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Discovery of Natural Compound a-Hederin via Large-Scale
Screening as a Targeted JAK/STAT3 Inhibitor for Ovarian

Cancer Therapy

Jiayu Wang, Pengzhan He, Cheng Liu, Xin Chen, Yilin Tan, Rui Qu, Yan Zhang,*

Zhou Li,* Tailang Yin,* and Zhinang Yin*

Chemoresistance and metastasis are key obstacles to successful ovarian
cancer (OC) treatment. Here, a-Hederin, a pentacyclic triterpenoid saponin, is
identified as a potent and selective dual inhibitor of JAK1/JAK2 with promising
therapeutic potential in OC. Integrating transcriptomic analysis, virtual
screening, molecular docking, and biochemical validation, it is shown that
a-Hederin directly binds the JH1 kinase domains of JAK1 and JAK2,
suppressing their activity and downstream STAT3 phosphorylation. @-Hederin
inhibits OC cell proliferation, epithelial-mesenchymal transition (EMT), and
metastasis in vitro, and suppresses tumor growth and dissemination in
multiple mouse models, with minimal systemic toxicity. Mechanistically,
a-Hederin blocks STAT3 nuclear translocation and downregulates oncogenic
STAT3 targets including MYC, CCND1, and TWIST1. Rescue experiments
using the STAT3 agonist Colivelin partially reversed these effects, confirming
the JAK/STAT3 axis as a key target. Moreover, @-Hederin synergizes with
cisplatin to enhance antitumor efficacy and overcomes platinum resistance in
OC cells. Collectively, our findings highlight a-Hederin as a safe and effective
natural JAK1/2 inhibitor that suppresses OC progression by targeting the
JAK/STAT3 pathway, offering a compelling candidate for future clinical
translation.

1. Introduction

Ovarian cancer (OC) is a prevalent and
highly aggressive malignancy of the female
reproductive system. Ranking third in in-
cidence among gynecological cancers but
first in mortality, OC poses a severe health
threat.!! Standard treatments for OC in-
clude tumor debulking surgery and post-
operative platinum-based chemotherapy,?!
which often achieve initial remission but
are hampered by high rates of drug resis-
tance and tumor recurrence.’! The 5-year
survival rate for OC is less than 40%.[45]
The toxicity of current therapies to nor-
mal tissues and the challenge of overcom-
ing chemotherapy resistance emphasize the
need for novel therapeutic approaches.[®]
Recent molecular studies have iden-
tified the JAK/STAT3 signaling pathway
as a pivotal driver of OC progression and
treatment resistance. Constitutive acti-
vation of JAK1/JAK2-mediated STAT3
phosphorylation facilitates tumor cell
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proliferation, survival, metastasis, immune evasion, and
chemoresistance.”1°1  While small-molecule JAK inhibitors
(e.g., Ruxolitinib and Fedratinib) have been developed, their
clinical applications are limited by adverse effects such as
myelosuppression and immunosuppression."!l Therefore, iden-
tifying safer, naturally derived JAK/STAT3 pathway inhibitors
represents a promising therapeutic strategy in OC management.

Natural products are increasingly being explored for their an-
ticancer potential due to their structural diversity, bioavailability,
and low toxicity.['?) Among them, a-Hederin, a pentacyclic triter-
penoid saponin isolated from Hedera helix L. and Nigella sativa,
has shown antitumor activities in several cancer types, including
hepatocellular carcinoma and colon cancer.['**] Mechanistically,
a-Hederin has been reported to modulate oxidative stress path-
ways, block tumor-related signaling cascades, and induce apopto-
sis via ROS-mediated mitochondrial dysfunction.['>"*] However,
its potential role and underlying mechanisms in OC, particularly
in targeting the JAK/STAT3 axis, have not yet been comprehen-
sively elucidated.

In this study, we aim to systematically investigate the thera-
peutic efficacy of a-Hederin in OC, with a particular focus on its
effects on the JAK1/JAK2-STAT3 signaling pathway. By integrat-
ing computational drug screening, molecular docking, and ex-
tensive in vitro and in vivo validations, we provide strong preclin-
ical evidence that a-Hederin selectively inhibits the JAK/STAT3
axis, thereby suppressing OC cell proliferation, invasion, metas-
tasis, and epithelial-mesenchymal transition (EMT). This work
not only highlights a novel application of a-Hederin as a dual
JAK1/JAK2 inhibitor, but also contributes to the development of
low-toxicity, natural compound-based strategies for overcoming
resistance and improving OC treatment outcomes.

