cells (Figs. 2A to 2C).

Resveratrol suppresses the transcriptional activity of XBP1s through SIRT1
The reduced mRNA levels of XBP1 in resveratrol-treated human MM cells in the presence
of elevated XBP1s protein suggest that resveratrol may inhibit the transcriptional activity of
XBP1s. To test this possibility, we used a 5×UPRE luciferase reporter construct, a reporter
system that is widely used to reflect the transcriptional activity of XBP1s [28]. We found
that resveratrol dose-dependently inhibited the relative luciferase activity of 5×UPRE
induced by co-transfected XBP1s (Fig. 3A). Since we have demonstrated previously that
SIRT1, a resveratrol target, repressed the transcriptional activity of XBP1s [23], these results
suggested that SIRT1 may play a role in mediating the effects of resveratrol on the
transcriptional activity of XBP1s. To test this hypothesis, we knocked down endogenous
SIRT1 using SIRT1 shRNA. The SIRT1 shRNA significantly blocked the inhibitory effects
of resveratrol on the transcriptional activity of XBP1s (Fig. 3B). These results promoted us
to test the possibility that SIRT1 is involved in the action of resveratrol on the XBP1
autoregulation loop, where XBP1s binds to the promoter of XBP1 gene in human species
[27]. ChIP assays confirmed a significant occupancy of XBP1s at the promoter binding site
of human XBP1 gene in both control and resveratrol treated ANBL-6 cells (Fig. 3C).
Consistent with the finding that resveratrol induced XBP1 mRNA splicing (Fig. 1A and B),
resveratrol induced a 6.2-fold increase in XBP1s protein levels in ANBL-6 cells (Fig. 3D).
However, compared with the dramatic increase in XBP1s protein levels, there was only a
slight increase (1.54-fold) of enrichment of XBP1s on the XBP1 promoter. Further, we
noticed an enrichment of SIRT1 (1.74-fold) at the XBP1 binding site although total protein
levels of SIRT1 decreased after exposure to resveratrol (Fig. 3D). These results suggest that
resveratrol possibly affects the transcriptional activity of XBP1s by recruiting SIRT1 to the
promoter.

Wang et al. Page 5

Exp Hematol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Resveratrol has been shown to inhibit proliferation and cause apoptosis of MM cells
[18-20]. Its anti-myeloma efficacy has been linked to its capacity to induce a mitochondrial
stress response [20], suppress constitutive NF-κB and STAT3 signaling pathways [19], or to
modify the expression of apoptotic regulatory proteins [29]. However, whether resveratrol
induces the pro-apoptotic effects of ER stress responses in MM tumor cells remains unclear.
Our study demonstrates that resveratrol is sufficient to induce ER stress and its pro-apoptotic
effects. Consistent with the findings in resveratrol-induced apoptosis in human colon cancer
cells [30], we found that resveratrol induced CHOP expression, a downstream mediator of
the PERK signaling branch of the ER stress response [2] and pro-apoptotic molecules [24].
The induction of CHOP has also been shown to mediate cell death associated with
bortezomib-induced ER stress in MM [13]. In addition, we demonstrated that resveratrol
activates the IRE1α/XBP1s signaling pathway, the most conserved ER stress response
signaling in MM cells. This was shown by the elevated phosphorylation of IRE1α, a
prerequisite of IRE1α activation, and consequently XBP1 mRNA splicing and activation of
JNK (Fig. 1A). The latter has been implicated in MM apoptosis [31]. Further the JNK
inhibitor SP600125 inhibited resveratrol-induced apoptosis of MM cells [20]. In addition,
resveratrol displayed similar dose-dependent effects on activating Caspase-3 signaling and
the pro-apoptotic signaling of ER stress responses (Figs. 1D and 1E), indicating that the two
events are linked. These data demonstrate that resveratrol induces the ER stress response,
and that induction of the pro-apoptotic effects of ER stress represents a novel mechanism
underlying resveratrol-induced MM cell death.

