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Summary

Background Multiple myeloma (MM) is still an incurable malignancy of plasma cells. Proteasome inhibitors (PIs)
work as the backbone agent and have greatly improved the outcome in majority of newly diagnosed patients with
myeloma. However, drug resistance remains the major obstacle causing treatment failure in clinical practice. Here,
we investigated the effects of Indirubin-3’-monoxime (I3MO), one of the derivatives of Indirubin, in the treatment
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Methods MM patient primary samples and human cell lines were examined. I3MO effects on myeloma treatment
and the underling molecular mechanisms were investigated via in vivo and in vitro study.

Findings Our results demonstrated the anti-MM activity of I3MO in both drug- sensitive and -resistance MM cells.
I3MO sensitizes MM cells to bortezomib-induced apoptosis. Mechanistically, 3MO acts as a multifaceted regulator
of cell death, which induced DNA damage, cell cycle arrest, and abrogates NF-«B activation. I3MO efficiently down-
regulated USP7 expression, promoted NEK2 degradation, and suppressed NF-«B signaling in MM. Our study
reported that I3MO directly bound with and caused the down-regulation of PA28y (PSME3), and PA2oo (PSMEy),
the proteasome activators. Knockdown of PSME3 or PSME4 caused the inhibition of proteasome capacity and the
overload of paraprotein, which sensitizes MM cells to bortezomib-mediated growth arrest. Clinical data demon-
strated that PSME3 and PSME4 are over-expressed in relapsed/refractory MM (RRMM) and associated with inferior
outcome.

Interpretation Altogether, our study indicates that I3MO is agent triggering proteasome inhibition and represents a
promising therapeutic strategy to improve patient outcome in MM.

Fundings A full list of funding can be found in the acknowledgements.
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Introduction
Multiple myeloma (MM) is an incurable disease which
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Research in context

Evidence before this study

Indirubin is one of many active constituents derived
from a traditional Chinese prescription, Indigo Naturalis,
which was identified by the researcher in our institute
in the mid of 1970s. Our colleagues demonstrated that
indirubin and its analogue Meisoindigo were effective
agents in the treatment of chronic myeloid leukemia in
preclinical and clinical trials. Indirubin-3’-monoxime
(I3MO) was one of the ideal derivatives of Indirubin,
with lower ICsq and enhanced cytotoxicity compared to
indirubin itself. Several studies have reported that I3MO
efficiently induces malignant cell apoptosis, inhibits
cyclin-dependent kinases, and triggers anti-angiogene-
sis effects in hematologic malignancies and solid
tumors.

Added value of this study

In the present study, we demonstrated the promising
cytotoxicity of I3MO in myeloma. Combination with
13MO notably enhanced myeloma cell sensitivity to bor-
tezomib treatment. Mechanistically, we found that
I3MO acts as a multifaceted regulator of cell death,
including promoting cell cycle arrest, DNA damage
response, and efficiently induces apoptosis of tumor
cells. In addition, our results strikingly demonstrated
that I3MO acts as an agent in triggering proteasome
inhibition by targeting the proteasome complex subu-
nits PSME3 and PSME4.

Implications of all the available evidence

In summary, our study demonstrates that I3MO is a pro-
teasome inhibitor targeting proteasome activators
PSME3 and PSME4. PSME3 and PSME4 are overex-
pressed in RRMM, which associates with bortezomib
resistance and inferior outcome of MM patients. It there-
fore represents a promising therapeutic agent in over-
coming drug-resistance and improves patient outcome
in MM.

continued need for novel active treatments.> Myeloma
cells typically produce a substantial amount of parapro-
tein and are therefore heavily dependent on the
unfolded protein response (UPR) and ubiquitin protea-
some system (UPS) for its degradation and to maintain
the cellular homeostasis.

The ubiquitin proteasome system (UPS) is a non-
lysosomal intracellular protein degradation pathway
mediated via proteasome holoenzyme, ubiquitin ligases,
and deubiquitylating (DUB) enzymes.* Specifically, the
covalent attachment of ubiquitin to target substrates
leads to protein degradation via the multi-catalytic 26S
proteasome complex.’ Deregulation of the UPS pathway
is linked to the pathogenesis of various human diseases,
including MM.° DUBs overexpression also plays pivotal

roles in bortezomib resistance, which reported by our
previous study.” Inhibition of DUBSs, like ubiquitin-spe-
cific protease-7 (USP7) notably causes protein overload,
which promotes apoptosis and overcomes bortezomib
resistance in MM cells.”

One of the most successful approaches to myeloma
therapy has been through ubiquitin-proteasome path-
way (UPP) inhibition.” PIs represent the backbone
treatment of MM, and have greatly improved the out-
come in the majority of patients with newly diagnosed
multiple myeloma (NDMM)."° ™ The function was in
part by disturbing the balance between proteasome load
and capacity.”® However, the continuous exposure to PIs
induces drug resistance in vivo and in vitro."* The molec-
ular mechanisms underlying drug resistance has not
been fully elucidated.” Several studies identified that a
single point mutation and the persistent overexpression
of PSMB5, the subunit of 20S proteasome subunit,
played a pivotal role in the PIs resistance in MM cells.”®
These aberrant 20S proteasomes cause conformational
or steric variation of the proteasome drug-binding sites,
which in turn not only impairs the binding of PIs with
proteasome, but also decreases its chymotryptic cata-
lytic function in MM cells. Recently, an alternative
strategy targeting the 19S and 11S subunits of protea-
some complex to induce MM cell cytotoxicity has
been investigated.” In addition, the bone marrow
microenvironment plays an important role in sup-
porting bortezomib resistance as our previous study
reported.’®

The proteasome complexes are mainly composed of
the 20 S catalytic core proteasome particle,”” 19S sub-
unit regulators, and 11s alternative activators. Recent
studies have shown that inhibition of the 19S protea-
some-associated ubiquitin receptor Rpni3 efficiently
induced MM cell apoptosis and overcame the bortezo-
mib resistance.*® PA28 (11S, REG) is a family of protea-
some regulators whose members are widely present in
many of the eukaryotic supergroups. They are repre-
sented by three paralogs, PA28«, PA288 and PA28y.
While they share similar sequence and structural, the
three isoforms significantly differ in their biochemical
and biological features. PA28y (PSME3) markedly
enhances degradation of target protein by 20S
proteasome.”"** PA2oo (PSMEy) is another 200 kDa
large, monomeric proteasome activator, which binds to
the 20S proteasome and modulates degradation of the
protein of acetyl-histone.*?

In the present study, we evaluated the efficacy and
mechanisms of action of I3MO triggers cytotoxicity
against MM cells. In addition to single-agent activity
against drug-najve MM cell lines in vitro and in vivo,
our results supported that I3MO is an effective agent in
myeloma treatment in PIs resistance ones, which pro-
vides the rational evidence for the clinical application of
I3MO in the treatment of MM acting as proteasome
inhibitor.
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Methods

Cell lines and primary patient cells

Human MM cell lines (ARP1: CVCL_Ds523, U266:
CVCL_oo15, RPMI&226: CVCL_oo1i4, OCI-MYs:
CVCL_E332), and stromal cell line HS5 (CVCL_3720)
were maintained in RPMI-1640 medium (Gibco,
C11875500BT, USA) supplemented with 10% fetal
bovine serum (Gibco, 10100147, AUS), 100Units/mL
penicillin, 100 pug/mL  streptomycin  (Gibco,
15140122).>* IL-G-dependent BTZ-sensitive (ANBLG,
CVCL_5425) and ANBL-6 BTZ-resistant (VIOR,
ANBLG-BR, CVCL_QZ43) cells were provided by Dr.
Robert Orlowski (MD Anderson Cancer Center, Hous-
ton, TX)*® and maintained in 1640 medium containing
IL-6 (1 ng/mL) (PeproTech, 200-06, Inc., USA).
ANBLG-BR cells were selected for BTZ resistance by
exposure to progressively higher concentrations of BTZ
for > 6 months. BTZ concentrations were started at
1 nM and escalated by increments of 1 nM when culture
densities doubled in cell number.>® NEK2 overexpres-
sion BTZ-resistance MM cell lines, ARP1 and OCI-MYj5
cells were constructed in our previous study.*” All the
cell lines were performed STR profiling, and grown
under mycoplasma-free conditions at 37 °C and 5%
CO,. Primary MM cells were obtained from NDMM
and RRMM patients visiting in our hospital. This study
was conducted in accordance with the Declaration of
Helsinki and approved by the local institutional Ethic
Committees (the reference number is KT2020010-EC-
2). Informed consent to participate in the study was
obtained. The data were collected and anonymized for
analyses.

