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Multiple myeloma (MM) is a clinically distinctive plasma cell malignancy in the
bone marrow (BM), in which epigenetic abnormalities are featured
prominently. Epigenetic modifications including acetylation have been
deemed to contribute to tumorigenesis. N-acetyltransferase 10 (NAT10) is an
important regulator of mMRNA acetylation in many cancers, however its function
in MM is poorly studied. We first analyzed MM clinical databases and found that
elevated NAT10 expression conferred a poor prognosis in MM patients.
Furthermore, overexpression of NAT10 promoted MM cell proliferation. The
correlation analysis of acRIP-seq screened BCL-XL (BCL2L1) as a significant
downstream target of NAT10. Further RNA decay assay showed that increased
NAT10 improved the stability of BCL-XL mRNA and promoted protein
translation to suppress cell apoptosis. NAT10 activated PI3K-AKT pathway
and upregulated CDK4/CDK®6 to accelerate cellular proliferation. Importantly,
inhibition of NAT10 by Remodelin suppressed MM cell growth and induced cell
apoptosis. Our findings show the important role of NAT10/BCL-XL axis in
promoting MM cell proliferation. Further explorations are needed to fully define
the potential of targeting NAT10 therapy in MM treatment.

KEYWORDS

multiple myeloma, NAT10, acetylation, BCL-XL, PI3K-AKT

Abbreviations: MM, Multiple myeloma; BM, bone marrow; NAT10, N-acetyltransferase 10; GEP, gene
expression profilin; acRIP-seq, acetylated RNA immunoprecipitation sequencing; WB, Western Blot;
TCGA, The Cancer Genome Atlas; GEPIA, Gene Expression Profiling Interactive Analysis; siRNA, small
interfering RNA, NP, normal plasma; MGUS, monoclonal gammopathy of undetermined significance; GO,
Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CHOL, Cholangio carcinoma; COAD,
Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diftuse Large B-cell Lymphoma; READ, Rectum

adenocarcinoma; THYM, Thymoma.
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Introduction

Multiple myeloma (MM) is a hematological cancer
characterized by clonal expansion of plasma cells secreting
large amounts of monoclonal immunoglobulins (1). Currently,
MM remains incurable and inevitably relapses due to drug
resistance, and more importantly, the monoclonal antibodies
and CAR-T therapy are limited for MM patients (2). In
addition, the rapid disease progression, short survival time
and extremely poor prognosis of relapsed and refractory
patients are also huge challenges for MM treatment (3).
Therefore, there is an urgent need to discover novel
therapeutic targets to develop new drugs.

NATI10 belonging to the family of Gen5-related N-
acetyltransferases possesses histone acetyltransferase (HAT)
activity (4), which upregulates telomerase activity through
transactivation of the human telomerase reverse transcriptase
promoter (5). Moreover, NAT10 is an enzyme that catalyzes the
acetylation of ac4C on rRNA, tRNA and mRNA (6). Recently, it
is reported that NAT10-catalyzed mRNA acetylation in coding
sequences can stabilize and increase translation efficiency of
mRNA (7). NATI0 is emerging as a critical regulator in the
development of various cancers, such as NAT10 increases the
stability of mutant p53 to enhance its tumorigenic activity in
liver cancer (8) and acetylates p53 at K120 to stabilize p53 by
counteracting the effect of Mdm2 to promote cellular
proliferation in colorectal cancer (9). The regulation of cell
cycle checkpoint through NATI10 acetylation participates in
breast cancer development (10). An oncogenic role of NAT10
also has been validated in hematological malignancies, such as
acute myeloid leukemia (4). However, the functions of NAT10 in
MM are still not well elaborated.

This study aimed to investigate the potential involvement of
NAT10 in the pathogenesis of MM. We found that NAT10
directly enhanced mRNA acetylation and promoted BCL-XL
protein translation to inhibit cell apoptosis, leading to activation
of PI3K-AKT pathway and CDK4/CDK6 to promote MM cell
proliferation. Inhibition of NATI10 by Remodelin suppressed
MM cell growth. Our work suggests that NAT10 may be a
potentially promising therapeutic target for MM treatment.

Materials and methods
Gene expression profiling

The gene expression profiling (GEP) of MM patients were
obtained from the GEO database as previously described (11,

12). The examination of The Cancer Genome Atlas (TCGA)
datasets using gene expression profiling interactive analysis
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Gene Expression Profiling Interactive Analysis (GEPIA)
webserver (http://gepia.cancer-pku.cn/).

Antibodies and reagents

The primary antibodies used in this study were at the
dilutions of 1:1000 as follows: NAT10 (13365-1-AP,
Proteintech), ac4C (ab252215, Abcam), AKT (9272s, Cell
Signaling Technology), p-AKT (4058s, Cell Signaling
Technology), BCL-XL (2762s, Cell Signaling Technology),
Bax (2774s, Cell Signaling Technology), PARP (95428, Cell
Signaling Technology), Cleaved Caspase-3 (96618,
Cell Signaling Technology), B-actin (60008-1-Ig,
Proteintech), CDK4 (11026-1-AP, Proteintech), CDK6
(14052-1-AP, Proteintech).