The IRE1α/JNK/XBP1 signaling plays both pro-survival and pro-apoptotic roles under
stress conditions mediated by XBP1s and JNK, respectively [14, 32]. XBP1s drives mRNA
expression of proteins that are involved in protein trafficking, folding and the protein quality
control ER-associated degradation pathway [28]. XBP1s is essential for pathogenesis of
MM and the survival and growth of MM cells because MM cells synthesize large amounts
of proteins and have great amounts of intrinsic ER stress [11]. Thus, various strategies have
been developed to target XBP1s and its function to treat MM cells. For instance,
pharmacological repression of IRE1α endoribonulease activity led to inhibition of XBP1
mRNA splicing and sensitization of cells to ER stress-induced cell death [5]. Bortezomib
increased the intrinsic ER stress in MM cells by blocking protein degradation and thus
inducing the accumulation of a large amount of unfolded and/or misfolded proteins.
However, Bortezomib repressed XBP1s function via elevating the protein levels of XBP1u,
the unspliced and transcriptionally inactive form of XBP1 which antagonizes the functions
of XBP1s [3]. Intriguingly, our study revealed a distinct mechanism by which resveratrol
affects the XBP1s signaling in MM cells. We demonstrated that although resveratrol
activated IRE1α activity and consequently enhanced mRNA splicing of XBP1, it
paradoxically exerted a specific inhibitory effect on the transcriptional activity of XBP1s
without elevating XBP1u, which consequently led to a defective auto-regulation loop for
XBP1, in which XBP1s transcriptionally regulates mRNA expression of total XBP1. This
notion is supported by the observation that there were reduced total XBP1 mRNA levels
despite the increased XBP1s protein levels in MM cells in response to resveratrol treatment
(Fig. 1E and 2A). Further, it was noticed that resveratrol also repressed mRNA expression of
another XBP1s target gene VEGFA (Fig. 2A). Taken together, these results suggest that
resveratrol induces ER stress and inhibits the mRNA expression of XBP1s inducible genes,
such as XBP1 and VEGFA, which favor the survival of MM cells upon ER stress.

We examined the mechanism underlying the effects of resveratrol on the autoregulation loop
of XBP1 mRNA expression and found that resveratrol was a potent inhibitor of the
transcriptional activity of XBP1s in a SIRT1-dependent manner. SIRT1 is a well-known
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downstream molecular target of resveratrol [22]. In the current study, we found that in MM
cells, resveratrol increased the chromatin-bound SIRT1 at the XBP1 binding region in the
promoter of XBP1 gene (Fig. 3C). Recently, we found that SIRT1 negatively regulates the
transcriptional activity of XBP1s [23]. Our results suggest that resveratrol inhibits the
transcriptional activity of XBP1s via promoting the enrichment of SIRT1 on the promoter of
XBP1s downstream target genes, thus revealing an important role of SIRT1 in mediating
resveratrol’s inhibitory effect on XBP1s transcriptional activity. Given the essential role of
XBP1s in MM cells, this mechanism may explain a recent finding that the SIRT1 activator,
SIRT1720, induced cytotoxicity in human MM cells [33]. Although many studies examined
if SIRT1 is a prognosis indicator in a wide range of solid tumor cancers, little is known
about the role of SIRT1 in MM. Further studies to test whether inhibition of SIRT1
contributes to the high transcriptional activity of XBP1s in MM cells are warranted. Another
important question that requires future studies is how resveratrol enhances recruitment of
SIRT1 to the promoter of XBP1 gene. It has been shown that resveratrol can activate SIRT1
both directly and indirectly [22]. In addition, we recently reported that SIRT1 binds and
posttranslationally modifies XBP1s [23]. Therefore, resveratrol can likely regulate either
SIRT1 and/or XBP1s to modulate their binding affinities for each other and consequently
increase SIRT1 recruitment to the XBP1 promoter via XBP1s protein, which directly binds
the XBP1 promoter. To test the postulation, future studies are required to identify the
putative sites of XBP1s, which resveratrol and/or SIRT1 could act upon, and to determine
the roles of the XBP1s WT and mutant(s) proteins that are either resistant or prone to the
actions of resveratrol and/or SIRT1 in mediating the effects of resveratol on SIRT1
recruitment to the XBP1 promoter.

