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Abstract

The eventually developed chemoresistance to proteasome inhibitors (Pls) is a major hurdle in curing
patients with multiple myeloma (MM) and a key cause of poor prognosis, however the underlying
molecular mechanisms of chemoresistance is still poorly understood. Herein, we provide evidences that
N-acetyltransferase 10 (NAT10), a catalytic enzyme involving in the acetylation modification of RNA, is
overexpressed in the BTZ-resistant (BR) MM cell lines and predicts poor outcomes in the clinic. Further
manipulating of NAT10 gene expression in MM cells shows that enforced NAT10 expression decreases
sensitivity to Pl, however knockdown of NAT10 enhances anti-tumor efficacy of Pls in MM cells in vitro
and in vivo. Acetylated RNA immunoprecipitation sequencing (acRIP-seq) combined with RIP-qPCR
analysis identifies exportin 1 (XPOI1) as an important downstream target of NAT10, with promotes
N4-acetylcytidine (ac4C) modification of XPO1 mRNA. Importantly, expressions of XPOI and NATI10
are meaningfully correlated in bone biopsies from the relapsed/refractory (R/R) MM patients, which were
also highly associated with poor outcome. Translationally, dual pharmacological inhibition of NAT10 and
XPOI1 sensitizes MM cells to BTZ treatment in both cell lines and in a xenograft mouse model of MM.
Thus, our study elucidates previously unrecognized role of ac4C modification of XPOI mRNA in the
chemoresistance of MM and provides a potential option for clinical management of R/R MM patients in
the clinic.
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Introduction
Multiple myeloma (MM) is characterized by the  shortening. This highlights the importance of
malignant proliferation of plasma cells in the bone  understanding the mechanisms involved and

marrow, leading to anemia, cytopenia, fatigue, and
bone pain in patients. The global incidence of MM
accounts for about 15% of hematological malignancies
and 1% of all cancer cases. Despite the development of
various treatment modalities such as proteasome
inhibitors (PIs), monoclonal antibodies (MoAbs),
immunomodulatory drugs, and autologous stem cell
transplantation, refractory and relapses remain
common, with remission durations progressively

developing novel treatment strategies[1].
Modifications of histone proteins have garnered
significant attention due for their regulation of key
cancer transcription factors associated with drug
resistance[2].  Therapies  targeting  epigenetic
regulators have shown promise in targeting
malignant plasma cells post-resistance to initial
therapy[3]. For instance, inhibitors of the histone
methyltransferase EZH2 have been found to sensitize
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myeloma cell lines to panobinostat[4], and when
combined with DNA methyltransferases (DNMTs)
inhibition, they effectively overcome resistance to
IMiDs in myeloma cells[5]. Apart from histone
modifications, dysregulation of RNA epigenetics also
plays a crucial role in RNA processing, promoting
tumor proliferation, metastasis, stemness
maintenance, and drug resistance[6]. The enzymes
that catalyze or reverse these modifications are
considered potential biomarkers and therapeutic
targets in cancer[2, 7]. For example, m6A is the most
abundant mRNA modification, and METTL3, a key
component of the m6A methyltransferase complex,
promotes the expression of key oncogenes in
glioblastoma stem cells[8], as well as radiotherapy
resistance and tumor growth[9]. Moreover, METTL3
is also considered a potential therapeutic target for the
treatment of multiple myeloma[7]. These pieces of
evidence demonstrate the possibility for overcoming
chemoresistance by  manipulating  epigenetic
regulators in MM cells and indicate the urgent need
for finding additional epigenetic regulators [10].

Notably, ac4C is the first and only acetylation
modification described on mRNA, mainly occurring
within coding sequences (CDS), and plays a key role
in affecting mRNA stability and translation
efficiency[11]. NAT10 is the sole human mRNA ac4C
modification enzyme, possessing both
acetyltransferase and RNA binding activities[11].
Increasing evidence has shown that abnormal
expression of NAT10 promotes the development and
prognosis of severe cancer [12, 13]. For example,
NAT10 promotes malignancy in bladder cancer cells
through mediating ac4C modifications in mRNAs[14].
In MM, NATI0 acetylates CEP170 mRNA to
accelerate cell growth[15]. The therapeutic value of
NAT10 inhibitor Remodelin has been found in many
cancers[16, 17]. However, whether it epigenetically
drives chemoresistance in MM cells is unknown, and
its functional targets in MM remain to be clarified.