2. Results

2.1. Multiscale Drug Screening Identifies Anti-OC Compounds

By analyzing the Genotype-Tissue Expression database (GTEx)
and The Cancer Genome Atlas (TCGA) datasets via the UCSC
Xena Browser, 2% we conducted a comparative analysis of mRNA
expression profiles between 419 primary OC tissues and 88
normal ovarian tissues (Figure 1A,B). Our results revealed a
marked upregulation of IL-6 (Figure 1C) and IL-6R (Figure S1A,
Supporting Information) in OC tissues compared to normal
tissues, suggesting an active role of these markers in OC
pathogenesis. Furthermore, GSEA identified excessive activa-
tion of the IL6/JAK/STAT?3 signaling pathway in tumor tissues
(Figure 1D; Figure S1B, Supporting Information), corroborating
previous findings in the literature.?!"?2] We analyzed single-cell
sequencing data from 11 OC patients in the GSE165897 dataset
(Figure 1E) and observed high expression levels of IL6, IL6ST,
JAK1, and STAT3 in OC (Figure 1F; Figure S1C, Supporting
Information).[?*! Cells were annotated based on pre-and post-
neoadjuvant chemotherapy (NACT) treatment (Figure 1G), re-
vealing a significant downregulation of JAK1 expression follow-
ing treatment (Figure 1H). These results underscored the poten-
tial of targeting JAK activity as an effective therapeutic strategy
for OC.

Given the immense potential of natural compounds in can-
cer treatment, we implemented a structure-based computational
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screening approach followed by cytotoxicity assays (Figure 1I).
We conducted a computational screening of over 2900 natural
compounds targeting JAK1 and JAK2 proteins, selecting the top
candidates based on docking scores. To refine the selection, we
ranked the compounds separately for JAK1 and JAK2, identify-
ing the top 200 compounds for each protein. From these, we se-
lected the intersecting compounds that appeared in both rank-
ings and ensured that their docking scores were less than -12.0
for both JAK1 and JAK2. These six top-performing compounds
were further assessed for their cytotoxicity in OC cells (SKOV3)
across nine concentration gradients ranging from 0 to 80 um
over a 48-h incubation period. Effective concentration (ECs) val-
ues were determined in SKOV3 cells, while toxicity concentra-
tion (TCs,) values were evaluated in human ovarian epithelial
cells (IOSE-80). Among the screened compounds, a-Hederin
(HY-N0255) was identified as the most promising candidate, ex-
hibiting an EC50 of 6.05 um (Figure 1]) with no detectable tox-
icity to ovarian epithelial cells at concentrations up to 60 um
(Figure 1K).

Robust binding curves were observed for a-Hederin with JAK1
and JAK2, with Kd values of 9.96 pum for JAK1 (Figure 1L)
and 4.71 pum for JAK2 (Figure 1M). Binding curves for the re-
maining five compounds with JAK1 and JAK2 were observed
(Figure S1D, Supporting Information). Figure 1N depicts the
structures of JAK1. Docking analysis with AutoDock Vina con-
firmed the strong binding affinity of a-Hederin to the JH1 kinase
domain of JAK1, with a binding free energy of —12.57 kcal mol~2.
Similarly, a-Hederin was found to bind to the JH1 kinase do-
main of JAK2, with a binding free energy of —12.10 kcal mol™
(Figure 10), further supporting its potential as a dual-target in-
hibitor. PYMOL visualization showed that a-Hederin formed hy-
drogen bonds with HIS-885, HIS-918, ASP-921, and GLY-1023 of
JAK1 (Figure 1N and Table S1, Supporting Information), while it
formed hydrogen bonds with ARG-867, GLU-877, LYS-914, TYR-
931, and GLU-985 of JAK2 (Figure 10 and Table S2, Supporting
Information).

