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SUMMARY

Castration-resistant prostate cancer (CRPC) presents a significant challenge in treatment following androgen
deprivation therapy. This study evaluates Trillin, a compound with antioxidant and anti-inflammatory proper-
ties, for its therapeutic potential against CRPC. Using DU145 and PC3 cell lines and a mouse xenograft
model, we demonstrate that Trillin effectively inhibits CRPC cell viability, proliferation, migration, and inva-
sion while promoting apoptosis and cell-cycle arrest. Mechanistic investigations reveal that Trillin disrupts
NF-kB/COX-2 signaling by downregulating MAP3K11 and COX-2 and inhibiting the nuclear translocation
of NF-kB subunits. Additionally, Trillin enhances the expression of miR-145-5p, further modulating pathways
critical for CRPC progression. These findings suggest that Trillin may offer a promising alternative approach
for targeting CRPC, highlighting its potential as a therapeutic agent to improve patient outcomes.

INTRODUCTION

Prostate cancer (PCa) is a prevalent malignancy in men, with an
estimated 288,300 new cases in the United States in 2023, mak-
ing it the most common cancer among men and resulting in
approximately 34,700 deaths, thus ranking second in male can-
cer mortality.” In China, although the global incidence and mor-
tality rates of prostate cancer are relatively low, there has been a
significant rise, with the age-standardized incidence rate reach-
ing 17.3 per 100,000in 2019, a2 95.2% increase since 1990, lead-
ing to roughly 50,000 deaths.” While early-stage prostate cancer
usually responds well to androgen deprivation therapy (ADT),
resistance often develops, progressing to more aggressive
castration-resistant prostate cancer (CRPC).>* Current research
on PCa primarily focuses on the prevention and treatment of
CRPC, including chemotherapeutic drugs, hormone inhibitors,
and tumor vaccines.”’ Nevertheless, these therapies frequently
entail severe adverse effects, underscoring the imperative to
identify low-toxicity approaches for managing CRPC.?
Inflammation, which is recognized as a crucial aspect of can-
cer development,® plays a significant role in the initiation and
progression of PCa, primarily through alterations in the tumor
microenvironment. A notable example is the impact of inflamma-

indicates that senescence-related myeloid inflammation not
only accelerates the metastasis of CRPC but also undermines
the efficacy of treatments targeting the androgen receptor."
Central to these inflammatory processes is the nuclear factor-
kappa B (NF-«kB) pathway, identified as a key player in the
progression of prostate cancer to CRPC."? The role of
cyclooxygenase-2 (COX-2) playing in exacerbating prostate
cancer and facilitating the emergence of CRPC is well-docu-
mented, with studies showing its high expression as a contrib-
uting factor.'® COX-2 expression is intricately regulated by trans-
activators such as NF-kB.' Interestingly, inhibiting COX-2
through immunoproteasome intervention has shown promise in
preventing the development of CRPC."'® Therefore, strategies
focusing on the NF-«B/COX-2 axis could be instrumental in
enhancing the treatment outcomes for CRPC.®

MicroRNAs (miRNAs) are definitely the crucial non-coding
RNA molecules in cancer research, significantly involved in regu-
lating tumorigenesis, cell proliferation, differentiation, and
apoptosis.’” Among these miRNAs, miR-145 plays a pivotal
role in regulating numerous oncogenes and diverse cellular pro-
cesses such as inflammation.'®'® This modulation is instru-
mental in the progression of PCa from a localized to a metasta-
ticstate.”® In the context of CRPC, miRNAs are increasingly

tion on the transition of PCa to CRPC."” Massive research recognized as vital epigenetic regulators and promising
"l iScience 28, 111505, February 21, 2025 © 2024 Published by Elsevier Inc. 1
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biomarkers,’' opening up fresh possibilities for therapeutic inter-
ventions.?? Notably, miR-30c-1-3p and miR-103a-2-5p, which
are downregulated in CRPC, have been identified as tumor sup-
pressors.”® Deep sequencing comparisons of miRNA expres-
sions in metastatic CRPC (mCRPC), non-PCa, and hormone-
sensitive prostate cancer (HSPC) specimens have identified
miR-145-5p as the most downregulated, underscoring its tu-
mor-suppressing impact in CRPC.?* In addition, the plasma
expression levels of miR-145-5p were observed to be downre-
gulated in mCRPC patients compared to control groups, consis-
tent with the reported downregulation of this miRNA in prostate
cancer tissue.”® Further studies using small RNA sequencing
have elucidated the role of miR-145-5p in CRPC, particularly
its dysregulated expression and tumor-suppressing function
through targeting genes such as c-MYC and CDKN1A.%® Howev-
er, a comprehensive understanding of the specific role of miR-
145-5p in CRPC necessitates further research.

Trillium tschonoskii maxim (TTM) is a traditional Chinese med-
icine extensively utilized in China to treat conditions such as hy-
pertension, headaches, and inflammation.?” Trillin (Figure 1A), an
extract from TTM, has gained widespread attention for its docu-
mented anticancer properties. Previous studies have demon-
strated Trillin’s ability to inhibit autophagy, induce apoptosis in
hepatocellular carcinoma cells, reduce invasion, and hinder tu-
mor growth.?®?° Furthermore, it has exhibited notable effects
in arresting mitosis in leukemia cells.®° Nonetheless, the precise
mechanism by which Trillin acts on CRPC cells, particularly its
potential to downregulate NF-kB/COX-2 expression and sup-
press cancer cell proliferation, remains insufficiently explored.
This investigation aims to assess the therapeutic potential of Tril-
lin in addressing CRPC and elucidate its underlying mecha-
nisms, potentially paving the way for original CRPC treatment
strategies.