The second antibodies included goat anti-Rabbit IgG(H+L)
HRP (FMS-RbO1, Fcmacs) or mouse (S0002, Affinity) were at
the dilutions of 1:5000.

Remodelin was purchased from CSNpharm (Chicago, USA).
Puromycin was obtained from Merck KGaA (Darmstadt,
Germany). Trizol reagent (YEASEN, Shanghai), Hifair 1st
Strand cDNA Synthesis SuperMix for qPCR (gDNA digester
plus) (YEASEN, Shanghai), SYBR Green PCR master mix
(YEASEN, Shanghai).

Cell lines and culture

Human MM cell lines including KMS28-PE and OPM2 were
cultured in RPMI-1640 with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin (Biological Industries,
Israel) in a 37°C humidified incubator with 5% CO,.

Plasmids and transfection

The plasmids containing the human NAT10 cDNA were
purchased from TranSheepBio (Shanghai, China). The NAT10
coding sequence was cloned into the lentiviral vector, pTSB
carrying Flag tag. MM cells were transfected using lentivirus as
described previously (13).

Electroporation method

BTXpress Cytoporation Media T4 (BTX, 47-0003) was used
to deliver siRNA into cells according to the Manufacturer’s
manual (14).

Sequences of siRNA were as following: negative control
(sense 5-UUCUCCGAACGUGUCACGUTT-3" and anti-sense
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5-ACGUGACACGUUCGGAGAATT-3’); NAT10 (sense 5-
GCAUGGACCUCUCUGAAUATT-3" and anti-sense 5’-
UAUUCAGAGAGGUCCAUGCTT-3’).

Cell proliferation and viability assay

MM cells (1.5 x 10°/well) were seeded in a 96-well plate.
CCK8 (Beyotime) reagent was added to each well and
incubated for 24, 48 and 72 h, respectively. The absorbance
was measured at 450 nm using a microplate reader (Varioskan
LUX,Thermo).

Colony formation

MM cells (1 x 10*/well) were seeded in a 24-well plate with
0.5 mL of 0.33% agar/RPMI 1640 supplemented with 10% FBS.
The medium was added twice per week for 2 weeks. Colonies
were imaged and counted.

Flow cytometry analysis of cell cycle
and apoptosis

Cell cycle and apoptosis were performed according to
previous report (15) and analyzed by flow cytometry (Merck
Millipore, Germany).

ac4C detection by dot blot

Dot blot was conducted referring to the method described
previously (14). Anti-ac4C antibody was used for dot blot.

Quantitative PCR

Quantitative PCR (qPCR) was performed as previously
described (13).

Sequences of primers were as following: GAPDH: GGG
GAGCCAAAAGGGTCATCATC, GACGCCTGCTTCACCAC
CTTCTTG; BCL-XL: GCCACTTACCTGAATGACCACC, AAC
CAGCGGTTGAAGCGTTCCT.

RNA decay assay
MM cells were treated with mRNA transcription inhibitor

Actinomycin D (5 pg/mL) (MCE, HY-17559) for 0, 2, 4, 6 h.
BCL-XL mRNA was analyzed by qPCR method.
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Statistical analysis

Data were presented as the mean + standard deviation and
analyzed by using a two-tailed Student’s t-test (2 groups) and
one-way ANOVA for multiple comparisons. A Kaplan-Meier
curve and Log-rank test were employed to determine MM
patient survival. p<0.05 (*), p<0.01 (**) and p<0.001 (***) were
considered to indicate statistically significant differences.

Results

Elevated NAT10 is associated with poor
survival in MM patients and promotes
MM cell proliferation in vitro

The examination of TCGA datasets using GEPIA webserver
shows that NAT10 is highly expressed in a variety of cancers
(p<0.05) (Figure 1A). We also interrogated the GEP of NAT10
dataset from normal plasma (NP) cells, monoclonal
gammopathy of undetermined significance (MGUS) and MM
bone marrow plasma cells, showing that NAT10 expression in
patients of MGUS (n=22) and MM (n=69) was obviously
increased compared with NP (n=15) (p=0.0027; GSE6477)
(Figure 1B). Then, we constructed stably overexpressing (OE)
NAT10 MM cell lines (OPM2 and KMS28-PE) by lentivirus-
based method and knocked down NAT10 expression by siRNA
technology, which were validated by WB analysis
(Figures 1C, D). CCK8 assay showed that the cellular
proliferation capacity was enhanced in NAT10-OE MM cells
relative to WT cells (p<0.001) (Figure 1E). On the contrary,
silencing NAT10 inhibited cell proliferation compared with
negative control (NC) cells (p<0.001) (Figure 1F). Consistently,
a clonogenic soft agar assay indicated that interfering the
expression of NATI10 significantly altered long-term
proliferation of MM cells (p=0.0180, p=0.1024, p=0.0091,
p=0.0178) (Figures 1G, H). These findings support that
NAT10 acts as an oncogene stimulating MM cell growth.