To further verify the potential targets of a-Hederin in OC,
we conducted a network pharmacology analysis. A total of
189 a-Hederin targets were identified from PubChem Bioas-
say and 2062 OC targets from databases including GeneCards,
DisGeNET, and OMIM. The analysis identified 90 overlapping
targets between a-Hederin and OC (Figure 1P). KEGG analy-
sis revealed enrichment in cancer-associated pathways, includ-
ing JAK/STAT, PI3K-Akt, and HIF-1 signaling (Figure 1Q). Cy-
toscape identified STAT3 as a key factor (Figure 1R). The overac-
tivation of the JAK/STAT3 pathway in OC (Figure S1E, Support-
ing Information) supports its critical role in a-Hederin’s anti-OC
effects.

2.2. a-Hederin Suppresses OC Proliferation In Vitro

The CCK-8 assay was first conducted to evaluate the impact of
a-Hederin on OC cells (SKOV-3 and OVCAR-8 cells) and nor-
mal ovarian cells (IOSE-80). Cisplatin (CDDP) was added as a
positive control. a-Hederin significantly inhibited OC cell pro-
liferation in a time- and dose-dependent manner. Although a-
Hederin required a higher dosage than CDDP to achieve simi-
lar effects, we found that a-Hederin exhibits almost no toxicity
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Figure 1. Multiscale analysis identifies a-Hederin as a JAK/STAT3-targeting compound for OC. (A) 3D Principal component analysis (PCA). PCA plot
was generated using the 2500 genes with the highest variance across samples. Normal tissues are represented by orange points, while OC samples are
indicated by blue points. (B) Volcano plot showing differentially expressed genes between OC and normal tissues. (C) Boxplot showing increased mRNA
expression of IL-6 in OC tissues compared to normal tissues, based on TCGA and GTEx datasets. (D) GSEA indicating significant enrichment of the IL-
6/JAK/STAT3 signaling pathway in OC. (E) Uniform Manifold Approximation and Projection (UMAP) plot of 51 786 single cells from 11 epithelial ovarian
cancer (EOC) patients (GSE165897), color-coded by patient identity. (F) Expression levels of IL6, IL6ST, JAK1, and STAT3 across single-cell populations.
(G) UMAP plots show the distribution of cells before and after NACT treatment. (H) JAK1 expression levels before and after NACT treatment. (1)
Workflow of structure-based virtual screening of 2908 natural compounds targeting JAK1 and JAK2, followed by cytotoxicity validation in OC and normal
ovarian epithelial cells. (J) Dose-response curves quantifying viability of OC cells upon drug treatment for 48 h. The code names of drugs are listed on
the right. (K) Dose-response curves quantifying viability of ovarian epithelial cells upon drug treatment for 48 h. (L) Binding affinity measurements of
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to normal ovarian cells (Figure 2A,B). 5 um a-Hederin showed
significant anti-tumor activity against OC cells after 48 h of treat-
ment. Thus, SKOV-3 and OVCAR-8 cells were treated with 5
and 10 pm of a-Hederin for 48 h to further explore the pro-
liferation ability. EdU experiments demonstrated a significant
decrease in SKOV-3 and OVCAR-8 cell proliferation rate when
treated with increasing a-Hederin concentrations (Figure 2C,D)
or CDDP (Figure S2A,B, Supporting Information). Colony for-
mation assays revealed a dose-dependent reduction of colony
numbers (Figure 2E,F). This effect is also consistent with the
CDDP, positive control (Figure S2C,D, Supporting Information).
Cell proliferation often correlates with alterations in cell cycle
progression.[**] Flow cytometry showed that a-Hederin arrested
OC cells in the GO/G1 phase (Figure 2G,H). This was accom-
panied by a significant reduction in the levels of Cyclin D1 and
CDK4, the key effectors in the regulation of cell cycle G1/S transi-
tion. a-Hederin also increased the levels of p53, a tumor suppres-
sor halting the cell cycle in the G1 phase (Figure 2I-K). Similar
results were observed with CDDP (Figure S2E-], Supporting In-
formation). These findings suggest that a-Hederin impedes the
cell cycle in OC cells by targeting crucial regulatory proteins.

