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Abstract. Multiple myeloma (MM) is a malignant disorder 
of plasma cells. Combinations of bortezomib (BTZ) with 
other therapeutic agents remain the mainstay of MM treat‑
ment. However, the rising incidence of drug resistance among 
patients with MM underscores an urgent need for novel thera‑
peutic strategies. The present study identified triptonide (TN), 
a small‑molecule monomer extracted from the traditional 
Chinese herb Tripterygium wilfordii Hook. f., as a synergistic 
agent that enhanced the anti‑MM activity of BTZ, following 
a screening of 198 compounds from a ubiquitination‑focused 
library. TN effectively inhibited cell proliferation, induced 
apoptosis, and reduced cell viability in MM cells. Furthermore, 
the synergistic anti‑MM effect between TN and BTZ was vali‑
dated across MM cell lines, primary MM cells, and xenograft 
mouse models of MM. Mechanistic investigations revealed 
that TN synergizes with BTZ by enhancing DNA damage 
through the suppression of TRIP13‑mediated DNA repair 
pathways, including non‑homologous end joining and homolo‑
gous recombination. Notably, TRIP13 knockdown attenuated 
TN‑induced DNA damage and apoptosis, and diminished the 
synergistic effect of TN and BTZ on MM cells. Collectively, 
TN represents a novel anti‑MM agent, and the combination of 

TN with BTZ constitutes a promising therapeutic strategy for 
the treatment of MM.

Introduction

Multiple myeloma (MM) is the second most common hema‑
tologic malignancy, characterized by the presence of clonally 
transformed plasma cells in the bone marrow (BM) (1). The 
combination of bortezomib (BTZ) and other therapeutic 
agents (2,3), has markedly improved the prognosis of patients 
with MM. However, the emergence of drug resistance 
frequently leads to treatment failure and disease relapse (4). 
Therefore, there is an urgent need to develop novel therapeutic 
strategies for MM.

Triptonide (TN) is one of the active constituents isolated 
from the traditional Chinese medicinal herb Tripterygium 
wilfordii Hook. f., with a molecular formula of C20H22O6 
and a molecular weight of 358.39 Da (5,6). TN has shown 
therapeutic potential against various types of cancer, 
including gastric (7), lung (8), colorectal (9), ovarian (10) 
and breast cancers (11). Studies demonstrate that TN exerts 
its anti‑cancer effects through multiple mechanisms, such 
as inhibiting oncogenic pathways  (12‑14), inducing apop‑
tosis (15), ferroptosis (16) and senescence (17) and promoting 
endoplasmic reticulum stress (18). Notably, TN acts not only 
as a monotherapy but also synergizes with other agents, 
such as oxaliplatin (9) and cisplatin (19). Additionally, TN 
has demonstrated low toxicity, good oral bioavailability and 
high efficacy in several studies (6,20). These findings suggest 
that TN is a promising candidate for cancer treatment. 
Furthermore, TN reduces thyroid hormone receptor‑inter‑
acting protein 13 (TRIP13) expression, an AAA+ ATPase 
involved in chromosome instability  (21), protein deubiq‑
uitination (22) and DNA repair (23,24), in oral squamous 
cell carcinoma  (25). TRIP13 is overexpressed in patients 
with MM and linked to BTZ resistance and aggressive 
disease (22,26,27). Therefore, TN may serve as a promising 
anti‑MM agent by targeting TRIP13.
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The present study aimed to evaluate the anti‑MM activity 
of TN and investigated its synergistic effects with BTZ in 
MM cell lines, primary MM cells, and MM mouse models. It 
also sought to elucidate the underlying mechanisms by which 
TN and BTZ synergistically inhibit MM.

Materials and methods

Clinical samples. BM specimens from newly diagnosed 
patients with MM (n=13), including eight males and five 
females, were collected at the First Affiliated Hospital of the 
University of South China (USC), following informed written 
consent. Specimen collection was between March 2025 and 
March 2026. The patients' ages ranged from 53‑74 years, with 
a median age of 64.31 years. BM mononuclear cells were puri‑
fied from specimens using lymphocyte separation medium 
(Tianjin Haoyang Biological Products Technology Co., Ltd.). 
Subsequently, CD138+ and CD138‑ cells in BM specimens 
were isolated using CD138 antibody‑conjugated magnetic 
beads (Miltenyi Biotec GmbH). CD138+ and CD138- cells 
isolated from BM samples of 11  patients with MM were 
treated with TN alone; additionally, CD138+ cells isolated from 
13 patients with MM were treated with either TN alone or in 
combination with BTZ. The present study was approved by the 
Ethics Committee of the USC according to the Declaration of 
Helsinki (approval no. 20250033). Patient information for MM 
is included in Table SI.

Cell lines, reagents, and antibodies. Human MM cell lines 
OCI‑My5 and RPMI 8226 were provided by Professor Wen 
Zhou from the Central South University School of Basic Medical 
Sciences (Hunan, China). The OCI‑My5 and RPMI 8226 cell 
lines used in the present study have been authenticated by 
short tandem repeat analysis. MM cells were cultured in RPMI 
1640 medium (Zhong Qiao Xin Zhou Biotechnology Co., Ltd.) 
supplemented with 10% FBS (ExCell Bio). The ubiquitination 
compound library, TN (cat. no. S9416; purity: 99.81%), and BTZ 
(cat. no. S1013; purity: 99.97%) were purchased from Selleck 
Chemicals. Reduced glutathione (GSH; cat. no. T1085), Trolox 
(cat. no. T1710) and N‑acetylcysteine (NAC; cat. no. T0875) 
were obtained from TargetMol Chemicals Inc. Antibodies 
against caspase‑3 (cat. no. sc‑56053; 1:1,000) and γ‑H2AX 
(cat. no. sc‑517348; 1:1,000) were purchased from Santa Cruz 
Biotechnology, Inc. PARP (cat. no. F0148; 1:1,000), DNA‑PKcs 
(cat. no. F1129; 1:1,000) and RAD51 (cat. no. F1110; 1:1,000) 
antibodies were purchased from Selleck Chemicals. GAPDH 
(cat. no. 200306‑7E4; 1:5,000) and thyroid hormone receptor 
interactor 13 (TRIP13; cat. no. 240162; 1:1,000) antibodies were 
obtained from Chengdu Zhengneng Biotechnology Co., Ltd. 
HRP‑conjugated secondary goat anti‑rabbit (cat. no. L3012; 
1:5,000) and anti‑mouse antibodies (cat. no. L3032; 1:5,000) 
were purchased from Signalway Antibody LLC.