NAT10 acetylates mRNA to regulate the
progression of MM

NAT10 is an acetyltransferase involved in N4-Acetylcytidine
(ac4C) modification on tRNA and 18S rRNA (16) and mRNA
(17), which may further affect RNA stability and gene expression
(7). We used acetylated RNA immunoprecipitation and
sequencing (acRIP-seq) to assess the transcriptomic
distribution and turnover of ac4C by NAT10 (Figure 2A). The
acRIP-seq results from KMS28-PE WT and NAT10-OE cells
showed that ac4C-enriched mRNA genes were upregulated in
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FIGURE 1

Elevated NAT10 is relevant to poor survival of MM patients and promotes MM cell proliferation. (A) Boxplots of high-expressing NAT10 in tumors
(T) from CHOL, COAD, DLBC, READ, THYM and normal controls (N). (B) NAT10 mRNA levels were significantly elevated in MM patients of
GSE6477 dataset. The signal level of NAT10 was shown on the y-axis. The groups of healthy donors with normal BM NP (n=15), MGUS (n=22)
and MM (n=69) were displayed on the x-axis respectively. (C) Confirmation of NAT10 expression in NAT10-OE MM cells by WB test. (D)
Confirmation of NAT10 expression in siNAT10 MM cells by WB test. (E) CCK8 assay showed increased NAT10 enhancing cellular proliferation. (F)
CCK8 assay showed siNAT10 impeding cell growth in MM cells. (G) Images of representative soft agar plates indicated accelerated clonogenic
growth of NAT10-OE cells and suppressed clonogenic growth of siNAT10 cells compared to NC cells. (H) Statistical analysis of the long-term
proliferation ability of NAT10-OE or siNAT10 MM cells for clonogenic soft agar assay. The data are expressed as mean + SD. *p < 0.05, **p <0.01,
***p <0.001. CHOL, Cholangio carcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; READ,

Rectum adenocarcinoma; THYM, Thymoma.

NAT10-OE cells compared to WT cells. Gene ontology (GO)
analysis of these genes confirmed that gene expression, cellular
protein metabolic process, mRNA metabolic process and
translation were the top enriched GO terms (Figure 2B).
Meanwhile, the acetylation level of total RNA in MM cells by
dot blot method showed that elevated NAT10 increased ac4C
level, while silencing NATI10 resulted in decreased ac4C
acetylation in MM cells (Figure 2C). Here, it is speculated that
NATI0 accelerates the progression of MM by catalyzing
mRNA acetylation.

NAT10 acetylates BCL-XL mRNA to
enhance translation efficiency

In order to further screen the downstream targets of NAT10,
we also analyzed the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway results. There were top 20 most significantly
enriched pathways, such as the PI3K-AKT signaling and cell
cycle pathways (Figure 3A). In addition, KEGG pathway analysis
showed that the PI3K-AKT pathway was significantly
upregulated upon NAT10 overexpression, and BCL-XL was
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distinguished among the genes associated with the upregulated
PI3K-AKT pathway (Figure 3B). More importantly, from the
sequencing results, we found that the anti-apoptotic BCL-XL
was quite different between NAT10-OE cells and WT cells.
Additionally, qPCR analysis validated that BCL-XL was
significantly increased in NATI10-OE cells (p=0.0298,
p=0.0130) (Figure 3C) while decreased in siNAT10 cells
(p=0.0085, p=0.0177) (Figure 3D). The RNA decay assays
demonstrated a higher stability of BCL-XL transcripts in
NAT10-OE cells than that in WT cells (p=0.0021 & p=0.0011)
(Figure 3E). Therefore, BCL-XL mRNA may be the direct
acetylated target of NAT10 in MM, which further stabilizes
and improves translation efficiency of BCL-XL.

NAT10 enhances BCL-XL mRNA
translation and activates PI3K-AKT

pathway to promote the proliferation of
MM cells

To further elucidate the downstream targets and pathways
regulated by NAT10, we detected the protein expressions of BCL-
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XL and upstream pro-survival protein AKT of BCL-XL, whose

activity was regulated by phosphorylation. WB results confirmed
that BCL-XL was increased in NAT10-OE cells while decreased in
sINAT10 cells compared to control cells, respectively. Likewise, the
expression of p-AKT not total AKT was increased in NAT10-OE
cells while decreased in siNAT10 cells (Figure 4A). The increased
p-AKT activates the PI3K-AKT pathway and promotes cell
proliferation (18-20) by facilitating the synthesis of anti-
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apoptotic Bcl-2-related death-initiating proteins (21). We

subsequently verified that the pro-apoptotic protein BAX was

decreased upon NATI10 overexpression, and vice versa

(Figure 4B). Furthermore, the expressions of cleaved-PARP and

cleaved-Caspase 3 were increased upon silencing NATI10

(Figure 4C). As apoptosis is closely related to cell cycle in cancer

cells (22), we next employed flow cytometric analysis to examine
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NAT10 acetylates NAT10 mRNA to enhance translation efficiency. (A) KEGG pathway enrichment analysis of acRIP-seq. (B) Pathway analysis:
upregulated pathway in red, downregulated pathway in blue. (C) BCL-XL mRNA expression was measured in WT and NAT10-OE MM cells by
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**p < 0.01, ***p < 0.001.
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FIGURE 4

