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Cancer multidrug resistance (MDR) impairs the therapeutic efficacy of various chemothera-
peutics. Novel approaches, particularly the development of MDR reversal agents, are critic-
ally needed to address this challenge. This study demonstrates that tenacissoside I (TI), a
compound isolated from Marsdenia tenacissima (Roxb.) Wight et Arn, traditionally used in
clinical practice as an ethnic medicine for cancer treatment, exhibits significant MDR reversal
effects in ABCB1-mediated MDR cancer cells. TI reversed the resistance of SW620/AD300 and
KBV200 cells to doxorubicin (DOX) and paclitaxel (PAC) by downregulating ABCB1 expres-
sion and reducing ABCB1 drug transport function. Mechanistically, protein arginine methyl-
transferase 1 (PRMT1), whose expression correlates with poor prognosis and shows positive
association with both ABCB1 and EGFR expressions in tumor tissues, was differentially ex-
pressed in TI-treated SW620/AD300 cells. SW620/AD300 and KBV200 cells exhibited elev-
ated levels of EGFR asymmetric dimethylarginine (aDMA) and enhanced PRMT1-EGFR inter-
action compared to their parental cells. Moreover, Tl-induced PRMT1 downregulation im-
paired PRMT1-mediated aDMA of EGFR, PRMT1-EGFR interaction, and EGFR downstream
signaling in SW620/AD300 and KBV200 cells. These effects were significantly reversed by
PRMT1 overexpression. Additionally, TI demonstrated resistance reversal to PAC in xeno-
graft models without detectable toxicities. This study establishes TI's MDR reversal effect in
ABCB1-mediated MDR human cancer cells through inhibition of PRMT1-mediated aDMA of
EGFR, suggesting TI's potential as an MDR modulator for improving chemotherapy outcomes.

1. Introduction

the ABC transporter family, particularly MDR1, encoded by AB-
CB1 and known as P-glycoprotein (P-gp), MDR-associated protein-

Cancer remains a significant global health burden. Statistical
data indicate that approximately 19.3 million new cancer cases
were documented worldwide in 2020, with cancer-related mor-
tality reaching 10 million '. Despite substantial progress in
chemotherapy, radiotherapy, targeted therapy, and immunother-
apy, the development of multidrug resistance (MDR) continues to
compromise the therapeutic efficacy of various chemotherapeut-
ic agents “°. MDR is characterized by cancer cell resistance to
structurally and mechanistically diverse anticancer compounds.
The principal mechanisms underlying MDR include drug efflux
pump overexpression, enhanced drug metabolism, increased
DNA repair capacity, and alterations in apoptotic pathways and
tumor microenvironment (TME) ‘. Among these mechanisms,
ATP-binding cassette (ABC) membrane transporter-mediated
drug efflux has been most extensively investigated °. Members of
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1 (MRP1), encoded by ABCCI1, and breast cancer resistant pro-
teins (encoded by ABCGZ2), have been shown to induce MDR in
cancer cells °. Various strategies have been developed to over-
come MDR in human cancer. While ABC transporter inhibitors,
particularly MDR1/P-gp inhibitors, have shown promise in clinic-
al trials for certain cancers, notably acute myeloid leukemia
(AML) °, their clinical application is limited by severe adverse ef-
fects and high toxicity ’. The exploration of novel MDR reversal
drug candidates remains an urgent priority.

Protein arginine methylation represents a significant type of
protein post-translational modification (PTM), involved in vari-
ous complex cellular processes, both physiological and patholo-
gical, including protein trafficking, metabolic regulation, and RNA
processing °. As a crucial PTM enzyme, protein arginine methyl-
transferases (PRMTs) play an essential role in tumor pathogenes-
is by catalyzing protein arginine methylation modifications °
PRMT1 catalyzes substrate protein arginine methylation by
transferring methyl groups of S-adenosyl-L-methionine (SAM)
onto the guanidine nitrogen of protein arginine residues. Based
on specific catalytic activities, PRMTs are classified into three

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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types in mammalian cells. Type | PRMT catalyzes asymmetric di-
methylarginine (aDMA) and monomethylarginine (MMA), Type II
PRMT generates symmetric DMA (sDMA) and MMA, while Type
[II PRMT primarily produces MMA. PRMT1 exhibits elevated ex-
pression in most solid cancers ' ''. Research demonstrates that
PRMT1 mediates cellular function by catalyzing methylation of
both histone proteins, such as methylating histone H4R3 to form
H4R3me2a and promoting transcriptional activation, and sig-
nificant non-histone proteins, including EGFR, FOXO1, and
MRE11 """, PRMT1’s intricate involvement in cancer onset and
progression highlights its potential as a promising target in can-
cer therapy.

Natural products have emerged as potential MDR reversal
agents due to their structural diversity and broad biological activ-
ities. These compounds overcome tumor cell resistance through
various molecular and cellular mechanisms, including regulation
of MDR-related proteins and critical signaling pathways '*.

