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Exosome-transmitted HSPA9 facilitates @
bortezomib resistance by targeting TRIP13/
USP1 signaling in multiple myeloma

Min Shi', Na Shen', Xiangyu Liu', Jiapei Yu', Xuxing Shen', Ying Chen', Yuan Xia' and Lijuan Chen'”

Abstract

Background Resistance to the proteasome inhibitor bortezomib (BTZ) poses a formidable therapeutic challenge in
multiple myeloma (MM). Our study aims to analyze the mechanism by which exosomes heat shock 70 kDa protein 9
(HSPA9) secreted by BTZ-resistant MM cells disseminate resistance to BTZ-sensitive MM cells.

Methods The serum exosomes were identified by nanoparticle tracking analysis and transmission electron
microscopy. Liquid chromatography-mass spectrometry and public databases were performed to screen exosomes
HSPAO. Cell counting kit-8, western blotting and colony formation assay were used to detected the role of HSPA9
protein in vitro. Co-immunoprecipitation, immunofluorescence and protein truncation test experiments were used to
determine the regulatory network of the HSPA9-USP1-TRIP13 complex. Optical imaging in vivo and xenograft mouse
models were performed to investigate that exosomes HSPA9 promoted MM proliferation and BTZ resistance.

Results We demonstrated that HSPA9 was highly expressed in serum exosomes and BTZ-resistant MM patients.
Knockdown of HSPA9 significantly suppressed tumorigenesis and reversed BTZ resistance in vitro. As a downstream
molecular of HSPA9, thyroid hormone receptor-interacting protein 13 (TRIP13) was also highly expressed in BTZ-
resistant MM patients. Mechanistically, the carboxyl-terminal peptide-binding domain of HSPA9, provides a platform
for recruiting the deubiquitinating enzyme ubiquitin-specific peptidase 1 (USP1), which prevents TRIP13 protein
degradation. The HSPA9-USP1-TRIP13 complex exhibits stability in the cytoplasm, and its inhibition remarkably
enhances BTZ resistance in vito.

Conclusion Our findings propose a pioneering molecular regulatory network in which MM-cell-derived exosomes
HSPA9 transmitted BTZ resistance through the USP1/TRIP13 signaling pathway. This research highlights exosomes
HSPA9 as a promising target to overcome MM BTZ resistance.

Plain English Summary

Bortezomib (BTZ) is a proteasome inhibitor used to treat multiple myeloma (MM), however, resistance to BTZ poses
a formidable challenge in MM treatments and the underlying mechanisms remain poorly understood. In this study,
we demonstrated that the heat shock 70 kDa protein 9 (HSPA9) was highly expressed in the serum exosomes of
BTZ-resistant MM patients and cell lines. Elevated levels of HSPA9 promoted disease progression, poor prognosis,
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cell proliferation, BTZ resistance and stemness characteristics in MM. In addition, exosomes HSPA9 secreted by
BTZ-resistant MM cells can disseminate BTZ resistance characteristics to BTZ-sensitive MM cells via endocytosis

and activated drug resistance signaling pathways at the same time. Mechanistically, the carboxyl-terminal peptide-
binding domain of HSPA9 provided a platform for recruiting a deubiquitinating enzyme named ubiquitin-specific
peptidase 1 (USP1), which could prevent thyroid hormone receptor-interacting protein 13 (TRIP13) protein from
degradation. The HSPA9-USP1-TRIP13 complex exhibits stability in the cytoplasm, and its inhibition rendered MM
cells more sensitive to BTZ treatment. Consequently, our findings propose a pioneer molecular regulatory network
in which MM-cell-derived exosomes HSPA9 can transmit BTZ resistance through the USP1/TRIP13 signaling
pathway. This research highlights exosomes HSPA9 as a promising therapeutic target to overcome BTZ resistance in

MM.
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Introduction

As the second common hematologic malignancy, mul-
tiple myeloma (MM) is a bone marrow neoplastic disease
characterized by uncontrolled proliferation of malignant
plasma cells [1, 2]. Recently, tremendous advances have
been made in the molecular and cytogenetic mechanisms
of MM pathogenesis. But MM is still a devastating dis-
ease caused by inevitable occurrence of drug resistance
after tumor heterogeneity and clonal evolution [3, 4].
Bortezomib (BTZ) is a first-line selective proteasome
inhibitor (PI) in MM treatment, and BTZ resistance is
one of the main obstacles in the treatment of MM [5].
Therefore, it is urgent to elucidate the mechanism of BTZ
resistance and discover novel therapeutic targets for MM
treatment.

Exosomes are nano-sized vesicles, with a diameter
ranging from 30 to 150 nm. Accumulating studies have
shown that exosomes play vital biological functions in the
human body. Tumor-derived exosomes play an integral
role in cancer-stroma crosstalk by transmitting a variety
of informational cargo into the extracellular microenvi-
ronment [6, 7], resulting in cancer development, immune
escape, and tumor drug resistance [8-12]. However,
the molecular mechanism of how exosomes precipitate
myeloma cells became resistant to BTZ is unexplored,
and whether exosomes from BTZ-resistant cells could
confer BTZ resistance to BTZ-sensitive MM cells needs
to be further clarified.