Vectors and transfections. Human TRIP13 cDNA sequence was 
amplified and cloned into the pCDH‑CMV‑MCS‑EF1α‑GFP 
vector. Short hairpin (sh) RNAs targeting human TRIP13 
were annealed and ligated into the pLKO‑tet‑on lentiviral 
vector. Scrambled shRNA was used as a control. The 2nd 
generation lentiviral system was applied for virus pack‑
aging. Lentiviral particles were packaged by co‑transfecting 

293T  cells (cat.  no.  CL‑0005; Procell Life Science & 
Technology Co., Ltd.) with the following plasmid DNA: 
4  µg pCDH‑CMV‑MCS‑EF1α‑GFP‑TRIP13 or 4  µg 
pLKO‑tet‑on‑shRNA, 1  µg pMD2.G, and 3  µg psPAX2, 
using polyethylenimine (PEI; cat. no. NBS2500; MineBio 
Life Sciences) as the transfection reagent. After 48 h, the 
lentivirus was collected and transduced into MM cell lines. 
Stable TRIP13‑overexpressing and TRIP13‑knockdown 
MM cell lines were generated by antibiotic selection: blasti‑
cidin S (10 µg/ml; cat. no. ST018; Beyotime Biotechnology) 
for 6 days and puromycin (1 µg/ml; cat. no. ST551; Beyotime 
Biotechnology) for 6 days, respectively. All primer sequences 
are listed in Table SII.

Western blotting. Total cellular proteins were isolated 
using radioimmunoprecipitation assay (RIPA) lysis buffer 
(cat. no. P0013B; Beyotime Biotechnology). Protein concen‑
tration was determined using a bicinchoninic acid protein 
assay kit (cat.  no. SK1070; Beijing Coolaber Technology 
Co., Ltd.). Proteins (20 µg per lane) were separated by 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS‑PAGE) and transferred to polyvinylidene fluoride 
(cat.  no.  IPFL00010; MilliporeSigma). The membrane 
was blocked using 5% nonfat dried milk (cat. no. SL1330; 
Coolaber) in Tris‑buffered saline solution containing 0.1% 
Tween 20 (TBS‑T) for 1 h at room temperature and then 
probed with specific primary antibodies overnight at 4˚C. 
GAPDH served as the loading control. Subsequently, the 
membranes were washed with TBS-T, followed by incu‑
bating with HRP‑conjugated secondary antibodies for 1 h 
at room temperature, protein bands were visualized using 
an enhanced chemiluminescence (ECL) western blotting 
substrate (cat.  no.  SL1350; Coolaber) and captured with 
a chemiluminescence imaging system (MiniChemi 610; 
Beijing Sage Creation Science Co., Ltd.). The grayscale 
intensity of the protein band was quantified using ImageJ 
software (1.51j8; National Institutes of Health). Western 
blotting was performed as previously described (28).

Cell counting kit‑8 (CCK‑8) assay. MM cells were seeded 
into 96‑well plates (5,000 cells/well) and subjected to CCK‑8 
(cat. no. K1018; APeXBIO Technology LLC) assay according 
to the manufacturer's instructions. Cell viability was measured 
by detecting the absorbance at 450 nm. Each sample was 
repeated three times.

5‑Ethynyl‑2'‑deoxyuridine (EdU) staining. The EdU staining 
was performed at 37˚C for 2 h using an EdU experimental kit 
(cat. no. KTA2031; Abbkine Scientific Co., Ltd.) according to 
the manufacturer's instructions. Each procedure was repeated 
three times.

Calcein‑AM/PI staining. MM cells were seeded into 96‑well 
plates (5,000 cells/well) and exposed to the indicated phar‑
macological agents. Subsequently, cells were stained with 
calcein‑AM and propidium iodide (PI) for 30 min at 37˚C 
using a Calcein‑AM/propidium iodide (PI) staining kit 
(cat. no. KTA1001; Abbkine Scientific Co., Ltd.). Cell viability 
was quantified as previously described (29). Each procedure 
was repeated three times.
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Comet assay. Comet assays were performed using a Comet 
Assay® Kit (cat. no. C2041; Beyotime Biotechnology) according 
to the manufacturer's instructions. Cells (1x105 cells/ml) were 
suspended in low‑melting‑point agarose, and 70 µl of the 
resulting cell suspension was immediately pipetted onto a 
microscope slide pre‑coated with 1% normal‑melting‑point 
agarose. Electrophoresis, neutralization and PI staining were 
subsequently performed. PI staining was performed for 
20 min at room temperature. Comet parameters, including 
tail length, % tail DNA, and tail moment, were analyzed with 
CaspLab Comet Assay Software (CASPLab). Each procedure 
was repeated three times.

Molecular docking and molecular dynamics simulations. 
First, the three‑dimensional structures of TN compounds 
were retrieved from the PubChem Compound Database 
(https://pubchem.ncbi.nlm.nih.gov/) and the crystal structure 
of the human TRIP13 protein was obtained from the Protein 
Data Bank (https://www.rcsb.org/). Molecular docking and 
molecular dynamics simulations were performed to analyze 
the interaction between TN and the TRIP13 protein using 
Easy2MD (https://github.com/easy2md), an online computa‑
tional platform, as previously described (30). Binding affinity 
and binding energy were determined through molecular 
docking and molecular dynamics simulations, respectively. 
The strength of the interaction between TN and TRIP13 was 
assessed based on the binding affinity and binding energy 
between them.

Non‑homologous end joining (NHEJ) and homologous 
recombination (HR) reporter assay. The efficiency of NHEJ 
and HR was examined using the HR/NHEJ Reporter Assay 
kit (Shanghai GeneChem). First, a mutant GFP plasmid 
containing a specific I‑SceI site (DR‑GFP) and either the 
I‑SceI‑expressing plasmid (pCBASceI) or the NHEJ reporter 
plasmid (pEJ5‑GFP) were transfected into 293T cells using 
PEI (cat. no. NBS2500; MineBio Life Sciences). After 12 h, 
the original culture medium was replaced with fresh culture 
medium containing 500 nM TN. After 24 h, the percentage 
of GFP‑positive cells was assessed by flow cytometry. Each 
experiment was repeated three times.

Apoptosis assessment by flow cytometry. Cell apoptosis 
was quantified using the Annexin Ⅴ‑PE/7‑AAD Apoptosis 
Detection kit (cat. no. A213‑02; Vazyme Biotech Co., Ltd.) 
according to the manufacturer's instructions. Cells were 
stained with Annexin  V‑PE (labeled apoptotic cells) and 
7‑AAD (labeled dead cells) for 10 min at room temperature, 
then analyzed on an LSR II flow cytometer (BD Biosciences) 
and gated in FlowJo V10 (BD Biosciences). The apoptotic 
cells include the early apoptotic cells (Annexin V+, 7‑AAD‑) 
and late apoptotic cells (Annexin V+, 7‑AAD+). Each test was 
repeated three times.

