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ABSTRACT

The interplay between metastasis-associated protein 1 and protein kinase B (MTA1/AKT) signaling has been
implicated in driving prostate tumor expansion. Plant-derived polyphenols—especially stilbene compounds—
have emerged as promising agents for interrupting MTA 1-driven prostate malignancy. In this work, we utilized a
prostate-specific transgenic mouse line featuring MTA1 overexpression combined with phosphatase and tensin
homolog (Pten) deletion (R26MTAT1; Ptenf/f), as well as PC3M prostate cancer cells, both of which model key
alterations found in advanced disease. Mechanistic studies revealed that either silencing MTA1 or chemically
suppressing it with gnetin C (a resveratrol dimer) in PC3M cells led to substantial suppression of mammalian
target of rapamycin (mTOR) activity. In vivo, mice received daily intraperitoneal injections of gnetin C (7 mg/kg
bw) for 12 weeks without exhibiting toxicity. Gnetin C treatment significantly curtailed proliferation and
angiogenesis while enhancing apoptosis in mice with late-stage prostate tumors. Moreover, beyond lowering
MTAI1 expression in prostate epithelial cells, gnetin C strongly diminished mTOR signaling in prostate tissues,
including the phosphorylation of mTOR-regulated proteins p70 ribosomal S6 kinase (S6K) and eukaryotic
initiation factor 4E (elF4E)-binding protein 1 (4EBP1). Altogether, these results identify gnetin C as a natural
anticancer agent capable of counteracting MTA1/AKT/mTOR-driven prostate cancer, supporting its potential as
a standalone therapy or as a complement to approved mTOR inhibitors.
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Introduction

Individuals diagnosed with prostate cancer represent a diverse population whose outcomes range from curable
disease to highly aggressive and deadly forms. Between 2007 and 2014, diagnoses declined following adjustments
in guidelines for prostate-specific antigen screening, leading to an approximately 5% annual rise in advanced-
stage cases [1]. This trend underscores the need to clarify the mechanisms that drive aggressive progression and
metastasis. Prostate neoplasms typically originate from precursor lesions such as prostatic intraepithelial neoplasia
(PIN), which may evolve into adenocarcinoma and, occasionally, metastatic cancer. Each step of development is
marked by distinct molecular features and pathway activation patterns. While androgen receptor (AR) signaling
dominates hormone-sensitive disease, tumors that progress after androgen deprivation rely on alternative survival
routes, notably the loss of PTEN function and ensuing activation of the AKT/mTOR pathway [2-7]. Another
major contributor to advanced disease is MTA signaling, which strongly correlates with clinically severe prostate
cancer [8, 9]. Our earlier work demonstrated elevated MTA1 levels in Pten-deficient mouse models, influencing
inflammation and survival pathways [10]. We previously showed that reduced MTA1 expression was associated
with increased PTEN acetylation and activation, thereby limiting disease progression partly by inhibiting p-
AKT—revealing a deregulated MTA1/PTEN/AKT axis in prostate cancer [10, 11]. More recently, studies in a
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premalignant high-risk model (R26MTA; Pten+/f; Pb-Cre+) showed that dietary stilbenes such as pterostilbene
and gnetin C (resveratrol dimer) prevented progression from high-grade PIN to adenocarcinoma [12, 13].
Despite extensive efforts to develop inhibitors targeting PI3K/AKT/mTOR, clinical trials in prostate cancer have
been hindered by toxicity [14] and limited therapeutic benefit [15]. Interest in natural polyphenols has grown over
the last two decades due to their anti-inflammatory and anticancer effects [16-18]. Multiple classes of these
compounds can modulate pathways, including PI3K/AKT/mTOR [19-21]. Our team has consistently documented
the MTA1-dependent anticancer actions of stilbenes—resveratrol, pterostilbene, and gnetin C [10, 22]—and has
recently shown gnetin C to suppress tumor growth in xenografts and act as a preventive agent in a transgenic
model [13, 23]. Based on this foundation, we proposed that gnetin C could function as a targeted MTA1 inhibitor
for advanced prostate cancer. Such an approach would offer two advantages: (1) biomarkers like MTA1 within
the AKT/mTOR axis may identify patients likely to respond to non-kinase-based pathway inhibitors; and (2) a
well-tolerated natural compound that blocks MTA1-linked signaling could support innovative, low-toxicity
combination strategies.