Heat shock response is characterized by cell protec-
tion and is accountable for synthesizing heat shock pro-
teins [13]. These HSPs participate in the correct folding
of newly synthesized proteins as molecular chaperones,
assist in refolding abnormally folded proteins, and coor-
dinate with the ubiquitin-proteasome system to regu-
late the degradation of misfolded proteins [14, 15]. Heat
shock 70 kDa protein 9 (HSPA9) belongs to the HSP70
family, and elevated expression of HSPA9 is observed
in a variety of tumors, contributing to the tumor pro-
liferation and growth [16, 17]. Ferguson et al. [14] ana-
lyzed the transcriptome data of 773 newly diagnosed
multiple myeloma (NDMM) patients from China in the

CoMMpass database. They found that HSPA9 was asso-
ciated with poor outcomes in NDMM patients and main-
tained protein homeostasis. High HSPA9 expression in
MM patients dramatically increased the possibility of
PIs resistance, but the molecular mechanism was rarely
investigated or reported.

Ubiquitination and deubiquitination are essential and
very common post-translational modification (PTM)
processes [18]. Increasing evidence indicated that inhibi-
tory compounds targeting groups of ubiquitin-deubiqui-
tination can stabilize protein degradation levels [19]. and
play a vital role in overcoming MM therapy resistance
[20]. Ubiquitin-specific peptidase 1 (USP1) belongs to
the deubiquitinating enzyme (DUB) family and maintains
genomic stability by deubiquitinating specific cellular
substrates [21]. Previous studies discovered that blocking
USP1 inhibited the ability of MM cells to repair damaged
DNA and subsequently induced cell apoptosis, indicat-
ing the anti-tumor activity of USP1 in MM cells [22, 23].
However, the precise function and the underlying molec-
ular mechanism of USP1 in MM disease and drug resis-
tance have not been fully clarified.

Thyroid hormone receptor-interacting protein 13
(TRIP13), which belongs to the ATPases associated with
diverse cellular activities (AAA) protein family [24], has
been demonstrated to play a role in oncogenic processes
[25] and chromosome-related processes [26]. TRIP13
is one of 70 genes overexpressed in high-risk MM [27]
and one of 10 genes that promote MM chromosomal
instability features in MM [28]. Previous research indi-
cated that TRIP13 facilitated the progression of B-cell
lymphoma [29] and enhanced MM stemness phenotype
and resistance to BTZ [30]. Therefore, it is warranted to
investigate the probable role of TRIP13 in triggering MM
tumorigenesis and PIs drug resistance.

In the present study, we analyzed the differentially
expressed proteins (DEPs) in serum exosomes derived
from BTZ-sensitive and BTZ-resistant MM samples and
found that exosomes HSPA9 mediated BTZ resistance.
Our findings highlighted that exosomes HSPA9 could
target a panel of clonal myeloma cells and transmit BTZ
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resistance information to BTZ-sensitive cells via the
USP1/TRIP13 pathway. It set up the theoretical foun-
dation for finding a therapeutic route to overcome MM
treatment resistance from a new perspective and has the
potency to improve MM clinical treatment efficacy.

Materials and methods

Cell culture

Human U266 and RPMI8226 MM cell lines were main-
tained in RPMI-1640 medium (Gibco, USA). HEK-293T
cell line was cultured in DMEM. The RPMI8226 cell line
was selected as the induction target. A dose escalation
method was employed to increase the BTZ drug concen-
tration, starting from 1nM and incrementing by 1nM at
each step. When cell growth decelerated, the medium
was replaced with BTZ-free medium to allow cell recov-
ery. After the cells regained their normal state, the afore-
mentioned steps were repeated for intermittent induction
over a period exceeding six months. The CCK-8 assay
was used to detect the half-maximal inhibitory concen-
tration of RPMI8226 drug-resistant cell lines, and the
IC50 was 34.30 + 2.69 nM. All the cell lines obtained from
the ATCC, were maintained with 10% fetal bovine serum
and 1% penicillin/streptomycin at 37 °C and 5% CO,.

Patients

Patients with MM admitted to the First Affiliated Hos-
pital of Nanjing Medical University between December
2017 and August 2018 were enrolled in this study. All
MM patients were diagnosed according to IMWG 2014
criteria [31]. Enrolled participants were divided into
BTZ-sensitive group, BTZ-resistant group and healthy
donor (HD) group. Serum samples were obtained from
each participant.

Exosome isolation

The supernatant from cell culture medium contain-
ing exosomes and floating cells was extracted using
an exosome kit according to the experimental pro-
cedure (Plasma/Serum Exosome Purification Kits,
Canada). We extracted the medium of HEK293T and
HEK293T-HSPA9-OE cells (1x107) to obtain cell-
derived exosomes using ultracentrifugation for more
experiments.

Exosome staining and in vivo optical imaging

According to the procedure established by the reagent
manufacturer, the exosomes were labeled with the fluo-
rescent dye PKH26 (MX4021, Maokangbio). Subse-
quently, the PKH26-labeled exosomes were appended
to the cell lines or injected into the mice through the tail
vein. Exosomal bioluminescence imaging was performed
and quantified using IVIS Spectrum (PerkinElmer, USA)
in mice at different times.
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Drug sensitivity analysis

Drug sensitivity analysis of GSE2658 was performed
using the oncopredict package. The Wilcoxon test was
employed to ascertain the BTZ sensitivity between the
expression of HSPA9-high and HSPA9-low groups. The
relationship of HSPA9 expression to BTZ sensitivity was
investigated through the utilisation of Spearman correla-
tion analysis.

