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Introduction: Dormant cancer cells, capable of reactivating from the Gy phase, drive tumor recurrence and therapy resistance.
Current clinical strategies targeting dormancy remain limited. This study evaluates Punica granatum peel (PGP) and Dioscorea
Nipponica (DN) for their ability to sustain dormancy in lung cancer cells and inhibit reactivation.

Methods: Dormancy was induced in A549 and H460 lung cancer cells via contact inhibition or serum deprivation. Subcutaneous and
orthotopic xenograft mouse models were employed. Cells and mice were treated with PGP, DN, or their combination. SYBR Green
assays, flow cytometry, and immunoblotting assessed DNA synthesis, cell cycle phases, and protein expression (p27, SKP2, cMYC,
AURORA A, SUPTI16H, SSRP1).

Results: Both PGP and DN significantly inhibited DNA synthesis and cell cycle re-entry (Go-to-G; transition) in vitro. In vivo, tumor
volume and weight decreased by 26-50% (p < 0.05) in treated mice. Treatments upregulated p27 while downregulating SKP2, cMYC,
AURORA A, SUPT16H, and SSRP1. No synergistic effect was observed, but additive efficacy (Combination Index ~1) was noted at
a 10:1 PGP:DN ratio.

Discussion: PGP and DN sustain dormancy by modulating key cell cycle regulators, highlighting their potential to reduce recurrence
and combat drug resistance. These findings underscore the therapeutic promise of traditional Chinese medicines in managing dormant
cancer cells. Future studies should identify active compounds and validate mechanisms in advanced models.
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Introduction
Lung cancer persists as the predominant cause of cancer-related deaths globally. In 2020, it was responsible for 2.2 million
new cases and 1.8 million deaths worldwide, affecting both men and women.' Notably, the mortality from lung cancer in the
United States surpasses the combined fatalities from breast, prostate, and colon cancers.” Advances in low-dose spiral
computed tomography (CT) scanning have improved early-stage detection and increased the eligibility for surgical interven-
tions. Despite these advances, the rate of postoperative recurrence remains high and continues to drive mortality rates. Patients
diagnosed at advanced stages often face prognoses too severe for curative surgery. Moreover, the emergence of resistance to
third-generation targeted therapies and immunotherapies poses significant challenges to effective treatment.**

Recent advances in understanding the molecular and cellular mechanisms of tumor recurrence and drug resistance have
highlighted the critical role of tumor cell dormancy.™® Dormant tumor cells can temporarily halt proliferation, surviving
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treatments aimed at actively dividing cells, and can later reactivate, leading to recurrence and resistance. This knowledge has
spurred the investigation of various strategies to manage dormant tumour cells, including maintaining their dormancy, sensitizing
them to anti-cancer drugs, or eradicating them entirely.” Among the strategies explored, estrogen receptor modulators™ and
CDK4/6 inhibitors'® primarily focus on blocking cell cycle re-entry through inhibition of single molecular target.

This study introduces a novel strategy using Punica granatum peel (PGP) from Punica granatum L. and Dioscorea
Nipponica (DN) from Dioscorea nipponica Makino, two traditional Chinese medicines (TCMs) that target multiple
molecular regulators of dormancy. PGP, rich in bioactive polyphenols such as punicalagin and ellagic acid, has demonstrated
broad antitumor effects, including induction of apoptosis, inhibition of proliferation, and suppression of metastatic pathways

.12 1314 and colon cancers.'*'> Notably, PGP extracts modulate cell cycle regulators like cyclins and

in breast, prostate,
CDKSs, suggesting inherent potential to influence dormancy dynamics.'® Similarly, DN, a source of steroidal saponins (eg,
dioscin and gracillin), exhibits antitumor activity by disrupting mitochondrial function, promoting ROS-mediated apoptosis,
and inhibiting epithelial-mesenchymal transition in lung'” and hepatic cancers.'® 2" Its ability to downregulate MYC and
SKP2 in prior studies aligns with our focus on dormancy-related pathways.**> Our study demonstrates that, unlike
conventional single-target therapies, PGP and DN exhibit a unique polypharmacological mechanism: they stabilize the
dormancy-enforcing protein p27 while concurrently suppressing reactivation drivers including SKP2 and cMYC. This dual-
action, multi-target approach addresses the multifactorial nature of dormancy. Furthermore, the natural origin and preclinical

safety profile offer a potential therapeutic advantage over single target synthetic inhibitors.