In the current study, we demonstrate the
correlation of NAT10 expression with an established
BTZ-resistant MM cells, as well as its significance in
the clinic. We identify XPO1 mRNA as a major
downstream target of NAT10 and evaluate the
translational significance of combination treatment of
Remodelin with Selinexor in overcoming bortezomib
resistance in vitro and in vivo.

Materials and Methods

Participants and study design

All participants were subjected to a complete
history-taking and full clinical examination. All
patients have been diagnosed with MM. Patients with

a previous diagnosis of MM who received
chemotherapy or radiotherapy, cancer anywhere in
the body except MM, and any disease in the bone
marrow except MM were excluded from the study.

Cell lines, cell proliferation and flow cytometry
assays

MM cell lines used in our lab and the induction
of BTZ-resistant cells have been described in previous
publication[18]. Cells were STR authenticated and
mycoplasma-free substantiated. MST assay to detect
cell proliferation and flow cytometry to detect the
apoptosis were performed as previously described[18,
19].

Infection and transfection

Briefly, 1x106 MM cells in 1 ml media were
added with 50 pl viral concentration and 8 pg/mL
polybrene for 12 h, the medium was changed, and
cells were cultured for another 48 h until further
management. For transient transfections of plasmids,
the Neon transfection system (Invitrogen) was used.
Briefly, 1x10° cells were mixed with 10 pg of plasmids
and the electroporation was performed under the
condition of 1600 V, 20 V, and 1 pulse.

Immunohistochemistry

The study included MM tissue samples of 40
cases, and tissue samples obtained by bone marrow
biopsy. There are 18 samples with low expression of
NAT10 and XPO1, and 22 samples with high
expression. 40 Paraffin-embedded tissue blocks of
MM specimens were prepared by bone marrow
biopsy, which were previously fixed with 4%
paraformaldehyde (PFA) in PBS for 48 hours. Sections
4 um thick were obtained. 3% H>O» solution was used
to block deparaffinized tissue slides and a 10 mM
citrate buffer (pH 6.0) was used to retrieve antigen.
After successful blocking of the deparaffinized tissue,
appropriately diluted primary antibodies were added
onto the slides and incubated in a humidified
chamber at 4°C overnight, after which diluted
biotinylated secondary antibody were incubated for 1
hour at room temperature. DAB substrate solution
(Dako, K5361), which was newly made just before use,
was utilized to reveal the color of antibody staining.
Hematoxylin staining was used to localize Nuclei 1 to
2 min before mounting and capture.

Establishment of Bortezomib (BTZ)-resistant
myeloma cells

To develop bortezomib-resistant (BR) myeloma
cells, parental drug-naive cells were initiated by 0.5
nM of BTZ and enhanced by doubled dosage very one
month up to six months totally. Acquire of
BTZ-resistant phenotype were monitored and
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confirmed by calculating the ICsy of BTZ using MTS
assay. For further details on the process of inducing
drug resistance please refer to the literature[20].

NOD/SCID xenograft mice models

Animal studies were approved by the
Committee on Animal Research and Ethics of Tianjin
Medical University, and all protocols were confirmed
to the Guidelines for Ethical Conduct in the Care and
Use of Nonhuman Animals in Research. 4-6 weeks old
female NOD.Cg-Prkdcscid]2rgtmiWil /Sz] (NOD/SCID)
mice were used to establish the xenograft (n=6) as
previously reported[19, 21]. For Xenograft model,
MM cells (1x106 cells/mouse) were injected
subcutaneously into NOD/SCID mice. After 3 weeks,
mice were treated subcutaneously with BTZ (1
mg/kg) (n=6) every three days, BIZ (1 mg/kg) +
Remodelin (10 mg/kg) (n=6) every three days, BTZ (1
mg/kg) + Selinexor (10 mg/kg) (n=6) every three
days or BTZ (1 mg/kg) + Remodelin (10 mg/kg) +
Selinexor (10 mg/kg) (n=6) every three days. Mice
were weighted and tumors were measured every
week. After treatment 8 weeks, for xenografts
experiments, mice were sacrificed and the tumor
xenografts were collected for TUNEL analysis.