Analysis of transcriptomics data

Three public available datasets (GSE2658, GSE5900 and
GSE31161) were downloaded and integrated. These data
were normalized using the normalizeBetweenArrays
function in the limma package. The integrated dataset
contains 637 samples from HD, monoclonal gammopa-
thy of undetermined significance (MGUS), smoldering
multiple myeloma (SMM) and MM patients in GSE2658
and GSE5900. MM patients included 1038 samples at
baseline, and relapse were obtained from GSE31161. All
samples were included for downstream analysis. Statis-
tical analyses for comparison between multiple groups
were performed using the Kruskal-Wallis test.

Transmission electron microscopy (TEM)

The prepared 20puL exosomes were pipetted onto copper
grids with adsorption for 20 min, and stained with 2%
phosphotungstic acid solution at room temperature for
1 min. Images of exosomes were obtained by transmis-
sion electron microscope (FEI Tecnai 12, Philips).

Nanoparticle tracking analysis (NTA)

Isolated exosomes were filtered with a 0.22 pum filter and
diluted 100-fold to a concentration of 10® particles/mL
with PBS. The size and concentration of exosomes were
determined using the NanoSight NS 300 system (Nano-
Sight Technology, UK).

Survival analysis

Data integration was performed by sva. We used the log-
rank test provided by the R packages “survminer” to ana-
lyze survival in GSE2658 and GSE24080. Based on the
expression of HSPA9, samples were divided into HSPA9-
high and HSPA9-low groups, and the optimal cutoff
point was obtained using the surv_cutpoint function in
survminer.

MM xenograft mouse model

BALB/c nude mice (male, 6-week-old) were obtained
from Gempharmatech Co., Ltd (Nanjing, China). RPMI
8226 cells (100 pl PBS containing 5x10° cells) were
injected subcutaneously into the underarm of each
mouse. After 7 days, mice were randomly divided into
6 groups and treated with the following drugs twice a
week. Control group: PBS, i.v., 100 pul/mouse; BTZ group:
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BTZ, iH., 0.5 mg/kg; exosome group: exo-HSPAY, iv.,
30 pg/mouse; BTZ + exosome group: BTZ, i.H., 0.5 mg/
kg + exo-HSPAY, i.v,, 30 pg/mouse; ML323 group: ML323,
i.p., 5 mg/kg; ML323 + exosome group: ML323, i.p., 5 mg/
kg + exo-HSPAY, i.v,, 30 pg/mouse). The mice weight and
tumor diameter were measured before each injection.
Following a 21-day treatment, the mice were euthanized
and the weight of each group was quantified. Part of the
mouse tumors in each group were used for HSPA9 and
Ki-67 IHC staining. The rest were fixed with 4% parafor-
maldehyde for follow-up experiments.

Supplemental methods

Liquid chromatography-Mass spectrometry (LC-MS/
MS) analyses, protein identification and quantification,
functional enrichment analysis, cell viability and apop-
tosis assay, constructing plasmid and cell transfection,
immunohistochemistry, quantitative real-time reverse
transcriptase-polymerase chain reaction (QRT-PCR), col-
ony formation assay, immunofluorescence (IF), western
blotting (WB) and co-immunoprecipitation (co-IP), in
vitro ubiquitination assay are provided in Supplementary
Materials.

Statistical analysis

The data pertaining to the experimental groups was per-
formed using GraphPad Prism software (version 8.0),
with the results presented as mean+ SD. Unpaired Stu-
dent’s t-test and one-way ANOVA test were used to com-
pare the differences between groups. Kaplan-Meier curve
was used for survival analysis, while the Log-rank method
was utilized for the significance test. A P-value <0.05 was
statistically significant.

Results

Extraction and identification of serum exosomes in
patients

To get insights into the potential advancement of MM,
serum exosomes were extracted from patients in the
HD, BTZ-sensitive and BTZ-resistant groups. The sizes
of obtained exosome vesicles were measured by NTA,
which were found to be in the range of 10-100 nm
(Fig. 1A). The morphology and characteristics of the iso-
lated exosomes were observed via TEM, revealing that
the exosomes were cup-shaped spheres (Fig. 1B). These
results confirm that the vesicles extracted from serum
samples were exosomes.

