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Abstract

Background Targeting exportin1 (XPO1) with Selinexor (SEL) is a promising therapeutic strategy for patients

with multiple myeloma (MM). However, intrinsic and acquired drug resistance constitute great challenges. SEL

has been reported to promote the degradation of XPO1 protein in tumor cells. Nevertheless, in myeloma, the pre-
cise mechanisms underlying SEL-induced XPO1 degradation and its impact on drug responsiveness remain largely
undefined.

Methods We assessed XPO1 protein and mRNA levels using western blotting and RT-gPCR. Cycloheximide (CHX) chase
assays and degradation blockade assays were used to determine the pathway of XPO1 degradation induced by SEL.
The sensitivity of MM cell lines to SEL was evaluated using CCK8-based cell viability assays and AV-PI staining-based cell
apoptosis assays. The subcellular localization of the cargo protein RanBP1 was assessed via immunofluorescence stain-
ing. Immunoprecipitation coupled with mass spectrometry (IP-MS), bioinformatics analysis and ubiquitination assays,
were employed to identify the molecular targets responsible for SEL-induced degradation of XPO1. shRNA-mediated
knockdown assays and small molecule inhibitors of USP7 were utilized to disrupt the function of USP7. The role of USP7
in modulating SEL sensitivity was analyzed in MM cell lines, primary CD138* cells, and xenograft mouse models.

Results SEL promotes the degradation of XPO1 in MM cells through the ubiquitin-proteasome pathway. There

is a positive correlation between XPO1 degradation and sensitivity to SEL in these cells. Inhibiting XPO1 degradation
reduces the functional inhibitory effects of SEL on XPO1, as evidenced by decreased nuclear localization of the cargo
protein RanBP1. USP7 stabilizes XPO1 in MM cells via its deubiquitinating activity. SEL accelerates the ubiquitina-

tion and subsequent degradation of XPO1 by disrupting the interaction between XPO1 and USP7. The expression

of USP7 is negatively correlated with patient prognosis and the sensitivity of MM cells to SEL. Inactivating or knocking
down USP7 significantly enhances the anti-myeloma effects of SEL both in vitro and in vivo.

Conclusion In conclusion, our findings underscore the essential role of XPO1 degradation in the anti-myeloma
efficacy of SEL and establish a research foundation for targeting USP7 to improve the effectiveness of SEL-based thera-
pies in MM.
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Background

Multiple myeloma (MM) is the second most commonly
diagnosed hematologic malignancy, characterized by
abnormal proliferation of clonal plasma cells in the bone
marrow [1]. Despite significant progress has been made
in the treatment of myeloma, inherent and acquired drug
resistance remains a major limitation for long-term dis-
ease control [2, 3].

XPOL1 is a nuclear export receptor that mediates the
transport of cargo proteins bearing a nuclear export sig-
nal (NES), including various tumor suppressor proteins
(TSPs) and growth regulatory proteins [4]. Through
exporting several RNA-binding proteins and adaptor
proteins, XPO1 is also responsible for transporting cer-
tain subsets of RNAs to the cytoplasm [5, 6]. XPOL1 is fre-
quently overexpressed and/or mutated in cancers and is
considered as an oncogenic driver [7, 8]. Recently, several
studies have highlighted the significant role of XPO1 in
the progression and drug resistance of MM [8-10]. Con-
sequently, targeting XPO1 has emerged as an attractive
strategy for treating MM, particularly in relapsed/refrac-
tory patients [11].

Selinexor (SEL) is the first generation of selective inhib-
itors of nuclear export (SINE) that has been approved for
RRMM in 2019 [12]. SEL covalently binds into the cargo-
binding cleft of XPO1, locking TSPs in the nucleus and
resulting in proliferation inhibition and apoptosis of can-
cer cells [9]. SEL performs well when used in combina-
tion with other established drugs such as dexamethasone,
proteasome inhibitors, and immunomodulators [13,
14]. Nonetheless, therapeutic responses to SEL exhibit
considerable variability among patients. The mecha-
nism through which SEL impedes myeloma progression
remains largely to be determined, as do the indicative
biomarkers for responses to XPO1-targeted therapy [7].
A thorough understanding of the drug’s mechanisms of
action could provide invaluable insights to augment the
efficacy of SEL-based therapies.

Previous studies have indicated that SEL disrupts the
docking of cargoes to XPO1, thereby blocking its nuclear
export [15]. Moreover, several recent investigations have
revealed that SEL facilitates the degradation of XPO1
protein in tumor cells [16]. Kwanten et al. reported that
E3 ubiquitin ligase ASB8 can promote SEL-induced deg-
radation of XPO1 [17]. However, functional experiments
in their study demonstrated that both ASB8 knockout
and overexpression rendered cells more sensitive to SEL.
This paradoxical finding suggests that ASB8 alone can-
not sufficiently explain the variability in patient sensitiv-
ity to SEL, indicating that other mechanisms may also be
involved.

Considering that reductions of XPO1 protein levels
can significantly influence its overall functionality, we
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propose that this mechanism may be implicated in the
anti-myeloma effects of SEL. Therefore, our study aims to
investigate the role of XPO1 degradation in the anti-mye-
loma effects of SEL and to further elucidate the molecu-
lar mechanisms by which SEL induces XPO1 degradation
in MM cells.