Ac4C dot blot

Total RNA was heated to 65°C for 5 min,
followed by immediately placed on ice for 1 min, and
loaded onto Hybond-N+ membranes. Membranes
were crosslinked with 150 mJ/cm2 in a UV254 nm
Stratalinker 2400 (Stratagene). Then membranes were
blocked with 5% nonfat milk for 1 h at room
temperature and incubated with an anti-ac4C
antibody (ab252215; Abcam) in PBST (1:1000) at 4°C
overnight. The membranes were then washed three
times with 0.1% PBST, incubated with 0.02%
methylene blue solution for 10 min, rinsed the
background with DEPC water and scanned as an
internal reference.

Acetylated RNA immunoprecipitation and
qPCR (acRIP-qPCR)

MM cells were used for acRIP-seq analysis. The
procedure of acRIP-seq was performed as previously
described[11]. Per each IP, 2.5 mg of anti-NAT10
antibody or 2.5 mg of rabbit IgG control was used.
Precipitated RNA was analyzed by qPCR.

RNA decay assay

MM cells were treated with mRNA transcription
inhibitor actinomycin D (5 mg/mL) (HY-17559, MCE)
for 0,1, 2, and 3 h. Then, the total mRNA was isolated
and used for RT-qPCR to quantify the relative
abundance of DKK1 mRNA (relative to 0 h), and 18 S
rRNA was used as internal control.

5’-Bromo-uridine (BrU) immunoprecipitation
chase-deep RT-qPCR (BRIC RT-qPCR)

Cells were incubated at 37°C in the presence of
150 pmol/L  5-bromo-uridine (BrU; 850187,
Sigma-Aldrich) for 24 h in a humidified incubator
with 5% CO2. The cells were collected at indicated
time points after replacing BrU containing medium
with BrU-free medium. Total RNA was isolated by
using TReasy. BrU-labeled total RNA (12 mg) was
denatured by heating at 80°C for 1 min and then
added to the anti-BrdU mAb conjugated beads
containing 2 mg of anti-BrdU mAb (MI-11-3, MBL).
The mixture was incubated at 4°C overnight with
rotation. After immunoprecipitation, elution of RNA
was carried out by adding 300 mL of TReasy directly
to the mixture. BrU labeled RNA was extracted and
then used for RT-qPCR.

Statistical analysis

Data were shown as mean + SEM for at least n=3
independent  experiments  except  otherwise
explanation. Differences between groups were
determined using paired two-sided Student’s t-test or
one-way ANOVA. Pearson correlation test was used
to determine the correlations between gene
expressions, and survival analysis and a log-rank test
was done by GraphPad Prism 5.0. A p value less than
0.05 was considered statistically significant compared
with the controls, respectively.

Results

NATI0 is highly expressed in the
BTZ-resistant MM cells and is associated with
poor clinical outcomes

To investigate the features of BTZ-induced
chemoresistance in MM cells, we established two
BTZ-resistant (BR) cell lines, LP-1 and MM.1S,
following a previously reported method[20] (Fig. 1A).
After 3 months of induction, we assessed the
sensitivity to BTZ. The fold changes in the inhibitory
concentration (IC50) were significantly increased in
the BR cells (Fig. 1B, 1C). Furthermore, the
BTZ-induced apoptosis of MM cells was reduced in
the BR MM cells (Fig. 1D). It has been reported that
NAT10 promotes the proliferation of MM cells[22],
but its role in drug resistance in MM is not clear.
Therefore, we evaluated the expression of NAT10 in
the BR and wild-type (WT) MM cells. We observed an
increase in both protein and mRNA levels in the BR
cells (Fig. 1E, 1F). but its role in drug resistance in MM
is not clear. Therefore, we evaluated the expression of
NAT10 in the MM tissue slides from newly diagnosed
(ND) patients and patients with disease progression
(DP). We observed an increase in protein level in the
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DP group (Fig. 1G). Importantly, higher NAT10
expression was associated with worse overall survival
(OS) (Fig. 1H) and disease-free survival (Fig. 1I).
These results suggest that aberrant expression of
NAT10 is closely correlated with MM progression.