Materials and Methods

Preparation of Agents for Treatment

Punica granatum peel (PGP) and Dioscorea Nipponica (DN), derived from Punica granatum L. and Dioscorea nipponica
Matkino, respectively, were procured as dried water extract granules from Jiangyin Tianjiang Pharmaceutical (https:/www.
tianjiangus.com/). The batch numbers were #20040131 for PGP and #20051413 for DN, authentication by Chinese
Pharmacopoeia. The dried granules were dissolved at 200 mg/mL in a 1:1 (v/v) mixture of DMSO and milliQ water to
prepare the stock solution and stored at 4°C.

Dormancy and Reactivation Model in vitro

Lung cancer cell lines A549 (CCL-185) and H460 (HTB-177) were sourced from American Type Culture Collection
(ATCC) and cultured in RPMI 1640 medium, supplemented with 10% v/v foetal bovine serum (FBS; AusGeneX,
Brisbane, QLD, Australia), 100 U/mL penicillin and 100 pug/mL streptomycin, at 37°C with 5% CO, atmosphere. A549
cells reached dormancy at 100% confluence maintained for 3 days, while H460 cells were grown to 70-80% confluence,
then subjected serum deprivation for 5 days to induce dormancy. Cell cycle reactivation was triggered by diluting A549
cells 1:10 or replating H460 cells in serum-containing medium.

Retroviral Transduction

pMXs-IP-mVenus-p27K~ was provided by Dr Toshihiko Oki (The University of Tokyo, Japan). The constructs were
mixed with packaging plasmids,** transfected into 50% confluent HEK293T cells using a calcium phosphate precipita-
tion. The lentiviral particles were then used to infect A549 and H460 cells in the presence of 8 pg/mL polybrene. Infected
cells with mVenus-p27K " construct were selected with 0.2 mg/mL puromycin® and further cultured to isolate single-cell
colonies expressing mVenus for subsequent experiments.

SYBR Green Assay

For experimental re-entry model, A549 and H460 (5000 cells/well) were seeded in 96-well plates and treated with PGP,
DN, or their combination to achieve the indicated dose for 3 days. H460 cells (10,000 cells/well) were seeded in serum-
free culture medium for 5 days followed by 3 days period of treatment in serum-free culture medium. For SYBR green
assay as described,?” duplicates of cells/well before treatment were stored at —80°C and used as a baseline representing
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the DNA content at the time zero of treatment. The cells were then harvested, and the fluorescence intensity (FI) of DNA
content of both baseline and treated cells was measured. The growth inhibition (GI) was calculated as described.”®

Determination of Combination Ratio in vitro

The ratio between PGP and DN in vitro was assessed using CalcuSyn software (Biosoft, Cambridge, UK). The
combination index (CI) value was derived from the dose—effect relationships of both drugs, individually and in
combination, according to the Chou-Talalay method. The dose—effect curves were constructed using data obtained
from SYBR Green assays, where varying concentrations of PGP and DN were applied to the target cells. Data analysis
through CalcuSyn software involved inputting the dose and corresponding effect levels for each drug alone and in
combination. Common thresholds are CI<I for synergy, CI=1 for additivity, and CI>1 for antagonism.