RESULTS

Trillin-induced inhibition of proliferation and cellular
morphology alterations in CRPC cells

To evaluate Trillin’s impact on CRPC, we examined its effects on
the proliferation of AR-negative CRPC cells (DU145 and PC3)
and AR-positive CRPC cells (22RV1 and C4-2B). As shown in
Figure 1B, Trillin exhibited similar inhibitory effects on the viability
of both AR-positive cells and AR-negative CRPC cells, demon-
strating its broad-spectrum efficacy against various CRPC cell
models. Therefore, we selected DU145 and PC3 cells for further
investigation into the mechanism of Trillin’s anti-CRPC effects.
The results showed that Trillin increased the contraction and
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membrane blebbing of CRPC cells (Figure 1C) and also resulted
in time- and dose-dependent inhibition of proliferation (Fig-
ure 1D). The half-maximal inhibitory concentration (ICsg) for Trillin
was determined to be 20.64 + 1.79 uM for DU145, and 17.87 +
3.17 uM for PC3 cells over 48 h, as depicted in Figure 1D.

In addition, we also accessed the effects of Trillin on non-ma-
lignant prostate epithelial cell line RWPE-1. The results indicate
that Trillin has minimal toxicity on RWPE-1 cells. These findings
suggest that Trillin does not exhibit significant toxicity toward
normal prostate epithelial cells (Figure 1E), further supporting
its potential as a safe therapeutic agent.

Trillin-mediated inhibition of colony formation and
cellular cycle in CRPC cells
A colony formation assay was performed to evaluate the influ-
ence of Trillin on the clonogenic potential of both DU145 and
PC3 cells. The results presented in Figure 2A reveal that Trillin
treatment resulted in a significant reduction in colony formation,
led to a noticeable decline in the colony formation ratio. It is
recognized that the inhibition of cell proliferation is intricately
linked with changes in the progression of the cell cycle.®’ There-
fore, the effects of Trillin on cell cycle progression were also
examined. Trillin treatment significantly increased in the percent-
age of cells in the GO/G1 phase, increasing from 43.1% to 65.4%
in DU145 cells, and from 42.1% to 65.0% in PC3 cells.
Additionally, a decrease in the G2/M phase was observed,
decreasing from 29.3% to 15.9% and from 22.6% to 15.8%,
respectively (Figure 2B). These findings indicate that Trillin in-
hibits the proliferation of DU145 and PC3 cells by inducing
cell-cycle arrest at the GO/G1 phase. To further elucidate the mo-
lecular mechanisms underlying Trillin-induced cell-cycle arrest,
the expression of key cell cycle-related proteins such as CDK4
and cyclin D1 was analyzed through western blot (Figure 2C).
The reduced expression of these proteins may be associated
with the observed cell-cycle arrest.

Trillin-mediated inhibition of migration and invasion in
CRPC cells

Wound healing and transwell assays were additionally utilized to
assess the influence of Trillin on cell migration and invasion in
CRPC cells. Trillin treatment resulted illustrated in Figures 3A
and 3B in a notable decrease in the migration and invasion capa-
bilities of both DU145 and PC3 cells in a dose-dependent
manner. Additionally, the evaluation of key proteins associated
with these processes revealed notable changes in their expres-
sion. Specifically, Trillin resulted in a notable reduction in
MMP-2, MMP-9, and N-cadherin levels, while promoting the

Figure 1. Trillin suppresses viability and alters morphology of CRPC cells

(A) Chemical structure of Trillin.

(B) AR-negative CRPC cells (DU145 and PC3) and AR-positive CRPC cells (22RV1 and LNCaP C4-2B) were subjected to different concentrations of Trillin for a

48-h duration, and cell viability was quantified through the CCK-8 assay.

(C) Morphological alterations and decreased proliferation in DU145 and PC3 cells following 48 h of Trillin treatment. Scale bar: 100 pm.
(D) Effect of Trillin on DU145 and PC3 cells on cell survival in a manner dependent on both concentration and time. Following treatment with Trillin for 48 h, CCK-8

assay assessed ICsq values.

(E) CCK-8 assay detects the effect of Trillin on the non-malignant prostate epithelial cell line RWPE-1. The results were calculated from three independent
experiments. (Data were statistically analyzed with one way ANOVA and value was shown as mean + SD of 3 independent experiments; ns indicates not sig-

nificant; *p < 0.05; **p < 0.01; **p < 0.001).
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expression of E-cadherin (Figure 3C). These findings demon-
strate that Trillin effectively inhibits the migration and invasion
capabilities of CRPC cells.

Trillin-mediated apoptosis in CRPC cells through the
mitochondrial pathway

Trillin treatment in this study led to a noticeable, dose-dependent
increase in apoptosis in DU145 and PC3 cells (Figure 4A). To
investigate the underlying mechanisms of Trillin-induced
apoptosis, a comprehensive assessment of pro- and anti-
apoptotic proteins was conducted using western blot analysis.
This analysis covered caspase-3/9 and cleaved caspase-3/9,
PARP and cleaved PARP, Bax and Bcl-2 in both cell lines. The
results indicated that Trillin treatment significantly elevated the
levels of cleaved caspase-3, caspase-9, cleaved PARP, and
Bax, while reducing Bcl-2 expression compared to the control
group (Figure 4B).

Moreover, immunofluorescence imaging (IFl) analysis was
used to observe the effect of Trillin on the release of cytochrome
¢ (cyto c). Trillin significantly triggers the release of cyto ¢ from
the inter-mitochondrial space into the cytosol of CRPC cells (Fig-
ure 5A). Meanwhile, Western blot analysis also confirmed that
cyto c expression increased with increasing doses of Trillin (Fig-
ure 5B). To ensure that the observed effects were not due to
changes in the amount of mitochondria, western blot of
voltage-dependent anion channel-1 (VDAC-1) was performed,
which showed no significant changes in mitochondrial quantity
due to Trillin treatment. Based on these observations, the study
concludes that Trillin can trigger apoptosis in CRPC cells by initi-
ating the release of cyto ¢, which in turn promotes the activation
of various caspase cascades in the cytosol, contributing to its
pro-apoptotic effects.

Trillin-induced inhibition of COX-2 and NF-«xB
expression in CRPC cells

High expression of COX-2 is a known contributor to cancer cell
proliferation, migration, and invasion.*>* Interestingly, Trillin,
a compound previously recognized for its anti-inflammatory
and anti-fibrotic proper‘ties,25 has shown promising results in
modulating this pathway. Our study focused on the effects of
Trillin on COX-2 expression in DU145 and PC3 cancer cell lines.
Through western blot and RT-gPCR techniques, we observed a
significant reduction in COX-2 protein and mRNA levels upon
Trillin treatment (Figures 6A and 6B). Notably, this inhibition
was dose-dependent, underscoring the potential of Trillin as a
targeted therapeutic agent in COX-2 driven cancers.