Exosomes HSPA9 and HSPA9 protein are implicated in MM
resistance to BTZ

To screen for DEPs, protein mass spectrometry analy-
sis was performed on 8 pairs of serum exosomes in the
HD, BTZ-sensitive and BTZ-resistant groups (Fig. 1C).
After the removal of common high-abundance proteins,
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193 and 234 proteins were identified in the BTZ-sensi-
tive and BTZ-resistant groups, respectively. Compared
to the BTZ-sensitive group, there were 12 up-regulated
and 8 down-regulated DEPs in the BTZ-resistant group.
Among the up-regulated proteins, we found that the heat
shock protein HSPA9 exosomes were significantly upreg-
ulated in the BTZ-resistant group (P=0.04) (Fig. 1D),
indicating that HSPA9 involved in MM. To validate this
hypothesis, we first detected the level of HSPA9 exo-
somes using WB analysis. We found that compared with
BTZ-sensitive samples (n=11), the expression of exo-
somes HSPA9 protein was significantly elevated in BTZ-
resistant samples (n=11) (Fig. 1E and Supplementary Fig.
S2). Density quantitative analysis showed that exosomes
HSPA9 protein were significantly highly expressed in
BTZ-resistant samples (P=0.0095) (Fig. 1F). Addition-
ally, we enriched exosomes in the culture supernatants
of RPMI8226-DR and RPMI8226-WT cell lines and
found that more exosomes HSPA9 protein were secreted
in RPMI8226-DR cells compared to the control group
(Fig. 1G). According to the NDMM cases in the GSE2658
database, the sensitivity to BTZ was negatively corre-
lated with the mRNA level of HSPA9 (P<0.001) (Fig. 1H).
Data from the GSE5900 and GSE2658 databases indi-
cated a progressive increase in HSPA9 expression lev-
els correlating with the advancement of MM (P<0.001)
(Fig. 1I). Moreover, the expression level of HSPA9 was
negatively correlated with overall survival (OS) in MM
patients (P=0.015) (Fig. 1J). To explore the clinical sig-
nificance of HSPA9, we collected bone marrow biopsy
tissues from BTZ-sensitive (#=20) and BTZ-resistance
(n=20) MM patients for immunohistochemical (IHC)
analysis. The staining results revealed that the expression
of HSPA9 was significantly upregulated in the BTZ-resis-
tance group (P<0.0001), and HSPA9 was predominantly
localized in the cytoplasm and membrane of tumor
cells (Fig. 1K-L). Therefore, we speculate that exosomes
HSPA9 and HSPA9 protein are relevant to BTZ resis-
tance in MM, and high expression of HSPA9 deteriorated
MM disease progression.

HSPA9 protein accelerates MM cell proliferation, BTZ
resistance and stemness characteristics in vitro

Compared with MM cells, isolation and extraction of
exosomes from tool cells HEK 293T is a more efficient
process, and these exosomes have the advantages of high
yield, stability and purity. To interrogate the biological
behavior of HSPA9 and its involvement in BT Z resistance,
we knocked down and overexpressed HSPA9 (HSPA9-
KD and HSPA9-OE) in MM cells (RPMI8226 and U266)
using a lentiviral vector, and verified the knockdown effi-
ciency by WB assay (Fig. 2A). Cell counting kit-8 (CCK-8)
assay showed that the proliferation activity of HSPA9-KD
MM cells was significantly inhibited in a time-dependent
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Fig. 1 Exosomes HSPA9 and HSPA9 protein are highly expressed in BTZ-resistant MM. NTA (A) and transmission electron microscopy (B) verified the
size and structure of exosomes. Red arrows indicated exosomes morphology. Scale bar, 200 nm. (C) The DEPs heatmaps of serum exosomes in 8 pairs of
HD/MM patients. (D) The expression of exosomes HSPA9 in BTZ-sensitive and BTZ-resistant MM patients (P=0.04). (E-F) WB analysis and densitometric
quantification of the expression of exosomes HSPA9 protein in MM patients (P=0.0095). (G) Exosomes HSPA9 protein were highly expressed in RPMI8226
BTZ-resistant MM cells. (H) BTZ sensitivity was negatively correlated with HSPA9 mRNA expression in GSE2658 (P < 0.001). High expression of HSPA9 was
associated with MM (I) progression and (J) poor OS (P<0.001 and =0.015, respectively). (K-L) The expression of HSPA9 protein in bone marrow IHC from
BTZ-sensitive and BTZ-resistance MM patients (P<0.0001). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001

manner compared to the control group (Fig. 2B). Subse-
quently, under the intervention of BTZ at different doses
and times, the IC;, was (6.72+0.14) nM, (4.57+0.42)
nM, (8.63+0.19) nM and (6.24+0.20) in RPMI8226-Scr
and RPMI8226-HSPA9-KD, U266-Scr and U226-HSPA9-
KD cells at 24 h, respectively. The results indicated that
the knockdown of HSPA9 enhanced the sensitivity of
MM cells to BTZ in a dose- and time-dependent man-
ner (Fig. 2C-D). Flow cytometry demonstrated that the
apoptosis of the HSPA9-KD cells increased after BTZ
treatment for 24 h, indicating that MM cells exhibited
heightened sensitivity to BTZ after knockdown of HSPA9
(Fig. 2E). Notably, BTZ treatment induced remarkable
apoptosis of the HSPA9-KD MM cells, which was related
to the protein of cleaved caspase 3 (Fig. 2F). Colony-for-
mation assay showed that the colonies of the HSPA9-OE
MM cells increased in both morphology and number
(P=0.0014) (Fig. 2G and Supplementary Fig. S3). In addi-
tion, the expression of NANOG, OCT4 and SOX2, three
markers representing induced pluripotent or embryonic
stem cell (iPS/ES), was elevated in the RPMI8226 and
U266 HSPA9-OE MM cells (Fig. 2H). These data imply
that the knockdown of HSPA9 attenuated MM prolif-
eration and encouraged apoptosis, and HSPA9 promotes
MM cell BTZ resistance and maintains stemness charac-
teristics in vitro.

Exosomes HSPA9 derive from BTZ-resistant cells
disseminate drug resistance characteristics to sensitive
cells

Given that exosomes HSPA9 are involved in BTZ resis-
tance, we are eager to clarify if exosomes derived from
BTZ-resistant cells could alter the characteristics of BTZ-
sensitive cells. HEK293T cells were infected with HSPA9-
OE lentiviral vectors, and the efficiency was verified by
WB (Fig. 3A). To obtain exosomes HSPA9-OE secreted
by HEK 293T cells, they were extracted using the dif-
ferential centrifuge method. The result showed that the
extracted vesicles contained high concentrations of CD81
and Alix-labeled proteins (Fig. 3B).

