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Circadian Clock REV-ERBs Agonist SR9009 Induces
Synergistic Antitumor Activity in Multiple Myeloma
by Suppressing Glucose-Regulated Protein
7/8-Dependent Autophagy and Lipogenesis
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Abstract

Background: Proteasome inhibitors, such as bortezomib, have dem-
onstrated efficacy in the therapeutic management of multiple myeloma
(MM). However, it is important to note that these inhibitors also elicit
endoplasmic reticulum stress, which subsequently triggers the unfolded
protein response (UPR) and autophagy, which have been shown to fa-
cilitate the survival of tumor cells. The disruption of the circadian clock
is considered a characteristic feature of cancer. However, how disrupted
circadian clock intertwines with tumor metabolism and drug resistance
is not clearly clarified. This work explores the antitumor effectiveness
of bortezomib and the circadian clock agonist SR9009, elucidating
their impact on glucose-regulated protein 78 (GRP78), the autophagy
process, and lipogenesis.

Methods: The antitumor effects of bortezomib and SR9009 were eval-
uated using human MM cell lines (RPMI8226 and U266) in vitro and
in vivo nonobese diabetic/severe combined immunodeficient (NOD/
SCID) murine xenograft MM model. The assessment of cell viability
was conducted using the cell counting kit-8 (CCK8) method, whereas
the measurement of cell proliferation was performed with the inclu-
sion of EdU (5-ethynyl-2’-deoxyuridine). Apoptosis was assessed by
flow cytometry. The cells were transduced using adenovirus-tf-LC3,
which was labeled with dual fluorescence. Subsequently, confocal
imaging was employed to observe and examine the autophagosomes.
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REV-ERBa knockdown leads to upregulation of ATGS5 and BENCI
at the protein level with immunoblot. Changes in the expression lev-
els of GRP78, LC3, stearoyl-CoA desaturase 1 (SCD1), and fatty acid
synthase (FASN) were assessed through the utilization of quantitative
real-time polymerase chain reaction (QRT-PCR) and western blotting.

Results: Our results showed that both bortezomib and circadian clock
REV-ERBs agonist SR9009 decreased MM viability, proliferation
rate and induced an apoptotic response in a dose-dependent manner
in vitro. However, the two differ greatly in their mechanisms of action.
Bortezomib upregulated GRP78 and autophagy LC3, while circadian
clock agonist SR9009 inhibited GRP78 and autophagy LC3. Combined
SR9009 with bortezomib induced synergistic cytotoxicity against MM
cells. REV-ERBa knockdown lead to upregulation of ATGS, BENC1
and significant upregulation of FASN, and SCDI1. Mechanically,
SR9009 inhibited the core autophagy gene ATGS5 and BECNI, and two
essential enzymes for de novo lipogenesis FASN and SCD1. SR9009
had synergistic effect with bortezomib and slowed down murine xeno-
graft models of human MM tumor growth in vivo.

Conclusions: Taken together, these results demonstrated that the cir-
cadian clock component REV-ERBs agonist SR9009 could inhibit
GRP78-induced autophagy and de novo lipogenesis processes and
had a synergistic effect with proteasome inhibitors in both in vitro
and in vivo models of MM. Our findings shed light on how a disrupted
circadian clock interacts with metabolic mechanisms to shape protea-
some inhibitor drug resistance and suggest that SR9009 may be able
to overcome the inherent drug resistance of proteasome inhibitors.

Keywords: Autophagy; Circadian clock; Lipogenesis; Multiple my-
eloma; SR9009

Introduction

In the clinic, proteasome inhibitors have significantly enhanced
the overall survival rates of multiple myeloma (MM) patients
[1, 2]. Proteasome inhibitors are unquestionably effective in the
treatment of MM, but they also induce endoplasmic reticulum
(ER) stress, resulting in the unfolded proteins response (UPR)
and autophagy, which are cell survival coping mechanisms [3].
Glucose-regulated protein 78 (GRP78), also known as BiP, is a
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central regulator of ER function because of its roles in protein
folding and assembly, targeting misfolded protein for degrada-
tion, ER Ca®"-binding, and regulating the activation of trans-
membrane ER stress sensors. ER stress associated with GRP78,
and tumor cell autophagy are the primary causes of drug resist-
ance, treatment failure, and tumor relapse [4-6]. It has been dis-
covered that tumor intrinsic autophagy promotes immune eva-
sion via the engulfment and digestion of tumor debris and major
histocompatibility complex (MHC)1 antigens by LC3 proteins
[7, 8], which helps to explain why a majority of patients with
MM receiving therapy with proteasome inhibitors inevitably re-
lapse after variable remission periods [9].