2.3. a-Hederin Inhibits OC Cell Migration and Invasion

Migration and invasion are important mechanisms aside from
proliferation for tumor development. To evaluate the effects of
a-Hederin (2.5 and 5 um for 24 h) on OC cell migration and in-
vasion, we conducted Cell Scratch and Transwell assays. Treat-
ment with a-Hederin at these concentrations for 24 h maintained
OC cell viability at ~#90%, ensuring that the observed results
were not influenced by cell growth. The results revealed a sig-
nificant and dose-dependent inhibition of migration and inva-
sion (Figure 3A-D) in SKOV-3 and OVCAR-8 cells treated with a-
Hederin compared to the controls. Epithelial-mesenchymal tran-
sition (EMT) is a key feature of metastasis, marked by enhanced
cell migration and invasion. Treatment with a-Hederin led to
an increase in the epithelial marker E-cadherin and a decrease
in mesenchymal markers such as Vimentin, N-cadherin, and
the EMT-associated transcription factor Snail (Figure 3E,F). IF
staining further confirmed these results, showing elevated E-
cadherin and reduced N-cadherin in OC cells treated with a-
Hederin (Figure 3G,H). Additionally, CDDP, used as a positive
control, significantly reduced cell migration, invasion, and the
EMT process in SKOV-3 and OVCAR-8 cells (Figure S3A-H, Sup-
porting Information). F-actin staining revealed that a-Hederin
treatment suppressed the progression of EMT, as evidenced by
the reduced formation of stress fibers and filopodia, which are
hallmarks of mesenchymal cell morphology (Figure 3I). These
observations underscored the role of a-Hederin in suppressing
migration and invasion in OC cells and provide insights into its
underlying mechanisms.

www.advancedscience.com

2.4. a-Hederin Reduces OC Cell Growth and Metastasis In Vivo

To assess the impact of a-Hederin on tumor growth in vivo, OC
xenografts were subcutaneously implanted into BALB/c nude
mice and permitted to grow to a volume of ~50-100 mm?.
Tumor-bearing mice were treated with a-Hederin or CDDP
(Figure 4A). Tumor growth was notably inhibited in both drugs
(Figure 4B). Both the a-Hederin group and CDDP group exhib-
ited a significantly smaller tumor volume and markedly lower
tumor weight compared to the control group (Figure 4C,D).
Meanwhile, there were no significant differences between DMSO
(control group) and a-Hederin-treated mice in terms of body
weight, in contrast with the significant body loss caused by CDDP
(Figure 4E). Histological examination of vital organs, including
the liver, kidney, lung, and heart, did not reveal any overt morpho-
logical changes in a-Hederin-treated group (Figure 4F). CDDP
group showed observable vacuolar and inflammatory cell infil-
tration in the liver and kidneys, and widened alveolar septa in
the lungs (Figure 4F). The results of liver and kidney function
tests revealed notable abnormalities in the CDDP group, whereas
the a-Hederin and DM SO groups did not exhibit any discernible
alterations. Unlike CDDP, which induced notable hematopoi-
etic suppression as evidenced by decreased RBC, WBC, HGB,
and PLT counts, a-Hederin maintained these parameters at phys-
iological levels, indicating minimal impact on bone marrow
hematopoiesis (Figure S4A, Supporting Information). As the
Ki67 percentage was reduced significantly in tumors treated with
a-Hederin, the reduced tumor mass is likely related to inhibition
of the proliferation of tumor cells. (Figure 4G,H). Western blot
and IHC analyses of the xenograft model further confirmed these
findings. Cell cycle-related proteins and EMT markers exhibited
comparable alterations to those observed in the in vitro model
(Figure S4B-E, Supporting Information).

Further, a lung metastasis model was evaluated using biolu-
minescence imaging to reveal the role of a-Hederin in OC cell
metastasis (Figure 4I). Bioluminescence imaging indicated that
a-Hederin inhibited lung metastasis of OC cells (Figure 4],K).
These results were confirmed by H&E staining of the lungs
(Figure 4L).