NAT10 acetylates BCL-XL mRNA to enhance its translation efficiency and activates PI3K-AKT pathway to induce anti-apoptosis in MM cells. (A) WB
examined the expressions of BCL-XL, AKT and p-AKT in OPM2 and KMS28-PE cells. (B) WB detected the expressions of BCL-XL and BAX in OPM2 and
KMS28-PE cells. (C) WB tested the expressions of caspase-3 & cleaved caspase-3 and PARP & cleaved PARP in OPM2 and KMS28-PE cells.

cell cycle distribution. A decrease in GO/G1 fraction was observed
in NAT10-OE cells (p=0.0255, p=0.0091) (Figure 5A), while an
increase in cellular GO/GI fraction was observed in siNAT10 cells
compared to control cells, respectively (p=0.0396, p=0.0137)
(Figure 5A). Consistently, the protein expressions of CDK4 and
CDK6 were increased in NAT10-OE cells while decreased in
siNAT10 cells compared to control cells, respectively (Figure 5B).
Collectively, NAT10 not only acetylates and promotes the
translation of BCL-XL mRNA thus inhibiting cell apoptosis, but
also activates the PI3K-AKT pathway to promote cell proliferation
possibly via regulating the expressions of CDK4 and CDKe6.

Remodelin impedes MM cell growth
in vitro

We followed to explore the therapeutic potential by
targeting NAT10 in MM cells using Remodelin, which is a
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small molecule inhibitor with the functions of inhibiting
NAT10 (Figure 6A) and sensitizing tumor cells to
chemotherapy (23). WB results showed that Remodelin
significantly promoted the expressions of cleaved-PARP and
cleaved-Caspase 3 compared to non-treated cells (Figure 6B).
Furthermore, flow cytometry analysis showed that Remodelin
evidently induced apoptosis in MM cells (p<0.001) (Figures 6C,
D). The above data suggest that targeting NAT10 may be a
promising strategy for MM treatment.

Discussion

As a member of the GCN5-related N-acetyltransferase
superfamily, NAT10 is involved in the regulation of
telomerase activity, DNA damage repair, apoptosis resistance,
and cell cycle regulation (24). NAT10 is mostly investigated in
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NAT10 regulates cycle distribution and promotes cellular proliferation in MM cells. (A) Flow cytometry analysis displayed that NAT10
overexpression decreased GO/G1 phase fraction and siNAT10 increased GO/G1 phase fraction in MM cells. (B) WB assays indicted that NAT10
upregulated CDK4 and CDK®6 protein expressions and siNAT10 decreased CDK4 and CDK6 protein expressions in MM cells. The data are

expressed as mean + SD. *p < 0.05, **p <0.01.
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expressions of apoptotic proteins: caspase-3 & cleaved caspase-3 and PARP & cleaved PARP. (C, D) Flow cytometry analysis indicated that
Remodelin facilitated cell apoptosis. The data are expressed as mean + SD. ***p <0.001.

solid cancers, but less in hematological cancers. In this study, we
found that high expression of NAT10 was associated with poor
prognosis in MM patients. Based on the clinical data, we
conceived that NAT10 might be a potential target in MM.

NATI10 is the first identified acetylation regulator
maintaining efficient translation and stabilizing mRNA by
forming ac4C on mRNA (25). More importantly, our ac4C
functional analysis revealed an intrinsic role of NATIO in
promoting mRNA stability and translation. The ac4C helps to
maintain translation fidelity, and the distal conformation of the
N4-acetyl side chain of ac4C is responsible for avoiding
misinterpretation of the isoleucine AUA codon during protein
translation (26). It also can improve translation efficiency and
stability of mRNA. A recent study demonstrates that ac4C on
tRNA in plants can improve translation efficiency and fidelity
(27), while ac4C plays an important role in maintaining the
stability of tRNA that is associated with the high
thermotolerance of cells (28). The ac4C is involved in the
occurrence of various diseases including cancer (6),
inflammation (29), metabolic diseases (30), autoimmune
diseases (31). Our study indicated that increased NAT10 led to
high ac4C level, while silencing NAT10 decreased ac4C
acetylation in MM cells.