NAT10 expression is associated with
chemosensitivity of MM cells

To further investigate the impact of NAT10 on
drug resistance in MM cells, we knocked down
NAT10 expression using short hairpin RNA (shRNA).
As expected, the expression levels of NAT10 in LP-1
and MM.1S cells were successfully reduced by
shRNAs (Fig. 2A, 2B), leading to a significant
decrease in IC50 values for BTZ (Fig. 2C, 2D) and
impaired  anti-apoptotic  capacity  (Fig.  2E).
Conversely, overexpression of NAT10 in LP-1 and
MM.1S cells (Fig. 2F, 2G) significantly increased the
IC50 value (Fig. 2H, 2I) and inhibited apoptosis in
MM cells treated with BTZ (Fig. 2J). To further
evaluate the effects of NAT10 on myeloma tumor
growth and BTZ sensitivity in vivo, we established a
xenograft model of MM by subcutaneously injecting
NAT10-KD and negative control (NC) MM cells in
NOD/SCID mice, and then administered BTZ or
vehicle control intravenously every three days (Fig.
2K). We observed that mice bearing NAT10-KD and
NC MM cells had smaller tumor growth, however
administration of BTZ remarkably suppressed tumor
growth derived from NAT10-KD cells than that from
NC controls (Fig.2L). These findings collectively
suggest that NATIO0 plays a role in the
chemosensitivity of MM cells both in vitro and in vivo.
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NATI10 mediated ac4C modification enhances
XPOI1 mRNA stability and translation
efficiency

Given that NAT10 functions as an acetyltrans-
ferase, we investigated whether NAT10-mediated
chemoresistance in MM cells is dependent on its
acetyltransferase activity. We assessed mRNA
acetylation levels in MM cells using a dot blot assay
and observed that NAT10 knockdown resulted in
decreased total ac4C levels in mRNAs (Fig. 3A).
Subsequently, we conducted acRIP-seq assays in
NAT10-knockdown and control LP-1 cells, identifying
1319 genes with reduced ac4C modification in
NAT10-knockdown cells compared to the control cells
(Fig. 3B). Analysis of KEGG pathway showed that the
genes associated with drug resistance was enriched
among the downregulated differentially expressed
genes (DEGs) upon NAT10 knockdown (Figure 3C).
According to GO analysis, downregulated DEGs were
typically enriched in DNA binding and translation
(Figure 3D). Additionally, NATI10 knockdown
significantly reduced translation efficiency, as
demonstrated by polysome fractionation assays (Fig.
3E). We noted that XPO1 mRNA was among the top
targets of NAT10, prompting us to perform RT-qPCR
to analyze the distribution of XPO1l in different
ribosome fractions. In NAT10-knockdown cells, XPO1
mRNA was predominantly found in monosomes or
light polysomes, whereas in control cells, it was
mainly detected in polysomes, indicating a role of
ac4C in XPO1 translational regulation (Fig. 3F, 3G).
RNA decay assays revealed lower stability of XPO1
transcripts in NAT10-knockdown cells compared to
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Figure 1. NAT10 expression is correlated with BTZ resistance in MM cells. (A) Diagram of induction of BTZ resistance in human MM cell lines. Cells were exposed
to increasing concentrations of BTZ (from 0.5 nM to 5 nM) for three months. (B) Alteration of IC50 to BTZ treatment in the wild type (WT) and BTZ-resistant (BR) LP-1 and
MM.IS cells. (C) Comparison of the IC50 values of WT and BR cells (n = 3 biologically independent experiments; mean * SEM). (D) Flow cytometry analysis of apoptosis of WT
and BR cells after BTZ treatment. (n =6 biologically independent experiments; mean + SEM.) (E) NAT10 mRNA (F) and protein expression in WT and BR LP-1 and MM.IS cells.
(G) IDO* area measurement of immunohistochemical staining for NAT10 protein in the MM tissue slides from newly diagnosed (ND) patients and patients with disease
progression (DP). (H, 1) Correlation of NAT10 mRNA expression with Overall Survival (OS) and Disease-Free Survival in MM patients after receiving BTZ-based treatment
regimens. p values were determined by Pearson Coefficient and Log-ranks test. Two-sided p values were determined by Student’s t test. Data indicate the mean + SEM.