As demonstrated by the CCK-8 assay, the addition
of exosome HSPA9-OE (10 pg/mL) to MM cells could
reverse the inhibition of cell proliferation resulting
from HSPA9 knockdown (Fig. 3C). In follow-up stud-
ies, after adding exosome HSPA9-OE (10 pg/mL) into
HSPA9-KD MM cells (RPMI18226 and U266) treated with
BTZ (5nM), we were surprised to find those exosome

HSPA9-OE could induce HSPA9-KD MM cells to regain
BTZ resistance (Fig. 3D).

To investigate the potential mechanism of this phe-
nomenon, we added exosomes HSPA9 (10 pg/mL) to
HSPA9-KD MM cell lines (RPMI8226 and U266) and
detected the expression level of HSPA9 by WB (Fig. 3E)
and qRT-PCR (Fig. 3F). These findings strongly revealed
that exosomes HSPA9 could not reverse the expression
of HSPAY at the protein level, but could reverse it at the
RNA level. To trace exosomes, we first co-cultured flag-
labeled RPMI8226-HSPA9-OE and RPMI8226-WT cells
for 24 h aiming to observe the production of endog-
enous exosomes labeled with PKH26. Confocal laser
scanning microscope (CLSM) images illustrated that the
Flag and PKH26-labeled exosomes HSPA9 were tracked
in RPMI8226-WT cells (Fig. 3G). Secondly, we added
PKH26-labeled exosomes HSPA9 to RPMI18226-WT and
U266-WT cells in the extracellular space. Importantly, it
was found that the number of red fluorescently labeled
exosome HSPA9 gradually increased with time in the
intracellular (Fig. 3H). In summary, BTZ-sensitive MM
cells acquire resistance via internalizing the exosomes
HSPA9 released from BTZ-resistant cells. This process
of resistance transmission is regulated at both the mRNA
and protein level.

The molecular chaperone HSPA9 protein is positively
regulating TRIP13

To unveiled the mechanisms by which HSPA9 exerts
BTZ resistance in MM, we performed immunoprecipita-
tion binding mass spectrometry (IP-MS) in RPMI8226-
WT cells to screen potential proteins that interacted
with HSPA9 (Fig. 4A). TRIP13, which encodes a protein
that interacts with thyroid hormone receptors, emerged
as a prime candidate and caught our attention (Fig. 4B-
C). To examine the relationship between HSPA9 and
TRIP13, we utilized the co-immunoprecipitation (co-IP)
assay and confirmed the interaction between the two
proteins (Fig. 4D). In addition, TRIP13 expression was
significantly decreased in RPMI-8226 and U226 cells
with HSPA9 knockdown (Fig. 4E), while increased in
RPMI8226 and U226 cells with HSPA9 overexpression
(Fig. 4F). Following the transfer of the TRIP13-OE plas-
mid into RPMI8226-WT and U226-WT cells, the expres-
sion of HSPA9 was not significantly changed (Fig. 4G).
CLSM images showed that HSPA9 and TRIP13 were
co-localized in the cytoplasm of RPMI8226-WT and
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Fig. 2 HSPA9 protein promotes MM cell proliferation, BTZ resistance and stemness characteristics in vitro. (A) WB assay detected the efficiency in the
HSPA9-KD and HSPA9-OE MM cells (RPMI8226 and U266). (B) CCK-8 assay detected the cell growth viability in the HSPA9-KD MM cells. (C) CCK-8 assays
assessed the viability of MM cells after treatment with dose concentrations of BTZ for 24 h. (D) CCK-8 assays assessed the viability of MM cells after treat-
ment with the 5nM concentration of BTZ for 96 h. (E) Flow cytometry detected the apoptosis of MM cells after BTZ treatment for 24 h. (F) WB detected the
apoptosis of cleaved-caspase3 proteins after BTZ treatment for 24 h. (G) Representative images of soft agar colony formation and the colony numbers of
each group (P=0.0014) in the MM cells. Scale bar, 10 um. (H) WB analysis showed pluripotent markers expression of NANOG, SOX2, and OCT4 in HSPA9-OF
MM cells. Data are presented as the mean +5SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P<0.0001
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Fig. 3 Exosomes HSPA9 transferred from BTZ-resistant cells to sensitive cells in MM. (A) WB was utilized to detect the efficiency of HSPA9-OE. (B) WB was
utilized to detect the markers of exosomes in HEK293T-HSPA9-OE cells. (C) Exosome-derived HSPA9 reversed the inhibition of cell proliferation caused by
HSPA9 knockdown in MM. (D) CCK-8 assay detected the cell growth curves of exosome HSPA9-OE inducing HSPA9-KD MM cells to regain BTZ resistance.
(E) WB assay and (F) gRT-PCR assay were employed to evaluate the expression levels of HSPA9 after the addition of exosomes HSPAS for 48 h (WB) or 24 h
(gRT-PCR) in MM cells. (G) Schematic image by Figdraw. RPMI8226-HSPA9-OE-FLAG and RPMI8226-WT cells were co-cultured for 24 h, and PKH26-labeled
endogenous exosomes HSPA9 were detected in RPMI8226-WT cells. DAPI labeled nucleus and Flag labeled cells. Yellow arrows indicated exosomes. Scale
bar, 10 um. (H) Representative images of internalization of PKH26-labeled exosomes HSPA9 in MM cells. Yellow arrows indicated exosomes. Scale bar,

10 um. *P<0.05; **P<0.01; ***P<0.001

U266-WT MM cells (Fig. 4H). To clarify the biologi-
cal characteristics of TRIP13, IHC was performed and
demonstrated a marked elevation of TRIP13 protein
expression in bone marrow biopsy tissue from the clini-
cal BTZ-resistant patients (P=0.047) (Fig. 4I). Compared
to the baseline, the GSE31161 database revealed that the
TRIP13 expression was markedly higher in relapse MM
patients (P<0.001) (Fig. 4]). These findings indicated that
HSPA9 positively regulated TRIP13 under physiological
conditions in MM cells.