PI3K-AKT pathway is a signaling pathway for cell survival
involved in multiple cellular processes, especially in cancer
development (32). Activation of the downstream transcription

Frontiers in Oncology

factors of PI3K/Akt signaling pathway promotes the synthesis of
anti-apoptotic proteins or phosphorylation and inactivation of
pro-apoptotic Bcl-2-associated death-initiating proteins. The
functional cooperation between PI3K-AKT and Bcl-2 family
proteins has become an important mechanism to prevent
apoptosis and promote tumorigenesis (33, 34). Apoptosis is a
normal physiological process composed of multi-step complex
pathways of programmed cell death that is necessary for
maintaining cellular homeostasis (35). Two main pathways are
related to apoptosis: the extrinsic pathway, which is activated by
signals from pro-apoptotic receptors on the cell surface; the
intrinsic pathway, which involves disruption of mitochondrial
membrane integrity (36). As an anti-apoptotic protein, BCL-XL
belongs to the Bcl-2 protein family. The Bcl-2 family controls
apoptosis-mediated mitochondrial outer membrane
permeability (MOMP) (37), which is a protein playing a vital
role in regulating apoptosis (38). Intriguingly, BCL-XL is
involved in the pathogenesis of hematological malignancies,
for which it maybe a potential biomarker (39).

Dysregulation of cell cycle is a common feature in human
cancers, and the cell cycle is closely related to apoptosis (40).
There are many similar features between mitosis and apoptosis,
indicating a direct link between the cell cycle and apoptosis (41).
Our data showed that the GO/G1 phase was decreased and the
expressions of CDK4 and CDK6 were increased upon NATI10
overexpression in MM cells. Moreover, we found that anti-
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Schematic depiction illustrates that NAT10 is a promising target for improving MM therapy via acetylating and stabilizing BCL-XL mRNA to
enhance its expression, which inhibits MM cell apoptosis and activates PI3K-AKT pathway thus promoting MM progression and proliferation

apoptotic BCL-XL was increased to inhibit the downstream
apoptotic protein BAX, while the upstream p-AKT was
elevated to activate PI3K-AKT pathway. These results suggest
that maintaining the stability of anti-apoptotic proteins may
further induce the activation of PI3K-AKT pathway resulted in
MM cell proliferation. Due to the fact that different myeloma
cells have different genetic backgrounds (shown as
Supplementary Table 1), KMS28-PE cell line was less sensitive
to genetic manipulation than OPM2 cell line. However, the
results in both cell lines were consistent.

Inducing apoptosis is an important way for the treatment of
cancer. It is known that Romedelin improves nuclear structure,
chromatin organization, and alleviates DNA damage (42).
Emerging evidences have shown that Remodelin inhibits cell
proliferation, migration and induces cell cycle arrest or apoptosis
in various cancer cells (43). We observed that Remodelin
suppressed MM cell proliferation and induced apoptosis by
inhibiting NAT10 activity in vitro, proving the potential of
Romedlin for clinical applications. It is worth further
exploration to discover specific inhibitors targeting NAT10.

Conclusion

In summary, our findings indicate that NATI10 acetylates
and stabilizes BCL-XL mRNA to increase translation efficiency
leading to elevated BCL-XL expression, which suppresses MM
cell apoptosis and activates PI3K-AKT pathway thus promoting
cell cycle progression and proliferation during MM malignancy.
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Targeting NAT10/BCL-XL axis may be a promising strategy for
MM treatment (Figure 7).

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/supplementary material.

Author contributions

YY, CG and BC supervised the project, conceived and edited
the manuscript. YZ and CG drafted the manuscript. YZ, ZD and
SX performed the experiments. YZ, SS and M] performed
bioinformatics and data analysis. All authors contributed to
the article and approved the submitted version.

Funding

This work was supported by Natural Science Foundation of
Jiangsu Province BK20200097 (to CG); National Natural Science
Foundation of China 82103985 (to SS); A Project Funded by the
Priority Academic Program Development of Jiangsu Higher
Education Institutions (Integration of Chinese and Western
Medicine); Jiangsu Postgraduate Research and Practice

frontiersin.org


https://doi.org/10.3389/fonc.2022.967811
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

Innovation Program KYCX20_1451 (to YZ) and KYCX22_1984
(to ZD).

Acknowledgments

The authors acknowledge all the participants who
generously gave their help for this study and kind assistance
from the experiment center for science and technology of
Nanjing University of Chinese Medicine.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Waschulewski IH, Sunde RA. Effect of dietary methionine on utilization of
tissue selenium from dietary selenomethionine for glutathione peroxidase in the
rat. ] Nutr (1988) 118(3):367-74. doi: 10.1093/jn/118.3.367

2. Davis LN, Sherbenou DW. Emerging therapeutic strategies to overcome drug
resistance in multiple myeloma. Cancers (Basel). (2021) 13(7):1686-706. doi:
10.3390/cancers13071686

3. Brody H. Multiple myeloma. Nature. (2011) 480(7377):S33. doi: 10.1038/
480S33a

4. Zi J, Han Q, Gu S, McGrath M, Kane S, Song C, et al. Targeting NAT10
induces apoptosis associated with enhancing endoplasmic reticulum stress in acute
myeloid leukemia cells. Front Oncol (2020) 10:598107. doi: 10.3389/
fonc.2020.598107