Flow Cytometry

Cell cycle analysis was performed on A549 and H460 cells (4x10° and 5x10° cells respectively) treated with PGP, DN,
or their combination for 24 hours, followed by trypsinization and fixation in 70% ethanol at 4°C overnight. The cellular
DNA was labeled with Hoechst 33342 (H21492, Molecular Probes) at 4 pg/mL at 37°C in dark for 45 min followed by
incubation with Pyronin Y (18614, Polysciences) at 8 pg/mL at room temperature in dark for further 15 min to label
cellular RNA. The stained cells were analysed using a Gallios flow cytometer (Beckman Coulter Life Science) with

FlowJo software for data analysis, as described previously.'*?>

Immunoblotting

Treated A549 and H460 cells were lysed with RIPA buffer containing protease and phosphatase inhibitors (11836145001;
Roche) and 50 mm sodium fluoride (S7920, Sigma-Aldrich), sonicated, and centrifuged to collect supernatants for
immunoblotting, as described previously.?” Proteins were separated by SDS-PAGE, transferred to PVDF membranes, and
probed with antibodies. The primary antibodies against SKP2 (2652), ¢c-MYC (13987), SUPT16H (12191) and SSRP1
(13421) were purchased from Cell Signaling Technology, and antibodies against p27 (sc-528), and a-tubulin (SC-5286)
were from Santa Cruz Biotechnology. Detection was performed using enhanced chemiluminescence (ECL) and captured
on a ChemiDoc MP imaging system (Bio-Rad).

In vitro Digestion Test

This test was conducted to evaluate the stability of PGP and DN under simulated gastric and intestinal conditions,
following the method*® with some modification. 100 mg of PGP, DN and combination was dissolved in milli Q water at
20 mg/mL. 1 mL of dissolved solution was kept as control and the remaining solution was adjusted to pH 2 with HCI
followed by incubation with 5 mg/sample of pepsin from porcine stomach mucosa (P6887, Sigma-Aldrich) for 2 hours in
a shaking bath. Samples were then neutralized with NaHCO3 to pH 8.0 and incubated with 20 mg/sample of pancreatin
from porcine pancreas (193975, MP Biomedicals) and 200 pug/mL of bile extract mixture (B8756, Sigma-Aldrich) for
2 hours in a shaking bath. The samples were then adjusted to pH 7.4 using RPMI 1640 culture medium to obtain a total
of 20 mL. To stop the activity of digestive enzymes, both control and enzymes treated samples were heated for
15 minutes at 95°C. The samples were then filtered with 0.22 um filter (SLGP0O33RS, Millipore) and diluted with
culture medium for the desired treatment concentration.

Human Lung Cancer Xenograft Model in Mice

H460 (1x107 cells in 0.2 mL of PBS) was inoculated subcutaneously into the left flank of 7-week-old BALB/c nude
mouse. When tumour formed in 3—4 weeks in the size of a soybean, tumours were removed and cut into 2 mm°>. Each
piece was then implanted through a puncture needle into individual mouse followed by randomly assigning into the
control and treatment groups (n = 8 per group). In the next day, PGP or DN was dissolved in normal saline, vortex and
preheat at 37°C water baths for 30 min before given via oral gavage. The human daily dose of PGP is 9 g, and DN 15 g,
based on the Chinese Pharmacopoeia.”’ The ratio of PGP and DN to dried powder of water extracts was 5:1 and 6:1,
respectively (w/w). Based on twice the human daily dose and the conversion coefficient of 0.0026 for 20 g mice, 9.4 mg
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of PGP or 13 mg of DN in 0.2 mL of normal saline was given to each mouse daily. For the control group, 0.2 mL of
normal saline was given by gavage. The H460 xenograft was monitored by calibre measurement and tumour volume was
calculated as volume = (length x width?)/2. The study was approved by Institutional Animal Care and Use Committee
(IACUC) of Shanghai Model Organisms Centre (Approval number #2019-0011).