Marsdenia tenacissima is the climbing stem of the Chinese
traditional ethnic herb Marsdenia tenacissima (Roxb.) Wight et
Arn. The commercial preparation of M. tenacissima, marketed as
Xiao-Ai-Ping injection, consists of its water-soluble extract '°. This
preparation has been approved for cancer treatment in combina-
tion with chemotherapy or radiotherapy for several decades .
Research has identified that C21 steroid glycosides, tenacissimos-
ide D to ], are abundant in M. tenacissima, and constitute its main
active ingredients in cancer therapy . Studies indicate that ten-
acissimoside H inhibits glioblastoma multiforme progression by
suppressing PI3K/Akt/mTOR signaling in vitro and in vivo ' Ten-
acissimoside G enhances the inhibitory activity of 5-FUon hu-
man colorectal cancer by arresting cell cycle progression and in-
ducing p53-mediated apoptosis ', while also reversing resist-
ance to paclitaxel (PAC) by inhibiting Src/PTN/P-gp signaling in
ovarian cancer *’. M. tenacissima extract promotes gefitinib accu-
mulation through inhibiting ABCG2 activity in lung cancer treat-
ment *'. However, the anticancer activity and MDR reversal effic-
acy of M. tenacissima, along with its specific mechanisms, remain
unclear.

Tenacissoside I (TI) is a C21 steroid glycoside present at rel-
atively high levels in M. tenacissima **. This study investigates the
MDR reversal effect of TI in cancer chemotherapy, aiming to re-
veal its potential as an MDR modulator and enhance the clinical
outcome of chemotherapy.

2. Materials and methods

2.1. Reagents and cell culture

TI (purity > 98%, HPLC) was obtained from Abphyto Biotech
(Chengdu, China). PAC and verapamil (VER) were purchased
from Target Molecule Corp (Shanghai, China). Ko143 and cisplat-
in (CP) were acquired from MCE (Shanghai, China). Doxorubicin
(DOX) and Hoechst 33342 were obtained from Meilunbio (Dalian,
China). The relevant assay kits and antibodies, along with several
conventional methods, are detailed in Supplementary Materials
and Table S1.

Human colon cancer cell line SW620, oral epidermoid cancer
cell line KB, and their ABCB1-overexpressing drug resistant cell
sublines SW620/AD300 (DOX-selected cells) and KBV200 (vin-
cristine-selected cells), another human colon cancer cell line S1
and its ABCG2-overexpressing resistant cell subline S1-M1-80
(mitoxantrone-selected cells) were maintained in RPMI 1640 me-
dium, supplemented with fetal bovine serum (10%), streptomy-
cin (100 pg-mL™), and penicillin (100 U-mL™), in a cell incubator
(5% CO,, 37 °C). The drug-resistant cell sublines were cultured in
media without chemotherapeutics for at least 2 weeks prior to
subsequent experimentation.
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2.2. MTT assay

The MTT assay was conducted according to our previous re-
port to evaluate cell viability and MDR reversal effect **. Cells
were cultured in 96-well plates with 200 pL/well (3 x 10*
cells/mL). For cell viability testing, DMSO or TI solution at vari-
ous concentrations (volume: 0.5 pL) was added, followed by 48 h
incubation. For MDR reversal testing, cells pre-treated with TI (at
doses maintaining cell viability above 80%) for 2 h were exposed
to different concentrations of chemotherapeutic agents for 48 h.
Subsequently, cells were incubated with MTT solution (5
mg-mL™, 4 h, 37 °C) and analyzed using an iMark microplate
reader (BIO-RAD, USA). The half-maximal inhibitory concentra-
tion (ICsq) of each chemotherapeutic was determined, and the
corresponding resistance fold (RF) was calculated. VER served as
a positive control and CP as a negative control.

2.3. Western blot

Western blot analysis procedures in this study were consist-
ent with our previous publication **. The detailed experimental
protocol is available in Supplementary Materials. Original West-
ern blot membrane bands are presented in Figures S1-S12.

2.4. DOX accumulation assay by flow cytometry

Intracellular DOX accumulation in ABCB1-mediated MDR
cells was analyzed using flow cytometry, as previously repor-
ted . Sensitive cell lines (SW620 and KB) and drug-resistant cell
sublines (SW620/AD300 and KBV200) were seeded in 6-well
plates (2 x 10° cells/well) and pre-treated with vehicle control, TI
(10, 25 pmol-L™), or VER (10 umol-L™) for 2 h, followed by DOX
co-treatment for an additional 2 h. After harvesting, cells under-
went flow cytometry analysis (Accuri C6, BD Biosciences, San
Jose, CA, USA) to assess intracellular DOX fluorescence intensity.

2.5. DOX efflux assay by flow cytometry

Drug efflux analysis of ABCB1-mediated MDR cells was per-
formed using Flow cytometry, as previously described *. Cells
were pre-incubated with DOX (37 °C, for 2 h), washed with ice-
cold PBS, and treated with control, TI (10, 25 umol-L'l) or VER
(10 umol-L™) in a fresh medium for 0, 30, 60, 120 min. Intracellu-
lar DOX fluorescence intensity was measured using flow cyto-
metry (Accuri C6, BD Biosciences, San Jose, CA, USA).