In this study, our goals were to: (1) generate a genetically engineered mouse model that mirrors advanced prostate
cancer arising from prostate-specific MTA1 overexpression together with PTEN loss (R26MTA1; Ptenf/f; Pb-
Cre+t; hereafter R20MTAT1; Ptenf/f); (2) determine the downstream signaling alterations resulting from MTAI
overexpression in PTEN-deficient tumors and define how they foster tumor progression; and (3) evaluate how
effectively gnetin C modulates MTA1-controlled pathways in vivo.

Materials and Methods

Reagents and cell culture

Gnetin C was supplied by Hosoda SHC Co., Ltd. (Fukui, Japan). For all experiments, the compound was prepared
in dimethyl sulfoxide (DMSO) at a final concentration of 0.1% for in vitro tests and 10% for in vivo treatments,
then stored in light-protected conditions at —20 °C.

PC3M prostate cancer cells were obtained from Dr. R. Bergman (University of Nebraska Medical Center, Omaha,
NE, USA). Cultures were maintained in RPMI-1640 supplemented with 10% fetal bovine serum under standard
incubation conditions (37 °C, 5% CO2). MTAl-silenced PC3M derivatives were produced according to a
previously published protocol [24] using three ShRNA constructs, with clone #3 selected for this study due to the
strongest knockdown. All lines were confirmed to be free of mycoplasma contamination with the Universal
Mycoplasma Detection Kit (ATCC, Manassas, VA, USA).

RNA sequencing
RNA-Seq was carried out on prostates from 18-week-old animals representing four genotypes:
1. R26MTAL; Pb-Cre— (WT)
2. R26MTAI; Pb-Cret+ (MTA1 OE)
3. Ptenf/f; Pb-Cre+ (Pten-null)
4. R26MTAL; Ptenf/f; Pb-Cre+ (Pten-null MTA1 OE)

Genotypes were validated by PCR using previously established primer sets [12]. Total RNA was extracted with
the miRNeasy Kit (Qiagen, Hilden, Germany) and sent to LC Sciences (Houston, TX, USA) for library preparation
and sequencing.

Two independent biological replicates were processed per genotype. Sequencing reads were aligned to the
GRCm39 reference transcriptome (Ensembl; accessed 22 March 2023) and summarized to gene-level counts using
biomaRt (Bioconductor; accessed 22 March 2023).

Differentially expressed genes (DEGs) were identified with DESeq2 [25] using FDR < 0.05 and |log2FC| > 1.
Pathway enrichment was evaluated with the MSigDB Hallmark sets [26], also applying FDR < 0.05.

Western blot analysis

Protein lysates from both cultured cells and prostate tissues were separated on 6%, 10%, or 15% polyacrylamide
gels and transferred to PVDF membranes following previously published methods [13]. Primary antibodies
targeting MTA1, AKT, p-AKT"Ser473, mTOR, p-mTOR"S2448, p-S6K*T389, p-4EBP1, and Cyclin D1 (Cell
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Signaling Technology, Beverly, MA, USA) were used. B-actin and HSP70 (Santa Cruz Biotechnology, Dallas,
TX, USA) served as loading controls.

Signals were visualized using enhanced chemiluminescence on a Bio-Rad ChemiDoc system and quantified with
ImageJ v1.54h (NIH, Bethesda, MD, USA) as phospho/total protein ratios normalized to loading controls.

Animals and study design

All procedures were approved by the Long Island University IACUC (protocol #2022-011, approved 10 March
2022). Mice were housed under pathogen-free conditions with unlimited access to food and water and were
observed daily for overall health.