Reverse transcription‑quantitative (RT‑q) PCR. Total 
RNA was extracted from 1x106 cells using RNA isolater 
(cat. no. R401‑01‑AA; Vazyme Biotech Co., Ltd.) and then 
retrotranscribed using the RevertAid First Strand cDNA 
Synthesis Kit (cat. no. K1621; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions. qPCR was 

performed using SYBR qPCR Master Mix (cat. no. Q311; 
Vazyme Biotech Co., Ltd.). The qPCR process was run on 
the Archimed R4 qPCR System (Thermo Fisher Scientific). 
The PCR cycling conditions were: Initial denaturation at 
95˚C for 30 sec; followed by 40 cycles of denaturation at 
95˚C for 10 sec, annealing and extension at 60˚C for 30 sec. 
Fluorescence intensity was detected after each cycle. 
Fold changes were calculated using the 2‑ΔΔCq method 
and ACTIN mRNA as a reference, following established 
protocols described in a previous publication (31). Primer 
sequences are listed in Table  SⅡ. Each experiment was 
repeated 3 times.

RNA sequencing. Total RNA was extracted from 
RPMI 8226 cells treated with or without TN, using TRIzol® 
reagent (Thermo Fisher Scientific, Inc.). The following proce‑
dures were carried out by Wuhan SeqHealth Tech Co., Ltd. 
RNA quality was evaluated, and samples with high integrity 
were selected. After rRNA depletion, mRNA was fragmented 
and reverse‑transcribed into cDNA. Sequencing libraries 
were constructed via adapter ligation and PCR amplifica‑
tion. Finally, library sequencing was performed on the 
Illumina platform (Illumina, Inc.) using the paired‑end mode. 
Differentially expressed genes were identified using thresh‑
olds of fold change >1.5 and P‑value <0.05. Subsequently, 
functional enrichment analyses were conducted by online 
software DIVID (https://davidbioinformatics.nih.gov/) based 
on differentially expressed genes.

The analysis of gene expression profiling data. RNA sequencing 
was Gene expression profile (GEP) data was obtained from 
NIH Gene Expression Omnibus (GEO) database (https://ncbi.
nlm.nih.gov/geo/). GEP data (GSE6477; https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE6477) includes 15 healthy 
subjects, 73 newly diagnosed MM patients, and 28 relapsed 
MM patients. The expression of TRIP13 was investigated in 
those samples.

Animal experiments. A total of 12 eight‑week‑old female  
NOD/ShiLtJGpt‑Prkdcem26Cd52Il2rgem26Cd22/Gpt (NCG) 
mice (GemPharmatech Co. Ltd.) were used in the present 
study. The average weight of mice was ~21.5±0.53 g. All mice 
were maintained under SPF conditions in a controlled envi‑
ronment of 20‑22˚C, with a 12‑h light/dark cycle and 50‑70% 
humidity. OCI‑My5  cells were subcutaneously injected 
into the right flank of 12 NCG mice (5x106 cells/mouse). At 
nine days following injection of MM cells, these mice were 
randomly divided into four groups and treated with saline 
(administered intraperitoneally), BTZ (0.5 mg/kg; admin‑
istered intraperitoneally), TN (2.5  mg/kg; administered 
intraperitoneally), or the combination group (0.5  mg/kg 
BTZ and 2.5 mg/kg TN; administered intraperitoneally). 
Concurrently, tumor volume and diameter were measured in 
mice using digital caliper every three days. Tumor volume was 
calculated using the formula: volume=(length x width²)/2. 
At 24 days following injection of MM cells, the final tumor 
measurement was performed. Subsequently, 24 h after the 
last measurement, mice were humanely sacrificed with 
CO2 at a volume displacement rate of 50% chamber volume 
per minute and tumors were surgically excised. Images of 
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the excised tumors were immediately captured and the 
excised tumors processed for western blotting and immu‑
nohistochemical (IHC) analysis. The maximum allowable 
tumor volume and diameter are 2,000  mm3 and 20  mm, 
respectively. The maximal tumor size was not exceeded in 
the present study. The animal study was performed in accor‑
dance with the guidelines of the Institutional Animal Care 
and Use Committee and the Local Veterinary Office, and 
was approved by the Ethics Committee of the USC (approval 
no. USC2024XS052).

IHC. IHC staining was conducted using M&R HRP/DAB 
Detection IHC Kit (cat. no. HC301; Vazyme Biotech Co., 
Ltd.) according to the manufacturer's instructions. Briefly, 
4‑µm tumor sections were deparaffinized in xylene, 
rehydrated in graded ethanol, and subjected to antigen 
retrieval in sodium citrate buffer (pH 6.0) under high pres‑
sure. Endogenous peroxidase was blocked with hydrogen 
peroxide blocking reagent (from IHC kit) for 20  min at 
room temperature. Sections were permeabilized with 
0.5% Triton X‑100 for 10 min at room temperature, then 
incubated overnight at 4˚C with primary antibodies: Ki‑67 
(cat. no. 9027T; Cell Signaling Technology; 1:100), γ‑H2AX 
(cat. no. 83307‑2‑RR; Proteintech Group, Inc.; 1: 2,000), 
cleaved caspase‑3 (cat. no. 9661; Cell Signaling Technology, 
Inc.; 1:400), and TRIP13 (cat. no. 240162; Zenbio; 1:100). 
Subsequently, HRP polymer (from IHC kit) was applied for 
20 min at room temperature, followed by DAB substrate 
solution (from IHC kit) to generate a chromogenic signal. 
Nuclei were counterstained with hematoxylin (cat. no. C140; 
Applygen Technologies, Inc.) for 3 min at room temperature. 
The stained sections were examined under a bright‑field light 
microscope (ECLIPSE E200; Nikon Corporation). Images 
were acquired at 400x magnification using Motic Images 
Plus 2.0 system (Motic Instruments).

Statistical analysis. All data are presented as mean ± standard 
deviation (SD). Data that followed a normal distribution were 
analyzed using two‑sided t‑test or one‑way analysis of vari‑
ance (ANOVA) followed by Tukey's test. For data that did 
not follow a normal distribution, nonparametric statistical 
methods, including Wilcoxon matched‑pairs signed rank test, 
Mann‑Whitney test and KruskalWallis H test followed by 
Dunn's multiple comparisons test, were employed. Data analysis 
was performed using GraphPad Prism 7 (Dotmatics). P<0.05 
was considered to indicate a statistically significant difference.