Due to its role in regulating ER stress sensing and protein
folding, GRP78 is considered a crucial regulator of ER function.
Proteasome inhibitors activate the unfolded protein response
(UPR) to promote the survival of tumor cells [10, 11]. GRP78
facilitates cytoprotective autophagy via the maintenance of ER
structural integrity and is required for UPR activation [12].
Overexpression of the HSPA5 gene, which encodes GRP7S, is
associated with a poor prognosis [13-15] and enhances prolif-
eration of several tumor cells. HSPAS suppression inhibits the
growth of metastatic tumors in xenograft models [16]; GRP78
activation of the PI3K/Akt pathway supports cancer cell growth
[17]. In newly diagnosed myeloma patient tumors, gene expres-
sion analysis revealed a correlation between overexpression of
the HSPAS5 gene encoding GRP78 and a diminished clinical re-
sponse to treatment with bortezomib [3]. Previous research dem-
onstrated that cells transfected with shRNA to reduce HSPAS5 did
not form autophagosomes and displayed decreased viability fol-
lowing bortezomib therapy compared to control transfected cells
[3], suggesting that GRP78-ER stress is needed for autophago-
some formation. Furthermore, previous research indicates that
HSPAS5 overexpression is associated with bortezomib tolerance
in individuals who do not respond to treatment [3, 6].

Proliferation of cells and metabolism are governed by
the daily cycles of the circadian clock [18]. These alterations
are hallmarks of cancer [19]. Cancer cells are characterized
by a disruption of the circadian clock. REV-ERBs consist
of the circadian clock elements REV-ERBa (also known as
NR1D1) and REV-ERBp (also known as NR1D2) [20, 21].
Reduced REV-ERBEs failed to inhibit the downstream BMAL1
and CLOCK, which frequently results in uncontrolled tumor
growth and apoptosis resistance [22]. This raises the possibili-
ty that pharmacological modulation of the circadian machinery
may be an effective cancer treatment, including MM.

Materials and Methods

Myeloma cell lines

The human MM cell lines U266 and RPIM8226 were pur-
chased from the Chinese Academy of Sciences (Shanghai,
China). Two cell types were cultured in RPMI with 10% fe-
tal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Hyclone, USA) at 37 °C in 5% CO,. All cell
lines were routinely tested with the MycoAlert Mycoplasma
Detection Kit (Lonza) for the presence of mycoplasma.

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™

Chemicals and reagents

Proteasome inhibitor was purchased from ActiveBiochem (Ma-
plewood, NJ, USA), SR9009 was from Sigma-Aldrich (MCE:
HY-16989), GRP78 antibodies from Affinity (AF5366), hu-
man specific antibodies to LC3 were from Proteintech (14600-
1-AP), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) from Proteintech (60004-1-Ig).

Cell counting kit-8 (CCKS) for cell viability assay

Cells were seeded into 96-well plates with the indicated con-
centrations of bortezomib, 15 pL of CCKS solution was added
into each well, and the plate was incubated at 37 °C with 5%
CO, for 4 h. Cell viability (mean + standard deviation (SD))
was determined using absorbance from untreated cells and was
measured at 450 nm in a spectrophotometric micro plate reader
(Thermo MK3).

Flow cytometry apoptosis

The stained cells were evaluated using an LSR-II flow cytome-
ter (BD Biosciences, San Jose, CA, USA): they had been treat-
ed in 5 pL of annexin V-fluorescein isothiocyanate (V-FITC)
(Bestbio 401006) for 15 min and 10 pL of propidium iodide
(PI) for another 10 min at room temperature in darkness.

NR1D1 knockdown

Lipofectamine RNAIMAX by Thermo Fisher Scientific was
utilized to transfect cells with siRNA oligonucleotides pur-
chased from Gima. U266 cells were transiently transfected
with siNR1D1 plasmid.

Immunoblots

Add pre-chilled radioimmunoprecipitation assay (RIPA) lysis
buffer containing phenylmethanesulfonyl fluoride (PMSF)
to the obtained cell samples, mix thoroughly, centrifuge at
12,000g for 10 min after complete lysis, collect the superna-
tant, quantify protein with a bicinchoninic acid (BCA) reagent,
and heat the protein to denature it. Prepare polyacrylamide
gel and electrophoresis, then transfer the membrane. After
separately incubating the membrane with GRP78, LC3, REV-
ERBa, REV-ERp, and a second antibody, enhanced chemi-
luminescence (ECL) reagent was added to the membrane for
imaging, and images were captured using an integrated chemi-
luminescence instrument. In the “Chemicals and reagents”
section, the antibodies utilized were described.