Mouse models
The R26MTAL1; Pb-Cre+ model with biallelic MTA1 overexpression in the prostate was described previously
[12]. These animals were crossed with C57BL/6J Ptenf/f mice (Jackson Laboratories, Nashville, TN, USA) to
produce R26MTA1; Ptent/f; Pb-Cre+ [12, 13] and R26MTA1; Ptenf/f; Pb-Cre+ males for the present work.
Tail-DNA genotyping used the following primers:

e MTAI1 F: 5-GCT GCT CTC ATC CTC AGA AAC C-3'

e MTAI1 R: 5-CTC GAT GTT GTG GCG GAT CTT GAA GTT-3' (715 bp)

e PTEN F: 5'-CAA GCA CTC TGC GAA CTG AG-3'

e PTENR: 5-AAG TTT TTG AAG GCA AGA TGC-3' (156 bp WT, 328 bp mutant)

e CreF:5-TCG CGA TTA TCT TCT ATA TCT TCA G-3'

e CreR:5-GCT CGA CCA GTT TAG TTA CCC-3' (392 bp) [12]

PCRs were run on an Eppendorf thermocycler. A reference group of R26MTA1; Pb-Cre— males (n = 3) with
normal prostates served as baseline controls.

experimental design

Dose rationale: Previous studies showed that pterostilbene delivered intraperitoneally at 10 mg/kg bw produced
anticancer effects without toxicity [10]. Considering gnetin C’s improved pharmacokinetics [27] and
demonstrated safety in rodents [28], a daily dose of 7 mg/kg bw was chosen.

Using the standard animal-to-human conversion equation

HED (mg/kg) = animal dose x Km, 1)

with Km = 0.081 for mice [29], the selected dose corresponds to 39.69 mg/day for a 70-kg adult male—consistent
with levels tolerated in human studies [27, 30-32].
Two cohorts of R2Z6MTA1; Ptenf/f mice were assigned at 3—4 weeks of age:

e  Vehicle group: 10% DMSO, n=7

e Gnetin C group: 7 mg/kg bw/day, n=11

Mice received intraperitoneal injections 5 days per week, followed by 2 days off, for a total of 12 weeks. Body
weights and general condition were monitored daily.

At the study endpoint, euthanasia was performed according to IACUC requirements. Owing to the small prostate
size, animals within each group were divided such that some contributed UGS tissues (prostate, seminal vesicles,
bladder) for histology/IHC, while others provided prostate samples for protein extraction and storage at —80 °C.
Blood was collected by cardiac puncture, and serum was stored at —80 °C.

Histology and immunohistochemistry analyses of prostate tissues

Formalin-fixed, paraffin-embedded prostate samples (Reveal Biosciences, San Diego, CA, USA) were processed
and stained with hematoxylin and eosin (H&E) for independent microscopic evaluation (GC and CY). A board-
certified veterinary pathologist (CY) graded the extent of prostatic intraepithelial neoplasia (PIN) and
adenocarcinoma using the following scheme: Score 0: absence of detectable PIN or carcinoma; Score 1: presence
of PIN only; Score 2: coexistence of PIN and adenocarcinoma with carcinoma comprising <50% of the gland;
Score 3: PIN plus adenocarcinoma with carcinoma involving >50% of the prostate. For each mouse, at least five
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randomly selected regions from distinct prostate areas were examined, and phenotype assessments were based on
multiple tissue sections.

Slides underwent immunohistochemical staining with antibodies targeting Ki67, MTA1, CD31, cleaved caspase-
3 (CC3), p-mTOR, p-S6K, and p-4EBP1. In brief, sections were deparaffinized, rehydrated, and subjected to
antigen retrieval. Serum was used to block nonspecific binding, and endogenous peroxidase activity was
suppressed. Primary antibodies were applied overnight, followed by secondary antibodies and an avidin—biotin
complex (Vectastain ABC Elite Kit, Vector Laboratories, Newark, CA, USA). Color development was achieved
with the ImmPACT DAB system (Vector Laboratories). Images were acquired with an EVOS XL Core
microscope (Thermo Fisher Scientific, Somerset, NJ, USA). Marker staining intensity was assessed and scored
by GC. Ki67 quantification was based on the proportion of positively stained nuclei. Cytoplasmic and nuclear
staining was rated on a four-level scale: 1 (weak), 2 (fair), 3 (moderate), and 4 (strong). For each group, a minimum
of five randomly chosen fields per sample was analyzed using ImageJ v1.54h (NIH, Bethesda, MD, USA) or
QuPath v0.5.0. Image] supported cell counting and measurement of CD31-labeled vascular area (mm?), whereas
QuPath facilitated automated quantification of PIN and carcinoma severity.