Human Lung Cancer in situ Model in Mice

Female BALB/c nu/nu mice, 4-week-old, were used for lung orthotopic tumour implantation. 5x10° H460-luc cells in
50 puL of HBSS were injected into the point of intersection of the horizontal line along the xiphoid to the right chest and
the vertical line from the right axillary down. D-Luciferin (150 mg/kg) was injected intraperitoneally ~7 mins before
detection, tumour burden signal was detected by IVIS spectrum xenogen machine (Caliper Life Sciences). On day 10
post-injection, mice were randomly assigned to control, PGP, DN and the combination group (n = 8 per group). The dose
range and administration of the treatment were the same as in the xenograft model. Bioluminescence analysis was
performed using Living Image software. The study was approved by Institutional Animal Care and Use Committee
(IACUC) of Shanghai Model Organisms Centre (Approval number #2019-0011). All animal procedures are strictly
complied with the Guideline for the Welfare and Ethical Review of Laboratory Animals (35892-2018), which is the
national standard issued by the Standardization Administration of China (SAC). This guideline governs ethical review,
housing conditions, and humane endpoints for the use of laboratory animals in China.

Chemical Profiling of PGP and DN Using LC MS/MS

Ultra-High Performance Liquid Chromatography coupled with Quadrupole Time-of-Flight Mass Spectrometry (UPLC-
Q-TOF-MS) was employed to identify chemical constituents within the PGP and DN samples. Sample preparation
involved grinding the PGP (2g) or DN (1g) granules into a fine powder, added to a 50 mL conical flask with 20 and
10 mL of 50% methanol, respectively. The mixture underwent ultrasonication at 300 W and 40 kHz for 30 minutes, was
then cooled, shaken, and centrifuged at 12,000 rpm for 5 minutes to obtain the supernatant. The analysis utilized a Waters
ACQUITY UPLC HSS T3 column (2.1x100 mm, 1.8 pm) with a column temperature maintained at 30°C and a flow rate
of 0.3 mL/min. The mobile phase consisted of acetonitrile (A) and 0.1% formic acid in water (B). For Mass
Spectrometric analysis, the AB Sciex Triple TOE® 4600 system was used in both negative and positive ion modes.
The TOF mass range was set from 50 to 1700 m/z.

Statistical Analysis

SPSS (version 29) and GraphPad Prism 9.2.0 were used for data analysis. Normality of data distributions was confirmed
using the Shapiro—Wilk test prior to ANOVA. For comparisons between individual groups where sample sizes were
larger, Fisher’s LSD multiple comparison test was applied, and differences were considered statistically significant at p <
0.05. For analyses involving smaller sample sizes (eg, cell-phase data with n = 5 per group), recommended stratified
bootstrapping with 5000 resamples was performed to calculate bias-corrected and accelerated (BCa) 95% confidence
intervals for multiple comparisons.®” Statistically significant differences were determined when the confidence intervals
excluded zero.

Results
Inhibition of DNA Synthesis by PGP and DN in Reactivated Lung Cancer Cells

The re-entry of dormant cancer cells into the cell cycle is marked by the resumption of DNA synthesis. Thus, we investigated
the effect of Punica granatum peel (PGP) and Dioscorea Nipponica (DN) on DNA synthesis in lung cancer cells transitioning
from a dormant state. Dormancy in A549 and H460 cells was induced by contact inhibition and serum deprivation,
respectively. Reactivation was achieved either by dilution of contact inhibited cells or reexposure to serum. Upon reactivation
from dormancy, cells were treated with PGP, DN, or their combination. All three treatments exhibited a dose-dependent
inhibition of DNA synthesis at 48 h and 72 h post-dormancy in both cell lines (Figure 1a). The half-maximal inhibitory
concentration (Glso) from each treatment at 72 h is presented in Supplementary Table 1. The combination efficacy of PGP and
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Figure | Inhibition of cell cycle re-entry by PGP, DN, and their combination in lung cancer cells. (a) Lung cancer cells were synchronised at the G state, and various dose
ranges of PGP, DN and the combination were introduced upon cell cycle re-entry. Cells were harvested at 48 h and 72 h of cell cycle re-entry, and DNA content was
analysed using SYBR Green assay. Data expressed as mean  SD (n = 6) of DNA content; * indicates statistical significance compared with the control (p < 0.05) and different
letters (a, b, ¢, d, e) indicate statistical significance among the doses (p < 0.05). (b) Treating lung cancer cells upon cell cycle re-entry with PGP, DN and the combination, and
cells were harvested at 16 h and 24 h for cell cycle analysis by flow cytometry. Representative histograms of Hoechst staining alone and dot plots of co-staining of Hoechst
and Pyronin Y were presented. Data expressed as mean + SD (n = 4). * indicates statistically significant differences when the confidence interval between the treated groups
and control exclude zero.
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DN was analyzed using CalcuSyn software. Although no synergistic effect (CI<1) was observed in the tested dose range in
both cell lines, a ratio of 10-20:1 (PGP:DN) had a CI value close to 1 whereas a significantly high CI was noted at a 1-5:1 ratio
(Supplementary Table 2). Since no statistical difference was present between the 10:1 and 20:1 ratios at EDs,, consequently,