Reagents and antibodies

Indirubin-3’-monoxime (I3MO, HY-19807, CAS Num-
ber: 160807-49-8) was obtained from MCE. Bortezomib
(PS-341, Velcade) was purchased from Selleck Chemi-
cals. Western blot analyses were performed as described
previously.**> The primary antibody for PARP (#9542,
RRID: AB_2160739), Caspase-3 (#9662, RRID:
AB_331439), cleaved Caspase-3 (#9664, RRID:
AB_2070042), Phospho-IKKe/B(S176/180, # 2697),
Phospho-NF-«B p6s (Ser536) (#3033, RRID:
AB_331284), p53 (# 9282, RRID:AB_3314706), parI
(#2947, RRID: AB_823586), BCL-2 (# 15071, RRID:
AB_2744528), Phospho- Histone H2A.X (ser13g), #
9718, RRID: AB_2118009), Histone H3 (# 142609,
RRID: AB_2756816), GAPDH (#5174, RRID:
AB_10622025), anti-rabbit I[gG HRP-linked antibody
(#7074, RRID: AB_2099233), and anti-mouse IgG
HRP-linked antibody (#7072, RRID: AB_331144) were
purchased from Cell Signaling Technologies. PA2oo
(#18799-1-AP), PA28y (#14907-1-AP), and USPy
(3DyD11) were purchased from Proteintech Group
(Rosemont, IL, USA). NEK2(ab227958, RRID:
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AB_109o01715) were purchased from Abcam. Protein
bands were visualized with a ChemiDoc™ Imaging
System (BIO-RAD, Singapore). The bands on the blot
were quantified with Image] software.

Cell proliferation and apoptosis assay

Cell proliferation assays were performed in 12-well
plates and counted once a day for 6 days, using a hemo-
cytometer and the trypan blue exclusion assay (0.4%
dye in phosphate-buffered saline, pH 7.3) (T8070, Solar-
bio). Cell viability at different time points after 3MO
treatment was assessed using a Cell Counting Kit-8
(CCK-8) assay (CKog4, Dojindo Laboratories, Kuma-
moto, Japan), and calculated as the ratio of live cells/
total cells. Apoptosis was analyzed by using the Annexin
V/PE Apoptosis Detection kits (559763, BD Bioscience,
USA, RRID: AB_2869265), following the man-
ufacturer’s protocol. Fluorescence was measured on an
LSR II cytometer (BD Biosciences) and data analyzed
using FlowJo Software vio.o (Tree Star, Ashland, OR,
USA).

RNA sequencing and GEO dataset analyses

A panel of MM cell lines, ANBLG (wild-type), ANBLG
BR (BTZ-resistant), ARP1, U266 and RPMI82606, was
treated with I3MO for 24 h, and RNA sequencing was
performed as described previously.**% GSEA (Gene set
enrichment analyses, V2.2.4, Broad Institute) analyses
was performed. The GEO datasets GSE5900, GSE2658
and GSE31161 were utilized to investigate the clinical
significance of PA28y and PA2oo. The TCGA data of
MMRF-CoMMpass was utilized.

Proteasome activity assay

Chymotrypsin-Like and Caspase-Like proteasome activ-
ity assays were conducted using Proteasome-Glo™ Chy-
motrypsin-Like and Caspase-Like Cell-Based Assays
(G8660, Promega Corporation, Madison, USA), respec-
tively, according to the manufacturer’s protocol.

Primers or shRNA sequences

PSME3 and PSME4 shRNAs were purchased from Bei-
jing Genomics Institute (BGI, China). sShRNA sequen-
ces, shi-PSME3: 5-GCATCTTATCTGGACCAGATT-3
and sh2-PSME3: 5-CGTGACAGAGATTGATGAGAA-
3'. The shRNA sequence for PSME4 were sh3: -
CCCTGAGTTTACTGCTCGAAT-3' and PSMEy4 shy: 5
CGATTGTTTCTTCA GGGCTTA-3'. The non-sense
sequencing was utilized as scramble control. The PCR
primer sequences used were as follows: PSME3 forward:
5-AGG ATG GCT TTC TGT ACC GC-3°, PSME3
reverse: 5-AGA AGA ACG CAG GGC TIT GA-3,
PSME4 forward: 5-CCA ACA GGA AAA GAA TGC
CGA-3’, PSME4 reverse: 5°-CCA GGG CAG GTT TCT
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TTG CT-3’, GAPDH forward: 5"-GAA GGT GAA GGT
CGG AGT C-3, and GAPDH reverse: 5-GAA GAT
GGT GAT GGG ATT TC-3.

Plasmids and transfection

ShRNA sequences for PSME3 or PSME4 were inserted
into EcoRI and Agel sites of the doxycycline-inducible
vector PLKO-Tet-on. Lentivirus was packaged in
HEK293T cells (RRID: CVCL_HAy1). After 48 h,
HEK293T cells were harvested and concentrated 1o-fold
by the Lenti-X™ Concentrator (Takara Bio USA, Inc.).
1 x 10° cells were plated in a 12-well plate. Lentivirus
was added to the cells with polybrene (8 png/ml, Santa,
sc-134220) and the stable cells were selected according
to the manufacturer’s protocol. The expression of target
proteins was examined by western blots.

The PDX model of primary patient MM cells in
zebrafish

To confirm the in vivo anti-myeloma activity of I3MO in
primary patient samples, a zebrafish PDX model of MM
was utilized according to the previous report.>® Briefly,
zebrafish embryos were obtained by the natural spawn-
ing of Tubingen strain and incubated at 28 °C in
embryo medium. All zebrafish work was approved by
the Ethical Review Committee of State Key Laboratory
of Experimental Hematology, National Clinical
Research Center for Blood Diseases, Institute of Hema-
tology & Blood Diseases Hospital, Chinese Academy of
Medical Sciences & Peking Union Medical College,
China (the reference number is NSFC2021057-EC-1).
The purified patient primary CD138" MM cells were
fluorescently labeled with o.1uM Calcein-AM (Invitro-
gen, C3100MP) and injected into the perivitelline space
of each embryo of zebrafish at 48 hpf.*° Engrafted
embryos were transferred into 24-well plates and incu-
bated at 28°C in freshly prepared E3 medium’’ contain-
ing DMSO or drugs. Working stocks were 1onM BTZ,
UM I3MO or 1onM BTZ and 5uM I3MO (vehicle was
DMSO). At 24 h post injection (hpi), engrafted embryos
were detected by fluorescent microscopy to visualize cal-
cein (green) positive areas.’® Comparison between
groups was performed using unpaired t-test (n>8
embryos/ treatment arm). Totally 500 zebrafish were
utilized, and 50 ones for each experiment.

Myeloma xenograft model

For Figure 3b, a total of 1 x 10° ARP1 MM cells was
injected subcutaneously into the left flanks of 6- to 8-
weeks old female NOD/SCID mice.>* Two weeks after
injection, the mice were randomized into 6 groups that
were treated with (a) 3MO (1.25 mg/kg, i.p., every other
day), (b) 3MO (6 mg/kg, i.p., every other day), (c) BTZ
(0.5 mg/kg, i.p., 2 times/week), (d) BTZ (1 mg/kg, i.p.,
2 times/week), (e) 3MO (1.25 mg/kg, i.p.) and BTZ

(0.5 mg/kg, i.p.), and (f) vehicle (control group). Tumor
volume was measured every 3 days as the tumor burden
according to the formula tumor volume = 1/
2 x length x width?.