ELISA

Serum IL-2 concentrations were measured from 50 uL samples using a commercial ELISA kit (Abcam, Boston,
MA, USA) as previously reported [12, 13]. Standards and samples were plated in duplicate, incubated with the
antibody mixture, and detected using 3, 3', 5, 5'-tetramethylbenzidine substrate. Absorbance was recorded at 450
nm using a microplate reader (Tecan, Mannedorf, Switzerland). IL-2 levels were calculated through interpolation
from a standard curve.

Statistical analysis

All statistical testing was conducted using GraphPad Prism v9 (San Diego, CA, USA). Depending on the
comparison, either Student’s t-test or one-way ANOV A was applied. Results are expressed as mean + SEM, and
p <0.05 was considered statistically significant.

Results and Discussion

Prostate-specific MTAI overexpression drives invasive adenocarcinoma in ptenf/f mice

Prior work indicates that elevated MTA1 expression in the prostate accelerates the emergence of PIN in Pten+/f
animals [12, 13]. We therefore posited that enhancing MTA1 expression in a complete PTEN-loss background
(Ptenf/f) would worsen disease progression and potentially support metastasis. To test this, we established a
prostate-targeted R26MTA1; Ptenf/f model, which develops PIN that advances to adenocarcinoma. The incidence
of glands exhibiting carcinoma versus PIN was similar between R260MTA1; Ptenf/f and Ptenf/f mice. Likewise,
increased MTA1 did not markedly alter tumor development kinetics under PTEN-deficiency, and neither renal
nor iliac lymph node metastases were detected even at 36 weeks. Morphologically, prostates lacking PTEN and
overexpressing MTA1 exhibited well to moderately differentiated invasive adenocarcinoma, with malignant
epithelial cells forming gland-like structures accompanied by desmoplastic stromal responses and varied
inflammatory infiltrates (lymphocytes, plasma cells, and neutrophils). No evidence of lymphovascular invasion
was observed. Tumor cells breaching the basement membrane did not acquire a spindle-cell phenotype (Figure

1).
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Figure 1. Representative micrographs of prostates from four genotypes—(a) R26MTA1; Pb-Cre-negative
(WT), (b) R26MTAI, (c) Ptenf/f, and (d) R2Z6MTA1; Ptenf/f—stained with H&E (scale bar: 100 um). WT
prostates appear normal. R26MTA1 mice occasionally show epithelial hyperplasia without cytologic atypia.
Both Ptenf/f and R26MTA1; Ptenf/f mice display PIN and adenocarcinoma. The lower panels illustrate well
to moderately differentiated invasive adenocarcinoma with stromal desmoplasia and inflammatory cells.

To identify transcriptional programs altered by prostate-specific MTA1 elevation, RNA-Seq was performed on
mouse prostate tissue. Compared with Ptenf/f controls, R2Z6MTA1; Ptenf/f prostates showed substantial changes:
867 genes were significantly upregulated and 1088 downregulated (FDR < 0.05). A heatmap illustrating gene
clustering between the groups is presented in Figure 2a. Among the pathways most influenced by MTA1
overexpression under PTEN loss was the mTORC1 (mTOR) signaling pathway (Figure 2b), which is well
recognized for its aberrant activation in castration-resistant and advanced PTEN-deficient prostate cancer [14,
33]. Thus, the R26MTA1; Ptenf/f model reflects a subset of advanced prostate tumors characterized by heightened
mTOR activity, supporting the possibility that targeting the MTA1/mTOR axis with the natural stilbene gnetin C
may impede disease advancement.
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Figure 2. (a) Heatmap of DEGs in R260MTA1; Ptenf/f (PM_1 and PM_2) relative to Ptenf/f (P_1 and P_2).
(b) Gene-set enrichment analysis (Hallmark sets, MSigDB) for DEGs comparing the two groups.