Results

Compound screening identifies synergistic effects between TN 
and BTZ in MM cells. To identify novel anti‑MM strategies, 
the present study screened 198 compounds from a ubiquitina‑
tion‑targeted compound library in MM cell lines (Fig. 1A). In 
the primary screen, each compound was applied at 10 µM to 
RPMI 8226 cells, followed by CCK‑8 assays to assess viability. 
Compounds showing >90% inhibition were further tested in 
OCI‑My5 cells. 55 compounds exhibited over 90% inhibi‑
tion in both RPMI 8226 and OCI‑My5 cells (Table SIII). To 
prioritize more potent candidates, these 55 compounds were 
retested at 1 µM in a secondary screen. As shown in Fig. 1B 
and Table SIV, 29 compounds maintained ≥50% inhibitory 
activity in both cell lines, with nine representing promising 
new therapeutic candidates for MM.

BTZ, a reversible proteasome inhibitor, is a first‑line 
clinical drug for MM (32). Recently, combinations of BTZ 
with other agents have improved the prognosis of patients 
with MM (2,33). However, most patients relapse due to drug 
resistance  (34). To identify novel therapeutic strategies, 
the present study evaluated the synergistic effects of BTZ 
combined with nine candidate compounds in MM cells. First, 
their IC50 (half‑maximal inhibitory concentration) values were 

Figure 1. Identification of synergy between TN and BTZ in MM cells through screening ubiquitination compound library. (A) The model for screening the 
ubiquitination compound library. (B) The nine candidate agents, which demonstrated at ≥50% inhibitory efficacy in both RPMI 8226 and OCI‑My5 cells at a 
concentration of 1 µM, were identified through two rounds of screening. The CI values of TN with BTZ in (C) RPMI 8226 and (D) OCI‑My5 cells were analyzed 
using the Chou‑Talalay method. A CI value <1 indicates a synergistic effect. TN, triptonide; BTZ, bortezomib; MM, multiple myeloma; CI, combination index.
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determined in MM cells (Fig. S1A). To evaluate synergy, 
RPMI 8226 cells were treated with different doses of BTZ 
and each compound alone or in combination, followed by 
CCK‑8 assays (Fig. S1B). Combination index (CI) values were 
calculated using the Chou‑Talalay method, with CI <1 indi‑
cating synergy (35). Among all combination regimens, BTZ 
plus TN exhibited the strongest synergistic effect (Fig. 1C). 
This synergy was also observed in OCI‑My5 cells (Fig. 1D). 
These findings suggest that the combination of BTZ and TN 
synergistically inhibits MM cell proliferation.

TN effectively suppresses cell proliferation and induces apop‑
tosis and cell death in MM cells. TN has exhibited anti‑tumor 
activity in various types of cancer. To assess its effect on 
MM  cell proliferation, MM  cells were treated with TN, 
followed by CCK‑8 assays, colony formation, EdU staining 
and cell cycle assays. TN markedly reduced cell number 
(Fig.  2A), inhibited colony formation in OCI‑My5  cells 
(Fig. 2B), and decreased the proportion of EdU‑positive cells 
in both MM cell lines (Fig. 2C). Furthermore, TN increased 
the proportion of cells in G0/G1 phase while reducing those 
in S and G2/M phases (Fig.  S2A), indicating blockade of 
G0/G1‑to‑S progression. These results demonstrated that TN 
effectively suppresses MM cell proliferation.

TN has been shown to induce apoptosis in ovarian 
cancer (10), breast cancer (36), and acute myeloid leukemia (13). 
To determine whether TN induces apoptosis in MM cells, 
RPMI 8226 and OCI‑My5 cells were treated with TN and 
apoptosis levels were assessed by flow cytometry and western 
blotting. Flow cytometry revealed a significant increase in 
apoptotic cells in both MM cell lines upon TN treatment 
(Fig. 2D). Consistently, TN markedly elevated the levels of 
cleaved caspase‑3 and poly ADP‑ribose polymerase (PARP), 
well‑established apoptosis markers  (37), in both MM cell 
lines (Fig. 2E). Calcein‑AM/PI staining further showed that 
TN markedly reduced MM cell viability (Fig. 2F). Notably, 
primary CD138+ MM cells were more sensitive to TN than 
paired CD138− non‑MM cells from the same patients with 
MM (Fig. 2G). Additionally, TN showed minimal inhibition 
of the human B‑cell line GM12878 at the same doses used 
for MM cells, with most cells remaining viable even at high 
concentrations (Fig. S2B). These results indicate that TN 
represents a promising targeted agent for MM treatment.

TN and BTZ synergistically inhibit cell proliferation, increase 
apoptosis, and induce cell death in MM cells. To confirm the 
synergistic effect of TN and BTZ in MM cells, RPMI 8226 
and OCI‑My5 cells were treated with TN and BTZ alone or 
in combination, followed by CCK‑8 assays, colony formation 
and EdU staining to assess proliferation. The CCK‑8 results 
showed that the combination markedly reduced cell numbers 
compared to either agent alone (Fig. 3A). TN and BTZ also 
synergistically decreased colony formation in OCI‑My5 cells 
(Fig. 3B). The proportion of EdU‑positive cells was markedly 
lower in combination‑treated cells than in those receiving 
single‑agent treatment (Fig. 3C). These results demonstrate 
that TN and BTZ synergistically inhibit MM cell proliferation.

TN and BTZ are both capable of inducing apoptosis in 
MM cells; therefore, the present study investigated whether 
their combination synergistically increased the proportion of 

apoptotic cells. Flow cytometry showed that the combination 
of TN and BTZ markedly increased apoptosis levels in both 
MM cell lines compared to treatment with either agent alone 
(Fig. 3D). Consistently, cleaved caspase‑3 and PARP levels 
were higher in cells treated with both drugs than with either 
drug alone, surpassing those from high‑dose monotherapy 
(Fig. S3). Additionally, the results of Calcein‑AM/PI staining 
showed markedly reduced viability in MM cell lines treated 
with TN plus BTZ compared to either drug alone (Fig. 3E 
and 3F). Notably, the combination synergistically reduced 
viability in primary MM cells from thirteen newly diagnosed 
patients (Fig. 3G). Therefore, TN and BTZ exert a strong 
synergistic effect in MM cells.