2.6. Quantitative real-time polymerase chain reaction (qQRT-PCR)

QRT-PCR procedure followed previously described meth-
ods . The specific experimental protocol and primer list are
provided in Supplementary Materials and Table S2.

2.7. Proteome analysis

SW620/AD300 cells (2 x 10° per well, 2 mL/well in a six-well
plate) were incubated with either DMSO (vehicle control) or TI
(25 umol-L™) for 48 h. The collected cells underwent proteome
analysis at PTM Bio (Hangzhou, Zhejiang, China). Differential pro-
teomic analysis utilized the limma (v.3.58.1) package *°. Differen-
tially expressed proteins (DEPs) were visualized in a volcano
plot using the ggplot2 (v.3.5.1) and ggrepel (v.0.9.5) packages
(P-value < 0.05). Heatmaps were generated using the pheatmap
(v.1.0.12) package. DEPs underwent functional enrichment ana-
lysis through mapping to the Gene Ontology (GO) database via
the ClueGO plugin in Cytoscape software. Statistical significance
was determined using a two-tailed hypergeometric test, with p-
values adjusted for multiple comparisons using the Benjamini-
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Hochberg method (adjusted P-value < 0.05).
2.8. PRMT1 overexpression

PRMT1 overexpression in experimental cells was achieved
using a lentiviral vector (GV492). The lentiviral expression vec-
tor (GV492) was obtained from Genechem (Shanghai, China).
Stable cell lines were selected using puromycin, and overexpres-
sion was confirmed through Western blot and qRT-PCR analysis.

2.9. Xenograft model

Male BALB/c nude mice (5 weeks old) were obtained from
The Animal Center of Tianjin Medical University and maintained
under conditions consistent with our previously reported proto-
cols **°, All animal procedures were conducted according to the
Laboratory Animal Management and Use Committee of Tianjin
Medical University guidelines (No. TMUaMEC 2024033, date: Jan
8th, 2025). Subcutaneous xenograft tumors were established by
injecting SW620/AD300 cells (1 x 10’ cells/mouse in 100 pL
PBS) into the right flank. When tumor volumes reached approx-
imately 100 mm?® (volume = length x width?/2), the animals were
randomly assigned to four groups: (1) control group (i.p., q2d);
(2) TI treatment group (i.p., 20 mg-kg ™", q2d); (3) PAC treatment
group (i.p., 10 mgkg™, q2d); (4) TI combined with PAC treat-
ment group (ip. 20 mgkg™" TI administered 1 h before 10
mg-kg™” PAC injection, q2d). Tumor size measurements were
taken every two days throughout the experimental period. Sub-
sequently, mice were humanely euthanized, and tumor tissues
were surgically excised for further evaluations.

2.10. Immunoprecipitation (IP) and Co-IP

IP and Co-IP procedures were performed following estab-
lished protocols **. Cells cultured in 6-well plates (2 x 10°
cells/well) received treatment with 25 umol-L™" TI for 48 h, fol-
lowed by lysis with ice-cold cell lysis buffer for 30 min at 4 °C.
The lysates were separated into two portions. One portion under-
went [P analysis, using normal rabbit immunoglobulin G (IgG) as
a control. The second portion was analyzed by immunoblotting as
input.

2.11. Statistics

Quantitative results represent the mean of three replicates
(mean # standard deviation) per experiment. Statistical analyses
were performed using GraphPad Prism software (version 8.0;
GraphPad Software, La Jolla, CA), employing either one-way AN-
OVA or Student’s t-test. Statistical significance was defined as P <
0.05.

3. Results

3.1. MDR reversal of tenacissoside I in ABCB1-overexpressing hu-
man cancer cells

Fig. 1A depicts TI's chemical structure. SW620, KB, and their
ABCB1-overexpressing drug resistance cell lines SW620/AD300
and KBV200 served as cell models. The drug resistance character-
istics of MDR cell lines and TI's impact on cell viability were as-
sessed through the MTT assay. SW620/AD300 and KBV200 cells
demonstrated substantial drug resistance to DOX compared to
parental cells, with resistance fold (RF) values of 56.66 and
408.13, respectively (Table S3). Cell viability tests revealed that
TI exhibited minimal cytotoxicity, with cell growth inhibition
rates remaining below 20% at concentrations under 80 pmol-L™"
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across all selected cell models (Fig. 1B). Consequently, TI concen-
trations of 10 and 25 pmol-L™" were selected for subsequent MDR
reversal investigation. To evaluate TI's MDR reversal effect, par-
ental cells and their MDR cells pre-treated with TI or VER for 2 h
were exposed to DOX, PAC, or CP for 48 h. VER, a potent ABCB1
inhibitor, served as a positive control, while CP functioned as a
negative control. CP resistance involves multiple mechanisms, in-
cluding altered drug uptake/efflux, enhanced DNA repair capa-
city, glutathione conjugation, and apoptosis evasion. CP is not an
ABCB1 substrate. Results indicated that TI treatment, similar to
VER, significantly reduced the ICs, values of DOX and PAC in
SW620/AD300 and KBV200 cells, while maintaining unchanged
ICsq values in parental cells (Fig 1C). Correspondingly, significant
decreases in RF values for DOX and PAC were observed in the TI
pre-treated group (Fig 1D), declining from 57.11 and 1709.74 in
the control group to 2.00 and 354.53 in the TI (25 pumol-L™") pre-
treatment group for SW620/AD300, and from 398.24 and 20.55
to 20.64 and 2.46 for KBV200, respectively. RF values for CP re-
mained constant, demonstrating TI's MDR reversal effect in AB-
CB1-overexpressing cells. These results indicate that TI effect-
ively reverses ABCB1-mediated MDR in cancer cells.