Immunostaining and confocal microscopy

To perform caspase 3, TUNEL (terminal deoxynucleotidyl-
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transferase-mediated dUTP nick end-labeling), and GRP78
immunostaining, 100 pL of cell suspension from each of the
groups was applied onto a glass slide after MM cells were
incubated with bortezomib or SR9009 for 24 h. Cells were
permeabilized with 0.2% triton X100 and fixated for 30 min
with 4% paraformaldehyde. A primary antibody was used to
stain the cells overnight, followed by a fluorescent secondary
antibody. Hoechst was employed to identify the nuclei. Immu-
nostaining was performed using cleaved caspase 3 (Cell Sign-
aling No. 9664 1:200) and TUNEL (Cell Signaling No. 9635
1:200) antibodies to analyze apoptosis.

Detection of autophagy flux

Adenovirus which has dual-fluorescence labeling of mRFP-
GFP-LC3 fusion protein was designed and purchased from Han-
bio Technology (Shanghai, China). Autophagy double-labeled
adenovirus was used to infect U266 cells at a multiplicity of
infection (MOI) of 100. After 48 h of virus infection, each ex-
perimental group’s samples were administered in separate plates.
After 24 h of incubation with SR9009, bortezomib, or both, the
cells were observed using confocal microscopy to detect au-
tophagy. To count LC3B puncta, the “analyze particles” function
in ImageJ was used to determine a threshold that minimized the
effect of background signal on the projected stack. The 3D Ob-
jects Counter was used to analyze the intensity of fluorescence.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

gRT-PCR comprises primarily of four steps: total RNA extrac-
tion, cDNA synthesis, PCR, and real-time PCR data processing.
According to the manufacturer’s instructions, total RNA was
extracted from cells using RNAeasy (Qiagen) and treated with
DNase for reverse transcription. qScript cDNA Super Mix (Quan-
ta Biosciences) was utilized to generate cDNA, which was then
utilized as a template in RT-PCR reactions with specific primers
on an ABI 7500HT Fast Real-Time PCR System. The data were
analyzed with the software Bio-Rad CFX Manager. In the same
sample, the mRNA level was normalized against GAPDH.

The primers utilized in reverse transcription PCR were de-
signed using Primer Premier 5.0 software and synthesized by
Shanghai Shenggong Company. Human primer sequences for
qRT-PCR are shown in Table 1.

Adenosine triphosphate (ATP) production assay

ATP production was measured with an ATP Assay Kit (Solar-
bio, BC0300) in which 25 pg of mitochondrial protein was
incubated with ATP assay mix.

In vivo mice experiment

Five-week-old male immune deficient nude mice (BALB/c
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Table 1. Human Primer Sequences for gRT-PCR

NRIDI1-F: 5'-CGGTTCTTCAGCACCAGAG-3'
NRI1D2-R: 5'-CATTTCTATATTTGAAAGTAGCCCAAT-3'
SCDI1-F: 5'-GACGATGAGCTCCTGCTGTT-3'

SCD1-R: 5'-CTCTGCTACACTTGGGAGCC-3’

FASN-F: 5'-CATCGGCTCCACCAAGTC-3'

FASN-R: 5'-GCTATGGAAGTGCAGGTTGG-3'
BECNI-F: 5-CCATGCAGGTGAGCTTCGT-3'
BECNI1-R: 5'-GAATCTG CGAGAGACACCATC-3'
ATGS5-F: 5'-CCGGTGGCTTCC TACTGTTA-3’

ATGS5-R: 5'-AAGGCAGCGTTGATGACC-3’

SCD1: stearoyl-CoA desaturase 1; FASN: fatty acid synthase; qRT-
PCR: quantitative real-time polymerase chain reaction.

nu) were purchased from the animal center of the Chinese
Academy of Medical Sciences, fed at the laboratory animal
center of Soowhow University. U266 cells (4 x 10%mouse)
were subcutaneously injected in the flanks of 5-week-old nude
female mice. Mice were then randomly distributed into four
groups (3/group). After the formation of palpable tumors,
treatment was commenced. Tumor volume was calculated us-
ing a caliper. Mice were euthanized 28 days after treatment in
four groups. Tumor volume was evaluated from the first day
of treatment. Mice were treated in a humane manner in com-
pliance with ARRIVE guidelines, animal experiment was ap-
proved by the Ethical Committee of Animal Study.