TN acts synergistically with BTZ to augment DNA damage 
by inhibiting DNA repair. To investigate how TN inhibits 
MM cells, the present study performed RNA sequencing on 
RPMI 8226 cells treated with or without TN. This revealed 
1,458 differentially expressed genes (fold change >1.5; P<0.05; 
Table SV; Fig. 4A). Gene enrichment analysis indicated TN 
impairs the DNA damage response (Fig. 4B). Consistently, 
γ‑H2AX, a marker of double‑strand breaks (DSBs)  (38), 
increased in TN‑treated MM cells (Fig. 4C), and comet assays 
showed longer comet tails, confirming elevated DNA damage 
(Fig. 4D). Since DSBs can arise from oxidative stress, telomere 
shortening, or defective DNA repair (39), each mechanism 
was tested. Antioxidants (Trolox, GSH, NAC) failed to rescue 
TN‑induced cell death or γ‑H2AX upregulation (Fig. S4A‑C), 
excluding oxidative stress. Telomere length, assessed by T/S 
ratio (40), remained unchanged after TN treatment (Fig. S4D), 
ruling out telomere shortening. Instead, TN markedly reduced 
DNA‑PKcs and RAD51 protein levels, key regulatory proteins 
involved in NHEJ and HR (38), respectively (Fig. 4E), and 
GFP‑reporter assays confirmed suppression of both NHEJ and 
HR repair (Fig. 4F). Together, these showed that TN enhanced 
DNA damage in MM cells by inhibiting DNA repair.

Consistent with a previous study (41), BTZ induced oxidative 
stress and DNA damage in MM cells (Fig. S4E and F), supporting 
synergy with TN in amplifying DNA damage. Western blotting 
confirmed that TN + BTZ increased γ‑H2AX more than either 
drug alone, even at high doses (Fig. 4G). Comet assays showed 
longer tails with the combination versus monotherapy (Fig. 4H), 
further validating synergistic DNA damage. Since DNA damage 
directly inhibits proliferation and triggers apoptosis, it likely 
underlies the synergistic anti‑MM effect of TN and BTZ.

TN interacts with TRIP13 and downregulates its expression 
levels in MM cells. TN has been reported to reduce TRIP13 
expression in oral squamous cell carcinoma cells (25). TRIP13 
is an AAA+ ATPase involved in both NHEJ and HR DNA 
repair  (23,24). Analysis of the Gene Expression Omnibus 
(GEO) database (GSE6477) showed higher TRIP13 mRNA 
levels in MM cells from newly diagnosed patients compared 
with healthy donor plasma cells, with further elevation at 
relapse (Fig. 5A). TRIP13 was also highly expressed in RPMI 
8226 and OCI‑My5 MM cells but low in GM12878 control 
cells (Fig. 5B). TN markedly downregulated TRIP13 at both 
mRNA and protein levels in these MM lines (Fig. 5C and D). 
Given TN's selective anti‑MM activity, TRIP13 probably 
mediates this selectivity. Additionally, the present study 
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Figure 2. TN effectively inhibits MM cells. (A) Growth curves of MM cells treated with or without TN. p1=0.0666, p1=0.1237, p1<0.0001 DMSO vs. TN 
(20 nM); p2=0.0011, p2=0.0013, p2<0.0001 DMSO vs. TN (40 nM) in RPMI 8226 cells. p1=0.0016, p1<0.0001, p1=0.0007 DMSO vs. TN (15 nM); p2=0.0001, 
p2<0.0001, p2<0.0001 DMSO vs. TN (30 nM) in OCI‑My5 cells. (B) Clonogenic analysis of OCI‑My5 treated with or without TN. P=0.0004 control vs. TN 
(7.5 nM); P<0.0001 control vs. TN (15 nM); P=0.0057 of TN (7.5 nM vs. 15 nM). Scale bar, 100 µm. (C) MM cells were treated with or without TN for 48 h, 
followed by 5‑Ethynyl‑2'‑deoxyuridine staining. P=0.0017 control vs. TN (20 nM); P<0.0001 control vs. TN (40 nM); P=0.0012 of TN (20 nM vs. 40 nM) 
in RPMI 8226 cells. P=0.0011 control vs. TN (15 nM); P<0.0001 of control vs. TN (30 nM); P=0.0106 TN (15 nM vs. 30 nM) in OCI‑My5 cells. Scale bar, 
200 µm. (D) Assessment of apoptosis by using Annexin V‑PE/7‑AAD staining in MM cells treated with or without TN for 48 h. P=0.0035 control vs. TN 
(40 nM); P<0.0001 control vs. TN (80 nM) in RPMI 8226 cells. P=0.0642 of control vs. TN (30 nM); P=0.0002 of control vs. TN (60 nM) in OCI‑My5 cells. 
(E) Western blot analysis of PARP, caspase 3, and GAPDH in RPMI 8226 and OCI‑My5 cells treated with or without TN for 48 h. (F) Cell viability was 
assessed by Calcein‑AM/PI staining in MM cells treated with or without TN for 48 h. Viable cells were labeled with Calcein‑AM (green) and dead cells were 
labeled with PI (red). P=0.0012 control vs. TN (40 nM); P=0.0016 control vs. TN (80 nM); P<0.0001 TN (40 nM vs. 80 nM) in RPMI 8226 cells. P<0.0001 TN 
(30 nM) or TN (60 nM) vs. control, TN (30 nM) vs. TN (60 nM) in OCI‑My5 cells. Scale bar, 200 µm. (G) Cell viability of primary CD138‑ and CD138+ cells 
derived from the same patients with MM (n=11) following treatment with or without TN. P=0.001 of CD138‑ cells vs. CD138+ cells. Scale bar, 200 µm. n=3 
independent experiments in (A‑D and F). Statistical significance was assessed using one‑way ANOVA followed by Tukey's honestly significant difference test 
in (A‑D and F); a Wilcoxon matched‑pairs signed rank test was applied in (G). TN, triptonide; BTZ, bortezomib; MM, multiple myeloma.