Suppression of the MTA1/mTOR cascade by gnetin C in cultured cells

To begin clarifying how the MTA1/mTOR axis is regulated, we initially examined the functional association
between MTA1 and mTOR signaling in PC3M prostate cancer cells, which exhibit a PTEN-null genotype [34]
and display the highest MTA1 abundance among prostate cancer cell models [8]. In tumor biology, the
AKT/mTOR pathway operates through both mTORCI and mTORC2: mTORCI1 governs cellular expansion by
modulating S6K and 4EBP1, while mTORC?2 activates AKT phosphorylation, supporting cell viability [14, 35].
Elevated mTOR activity, marked by phosphorylated SOK and 4EBP1, has been linked with increased CyclinD1
[36-38], whereas blocking PI3K/AKT/mTOR/S6K signaling reduces CyclinD1 within malignant cells [38, 39].
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Western blot assessment of mTOR-associated proteins showed that PC3M cells with MTA1 knockdown had a
sharp decline in p-AKT, p-mTOR, and their downstream effectors (p-S6K, p-4EBP1, and CyclinD1) relative to
non-silenced controls, indicating that MTA1 operates upstream of mTOR (Figures 3a and 3c¢). These data imply
that MTA1-driven stimulation of the mTOR/S6K/4EBP1/CyclinD1 circuitry could underlie prostate tumor
progression in PTEN-deficient settings, supporting a direct positive interaction between MTA1 and mTOR
independent of the MTA1/PTEN relationship [11]. Consistent with earlier findings showing that Gnetin C has an
IC50 of 8.7 uM in PC3M cells [26, 27], treatment with this compound lowered MTA1 and diminished p-mTOR,
p-S6K, p-4EBP1, and CyclinD1 levels (Figures 3b and 3d), highlighting that gnetin C pharmacologically
attenuates the MTA1/mTOR pathway.

£ 15 -= ShNS
B - shMTAT
PC3M PC3M g “]
shNS shMTA1 GnC B
3 MTA1 Cil 25 50 pM -(.E
p-AKT MTA1 g
p-mTOR

AKT
mTOR

p-S6K

p-mTOR

mTOR

p-S6K p-4EBP1

CyclinD1
B-Actin
HSP70

p-4EBP1

CyclinD1

Normalized protein

a) b)
Figure 3. (a) Western blot evaluation and quantification of markers in MTA 1-expressing (shNS)
vs. MTAl-silenced (shMTA1) PC3M cells. (b) Dose-dependent inhibition of pathway markers
by gnetin C. B-actin and HSP70 served as loading controls. (c) Quantification of markers in shNS
vs. shMTAL cells. (d) Quantification of responses to 25 and 50 puM gnetin C. Data represent
mean + SEM from three experiments. * p < 0.05; ** p <0.01; *** p <0.001; ns = not significant.
Uncropped images appear in File S1.

Gnetin C administration reduces adenocarcinoma development in R26MTA1; ptenf/f mice

When 18 R26MTA1; Ptenf/f mice were available, 4-week-old animals were randomly divided into two cohorts:
vehicle-treated (n = 7) or gnetin C-treated (7 mg/kg body weight; n = 11) via intraperitoneal injection for 12
weeks. At week 13, animals were euthanized, and prostate tissue and blood were harvested for downstream
analyses (Figure 4). Cre-negative littermates functioned as reference controls. Health status and body mass were
followed throughout, with no detectable toxicity.
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Figure 4. (a) Chemical depiction of gnetin C. (b) Outline of treatment protocol used to evaluate therapeutic
effects in the advanced prostate cancer mouse model. R26MTA1; Ptenf/f mice received vehicle (n = 7) or
gnetin C (7 mg/kg per day) (n = 11) for 12 weeks before UGS or prostate samples were processed for
histological and molecular evaluations.