Biostatistics

Unless otherwise specified, the data presented are the mean +
SD. GraphPad Prism 9 (GraphPad) software was utilized for
statistical analysis. For group comparisons, the Student’s z-test
(unpaired and two-tailed) was employed (*P < 0.05, **P <
0.01, ***P < 0.005), and exact Pvalues are stated in the source
data for each figure panel.

Results

Bortezomib decreased MM cell viability, proliferation rate
and induced apoptosis

MM cell lines U266 and RPMI8226 were incubated with bort-
ezomib at indicated concentrations for 24 h. CCKS8 was used to
calculate the IC50 (half maximal inhibitory concentration) of
bortezomib for U266 and RPIM8226 at 24 h. The IC50 of bort-
ezomib for U266 and RPMI8226 were 12.05 nM and 16.30
nM. Bortezomib decreased cell viability of both cell lines in a
dose-dependent manner (Fig. 1a). We next determined the ef-
fect of bortezomib on cell proliferation by measuring BrdU in-
corporation. The cell proliferation rate of U266 and RPIM8226
was tested with BrdU incubation for 2 h after bortezomib treat-
ment for 24 h,bortezomib generated a dose-dependent increase
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Figure 1. Bortezomib decreased multiple myeloma (MM) cell viability, proliferation rate and induced apoptosis. (a) Bortezomib
decreased the viability of U266 and RPMI8226 at indicated concentrations with the CCK8 assay. Error bars represent SD val-
ues determined from triplicate measurements. (b) Bortezomib decreased cell proliferation of U266 and RPMI8226. Cells were
incubated with bortezomib at indicated concentrations for 24 h and BrdU for 2 h. BrdU incorporation was determined relative to
untreated cells. Error bars represent SD values determined from triplicate measurements. (c) Bortezomib induced apoptosis in
U266 cell line. U266 cells were incubated with bortezomib, caspase 3 and TUNEL for 24 h. MM cells were then visualized by
staining and confocal microscopy for caspase 3 (red) and TUNEL (green) to label apoptosis. (d) The relative amount of caspase
3 (red) fluorescence was determined using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Error bars rep-
resent SD values from triplicate measurements. (e) The relative amount of TUNEL (green) fluorescence was determined using
Imaged software (National Institutes of Health, Bethesda, MD, USA). Error bars represent SD values from triplicate measure-
ments. CCK8: cell counting kit-8; SD: standard deviation; DAPI: 4’,6-diamidino-2-phenylindole; TUNEL: terminal deoxynucleoti-
dyltransferase-mediated dUTP nick end-labeling.
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in absorbance (Fig. 1b). The results indicated that bortezomib
alone increased BrdU incorporation. To determine the cell
death manner, MM cells were incubated with bortezomib for
24 h and were added with caspase 3 or TUNEL 3 h before de-
tection. The relative percentage of cells undergoing apoptosis
was determined by caspase 3 and TUNEL staining (Fig. 1c).
Bortezomib induced a dose-dependent increase of cleaved cas-
pase 3-positive (Fig. 1d), and TUNEL-positive (Fig. le) cells
in U266. These results indicated that bortezomib decreased
the cell viability of MM cell lines through caspase 3 mediated
apoptosis.

SR9009 decreased MM cell viability, proliferation rate and
induced apoptosis

CCKS8 was used to calculate the IC50 of SR9009 at 48 h for
U266 and RPIM8226. The IC50 of SR9009 for U266 and
RPMI8226 were 22.10 uM and 29.35 uM. Similarly, SR9009
decreased cell viability of both cell lines in a dose-depend-
ent manner (Fig. 2a). The cell proliferation rate of U266 and
RPIM8226 was tested with BrdU labeling after incubation with
SR9009 for 48 h (Fig. 2b). These results showed that SR9009
could slow down MM cell proliferation. To determine the cell
death manner, MM cell lines were incubated with SR9009 for
48 h and were added with caspase 3 and TUNEL 3 h before
test. The relative percent of cells undergoing apoptosis was de-
termined by caspase 3 and TUNEL staining (Fig. 2¢). SR9009
induced a dose-dependent increase of cleaved caspase 3-posi-
tive (Fig. 2d) and TUNEL-positive (Fig. 2e) cells in U266 and
RPIMS&226. Together, these results indicated that SR9009 de-
creased MM cell viability through caspase 3-mediated apop-
tosis. These results showed that both bortezomib and SR9009
could induce apoptosis in MM. But we wanted to know wheth-
er there were any differences.