3.2. ABCB1 drug transport regulation of TI in ABCB1-overexpress-
ing human cancer cells

Given that ABC transporter family members ABCB1 and AB-
CG2 are extensively involved in cancer MDR *°, this study evalu-
ated the drug reversal effect of TI in mitoxantrone-selected AB-
CG2-overexpressing cell line, S1-M1-80. Results in Fig. 2A and
Fig. S13 demonstrated that, compared with Ko143, an ABCG2 in-
hibitor serving as a positive control, Tl exhibited a negligible
MDR reversal effect in S1-M1-80 cells, suggesting TI functions
specifically as an ABCB1-mediated MDR reversal agent. To elucid-
ate the mechanism underlying TI's reversal effect in ABCB1-me-
diated MDR, the influence of TI on ABCB1 expression and drug
transport activity was analyzed. The investigation revealed that
ABCB1 protein levels corresponded with mRNA levels, showing a
modest reduction in SW620/AD300 and KBV200 cells following
TI treatment (Figs. 2B and 2C). Immunofluorescence (IF) analys-
is confirmed a substantial decrease in ABCB1 fluorescence intens-
ity in TI-treated groups compared to controls in MDR cell lines.
Additionally, ABCB1 membrane abundance decreased signific-
antly with TI treatment, suggesting a potential reduction in drug
transport capacity (Fig. 2D).

The intracellular concentration of chemotherapy drugs is
partially determined by the ABC transporters’ drug transport
function and influences therapeutic efficacy. Therefore, the study
examined intracellular dynamics of chemotherapy drugs follow-
ing TI treatment. Flow cytometry quantitatively assessed DOX ac-
cumulation and efflux in both parental and MDR cell lines after TI
treatment. Results in Fig. 2E demonstrated that TI significantly
inhibited DOX efflux in SW620/AD300 and KBV200 cells, while
showing no detectable changes in their parental cells. At 120
minutes, the DOX efflux rate in SW620/AD300 cells decreased
from 80.04% in controls to 62.15% with high-dose TI treatment
(25 pmol-L™"), comparable to the positive control (VER). In
KBV200 cells, the efflux percentage decreased from 80.86% to
48.43% following TI treatment (25 umol-L™). TI showed no signi-
ficant effect on DOX efflux in parental SW620 and KB cells, where
drug efflux rates remained at 20%-30% (Fig. 2E). Quantification
of intracellular drug accumulation revealed dose-dependent in-
creases in DOX accumulation in TI-treated SW620/AD300 and
KBV200 cells compared to controls, while showing minimal im-
pact on parental cells (Fig. 2F). These findings indicate that TI en-
hances intracellular retention of chemotherapeutics by modulat-
ing ABCB1’s drug transport function, thereby contributing to
drug resistance reversal in ABCB1-mediated MDR cancer cells.
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Fig. 1 Reversal of drug resistance by TI in ABCB1-mediated MDR cancer cells. (A) Chemical structure of TI. (B) Cell viability of SW620, SW620/AD300 (DOX selected ABCB1-
overexpressing cell subline), KB, and KBV200 (vincristine selected ABCB1-overexpressing cell subline) cells assayed by MTT after 48-h exposure to TI. (C) LogICs, values of
DOX, PAC, and CP in SW620, SW620/AD300, KB, and KBV200 cells with or without 2-h pre-treatment with TI (10, 25 umol-L™). VER was used as a positive control for drug
resistance reversal. (D) RF, calculated from ICs, values of the indicated chemotherapeutics in the respective cell models before and after TI exposure, is presented as a heat-

map. Data are presented as mean * SD (n = 3 independent experiments).

3.3. PRMT1-mediated asymmetric dimethylation of EGFR is closely
involved in MDR in ABCB1-overexpressing human cancer cells