Materials and methods

Antibodies and reagents

Antibodies against the following proteins were purchased
from Cell Signaling Technology: CRM1 (#46,249), USP7
(#4833), and Ubiquitin (#3936). Antibodies against the
following proteins were purchased from Proteintech
Technology: RanBP1 (27,804—1-AP), a-Tubulin (66,031—
1-Ig), B-actin (66,009—1-Ig). Alexa Fluor® 488 Goat Anti-
Rabbit IgG H&L (ab150077) was purchased from Abcam.
SEL, Eltanexor (ELT), Verdinexor (VER), Cycloheximide
(CHX), MG132 and Leupeptin (LEU) were purchased
from Selleckchem (Munich, Germany).

Preparation of primary cell samples and cell culture

This study received approval from the Ethics Committee
of Renji Hospital, affiliated with the Shanghai Jiao Tong
University School of Medicine (Ethics Approval Num-
ber: KY2020-191). Primary CD138" cells were isolated
from bone marrow aspirates of three multiple myeloma
patients after obtaining informed consent. Generally,
bone marrow mononuclear cells were separated utiliz-
ing Ficoll density gradient sedimentation, followed by
the isolation of CD138" cells through microbead sepa-
ration (Miltenyi, Germany). The detailed information of
patients is listed in supplementary Table S1. CD138" cells
were cultured in RPMI-1640 medium (Hyclone, USA)
containing 20% fetal bovine serum (Bovogen, Australia)
and supplemented with 1% penicillin/streptomycin and
1% L-glutamine. Human multiple myeloma cell lines,
including MM.1S, NCI-H929, U266 and RPMI-8226,
were obtained from the American Type Culture Collec-
tion (ATCC) and have been cryopreserved at the Renji
Blood Research Laboratory. MM cell lines were cultured
in RPMI-1640 medium (Hyclone, USA) containing 10%
fetal bovine serum (Bovogen, Australia) and supple-
mented with 1% penicillin/streptomycin and 1% L-glu-
tamine. Cells were maintained at 37 °C with 5% CO? in
humidified atmosphere.

Western blot

Total protein was extracted using RIPA lysis buffer
(Beyotime, China). Proteins were electrophoresed by
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and subsequently transferred to
a polyvinylidene fluoride membrane (Millipore, USA).
Membranes were blocked with 5% BSA for 1 h and then
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incubated with primary antibodies at 4 °C overnight. On
the next day, membranes were incubated with a second-
ary antibody for 1 h and detected by enhanced chemilu-
minescence (Millipore, USA).

RNA extraction and RT-qPCR

RNA was extracted using RNeasy Mini Kit (Qiagen, Ger-
many), followed by reverse transcription. Real-time quan-
titative PCR (RT-qPCR) was performed with ChamQ
Universal SYBR qPCR Master Mix (Vazyme, China)
according to the instruction manuals. qPCR standard
protocol was 95 °C for 5 min, followed by 45 cycles of
95 °C for 10 s and 60 °C for 30 s. Expression fold change
was calculated with 27“2CY, The primer sequences used
in this study are listed in supplementary Table S2.

Cycloheximide (CHX)-chase assays

CHX-chase experiments were performed to detect the
half-life of XPOL1 protein. Briefly, MM cells under various
treatment conditions were additionally treated with CHX
(200 pg /mL) for the indicated times. After indicated time
periods, the cell lysates were harvested and subjected to
immunoblotting analysis of XPO1 protein levels.

Co-immunoprecipitation (Co-IP) assay
Immunoprecipitation was conducted using IP/Co-IP kit
(Absin, China) in accordance with the manufacturer’s
instructions. Briefly, cell lysates from 5x 10 cells were
prepared with lysis buffer supplemented with protease
inhibitors (Beyotime, China). Then, the lysates were incu-
bated with primary either IgG or bait protein antibodies
overnight at 4°C. On the next day, 5pL Protein A/G aga-
rose beads were added to each sample and incubated at
4 °C on a rotator for another 3 h. Then, the beads were
washed 3 times with 1 X wash buffer, proteins were eluted
using 2 xloading buffer at 95 °C for 5 min. The proteins
were then separated by SDS-PAGE. Then proteins in
the immunoprecipitates were analyzed by western blot
analysis.

Ubiquitination assays

To evaluate the ubiquitination level of endogenous XPO1,
the cells were additionally treated with 10 pM M G132 for
6 h prior to collection. Subsequently, the cells were lysed
and subjected to immunoprecipitation using anti-XPO1
antibody followed by SDS-PAGE. The ubiquitination of
XPO1 was assessed utilizing the anti-ubiquitin antibody.

Cell viability assay
Cells (2x 10* cells/well) were seeded in 96-well plates
and treated with the indicated reagents for 48 h. Cell
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viability assays were performed using Cell Counting
Kit-8 (Dojindo, Japan) according to the manufacturer’s
instructions. Half-maximal inhibitory concentration
(IC50) was determined using GraphPad Prism 8.0.