INTERNATIONAL JOURNAL OF ONCOLOGY  69:  106,  2026 7

Figure 3. The combination of TN and BTZ synergistically inhibits MM cells. (A) CCK‑8 assays of MM cells treated with TN and BTZ in alone or in combina‑
tion for 48 h. P<0.0001 control vs. TN (20 nM); P<0.0001 control vs. BTZ (0.75 nM), TN vs. TN + BTZ; P=0.0002 of BTZ vs. TN + BTZ in RPMI 8226 cells. 
P<0.0001 of TN (15 nM) or BTZ (0.75 nM) vs. control, TN vs. TN + BTZ, and BTZ vs. TN + BTZ in OCI‑My5 cells. (B) Clonogenic analysis of OCI‑My5 
treated with TN alone or in combination with BTZ. P<0.0001 control vs. TN (7.5 nM); P=0.0184 control vs. BTZ (0.5 nM); P=0.0442 TN vs. TN + BTZ; 
P=0.0001 BTZ vs. TN + BTZ. Scale bar, 100 µm (C) 5‑Ethynyl‑2'‑deoxyuridine staining of MM cells treated with TN and BTZ alone or in combination for 
48 h. P<0.0001 of TN (20 nM) or BTZ (0.75 nM) vs. control, TN + BTZ vs. control, BTZ vs. TN + BTZ in RPMI 8226 cells. P<0.0001 control vs. TN (15 nM), 
control vs. BTZ (0.75 nM), BTZ vs. TN + BTZ, P=0.0001 of TN vs. TN + BTZ in OCI‑My5 cells. Scale bar, 200 µm. (D) MM cells were treated with TN 
and BTZ alone or in combination for 48 h, followed by assessment of apoptosis using flow cytometry. P<0.0001 of TN (40 nM) or BTZ (1.5 nM) vs. control, 
TN vs. TN + BTZ, BTZ vs. TN + BTZ in RPMI 8226 cells. P=0.8289 of control vs. TN (30 nM); P=0.0167 control vs. BTZ (0.75 nM); P<0.0001 of TN vs. TN + 
BTZ; P=0.0002 of BTZ vs. TN + BTZ in OCI‑My5 cells. (E and F) MM cells were treated with TN and BTZ alone or in combination for 48 h, followed by 
examination of cell viability using Calcein‑AM/PI staining. P<0.0001 control vs. TN (40 nM), control vs. BTZ (1.5 nM), BTZ vs. TN + BTZ, and TN vs. TN + 
BTZ in RPMI 8226 cells. P<0.0001 control vs. TN (30 nM), control vs. BTZ (1.5 nM), TN vs. TN + BTZ, BTZ vs. TN + BTZ in OCI‑My5 cells. Scale bar, 
200 µm. (G) Cell viability assay of CD138+ cells derived from patients with MM (n=13) by using Calcein‑AM/PI staining. P=0.0002 TN (30 n M) vs. TN + 
BTZ; P=0.0013 of BTZ (1.5 nM) vs. TN +  BTZ. Scale bar, 200 µm. n=3 independent experiments in (A‑F). Statistical significance was assessed using one‑way 
ANOVA followed by Tukey's honestly significant difference test in (A‑G). TN, triptonide; BTZ, bortezomib; MM, multiple myeloma.
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investigated the interaction between TN and TRIP13 proteins 
through molecular docking and molecular dynamics simula‑
tions using easy2MD, an online computational platform. A 

binding affinity below ‑5 kcal/mol and a binding energy below 
‑15 kJ/mol are generally indicative of a strong and stable 
interaction. The analysis results revealed strong binding of TN 