For Figure 7j, PSME3, PSME4 shRNA ARP1 cells
was injected subcutaneously into the left flanks of 6- to
8-weeks old female NOD/SCID mice. Mice with tumor
volume of 100 mm? (10 days after the injection) were
randomized and treated for 6 weeks with doxycycline
(DOXY) by oral administration (0.1 mg/ml biweekly).

When the tumor volume reached 2000 mm? the
mice were euthanized in a carbon dioxide chamber.*®**
Tumor formation was examined in 5 mice in each
group. All procedures for in vivo studies were performed
according to a protocol approved by the Animal Care
and Use Committee (IACUC) of the Institute of Hema-
tology, Chinese Academy of Medical Science, and com-
pliance with animal use guidelines. All mouse work
was approved by the Ethical Review Committee of State
Key Laboratory of Experimental Hematology, National
Clinical Research Center for Blood Diseases, Institute
of Hematology & Blood Diseases Hospital, Chinese
Academy of Medical Sciences & Peking Union Medical
College, China (the reference number is IHCAMS-
DWLL-2018-KT007-1).

Toxicological studies of I3MO

To determine the hematopoietic toxicity of I3MO, 6- to
8-weeks old female Balb/c mice were treated with MO
(6 mg/kg, ip., every other day) for a month. The
amounts of white blood cell (WBC) and the body weight
were monitored.

Molecular docking

The 3D structure of PA2oo was taken from Protein
Data Bank with code 6GKWX. Since no crystal structure
of PA28y was reported previously, homology modeling
method was employed to predict the PSME3 structure
on Swiss Model server.® Auto Dock Vina** was used to
determine the binding site and binding mode of I3MO
and target. Both the receptors and 13MO were prepared
in UCSF Chimera software with Dock Prep tool. The
grid box was generated to cover the entire receptor with
the receptor center as the grid center. Ten possible bind-
ing poses were obtained after docking calculations, and
the one with the lowest binding affinity was selected as
the most stable conformation.

Biotin-based pull-down assay

I3MO was labeled with D-biotin (#60338ES03, YEA-
SEN).* D-biotin worked as negative control. Cell lysates
from MM cell lines (ARP1 and RPMI8220), and the
recombinant proteins for PSME3 (P03968, Solarbio) or
PSME4 (Posy08, Solarbio) were incubated with 13MO-
D-biotin (200 pM) at 4°C overnight, respectively. Then,
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streptavidin MagBeads (#Loo424, GenScript)*® were
added to cell lysates and rocked gently at room tempera-
ture for extra 3 h, followed by PBS washing three times
(1 mL for each time) to thoroughly remove the non-spe-
cifically bound proteins. The beads left were re-sus-
pended in SDS-PAGE sample buffer (9o pL), and
heated at 95 °C for 5 min. The pull-down protein was
identified by western blots with primary antibody of
PSME3 and PSME4, respectively.

Flow cytometric assay for intracellular monoclonal
light chain expression

Intracellular clonal light chain levels were determined
using APC anti-human Ig light chain k antibody
(#316510, RRID:AB_493615; Biolegend), and FITC anti-
human Ig light chain 1 antibody (#316606, RRID:
AB_493625; Biolegend) staining according to the man-
ufacturer’s instructions. Data were analyzed by FlowJo
software (Treestar, Ashland, OR).

Statistical analysis

Data are presented as the mean + SD or mean + SEM,
which was indicated in the figure legends. Statistical
analysis was done using GraphPad Prism (version 8.o1,
GraphPad software Inc.) The two-tailed Student’s t-test
was used to compare two groups. Two-way analysis of
variance (ANOVA) was used to assess more than two
groups. Kaplan-Meier was utilized in the survival analyses.
Differential expressed genes (DEGs) after 3MO treatment
were identified with the EdgeR package in R software with
a threshold fold change (FC) >=2.0 and P < o.05. Differ-
ences were considered significant when the P value was
<0.05 (*), <0.0I (¥¥*), <0.00I (***) or <0.000I (¥**¥*).

Role of founders

This work was funded by following foundations:
82170194, 2018RC320012, 81920108006, 2018PT310006,
2018ZX09733003 and (CIFMS) 2021-1-[2M-040.The fun-
ders have no roles in study design, data collection, data
analysis, interpretation or the writing of this research.

Results

I3MO presents a promising cytotoxicity in MM cells

To determine the anti-MM activity of I3MO, we per-
formed the in vitro and in vivo study with a panel of MM
cell lines and patient primary samples. We found that
I3MO treatment significantly suppressed the growth of
MM cells. The viability of MM cell lines (ARP1, U266
and RPMI8226) were significantly decreased with
I3MO treatment (Figure 1a). I3MO induced a dose-
dependent decrease in viability of ARP1, U266 and
RPMIB226 MM cell lines. The IC,, was (5.56=0.71)
uM, (9.9241.21) 1M, and (8.88 to.79) uM in ARP1,
U266, and RPMIB226 cells at 96 h, respectively
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(Figure 1a). Intriguingly, we found that I3MO also
restrained the growth of drug resistance MM cells,
including the resistance to conventional therapeutic
agents, doxorubicin (RPMI8226-DOX40), dexametha-
sone (MM.IR), and the proteasome inhibitor bortezo-
mib (ANBLG6-BR) (Figure 1b and 1c). Of note, compared
with the parental cells, bortezomib-resistant MM cells
were more sensitive to I3MO. IC,, in ANBLG6-BR cells
was (5.761+0.34) uM compared to (9.47+1.37) uM in
ANBLG cells (P<o.001,t test, Figure 1c). These variable
IC, of I3MO in diverse MM cell lines probably due to
their distinct cytogenetic and biological backgrounds.
To further confirm the anti-MM effects of 13MO, the
patient primary samples were examined. Consistently,
I3MO induced a dose-dependent suppression in viability
of patient primary CD138" cells, which decreased to
(75-52%15.45) % at 5 uM, and to (57.49+12.78) % at
1ouM for 72 h, compared to the untreated group (n=7,
P<o.05, t test, Figure 1d). In addition, I3MO treatment
(54M) did not show notably cytotoxicity on normal
peripheral blood mononuclear cells (PBMCs, data not
shown), which suggests a favorable therapeutic specific-
ity and no cytotoxicity against normal cell counterparts.

We have shown that stromal cells in the bone mar-
row promote MM cell survival and drug resistance.'*”
To further investigate whether the tumor associated
microenvironment (TAM) inhibits the anti-MM effects
of I3MO, bone marrow mononuclear cells (BMNCs)
including both tumor and non-tumor cells from patient
samples were isolated and treated with I3MO. The pro-
portion of residue CD45°¥CD138" cell was then deter-
mined by flow cytometry. We also examined the effect
of I3MO on CD138" MM patient cells co-cultured with
the stromal cell line HS5. Flow cytometry data showed
that I3MO significantly suppressed the growth and sur-
vival of CD45'°"CD138" MM cells even in the presence
of stromal cells (Figure 1e). The cell viability decreased
to (78.41+12.65) % and (66.57+14.50) % after 3MO
treatment at 5 uM or 10 uM for 72 h, respectively (n=7,
P<o.03, t test, Figure 1f). More importantly, the survival
of bone marrow mononuclear cells (BMNCs) from
RRMM patients with remarkably resistance to bortezo-
mib could be suppressed by I3MO treatment. Our data
showed that the growth of CD45'°"CD138* MM cells in
RRMM patients was significantly inhibited by I3MO
treatment (n=4, P<o.000I, t test, Figure 1g). Alto-
gether, these findings indicated that I3MO is an effec-
tive cytotoxicity agent against MM cells in both wide-
type and drug-resistant MM cells. Moreover, I3MO
could suppress MM cell survival even under the protec-
tion of tumor associated microenvironment (TAM).