Bortezomib increased GRP78 and autophagy, SR9009 de-
creased GRP78 and blocked autophagy

To determine whether bortezomib would induce a cell-protec-
tive increase in GRP78 and autophagy, we analyzed GRP78
and LC3 protein modifications using immunoblot. As antici-
pated, bortezomib increased GRP78 and caused a dose-de-
pendent conversion of LC3I to LC3II (Fig. 3a). To determine
the effect of bortezomib on GRP78, LC3 levels in U226 cell
lysates, quantitative analysis of GRP78, LC3, and GAPDH
was performed using ImagelJ (Fig. 3b). As anticipated, SR9009
upregulated the protein levels of REV-ERBa and REV-ERBJ
since it was an agonist for both REV-ERBa and REV-ERBJ.
In contrast to bortezomib, we observed that SR9009 inhibited
autophagy induction and decreased GRP78 protein levels.
Since GRP78 was necessary for ER integrity and function as
well as autophagy, we hypothesized that the GRP78-dependent
autophagy process could also be inhibited. As anticipated, in-
stead of observing a greater conversion of LC3A to LC3B, we
observed that both LC3A and LC3B decreased proportionally;
this result suggested that SR9009 was distinct from conven-
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tional autophagy inhibitors such as 3-MA or chloroquine (Fig.
3¢). Microtubule-associated protein light chain I (LC3A) is
covalently linked to phosphatidylethanolamine and bound to
the autophagosome membrane, where it recruits cargo proteins
for degradation, through autophagosome formation. The pro-
cess of lipidation transforms cytoplasmic LC3A into the mem-
brane-bound active form LC3B. Incubation with bortezomib
significantly increased the conversion of LC3A to LC3B, as
determined by immunoblot. By reducing the levels of LC3A
and LC3B proportionally, SR9009 blocked autophagy induc-
tion from the initiation stage. ImageJ was used for quantita-
tive analysis of GRP78, LC3 and GAPDH (Fig. 3d). As both
NR1D1 and NR1D2 agonist, SR9009 upregulated NR1D1 and
NRI1D2 at the mRNA and protein levels (Fig. 3e, f). These
results indicated that SR9009 acted as an agonist for REV-
ERBs and induced MM to undergo apoptosis by inhibiting
autophagy.

The accumulation of misfolded proteins in the ER lumen
initiates the downstream autophagy process through GRP7S.
Since bortezomib treatment increased the GRP78 level in U266
lysate, while SR9009 significantly reduced the GRP78 level in
U226 lysate. We hypothesized that co-incubation of SR9009
with bortezomib could prevent the elevation of GRP78 and the
process of autophagy. Immunoblot results indicated that add-
ing SR9009 can partially prevent the increase of GRP78 and
autophagy induction induced by bortezomib (Fig. 3g). Quanti-
tative analysis of GRP78 and LC3 were measured with Imagel
(Fig. 3h).

Bortezomib increased autophagy LC3, while SR9009
decreased autophagy LC3

MM cell lines U266 and RPMI8226 were transfected with
adenovirus with double-labeled autophagy effecter LC3. Me-
chanically, when the autophagosome fused with the lysosome,
the green GFP fluorescence is quenched, and only red fluores-
cence can be detected.