In addition to its effect on COX-2, our study extended to
examine Trillin’s influence on the NF-kB pathway, a pivotal tran-
scription factor in inflammation and regulator of COX-2 gene
expression. We discovered that Trillin notably reduced the
expression of phosphorylated IKKa/B (p-IKKa/B) and phosphor-
ylated IkBo (p-lkBa), while had no effects on the levels of
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non-phosphorylated IKKa, IKKB, and IkBa, demonstrating a
dose-dependent inhibition on NF-xB pathway (Figure 6C). These
findings suggest that Trillin’s anti-inflammatory properties
extend beyond COX-2 suppression, implicating it as a potential
modulator of the NF-kB signaling pathway. Moreover, the dual-
luciferase assay in 293T cells showed Trillin’s dose-dependent
suppression of NF-kB expression (Figure 6D). The specificity of
Trillin’s action on phosphorylated intermediates of this pathway
underscores its therapeutic potential in diseases where NF-xB
plays a key role. These findings not only highlight the versatility
of Trillin but also pave the way for future investigations into its po-
tential in cancer therapy.

Trillin modulates translocation of NF-kB p65/p50 into
the nucleus, suppressing COX-2 transcriptional
activation in CRPC cells

Next step of our study examined Trillin’s ability to suppress
COX-2 gene expression, which is regulated by transcription fac-
tors including NF-«B, using a streptavidin-agarose pull-down
assay with a biotin-labeled COX-2 gene probe to demonstrate
that Trillin significantly reduced dose-dependent binding of NF-
kB p50 and p65 subunits to the COX-2 promoter (Figure 7A).
Furthermore, analysis of whole-cell and nuclear lysates revealed
amarked decrease in nuclear NF-kB p50 and p65 levels with Tril-
lin treatment (Figure 7B). The integrity of the cytoplasmic and
nuclear fractions was confirmed by detecting lamin B1 and
beta-actin, showing minimal cross-contamination. These results
indicate that Trillin effectively hinders the movement of NF-kB
p50 and p65 from the cytoplasm into the nucleus, thereby im-
pacting the regulation of COX-2 gene expression.

To validate our hypothesis regarding the impact of Trillin on
NF-kB translocation, we employed an IFl assay in DU145 cells.
The NF-xB p65 subunit was marked with red fluorescence, the
p50 subunit with green fluorescence, and nuclear staining was
performed using DAPI (blue). Figure 7C showed that in untreated
controls, both p65 (red) and p50 (green) were predominantly
located in the nucleus. However, Trillin treatment (10 uM or
20 uM for 48 h) led to the diffusion of these fluorescence markers
out of the nucleus. These observations strongly indicate that Tril-
lin inhibits translocation of NF-kB p65/p50 into the nucleus.
Consequently, this substantiates the hypothesis that Trillin may
hinder COX-2 transcriptional activation by modulating the nu-
clear localization of NF-«xB subunits.

Trillin enhances miR-145-5p expression in CRPC cells,
unveiling MAP3K11 as a target protein

Given the crucial role of miRNAs in the occurrence and develop-
ment of PCa, we hypothesized that Trillin’s anti-tumor effects
might be mediated through miRNAs. We analyzed the GEO data-
base (GSE21036)%* and previous research works,***° finding
found that miR-145-5p exhibited significantly reduced expres-
sion specifically in castration-resistant prostate cancer (CRPC)

Figure 2. Trillin suppresses colony formation and disrupts the cell cycle in CRPC cells

(A) A clear reduction in colony formation in DU145 and PC3 cells following a 48-h Trillin treatment.

(B) Trillin treatment leads to an increase in cells in the GO/G1 phase and a decrease in the G2/M phase of cell cycle in both DU145 and PC3 cells.

(C) The levels of G1 phase cell cycle-related proteins CDK4 and cyclin D1 were evaluated in both cell lines using western blot. (Data were statistically analyzed
with one way ANOVA and value was shown as mean + SD of 3 independent experiments; *p < 0.05; **p < 0.01; ***p < 0.001).
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tissues and CRPC cell lines such as DU145, PC3, 22RV-1, or
LNCap (Figure 8A). Subsequently, we assessed the effects of
Trillin on miR-145-5p.

In CRPC cell lines DU145 and PC3, treatment with Trillin led to
a dose-dependent increase in miR-145-5p mRNA levels (Fig-
ure 8B). Bioinformatics analysis revealed that miR-145-5p tar-
gets genes in the MAP kinase and transforming growth factor
(TGF-p) signaling pathways, specifically MAP3K3, MAP3K11,
SMAD3, and TGFBR2 (Figure 8C). Analysis of StarBase data-
base indicated that among these, only MAP3K11 is overex-
pressed in prostate cancer tissues (Figure 8D). Its expression
correlates with the Gleason score and is highest in metastatic
castration-resistant prostate cancer. The interaction between
miR-145-5p and MAP3K11 was investigated using the
TargetScan tool (Figure 8E) and validated through a dual-lucif-
erase assay in 293T cells. Cells transfected with MAP3K11
wild type (WT) and miR-145-5p mimics showed reduced lucif-
erase activity, whereas the MAP3K11 mutant type (MUT)
plasmid did not affect the activity, confirming miR-145-5p’s reg-
ulatory effect on MAP3K11 expression (Figure 8F).