2.5. a-Hederin Inhibits the STAT3 Pathway by Targeting JAK1 and
JAK2

As demonstrated earlier, a-Hederin bonded to the JH1 domain of
both JAK1 and JAK2, a region essential for controlling kinase ac-
tivity. Building on this, we investigated whether a-Hederin affects
STAT3, a major substrate of JAK kinases. Figure 5A,B showed
that a-Hederin reduced the phosphorylation of STAT3 and nu-
clear accumulation as shown by IF. As a result of a-Hederin
treatment, STAT3-targeting genes associated with malignant bi-
ological behaviors were decreased in OC cells. These include

a-Hederin and JAKT as measured via MST thermophoresis curve analysis. (M) Binding affinity measurements of a-Hederin and JAK2 as measured via
MST thermophoresis curve analysis. (N) Schematic structures of JAK1. Molecular docking results of a-Hederin (green) with JAK1 (blue). The docking
sites of a-Hederin on JAK1 were highlighted in magenta. (O) Schematic structures of JAK2. Molecular docking results of a-Hederin (green) with JAK2
(blue). The docking sites of a-Hederin on JAK2 were highlighted in magenta. (P) Venn diagram displaying a-Hederin targets (pink) and OC-associated
genes (yellow). The overlapping regions indicate common targets. (Q) KEGG analysis highlighted the top 20 pathways with significant enrichment. Then
red box indicated the JAK/STAT3 signaling pathway. (R) The schematic diagram of the drug-target gene network was visualized using Cytoscape software.
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Figure 2. a-Hederin inhibits the proliferation of OC cells without affecting IOSE-80 cells. (A,B) Cell viability of SKOV-3, OVCAR-8, and IOSE-80 cells
treated with increasing concentrations of a-Hederin (A) or CDDP (B) for 24 and 48 h, measured by the CCK-8 assay. (C) Representative images of EdU
staining in cells treated with 0, 5, or 10 um a-Hederin for 48 h to assess proliferation. Scale bar: 50 um. (D) Quantification of EdU-positive cells. (E)
Representative images of colony formation in SKOV-3, OVCAR-8, and |OSE-80 cells treated with a-Hederin. (F) Quantification of colony numbers from
(E). (G) Representative flow cytometry plots of the cell cycle distribution in SKOV-3 and OVCAR-8 cells following treatment with 0, 5, or 10 um a-Hederin
for 48h. (H) Quantification of cell cycle phase proportions in (G). (I) Western blot analysis of Cyclin D1, CDK4, and p53 expression in response to a-
Hederin at 5 or 10 um for 48 h. (J) Quantification of protein levels from (1). (K) IF staining of Cyclin D1 and p53 in cells treated with 0 or 10 um a-Hederin.
Scale bar: 50 um. Data are presented as mean + SD from at least three independent experiments. Statistical significance was evaluated using unpaired
two-tailed Student’s t-test for two-group comparisons and one-way ANOVA for multiple group comparisons. Compared to DMSO: *p < 0.05, **p < 0.01,