HSPA9 recruites the deubiquitinating enzyme USP1,

regulating the protein stability of TRIP13 in MM cells

As a member of ubiquitin-proteasome system, the DUB
specifically hydrolyzes ubiquitin molecules from proteins
with ubiquitin links and reversely regulates the protein
degradation process. However, HSPA9 does not have
DUB activity, so it may inhibit the ubiquitination process
and TRIP13 protein degradation by regulating the bind-
ing of DUB to TRIP13. We first used TMT-labeled quanti-
tative proteomics to screen the DEPs between HSPA9-EV
and HSPA9-OE in RPMI8226 cells, and identified the
high expression of USP1, a member of the DUB fam-
ily in HSPA9-OE cells (P=0.0205) (Fig. 5A). GO enrich-
ment analysis demonstrated that a total of 210 DEPs
were identified to be significantly enriched in the regu-
lation of protein ubiquitination pathway (GO:0031396)
in the biological process term (BP). According to them,
the HSPA9-OE group had 3 up-regulated and 27 down-
regulated expression (P<0.01), indicating that the over-
expression of HSPA9 inhibited the ubiquitination process
in MM cells (black dotted box displayed) (Fig. 5B) (black
dotted box displayed). To authenticate this hypothesis,
proteasome inhibitor MG132 was added to MM cells
and the endogenous ubiquitination level was detected.
The results showed that HSPA9 knockdown significantly
increased the ubiquitination level in MM cells (Fig. 5C).
Additionally, we conducted co-IP experiments using
TRIP13 antibody in both HSPA9-KD and HSPA9-Scr
MM cells to assess the difference in ubiquitination levels.
The results demonstrated that the ubiquitination level
of TRIP13 was significantly reduced in HSPA9-KD cells
(Fig. 5D). This finding provides evidence supporting the
functional association between HSPA9 and TRIP13. In
addition, co-IP revealed that HSPA9 could directly bind
to USP1 (Fig. 5E), and USP1 could interact with TRIP13

in RPMI8226 cells (Fig. 5F). Immunofluorescence analy-
sis validated that although TRIP13 was distributed in
both cytoplasm and nucleus, the HSPA9-USP1-TRIP13
complex mainly existed in the cytoplasm (Fig. 5G).

To determine whether TRIP13 is a direct substrate
of USP1, we first evaluated the effect of ML323 (a spe-
cific USP1 inhibitor) on the expression and function of
TRIP13 in MM cells. WB analysis showed that ML323
impaired cellular USP1 activity and downregulated the
expression of TRIP13 in a dose-dependent manner. How-
ever, the upstream HSPA9 expression had no significant
change (Fig. 5H). Next, we used cycloheximide (CHX)
tracking analysis to determine whether HSPA9 could
affect the stability of the TRIP13 protein. We found that
the knockdown of HSPAY significantly shortened the
half-life of the TRIP13 protein (Fig. 5I). These results
suggested that USP1 and HSPA9 have similar effects in
maintaining the stability of the TRIP13 protein.

HSPA9 recruites USP1 to inhibit TRIP13 ubiquitination
degradation and promotes BTZ resistance in MM

To further investigate the role of the HSPA9 protein in
forming the HSPA9-USP1-TRIP13 complex, we designed
the full-length (FL) HSPA9 and its truncated mutant with
Myc-tag (Fig. 6A-B). They were co-transfected into HEK
293T cells along with the HA-USP1 and FLAG-TRIP13
plasmids. Co-IP and WB assay were employed to ana-
lyze the structural mutation, which demonstrated that
the carboxyl-terminal (C-terminal) of the HSPA9 peptide
binding domain (432-679 aa) contributed to the interac-
tion between USP 1 and TRIP13 (Fig. 6C-E). Above all,
HSPA9 promoted the ubiquitination process of MM cells
through its amino-terminal (N-terminal) ATPase domain
in vitro ubiquitination assay (Fig. 6F). In summary, the
heat shock protein HSPA9 may provide a molecular
platform for the interaction between USP1 and TRIP13
through its C-terminal, while using the N-terminal
ATPase domain for ubiquitination and maintaining the
stability of TRIP13 protein.