As illustrated in Figure 5a (top), the vehicle cohort predominantly displayed adenocarcinoma, identified by
invasive neoplastic glandular epithelial proliferation, disruption of the basement membrane, desmoplastic stroma,
and moderate-to-large infiltration of neutrophils, lymphocytes, and plasma cells. No lymphovascular invasion was
observed, and invading tumor cells did not adopt a spindle-like morphology. Conversely, gnetin C—treated mice
showed a higher proportion of PIN lesions, characterized by glandular proliferation without stromal invasion and
minimal inflammatory infiltrates. Immunohistochemistry in the gnetin C group revealed clear reductions in Ki67
and CD31, indicating reduced proliferation and angiogenesis, while CC3 staining confirmed enhanced apoptosis
relative to controls (Figure 5a). Further, gnetin C therapy led to lowered MTA1 and diminished activation of p-
mTOR, p-S6K, and p-4EBP1 (Figure 5b).
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Figure 5. (a) Left: H&E and IHC images (scale bars: H&E = 50 pm; Ki67/CC3 = 20 um; CD31 = 50 um).
Right: Quantification of PIN vs. adenocarcinoma and IHC markers. (b) Left: Representative staining for
MTA1/mTOR pathway components in vehicle vs. gnetin C—treated prostates. Right: Quantification of
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MTAI, p-mTOR, p-S6K, and p-4EBP1; mean = SEM from 5-7 regions per sample (Veh, n =3; GnC, n = 5).
*p<0.05; ** p<0.01; *** p<0.001; **** p <0.0001; ns = not significant.

To expand these observations, pathway-related proteins were also examined in prostate lysates via Western
blotting (Figure 6a). Despite some sample-to-sample variation, levels of MTA1, p-4EBP1, and CyclinD1 were
consistently suppressed in gnetin C—treated prostates when compared with vehicle controls. Interestingly, p-
mTOR and total mTOR signals did not show a treatment-associated pattern. This may stem partly from limited
sample availability and also from prior clinical data reporting that elevated p-mTOR/mTOR levels in prostate
cancer patients correlate with better outcomes [40, 41]. The inconsistent significance of p-mTOR/mTOR in this
disease may contribute to the modest therapeutic performance of PI3K/AKT/mTOR inhibitors [14, 40, 41].
Nonetheless, assessing MTA1, p-4EBPI, and CyclinD1 in clinical settings may help identify individuals with
high MTA1 expression who are more likely to respond to gnetin C—based interventions.
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Figure 6. (a) Sample Western blot panels showing how gnetin C (GnC) suppresses MTA1/mTOR-related
proteins in prostate tissue from differently treated mice. B-actin served as the loading reference.
(b) Serum IL-2 concentrations in mice (n = 4 per group) assessed via ELISA. Values are presented as mean +
SEM from three independent, duplicate-performed experiments. ns = not significant; Veh = vehicle.
Uncropped images appear in File S1.

We next assessed whether gnetin C alters inflammatory signaling in R2Z6MTA1; Ptenf/f animals by measuring
circulating IL-2 (Figure 6b). Similar to earlier findings from a high-risk PIN model receiving low-dose dietary
gnetin C [13], the present study also revealed a reduction in IL-2 in GnC-treated mice relative to vehicle controls.
Overall, our findings indicate that gnetin C administration improves pathological features in R20MTA1; Ptenf/f
mice, producing a significant decline in MTA1 expression together with reduced proliferation and angiogenesis,
enhanced apoptosis, and clear inhibition of MTA1-linked markers of activated mTOR signaling, supported by
both THC and Western blot evidence. These results highlight that gnetin C exhibits multiple advantageous
activities—including anti-inflammatory and anticancer effects—establishing its therapeutic potential in a
preclinical model of advanced prostate cancer.

Although mTOR-targeting drugs have shown success in several malignancies [42-44], they have been
considerably less effective in prostate cancer [14, 45, 46], and toxicity associated with these agents underscores
the urgency for safer and more precise therapeutic options [14, 44].