a 10:1 ratio was selected for treatments of both cell lines.

Cell Cycle Arrest from Gg to G, by PGP and DN

Then, we examined the distribution of cell cycle phases to ascertain how these treatments suppressed DNA synthesis.
Dormant A549 and H460 cells were reactivated and treated with PGP (400 pg/mL), DN (40 pg/mL), or their combination
(400 pg/mL PGP + 40 pg/mL DN). The treated cells were harvested at 16- and 24 h post-dormancy release, followed by
Hoechst 33342 staining for cell cycle analysis. To assess the transition from Gy to G, phase specifically, we employed a dual
staining approach using Hoechst 33342 and Pyronin Y, leveraging the lower RNA content characteristic of the G, phase.>'
Vehicle-treated control cells exhibited a decrease in the Gy fraction at both 16 h and 24 h post-dormancy, compared with
dormant cells, indicative of cell cycle reactivation. In contrast, treatment with PGP, DN or their combination inhibited this
transition, maintaining a significant proportion of cells in the G, phase (Figure 1b). For both 16 h and 24 h, all treatments
had effectively reduced the population of cells progressing into the DNA synthesis phase.

Modulation of Proteins Maintaining or Awakening Dormancy by PGP and DN

To elucidate the effects of PGP and DN on cell cycle re-entry mechanisms, we utilized A549 and H460 cells transfected
with mVenus-p27K"™ plasmids. These treatments were applied upon reactivation from the dormant state, with cellular
imaging conducted at dormancy, and 24 h and 48 h post-release. Control cells exhibited a notable decrease in mVenus-
p27K" levels 24 h after dormancy release. Conversely, treatment with PGP, DN, or their combination maintained, to large
extent, levels of mVenus-p27K", suggesting an inhibition of cell cycle reactivation (Figure 2a and b).

Further analysis focused on the p27 signaling network, crucial for cell cycle progression. We assessed the expression of
proteins that either promote or inhibit cell cycle re-entry, specifically cMYC, AURORA A, SKP2 (all re-entry promoters),
and p27 (re-entry inhibitor) following 24 h post-dormancy. Results demonstrated that all three treatments effectively down-
regulated cMYC, AURORA A, and SKP2, while up-regulating p27 levels (Figure 3a and b). Moreover, PGP alone and in
combination with DN reduced SUPT16H and SSRP1 levels, with DN alone prominently decreasing SUPT16H levels.

The expression levels of the key regulators in human cancer tissues were examined using the TCGA database.
AURORA A, SKP2, SSRP1, and SUPT16H were aberrantly elevated at mRNA levels in lung adenocarcinoma compared
with either same individual adjacent (paired) or other individual (unpaired) normal tissues (Figure 3¢ and d).

Efficacy of Oral Administration of PGP and DN in Xenograft Models

An in vitro digestion test was performed to evaluate the stability of PGP and DN against gastrointestinal enzymes, with
their impact on DNA content assessed via SYBR Green DNA analysis (Supplementary Figure 1). The results indicated

that the anti-cancer properties were stable and not degraded by pepsin or pancreatin, supporting their suitability for oral
administration.