Cell apoptosis detection

To detect cell apoptosis, the cells were harvested and
washed twice with PBS. Cells were then resuspended in
100 ul of 1xbinding buffer, followed by the addition of
5 ul of Annexin V-FITC (BD Biosciences, USA) and 5 pl
of propidium iodide (PI) (BD Biosciences, USA). After
15 min of incubation in the dark, the samples were sub-
jected to analysis via flow cytometry (Beckman Coulter,
USA).

Immunofluorescent staining

Cellular smears were prepared using a cytospin centri-
fuge (Thermo Fisher Scientific, USA). Cells were fixed
with 4% paraformaldehyde phosphate buffer solution
(Beyotime, China) for 15 min. Cell membranes were
permeabilized by Triton X-100 (Beyotime, China) for
15 min and blocked with 5% BSA for 1 h at room tem-
perature. Subsequently, cells were incubated with pri-
mary anti-RanBP1 antibody overnight at 4 °C. On the
next day, the sections were washed and subsequently
incubated with Alexa Fluor® 488 Goat Anti-Rabbit IgG
antibody for 1 h at room temperature. Cell nuclei were
stained with DAPI (Beyotime, China). All images were
acquired using a fluorescence microscope (Olympus
BX51, Japan).

Immunoprecipitation coupled with Mass Spectrometry
(IP-MmS)

For IP-MS assay, NCI-H929 cells were treated with
either 500 nM SEL or DMSO control for 6 h. Cell
lysates were extracted as mentioned above. Then, the
lysates in both groups were incubated with either iso-
type control IgG antibody (IgG-group) or primary anti-
XPO1 antibody (IP-group) overnight at 4 °C. On the
next day, 5 pL Protein A/G agarose beads were added
to each sample and incubated at 4 °C on a rotator for
another 3 h. Then, the beads were washed 3 times with
1 xwash buffer, proteins were eluted using 2 X loading
buffer at 95 °C for 5 min. Then proteins were separated
by SDS-PAGE. Gel bands were excised and digested
with sequencing-grade trypsin (Promega, USA). The
resulting peptides were analyzed using a LUMOS mass
spectrometer (Thermo Fisher Scientific, USA). The
relative abundance of proteins was calculated using
the fraction of total (FOT) values. A fold change (FC)
of (IP-group)/(IgG-group) > 10 was used to identify the
interacting proteins of XPO1.
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Screen for targets responsible for SEL-induced degradation
of XPO1

Three steps were employed to identify the targets respon-
sible for SEL-induced XPO1 degradation. First, the
interacting proteins of XPOL1 in both the DMSO control
group and the SEL-treated group were identified based
on the IP-MS results. Second, potential ubiquitin ligases
or deubiquitinases that could interact with XPO1 were
predicted using Ubibrowser (http://ubibrowser.bio-it.cn/
ubibrowser_v3/). Finally, the results from the above two
analyses were intersected. Potential targets include: (1)
deubiquitinases that interact with XPO1 in the control
group but lose this interaction in the SEL-treated group;
and (2) ubiquitin ligases that do not bind to XPO1 in the
control group but do establish binding with XPO1 in the
SEL-treated group.

USP7 shRNA knockdown assay

Lentiviral vector-mediated doxycycline (DOX)-inducible
shRNA was constructed to knock down USP7 expression
in MM cells. The target sequences for Tet-on-shUSP7
(1# and 2#) are listed in supplementary Table S3. MM
cells were incubated with lentivirus particles for 48 h
and then washed with fresh culture media. Infected cells
were selected following a 3-day incubation in puromy-
cin (5 pg/mL). For functional experiments, selected cells
were further treated with doxycycline (1 pg/mL) for
2 days to induce the knockdown of USP7. The efficiency
of the knockdown was validated through RT-qPCR and
western blot analysis.

MM xenograft mouse model

All animal studies followed the procedures and proto-
cols of the Animal Ethical Committee of Ren Ji Hospital,
Shanghai Jiao Tong University School of Medicine. Six
to eight-week-old female severe combined immunodefi-
cient (SCID) mice were obtained from SPF (Beijing) Bio-
technology for the study. Tet-on shUSP7-U266 myeloma
cells (2x10°) in 100pL of PBS were injected subcutane-
ously. Once the average tumor size reached 100 mm?,

the mice were randomly divided into four groups and

(See figure on next page.)
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treated with PBS, DOX (0.25 mg/ml, administered via
drinking water), SEL (10 mg/kg, administered via gav-
age), or a combination of DOX and SEL for the duration
of the experiment. Tumor sizes were measured using cal-
ipers, and the volume was calculated using the formula
0.5x width?xlength. On day 30, the mice were sacri-
ficed, and the tumor tissues were harvested, weighed, and
photographed.

Immunohistochemistry analysis

Tumor tissues were fixed with paraformaldehyde and
embedded with paraffin. Slides were incubated with pri-
mary antibody against USP7 (1:100, Santa Cruz) or Ki67
(1:200, Proteintech) overnight at 4 °C. Subsequently,
the slides were incubated with the secondary antibody
at 37 °C for 45 min. Images were captured using a Leica
DMI 6000B microscope. The proportion of positively
stained cells was analyzed using Image]J software.