By quantifying green fluorescently labeled autophago-
somes, bortezomib alone upregulates autophagosomes and
SR9009 downregulated LC3 fluorescence and autophago-
somes (Fig. 4a). SR9009 partially prevented the formation of
autophagosomes induced by bortezomib (Fig. 4a). Quantitative
analysis for the confocal autophagy flux results was presented
(Fig. 4c). The confocal results were in accordance with the
immunoblot results, SR9009 downregulated autophagosomes
and autolysosomes, while bortezomib unregulated autophago-
somes and autolysosomes. Chloroquine inhibits the late stage
of autophagy by blocking the fusion of autophagosomes to
lysosomes, leading to the accumulation of autophagosomes.
Different from chloroquine, the agonist of REV-ERBs SR9009
reduced the number of autophagosomes. Both bortezomib
and SR9009 induced apoptosis in MM. MM cell lines were
treated with bortezomib at the indicated concentrations for 24
h, and the relative percent of cells undergoing apoptosis was
determined by annexin-V-FITC staining and flow cytometry
(Fig. 4b). Both bortezomib and SR9009 generated an increase
in annexin-positive cells to indicate that both bortezomib and
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Figure 2. Circadian clock REV-ERB agonist SR9009 decreased multiple myeloma (MM) viability, proliferation rate and induced
an apoptotic response in MM cells. (a) SR9009 decreased the viability of U266 and RPMI8226 at indicated concentrations with
the CCK8 assay. Error bars represent SD values determined from triplicate measurements. (b) SR9009 decreased the prolifera-
tion rate of U266 and RPMI8226. Cells were incubated with SR9009 at indicated concentrations for 48 h and BrdU for 2 h. BrdU
incorporation was determined relative to untreated cells. Error bars represent SD values determined from triplicate measure-
ments. (c) SR9009 induced apoptosis in U266 cell line. U266 cells were incubated with SR9009, caspase 3 and TUNEL for 24
h. Cells were then visualized by confocal microscopy for caspase 3 (red) and TUNEL (green) to label apoptosis. (d) The relative
amount of caspase 3 (red) fluorescence was determined using ImageJ software (National Institutes of Health, Bethesda, MD,
USA). Error bars represent SD values from triplicate measurements. (e) The relative amount of TUNEL (green) fluorescence was
determined using ImagedJ software (National Institutes of Health, Bethesda, MD, USA). Error bars represent SD values from trip-
licate measurements. CCK8: cell counting kit-8; SD: standard deviation; DAPI: 4’,6-diamidino-2-phenylindole; TUNEL: terminal
deoxynucleotidyltransferase-mediated dUTP nick end-labeling.
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levels in U226 cell lysates. Gray intensity of GRP78, LC3II/LC3I from immunoblot results were measured with ImageJ. (e) As NR1D1
and NR1D2 agonist, SR9009 upregulated NR1D1 and NR1D2 at the mRNA level. (f) Quantitative analysis of REV-ERBa, REV-ERB.
Gray intensity of the immunoblot results were measured with ImageJ. (g) Bortezomib upregulated GRP78, LC3I and LC3Il, SR9009
downregulated GRP78, LC3I and LC3Il. Combination of SR9009 could prevent bortezomib-induced GRP78 and LC3 upregulation
in MM. (h) Quantitative analysis of GRP78 and LC3 were measured with ImageJ for immunoblot results. GRP78: glucose-regulated
protein 78; GAPDH: glyceraldehyde-3-phosphate dehydrogenase (GAPDH); MM: multiple myeloma; BTZ: bortezomib.
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Figure 4. SR9009 decreased LC3, bortezomib increased LC3. (a) Representative images of LC3 puncta, autophagosomes were de-
tected with confocal microscopy. Cultured U266 were transduced with dual-fluorescence labeled adenovirus-tf-LC3 and then incubated
with mock, SR9009, bortezomib, and both. Representative images of green GFP-LC3 puncta indicated auto-phagosomes, whereas
red mRFP-LC3 puncta indicated auto-lysosomes. SR9009 downregulated auto-phagosomes and auto-lysosomes, bortezomib up-
regulated auto-phagosomes and auto-lysosomes. (b) Multiple myeloma (MM) cell lines were treated with mock, bortezomib, SR9009,
bortezomib + SR9009 at the indicated concentrations for 24 h and the relative percent of cells undergoing apoptosis was determined
by annexin V-fluorescein isothiocyanate (V-FITC) staining and flow cytometry. (c) The relative amount of green and red fluorescence
was determined using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The bar graph indicated mean numbers
of GFP-LC3 and mRFP-LC3 per cell obtained from three experiments. (d) Quantitative analysis of flowcytometry apoptosis assay.
Both bortezomib and SR9009 generated an increase in annexin-positive cells. DAPI: 4’,6-diamidino-2-phenylindole; BTZ: bortezomib.
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SR9009 could mediate MM apoptosis. Quantitative analysis of
flowcytometry apoptosis assay was shown in Figure 4d. These
results indicated that bortezomib induced enhanced autophagy
flux, while SR9009 blocked the autophagy flux. SR9009 had
synergistic effect with bortezomib by increasing the apoptosis.

SR9009 downregulated core autophagy genes, blocked de
novo lipogenesis and enhanced the anti-myeloma effect of
bortezomib in vivo

In untreated U266 cells, GRP78 levels were not high, but the
fluorescence level of GRP78 increased significantly after bort-
ezomib incubation (Fig. 5a). SR9009 decreased the fluores-
cence intensity of GRP78 (Fig. 5a). Adding SR9009 could par-
tially inhibit the GRP78 elevation induced by bortezomib (Fig.
5a). The GRP78 immunofluorescence intensity was measured
with quantitative analysis (Fig. 5b). The confocal GRP78 pro-
tein results were consistent with the immunoblot results in Fig-
ure 3¢, supporting the results that SR9009 could inhibit the ER
stress sensor GRP78 and the autophagy process.