Trillin downregulates MAP3K11 and inhibits
inflammatory pathway molecules COX-2 and NF-kB via
miR-145-5p in CRPC cells

In the study, DU145 and PC-3 cells underwent transfection with
miR-145-5p mimics and inhibitors to analyze the impact on
MAP3K11 mRNA using RT-gPCR. The results showed that
miR-145-5p mimics reduced MAP3K11 mRNA levels in both
cell lines (Figure 9A), whereas its inhibitor increased them,
compared to their respective controls. This pattern was echoed
in MAP3K11 protein levels as confirmed by western blot (Fig-
ure 9B), indicating miR-145-5p’s negative regulation of
MAP3K11’s 3'UTR. Additionally, western blot experiments as-
sessed the impact of miR-145-5p overexpression and
MAP3K11 knockdown on COX-2/NF-kB pathway proteins.
Both miR-145-5p overexpression and MAP3K11 knockdown
reduced levels of p-IkBa, p-IKKB, and COX-2 proteins, with their
combined manipulation leading to a synergistic downregulation
of these proteins, suggesting a potent regulatory effect on this
pathway (Figure 10A). Western blot analysis assessed a signifi-
cant decrease in MAP3K11 protein levels after Trillin treatment
of CRPC cells, which was restored when miR-145-5p knock-
down was combined with Trillin (Figure 10B).

Trillin suppresses the growth of CRPC xenografts in
mice

To further elucidate Trillin’s therapeutic potential, we extended
an in vivo assessment, using immunodeficient NYG mice with
induced tumors (Figure 11A). After treatment of Trillin, there
was no significant change in mice body weight, indicating that
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Trillin did not have a notable toxic effect on the mice (Figure 11B).
However, after 15 days of treatment with different concentra-
tions of Trillin, there was a notable shrinkage observed in the tu-
mor specimens (Figure 11C). Mice treated with Trillin at doses of
10 and 20 mg/kg/day for a duration of 15 days exhibited signifi-
cant reductions in tumor size and weight, as compared to the
control group (Figures 11D and 11E).

To investigate the molecular mechanisms underlying Trillin’s
anti-tumor effects, western blot analysis on the tumor tissues re-
vealed that Trillin treatment led to a marked decrease in the
expression of COX-2 and MAP3K11 proteins (Figure 11F) and
immunohistochemical staining showed similar results (Fig-
ure 11G), which are known to play crucial roles in cancer pro-
gression. Furthermore, Trillin significantly increased the expres-
sion of miR-145-5p in the tumor tissues (Figure 11H), a
microRNA known for its tumor-suppressive properties across
various cancers.

The combined in vitro and in vivo findings suggest that Trillin
exerts its anti-cancer effects in prostate cancer through multiple
pathways. By elevating miR-145-5p levels, Trillin suppresses
MAP3K11 expression, which is integral to the NF-kB/COX-2
signaling pathway. This pathway is known for its role in tumor
progression and resistance to therapy. Additionally, Trillin’s abil-
ity to induce apoptosis, halt cell cycle progression, and impede
cell invasion and metastasis further underscores its potential
as a therapeutic agent against CRPC, a particularly aggressive
form of the prostate cancer. These multifaceted anti-cancer ac-
tions position Trillin as a promising candidate for further develop-
ment and clinical investigation in the context of prostate cancer
treatment.

DISCUSSION

Globally, PCa is a predominant male malignant tumor, with its
morbidity and mortality escalating due to population aging and
environmental lifestyle changes.>” Despite the availability of
treatment such as surgery, radiotherapy, chemotherapy, and
androgen deprivation therapy, PCa often progresses to CRPC,
a stage characterized by limited treatment options and high
side effects. Given the urgent need for effective and safe treat-
ments for CRPC, studies have emphasized the importance of
traditional Chinese medicine in enhancing clinical outcomes
and postoperative survival rates of prostate cancer patients.*®
Our study specifically examines the effect of Trillin on CRPC
cell proliferation and metastatic ability, and its underlying mech-
anisms, proposing an effective adjuvant therapy for CRPC
treatment.

In the present study, we had identified that Trillin exerted its
anticancer activity through the upregulation of miR-145-5p,
which in turn targets MAP3K11, a key upstream regulator in the

Figure 3. Effect of Trillin on CRPC cells migration and invasion

(A) A scratch assay demonstrates the diminished migration rates of DU145 and PC3 cells following 48-h Trillin exposure at specified concentrations (original

magnification, 100x). Scale bar: 200 pm.

(B) Invasion analysis demonstrates the inhibitory impact of Trillin on cell invasion, with quantification of cells that successfully crossed the Matrigel-lined Transwell

chambers (original magnification, 200%). Scale bar: 100 um.

(C) Western blot analysis was employed to evaluate the expression of invasive marker proteins in both cell lines. (Data were statistically analyzed with one way
ANOVA and value was shown as mean + SD of 3 independent experiments; *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 4. Trillin induces apoptosis in CRPC cells via caspase pathway modulation

(A) Apoptosis levels were measured using a CytoFLEX flow cytometer following a 48-h treatment, with the percentage of apoptotic cells subsequently calculated.
(B) The protein expressions of Bcl-2, Bax, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, PARP and cleaved PARP in DU145 and PC3 cells were
quantified through western blot analysis. (Data were statistically analyzed with one way ANOVA and value was shown as mean + SD of 3 independent exper-
iments; ns indicates not significant; “o < 0.05; **p < 0.01; **p < 0.001).

8 iScience 28, 111505, February 21, 2025



iScience ¢? CellPress
OPEN ACCESS

A MitoTracker Cytoc Merge

ouM
10pM
20uM
B MitoTracker
[ Cytoc DU145
Z 47
vl
8
8~ 3 ns
2% ° —
P=ER ] ns
82 —
B oy 27 ns
20 —
Sz
=2 = o
2 1 :
3 :
[ Y T T
0 10 20
Trillin (umol/L)
B DU145 PC3
Cytoc W — — — 12kDa
B-actin —42kDa
VDAC1 = — W . e e | — 35(D,
B-actin S P Se—ee AN -y wsae sy s — [)kDa
OopM  5pM 10pM 20pM OopM  5pM 10pM 20pM
A DU145 — PC3

5
VDAC1 * VDAC1

Relative protein expression(%)
Relative protein expression(%)

Trillin (umol/L) Trillin  (umol/L)

Figure 5. Trillin induces apoptosis in CRPC cells by increasing the release of cyto ¢ from mitochondria

(A) Cyto c release from mitochondria to the cytoplasm in DU145 cells was observed using immunofluorescence analysis. Scale bar: 50 pm.