To elucidate the regulatory mechanism underlying TI-medi-
ated reversal of MDR in ABCB1-overexpressing cancer cells, pro-
teomic analysis was conducted on SW620/AD300 cells after 48 h
treatment with or without TI (25 pmol-L™) to compare protein
profiles. The results in Figs. 3A and 3B revealed 2436 signific-
antly DEPs in TI-treated SW620/AD300 cells, comprising 1248
upregulated and 1188 downregulated proteins. ClueGO enrich-
ment analysis of downregulated proteins demonstrated that bio-
logical processes, including ABC-type transporter activity, signal
transduction and protein complex oligomerization, and key
factors such as PRMT1, were predicted to be involved in TI's ef-
fect on SW620/AD300 cells (Fig. 3C). As PRMT1 is the predomin-
ant aDMA methyltransferase strongly associated with various cel-
lular processes, including tumorigenesis > '**’, analysis of PRMT1
expression in multiple tumor tissues and normal tissues in the
TCGA database revealed significantly elevated PRMT1 expres-
sion in multiple tumor tissues compared to adjacent non-tumor
tissues (Fig. 3D). Moreover, survival analysis based on TCGA-
colon adenocarcinoma (COAD) dataset indicated that colon can-
cer patients with high PRMT1 expression exhibited significantly
worse survival probabilities compared to those with low PRMT1
levels (P = 1.053e-03), confirming PRMT1’s carcinogenic role
(Fig. 3E).

Correlation analysis demonstrated that PRMT1 expression
positively correlated with both ABCB1 and EGFR expressions in
tumor tissues of colon cancer patients from the TCGA-COAD data-
set (Figs. 3F and 3G). Previous studies have indicated that PRMT1-
mediated EGFR methylation represents its regulation of EGFR
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function “. Additionally, ABCB1 is reportedly activated by
EGFR . Based on these findings, we hypothesized that PRMT1-
mediated EGFR methylation might be critically involved in can-
cer MDR progression. Examination of EGFR methylation status
and interactions between EGFR and PRMT1 in ABCB1-overex-
pressing MDR cells and their parental cells revealed that the
aDMA level of EGFR was significantly increased in SW620/AD300
and KBV200 cells compared to their parental counterparts,
SW620 and KB (Fig. 3H). Co-IP assays further confirmed stronger
interactions between PRMT1 and EGFR in SW620/AD300 and
KBV200 cells than in parental cells (Fig. 31). These findings sug-
gest that PRMT1 may serve as a key therapeutic target in ad-
dressing cancer MDR, and PRMT1-mediated aDMA of EGFR is
closely involved in MDR formation in ABCB1-overexpressing hu-
man cancer cells.

3.4. Tl inhibits EGFR signaling through impairing PRMTI1-medi-
ated asymmetric dimethylation of EGFR

Following the preliminary evidence that PRMT1-mediated
aDMA of EGFR contributes to cancer MDR formation, this study
investigated whether TI's MDR reversal efficacy relates to PRMT1-
mediated aDMA of EGFR. Initial examination of PRMT1 expres-
sion in SW620/AD300 and KBV200 cells exposed to TI revealed
dose-dependent and time-dependent reductions in PRMT1 pro-
tein expression in both MDR cell lines (Figs. 4A and 4B). To elu-
cidate the underlying mechanism, SW620/AD300 and KBV200
cells were treated with TI (25 pmol-L™, 48 h) and analyzed via IP
to assess EGFR aDMA modification. Co-IP analysis evaluated
EGFR-PRMT1 interactions. As demonstrated in Fig. 4C, TI treat-
ment significantly decreased aDMA modification while maintain-
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Fig. 2 Tl inhibited ABCB1 expression and regulated its drug transport function. (A) Drug reversal effect of TI in S1-M1-80 cells (mitoxantrone-selected ABCG2-overexpress-
ing cell subline) evaluated by MTT assay. (B-C) Effects of TI on ABCB1 expression at the protein level (B, Western blot) and mRNA level (C, qRT-PCR). (D) IF analysis of AB-
CB1 subcellular localization (scale bar, 10 um). (E-F) Quantitative analysis of DOX efflux (E) and accumulation (F) in SW620, SW620/AD300, KB, and KBV200 cells follow-
ing treatment with‘TI or verapamil (VER, positive control), measured by flow cytometry. Data are presented as mean + SD (n = 3 independent experiments). P < 0.05, P <

0.01, "P<0.001, ""P <0.0001.

ing MMA levels of EGFR in both cell lines. Additionally, EGFR-
PRMT1 interactions were notably diminished upon TI exposure
in both MDR cell lines (Fig. 4D). These findings support the initial
hypothesis and indicate that TI inhibits both PRMT1 and PRMT1-
mediated aDMA of EGFR in SW620/AD300 and KBV200 cells.
Since EGFR methylation influences its activity and downstream
signaling, Western blot analysis of EGFR signaling effectors re-
vealed that TI treatment reduced phosphorylation of EGFR (p-
EGFR, Tyr1068) and key downstream effectors Erk and Akt in
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both cell lines (Figs. 4E-4G), demonstrating EGFR signaling in-
hibition. These results suggest that TI inhibits EGFR signaling
through impairment of PRMT1-mediated aDMA of EGFR in AB-
CB1-overexpressing human cancer cells.