Figure 4. TN synergizes with BTZ to enhance DNA damage through inhibiting DNA repair. (A) The volcano map of gene profiling between RPMI 8226 cells 
treated with or without TN (40 nM) for 24 h. (B) Pathway enrichment analysis based on the differently expressed genes between TN treated RPMI 8226 cells 
and control cells. (C) Western blot analysis of γ‑H2AX and GAPDH expression in MM cells treated with TN (0, 40 nM, 80 nM in RPMI 8226; 0, 30 nM. 
60 nM in OCI‑My5) for 24 h. (D) Analysis of DNA damage by comet assay in MM cells treated with TN for 24 h. P=0.1337 control vs. TN (40 nM); P<0.0001 
control vs. TN (80 nM); P=0.001 of TN (40 nM) vs. TN (80 nM) in RPMI 8226 cells. P=0.0096 control vs. TN (30 nM); P<0.0001 control vs. TN (60 nM); 
P=0.0041 of TN (30 nM) vs. TN (60 nM) in OCI‑My5 cells. Scale bar, 100 µm. (E) Western blot analysis of expression DNA‑PKcs, RAD51 and GAPDH in 
MM cells treated with TN (0, 40 nM, 80 nM in RPMI 8226; 0, 30 nM. 60 nM in OCI‑My5) for 24 h. (F) HR and NHEJ repair efficiency in 293T cells treated 
with or without TN was assessed by flow cytometry. The percentage of GFP‑positive cells was used to indicate the capacity for HR and NHEJ repair. P=0.0028, 
P=0.0153 of control vs. TN (500 nM) in HR reporter and NHEJ reporter, respectively. (G) Western blot analysis of γ‑H2AX and GAPDH expression in 
MM cells treated with TN (40 nM in RPMI 8226; 30 nM in OCI‑My5) and BTZ (1.5 nM) alone or in combination for 24 h. (H) MM cells were treated with TN 
and BTZ alone or in combination for 24 h, followed by DNA damage assessment using comet assay. P=0.1155 control vs. TN (40 nM); P=0.066 control vs. BTZ 
(1.5 nM); P<0.0001 of TN vs. TN + BTZ and BTZ vs. TN + BTZ in RPMI 8226 cells. P=0.881 control vs. TN (30 nM); P=0.8892 of control vs. BTZ (1.5 nM); 
P=0.0466 TN vs. TN + BTZ; P=0.025 of BTZ vs. TN + BTZ in OCI‑My5 cells. Scale bar, 100 µm. n=3 independent experiments in (F). Statistical significance 
was assessed using the Kruskal‑Wallis H test followed by Dunn's multiple comparisons test in (D and H); an unpaired two‑sided t‑test was used in (F). TN, 
triptonide; BTZ, bortezomib; MM, multiple myeloma; HR, homologous recombination; NHEJ, non‑homologous end joining.
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Figure 5. TN interacts with TRIP13 and reduces its expression in MM cells. (A) Expression levels of TRIP13 mRNA in primary MM cells from newly 
diagnosed patients with MM (n=73) and relapsed patients with MM (n=28), as well as in plasma cells from healthy donors (n=15), were analyzed using GEO 
database dataset GSE6477. P=0.0069 of HD vs. MM. P=0.0634 of MM vs. RMM. (B) Western blot analysis of TRIP13 and GAPDH expression in GM12878, 
OCI‑My5, and RPMI 8226 cells. (C) quantitative PCR of TRIP13 in MM cells treated with or without TN for 24 h. P=0.0003 control vs. TN (40 nM) in 
RMPI 8226 cells. P=0.0002 control vs. TN (30 nM) in OCI‑My5 cells. (D) Western blot analysis of TRIP13 and GAPDH expression in MM cells treated 
with or without TN (40 nM, 80 nM in RPMI 8226, 30 nM, 60 nM in OCI‑My5) for 24 h. (E) RMSD of the complex, TRIP13 protein, and TN. (F) Rg of the 
complex. (G) RMSF of the TRIP13 protein within the complex. (H) Docking site‑ligand interaction (Dock site‑ligand). (I) Buried SASA between TN and 
TRIP13 protein. (J) Overlay of simulated conformations. (K) Binding energy between TN and TRIP13 proteins, including VDW and ELE components. 
(L) Contribution of amino acids to binding energy. (M) Number of hydrogen bonds. (N) Interaction of TRIP13 protein with TN. (O) Western blot analysis 
of TRIP13, γ‑H2AX, and GAPDH expression in CD138+ and CD138- primary cells isolated from MM patient, with or without treatment with TN (30 nM). 
(P) Western blot analysis of TRIP13, DNA‑PKcs, RAD51 and GAPDH expression in MM cells treated with TN (40 nM in RPMI 8226; 30 nM in OCI‑My5) 
and BTZ (1.5 nM) alone or in combination. n=3 independent experiments in (C). Statistical significance was assessed using the Kruskal‑Wallis H test followed 
by Dunn's multiple comparisons test in (A); an unpaired two‑sided t‑test was used in (C). TN, triptonide; MM, multiple myeloma; RMM, relapsed multiple 
myeloma; GEO, Gene Expression Omnibus; RMSD, Root Mean Square Deviation; Rg, Radius of Gyration; RMSF, Root Mean Square Fluctuation; SASA, 
Solvent Accessible Surface Area; VDW, van der Waals; ELE, electrostatic.
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Figure 6. TN enhances DNA damage by inhibiting TRIP13‑mediated DNA repair, thereby synergizing with BTZ. (A) Western blot analysis of TRIP13, 
DNA‑PKcs, RAD51, γ‑H2AX, and GAPDH expression in RPMI 8226 and OCI‑My5 cells with EV or TRIP13‑OE. (B) Western blot analysis of TRIP13, 
DNA‑PKcs, RAD51, γ‑H2AX and GAPDH expression in RPMI 8226 and OCI‑My5 cells with Scr, TRIP13‑sh1 and TRIP13‑sh2. (C) Western blot analysis 
of TRIP13, DNA‑PKcs, RAD51, γ‑H2AX and GAPDH expression in MM cells with EV or TRIP13‑OE treated with or without TN (40 nM in RPMI 8226; 
30 nM in OCI‑My5) for 24 h. (D) Western blot analysis of TRIP13, DNA‑PKcs, RAD51, γ‑H2AX and GAPDH expression in MM cells with Scr or TRIP13‑sh1 
treated with or without TN (40 nM in RPMI 8226; 30 nM in OCI‑My5) for 24 h. (E) EdU staining of MM cells with Scr or TRIP13‑sh1 treated with or without 
TN (20 nM in RPMI 8226; 15 nM in OCI‑My5) for 48 h. P<0.0001 scr vs. TN treated scr; P=0.0021 of TRIP13‑sh1 vs. TN treated TRIP13‑sh1; P=0.047 
TN treated scr vs. TN treated TRIP13‑sh1 in RPMI 8226. P<0.0001 scr vs. TN treated scr; P=0.0004 TRIP13‑sh1 vs. TN treated TRIP13‑sh1; P=0.0006 TN 
treated scr vs. TN treated TRIP13‑sh1 in OCI‑My5. Scale bar, 100 µm. (F) OCI‑My5 cells with Scr or TRIP13‑sh1 were treated with or without TN (30 nM) 
for 48 h, followed by assessment of apoptosis using flow cytometry. P<0.0001 scr vs. TN treated scr, TRIP13 sh1 vs. TN treated TRIP13‑sh1, and TN treated 
scr vs. TN treated TRIP13‑sh1. (G) RPMI 8226 and OCI‑My5 cells with Scr, TRIP13‑sh1, or TRIP13‑sh2 were treated with or without different doses of 
TN for 48 h, after which the IC50 values of TN in these cells were determined by CCK‑8 assay. (H) MM cells with Scr or TRIP13‑sh1 were treated with TN 
(40 nM in RPMI 8226; 30 nM in OCI‑My5) and BTZ (1.5 nM) alone or in combination for 48 h, followed by CCK‑8 assay. P<0.0001of scr (TN vs. TN + BTZ, 
BTZ vs. TN + BTZ); P=0.849, P=0.0181 TRIP13‑sh1 (TN vs. TN + BTZ, BTZ vs. TN + BTZ) in RPMI 8226 cells. P=0.0001, P<0.0001 scr (TN vs. TN + 
BTZ, BTZ vs. TN + BTZ); P=0.593, P=0.0253 TRIP13‑sh1 (TN vs. TN + BTZ, BTZ vs. TN + BTZ) in OCI‑My5 cells. n=3 independent experiments in (E‑H). 
Statistical significance was assessed using one‑way ANOVA followed by Tukey's honestly significant difference test in (E, F, and H). TN, triptonide; EV, empty 
vector; BTZ, bortezomib; MM, multiple myeloma; EdU, 5‑Ethynyl‑2'‑deoxyuridine.
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to the TRIP13 protein, supported by a high binding affinity 
(‑7.35 kcal/mol) and favorable binding energy (‑37.89 kJ/mol; 
Fig. 5E‑N). These findings indicated that TN interacts with 
TRIP13 and reduces its expression in MM cells. In addition, TN 
significantly suppressed TRIP13 expression and concurrently 
elevated γ-H2AX levels in primary MM cells (Fig. 5O). Notably, 
the combination of TN and BTZ synergistically decreased the 
levels of TRIP13, DNA-PKcs, and RAD51 in both RPMI 8226 
and OCI-My5 cells (Fig. 5P). Therefore, TRIP13 may mediate 
the synergy between TN and BTZ in MM cells.

TN inhibits DNA repair and exerts synergistic effects with 
BTZ through targeting TRIP13. To define the role of TRIP13 
in NHEJ, HR and the DNA damage response in MM cells, 
the present study overexpressed or knocked down TRIP13 
and assessed DNA‑PKcs, RAD51, and γ‑H2AX by western 
blotting. TRIP13 overexpression increased DNA‑PKcs and 
RAD51 while decreasing γ‑H2AX; knockdown produced the 
opposite effects (Fig. 6A and B). TN suppressed DNA‑PKcs 
and RAD51 and elevated γ‑H2AX in TRIP13‑overexpressing 
cells (Fig. 6C), but these effects were attenuated upon TRIP13 
silencing (Fig. 6D), confirming that TN impairs DNA repair 
and amplifies DNA damage by targeting TRIP13. Given the 

association of TRIP13 with MM initiation, relapse and poor 
prognosis (22), and its emerging therapeutic relevance (42), 
whether TRIP13 loss rescues MM cells from TN was tested. 
EdU staining revealed higher proliferation (more EdU posi‑
tive cells) in TN‑treated, TRIP13‑silenced compared control 
cells (Fig. 6E). Apoptosis was markedly reduced in TN‑treated 
OCI‑My5 cells after TRIP13 knockdown (Fig. 6F). TRIP13 
silencing also increased TN's IC50 in both lines (Fig. 6G), indi‑
cating diminished sensitivity. Together, these data established 
TRIP13 as a key mediator of TN's anti‑MM activity. Notably, 
TRIP13 knockdown markedly blunted the cytotoxic synergy 
of TN + BTZ (Fig. 6H). Thus, TRIP13 is essential for both the 
single‑agent efficacy and the synergy with BTZ in MM by TN.