(B) Cyto ¢ and VDAC1 protein levels in both cell types were evaluated via western blot. (Data were statistically analyzed with one way ANOVA and value was
shown as mean + SD of 3 independent experiments; ns indicates not significant; *p < 0.05; **p < 0.01; **p < 0.001).
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MAPK signaling pathway. The overexpression of miR-145-5p
leads to the downregulation of MAP3K11, thereby attenuating
the downstream signaling events in the NF-«kB and COX-2 path-
ways. Specifically, we observed the following. (1) miR-145-5p up-
regulation: Trillin treatment significantly increased the levels of
miR-145-5p in CRPC cell lines. (2) MAP3K11 downregulation:
the upregulation of miR-145-5p resulted in the suppression of
MAP3K11, which is known to activate the NF-«xB and MAPK path-
ways. (3) NF-kB/COX-2 pathway inhibition: with the downregula-
tion of MAP3K11, there was a subsequent decrease in the phos-
phorylation and activation of IKKa/f and IkBa, leading to reduced
nuclear translocation of NF-kB subunits (p50 and p65). This inhi-
bition was further confirmed by decreased COX-2 expression at
both mRNA and protein levels. Furthermore, Trillin primarily reg-
ulates these signaling proteins indirectly through the upregulation
of miR-145-5p, which targets the 3'UTR of MAP3K11 mRNA,
leading to its degradation and reduced translation. The suppres-
sion of MAP3K11 subsequently impacts the NF-kB and COX-2
signaling pathways, which are crucial for the inflammatory and
proliferative responses in CRPC cells.

In addition, we have performed dual-luciferase reporter as-
says and western blot analyses to validate the interaction be-
tween miR-145-5p and MAP3K11, and to measure the down-
stream effects on NF-kB and COX-2. These results confirm
that Trillin’s anticancer effects are mediated through this indirect
pathway, highlighting the crucial role of miR-145-5p in regulating
these oncogenic signals. miR-145-5p has garnered attention for
its inhibitory effects on the proliferation and progression of
various cancers, including colorectal cancer,®® breast cancer°
and bladder cancer.”' Additionally, it also plays a crucial role in
prostate cancer by impeding bone metastasis*® and restraining
neuroendocrine differentiation.>® However, there is a scarcity of
research on therapeutic drugs targeting miR-145-5p in cancer
studies, especially for CRPC. In this study, we conducted an
investigation into the correlation between the anti-cancer effects
of Trillin and the expression of miR-145-5p. We observed a sig-
nificant elevation in miR-145-5p levels post-Trillin treatment, a
finding corroborated in Trillin-treated mouse PCa xenograft tu-
mors. Intriguingly, the expression of miR-145-5p in CRPC cells
showed a dose-responsive increase to Trillin exposure. These
findings propose miR-145-5p as a potential molecular mediator
of Trillin’s therapeutic efficacy against prostate cancer.

The activation of the NF-kB and MAPK pathways significantly
influences the tumor’s biological behavior of prostate can-
cer,”®*" as they respond to extracellular stimuli, such as cyto-
kines, growth factors, and stress signals, that is frequently trig-
gered by the tumor microenvironment in prostate cancer,
leading to the development and progression.**®

Therefore, repression of the activation of these pathways
emerges as a potentially efficacious therapeutic strategy for

¢ CellP’ress

OPEN ACCESS

prostate cancer. MiRNAs, particularly miR-145-5p, are known
to modulate gene expression by binding to the 3'UTR of target
mRNAs, leading to mRNA degradation or translation inhibition.*”
Previous research has shown that miR-145-5p downregulates
the NF-«B pathway.*® However, the precise mechanism remains
unclear. Our results provide further evidence that miR-145-5p
suppresses the activation of the NF-kB pathway, reflecting in
reduced levels of p-lkBa, p-IKKB, and inflammatory mediator
COX-2, and a decrease in the nuclear translocation of p50/
p65. Moreover, MAP3K11, one member of the MAPK family, ex-
hibits the highest levels in mMCRPC cases and is associated with
the progress of prostate cancer. In the present study, MAP3K11
was identified as a downstream target of miR-145-5p. Trillin
could induce the expression of miR-145-5p and reduced the
expression of MAP3K11. These findings suggest that Trillin
may exert its inhibitory effects on the NF-xB and MAP3K11 path-
ways via miR-145-5p.

Limitations of the study

The use of in vitro cell lines may not fully reflect the complexities
of the tumor microenvironment. The concentration range of Trillin
tested may not capture its complete pharmacological profile,
and the short incubation periods might overlook long-term ef-
fects. Focusing solely on Trillin without considering combination
therapies limits the findings, and while multiple cell lines were
used, they may not represent the full diversity of castration-resis-
tant prostate cancer. Future research should address these lim-
itations to better validate Trillin’s therapeutic potential.
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Figure 6. Trillin’s impact on COX-2 and NF-«kB expression in CRPC cells

DU145 and PC3 cells were treated with Trillin at the indicated doses after 48 h.

(A) Western blot was employed to analyze COX-2 protein expression levels.
(B) The gene expression was assessed using qRT-PCR analyses.

(C) Western blot was used to measure the levels of p-IKKa/B, IKKe, IKKB, p-lkBea, and IkBe proteins.
(D) The dual-luciferase assay in 293T cells showed Trillin’s dose-dependent suppression of NF-kB expression. (Data were statistically analyzed with one way
ANOVA and value was shown as mean + SD of 3 independent experiments; ns indicates not significant; *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 7. Trillin effectively inhibits both the translo-
cation of NF-kB p50 and p65 to the nucleus and their
binding to the COX-2 promoter

(A) In DU145 cells treated with Trillin for 48 h, the binding of
p50 and p65 to the COX-2 promoter was evaluated using
pulldown assays.