5. Lv ], Liu H, Wang Q, Tang Z, Hou L, Zhang B. Molecular cloning of a novel
human gene encoding histone acetyltransferase-like protein involved in
transcriptional activation of hTERT. Biochem Biophys Res Commun (2003) 311
(2):506-13. doi: 10.1016/j.bbrc.2003.09.235

6. Jin G, Xu M, Zou M, Duan S. The processing, gene regulation, biological
functions, and clinical relevance of N4-acetylcytidine on RNA: A systematic review.
Mol Ther Nucleic Acids (2020) 20:13-24. doi: 10.1016/j.omtn.2020.01.037

7. Arango D, Sturgill D, Alhusaini N, Dillman AA, Sweet TJ, Hanson G, et al.
Acetylation of cytidine in mRNA promotes translation efficiency. Cell. (2018) 175
(7):1872-86.€24. doi: 10.1016/j.cell.2018.10.030

8. Li Q, Liu X, Jin K, Lu M, Zhang C, Du X, et al. NAT10 is upregulated in
hepatocellular carcinoma and enhances mutant p53 activity. BMC Cancer. (2017)
17(1):605. doi: 10.1186/s12885-017-3570-4

9. Liu X, Tan Y, Zhang C, Zhang Y, Zhang L, Ren P, et al. NAT10 regulates p53
activation through acetylating p53 at K120 and ubiquitinating Mdm2. EMBO Rep
(2016) 17(3):349-66. doi: 10.15252/embr.201540505

10. Liu HY, Liu YY, Yang F, Zhang L, Zhang FL, Hu X, et al. Acetylation of
MORC?2 by NAT10 regulates cell-cycle checkpoint control and resistance to DNA-
damaging chemotherapy and radiotherapy in breast cancer. Nucleic Acids Res
(2020) 48(7):3638-56. doi: 10.1093/nar/gkaal30

11. Zhan F, Huang Y, Colla S, Stewart JP, Hanamura I, Gupta S, et al. The
molecular classification of multiple myeloma. Blood. (2006) 108(6):2020-8. doi:
10.1182/blood-2005-11-013458

12. Broyl A, Hose D, Lokhorst H, de Knegt Y, Peeters J, Jauch A, et al. Gene
expression profiling for molecular classification of multiple myeloma in newly
diagnosed patients. Blood. (2010) 116(14):2543-53. doi: 10.1182/blood-2009-12-
261032

Frontiers in Oncology

09

10.3389/fonc.2022.967811

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.967811/full#supplementary-material

13. Zhang Y, Yu X, Sun R, Min J, Tang X, Lin Z, et al. Splicing factor arginine/
serine-rich 8 promotes multiple myeloma malignancy and bone lesion through
alternative splicing of CACYBP and exosome-based cellular communication. Clin
Transl Med (2022) 12(2):e684. doi: 10.1002/ctm?2.684

14. Wei R, Cui X, Min J, Lin Z, Yang Y. NAT10 promotes cell proliferation by
acetylating CEP170 mRNA to enhance translation efficiency in multiple myeloma.
Acta Pharm Sin B (2022). doi: 10.1016/j.apsb.2022.01.015

15. Wei R, Zhong S, Qiao L, Guo M, Shao M, Wang S, et al. Steroid 5alpha-
reductase type I induces cell viability and migration via nuclear factor-kappaB/
Vascular endothelial growth factor signaling pathway in colorectal cancer. Front
Oncol (2020) 10:1501. doi: 10.3389/fonc.2020.01501

16. Dong C, Niu L, Song W, Xiong X, Zhang X, Zhang Z, et al. tRNA
modification profiles of the fast-proliferating cancer cells. Biochem Biophys Res
Commun (2016) 476(4):340-5. doi: 10.1016/j.bbrc.2016.05.124

17. Castello A, Fischer B, Eichelbaum K, Horos R, Beckmann BM, Strein C, et al.
Insights into RNA biology from an atlas of mammalian mRNA-binding proteins.
Cell. (2012) 149(6):1393-406. doi: 10.1016/j.cell.2012.04.031

18. Ling M, Quan L, Lai X, Lang L, Li F, Yang X, et al. VEGFB promotes
myoblasts proliferation and differentiation through VEGFRI-PI3K/Akt
signaling pathway. Int ] Mol Sci (2021) 22(24):13352-65. doi: 10.3390/
ijms222413352

19. Zhang R, Wang YH, Shi X, Ji J, Zhan FQ, Leng H. Sortilin regulates
keratinocyte proliferation and apoptosis through the PI3K-AKT signaling pathway.
Life Sci (2021) 278:119630. doi: 10.1016/j.1fs.2021.119630