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15 6359
A ShRNA B NAT10 Cc D
NG #1  #2 515 LP-1 MM.1S P MMAS
‘ NAT1O| S = e [100KD ? W 2 3 150 e E57  peoons 15
N o S o = * - = -+
-8 LagkD g 1 g o gl g E’ g ** — = N 104 10
=l acTIN * g g § 2 § 3 1001k . ~+ . NAT10-KD 5 . P=0.0031
- Los S 50 = RN 25 5 -
;‘ NAT10/ S s 100kD % E, N N, § 0
S 0 N o S S T Q S L
2l ACTIN| G- 5 © NC #1 #z NC #1 #2 "0 05 1 15 2 250 05 1 15 2 25 NC NAT10-KD NC NAT10-KD
ShRNA ShRNA Log(BTZ)nM LP-1 MM.1S
NAT10
e NC ® NAT10-KD
— 80 P=0.0031 P=0.0011 s LP-1 MM.1S S 60 P<0.0002 1007 P<0.0001 = 150 LP-1 MMAS . vec
s L B Ll S IS - OE
< o 7] <
z ¥ S g £ 1001y v 3 ne
o o = 5
-9 o =z " 2
> = N \
el el e ——— ] PN N
B1Z(ni): 05 05 0 5 0 5 & & & o‘o 0051 15 2 250 051 15 2 25
LP-1 MM.1S LP-1 Log(BTZ) nM
I J ® Vec ® OE K L
407 P=0.0036 40 P=0.0004 80 F b.0i01
= = 1500
oy B
220 20 2 40 T 1000 = NC+BTZ 4
1] - i
0 = 21 24 27 30 33 36 E % NATIOKDWETZ |
o s ok
8 o 0 < ol Y Y Yy e 2 500 g
Q BTZ 5 g
% v & BTZ(nM): 0 5 E &
CNe Clle)
3 p I I 2
LP-1 MM.1S 21 24 27 30 33 36 ¢ !

Figure 2. Manipulation of NAT10 expression alters sensitivity to DTIC treatment in vitro and in vivo. (A) Representative western blotting (n =

3 biologically

independent experiments) shows the knockdown effects in LP-1 and MM.1S cells infected with lentivirus carrying three shRNAs targeting two different coding sequencing of
NATI10 gene (shRNA#]1, #2) compared to the non-target control (NC). (B) Histogram showing NAT10 relative expression of shNAT10 and NC LP-1 and MM.1S cells. (C)
Alteration of IC50 to BTZ treatment in the NT Control (NC) and NAT10 knockdown (shNAT10) cells and (D) comparison of the IC50 values of NC and shNAT10 cells (n =
3 biologically independent experiments). Two-sided p-values were determined by Student’s t test; mean * SEM. (E) Frequency of apoptosis cells after BTZ treatment. (F)
Representative western blot (n=3 biologically independent experiments) shows the ectopic expression of NAT10 in LP-1 and MM.1S cells infected with lentivirus carrying the
NAT10- overexpression plasmids (NAT10- OE) compared to the vector control (Vec). (G) Histogram showing NAT10 relative expression of NAT10- OE and Vec LP-1 and
MM.1S cells. (H) Alteration of IC50 to BTZ treatment in the Vec and NAT10- OE cells and (I) comparison of the IC50 values of Vec and NAT10- OE cells (n = 3 biologically
independent experiments). (J) Frequency of apoptosis cells after BTZ treatment. (K) Experimental setup used to assess the effects of NAT10 on MM tumor growth and BTZ
sensitivity in vivo in NOD/SCID mice. Mice were subcutaneous (s.c.) injected with 1 x 10¢ NC or NAT10- KD LP-1 cells followed by i.v. injections of BTZ (1 mg/kg) or PBS every
three days (n=6). Tumor growth was measured and calculated as 1/2(L X W2) mm, where the L presenting the length and W representing width of tumor. (L) Relative tumor

growth curves of tumors. Two-sided p-values were determined by two-way ANOVA test; mean + SEM.

control cells (Fig. 3H). The acRIP data showed a
significant decrease in ac4C peaks of XPO1l mRNA
upon NAT10 knockdown (Fig. 3I). Furthermore, both
protein expression and RNA levels of XPO1 were
substantially reduced in NAT10-knockdown cells
(Fig. 3], 3K). These findings collectively suggest that
NAT10 promotes XPO1 accumulation in MM cells by
acetylating XPO1 mRNA to enhance its translation.