In vivo efficacy was assessed using a subcutaneous H460 cell xenograft model in mice. Starting on the second day post-
implantation, mice were orally administered 9.4 mg of PGP or 13 mg of DN dissolved in 0.2 mL of normal saline, while the
control group received 0.2 mL of normal saline alone. Significant tumor volume reductions were observed in the treated groups
from Day 16 for PGP and Day 11 for DN, with reductions of 26% and 50% in tumor size, respectively, by the end of the study
(Figure 4a). Tumor weight decreased by 36% in the PGP group and 50% in the DN group, with statistical significance (p < 0.03,
Figure 4b). The body weight of the animals remained stable throughout the experiment (Figure 4c).

Additionally, H460-luc cells were used to establish an orthotopic lung cancer model with tumors localized via
transthoracic injections. After § days, treatments were administered at the same (High dose) and half of (Low dose)
dosages used in the subcutaneous model. Tumor progression was monitored weekly by bioluminescence imaging. On day
30 post-injection, a significant reduction in tumor burden by 63% was noted across all High dose treatment groups
compared to controls (p < 0.05, Figure 4d and e), without affecting the overall body weight of the mice (Figure 4f).
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Figure 2 Retention of mVenus-p27K— signal upon cell cycle reactivation by PGP, DN, and their combination. A549 and H460 cells with mVenus-p27K" construct were
enriched at Gy state, and treatments were introduced once the cells were released from the dormant state. Cells were imaged after 24 h and 48 h of treatment. (a)
Representative fluorescence images of Gq cells, without or with treatments upon release from quiescence for A549 and H460 cells with the mVenus-p27K™ construct were
presented. (b) The mVenus-p27K™ positive cells from the green fluorescence channel and the total number of cells from differential interference contrast (DIC) were
counted using Image J. The percentage of mVenus-p27K™ positive cells from each sample was calculated from the ratio of green cells over the total number of cells. The
average percentage from three biological replicates (n = 3) was presented. * indicates statistical significance compared with the control upon cell cycle re-entry (p < 0.05).

Chemical Profiling of PGP and DN
Ultra-High Performance Liquid Chromatography coupled with Quadrupole Time-of-Flight Mass Spectrometry (UPLC-
Q-TOF/MS) analysis identified 24 phytochemicals in PGP and 23 in DN, including bioactive compounds with estab-
lished anticancer properties. Novel compounds like fukiic acid (PGP; *m/z* 271.047) and polyphylloside III (DN; *m/z*
1091.542) warrant further investigation for dormancy-specific roles.

PGP Profile (Supplementary Table 3): major constituents with high abundance (AUC>4.6 million) include
Punicalagin and ellagic acid,> both known for inducing apoptosis and cell cycle arrest.'' !> Polyphenols including

Gallic acid, brevifolincarboxylic acid, and corilagin were detected, corroborating PGP’s antioxidant and antiproliferative

activities.>
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the dormant state and cells were harvested at 24 h for immunoblotting. (b) Quantification data of immunoblotting expressed as mean + SD (n = 5) of protein intensity determined
by densitometry. Proli cells: Proliferative A549 and H460 cells’ samples were used as control. * and *** indicate statistical significance compared with control (p < 0.05 and p <0.001
respectively). The mRNA levels of cell cycle re-entry key regulators from 59 paired samples of lung adenocarcinoma and adjacent normal lung tissues (c), and unpaired 539 lung
adenocarcinoma and 59 normal lung tissue samples (d) from TCGA database are presented.