I3MO sensitizes MM cells to bortezomib-induced
apoptosis

Next, we determined the effects of I3MO on cell cycle
and apoptosis induction of MM cells. Flow cytometry



Articles

a ARP1 U266 RPMI8226
- 24h
100 100 100 -=- 48h
23 v 23 23 7
£ s0 £ 80 £ 80 —~ 96h
S2 60 82 60 . S2 60
23 4 23 a0 23 4
=0 C) =0 =0
S o S o S o
O = 20 O= 20 M 0= 20
T T T 1 T T T 1 e T T 1
0 2 4 6 0 2 4 6 0 2 4 6
log,(I3MO concentration) (uM) log,(I3MO concentration) (uM) log,(I3MO concentration) (uM)
b c
RPMI8226-DOX40 MM1R — ANBL6
o — ANBL6 BR
100 100 = e 100
> > —— 72h >3
E% 80 ;_-§ 80 d —~ 96h E§ 80
S2 60 S32 60 S32 60
23 40 23 a0 23 a0
=0 =0 =0
Qo Qo * Qo
O= 20 o= 20 o= 20
T T T 1 0 T T Iv 1 0 T T T 1
0 2 4 6 0 2 4 6 0 2 4 6
log,(I3MO concentration) (uM) log,(I3MO concentration) (uM) log,(I3MO concentration) (uM)
d e
W patient 1 CD138+ W patient 8 CD138+
150 == patient 2 CD138+ 7 patient 9 CD138+ NDMM patient (n=9)
- patient 3 CD138+ E3 patient 10 CD138+ S 150 Kkkk
= patient 7 CD138+ 4 kkk
> 100 1 5 £3
| E E % 100-
S = 77 o ™ v
S : 1k sa v
3 507 : i ; o
: 777 H -
9 : 1 gz %0
i 3
0- T T S
0510 0 05 e o T
10
I3MO(uM) for 72h(n=7)
f g
Hm Patient 4+HS5 B3 Patient 8+HS5 RRMM patient (n=4)
1507 = Patient5+HS5 I Patient 9+HS5 s 1504 oo
P = Patient 6+HS5 B3 Patient 10+HS5 > % ns
J ——
= 31 Patient 7+HS5 %.° 1004 p=
2 1004 £ ‘o
= e
= e =
g 2o
S 33 504 4
= 504 T © A
8 =
L
0 T L) 1
- BTZ(nM) o 5 0
0510 0510 0510 0510 0510 0510 0 510 1I3MO(uM) 0 0 20

I3MO(uM) for 72h(n=7)

RRMM patient samples

Figure 1. Cytotoxic effects of I3MO on the growth of MM cells. (a) ARP-1, U266 and RPMI8226 cells were treated with the indicated
concentrations of I3MO for 96 h, followed by an assessment of cell viability by CCK-8 assays (n=3). (b) Drug-resistant MM cell lines
(RPMI8226 Dox-40 and MM.1R) were treated with the indicated concentrations of I3MO for 96 h, following the cell viability detection
(n=3). (c) Wild-type (ANBL6) and BTZ-resistant (ANBL6 BR) cell lines were treated with I3MO for 96 h, followed by an assessment of
cell viability and the calculation of ICso. The viability experiments were performed in triplicate (P<0.001, t test). (d) Purified CD138*
cells from MM patient primary samples (n=7) were treated with the indicated concentrations of I3MO for 72 h. Cell viability was cal-
culated by CCK-8 assays (P<0.05, t test). (e) BMNCs from newly diagnosed MM patients (NDMM) (n=9) were treated with the indi-
cated concentrations of I3MO for 24 h, and the percentage of CD45'°*CD138* myeloma cells was determined by flow cytometry
(P<0.05, t test). (f) Purified CD138" cells from MM patients (n=7) were co-cultured with the HS-5 stromal cell line and treated with
I13MO for 72 h, followed by an assessment of cell viability by CCK-8 assay (P<0.05, t test). () BMNCs isolated from relapsed and
refractory MM patients (RRMM) were treated with BTZ or I3MO for 24 h, and the percentage of CD45'°"CD138" cells was determined
by flow cytometry. Data are presented as the mean =+ SEM (n=4) (P<0.0001, t test). *P < 0.05; **P < 0.01; ****P < 0.0001.
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analyses showed that I3MO treatment effectively caused
cell cycle arrest of MM cells in drug-sensitive ARP1,
U266, RPMI8266, ANBLG and bortezomib-resistant
ANBLG-BR cell lines (Figure 2a). Many studies have
reported the cell cycle arrest induced by I3MO treatment
in cancer cells, which consistently in our study. Due to
the diverse background (cytogenetic and biological het-
erogeneity), the cell cycle arrest presents at different
manner in MM cell lines. We found G2/M arrest in
U266, RPMI8226, ANBLG, and ANBLG BR MM cells.
In addition, S phase significantly decreased in all five
MM cell lines, especially in high dose groups. Of note,
I3MO treatment triggered a remarkable apoptosis of
MM cells (Figure 2b), which associated with proteins
PARP and caspase 3 cleavage, as shown in Figure 2c.

Since I3MO had a cytotoxic effect on both BTZ-sensi-
tive and BTZ-resistant MM cells, we further asked
whether I3MO and bortezomib have synergistic effects
in the treatment of myeloma. The CI is considered the
gold standard for the synergism of drug-drug interac-
tions. A CI value = 1 always indicates an additive effect,
while CI values <1 indicate synergistic interactions.
Thus, the lower CI value, the stronger synergism. Our
data showed that I3MO remarkably enhanced MM cell
sensitivity to bortezomib-induced apoptosis. Annexin V
positive apoptotic MM cells were significantly increased,
especially in the cohort treated with combination of
I3MO and bortezomib. I3MO and BTZ exhibited syner-
gistic effects in both wild-type and BTZ-resistant cells,
as shown by CI values < 1.0 (Figure 3a).

We further utilized two different in vivo strategies to
address I3MO anti-MM efficacy and confirmed the com-
bination anti-MM activity of I3MO and bortezomib.
Firstly, the xenograft myeloma mouse model was per-
formed. Thirty tumor-bearing mice were divided into
six randomized treatment groups (n=5 in each group),
including (a) PBS control group, (b) bortezomib treat-
ment groups, a low dose one (0.5 mg/kg, two times/a
week) or (c) regular dose one (1 mg/kg, two times/a
week), (d) I3MO treatment groups, high dose, 6 mg/kg,
every other day or (e) low dose, 1.25 mg/kg, every other
day, and (f) I3MO and bortezomib combination group
(IsMO: 1.25 mg/kg and bortezomib: o.5 mg/kg). As
Figure 3b showed, I3MO treatment (6 mg/kg) signifi-
cantly reduced the tumor burden compared to that in
the PBS control group (382.5£44.4 mm? v.s. 1881.6+
82.8 mm>3, P<o.05, Two-way ANOVA), and the extent
tumor burden was equivalent to treatment with bortezo-
mib at regular dosage of 1 mg/kg (461.8+80.9 mm? v.s.
1881.6+82.8 mm3, P<o.05, Two-way ANOVA). The
tumor volume of the group of treatment with low dose
of I3MO (1.25 mg/kg) compared to the PBS control
group was (929.4+39.2 mm? v.s. 1881.6+82.8 mm?3,
P<o.05, Two-way ANOVA), or with low dose of bortezo-
mib (0.5 mg/kg) compared with the control group was
(887.7+74.7 mm3 v.s. 1881.6+82.8 mm?, P<o.05, Two-
way ANOVA). Strikingly, the combination treatment
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group with low dose of I3MO (1.25 mg/kg) and BTZ
(0.5 mg/kg) prominently restrained the tumor burden
compared to either treatment with regular I3MO
(236.140.7 mm? v.s. 929.4+39.2 mm?, P<o.o1, Two-
way ANOVA) or BTZ alone (236.1+40.7 mm? vs.
887.7+74.7 mm3, P<o.o1, Figure 3b Two-way ANOVA).
This data indicated that the effects of tumor suppres-
sion with lower dose combination treatment were equal
to the regular treatment either with 13MO or BTZ. In
addition, to determine the toxicity of I3MO treatment,
we did routine examination to monitor the amounts of
white blood cell (WBC) and the body weight of Balb/c
mice during I3MO treatment. Our results indicated that
there is not conspicuous hematological toxicity and the
body weight lost in treatment with I3MO (Figure S1a),
which supports the well tolerance and effective anti-
MM effects of I3MO. The combination therapy with
decreased dose of I3MO and BTZ might be benefit for
clinical practice with alleviation side effects induced by
the agents.