XPOI is correlates with NAT10 expression
and MM progression

Since XPO1 is downstream target of NAT10, we
next determined its role in BTZ sensitivity. Indeed,
increased XPO1 expression were also found in our
established BR MM cells (Fig. 4A), and when the
expression of XPO1 was successfully suppressed (Fig.
4B), the sensitivity to BTZ were largely improved, as
evidenced by lower IC50 value (Fig. 4C) and
markedly augmented apoptotic cells (Fig. 4D).
Immunohistochemical staining of NAT10 and XPO1
proteins in MM patient tissues showed a close
correlation in their expressions (Fig. 4E, 4F). Further
analysis revealed a negative correlation between

XPO1 expression and both disease-free survival and
overall survival of MM patients following BTZ-based
treatments (Fig. 4G). These results suggest that XPO1
expression is associated with NAT10 expression and
significantly impacts treatment response and clinical
outcomes in MM.

Combinational inhibition of NAT10 and XPOI1
sensitizes MM cells to bortezomib treatment
in vitro and in vivo

To elucidate the translational implications of our
findings, we investigated whether a synergistic
anti-MM effect could be achieved by combining small
molecules targeting NAT10 (Remodelin) and XPO1
(Selinexor) with BTZ. While Remodelin and Selinexor
alone did not sensitize MM cells to BTZ, their
combination significantly enhanced the anti-MM
efficacy of BTZ (Fig. 5A). Importantly, this synergistic
effect was also observed in CD138+ plasma cells
isolated from MM patients with disease progression
after BIZ-based regimens (Fig. 5B). Restoring XPO1
expression in NAT10-knockdown MM cells partially
reversed resistance to BTZ treatment (Fig. 5C, 5D).
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Western blotting shows the knockdown effects in LP-1 cells infected with lentivirus carrying two shRNAs targeting different coding sequencing of XPOI gene (shRNA#I, #2)
compared to the non-target control (NC). (C) Alteration of IC50 to BTZ treatment in the NC and XPO1 knockdown (KD) cells. (D) Flow cytometry analysis of cell apoptosis
induced by 5nM BTZ for 24 h. (E) Representative immunohistochemical staining for NAT10 and XPO1 protein in MM issue slides from same patient show the correlation of
expression. Scale bar: 10um. (F) Correlation of NAT 10 with XPO1 expression in clinical samples of MM patients (n=20). (G) Correlation of XPOI expression with disease-free
survival and OS in MM patients after receiving BTZ -based treatment regimens. All p-values were determined by Pearson Coefficient and Log-ranks test. Data represent meant
SEM.
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Figure 5. Effect of combinational treatment with Remodelin and Selinexor in sensitizing MM cells to bortezomib in vitro and in vivo. (A) Flow cytometry
analysis for apoptosis of MM cell lines or (B) CD138* plasma cells from MM patients treated with BTZ (5nM) in presence of Remodelin (300nM) and Selinexor (300nM) for 48
h. p value determined by Student’s t test for n= 3 independent experiments. (C) Western blotting shows the ectopically expression of XPO1 in NAT10-KD LP-1 and MM.1S cells.
(D) Frequency of apoptosis cells after BTZ treatment. (E) 1%10¢ BR LP-1 cells were used to establish xenograft MM model in NOD/SCID mice, growth of tumors in mice
receiving DMSO (Veh), BTZ (I mg/kg), BTZ plus Remodelin (10 mg/kg) or Selinexor (10 mg/kg), and combination treatment of Remodelin and Selinexor plus BTZ were measured
every week (n= 6/group). Differences between groups were analyzed using one-way ANOVA. (F) Kaplan-Meier curves showing survival of mice. (G) Confocal image of
representative immunofluorescence staining for tumor tissue TUNEL (Alexa Fluor 488, green) and nuclei (DAPI, blue) at 4 weeks. (H) Quantification of TUNEL-positive cells.

Two-sided p-values were determined by two-way ANOVA test; mean + SEM.