In summary, this study reveals a novel mechanism by which resveratrol induces cell death in
MM cells. Resveratrol activates ER stress signaling and its pro-apoptotic effects while
inhibiting transcriptional function of XBP1s and the pro-survival signaling of the ER stress
signaling (Fig. 4). These results suggest that resveratrol might be an excellent
pharmaceutical agent for treating MM by subjecting MM cells to double-jeopardy and tilt
the survival/apoptosis balance of the ER stress response towards cell death. It is also
plausible that resveratrol may function in the same manner in other cancers in which the
tumor growth relies on a highly expressed IRE1α/XBP1 branch of the ER stress response.
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Figure 1.
Resveratrol induces activation of IRE1α and causes cell death in MM cells. (A) ANBL-6
cells were treated with 100 μM resveratrol (RSV) for the indicated time periods. Whole cell
lysates were harvested and analyzed for phosphorylated and total IRE1α, phosphorylated
and total JNK, XBP1s and XBP1u, CHOP, and the loading control β-actin. (B) ANBL-6,
OPM2, and MM.1S MM cells were treated with vehicle (DMSO, Con), 100 μM RSV, and a
classical ER stressor tunicamycin (2.5 μg/ml, TM) for 6 hrs. The splicing of XBP1 mRNA
was examined. (C-E) ANBL-6 cells were treated with RSV for 24 hrs at the indicated
concentrations. (C) Cells, treated with vehicle (DMSO) or 100 μM RSV, were stained with
Hoechest 33342 and visualized under a fluorescence microscope. (D) Cell viability was
assessed by trypan blue exclusion. (E) Whole cell lysates were harvested and analyzed for
XBP1, CHOP, Caspase-3 and the loading control β-actin.
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Figure 2.
XBP1 signaling is down-regulated by resveratrol in MM cells. (A) ANBL-6 cells were
treated with resveratrol for 24 hrs at the indicated concentrations. RNA was extracted from
each sample and real-time RT-PCR was performed to analyze the levels of XBP1, VEGFA,
GADD34, and CHOP mRNA. OPM2 (B) and MM.1S (C) cells were treated with or without
100 μM resveratrol. RNA was extracted from each sample and real-time RT-PCR was
performed to analyze the levels of XBP1, GADD34, and CHOP mRNA.
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Figure 3.
Resveratrol represses the transcriptional activity of XBP1s through SIRT1. (A and B)
5×UPRE-luciferase reporter and XBP1s expression constructs were used to measure the
transcriptional activity of XBP1s. Firefly luciferase value was divided by Renilla luciferase
value for normalization in each sample. (A) Cells were treated with resveratrol (RSV) at the
indicated concentrations for 6 hrs. *P < 0.01 compared to the control group (with XBP1s, no
RSV), as determined using Student’s t-test. (B) Cells were co-transfected with the construct
expressing SIRT1 shRNA or an empty control vector. Luciferase assays were done after a 6
hr treatment with 50 μM RSV. *P < 0.01, as determined using Student’s t test. (C) The
upper panel shows the design of the primers around XBP1 binding site in the human XBP1
promoter. In the lower left panel, ChIP assays were performed on the samples from cells
treated with vehicle (DMSO) or 100 μM RSV for 6 hrs. Signals obtained from each ChIP
were calculated by dividing with signals obtained from the corresponding input sample. (D)
In a parallel experiment with (C), the cell lysates were analyzed for the protein levels of
SIRT1 and XBP1s expression via Western blot.
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Figure 4.
Schematic representation of the molecular mechanisms by which resveratrol induces the
pro-apoptotic effects of ER stress responses and represses the cell survival signals (XBP1s
signaling) in MM. Resveratrol increases ER stress and the 3 main pathway branches PERK,
ATF6, and IRE1α. This results in activation of cell death signals via IRE1α activation of
JNK and PERK and ATF6 activation of CHOP. While activation of IRE1α also results in
increased XBP1s, resveratrol specifically inhibits the transcriptional activity of XBP1s,
which leads to impairment of the cell survival functions and promotes cell death.
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