Statistics

Statistical analysis was performed using Prism 8.0
(GraphPad Software, La Jolla, CA). All data are presented
as mean* SD of at least three independent experiments
of technical triplicates unless specifically stated other-
wise. Unpaired two-sided t-tests were used to compare
two experimental groups, while one-way ANOVA tests
were utilized for comparing three or more experimen-
tal groups. P values below 0.05 were considered statis-
tically significant (*p<0.05, **p<0.01, ***p<0.001, and
**#*4p < 0.0001).

Results

SEL promotes the degradation of XPO1 protein

through the ubiquitin-proteasome pathway in MM cells

To confirm the effects of SEL on the degradation of
XPOL1 protein in MM cells, we first examined the expres-
sion levels of XPO1 protein and mRNA in NCI-H929
cells simultaneously following SEL treatment. As shown
in Fig. 1A, B, SEL treatment led to a time- and dose-
dependent reduction in the protein expression levels
of XPO1, whereas the mRNA levels did not exhibit a

Fig. 1 SEL promotes the degradation of XPO1 protein through the ubiquitin-proteasome pathway in MM cells. A and B NCI-H929 cells were
treated with 50-1000 nM SEL for 24 h (left) or 500 nM SEL at indicated time intervals (right), XPO1 protein (A) and mRNA (B) levels were analyzed

by immunoblotting and RT-qPCR, respectively. C NCI-H929 cells treated with DMSO or 500 nM SEL, with 200ug/ml CHX added to both groups. The
levels of XPO1 protein were analyzed by immunoblotting at the specified time intervals. The half-life of XPO1 protein was determined by calculating
the mean data of 3 independent replicates. D NCI-H929 cells were treated with either DMSO or 100 nM SEL, followed by the addition of either the
proteasome inhibitor MG-132 (ranging from 1 to 10 uM) or the lysosomal inhibitor LEU (ranging from 10 to 100 uM). After 12 h, the levels

of XPO1 protein were analyzed by immunoblotting. E NCI-H929 were treated with either DMSO or 100 nM SEL for 12 h, followed by an additional
treatment with 10 uM MG132 for 6 h prior to collection. XPO1 was then immunoprecipitated with the anti-XPO1 antibody, ubiquitination levels

of endogenous XPO1 protein were analyzed by immunoblotting using a ubiquitin antibody. The data are expressed as mean +SD. *p <0.05,

**p<0.01,***p<0.001, and ****p < 0.0001
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Fig. 1 (See legend on previous page.)

corresponding decline. In contrast, the mRNA levels of
XPO1 increased following SEL treatment. These find-
ings suggest that the reduction in XPO1 protein levels

induced by SEL in not due to transcriptional repression.

To determine whether SEL promotes the degrada-
tion of XPO1 protein, we treated NCI-H929 cells with
the protein synthesis inhibitor CHX, either alone or in
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combination with SEL. As expected, SEL significantly
accelerated the degradation rate of XPO1 in MM cells
(Fig. 1C).

The ubiquitin proteasome pathway and the autophagy
pathway serve as the primary mechanisms for protein
degradation in eukaryotic cells [18]. To further elu-
cidate the degradation pathway of XPO1 protein, we
treated NCI-H929 cells with SEL in combination with
either the ubiquitin proteasome inhibitors MG-132 or
the autophagy/lysosome inhibitors Leupeptin (LEU). As
illustrated in Fig. 1D, MG-132 effectively reversed the
SEL-induced degradation of XPOL1 in a dose-dependent
manner. In contrast, LEU was unable to reverse the deg-
radation of XPO1 induced by SEL, even at higher doses.
We also validated these results in three additional MM
cell lines. Consistent with our findings in NCI-H929
cells, proteasome inhibitors effectively reversed the pro-
tein reduction induced by SEL in MM.1S, U266, and
RPMI-8226 cells, while lysosomal inhibitors showed no
reversing effect (Supplementary Fig. S1). Subsequently,
we analyzed the ubiquitination levels of endogenous
XPOL. The results demonstrated a significant increase in
the ubiquitination level of XPO1 following SEL treatment
(Fig. 1E). Collectively, these results indicate that SEL
facilitates the depletion of XPO1 in MM cells through
ubiquitin-proteasomal-mediated degradation pathway.

The degradation of XPO1 protein exhibits a positive
correlation with the sensitivity of MM cells to SEL
treatment

To explore the potential role of XPO1 degradation in
the anti-myeloma effects of SEL, we assessed the altera-
tions in XPO1 protein levels following SEL treatment
in MM cell lines with differing sensitivities to the drug.
First, we evaluated the differences in the drug sensitiv-
ity among these MM cell lines. We performed a dose-
dependent analysis of the inhibitory effects of SEL on
a panel of MM cell lines, including NCI-H929, MM.1S,
U266, and RPMI-8226. As shown in Fig. 2A, U266 and
RPMI-8226 cells were less sensitive to SEL in terms
of cell growth inhibition when compared to the other
two cell lines. This was particularly evident in the sig-
nificantly elevated IC50 values observed in U266 and
RPMI-8226 cells. Previous studies have also reported

(See figure on next page.)
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similar findings, indicating that the IC50 value of SEL
is higher in U266 cells than in MM.1S cells [19, 20].
Furthermore, we assessed the differential sensitivity of
these cell lines in response to two additional SINE com-
pounds, specifically ELT and VER. As shown in Fig. 2B,
C, the results were consistent with those observed for
SEL. In addition, we examined the effects of SEL on cell
apoptosis in these cell lines. As illustrated in Fig. 2D,
cell apoptosis was more pronounced in NCI-H929 and
MM.1S cells when exposed to the same concentration
of SEL. These results suggest that U266 and RPMI-8226
cells exhibit a reduced sensitivity to SEL in comparison
to MM.1S and NCI-H929 cells.