To further evaluate the efficacy of combined
treatment with Remodelin and Selinexor in
overcoming BTZ resistance, we established a
xenograft mouse model of multiple myeloma (MM)
using our previously established BR-LP-1 cells.
Despite BR-LP-1 cells showing resistance to BTZ
treatment alone, the combination of either inhibitor
resulted in improved anti-tumor effects. Moreover, a
synergistic effect was observed when BTZ was
combined with both inhibitors, as evidenced by
reduced tumor volume (Fig. 5E) and increased
survival rate of mice (Fig. 5F). TUNEL assay
confirmed that the combined treatment with
Remodelin and Selinexor induced significant cell
apoptosis in the tumors (Fig. 5G, 5H). These findings
strongly suggest that targeting NAT10 and XPO1
could re-sensitize resistant MM cells to BTZ treatment
and enhance the anti-MM effects of proteasome
inhibitors.

Discussion

Bortezomib, approved by the FDA as a first-line
agent for MM treatment, faces challenges due to the
development of chemoresistance. Our study reveals
the critical role of NAT10 in inducing drug resistance
by mediating acetylation of XPO1l to promote its
translation and expression. We demonstrate the
synergistic anti-MM effects of the NATI10-specific
inhibitor Remodelin and the XPO1 inhibitor Selinexor,

offering potential strategies for refractory and

relapsed MM patients.
Mounting evidence suggests that dysregulation
of mRNA modifications drives cancer

progression[23]. As the sole enzyme NAT10 catalyzes
of RNA ac4C, its role in hematologic malignances
drug resistance, especially in MM, is unknown. We
identify increased NAT10 in the resistant MM cells,
which correlates with PIs sensitivity and clinical
outcomes. NAT10 was found to participate serious
critical cell processes as a acetyltransferase of protein,
for example, it responses to stress via acetylating and
activating p53[24], regulates cytokinesis through
acetylation of microtubules[25], and activates rRNA
transcription through autoacetylation. We elucidate
that NAT10 promotes MM drug resistance through
RNA acetyltransferase activity, with XPO1 identified
as its main downstream target in inducing
chemoresistance. XPO1 is a nuclear export receptor,
key tumor suppressor proteins, including RB, p53,
and p21 were found cargo of XPO1 transported[26].
XPO1 overexpression is a common feature among
many human cancer types. In MM, it is associated
with  poor prognosis[27], progression from
monoclonal ~ gammopathy  of  undetermined
significance to active multiple myeloma[27], and
XPO1 was thought to be potentially biomarker of
cancer progression as well as development of drug
resistance in MM[28]. XPO1 inhibitors Selinexor have
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been demonstrated to exert antitumor activity in a
broad range of cancer types including MM[28], while
the mechanism of XPO1 overexpression remains
unknown. We examined the mRNA-acetyltransferase
activity of NAT10 in MM cells by acRIP-seq, and
identified XPO1 is a major downstream target of
NAT10. Our RNA decay assay and polysome profile
assay demonstrate the role of NAT10 in XPO1
stability and translational efficiency. Consistently, in
the NAT10-KD MM cells, decreased ac4dc modification
were observed, and more specifically, only the protein
level of XPO1, but not its mRNA expression was
decreased according to NAT10 knockdown. These
data highlight the role of NAT10 in mediating ac4c
modification in promoting XPO1 mRNA translation,
which is consistent with a previous study[11, 22]. Our
findings highlight the role of NAT10 in promoting
XPO1l mRNA translation, shedding light on the
mechanism of MM chemoresistance.

Drug resistance is the major obstacle to cure MM
in the clinic. Identifying therapy-specific resistance
biomarkers is also of great value. XPO1 inhibition is a
mechanistically unique strategy compared to the
current therapy, so it may has the potential to
overcome drug resistance[28, 29]. Our study
underscores the synergistic efficacy of the NAT10
inhibitor Remodelin and XPO1 inhibitor Selinexor in
overcoming BTZ resistance. Administration of
Selinexor and Remodelin alongside BTZ efficiently
induces tumor cell death in MM cell lines, patient
CD138+ plasma cells, and mouse xenograft models,
suggesting a promising approach for treating relapsed
or refractory MM patients.

Conclusion

In summary, our study discloses the importance
of NAT10 in inducing drug resistance of MM cells,
and elucidates the mechanism of NAT10 in mediating
ac4c modification of XPOl mRNA. Our findings
provide insights for the development of mnovel
therapeutic strategies utilizing Remodelin and
Selinexor for MM patients who have relapsed or
become refractory to proteasome inhibitor treatment.
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