(B) The study used western blot to assess p50 and p65
protein levels, separating cytoplasmic and nuclear proteins
with lamin B1 and B-actin as respective loading controls.
(C) Additionally, confocal microscopy was performed to
observe the subcellular distribution of p50 and p65 at 48 h
post-treatment. Scale bar: 50 um. (Data were statistically
analyzed with one way ANOVA and value was shown as
mean + SD of 3 independent experiments; ns indicates not
significant; *p < 0.05; *p < 0.01; ***p < 0.001).
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Figure 10. Trillin upregulates miR-145-5p, thereby inhibiting MAP3K11, leading to the suppression of downstream NF-kB/COX-2 signaling
(A) Western blot analysis to show the individual and combined impacts of miR-145-5p overexpression and MAP3K11 knockdown on MAP3K11, p-IkBa., p-IKKB,
and COX-2 protein levels in the pathway.

(B) Western blot analysis assessed the effect of Trillin treatment, miR-145-5p knockdown, or a combination of both on MAP3K11 protein levels in DU145 and PC3
cells. (Data were statistically analyzed with one way ANOVA and value was shown as mean + SD of 3 independent experiments; “p < 0.05; **p < 0.01; ***p < 0.001).

iScience 28, 111505, February 21,2025 15



¢ CellPress iScience

OPEN ACCESS Article
B C
30+
B2 g i 0mg/kg=° . .
2 20 -
Eb 10mgkg @ ' Q
2 151 o Omgkg
Z 10 = lomgkg 0mgkg® @ & d
M5+ 20mgke
0 T T T T T T T T
1 357 9111315
D Days E
5007 - Omglkg =, 2507
“t = 10m @ 025'
£ 4001 e/ke =
5 -+ 20mg/kg ,%0 0.20 1
27 Wl 705
S 2001 5 i
g o0l ]* g 0.10
i & 0.051
O 0.00-
1357091113151719 Omg/kg 10mg/ke 20mg/ke
Days after treatment (d) P S—

COX-2

PN R L S ——— —93 kDa

COX-2 N W — — "’ = —MkDa

p-actin ------.——' —42kDa

Relative protein expression(%)

Omg/kg 10mg/kg 20mg/kg
MAP3K11

H 7-
[ seokok
8 6 u"g 6
7 < 2 5
Q- 6 8:\1 3 D) % >
e¥ 5 = 4 2 4
25 4 93 fg 3-
%2 3 &2 5 g o *
%G 2 v ° <
R~ 1 o]
1 ~ 11
0 0
Trillin(pmoV/L)NC 0 10 20 Trillin(umo/L)NC 0 10 20

0-
Trillin(uM) 0 10 20
(legend on next page)

16  iScience 28, 111505, February 21, 2025



iScience
Article

o Streptavidin-agarose pulldown assay

o Dual-luciferase assay

o Bioinformatics analysis of public database reanalysis
o QUANTIFICATION AND STATISTICAL ANALYSIS
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Figure 11. Trillin effectively inhibits the growth of CRPC xenografts in mice

(A) A subcutaneous tumor model was established in NYG mice through the transplantation of DU145 cells.
(B) Administering various concentrations of Trillin did not significantly affect the body weight of the mice.
(C) After 15 days of Trillin treatment, there was a notable reduction observed in the tumor specimen.

(D) The tumor volume noticeably decreased as Trillin’s concentration increased.
(E) The tumor weight significantly decreased with increasing concentrations of Trillin.

(F) Western blot analysis was conducted to assess the protein expressions of MAP3K11 and COX-2 in tumor tissues.

(G) Immunohistochemical analysis was utilized to visualize the protein expression of MAP3K11 and COX-2 in tumor tissues (original magnification, 400 x). Scale
bar: 50 pm.
(H) RT-gPCR analysis was employed to measure the expression of miR-145-5p in tumor tissues. (Data were statistically analyzed with one way ANOVA and value
was shown as mean + SD of 3 independent experiments; *p < 0.05; **p < 0.01; ***p < 0.001).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-COX-2
Rabbit monoclonal anti-Cleaved Caspase-3
Rabbit monoclonal anti-Cleaved Caspase-9
Rabbit monoclonal anti-Caspase-3
Rabbit monoclonal anti-Caspase-9
Rabbit monoclonal anti-IKKa
Rabbit monoclonal anti-IKKB
Rabbit monoclonal anti-plKKa/B
Rabbit monoclonal anti-lkBo
Rabbit monoclonal anti-p-lkBa
Rabbit monoclonal anti-p50
Rabbit monoclonal anti-p65
Rabbit monoclonal anti-MAP3K11
B-actin

Cytochrome ¢

Bax

Bcl-2

Lamin B1

CDK4

Cyclin D1

MMP-2

MMP-9

E-Cadherin

N-Cadherin

PARP

Cleaved PARP

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Proteintech Group

Proteintech Group

Proteintech Group

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#12282; RRID: AB_2571729
Cat# 9661

Cat# 9501

Cat# 14220; RRID:AB_2798429
Cat#9502

Cat#11930

Cat#8943

Cat#2697

Cat#4814

Cat#2859

Cati#tsc-8414

Cat#sc-8008

Cat#11934

Cat#4970; RRID: AB_2223172
Cat#sc-13560

Cat#50599-2-Ig
Cat#12789-1-AP
Cat#12987-1-AP

Cat#12790; RRID:AB_2631166
Cat#55506; RRID:AB_2827374
Cat#4022

Cat#2270

Cat#14472

Cat#13116

Cat#9542

Cat#5625; RRID:AB_10699459

Bacterial and virus strains

pGL3-NFkB Promega Cat# E1791
Chemicals, peptides, and recombinant proteins

Trillin Pufei De Biotech Co., Ltd 14144-06-0
RPMI 1640 Medium EallBio Biomedical Technology 03.4001C
DMEM EallBio Biomedical Technology 03.1002C
Penicillin-Streptomycin TransGen Biotech P1400
Fetal Bovine Serum VivaCell Biosciences FBS-500
Lipofectamine 3000 Invitrogen L3000001
Critical commercial assays

Protein Quantification Kits Thermo Fisher 23225
Protein Extraction Kits Beyotime Co., Ltd. P0027
CCK-8 MedChemExpress HY-K0301
Apoptosis Detection Kits MedChemExpress HY-K1071
TRIzol Invitrogen 15596026
Experimental models: Cell lines

DU145 Procell Biological Company CL-0231

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PC3 Cell Center of the Chinese TCR-9
Academy of Sciences

C4-2B ATCC CRL-3315

22RV1 Procell Biological Company CL-0219

RWPE-1 ATCC CRL-11609

Experimental models: Organisms/strains

NYG immunodeficient mice Liaoning Changsheng N/A
Biotechnology Co., Ltd.