3.5. Tl reverses drug resistance probably through inhibiting PRMT1-
mediated asymmetric dimethylation of EGFR

Given PRMT1'’s potential role in TI's drug resistance reversal
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Fig. 3 PRMT1-mediated EGFR asymmetric dimethylation contributed to TI-induced drug resistance reversal. (A-B) Proteomic profiling of SW620/AD300 cells exposed to
DMSO or TI (25 pmol-L™) for 48 h (n = 3). DEPs were displayed in a volcano plot (A) and hierarchical clustering heatmap (B). Significance threshold: P < 0.05; values are
log,fold change (log,FC). (C) ClueGO enrichment analysis of biological processes associated with downregulated proteins identified in (A). (D) PRMT1 expression levels in
various tumor tissues compared with adjacent normal tissues from the TCGA database. (E) Kaplan-Meier survival analysis of colon cancer patients stratified by high versus
low PRMT1 expression based on the TCGA-COAD dataset. (F-G) Correlation scatterplots depicting associations between PRMT1 expression and ABCB1 (F) or EGFR (G) ex-
pression in colon cancer tumor samples from TCGA-COAD. Spearman correlation analysis revealed significant positive correlations: PRMT1 vs ABCB1 (R = 0.17, P = 0.00019)
and PRMT1 vs EGFR (R = 0.28, P = 6.6e-10). (H) Evaluation of EGFR asymmetric dimethylation in SW620, SW620/AD300, KB, and KBV200 cells by immunoprecipitation
(IP). Partial total lysates were used as input and analyzed by Western blot. (I) Interactions between PRMT1 and EGFR in SW620, SW620/AD300, KB, and KBV200 cells by co-
immunoprecipitation (Co-IP). Partial total lysates were were used as input and analyzed by Western blot.

effect in ABCB1-overexpressing MDR cells, PRMT1 was overex-
pressed in SW620/AD300 and KBV200 cells, and TI's reversal ef-
fect was evaluated in PRMT1-overexpressing SW620/AD300""™
and KBV200™™ cells. PRMT1 overexpression was confirmed
through Western blot (Fig. 5A). MTT assays assessed TI’s efficacy
in reversing drug resistance to DOX or PAC in both standard and
PRMT1-overexpressing cell lines. The results demonstrated that
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the MDR reversal effect of TI was significantly reduced in
SW620/AD300"™™ and KBV200™™ cells compared to their
standard counterparts (Fig. 5B), suggesting that PRMT1 overex-
pression partially counteracts TI's drug resistance reversal effect
in ABCB1-overexpressing human cancer cells.

The aDMA modification of EGFR and the interactions
between PRMT1 and EGFR in SW620/AD300 and KBV200 cells
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exposed to TI (25 pmol-L™) for 48 h before or after PRMT1 over-
expression were analyzed. Results in Fig. 5C demonstrated that TI-
induced reduction of EGFR methylation in SW620/AD300 and
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KBV200 cells was significantly reversed in the PRMT1-overex-
pressing cell lines. Similarly, the diminished PRMT1 and EGFR in-
teraction caused by TI in SW620/AD300 and KBV200 cells was
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Fig. 4 EGFR signaling suppression by TI through inhibiting PRMT1-mediated asymmetric dimethylation of EGFR. (A, B) PRMT1 expression in SW620/AD300 and KBV200
cells following TI treatment at the indicated concentrations and durations, assessed by Western blot. (C) Evaluation of EGFR asymmetric dimethylation in SW620/AD300
and KBV200 cells treated with or without TI for 48 h, analyzed by immunoprecipitation (IP). Partial total lysates served as input. (D) Interaction between EGFR and PRMT1
in SW620/AD300 and KBV200 cells analyzed by co-immunoprecipitation (Co-IP), with partial total lysates used as input. (E-G) Western blot analysis of EGFR downstream
signaling pathways. Data are presented as mean + SD (n = 3 independent experiments). ‘P < 0.05, "P < 0.01, "P < 0.001, P < 0.0001, ns, no statistical significance.

reversed following PRMT1 overexpression (Fig. 5D). Additionally,
p-EGFR (Tyr1068), p-Akt (Ser473), and p-Erk (Thr202/Tyr204)
in SW620/AD300 and KBV200 cells in response to TI (25
umol-L™") before or after PRMT1 overexpression were evaluated
by Western blot. Results in Figs. 5E-5G indicated that TI signific-
antly downregulated PRMT1, p-EGFR (Tyr1068), p-Akt (Ser473),
and p-Erk (Thr202/Tyr204) in SW620/AD300 and KBV200 cells,
while this inhibition was notably reversed by PRMT1 overexpres-
sion, suggesting that PRMT1 overexpression may restore activa-
tion of the EGFR signaling pathway inhibited by TI, thereby coun-
teracting TI's drug resistance reversal effect in ABCB1-overex-
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pressing human cancer cells. These findings indicate that PRMT1-
mediated aDMA of EGFR plays a crucial role in TI-induced drug
resistance reversal effect in ABCB1-overexpressing human can-
cer cells.