Subsequently, we evaluated XPO1 protein levels
in these cell lines following SEL treatment. We found
that, in accordance with the observed cytotoxic effects,
the downregulation of XPO1 protein induced by SEL
was more pronounced in NCI-H929 and MM.1S cells
(Fig. 2E).

Based on these results, we hypothesize that the down-
regulation of XPO1 protein induced by SEL plays a cru-
cial role in influencing drug sensitivity. To validate this
hypothesis, we conducted additional analyses to deter-
mine whether the functional inhibition of XPO1 would
be altered by blocking SEL-induced XPO1 degradation.
Ran binding protein 1 (RanBP1) is a nuclear-cytoplas-
mic shuttling protein that is primarily enriched in the
cytoplasm under standard culture conditions [21]. The
nuclear accumulation of RanBP1 serves as a surro-
gate marker for XPO1 inhibition due to its widespread
expression and rapid XPO1-dependent shuttling [22].
We analyzed the subcellular localization of RanBP1 fol-
lowing blocking XPO1 degradation by MG132. As illus-
trated in Fig. 2F-G, RanBP1 predominantly localized
in the cytoplasm of cells treated with either DMSO or
10 uM MG132. In contrast, SEL induced a significant
accumulation of RanBP1 in the nucleus. However, co-
treatment with SEL and MG132 resulted in a reduction
of RanBP1’s nuclear localization. These findings under-
score the importance of XPO1 degradation in the effi-
cacy of SEL.

Fig. 2 The degradation of XPO1 protein exhibits a positive correlation with the sensitivity of MM cells to SEL treatment. A, B and C Cell viability

of MM cell lines treated with increasing concentrations of drugs for 48 h, and the IC50 of SEL (A), ELT (B), VER (C) for each cell line. D Cell apoptosis
rates of different MM cell lines after treated with indicated concentrations of SEL for 48 h. E Representative immunoblotting images and quantitative
analysis of XPO1 protein levels in different MM cell lines treated with increasing concentrations of SEL for 24 h. F and G Immunofluorescent staining
of RanBP1(green) in NCI-H929 (F) and MM.1S (G) cells after treated with DMSO, MG132 (10 uM) and /or SEL (500 nM) for 12 h. Nucleus were stained
with DAPI (blue). The data are expressed as mean+5SD. *p < 0.05, **p <0.01, ***p<0.001, and ****p <0.0001
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USP7 is the target responsible for SEL-induced degradation
of XPO1

The above results clearly indicate that SEL reduces XPO1
protein levels by promoting its ubiquitination and deg-
radation, which is crucial for the functional inhibition
of XPO1 by SEL. Due to the increased ubiquitination
of XPO1 induced by SEL, we speculate that there may
be either an increased interaction of a specific E3 ligase
with XPO1 or a decreased interaction of a particular deu-
biquitinating enzyme with XPO1. To identify potential
inducers of XPO1 ubiquitination upon SEL treatment in
MM cells, we conducted Co-IP assays to isolate XPO1-
interacting proteins from both SEL-treated and control
cells. The co-immunoprecipitated proteins were sepa-
rated using SDS-PAGE and subsequently stained with
Coomassie Brilliant Blue (Fig. 3A). Preliminary observa-
tions indicate a noticeable difference between the two
sets of protein bands in the two groups, particularly not-
ing a significant reduction in proteins around 130 kDa in
the SEL-treated group. After IP-MS detection and sub-
sequent analysis, a total of 313 interacting proteins were
identified in the control group, and 462 interacting pro-
teins were identified in the SEL-treated group (Fig. 3D).
UbiBrowser 2.0 database was additionally employed to
predict the potential ubiquitin ligases (Fig. 3B) and deu-
biquitinases (Fig. 3C) of XPO1 with high confidence. As
mentioned above, potential targets include: (1) deubiq-
uitinases that interact with XPO1 in the control group
but lose this interaction in the SEL-treated group; and (2)
ubiquitin ligases that do not bind to XPOL1 in the control
group but do establish binding with XPOL1 in the SEL-
treated group. By integrating IP-MS and UbiBrowser pre-
diction results, deubiquitinase USP7 emerged as the sole
candidate meeting the screening criteria, characterized
by a reduced binding affinity with XPO1 following SEL
treatment (Fig. 3D). Hence, USP7 was identified as a can-
didate for SEL-induced XPO1 degradation and selected
for further validation. Using Co-IP assay, we confirmed
that USP7 possesses an endogenous interaction with
XPOL1 in NCI-H929 and MM.1S cells (Fig. 3E, F), while
SEL substantially disrupts this interaction (Fig. 3G).

(See figure on next page.)

Page 8 of 17

These results indicate that USP7 is a potential deubiquit-
inating enzyme of XPO1, and SEL promotes the degrada-
tion of XPO1 by inhibiting the interaction between USP7
and XPO1.