Zebrafish is an ideal model to investigate the cytotox-
icity of compounds on primary MM patient samples,
which secret growth factors, such as IL-6 and SDF1« to
support primary MM cells growth.>>3® To investigate
the I3MO effects on primary MM patient cells in vivo,
the patient-derived xenograft (PDX) model of zebrafish
was further utilized follow the protocol reported previ-
ously. Primary MM patient cells were isolated and
enriched with CD138 microbeads, further labeled with
Calcein-AM (o0.1uM), and then transplanted into the
perivitelline space of zebrafish embryos. Xenograft-posi-
tive zebrafish embryos were divided randomly and
treated with (a) DMSO (control group), (b) BTZ
(o nM), (c) I3MO (5 M), and (d) 3MO/BTZ combina-
tion (10 nM and 5 uM, respectively). The tumor load
was examined by quantification of Calcein-AM (green) pos-
itive areas in zebrafish, and compared in different groups
after 24 h treatment. As Figure 3c—e showed, either mono-
therapy or combination therapy of I3MO eliminates the
engraftment of MM cells in zebrafish embryos (P<o.05, t
test). Together, these in vitro and in vivo results therefore
confirmed the anti-MM activity efficiently induced by
I3MO induction, and strikingly enhances the cytotoxicity of
bortezomib in combination therapy.

I3MO is a multifaceted regulator of myeloma cell death
To investigate the mechanism of I3MO anti-MM ability,
RNA sequencing of MM cells before and after the treat-
ment of I3MO was performed. The heatmaps showed
the differentially expressed genes (DEGs) in MM cells
that induced by I3MO treatment in a panel of MM cell
lines (FC>=2.0, P<0.05, edgeR). There was 3322 DEGs
(2155 up and 1167 down) in ARP1, 2233 DEGs (959 up
and 1274 down) in U266, 1412 DEGs (442 up, 970
down) in RPMI8220, respectively (touM for 24 h,
Figures 4a and S1b). Additionally, there was 2730 DEGs
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Figure 2. I3MO induces the apoptosis of MM cells. (a) The cell cycle was evaluated by flow cytometry in ARP1, U266, RPMI8226,
ANBL6 and ANBL6 BR cells after the treatment with 13MO for 24 h (P<0.05, t test). (b) The cell apoptosis of MM cell lines (ARP-1,
U266, RPMI8226 and ANBL6 BR) were detected with a 7AAD-Annexin V double staining assay (n=3) after the treatment of 13MO
(P<0.05, t test). (c) Western blot was utilized to detect the level of apoptosis related proteins after I3MO treatment. The experiments
were performed in triplicate. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3. I13MO sensitizes MM cells to bortezomib-induced apoptosis. (a) The apoptosis of ARP1, U266, RPMI8226, ANBL6 and ANBL6
BR cells with monotherapy or combination therapy of BTZ (1.25,2.5,5,10 nM) or I3MO (1.25,2.5,5,10 IM) were detected after the
treatment for 24 h by flow cytometry, respectively. Isobologram analysis shows the synergistic cytotoxic effect of BTZ and 13MO. Cl
value<1 indicates synergistic interactions. The experiments were performed in triplicate. (b) Xenograft mouse model of MM was uti-
lized to detect the I3MO effects on MM cell growth. There were six treatment groups with varying dosage of I3MO and BTZ as indi-
cated. (P<0.05, Two-way ANOVA). (c) Primary patient samples (n=5) derived xenograft model was further utilized to detect the
cytotoxicity of 13MO in zebrafish. Schematic diagram of experimental design. (d) Patient-derived MM cells were labeled with Cal-
cein-AM and implanted into the perivitelline space of each zebrafish. The survival of engrafted cells was monitored at 0 hpi and 24
hpi. Fluorescent microscopy imaging of Calcein-AM-labeled patient MM cells in zebrafish embryos treated with DMSO, BTZ, I3MO,
or BTZ and I3MO, at 0 and 24hpi, respectively. Dashed lines circle the primary MM cells. (Scale bars: 100 um.) (e) Quantification of
Calcein-AM-positive (green) areas in zebrafish embryos at 24 h post-injection (5 patients/treatment) (P<0.05, t test). Data are mean
=+ SEM. NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, unpaired t test. MACS, magnetic cell sorting; MM cells,

multiple myeloma cells; hpi, hours post-injection.
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Figure 4. 13MO is a multifaceted regulator of cell death. (a) The heatmaps showed the differentially expressed genes (DEGs) in ARP1,
ANBL6 and ANBL6 BR cells treated with I3MO for 24 h. (b) KEGG pathway analyses was performed after I3MO treatment. (c) GSEA

analyses was performed to analyze pathways and function annotation. (d) Heatmaps showed decreased expression of genes related
to UPP pathway among five MM cells after I3MO treatment.
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(2524 up and 206 down) in ANBLG, and 1815 DEGs
(820 up and 995 down) in ANBLGBR cell lines after
treatment with I3MO (5uM for 24 h). Of note, DEGs in
MM cell lines treated with or without I3MO were com-
monly enriched in multiple pathways according to
KEGG analysis, including Ubiquitin mediated proteoly-
sis, Cell cycle, Proteasome, and Apoptosis pathways
(Figure 4Db). These results consistent with our data
showed above that I3MO induced significantly cell cycle
arrest and apoptosis in MM cell lines. Furthermore,
Gene Set Enrichment Analyses (GSEA) data showed
that DEGs in these MM cell lines which induced by
I3MO were significantly suppressed in Ub-specific proc-
essing proteasomes pathway, as shown in Figure 4c.
Furthermore, the UPP related genes were remarkably
down-regulated in MM cell lines after the treatment of
I3MO, which included USPy, USPi1, USP13 etc., as
Figure 4d heatmaps showed. These results indicated
that I3MO is a multifaceted regulator of cell death. Ub-
specific processing proteasomes pathway is a common
mechanism that plays pivotal roles in anti-MM effect of
I3MO.

I3MO suppresses the growth of MM cells via down-
regulating USP7 expression

To confirm the signaling pathway mediating I3MO anti-
MM activity, five MM cell lines (ARP1, U266,
RPMI8266, ANBLG and ANBLG BR) were further ana-
lyzed. Western blots showed that y-H2AX, a sensitive
molecular marker of DNA damage and repair, was sig-
nificantly enhanced in MM cell lines after I3MO treat-
ment at dose dependent manner (Figure 5a), associated
with increased p53 and p2r levels. In contrast, the anti-
apoptotic protein BCL-2 was down-regulated in MM cell
lines after I3MO treatment (Figure 5b). Interesting, we
found that I3MO treatment upregulated p21 level even
in p53 null ARP1 MM cells, suggesting that its cytotoxic
activity presents a p53 independent way. Additionally,
NF-kB pathway activators phosphorylated IKKap (s176/
s180) and phosphorylated p6s5 (s536) were notably
down-regulated after treatment of I3MO in MM cell
lines. Since ps53 and pG6j5 both are the substrates of
USP7, the USP7 level was examined. Western blots
showed that I3MO induced a dose-dependent decrease
of USPy (Figure sb). These findings suggested that
USP7 downregulated by I3MO triggers p53 and p65 deg-
radation and suppresses its downstream signaling
transduction.