Oligonucleotides

COX-2 Forward TACCCTCCTCAAGTCCCTGA GenePharma N/A

COX-2 Reverse ACTGCTCATCACCCCATTCA GenePharma N/A

B-actin Forward GGCACCCAGCACAATGAA GenePharma N/A

B-actin Reverse TAGAAGCATTTGCGGTGG GenePharma N/A

miR-145-5p mimics Sequence GUCCAGU GenePharma N/A

UUUCCCAGGAAUCCCU

miR-145-5p mimics Sequence AGGGAUU GenePharma N/A

CCUGGGAAAACUGGAC

miR-145-5p inhibitor Sequence AGGGAU GenePharma N/A

UCCUGGGAAAACUGGAC

MAP3K11 Forward GCCUUAGGAUAUUG GenePharma N/A

CUGUUTT

MAP3K11 Reverse AACAGCAAUAUCCUA GenePharma N/A

AGGCTT

U6 Forward AGAGAAGATTAGCATGGCCCCTG GenePharma N/A

U6 Reverse ATCCAGTGCAGGGTCCGAGG GenePharma N/A

Software and algorithms
GraphPad Prism 9.0 software

GraphPad Prism Software Inc. https://www.graphpad.com/

ImageJ Schneider et al.*® https://imagej.net

Other

target genes for miR-145-5p PITA https://genie.weizmann.ac.il/pubs/
mir07/mir07_data.html

target genes for miR-145-5p miRTarBase http://mirtarbase.mbc.nctu.edu.tw/
php/index.php

target genes for miR-145-5p microT https://dianalab.e-ce.uth.gr/html/
dianauniverse/index.php?r=microT_CDS

target genes for miR-145-5p TargetScan https://www.targetscan.org/vert_80/

target genes for miR-145-5p PicTar https://pictar.mdc-berlin.de

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Human prostate cancer cell lines DU145 and 22RV1 were obtained from Procell Biological Company (Wuhan, China), while C4-2B
and RWPE-1 were sourced from the American Type Culture Collection (ATCC). PC3 cells were acquired from the Cell Center of the
Chinese Academy of Sciences (Beijing, China). DU145 cells were cultured in DMEM medium, whereas PC3, 22RV1, C4-2B, and
RWPE-1 cells were maintained in RPMI-1640 medium. Both media were supplemented with 1% penicillin-streptomycin and 10%
fetal bovine serum (FBS). All cell lines were incubated at 37°C in a humidified atmosphere containing 5% CO..

Animal experiments

This animal study was conducted in accordance with the guidelines of the Dalian Medical University Animal Care and Ethics Com-
mittee (ethical approval number: AEE17030) and utilized male NYG immunodeficient mice (4—6 weeks old) sourced from the univer-
sity’s SPF Laboratory Animal Center. The mice were housed under controlled conditions. Each mouse received a subcutaneous in-
jection of 1x107 DU145 cells in 100 uL of PBS into the right axillary fossa. Two weeks post-injection, the mice were divided into three
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groups (n = 5 each) and treated daily for 14 days with either PBS (control), 10 mg/kg Trillin, or 20 mg/kg Trillin via intraperitoneal in-
jections. Body weight and tumor volume were monitored bi-daily. After 30 days, the mice were euthanized, and tumors were
harvested, weighed, and preserved in 10% formalin for paraffin embedding. Immunohistochemical staining of tumor tissues was per-
formed to analyze COX-2 and MAP3K11 expression, which was observed using a Leica DM4 B fluorescence microscope. This study
comprehensively assessed the therapeutic impact of Trillin on tumor growth and gene expression.

METHOD DETAILS

Cell viability assay

In this study, DU145, PC3, 22RV1, C4-2B, and RWPE-1 cells were seeded in wells at defined densities to achieve approximately 70%
confluence. Following this, the cells were treated with a range of Trillin concentrations (0, 1, 5, 10, 25, and 50 uM). After incubation
periods of 12, 24, or 48 h, 10 pL of CCK-8 reagent was added to each well, followed by an additional 2-h incubation. The absorbance
was then measured at 450 nm using a microplate reader (Tecan, Switzerland). This process was repeated multiple times to determine
the ICsq values for DU145 and PC3 based on the dose-response data collected at the 48-h mark.

Colony formation assay

DU145 and PC3 cells were initially seeded at 4,000 cells per well in six-well plates. Post-adherence, they were treated with Trillin at 0,
5, 10, and 20 uM for 48 h. Afterward, the medium was replaced with fresh one, and the cells were cultured until visible colonies
formed. These colonies were then fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, air-dried, and imaged, allowing
for a detailed analysis of Trillin’s effects.

Wound healing assay

DU145 and PC3 cells were grown in 6-well plates to form a confluent monolayer, followed by serum starvation for 6 h. A uniform
wound was then created in the cell layer using a sterile pipette tip. The cells were treated with Trillin at concentrations of 0, 5, 10,
and 20 uM in serum-free medium for 48 h. Images were taken at 0 and 48 h post-wounding with a Leica DMi1 microscope. Cell migra-
tion was assessed by analyzing five fields per wound, providing data on Trillin’s effect on cell healing.

Transwell invasion assay

The matrix gel mixed with DMEM/1640 medium (1:10 ratio) is applied to an insert membrane and incubated at 37°C to solidify. DU145
and PC3 cells are prepared in serum-free medium with Trillin (0, 5, 10, 20 umol/L), added to the upper chamber at a density of 5x10°
cells/mL. The lower chamber receives DMEM/1640 medium with fetal bovine serum and Trillin. After 24 h, the upper chamber is
cleared with a cotton swab, and the insert is fixed and stained with crystal violet. Post-washing, cells are imaged and counted under
an inverted microscope.