20. Gong C, Ai J, Fan Y, Gao J, Liu W, Feng Q, et al. NCAPG promotes the
proliferation of hepatocellular carcinoma through PI3K/AKT signaling. Onco
Targets Ther (2019) 12:8537-52. doi: 10.2147/OTT.S217916

21. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al. Akt
phosphorylation of BAD couples survival signals to the cell-intrinsic death
machinery. Cell. (1997) 91(2):231-41. doi: 10.1016/S0092-8674(00)80405-5

22. Evan GI, Brown L, Whyte M, Harrington E. Apoptosis and the cell cycle.
Curr Opin Cell Biol (1995) 7(6):825-34. doi: 10.1016/0955-0674(95)80066-2

23. Wu J, Zhu H, Wu J, Chen W, Guan X. Inhibition of n-acetyltransferase
10 using remodelin attenuates doxorubicin resistance by reversing the
epithelial-mesenchymal transition in breast cancer. Am J Transl Res (2018)
10(1):256-64.

24. Fu D, Collins K. Purification of human telomerase complexes identifies
factors involved in telomerase biogenesis and telomere length regulation. Mol Cell
(2007) 28(5):773-85. doi: 10.1016/j.molcel.2007.09.023

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.967811/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.967811/full#supplementary-material
https://doi.org/10.1093/jn/118.3.367
https://doi.org/10.3390/cancers13071686
https://doi.org/10.1038/480S33a
https://doi.org/10.1038/480S33a
https://doi.org/10.3389/fonc.2020.598107
https://doi.org/10.3389/fonc.2020.598107
https://doi.org/10.1016/j.bbrc.2003.09.235
https://doi.org/10.1016/j.omtn.2020.01.037
https://doi.org/10.1016/j.cell.2018.10.030
https://doi.org/10.1186/s12885-017-3570-4
https://doi.org/10.15252/embr.201540505
https://doi.org/10.1093/nar/gkaa130
https://doi.org/10.1182/blood-2005-11-013458
https://doi.org/10.1182/blood-2009-12-261032
https://doi.org/10.1182/blood-2009-12-261032
https://doi.org/10.1002/ctm2.684
https://doi.org/10.1016/j.apsb.2022.01.015
https://doi.org/10.3389/fonc.2020.01501
https://doi.org/10.1016/j.bbrc.2016.05.124
https://doi.org/10.1016/j.cell.2012.04.031
https://doi.org/10.3390/ijms222413352
https://doi.org/10.3390/ijms222413352
https://doi.org/10.1016/j.lfs.2021.119630
https://doi.org/10.2147/OTT.S217916
https://doi.org/10.1016/S0092-8674(00)80405-5
https://doi.org/10.1016/0955-0674(95)80066-2
https://doi.org/10.1016/j.molcel.2007.09.023
https://doi.org/10.3389/fonc.2022.967811
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

25. Dominissini D, Rechavi G. N(4)-acetylation of cytidine in mRNA by
NAT10 regulates stability and translation. Cell. (2018) 175(7):1725-7. doi:
10.1016/j.cell.2018.11.037

26. Kumbhar BV, Kamble AD, Sonawane KD. Conformational preferences of
modified nucleoside N(4)-acetylcytidine, ac4C occur at "wobble" 34th position in
the anticodon loop of tRNA. Cell Biochem Biophys (2013) 66(3):797-816. doi:
10.1007/s12013-013-9525-8

27. Wang S, Xie H, Mao F, Wang H, Wang S, Chen Z, et al. N4-
acetyldeoxycytosine DNA modification marks euchromatin regions in Arabidopsis
thaliana. Genome Biol (2022) 23(1):5-25. doi: 10.1186/s13059-021-02578-7

28. Orita I, Futatsuishi R, Adachi K, Ohira T, Kaneko A, Minowa K, et al.
Random mutagenesis of a hyperthermophilic archaeon identified tRNA
modifications associated with cellular hyperthermotolerance. Nucleic Acids Res
(2019) 47(4):1964-76. doi: 10.1093/nar/gky1313

29. Duan J, Zhang Q, Hu X, Lu D, Yu W, Bai H. N(4)-acetylcytidine is required
for sustained NLRP3 inflammasome activation via HMGBI1 pathway in microglia.
Cell Signal (2019) 58:44-52. doi: 10.1016/j.cellsig.2019.03.007

30. Niwa T, Takeda N, Yoshizumi H. RNA Metabolism in uremic patients:
accumulation of modified ribonucleosides in uremic serum. Tech note. Kidney Int
(1998) 53(6):1801-6. doi: 10.1046/j.1523-1755.1998.00944.x

31. Bhargava P, Fitzgerald KC, Venkata SLV, Smith MD, Kornberg MD, Mowry
EM, et al. Dimethyl fumarate treatment induces lipid metabolism alterations that
are linked to immunological changes. Ann Clin Transl Neurol (2019) 6(1):33-45.
doi: 10.1002/acn3.676

32. Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-Iniesta C, Gonzalez-
Baron M. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev (2004) 30
(2):193-204. doi: 10.1016/j.ctrv.2003.07.007