In this work, we sought a natural inhibitor of the mTOR cascade suitable for prostate cancer treatment by
employing a clinically meaningful murine system. The prostate-restricted R26MTAT1; Ptenf/f genetically
engineered line models PTEN-loss—driven advanced cancer, driven further by heightened MTA1 expression.
Earlier studies from our group demonstrated a negative relationship between PTEN activity and MTA1 levels,
producing abnormal AKT signaling [10, 11]. Here, we examined the direct connection between MTA1 and AKT’s
downstream effector—the mTOR pathway—and found that MTA1 serves as an upstream regulator of mTOR
independent of PTEN status. Supporting this, a recent report on endometrial cancer identified the miR-30c/MTA1
axis as a controller of cell proliferation, motility, and invasion through AKT/mTOR/4EBP1 signaling, positioning
MTALI as a therapeutic target [47].
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Importantly, this is the first demonstration of pharmacologic modulation of the MTA1/mTOR network using
gnetin C both in vitro and in vivo. Our data show that gnetin C markedly reduces MTA1 and diminishes
phosphorylation of AKT, mTOR, S6K, 4EBP1, and CyclinD1 in PC3M cells. Within prostate tissue—despite
limited sample availability—GnC significantly decreased MTA1, p-4EBP1, and CyclinD1. Given the elaborate
nature of mTOR network regulation in prostate malignancies, it is expected that in vivo responses may reflect this
complexity. This highlights the need for additional mTOR-related biomarkers that can predict therapeutic
response. Notably, suppression of MTA1 by gnetin C produced consistent downregulation of p-S6K, p-4EBP1,
and CyclinD1 across IHC and Western blot analyses.

Our observations align with earlier leukemia studies demonstrating gnetin C’s capacity to inhibit AKT/mTOR
and ERK1/2 pathways in cell lines, patient-derived samples, and animal models. That work also showed that
combining gnetin C with low doses of chemotherapeutics yields synergistic antitumor effects [28].

Going forward, chemically modifying gnetin C to enhance its pharmacokinetic behavior may strengthen its
efficacy as a single agent. Additionally, gnetin C or its derivatives—owing to their chemosensitizing properties—
may synergize with approved therapies. We recently showed that gnetin C acts together with enzalutamide to
restrict proliferation and angiogenesis while increasing apoptosis in a castration-resistant xenograft model through
dual targeting of AR-V7 and MTA1 [48]. While selective MTA1 inhibitors are not currently available, existing
mTOR inhibitors such as rapamycin derivatives could be used in combination at lower doses. Thus, future
combined therapeutic strategies could benefit subsets of patients displaying MTA1/mTOR pathway activation.
More research is needed to determine how tumor heterogeneity in MTA1 expression affects treatment outcomes
and whether phosphorylated signaling proteins can reliably predict combination therapy responsiveness.

Conclusion

The R26MTA1; Ptenf/f model reproduces the principal features of advanced prostate cancer driven by aberrant
MTA1/mTOR signaling and offers a valuable platform for evaluating emerging therapies. Identifying a natural
mTOR inhibitor with strong activity and low toxicity broadens the translational promise of targeting this pathway.
Collectively, our results demonstrate that the natural stilbene gnetin C is a highly effective inhibitor of the
MTA1/mTOR axis in a preclinical setting and may help impede disease progression in patients whose tumors
exhibit dysregulated MTA1/PTEN/AKT/mTOR signaling (Figure 7). Natural bioactive compounds such as
gnetin C that modulate specific oncogenic pathways may represent important future directions for treating
advanced prostate cancer.

Gnetin C

‘ p-SﬁK/ Cell cycle progression
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Figure 7. Overview of the MTA1/mTOR signaling circuit in prostate cancer. In the R260MTAT1; Ptenf/f
model, elevated MTA1 enhances mTOR activation, driving phosphorylation of S6K, 4EBP1, and CyclinD1,
which together support tumor cell growth, division, and survival. Gnetin C, a plant-derived stilbene, disrupts

this MTA1-dependent mTOR activation and exhibits strong antitumor effects.
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