3.6. Drug resistance reversal of Tl in the xenograft model

To verify the in vivo drug resistance reversal effect of TI in
ABCB1-mediated MDR, xenograft models were established by
subcutaneously inoculating SW620/AD300 cells into nude mice.
Tumor growth and body weight were monitored to assess the
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Fig. 5 Impairment of PRMT1-mediated EGFR asymmetric dimethylation contributed to TI-induced drug resistance reversal. (A) Validation of stable PRMT1-overexpressing
cell lines SW620/AD300™™™ and KBV200™"™. (B) MTT assay evaluating the effect of TI on reversing drug resistance of SW620/AD300, KBV200, SW620/AD300™"", and
KBV200™"™ cells to DOX and PAC. (C) IP analysis of EGFR asymmetric dimethylation in SW620/AD300 and KBV200 cells treated with or without TI for 48 h, before or after
PRMT1 overexpression. Partial total lysates served as input and were analyzed by Western blot. (D) Co-IP analysis of TI's effect on EGFR-PRMT1 interactions in
SW620/AD300 and KBV200 cells with or without PRMT1 overexpression. Partial total lysates were analyzed by Western blot as input. (E-G) Western blot analysis of TI's
impact on the EGFR 51gnalmg pathway in SW620/AD300 and KBV200 cells with or without PRMT1 overexpression. Data are presented as mean * SD (n = 3 independent ex-

periments). P < 0.05, "P<0.01, "P<0.001, P <0.0001.

MDR reversal efficacy of TI on SW620/AD300 cells to PAC. As
shown in Figs. 6A and 6B, PAC exhibited modest tumor growth
inhibition in xenograft models. However, TI at the dose of 20
mg-kg ™" significantly enhanced PAC’s growth inhibition in xeno-
graft models, demonstrating the drug reversal efficacy of TI. After
14 days of drug administration, the dissected subcutaneous tu-
mor tissues from mice in different groups were weighed, and the
results confirmed that the combination of TI plus PAC produced
significantly lower tumor weight compared to PAC monotherapy
(Fig. 6C). Notably, no changes in mice body weight were ob-
served across all experimental groups during the entire experi-
mental period (Fig. 6D). Additionally, liver and kidney functions
(plasma biochemical evaluation) of mice in different treatment
groups remained stable, with alanine aminotransferase (ALT), as-
partate aminotransferse (AST), creatinine (CREA) and blood urea
nitrogen (BUN) maintaining normal levels (Fig. 6E). Hematoxylin
and eosin (H&E) analysis revealed minimal toxicity of the com-
bination regimen (Fig. 6F). Furthermore, PRMT1, p-EGFR
(Tyr1068), and ABCB1 levels in tumor tissues were downregu-
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lated by the TI and PAC combination regimen, compared with
PAC monotherapy (Fig. 6G). aDMA modification of EGFR in mouse
tumor tissues was also reduced by TI and PAC co-administration,
compared with PAC administration alone (Fig. S14). These find-
ings demonstrate that TI effectively reverses ABCB1-mediated
MDR while exhibiting minimal toxicity in xenograft models.

4. Discussion

Cancer MDR remains a significant obstacle limiting the clinic-
al efficacy of various chemotherapeutic agents against cancers *°
Multiple mechanisms, including decreased intracellular drug re-
tention due to impaired drug absorption or enhanced drug efflux,
abnormal expression of drug transporters, drug target mutations,
and metabolic drug inactivation, enable cancer cells to evade
chemotherapy and develop MDR *. Furthermore, the TME may
contribute to MDR by inhibiting drug penetration *'. These pro-
cesses are governed by numerous distinct mechanisms *. The
primary challenges in MDR-related cancer treatment for the com-
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Fig. 6 Tl increased paclitaxel sensitivity in the xenograft model. (A-C) Subcutaneous xenograft tumors were established in mice using SW620/AD300 cells and divided into
four groups: Control (i.p., q2d), TI (i.p., 20 mg-kg ™", g2d), PAC group (i.p., 10 mg-kg™', q2d), and TI + PAC groups (i.p., 20 mg-kg™* Tl for 1 h before 10 mg-kg™' paclitaxel injec-
tion, q2d). Representative images of dissected tumors at the experimental endpoint (A), tumor volume (B), and tumor weight (C) measurements (n = 8). (D) Body weight
measurements of mice across treatment groups during the study period (n = 8). (E) Plasma biochemical assays assessing liver and kidney function, including alanine amino-
transferase (ALT), aspartate aminotransferase (AST), creatinine (CREA), and blood urea nitrogen (BUN). (F) Hematoxylin and eosin (H&E) staining of major organs, includ-
ing the heart, liver, spleen, lung, and kidney (scale bar, 50 pm). (G) Western blot analysis of PRMT1, p-EGFR (Tyr1068), and ABCB1 levels in tumor tissues of mice from the
indicated groups. Data are presented as mean + SD (n = 3 independent experiments). P < 0.05, "P < 0.01, ""P < 0.001, ""P < 0.0001, ns, no statistical significance.
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ing years include understanding specific resistance mechanisms,
identifying crucial molecular targets and signaling pathways, and
utilizing these findings to develop more effective therapeutic
strategies. Consequently, future prospects for MDR treatment de-
pend on multifaceted approaches, including novel anti-MDR drug
development, innovative diagnostic methods, and optimized
treatment protocols, thereby providing more precise and effect-
ive therapeutic options **. This study demonstrates that TI, a C21
steroid compound, effectively reverses drug resistance in ABCB1-
mediated MDR cancer cells with minimal toxicity, highlighting its
potential as an MDR reversal drug candidate.