Our previous study indicated that USP7/NEK2/NF-
kB pathway activation plays pivotal roles in bortezomib
resistance in MM.”?9 Since the stabilization of NEK2 by
USP7 is required for the release of p6s into the nucleus,
we further investigate whether downregulation of USPy
involved in I3MO efficacy via triggering NEK2 degrada-
tion and suppresses its downstream signaling transduc-
tion. The NEK2-OE BTZ-resistance ARP1 and OCI-
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MY5 MM cell lines were utilized. Western blots showed
that I3MO triggered decreased expression of USP7 and
NEK2 (Figure s5¢). Cell viability significantly decreased
in NEK2-OE ARP1 cells from 96.55% to 11.94% after
I3MO treatment at 20 uM for 24 h compared with
ARP1-EV cells from 100.00% to 277.61% (P<o.01, Two-
way ANOVA, Figure 5d). To further investigate whether
inhibition of NF-«B triggered by I3MO treatment could
overcome bortezomib resistance, NEK2 overexpression
or empty vector (EV) OCI-MY5 cells were next incubated
with I3MO. We found that I3MO also caused a dose-
dependent decrease in viability of NEK2-OE bortezomib
resistant MM cells (from 99.99% to 14.11%, at 20uM
for 24 h, compared with from 100% to 32.05% in EV
OCI-MYs5 cells (P<o.001, Two-way ANOVA, Figure se).
Nuclear and cytoplasmic fractionations were performed
to determine if pG5 was stabilized in the nucleus of after
treatment with I3MO. The protein level of p65 was
increased in both cytoplasmic and nuclear fractions in
NEK2-OE bortezomib resistant MM cells compared
with EV control cells. Consistently, both cytoplasmic
and nuclear accumulation of NEK2 and p65 was
reversed after 3MO treatment (Figure 5f), suggesting
that I3MO impaired the stabilization of NEK2 and pG6s
via down-regulation of USP7. Together, our data there-
fore indicate that I3MO downregulates the level of
USP7 and promotes NEK2 degradation, resulting in the
suppression of downstream targets and NF-«B signal-
ing, and inducing cell death in bortezomib resistant
MM cells. These findings also indicate that the anti-MM
activity of I3MO is associated with decreased USP7 and
its down-stream targets ps3 and NF-kB pathway. These
results further support that Ub-specific processing pro-
teases pathway (UPP pathway) is the potential target of
3MO.

I3MO works as proteasome inhibitor via suppressing
PSME3 and PSME4

Importantly, our GSEA analyses also suggested that
I3MO impacts proteasome activity (Figure 4). Therefore,
to further validate the I3MO effects on proteasome activ-
ities, ARP1, U266 and ANBL6 BR MM cell lines were
analyzed. Decreased proteasome activities, chymotryp-
sin-like (CT-L) and caspase-like (C-L), were observed in
drug sensitive (ARP1, U266) and bortezomib resistant
(ANBL6 BR) MM cell lines in treatment with I3MO
(Figure Ga and b). Furthermore, the combination of
I3MO and bortezomib further decreased the CT-L and
C-L proteasome activities compared to bortezomib or
I3MO alone treatment (Figure 6a and b).

RNA-seq data showed that 42 protease complex
genes were regulated by I3MO treatment (5 pM for
24 h) in ANBLG BR myeloma cells, including 34 down-
regulated and 7 up-regulated genes, and no difference
in PSMBI1 (Figure 6c¢). The proteasome is an intracellu-
lar protease complex including the 20S catalytic core

1
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Figure 6. 13MO works as proteasome inhibitor via suppressing PSME3 and PSME4 expression. (a) The chymotrypsin- (CT-L) and (b)
caspase-like (C-L) proteasome activity of ARP1, U266 and ANBL6 BR cells were examined after the treatment with I3MO monother-
apy or combination therapy (P<0.05, t test). (c) The heatmap showed several genes of protease complex were down-regulated by
I3MO induction. (d,e) ARP1, ANBL6 and ANBL6 BR (BTZ-resistant) cells were treated with or without I3MO (5 M) for 24 h, and the
mMRNA levels of PSME3 and PSME4 were detected by real time-PCR (P<0.05, t test). (f) Western blots were utilized to detect the levels
of PA28y, PA200 before and after the I3MO treatment. The experiments were performed in triplicate. *P < 0.05; **P < 0.01; ***P <
0.001.
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and its associated 19S complex, PA28af, PA28y,
PA200, and PI31. Since alternative proteasome genes of
PSME3 (PA28y) and PSME4 (PA200) mediate sub-
strate degradation in an ubiquitin-independent man-
ner,*" we next evaluated the function of PSME3 and
PSME4 in MM cells survival after the treatment of
I3MO. Real-time PCR data confirmed that the decreased
levels of PSME3 and PSME4 in ARP1, ANBLG and ANBLG
BR MM cell lines treated with I3MO overnight at suM
(Figure 6d and e, P<o.05, t test). Western blots confirmed
that the protein levels of PA28y and PA20oo were downre-
gulated in both drug-sensitive ARP1, U266 and bortezo-
mib-resistance ANBL6 BR MM cell lines (Figure Of).
Together, these findings support the notion that 3MO acts
as proteasome inhibitor which targets the alternative pro-
teasome subunits PSME3 and PSME4.

To further explore whether there is a direct binding
site and characterize binding between I3MO and its tar-
get proteins, PA28y or PA200o, AutoDock Vina analyses
was performed.’”> Both the receptors and I3MO were
prepared in UCSF Chimera software with Dock Prep
tool. The grid box was generated to cover the entire
receptor, with the receptor center as the grid center. Ten
possible binding poses were obtained after docking cal-
culations, and the one with the lowest binding affinity
was selected as the most stable conformation. As shown
in Figure 7a and b, PA28y is a doughnut-shaped homo
heptamer, and the obtained top pose of I3MO locates
between two monomers with a binding affinity of
-8.5 kcal/mol. The interacting residues include Alai86,
Ser18y, Leui89, Ser13y, Glyi38, Lysi3g, Glnigr,
Aspigo, Argig4, Ser229 and Lys225, among which
three residues (Glnigr and Ser229 of one monomer,
and Asp1go of another monomer) are involved in polar
interactions and Lys225 creates a cation-r interaction
with the aromatic ring structure of 13MO. The PA28y
heptamer is shown with each chain in a different color,
and I3MO is shown in yellow carbon stick model
(Figure 77a). The predicted binding of I3MO with PA2oo
can be classified into two sites, I3MO in site 1 and site 2
shown in yellow and orange carbon scheme, respec-
tively. PA2oo is shown in green carbon scheme
(Figure 77b). Site 1 is characterized by two tyrosine resi-
dues (Tyry32 and Tyry36) as pocket bottom, and two
arginine residues (Arg726 and Arggi4) as pocket edge.
Site 2 locates near the C-terminal of PA2oo. The
obtained binding affinities of top poses for these two
sites are -9.1 kcal/mol and -9.7 kcal/mol, respectively.
Our data also showed that the two ring structures of
I3MO parallel in site 1 to the phenyl ring of Tyr732 and
Tyr736, respectively, creating face-to-face m-7 interac-
tions. The polar atoms of I3MO form hydrogen bonds
with Arg726 and Arggi4, and the guanidine group of
Arg68s has the potential to produce cation- interac-
tions with the ring structure of I3MO. In site 2, I3MO is
surrounded by Thr338, Ser3sg, His342, Asnriyi6,
Serry72, proryy74 and Tyrryys, and polar interactions

exist between
(Figure 7b).

The most straight forward way to determine interac-
tion partners of a peptide is to use the peptide as bait in
affinity pull-down experiments and then by direct detec-
tion of binding proteins. The biotinylated 13MO, I3MO-
D-Biotin, were synthesized (Figure 7c). Cell lysates
from ARP1 and RPMI8226 were incubated with I3MO-
D-Biotin, and probed with streptavidin. Protein com-
plexes followed by streptavidin pull-down, and PA28y
and PA2oo were determined with western blots
(Figure 77d). Our results demonstrated that PA28y and
PA2oo were the direct targets binding with I3MO.
These combinations were further confirmed in recom-
bined proteins as Figure 7e showed. These results indi-
cate that I3MO could direct bind with, and down-
regulate the expression of PA28y and PA20oo, which
involved in the inhibition of proteasome activity.