4004 https: Drug Design, Development and Therapy 2025:19



Hnit et al

(a) PGP Tumour Size (b) PGP Tumour Weight (c) PGP Body Weight
MA —_
€ * 212 = w 327 e Control
3 9007 4 control %o p=0.0043 E’m
£ PGP ] L] 24 PGP
2 600 208 2
2 3 ° Z 16 —
g £ 3
£ 300 2 04 c g
2 £ 3
c o] =
g 0 — T T T = 0.0 . . 0 L S L I—
1 5 8 12 16 19 22 Control PGP 1 5 8 12 16 19 22
Day Day
DN Tumour Size DN Tumour Weight DN Body Weight
E 12007 e Control . % 12 p=0.0149 ® 327 e control
— =y —
g DN 3 w24 DN
2 800 * 208 § ;——Q/}\i_i—f/i
s . é z16
o ° <}
£ 400 - 2 0.4 il
S 8
= c 5
c 3 >
8 ol g——rw =00 -
s . . T
1 4 7 11 14 18 21 Control DN 1 4 7 11 14 18 21
Day Day
(d) Days after cancer cells injection
Day 22 Day 30
CON
SO TSV L [ ke
PGP
DN
PGP+DN
Low Dose
PGP+DN
High Dose‘
(e)
Treatment starts on Day 8 Treatment starts at Day 8
. )
8x10 . PGP PGP+DN (High dose) 22- PGP  * PGP +DN (High Dose)
. = DN PGP+DN (Low dose) « DN PGP + DN (Low Dose)
& * Control * Control
- 8.4
= 6x10 __ 20-
(7] D
5 . 2
g _ £
. (]
g 4x10 . : 2 18]
& >
2 o 3
o . ° m
g 0 10
i
o
0- R L
8162230 8162230 8162230 8162230 8162230 0O 1 4 7 10 13 16 19 22 25 28 31
Days after implantation Days after implantation
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DN Profile (Supplementary Table 4): Steroidal Saponins includes Dioscin and gracillin both showed significant

abundance (AUC>4.7 million) and are potent inhibitors of MYC and SKP2 pathways.zz’23 Saponin Derivatives including
Protodioscin and pseudoprotogracillin were also identified, consistent with DN’s reported role in ROS-mediated
apoptosis.'*** Fatty Acids and Triterpenoids including Tianshic acid and trillin highlighted DN’s multi-target
bioactivity.

Discussion

This study assessed the impact of Punica granatum peel (PGP) and Dioscorea Nipponica (DN) on dormant lung cancer
cells, demonstrating that these agents not only inhibit DNA synthesis and cell cycle re-entry but also modulate key
proteins involved in cell cycle regulation and dormancy maintenance. Notably, PGP and DN, either alone or in
combination, effectively maintained the dormancy of lung cancer cells and significantly reduced tumor size and weight
in xenograft models.

Dormant tumor cells, characterized by low proliferative and metabolic activity, play a crucial role in cancer
recurrence and therapy resistance. These cells can evade therapeutic interventions and potentially reinitiate tumor growth
under conducive internal and external conditions.>***® Recent theories propose that a subpopulation of cancer stem cells,
which remain dormant, could explain tumor persistence and relapse.®*” Such cells are not only resistant to targeted
therapies but can also self-renew and differentiate, thus contributing to treatment resistance. A pivotal study has linked
these concepts by identifying a dormant p27" subpopulation of cancer stem cells, indicating that conventional cancer
drugs effectively target p27 cancer stem cells but are ineffective against p27" cells.*® This integration of cancer
dormancy and stem cell theories provides a critical foundation for our exploration of PGP and DN’s effects on dormant
lung cancer cells.