Subsequently, we co-cultured MM cells with exosome
HSPA9 for 48 h to investigate its effect on the HSPA9/
USP1/TRIP13 regulatory axis. Interestingly, the addi-
tion of exogenous exosome HSPA9 significantly reversed
the reduced expression of the downstream signalling
pathway proteins USP1 and TRIP13 caused by HSPA9
knockdown (Fig. 6@G). Interestingly, it was more sensitive
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Fig. 4 HSPA9 positively regulates TRIP13 in MM. (A) SDS-PAGE and Coomassie Bright Blue (CBB) staining of HSPA9 immunoprecipitated proteins in
RPMI8226-WT cell. The red box indicates the protein of interest. (B) The coverage, unique peptide count and (C) spectrum of TRIP13 were identified by
IP-MS. (D) Co-IP assay was conducted to immunoblot HSPA9 and TRIP13 in RPMI8226 cells. The immunoblotting on the expression of HSPA9 and TRIP13
in (E) HSPA9-KD or (F) HSPA9-OE MM cells. (G) The immunoblotting on the expression of HSPA9 and TRIP13 in TRIP13-OE MM cells. (H) HSPA9 and TRIP13
were immunocolocalized in RPMI8226 and U266 cells. Scale bar, 10 um. (I) IHC assay was used to detect the TRIP13 expression in bone marrow biopsies
of MM patients (P=0.047). J) Compared to the baseline, the GSE31161 database showed that TRIP13 was highly expressed in relapse MM patients from

the TT2 and TT3 regimens (P<0.001). *P<0.05; **P < 0.01; ***P<0.001

to ML323 in HSPA9-KD MM cells (Fig. 6H). The rescue
experiments found that USP1 or TRIP13 overexpressed
could re-impart BTZ resistance in the RPMI-8226 and
U266 HSPA9-KD MM cells (Fig. 6I-]). Taken together,
these data suggest that HSPA9 interacts in a USPI1-
dependent manner and stabilizes TRIP13, thereby medi-
ating BTZ resistance. Inhibiting the expression of the
HSPA9-USP1-TRIP13 complex can overcome BTZ resis-
tance in vitro.

Exosomes HSPA9 promote MM proliferation and BTZ
resistance in, vivo

To evaluate the role of exosomes HSPA9 and the HSPA9-
USP1-TRIP13 complex in vivo, we validated them in a
xenograft mouse model for further exploration. Firstly,
we constructed a xenograft tumor model in BALB/c nude
mice through injecting RPMI8226 cells. PKH26-labeled
exosomes HSPA9 were injected into mice through the
tail vein, and then we evaluated the metabolic efficiency
of exosomes HSPA9 through systemic circulation at dif-
ferent times after injection. Quantitative luminescence
results showed that the concentration of exosomes in
mice decreased gradually over time. Besides, the exo-
somes HSPA9 were still present at a high concentration
in mice after injection for 48 h, and were distributed
throughout the whole body (Fig. 7A).

To test the effect of BTZ or ML323 inhibitor on tumor,
and whether adding exosomes HSPA9 could reverse
tumor growth inhibition, mice were treated with BTZ or
ML323 in the presence or absence of exosomes HSPA9.
The data showed a significant reduction in the tumor
weight and volume after treatment with BTZ and ML323
in comparison to the control group. Surprisingly, tumor
weight and volume could be reversed after the addition
of exosomes. However, no significant change was noted
in the weight of the mice (Fig. 7B-E). IHC staining of
representative tumors was used to detect the pathologi-
cal condition of the tumor after drug treatment. Notably,
mice administered exosomes HSPA9 in combination with

BTZ or ML323 had higher level expressions of HSPA9
and Ki-67 than those treated with BTZ or ML323 alone
(Fig. 7F). These results are consistent with our observa-
tions in vitro, suggesting that the HSPA9-USP1-TRIP13
complex is crucial for promoting the growth of MM, and
the exosomes HSPA9 can confer BTZ resistance in vivo
(Fig. 7Q).

Discussion

As the backbone therapeutic agents of MM, PIs exempli-
fied by BTZ, are incorporated into the majority of che-
motherapy regimens. Despite the advancing therapeutic
approaches and a median survival of more than seven
years, MM remains an intractable disease. The current
medical landscape has significant challenges in the man-
agement of MM relapse and PIs drug resistance [32, 33].
Therefore, a more comprehensive understanding of the
basis for the involvement in MM resistance will help pro-
vide novel insights to combat MM effectively.

The characteristics of tumor cells and their interac-
tion with the microenvironment drive the generation of
drug resistance and progression in MM [34, 35]. Previ-
ous evidence suggests that the mechanism of bortezomib
resistance may be related to an imbalance of the ubiqui-
tin-proteasome system, endoplasmic reticulum stress,
overexpression of heat shock proteins and changes in
the tumor microenvironment. However, the molecular
pathogenesis of bortezomib resistance in MM has not
been not fully clarified, which brings difficulties in clini-
cal treatment. Exosomes are essential components of
intercellular communication in the tumor microenviron-
ment. Several studies have proposed that exosomes play
a critical role in drug chemotherapy resistance of various
tumors [36—38]. Xu et al. [39] observed that exosomes
released by mesenchymal stem cells could enhance the
resistance to Pls by transmitting PSMA3 and PSMA3-
AS1 in MM. Nevertheless, there is a paucity of research
on the role of exosomes in drug resistance of myeloma
cells. In this study, we extracted serum exosomes from
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Fig. 5 HSPA9-USP1 interacts with TRIP13 in the cytoplasm. (A) The heatmaps and the relative expression of USP1 protein were shown in RPMI8226
(HSPA9-EV and HSPA9-OE) cells (P=0.0205). (B) Twenty-five significantly enriched GO terms were shown from the outside to the inside. The first circle
indicated the 25 enriched pathways. The second circle indicated the number and P-value of background proteins, and the length of the bar was in pro-
portion to the quantity of protein. The third circle indicated the number of the DEPs in this pathway. The fourth circle indicated the value of rich factor in
each pathway (P<0.01). (C) WB assay detected that the knockdown of HSPA9 increased the ubiquitination level. (D) Co-IP assay using TRIP13 antibody
detected that the ubiquitination level in MM cells. (E) Co-IP assay was performed on HSPA9 bound to USP1 in RPMI8226 cells. (F) Co-IP assay showed
USP1 interacted with TRIP13 in RPMI8226 cells. (G) Immunofluorescence assay revealed that the HSPA9-USP1-TRIP13 complex was co-localized in the
cytoplasm of MM cells. Scale bar, 10 um. (H) WB assay on the expression of HSPA9, USP1 and TRIP13 exposed to different concentrations of ML323 for 24 h