USP7 deubiquitinates and stabilizes XPO1 in MM cells

To elucidate the role of USP7 in maintaining the stabil-
ity of the XPO1 protein, we subsequently developed two
doxycycline-inducible shRNA constructs (#1 and #2) tar-
geting human USP7 for transduction into MM cells. 1 pg/
mL DOX was added to the culture medium to induce
the silencing of USP7. After 48 h, the knockdown effi-
ciency was validated at both mRNA (Supplementary Fig.
S$2) and protein levels (Fig. 4A, B). We also assessed the
expression levels of XPO1 in NCI-H929 and MM.1S cells
after the knockdown of USP7. As illustrated in Fig. 4C,
D, the downregulation of USP7 in MM cells resulted
in a significant decrease in XPO1 protein levels, while
XPO1 mRNA levels remained largely unchanged. Using
the CHX-chase assay, we further confirmed that the half-
life of XPO1 was significantly decreased when USP7 was
depleted in MM cells (Fig. 4E). Subsequently, we investi-
gated the potential impact of USP7 on the ubiquitination
of XPOL1. As shown in Fig. 4F, knockdown of USP7 led
to a notable increase in the ubiquitination level of endog-
enous XPO1 in MM cells. Based on these findings, we
conclude that USP7 stabilizes XPO1 protein through its
deubiquitinating activity.

USP7 expression is elevated in SEL-insensitive MM cell lines
and correlated with poorer survival in MM patients

Given that USP7 is the primary target for SEL-induced
degradation of XPO1, we further explored the potential
impact of USP7 expression on the therapeutic efficacy
of SEL. We examined the expression levels of USP7 in
both SEL-sensitive and SEL-insensitive cells. By ana-
lyzing mRNA expression data from the Human Protein
Atlas (HPA) database, we found that USP7 expression
was much lower in cells exhibiting greater sensitivity to
SEL (Fig. 5A). We also conducted in vitro assays to vali-
date the above results. As shown in Fig. 5B, C, the relative

Fig. 3 USP7 is the target responsible for SEL induced degradation of XPO1. A Coomassie blue staining of SDS gel loaded with proteins
immunoprecipitated using anti-XPO1 antibodies from DMSO treated or 500 nM SEL treated NCI-H929 cells. The red arrow indicates the position
corresponding to the molecular weight of USP7, the green arrow denotes the position for the molecular weight of XPO1. B and C UbiBrowser

was employed to explore the potential ubiquitin ligases (B) and deubiquitinases (C) that may interact with XPO1. D The Venn diagram illustrates

the overlap between the XPO1 interacting proteins identified by IP-MS and the prediction results obtained from UbiBrowser. E and F Representative
immunoblotting images of Co-IP assays reveal that endogenous USP7 interacts with XPO1 in NCI-H929 and MM.1S cells. G NCI-H929 cells were
treated with DMSO or 500 nM SEL for 4 h, then cell lysates were prepared for Co-IP assays, 1ug of the anti-bait protein antibody was added to each
group, representative immunoblotting images and the quantitative analysis results demonstrated that SEL impaired the interaction between USP7
and XPO1.The data are expressed as mean+SD. *p <0.05, **p <0.01, ***p < 0.001, and ****p <0.0001
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expression levels of USP7 mRNA and protein in U266
and RPMI-8226 cells were significantly higher compared
to those in NCI-H929 and MM.1S cells. Furthermore,
we performed a correlation analysis, which revealed a
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positive correlation between the protein expression lev-
els of USP7 and XPO1 in MM cell lines (Fig. 5D). These
findings indicate that elevated USP7 expression is asso-
ciated with decreased sensitivity to SEL. To explore the
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Fig. 4 USP7 deubiquitinates and stabilizes XPO1 protein in MM cells. A-D NCI-H929 and MM.1S cells were transfected with the tet-on-shRNA
either with control sequence (NC) or sequences targeting USP7 (#1 and #2), cells were treated with Tug/ml DOX for 48 h, USP7 (A and B)

and XPO1 (A and C) protein levels were analyzed by immunoblotting and were quantitatively analyzed. XPO1 mRNA (D) levels were analyzed
by RT-gPCR. E NCI-H929 cells were transfected with indicated tet-on-shRNA, then cells were treated with 200 ug/ml CHX for specified durations,
XPO1 protein levels were assessed by immunoblotting and were quantitatively analyzed. F NCI-H929 cells were transfected with indicated
tet-on-shRNA, cells were treated with 10 uM MG132 for 6 h prior to collection, then XPO1 were immunoprecipitated with anti-XPO1 antibody,
ubiquitination levels of endogenous XPO1 protein were analyzed by immunoblotting using the ubiquitin antibody. The data are expressed

as mean +SD. *p<0.05, **p<0.01,*** p<0.001, and **** p<0.0001

potential implications of targeting USP7 for the treat-
ment of MM, we analyzed the relationship between USP7
expression and prognosis of MM patients. As shown
in Fig. 5E, elevated levels of USP7 were associated with
shorter overall survival (OS) in patients with MM across
CoMMpass, GSE24080 as well as GSE2658 cohorts.
These results highlight the potential value of targeting
USP7 to enhance the therapeutic efficacy of SEL in MM
treatment.