The therapeutic potential of this study is significant, particularly given the limited current clinical options like
estrogen receptor modulators® and CDK4/6 inhibitors,*® which primarily prevent tumor cells from exiting dormancy.
Our findings suggest that PGP and DN offer a promising approach to targeting dormant tumor cells. The study showed
that PGP and DN modulate a network of proteins critical for the transition from G, to G; phase. The proteins affected
include p27, a key regulator of cell cycle dormancy, and SKP2, cMYC, AURORA A, and components of the FACT
complex, all of which play significant roles in cell cycle progression and tumorigenesis.*' ¢cMYC can suppress p27
transcription or indirectly reduce p27 protein stability via SKP2, part of the SCFS*F? ubiquitin ligase complex, which is
transcriptionally regulated by cMYC. The components of the FACT complex, SSRP1 and SUPT16H, are involved in
promoting expression of p27 degradation protein including SKP2 and c-MYC.?> AURORA A (AURKA) has been shown
to form a complex with MYC preventing it from degradation. Moreover, by disrupting the MYC-AURKA complex,
AURKA inhibitors stimulate MYC degradation and reduce tumor progression.*>** Therefore, the decrease in SKP2,
cMYC, AURKA, SUPTI16H, and SSRP1, and stablization of p27 in the presence of PGP and DN are likely to be
responsible for hindering the Gy to G; cell cycle transition and maintaining cells in a dormant state (Figure 5). While our
data demonstrate that PGP and DN modulate MYC, SKP2, and p27 through upstream regulatory networks, further
studies are required to determine whether specific compounds within these extracts directly bind to these targets or act via
intermediary signaling cascades. The absence of sub-G1 populations in treated cells, coupled with selective G arrest and
p27 stabilization, distinguishes the effects of PGP and DN from nonspecific cytotoxicity. These findings align with prior
reports where dormancy regulators modulate cell cycle checkpoints without inducing cell death.*’ It is also important to
note the functional stability of PGP and DN under simulated gastrointestinal conditions by SYBR Green assays, though
metabolite profiling remains an avenue for future investigation.

The lack of overt synergy (Combination Index, CI<1) but observed additive efficacy (CI=1) between PGP and DN at
a 10:1 ratio offers insights into their mechanism of action and therapeutic potential. Synergy implies a cooperative
interaction, often arising from complementary pathways. In contrast, additive effects reflect independent or overlapping
mechanisms that cumulatively achieve the desired outcome without amplification. Both PGP and DN modulate over-
lapping dormancy regulators (p27 stabilization, SKP2/MYC suppression), suggesting their effects converge on the same
pathways. While synergy is often idealized, additive effects in PGP-DN provide a pragmatic advantage for dormancy
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Figure 5 Biochemical pathways influenced by PGP, DN, and their combination in regulating cell cycle reactivation. Detailed pathways illustrate gene, mMRNA, and protein
interactions affecting cell cycle dynamics.

management, combining safety, multi-target coverage, and resistance prevention. This balance positions the combination

While PGP and DN show promise in preclinical models, clinical translation will require addressing bioavailability
limitations, standardization challenges, and potential drug interactions. Future studies must prioritize pharmacokinetic
profiling, long-term safety assessments, and compatibility with existing therapies to bridge these gaps. LC-MS/MS profiling
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identified punicalagin and ellagic acid in PGP, and dioscin and gracillin in DN compounds with established anticancer activity
in lung cancer. Punicalagin and ellagic acid disrupt MY C-driven proliferation and enhance chemosensitivity, while dioscin
and gracillin induce apoptosis and inhibit metastatic signaling. These mechanisms in line with our observed dormancy-
enforcing effects, positioning PGP and DN as multi-targeted agents against lung cancer recurrence. Further research should
focus on identifying specific compounds within PGP and DN that impact dormancy-related pathways, offering novel insights
into the action and mode of action. Although reductions in tumor volume in mouse models are indicative of efficacy, these
models do not fully replicate the cell cycle re-entry dynamics of dormant cancer cells. Future studies should consider
employing patient-derived tumor organoids and advanced in vivo imaging techniques to better understand the dynamics of
dormancy and reactivation.

In conclusion, PGP and DN represent promising agents for sustaining lung cancer cell dormancy, potentially opening
new avenues for preventing tumour recurrence. Our study enriches the understanding of how active components present
in traditional Chinese Medicines can modulate key regulatory mechanisms in cancer biology, paving the way for novel
therapeutic strategies against dormant tumour cells resistant to current treatments.
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