TN and BTZ synergistically inhibit MM progression in vivo. 
To assess the in vivo synergy of TN and BTZ against MM, 
OCI‑My5 cells were implanted subcutaneously in immunodefi‑
cient NCG mice. At nine days later, mice were randomized into 
four groups and treated with saline, BTZ, TN, or TN + BTZ. 
Tumor volume and diameter were measured every three days 
in tumor‑bearing mice using digital calipers (43). At the final 
measurement, the maximum tumor volume and diameter 
reached 800 mm³ and 18 mm, respectively. After 24 h of 

Figure 7. TN synergizes with BTZ to inhibit MM growth in vivo. (A) Tumor knots developed in NCG mice injected with OCI‑My5 cells and treated with 
saline (n=3), TN (2.5 mg/kg) (n=3), BTZ (0.5 mg/kg) (n=3), or TN + BTZ (n=3). (B) Analysis of tumor volumes in those mice. P=0.0004, P<0.0001, P<0.0001 
and P=0.0327 of tumor volumes (saline vs. BTZ, saline vs. TN, BTZ vs. BTZ + TN, and TN vs. BTZ + TN). (C) Western blot analysis of TRIP13, PARP, 
DNA‑PKcs, RAD51, γ‑H2AX and GAPDH in tumor knots derived from those mice. (D) IHC staining of Ki67, TRIP13, γ‑H2AX and cleaved caspase 3 in tumor 
sections derived from those mice. P=0.0016, P=0.0068, P=0.1805 and P=0.0005 of Ki67, TRIP13, γ‑H2AX and cleaved caspase 3 (saline vs. BTZ). P=0.0012, 
P<0.0001, P=0.1041 and P=0.0002 of Ki67, TRIP13, γ‑H2AX and cleaved caspase 3 (saline vs. TN). P=0.0089, P<0.0001, P<0.0001 and P<0.0001 of Ki67, 
TRIP13, γ‑H2AX and cleaved caspase 3 (BTZ vs. BTZ + TN). P=0.0128, P=0.0001, P=0.0001 and P<0.0001 of Ki67, TRIP13, γ‑H2AX and cleaved caspase 3 
(TN vs. BTZ + TN). Scale bar, 10 µm. Statistical significance was assessed using two‑way repeated‑measures ANOVA in (B); one‑way ANOVA followed 
by Tukey's honestly significant difference test was applicated in (D). TN, triptonide; BTZ, bortezomib; MM, multiple myeloma; IHC, immunohistochemical.
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the final measurement, all mice were humanely sacrificed, 
and tumors were excised for subsequent analysis (Fig. 7A). 
The largest tumor diameter among the excised tumors was 
21.5 mm, observed in the saline control group. As tumors 
naturally continued to grow in mice over the 24 h, the final 
measurements of tumor diameter and the excised tumors were 
slightly different. The combination group showed markedly 
slower tumor growth than either monotherapy group (Fig. 7B). 
Western blotting confirmed that TN downregulated TRIP13, 
DNA‑PKcs and RAD51 while increasing γ‑H2AX; the combi‑
nation further elevated cleaved PARP and γ‑H2AX beyond 
either drug alone (Fig. 7C), demonstrating enhanced DNA 
damage and apoptosis via TRIP13 suppression. Furthermore, 
IHC revealed lower Ki67 (a proliferation marker) and TRIP13, 
and higher γ‑H2AX and cleaved caspase 3, in the combination 
group versus monotherapies (Fig. 7D). TN has shown safety 
in various preclinical studies (6,20). Here, no body weight 
loss occurred across groups (Fig. S5A), and hematoxylin and 
eosin (H&E) staining showed no histopathological abnor‑
malities in kidney, lung, heart, or liver (Fig. S5B). Thus, TN 
is well‑tolerated and effective in MM, and TN + BTZ is a 
promising therapeutic strategy.

Discussion

Although current treatment strategies have improved clinical 
outcomes for patients with MM, the disease remains an 
incurable hematological malignancy (44). The present study 
demonstrated that TN served as a potential targeted agent for 
MM treatment. Intriguingly, a synergistic effect was observed 
when TN was combined with BTZ across MM cell lines, 
primary MM cells, and MM mouse models.

TN exerts cytotoxic effects selectively on MM cell lines 
and primary MM cells, while exhibiting minimal toxicity 
toward B cell lines and primary non‑MM cells. This selective 
cytotoxicity supports the potential of TN as a targeted thera‑
peutic agent for MM. BTZ is a primary first‑line therapeutic 
agent for MM (32). Combination therapies based on BTZ have 
substantially improved the survival outcomes of patients with 
MM (2,3). However, the clinical utility of BTZ is increas‑
ingly limited by the development of drug resistance (4) and 
adverse effects, such as peripheral neuropathy (45), thrombotic 
microangiopathy (46) and acute interstitial nephritis (32). The 
present study demonstrated that the combination of TN and 
BTZ synergistically inhibits MM cells both in vitro and in vivo. 
This combination regimen may overcome BTZ resistance 
and reduce the required dosage of BTZ, thereby minimizing 
associated side effects. Therefore, TN plus BTZ represents a 
promising therapeutic strategy for the treatment of MM.

BTZ induces DNA damage by elevating reactive oxygen 
species (ROS) levels in MM cells (41), while TN promotes 
DNA damage by inhibiting DNA repair. These distinct mecha‑
nisms synergize to enhance DNA damage, underpinning the 
combined effect of TN and BTZ. Yang et al (47) reported that 
TN inhibits the NHEJ pathway via the lipogenic LXR‑SREBF1 
axis, while the present study showed that TN suppresses both 
NHEJ and HR pathways by targeting TRIP13, a key DNA 
repair regulator linked to BTZ resistance in MM (22,42). 
The present study showed that TN directly binds TRIP13 
and reduces its expression, identifying it as a novel TRIP13 

inhibitor. TRIP13 silencing partly attenuates TN‑induced 
apoptosis and DNA damage and abolishes the synergistic 
anti‑MM effect of TN and BTZ. TRIP13 plays a critical role 
in mediating BTZ resistance and elevated TRIP13 expression 
is associated with poor prognosis in patients with MM (22). 
Impairing TRIP13‑mediated DNA repair increases DNA 
damage and exerts potent anti‑MM activity (48). Therefore, 
TN enhances DNA damage by suppressing TRIP13, contrib‑
uting to synergy with BTZ. Together, TN in combination with 
BTZ represents a promising therapeutic strategy for MM.
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