Targeting USP7 potentiates the cytotoxic effects of SEL

in MM cells in vitro

To evaluate whether inhibition of USP7 could enhance
the sensitivity of MM cells to SEL, we conducted further
experimental analysis. We transduced tet-on-shUSP7
(#1) into the two relatively resistant cell lines, including
U266 and RPMI-8226 cells. The USP7 expression levels
were validated at protein levels (Fig. 6A). Subsequently,
we evaluated cytotoxic effects of SEL in these cells under
different conditions. As shown in Fig. 6B, knockdown of
USP7 significantly enhanced the cell growth inhibition
induced by SEL. Additionally, SEL-induced apoptosis
rates were also significantly increased upon USP7 knock-
down (Fig. 6C).

To explore whether pharmacological inhibition of
USP7 could mimic the effects observed with genetic
knockdown, we combined SEL with the small molecule
USP7 inhibitor P5091. We found that P5091 signifi-
cantly enhanced SEL-induced cell growth inhibition in
those insensitive cell lines (Fig. 6D). To further validate
the clinical significance of our findings, we assessed the
efficacy of the combination of P5091 and SEL in primary
CD138" cells isolated from MM patients. The cell viabil-
ity analysis showed that the combination treatment was
more effective in inhibiting cell proliferation than either
agent administered alone (Fig. 6E). Collectively, these
results suggest that the inhibition of USP7 can enhance
SEL-induced cell death in MM cells.

Knockdown of USP7 enhances the sensitivity of MM to SEL
in vivo

To provide in-vivo evidence that USP7 inhibition could
enhance the therapeutic efficacy of SEL in MM, we sub-
cutaneously injected tet-on-shUSP7 U266 cells into
NOD-SCID mice. When the tumors became palpable,
we treated them with control diluents, DOX (0.25 mg/
mL), SEL (10 mg/Kg), or the combination of DOX and
SEL (Fig. 7A). We evaluated the tumor sizes in different
groups to investigate the effect of USP7 knockdown on
sensitivity to SEL. As shown in Fig. 7B-D, while single
SEL treatment had a moderate effect on tumor growth,
the combination of USP7 silencing with SEL led to signif-
icant tumor growth inhibition. In addition, immunohis-
tochemical staining showed a significant decrease in the
expression of the proliferation marker Ki-67 in the com-
bination inhibition group (Fig. 7E). Collectively, these
findings suggest that targeting USP7 could represent a
promising therapeutic approach for enhancing the thera-
peutic efficacy of SEL in MM.

Discussion
Although considerable advancements have been achieved
in the treatment of myeloma, most patients ultimately
develop relapsed or refractory disease [23]. The nuclear
export system is a promising target for anticancer ther-
apy [24]. Targeting XPO1 with SINE compounds, such
as SEL, forces the nuclear retention and functional acti-
vation of TSPs and growth regulators, thereby inducing
cancer cell apoptosis and cell cycle arrest [25, 26]. The
clinical benefit of SEL has been investigated in numer-
ous clinical trials, and the results showed that therapeu-
tic responses of SEL differ largely among MM patients
[27, 28]. Inherent and acquired resistance present a sig-
nificant challenge. A deeper analysis of molecular mecha-
nisms underlying the anti-myeloma effects of SEL as well
as factors that affect drug sensitivity is crucial for improv-
ing therapeutic efficacy of SEL-based treatments.
Previous studies have reported that SEL inhibit nuclear
export of cargo proteins by directly disrupting their
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Fig. 5 USP7 expression is elevated in SEL-insensitive MM cell lines and correlated with poorer survival in MM patients. A USP7 mRNA expression

in 34 different MM cell lines from Human Protein Atlas Database. B RT-gPCR analysis of USP7 mRNA levels in MM cell lines with varying sensitivity

to SEL. C Representative western blot image of USP7 and XPO1 protein levels in MM cell lines and the quantitative analysis results. D Correlational
analysis of XPO1 and USP7 protein levels in different MM cell lines. E The kaplan-Meier analysis showed that higher USP7 expression in MM patients
correlated with shorter OS in coMMpass (n=761), GSE24080 (n=554) and GSE2658 (n=559) cohorts. The data are expressed as mean +SD. *p < 0.05,
**p<0.01, ***p<0.001, and ****p < 0.0001

binding to XPO1 [29]. In addition, SEL can induce XPO1
protein degradation in live cells [30]. It is still not clear
whether SEL needs to reduce XPO1 protein levels to

impair its function. To gain a comprehensive understand-
ing of the pharmacological mechanisms of SEL, we inves-
tigated the role of XPO1 degradation in the anti-myeloma
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effects of SEL, as well as the underlying mechanisms of
SEL-induced degradation of XPO1.