33. Plas DR, Talapatra S, Edinger AL, Rathmell JC, Thompson CB. Akt and bcl-
xL promote growth factor-independent survival through distinct effects on
mitochondrial physiology. J Biol Chem (2001) 276(15):12041-8. doi: 10.1074/
jbc.M010551200

Frontiers in Oncology

10

10.3389/fonc.2022.967811

34. Busca A, Saxena M, Igbal S, Angel J, Kumar A. PI3K/Akt regulates survival
during differentiation of human macrophages by maintaining NF-kappaB-
dependent expression of antiapoptotic bcl-xL. J Leukoc Biol (2014) 96(6):1011—
22. doi: 10.1189/jlb.1A0414-212R

35. Tower J. Programmed cell death in aging. Ageing Res Rev (2015) 23(Pt
A):90-100. doi: 10.1016/j.arr.2015.04.002

36. Burz C, Berindan-Neagoe I, Balacescu O, Irimie A. Apoptosis in cancer: key
molecular signaling pathways and therapy targets. Acta Oncol (2009) 48(6):811-21.
doi: 10.1080/02841860902974175

37. Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell death.
Nat Rev Mol Cell Biol (2020) 21(2):85-100. doi: 10.1038/s41580-019-0173-8

38. Pistritto G, Trisciuoglio D, Ceci C, Garufi A, D'Orazi G. Apoptosis as
anticancer mechanism: function and dysfunction of its modulators and targeted
therapeutic strategies. Aging (Albany NY). (2016) 8(4):603-19. doi: 10.18632/
aging.100934

39. Morales-Martinez M, Vega MI. Roles and regulation of BCL-xL in
hematological malignancies. Int J Mol Sci (2022) 23(4):2193-211. doi: 10.3390/
ijms23042193

40. Vermeulen K, Berneman ZN, Van Bockstaele DR. Cell cycle and apoptosis.
Cell Prolif. (2003) 36(3):165-75. doi: 10.1046/j.1365-2184.2003.00267.x

41. Peyressatre M, Prevel C, Pellerano M, Morris MC. Targeting cyclin-
dependent kinases in human cancers: from small molecules to peptide inhibitors.
Cancers (Basel). (2015) 7(1):179-237. doi: 10.3390/cancers7010179

42. Larrieu D, Britton S, Demir M, Rodriguez R, Jackson SP. Chemical
inhibition of NAT10 corrects defects of laminopathic cells. Science. (2014) 344
(6183):527-32. doi: 10.1126/science.1252651

43. Oh TI, Lee YM, Lim BO, Lim JH. Inhibition of NAT10 suppresses
melanogenesis and melanoma growth by attenuating microphthalmia-associated
transcription factor (MITF) expression. Int ] Mol Sci (2017) 18(9):1924-34. doi:
10.3390/ijms18091924

frontiersin.org


https://doi.org/10.1016/j.cell.2018.11.037
https://doi.org/10.1007/s12013-013-9525-8
https://doi.org/10.1186/s13059-021-02578-7
https://doi.org/10.1093/nar/gky1313
https://doi.org/10.1016/j.cellsig.2019.03.007
https://doi.org/10.1046/j.1523-1755.1998.00944.x
https://doi.org/10.1002/acn3.676
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1074/jbc.M010551200
https://doi.org/10.1074/jbc.M010551200
https://doi.org/10.1189/jlb.1A0414-212R
https://doi.org/10.1016/j.arr.2015.04.002
https://doi.org/10.1080/02841860902974175
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.18632/aging.100934
https://doi.org/10.18632/aging.100934
https://doi.org/10.3390/ijms23042193
https://doi.org/10.3390/ijms23042193
https://doi.org/10.1046/j.1365-2184.2003.00267.x
https://doi.org/10.3390/cancers7010179
https://doi.org/10.1126/science.1252651
https://doi.org/10.3390/ijms18091924
https://doi.org/10.3389/fonc.2022.967811
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	NAT10 acetylates BCL-XL mRNA to promote the proliferation of multiple myeloma cells through PI3K-AKT pathway
	Introduction
	Materials and methods
	Gene expression profiling
	Antibodies and reagents
	Cell lines and culture
	Plasmids and transfection
	Electroporation method
	Cell proliferation and viability assay
	Colony formation
	Flow cytometry analysis of cell cycle and apoptosis
	ac4C detection by dot blot
	Quantitative PCR
	RNA decay assay
	Statistical analysis

	Results
	Elevated NAT10 is associated with poor survival in MM patients and promotes MM cell proliferation in vitro
	NAT10 acetylates mRNA to regulate the progression of MM
	NAT10 acetylates BCL-XL mRNA to enhance translation efficiency
	NAT10 enhances BCL-XL mRNA translation and activates PI3K-AKT pathway to promote the proliferation of MM cells
	Remodelin impedes MM cell growth in&#146;vitro

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