Next, we sought to determine whether REV-ERBs ago-
nist SR9009 affect mitochondria functions. Normally, mito-
chondria are regulated by quality control mechanisms, such
as fission and fusion, biogenesis, and autophagy [23, 24]. Mi-
tochondria are the major organelle of cellular ATP production,
but when they malfunction, they are also the major source of
oxidative stress which finally triggers apoptosis or necrosis
[25]. Mitophagy delivers misfolded and malfunctioning mito-
chondria for recycling [26, 27]. We proposed that mitochon-
dria functions might be affected by SR9009’s blockade of au-
tophagy. Results showed that ATP production was decreased
with SR9009 incubation (Fig. 5¢).

We wanted to gain further mechanistic insights whether
the core autophagy genes were also affected by SR9009, we
noticed a decrease in the expression of ATGS, and BECNI
mRNA level (Fig. 5d). Since SR9009 could inhibit ATG5 and
BECNI1, we hypothesized that ATGS5 and BECN1 expression
might be controlled by circadian clock. So, we knockdown
REV-ERB by siRNA, siRNA2 was used for the next experi-
ments (Fig. Se). Immunoblot results showed that REV-ERBa
knockdown lead to upregulation of ATGS5 and BECNI1 (Fig.
5e). These results suggested that the core autophagy genes
ATGS5 and BECNI were circadian clock controlled.

Autophagy blockade impaired the cellular fitness by cut-
ting off nutrient supply, especially for cancer cells which have
high metabolic stress and high demand for nutrients. Lipid
is necessary for autophagy functions, we hypothesized that
SR9009 might play a role in the fatty acid synthesis process.
Cancer cells are highly dependent on de novo lipogenesis
[28, 29]; treatments for specific lipogenic enzyme inhibitors
are currently underway, including fatty acid synthase (FASN)
and stearoyl-CoA desaturase 1 (SCD1) as targets. SR9009 re-
duced the mRNA level of two key rate-limiting fatty acid syn-
thesis enzymes, which function in de novo lipogenesis (Fig.
5f). Taken together, these results indicated that circadian clock
REV-ERBs agonist SR9009 reduced the ER stress sensor
GRP78, inhibited the core autophagy genes ATGS5, BECNI and
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blocked autophagy at the initiation stage. SR9009 also inhib-
ited the genes FASN and SCD/ (two essential enzymes for de
novo lipogenesis at the mRNA level). All the above discussed
mechanisms contribute to MM cell apoptosis.

Mice xenograft models were used to evaluate the in vivo
effect of SR9009 and bortezomib. SR9009 was administered
twice per day by intraperitoneal (ip) injection at the indicat-
ed concentrations for 1 week. Bortezomib was administered
intravenously (0.5 mg/kg in phosphate-buffered saline, 10%
dimethyl sulfoxide (DMSO)) with or without SR9009 for 5
days. All mice in this study were kept according to guidelines
approved by the Animal Care and Use Committee of Soochow
University. Mice were killed 1 h after the final treatment.
We monitored the tumor burden and volume (Fig. 5g, h) and
mice’s overall survival time (Fig. 5i). Bortezomib alone re-
duced tumor volume relative to the untreated group or SR9009
group. The effect of bortezomib was enhanced with SR9009.
Median survival was 18 days in the control group, 20 days in
the SR9009-treated group, 23 days in the bortezomib-treated
group and 27 days in the bortezomib + SR9009 group (Fig.
51). The results suggested that SR9009 augmented the antitu-
mor effect of bortezomib, slowed down tumor growth and had
survival benefit.

Discussion

In this study, we investigated how disrupted circadian clock
affects the drug resistance of proteasome inhibitors and pro-
vide a rational to take advantage of this vulnerability. Although
both bortezomib and SR9009 decreased cell viability and in-
duced apoptosis in MM cell lines. We observed many great
differences in their actions: bortezomib elicited an ER stress
by increasing GRP78 level by western blotting, and confocal
results. And GRP78 functioned as a protective mechanism for
MM survival [30, 31], during which the UPR regulator GRP78
facilitated autophagy and lipogenesis [12]. On the contrary,
SR9009 decreased GRP78 and LC3. SR9009 had synergistic
role with bortezomib by preventing the upregulation of GRP78
and autophagy induction.