Flow cytometry

In this flow cytometry protocol, DU145 and PC3 cells are cultured in 6 cm dishes and treated with Trillin at concentrations of 0, 5, 10,
20 umol/L for 48 h. After treatment, cells are washed with PBS, trypsinized without EDTA, and centrifuged to collect. After two PBS
washes, cells are resuspended in binding buffer and stained with Annexin V-FITC and Propidium lodide, then incubated in darkness
at room temperature for 15 min to assess apoptosis using a cytoflex flow cytometer. For cell cycle analysis, cells treated with Trillin
are fixed in ice-cold 70% ethanol for 12 h at 4°C, then washed with ice-cold PBS, stained with propidium iodide solution, and incu-
bated at 37°C in darkness for 30 min. The cell cycle is then analyzed using the cytoflex flow cytometer at a 488 nm wavelength.

Confocal immunofluorescence analysis

DU145 cells, seeded on coverslips, were treated with Trillin at 0, 10, and 20 uM for 48 h. Post-treatment, the cells were fixed using 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100. Blocking was performed with 5% BSA, followed by overnight incuba-
tion at 4°C with primary antibodies targeting cytochrome c, p50 or p65. This was succeeded by application of secondary antibodies
conjugated with either fluorescein isothiocyanate or rhodamine isothiocyanate. DAPI was used for nuclear staining. Fluorescent im-
aging was conducted using a Leica DM4 B confocal microscope to visualize the antibody interactions.

Western blot

Proteins extracted from cell lysates or isolated through streptavidin-agarose pulldown assays were first separated on SDS-PAGE
minigels and then transferred to PVDF membranes. These membranes were blocked using a 5% non-fat powdered milk buffer, fol-
lowed by incubation with specific primary and secondary antibodies. Protein bands were detected through enhanced chemilumines-
cence (ECL) and their intensities were quantified using ImageJ software from the National Institutes of Health. Protein concentrations
were ascertained using the BCA method.
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qRT-PCR

Total RNA from DU145 and PC3 cells was extracted using Trizol and reverse transcribed with the Prime Script TM RT-PCR Kit
(GENERAL Bio Inc, Anhui, China). Specific primers were utilized for amplifying cDNA for various genes, including COX-2, B-actin,
miR-145-5p, its inhibitor, MAP3K11, and U6, sourced from GenePharma, Suzhou, China. The PCR products were analyzed on
1.5% agarose gels, visualized under UV light, and quantified. qRT-PCR analysis was conducted using an SYBR Green kit (Bio-
Rad Laboratories, Inc., Hercules, CA, USA), and gene expression quantification was performed employing the 2-AACt method,
with RNUG6 (U6) serving as the internal standard in the experiments.

Cell transfection

In the cell transfection assays, DU145 and PC3 cells were seeded in 6-well plates at 5x10° cells/ml and transfected at ~80% conflu-
ence using Lipofectamine 3000. The cells were separately transfected with has-miR-145-5p NC, mimics, and inhibitors. For siRNA
transfection, 4 ng of MAP3K11 was used per well for 48 h. Post-transfection, gene and protein expression levels were assessed
through gRT-PCR or Western Blot.

Streptavidin-agarose pulldown assay

In this protocol, nuclear extract proteins 400 ug were interacted with a 400 uL mixture, comprising 4 pg of biotinylated DNA probe and
40 L of streptavidin-conjugated agarose beads, in PBSi buffer (PBS with 1 mM EDTA, 1 mM DTT, and a protease inhibitor cocktail).
This incubation occurred at room temperature over 5 h on a rotating shaker. Subsequent to the incubation, the beads were subjected
to centrifugation for pellet formation, followed by dissociation in 50 puL of 2x Laemmli sample buffer. The dissociation process
involved boiling at 100°C for 10 min. The resulting supernatant was then subjected to Western blot analysis for protein identification.

Dual-luciferase assay

In 293T cells, either the pGL3-NFkB plasmid or pGL3-Basic (negative control) is co-transfected in 6-well plates. Post-transfection,
the cells are incubated at 37°C with 5% CO, for 24 h for optimal luciferase gene expression. Subsequently, they are treated with Trillin
at 0, 5, 10 and 20 pumol/L concentrations for 48 h. The alterations in luciferase activity that ensue are quantified utilizing the Dual-
Luciferase Reporter Assay System, and the firefly luciferase activity is normalized in reference to renilla luciferase activity.

Bioinformatics analysis of public database reanalysis

For expression analysis of miR-145-5p in prostate cancer and normal tissues or CRPC cell lines was referenced published
article.’**>%¢ Additionally, analysis of miRNA-target gene interactions, five publicly available miRNA-mRNA databases were
employed to predict potential target genes for miR-145-5p and ascertain common genes. These databases include PITA (https://
genie.weizmann.ac.il/pubs/mir07/mir07_data.html), miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/index.php), microT
(https://dianalab.e-ce.uth.gr/html/dianauniverse/index.php?r=microT_CDS), TargetScan (https://www.targetscan.org/vert_80/)
and PicTar (https://pictar.mdc-berlin.de). After intersecting the public databases, we identified seven target genes for mir-145-5p.
Excluding three molecules not involved in inflammatory pathways, the remaining four were analyzed using the StarBase database
for online analysis (https://rnasysu.com/encori/panCancer.php), all data used comes from TCGA. To use this resource, select
"Gene Differential Expression," choose "PRAD" for the cancer type, and select the target gene (e.g., MAP3K11) to generate the rele-
vant plots directly. Ultimately, MAP3K11 was selected for further validation. This approach provided a comprehensive exploration of
miR-145-5p target genes while referencing these online resources for data integration.

QUANTIFICATION AND STATISTICAL ANALYSIS

The results from a minimum of three independent experiments are depicted as the mean + standard deviation (SD). Prism 9 software
and ImageJ*° were used for analysis. Statistical significance between the control and treatment groups was assessed utilizing either
one-way ANOVA or Student’s t-tests, depending on the experimental design. Significance was established with a p-value less than
0.05. Asterisks were used to denote significance: one asterisk (*) for p < 0.05, two asterisks (**) for p < 0.01, and three asterisks (***) for
p < 0.001.
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