in MM cells. (I) WB assay on the expression of HSPA9, USP1 and TRIP13 exposed to CHX at different times in MM cells

MM patients and conducted a protein profiling analy-
sis to investigate the potential upregulation of exosomes
HSPA9 in BTZ-resistant MM patients. We found signifi-
cantly high expression of exosomes HSPA9 in bortezo-
mib-resistant MM cell lines. It was hypothesized that
exosomes HSPA9 were closely related to MM bortezomib
resistance.

HSPA9 is typically expressed at low levels in vivo,
whereas it is inducibly expressed in various tumors and
is associated with poor prognosis. Nevertheless, its func-
tion in MM has been infrequently documented. A review
of public databases revealed that high expression of
HSPA9 was linked to BTZ resistance and the progression
of MM, as well as poor prognosis [40—42]. Combined
with the IHC analysis of bone marrow tissues from MM
patients in our center, the expression level of HSPA9 in
tumor cells of BTZ-resistant patients was significantly
higher than that of BTZ-sensitive patients. Subsequently,
phenotype-related experiments also proved that HSPA9
could promote MM cell proliferation, BTZ resistance
and stemness characteristics. Research shows that exo-
somes can transfer information between tumor cells and
various cells in the microenvironment. Our data in vitro
confirmed the role of exosomes HSPA9 in transmitting
MM resistance. BTZ-resistant cells with high expres-
sion of HSPA9 can be packaged into exosomes, which
are taken up by bortezomib-sensitive cells through endo-
cytosis. This process allows the emergence of resistance
in non-resistant cells, causing the transmission of BTZ
resistance.

TRIP13 has been reported could facilitate multiple
intracellular processes such as cancer proliferation,
metastasis and drug resistance through homologous
recombination repair and non-homologous end-junc-
tion DNA repair [43, 44]. Li Xu et al. [30] found that
TRIP13 was overexpressed in BTZ-resistant MM cells.
In turn, elevated TRIP13 expression promoted BTZ
resistance in MM cells. However, the precise manner
in which exosomes HSPA9 participate in the molecu-
lar signaling pathway of PTM through TRIP13, and its
role in MM resistance remains largely unknown. To
further explore the mechanism of HSPA9 mediating

bortezomib resistance, we identified TRIP13 as
the binding protein and the downstream target of
HSPA9 through IP-MS. Immunofluorescent localiza-
tion experiments further confirmed that the HSPA9-
TRIP13 protein complex was mainly deposited in the
MM cytoplasm. Although TRIP13 was expressed in
both the cytoplasm and nucleus, it suggests that there
might be an unidentified mechanism that promoted
TRIP13 transportation from the nucleus to the cyto-
plasm, resulting in the HSPA9-TRIP13 protein com-
plex being mainly deposited in the MM cytoplasm.
Taken together, these findings collectively indicated
that HSPA9 acted as a molecular chaperone for
TRIP13 in MM cells.

Deubiquitination enables the selective degradation of
proteins labeled with ubiquitin molecules [45] and plays
a core role in a wide range of biological processes [46,
47]. However, the relationship between HSPA9-TRIP13
and DUB remains unknown. In this study, we elucidated
that HSPA9 knockdown facilitated the ubiquitination of
MM cells. It was of particular significance that HSPA9,
functioning as a molecular chaperone, recruited USP1
to TRIP13 via its C-terminal domain. The N-terminal
domain, in turn, provided the active site of the ubiquiti-
nation ATPase, thereby impeding the degradation of the
TRIP13 protein. This evidence substantiates the proposi-
tion that the C-terminal domain of HSPA9 is indispens-
able for its engagement with USP1 and TRIP13 in MM
cells. These results provide evidence that maintaining
the stability of the TRIP13 protein depends on different
structures in the HSPA9 proteome.

Consequently, our preclinical studies underscore that
exosomes HSPA9 are secreted by bortezomib-resistant
MM cells and taken up by bortezomib-sensitive MM cells
through the endocytosis pathway. After entering the cells,
HSPA9 binds USP1 and TRIP13 to form the HSPA9-
USP1-TRIP13 complex, which is mainly deposited in
the MM cytoplasm. This process directly transmits the
resistance phenotype to bortezomib-sensitive cells. It
transforms them into bortezomib-resistant cells, thereby
facilitating the proliferation of MM cells, contributing
to bortezomib resistance and reprogramming stemness
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signature. In light of these findings, the advancement of
small-molecule drugs targeting HSPA9 unravels a prom-
ising avenue for the therapy of BTZ resistance in MM.
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