Arginine methylation is primarily catalyzed by PRMTs. These
enzymes catalyze the methylation of histones, transcription
factors, and various regulatory proteins, resulting in modified
gene expression patterns, epigenetic changes, and altered cell
survival and growth. Abnormal expression and activity of PRMTs
contribute to cancer initiation and progression **. The mechan-
ism by which PRMTs impact cancer is multifaceted. PRMT5 pro-
motes colorectal cancer metastasis through SMAD4 methylation
and TGF- signaling activation **, demonstrating PRMTs’ involve-
ment in epigenetic regulation of colorectal cancer. Additionally,
PRMTs influence cancer progression by mediating critical signal-
ing pathways controlling cell fate, including p53, EGFR, and Kelch-
like ECH-associated protein 1 (KEAP1) signaling ***’. Liu et al.
demonstrated that PRMT1 methylates cyclic GMP-AMP (cGas),
suppressing cGas/stimulator of interferon genes (STING) signal-
ing and facilitating immune surveillance evasion *’. The role of
PRMTs in cancer extends to immunotherapy and drug resist-
ance * *, potentially offering novel therapeutic strategies. In
mammalian cells, PRMT1, a key type I PRMT, plays a crucial role
in oncogenesis through protein arginine side chain methylation,
making it a promising therapeutic target warranting extensive re-
search.

Based on extensive research, PRMT1 has emerged as a prom-
ising target for addressing cancer MDR *’. Takehiro et al. demon-
strated that PRMT1 plays an essential role in maintaining de novo
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fatty acid synthesis through PHGDH methylation mediation, ulti-
mately leading to chemoresistance in Triple-Negative breast can-
cer *'. Xia-Lu and colleagues identified a positive feedback loop
between PRMT1-mediated YAP methylation and methionine
transporter SLC43A2, which contributes to anticancer drug res-
istance, emphasizing PRMT1’s crucial role in cancer MDR *
However, the mechanisms of targeting PRMTs to address cancer
MDR remain unclear due to the complexity of protein arginine
methylation. In this study, we discovered that ABCB1-mediated
MDR cancer cells, SW620/AD300 and KBV200 cells, exhibit signi-
ficantly higher levels of EGFR methylation, particularly aDMA
modulation, and stronger EGFR-PRMT1 interaction compared to
their parental cells, SW620 and KB, indicating PRMT1 as a prom-
ising target for overcoming drug resistance. This research not
only revealed PRMT1’s involvement in cancer MDR progression
but also demonstrated that TI, as a potent PRMT1 inhibitor, ex-
hibited MDR reversal efficacy in vivo and in vitro through EGFR
methylation impairment and EGFR signaling inhibition.

Previous research has established that PRMT1 activates
EGFR signaling either through direct EGFR methylation catalysis
or by inducing histone methylation on the EGFR promoter “**.
Liao et al. demonstrated that PRMT1 enhances EGFR-ligand bind-
ing and receptor dimerization, along with subsequent signaling
activation, by catalyzing R198/R200 methylation of the EGFR ex-
tracellular domain *’. Consistently, our results show that TI re-
duced PRMT1 expression and induced a marked decrease in
PRMT1-EGFR interaction, as well as subsequent aDMA modifica-
tion of EGFR in SW620/AD300 and KBV200 cells. Additionally, p-
EGFR, p-Akt, and p-Erk levels decreased with TI treatment, indic-
ating EGFR signaling suppression. Notably, PRMT1 overexpres-
sion not only inhibited these TI activities in SW620/AD300 and
KBV200 cells but also restored their drug resistance characterist-
ics to chemotherapies, further confirming the crucial role of
PRMT1-mediated aMDA of EGFR in TIl-induced drug resistance
reversal effect in ABCB1-overexpressing human cancer cells

(Fig. 7).
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Fig. 7 Scheme illustrating TI's drug resistance reversal effect in ABCB1-mediated MDR cancer cells. (By Figdraw)

While we have elucidated TI's drug resistance reversal effic-
acy and its mechanism, several questions remain unresolved. For
instance, our findings have only identified TI's reversal of ABCB1-
mediated MDR, but not ABCG2-mediated MDR. A more compre-
hensive investigation is needed to verify this specificity of TI's
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MDR reversal effect. Additionally, the potential influence of TI on
cancer MDR reversal through regulation of the cancer immune
microenvironment requires examination. Furthermore, addition-
al research into PRMT1’s complex role in cancer MDR regulation,
TI's specific mechanism in cancer management, and TI's poten-
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tial targets in cancer MDR reversal remains essential. These ques-
tions warrant further investigation in future studies.

5. Conclusion

In conclusion, this study demonstrates that TI reverses AB-

CB1-mediated drug resistance in SW620/AD300 and KBV200
cells through PRMT1 downregulation, which mechanistically op-
erates by demethylating EGFR and suppressing EGFR signaling.
These findings highlight TI's potential as an MDR reversal candid-

ate

drug and provide insight into targeting PRMT1 as a strategy

to overcome MDR in cancer management.
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