To investigate the significance of XPO1 degradation
in the effectiveness of SEL, we first compared the dif-
ferences in XPO1 degradation across MM cells with
varying sensitivities to SEL. In addition, we analyzed
the alterations in cargo nuclear export before and
after blocking XPO1 degradation. We observed that
the downregulation of XPO1 protein upon SEL treat-
ment is particularly more pronounced in sensitive cells.
Furthermore, inhibition of XPO1 degradation attenu-
ates the suppressive effect of SEL on the nuclear export
of cargo. Based on these results, we established the
essential role of XPO1 degradation in mediating the
anti-myeloma efficacy of SEL. Furthermore, we evalu-
ated the binding capacity of various cargo molecules
to XPO1 following SEL treatment (data not shown).
We were surprised to find that SEL did not impair the
binding of IkB-a to XPO1, despite IkB-a has been con-
firmed to confer the anti-myeloma effects of SEL [10].
This phenomenon may be explained by the consider-
able diversity in the NESs of different cargo proteins,
both in terms of their sequences and the structures
they adopt when bound to XPO1l. NESs are best
described by a set of six consensus sequences, which
differ in the spacings between four key hydrophobic
residues @1, @2, ®3, and ®4. NES usually has 4-5
hydrophobic residues that bind hydrophobic pockets
in a hydrophobic groove of XPO1. Recent studies have
found that a type of all-helix nuclear localization sig-
nal bind exclusively to the minor NES -binding site of
XPO1, like cdc7 and midia2 [31]. XPO1 inhibitors bind
into the NES-binding cleft of XPO1 to cover hydro-
phobic groove of XPO1 thus to prevent the formation
of XPO1/cargo complexes. Different inhibitors occupy
different extents of the invariant NES-binding groove.
KPT compounds binds to XPO1 through the Cys528
site, which is located between the @3 and ®4 pockets.
While drugs like leptomycin B (LMB) occupies almost
all ® pockets, the KPT compounds only occupy a small
part of the NES-binding groove [32]. This may partially
explain why LMB are more toxic than other inhibitors.
Further studies are still needed to explore the suppres-
sion spectrum of different inhibitors. Nevertheless, our

(See figure on next page.)
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study confirmed the pivotal role of XPO1 degradation
in the anti-myeloma effects of SEL and provided impor-
tant clues for factors that affect SEL efficacy.

As mentioned above, although several previous stud-
ies have reported that SEL can induce XPO1 degrada-
tion, the underlying molecular mechanisms remain
incompletely explored. Using CRISPR-Cas genome
editing technology, Kwanten et al. identified E3 ubiq-
uitin ligase ASB8 as a potential molecule affecting SEL
sensitivity [17]. However, functional experiments in
their study failed to provide additional support for the
relationship between ASBS8 expression and sensitiv-
ity to SEL. Considering that the ubiquitination levels
of proteins are usually regulated by a variety of ubiq-
uitin-modulating molecules, this indicates that addi-
tional mechanisms may also be involved. Therefore, we
employed alternative experimental methods for explo-
ration. Using IP-MS detection, we compared the dif-
ferences in XPO1 interacting proteins before and after
SEL treatment. We focused on ubiquitin ligase and
deubiquitinating enzyme molecules and found deubiq-
uitinating enzymes USP7 was the only target met the
selection criteria. Through a series of biological experi-
ments, we demonstrated that USP7 enhances the sta-
bility of the XPO1 protein through its deubiquitinating
activity, while SEL promotes the degradation of XPO1
by disrupting the direct interaction between USP7 and
XPO1 (Fig. 8). Additionally, through in vivo and in vitro
experiments, we validated the impact of USP7 expres-
sion on SEL sensitivity.

USP7, also known as Ubiquitin-specific protease 7, is
an enzyme that plays a crucial role in the regulation of
protein degradation and cellular signaling by removing
ubiquitin molecules from target proteins [33]. USP7 is
involved in various biological processes, including cell
cycle regulation, DNA repair, and the response to stress
[34, 35]. Previous studies have confirmed the essential
role of USP7 in the progression and drug resistance in
MM [36, 37]. Through our research, we also demon-
strated the regulatory effects of USP7 in the response
to SEL treatment, thereby providing experimental evi-
dence for the development of novel combination thera-
peutic strategies.

Fig. 6 Targeting USP7 potentiates the cytotoxic effects of SEL in MM cells in vitro. A-C U266 and RPMI-8226 cells were transfected

with tet-on-shUSP7(#1), USP7 protein expression following DOX treatment were detected by western blotting and were quantitatively analyzed
(A). Cell viability of the cells treated with indicated drugs were detected by CCK8 assays (B). Apoptosis of MM cells treated with indicated drugs
were detected by flow cytometry following staining with Annexin-V/PI (C). D and E U266, PRMI-8226 cell lines (D) and primary MM cells (E) were
treated with 100 nM SEL and/or 5 uM P5091 for 48 h. Cell viability was detected by CCK8. The data are expressed as mean +SD. *p < 0.05, **p <0.01,

**¥p<0.001, and ****p <0.0001
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*p<0.01, **p <0001, ***p <0,0001
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Fig. 8 Schematic showing the mechanism of SEL-induced XPO1 degradation in MM cells: SEL disrupts the interaction between XPO1 and USP7,
leading to the ubiquitination and subsequent degradation of XPO1. The graphic was created using Biorender

Conclusions

In summary, our study demonstrated for the first time
the role of XPO1 degradation in the anti-myeloma activ-
ity of SEL and elucidated the underlying mechanism of
SEL induced ubiquitination of XPO1 protein. Besides,
we clarified the molecular biological function of USP7
in maintaining XPO1 stabilization and mediating SEL
resistance. Our results may help to provide new clues for
improving the therapeutic efficiency of SEL-based treat-
ment in myeloma.
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