Since a previous study has reported that alternative pro-
teasome complexes persisted even when cells had regained
proteasome activity after pulse exposure to proteasome
inhibitors,*" we hypothesized that the activation of alterna-
tive proteasome might be associated with resistance to the
traditional proteasome inhibitor bortezomib. As compo-
nents of the alternative proteasome complex, PSME3 and
PSME4 perform pivotal roles in proteasome formation
and function.”” We therefore next constructed a doxycy-
cline-inducible PSME3/PSME4-shRNA vector that was
transduced into ARP1 and ANBLG BR myeloma cell lines
(Figure 7f), and then evaluated the proteasome activity.
Knockdown PSME3 or PSME4 caused a remarkable
decrease of the CT-L and C-L proteasome activity in both
drug-sensitive (ARP1) and drugresistant MM cells
(ANBLG BR) (Figure 7g). The cell proliferation of ARP1
cells showed a 64% reduction after PSME3 knockdown
and a 45% reduction after PSME4 knockdown. There was
a 65% reduction in cell proliferation of PSME3 knock-
down, and a 50% reduction in PSME4 knockdown in
ANBLG BR cell line (Figure 7h and i). An in vivo test of
PSME3 and PSME4 knockdown was performed in NOD/
SCID xenograft model with doxycycline (DOXY) by oral
administration (0.1 mg/ml biweekly). The tumor volume
was significantly inhibited in groups of PSME3 and
PSME4 knockdown compared with the control groups, as
Figure 7j showed (P<o.01, Two-way ANOVA). Kaplan-
Meier analysis showed that knockdown PSME3 or PSME4
significantly extended the survival of tumor-bearing mouse
compared with the control group (Figure 7k, P<o.o1, log
rank test). The CD138" MM cell and the Ki-67 level signifi-
cantly decreased in the tumor of knockdown PSME3 and
PSME4 groups (Figure 71 and m).

I3MO and Ser3sg and Asniyi6

Knockdown PSME3 and PSME4 suppresses MM cell
growth and sensitizes to bortezomib induction

Next, we evaluated whether PSME3 and PSME4 have
effects on MM cells sensitivity to proteasome inhibitor.
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with D-biotin. (d-e) Cell lysates from ARP1 and RPMI8226 or PSME3 and PSME4 recombinant protein were incubated overnight with
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< 0.01; ***P < 0.001.
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Cell viability analysis showed that MM cells were more
sensitive to bortezomib-induced cell growth arrest when
knockdown PSME3 or PSMEy, especially in bortezo-
mib-resistant cells ANBL6-BR (Figure 8a and 8Db).
Knockdown of PSME3 and PSME4 significantly
increased MM cell apoptosis induced by bortezomib in
both ARP1 and ANBLG BR cell lines (Figure 8c and d).
According to the load-versus-capacity model, cells
equipped with fewer proteasomes, higher workload, or
both should be more vulnerable to the toxic effects of
bortezomib. To better understand the mechanism by
which PSME3 and PSME4 sensitize to bortezomib-
induced apoptosis in MM cells, the capability of protein
synthesis in knockdown PSME3 or PSME4 ARP1 and
ANBLG BR MM cell lines was analyzed. Intracellular
clonal light chain levels in ARP1 and ANBL6 BR MM
cells were examined using APC anti-human Ig light
chain k antibody and FITC anti-human Ig light chain A
antibody, respectively. We found that the « light chain
synthesis in ARP1 cells or 1 light chain in ANBL6 BR
cells was significantly increased when PSME3 or
PSME4 were down-regulated (Figure 8e and f). In addi-
tion, we found that knockdown PSME3 or PSME4 sig-
nificantly decreased MM cell sensitivity to I3MO
(Figure 8g and h). These findings indicate that the effi-
cacy against MM of I3MO by disturbing the balance
between proteasome load and capacity. PSME3 and
PSME4 in the setting of bortezomib resistance repre-
sent promising potential therapeutic targets.

High level of PSME3 or PSME4 associated with inferior
outcome in MM patients

To further demonstrate the clinical significance of our
finding, multiple independent clinical data sets were
analyzed. Based on the public available GEO datasets
(GSEs900 & GSE2658) of MM patients, we found that
the levels of PSME3 (200987_x_at) and PSME4
(212219_x_at) were significantly increased in plasma
cells of newly diagnosed MM patients (NDMM, n=351).
When the cutoff for the affymetrix signals for PSME3
and PSME4 were set at 1,000, 134 out of 351 (38.2%,
PSME3) and 123 out of 351 (35.0%, PSME4) NDMM
patients exhibited significantly increased levels of
PSME3 and PSME4, respectively, compared to the
plasma cells from healthy donors (Figure 9a). Of note,
the levels of PSME3 and PSME4 were further increased
in patients with RRMM (P<o.05, t test) (Figure gb).
The Cancer Cell Line Encyclopedia (CCLE) transcrip-
tome data set also showed that the levels of PSME3 and
PSME4 were significantly higher in B-cell—derived
malignancies, including MM, relative to other hemato-
logic malignancies and solid tumors (FigureSic).

To confirm PSME3 or PSME4 upregulation at the
protein level, the primary patient samples of NDMM
and RRMM were examined. Western blots showed that
the protein level of PA28y (PSME3) and PA2o00

(PSMEy4) increased in NDMM patients, with further
upregulation in the RRMM compared to normal plasma
cells (Figure 9c). PA28y and PA20oo were significantly
increased in a panel of MM cell lines relative to normal
plasma cells (Figure 9d). Importantly, Kaplan-Meier
analysis showed that MM patients with highly PA28y
(PSME3) or PA20oo (PSMEy) at the best expression sig-
nal cutoff using R package had inferior outcome
(Figure ge and f). A total of 12.0% (103/858) of MM
patients with elevated PSME3 expression had inferior
overall survival (OS) in MMRF-CoMMpass clinical trial
(hazard ratio, HR=3.045, P<o.0001, log rank test,
Figure 9e). And 37.0% (326/858) of MM patients with
elevated PSME4 expression had inferior overall survival
(OS) in MMRF-CoMMpass clinical trial (HR=1.507,
P=0.0037, log rank test, Figure of). Together, these find-
ings indicate that PA28y (PSME3) and PA2oo (PSME4)
play pivotal roles in RRMM, and therefore represent
promising therapeutic targets.