Since lipidation and lipogenesis were coupled with au-
tophagy process [32], we hypothesized that the lipogenesis
process might be influenced by SR9009. By comparing the
changes of two essential enzymes for de novo lipogenesis:
FASN and SCDI1, we found that SR9009 blocked not only
the autophagy initiation process, but also inhibited the two
essential enzymes FASN and SCD1 at the mRNA level. Tak-
en together, these results indicated that SR9009 could over-
come the side effect of proteasome inhibitors, and combining
SR9009 would be a very good and rational strategy for MM
treatment. Mechanically, circadian clock agonist SR9009 in-
hibited GRP78 and autophagy, and induced apoptosis in MM.
Moreover, SR9009 inhibited the core autophagy gene ATGS
and BECNI, and two essential enzymes for de novo lipogen-
esis FASN and SCD1.

By disrupting the mitochondria homeostasis and decreased
ATP production, SR9009 disrupted MM energy homeostasis
under stress conditions. Mice xenograft models were used to
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Figure 5. SR9009 decreased core autophagy genes, blocked de novo lipogenesis and showed synergistic effect with bortezomib
in vivo. (a) Multiple myeloma (MM) was incubated with human GRP78-specific monoclonal antibody and observed with confocal
assay for GRP78 protein in U266 cell lines. U266 cells were treated with mock, SR9009 (40 pM), bortezomib (5 nM), bortezomib
(5 nM) with SR9009. (b) Quantitative analysis of GRP78 immunofluorescence intensity were measured with ImageJ. (c) REV-
ERBs agonists SR9009 decreased mitochondria ATP production in a dose-dependent manner. Statistically significant differences
were indicated by (**P < 0.01, ***P < 0.001). (d) SR9009 downregulated core autophagy genes ATG5 and BENC1 at the mRNA
level with gRT-PCR. (e) Knockdown of REV-ERBa by siRNA, siRNA2 was used for the next experiments. REV-ERBa knockdown
leads to upregulation of ATG5 and BENC1 at the protein level with immunoblot results. (f) SR9009 downregulated two essential
enzymes for de novo lipogenesis SCD1 and FASN at the mRNA level with gqRT-PCR. (g) Representative tumor images in four
groups. U266 cells (4 x 108/mouse) were subcutaneously injected in the flanks of 5-week-old nonobese diabetic/severe com-
bined immunodeficient (NOD/SCID) female mice. Mice were then randomly distributed into four groups (3/group). After the for-
mation of palpable tumors, treatment was commenced. Mice received intravenous injection of either vehicle (phosphate-buffered
saline containing 10% dimethyl sulfoxide (DMSO)) or bortezomib (0.5 mg/kg in phosphate-buffered saline, 10% DMSO) admin-
istered with or without SR9009 (600 pg/mL). Bortezomib was administered intravenously with or without SR9009 for 5 days. (h)
Tumor volume was calculated using a caliper. Mice were euthanized 28 days after treatment. Tumor volume was evaluated from
the first day of treatment. Shown is the average of replicate measurements. (i) Kaplan-Meier survival curves after treated with
either vehicle, SR9009, bortezomib or both. SCD1: stearoyl-CoA desaturase 1; FASN: fatty acid synthase; gRT-PCR: quantita-
tive real-time polymerase chain reaction; ATP: adenosine triphosphate; DAPI: 4’,6-diamidino-2-phenylindole; BTZ: bortezomib.
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evaluate the safety and efficacy of SR9009 alone and in com-
bination with bortezomib. SR9009 alone and bortezomib alone
could decrease MM tumor growth; the combination group had
the slowest tumor growth and the maximum mice survival
time. Our results solved the toughest issue with proteasome
inhibitors; by preventing ER stress and protective autophagy
in MM cell lines, SR9009 had synergistic antitumor effect with
proteasome inhibitors.

Proteasome inhibitors inevitably induce a terminal UPR
and tumor protective autophagy for survival. However, the met-
abolic mechanisms for drug resistance are not well illustrated.
Here, we found that circadian clock component REV-ERBs
agonist SR9009 could block autophagy and lipogenesis process
and showed synergistic effect with proteasome inhibitors. Mice
xenograft models showed safety and efficacy. Mechanically,
SR9009 blocked autophagy at the initiation stage and downreg-
ulated the lipogenesis coupled with autophagy process. SR9009
downregulated the core autophagy genes A7G5 and BECNI,
and two essential enzymes for de novo lipogenesis: FASN and
SCD1. Our results provide a deep insight into the metabolic
mechanisms for proteasome inhibitor-induced drug resistance,
and illustrated well how disrupted tumor circadian clock could
provide a targeting vulnerability in cancer therapy.
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