Discussion
Three proteasome inhibitors have garnered regulatory
approvals in MM, but drug resistance is an emerging
challenge, prompting interest in potential therapies
blocking regulator components of the proteasome path-
way.” Indirubin is one of many active constituents
derived from a traditional Chinese prescription, Indigo
Naturalis, which was identified by the researcher in our
institute in the mid of 1970s.#*”** Indirubin-3'-monox-
ime (I3MO) was one of the ideal derivatives of Indiru-
bin, with lower IC,, and enhanced cytotoxicity
compared to indirubin itself.#* Several studies have
reported that I3MO efficiently induces malignant cell
apoptosis, inhibits cyclin-dependent kinases, and trig-
gers anti-angiogenesis effects in hematologic malignan-
cies and solid tumors.* 47 In the current report, the in
vitro and in vivo study demonstrated the promising ther-
apeutic role of I3MO on inhibiting of MM cell growth,
even in the presence of the protective tumor associated
microenvironment (TAM). Of note, combination of
I3MO with bortezomib notably enhanced MM cell sensi-
tivity to bortezomib-induced apoptosis. Mechanism,
I3MO acts as multifaceted regulators of cell death in
MM, which promotes cell cycle arrest, DNA damage
response, and efficiently induces apoptosis of tumor
cells. Of note, I3MO also suppresses NF-«B signaling, a
critical pathway mediating growth and drug-resistance
in MM cells, through downregulating USP7 expression.
Our results strikingly demonstrate that I3MO act as pro-
teasome inhibitor by targeting the proteasome activators
PSME3 and PSME4. These molecular mechanisms of
anti-MM activity are illustrated in Figure 10.
Ubiquitination controls the stability of most cellular
proteins, and its deregulation contributes to human dis-
eases including cancer. Deubiquitinases (DUBs)
remove ubiquitin from proteins, and their inhibition
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can induce degradation of select proteins. Cheng et al.
has reported that indirubin derivatives enhanced SMAD
protein degradation through targeting USPgx and
USP34.%° Recent study reported by this team further
demonstrated that pVHL (a component of an E3 ubiqui-
tin ligase complex) also contributes for SMAD ubiquiti-
nation degradation induced by indirubin treatment.*?
Consistent with that, our study shows that Ub-specific
processing proteases pathway (UPP pathway) was nota-
bly suppressed after 3MO treatment in a panel of MM
cell lines. I3MO treatment significantly suppresses the
expressions of USPy, USP11, USP13, USP18, UBB, and
UBC etc. These results indicated that UPP pathway is
the potential target of I3MO, which involved in the anti-
MM efficacy. Excessive production of abnormal immu-
noglobulins is an important hallmark of MM, which
makes MM cells heavily dependent on the ubiquitin-
proteasome system (UPS) to maintain protein
homeostasis.>*>° Ubiquitin specific peptidase 7 (USPy)
is a deubiquitinating enzyme (DUB) which removes
ubiquitin tags from target protein substrates to alter
their degradation and sub-cellular localization. USPy
was proposed to be as a therapeutic target in several can-
cers, including MM®" because it has many reported sub-
strates with a role in cancer progression including
NEK2,73° MDM2,°* N-Myc* and PTEN.>* NEK2, a CIN
gene, is the most significant gene associated with drug
resistance and poor outcome in MM and other cancers.
NEK2 is stabilized by USP7 and promoted the bortezo-
mib resistance of MM cells as our previous study
reported.”?? MDMz2 ubiquitylates p53 and targets it for
proteasome-mediated degradation. As normal, USPy
stabilizes the levels of MDMz2, which consequently
drives ps33 ubiquitylation and its subsequent
degradation.’>*° The functional consequences of inhib-
iting USPy therefore include decreased MDM2 levels
with accumulation of ps3, induction of growth arrest via
p21, and cell death. Our results demonstrate that 3MO
treatment remarkably downregulates USP7 and stabil-
izes ps3, thereby inducing MM cell growth arrest via
upregulation of p21. Kon et al.’” also highlighted a p53-
dependent and -independent function of USP7. These
findings have important clinical implications, since
10—15% of MM patients have p53 mutations/deletions
which confer drug resistance; a therapeutic strategy
using 13MO would have potential anti-MM activity even
in this patient population. Andrew et al. reported the
USP7 inhibition by selective small molecule inhibi-
tors.”’ However, our data showed that 13MO cannot
direct bind with USPy (data not shown). In addition,
USP7 is proposed to exist in an oligomeric form like
other deubiquitinases.*®*° Therefore, the related regula-
tory mechanisms of USP7 downregulation by I3MO are
still need to be further clarified.

Additionally, our study demonstrated that I3MO
treatment inhibits proteasome activity via directly bind-
ing with PA28y and PA2oo. The proteasome complex

is composed by chymotrypsin-like, trypsin-like and cas-
pase-like activities that are associated with three catalytic
core particles: Bs, B2, f1, and its associated activators
and regulators including PA28ap, PA28y (PSMEj3),
PA200 (PSME4) and PI31, respectively.®>®" This study
identified that I3MO direct binds with proteasome com-
plex activator, PA28y and PA2oo, and down-regulates
the expression of PA28y (PSME3) and PA2oo (PSME4)
in both mRNA and protein level, which causes the inhi-
bition of proteasome activity. Therefore, these findings
support I3MO as proteasome inhibitor with potential to
overcome bortezomib resistance in MM cells by target-
ing PA28y (PSME3) and PA2oo (PSME4), the diverse
subunits compared with traditional proteasome inhibi-
tor bortezomib. Knockdown PSME3 or PSME4 by
shRNA not only inhibited proteasome activity, but also
increased protein synthesis, which in turn led to cell
growth arrest and increased MM cell sensitivity to tradi-
tional proteasome inhibitor bortezomib. The sensitivity
of MM cells to bortezomib heavily depends on the bal-
ance between proteasome load and capacity. The sensi-
tivity of certain MM cell line to BTZ could stem from
decreased proteasomal capacity, increased proteasomal
workload, or both.”"* Gu et al.°* found that downregula-
tion of PA28« inhibits both proteasomal load and activ-
ity, resulting in protein homeostasis less dependent on
the proteasome activity, which causes MM cells are
resistance to proteasome inhibitors. Jagannathan and
colleagues®® study also supports that upregulation the
level of PA20oo would increase proteasome activity and
render cells therapeutically resistant to PIs. Our results
indicated that downregulation PSME3 or PSME4 by
I3MO decreases the proteasome capacity, and notably
increases the proteasomal workload by increasing the
protein synthesis in MM cells. Moreover, knockdown
PSME3 or PSME4 significantly decreased MM cell sen-
sitivity to I3MO. These findings demonstrate that 3MO
targeting PSME3/4 and promotes MM cells sensitive to
BTZ.

The activator PA28y and PA20o0 of proteasome com-
plex is constitutively expressed in most cell types and
involved in the pathogenesis of malignancy. PA28y is
found exclusively in the nucleus and associates as a
homoheptamer with the 20S complex.®* PA28y has
been implicated in the regulation of cell cycle progres-
sion and apoptosis, and negatively regulates p53.°° High
levels of PA28y promote aggressive pancreatic cancer
cell growth via c-Myc-glycolysis signaling axis.®®®”
Boulpicante et al. reported that overexpressing the pro-
teasome activator PA28y promotes tumor escape from
immunosurveillance.®” °® The activator PA20oo func-
tions in a variety of processes including proteasome
assembly, DNA repair, genomic stability, spermatogen-
esis, and mitochondrial checkpoint regulation,”® as well
as stimulates the peptide-hydrolyzing activity of protea-
somes.”" Welk et al. reported that catalytic proteasome
inhibition resulted in the rapid (within 2—6 h)
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recruitment of PA28y and PA20oo to the 20S and 26S
proteasomes to form alternative proteasome com-
plexes.*" Myeloma cells are characterized by high pro-
teasome complex activity, which is responsible for the
degradation of paraprotein and maintenance of cellular
homeostasis. When proteasome activity was inhibited
by bortezomib, compensatory alternative proteasome
formation increased.*’ Most importantly, our results
confirmed that targeting the components of proteasome
activators PSME3 (PA28y) and PSME4 (PA200) caused
the inhibition of alternative proteasome function and
efficiently induced the suppression of MM cell growth.
We have shown that an increased NEK2 signature is
linked to drug resistance in MM using systematic analy-
ses of sequential MM samples.””* Here, we demon-
strated that I3MO efficiently suppresses cell growth of
NEK2 overexpression MM cells via downregulating the
proteasome activator PA28y and PA2oo.

Utilizing the publicly available datasets, we found
that more than 30% MM patients have increased levels
of PSME3 and PSMEy4, especially in RRMM. Moreover,
high levels of PSME3 or PSME4 are associated with an
inferior outcome in MM patients. All these findings
support a critical role of the alternative proteasome com-
posed with PSME3 and PSME4 in the growth and pro-
gression of MM, especially in bortezomib resistant MM.
Additionally, relapse phenotype may be acquired via
therapy induced selection of resistant minor clones
present at diagnosis or by direct adaptation to therapy of
the original malignant clone. Increased expression of
PSME3 and PSME4 in RRMM patients represents the
biomarkers of drug resistance clones. I3MO targets
PA28y (PSME3) and PA2oo (PSME4) and leads to the
inactivation of downstream signals, which results in cell
death and overcomes drug resistance in MM cells. Due
to the diverse targets of proteasome complex mentioned
above, I3MO exerts therapeutic effects against bortezo-
mib-resistant MM cells, and enhances the cytotoxicity of
bortezomib in combination treatment. These findings
highlight the potential value of PSME3 and PSME4
inhibition in sensitizing to PI or overcoming PI resis-
tance in MM.

In summary, our study demonstrated that I3MO is
an effective agent against MM, which targets UPP sig-
nal pathway and works as proteasome inhibitor. Protea-
some activators PSME3 and PSME4 as the targets of
I3MO are overexpressed in RRMM and associated with
bortezomib resistance. It therefore represents a promis-
ing therapeutic application overcome PIs resistance and
improve patient outcome in MM. Whereas, more effec-
tive inhibitors need to be further developed given the
high micromolar dose of I3MO in MM treatment.
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