*p < 0.001, ns: not significant.
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MYC, CCND1, BIRC5, BCL2, VEGFA, TWIST1, MMP2, and
MMP9 (Figure 5C). The expression and phosphorylation levels
of STAT?3 at Y705 and upstream kinase were investigated after a-
Hederin treatment to further reveal its effects on p-STAT3 inhibi-
tion. A significant reduction in p-STAT3/% was observed in OC
cells without alteration in STAT3 protein expression following a-
Hederin treatment. The upstream kinase affected by a-Hederin
was JAK1 and JAK2, but not JAK3 or SRC (Figure 5D). Animal
experiments have also confirmed that the administration of a-
Hederin can significantly inhibit the phosphorylation levels of
STAT3, JAK1, and JAK2 in tumors in a dose-dependent man-
ner (Figure SSA-D, Supporting Information). a-Hederin reduced
the kinase activity of JAK1 (Figure 5E) and JAK2 (Figure 5F)
in a concentration-dependent manner. A pull-down assay with
ATP or a-Hederin agarose beads was performed to assess the
effect of a-Hederin on the ability of JAK1 and JAK2 to bind to
ATP. Results showed a-Hederin significantly decreased JAK1 and
JAK2 binding to ATP dose-dependently (Figure 5G,H). Addition-
ally, an in vitro kinase assay was conducted using recombinant
JAK1 and JAK2, both with and without a-Hederin. a-Hederin di-
minished the ability of JAK1 and JAK2 to phosphorylate STAT3
(Figure 5L]). DARTS is a method that leverages the decreased
protease sensitivity of target proteins after they bind to a drug.
Once the proteins interact with the drug, they become resistant
to degradation by pronase. SKOV-3 cell lysates were first incu-
bated with a-Hederin and then digested with pronase. Proteins
that bind to a-Hederin can be protected from pronase degrada-
tion. a-Hederin protected both JAK1 and JAK2 from degradation
in a dose-dependent manner (Figure 5K). We then performed tar-
geted gene knockdown of JAK1 and JAK2 in SKOV3 OC cells
using CRISPR/Cas9 (Figure S6A,B, Supporting Information).
As shown in Figure 5L, 5 pm a-Hederin treatment significantly
suppressed STAT3 phosphorylation in sgCtrl cells. Knockdown
of either JAK1 or JAK2 alone partially reduced p-STAT3 levels,
but did not abolish a-Hederin’s inhibitory effect. Notably, dual
knockdown of JAK1 and JAK2 led to a marked reduction in base-
line p-STAT3 expression, and in this context, a-Hederin treat-
ment failed to further suppress STAT3 phosphorylation. To fur-
ther investigate the specificity of a-Hederin in modulating onco-
genic signaling pathways in OC, we examined its effect on other
canonical pathways including PI3K/AKT, MAPK, and NF-«B. a-
Hederin treatment did not significantly alter the phosphorylation
levels of AKT, ERK1/2, or NF-xB p65 compared to control, indi-
cating that a-Hederin neither activates nor inhibits these signal-
ing cascades (Figure S6C,D, Supporting Information). To exclude
the potential involvement of alternative pathways, SKOV-3 and
OVCAR-8 cells were pretreated with selective inhibitors, includ-
ing the JAK1/2 inhibitor Ruxolitinib, the STAT3 inhibitor Stat-
tic, the PI3K inhibitor 1Y294002, and the HIF-1a inhibitor PX-
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478, followed by a-Hederin exposure. As shown in Figure S6E-H
(Supporting Information), pretreatment with LY294002 and PX-
478 markedly enhanced the inhibitory effects of a-Hederin on
cell proliferation, migration, and invasion, suggesting additive
or synergistic interactions. In contrast, neither Ruxolitinib nor
Stattic enhanced a-Hederin’s effects. These findings indicate that
a-Hederin inhibits STAT3 activation predominantly through tar-
geting both JAK1 and JAK2.

2.6. a-Hederin’s Anti-Cancer Effects were Partially Reversed by
STAT3 Reactivation In Vivo and In Vitro

To better identify whether a-Hederin inhibited OC via the
JAK/STAT3 pathway, we conducted rescue experiments with Co-
livelin, an activator of STAT3.[2°] Colivelin markedly elevated p-
STAT3Y’% levels in both a-Hederin-treated and untreated OC
cells, as demonstrated by Western blot (Figure 6A,B) and IF anal-
ysis (Figure 6C,D). We then assessed whether reactivating STAT3
would influence the phenotypic changes induced by a-Hederin in
OC cells. CCK-8 and colony formation assays revealed that Col-
ivelin partially countered the proliferation-inhibiting effects of a-
Hederin (Figure 6E-G). Furthermore, Colivelin enhanced the mi-
gration and invasion of a-Hederin-treated SKOV-3 and OVCAR-8
cells (Figure 6H,I). Colivelin also significantly reversed the EMT
changes caused by a-Hederin (Figure 6],K). These demonstrated
that STAT3 activator significantly restored the migration and in-
vasion ability of a-Hederin-treated SKOV-3 and OVCAR-8 cells.

Following the procedure outlined in Figure 7A, we conducted
in vivo studies to validate STAT3 reactivation’s impact on a-
Hederin’s anti-OC efficacy in vivo. Figure 7B-D shows that
Colivelin significantly counteracted the tumor growth inhibi-
tion by a-Hederin. The histomorphology of vital organs showed
no significant differences between mice treated with a-Hederin
alone and those treated with the combination of a-Hederin and
Colivelin (Figure 7E). Colivelin also reversed the a-Hederin-
induced changes in protein levels of the tumor, including p-
STAT3 and Ki67 (Figure 7F,G). In tail vein metastasis models,
Colivelin notably restored the lung metastasis nodules reduced
by a-Hederin (Figure 7H-K). These findings confirm that a-
Hederin inhibits the malignant phenotype of OC cells by tar-
geting the JAK/STAT3 signaling pathway. These results sup-
ported a-Hederin suppressed the malignant phenotype of OC
cells through inhibition of the JAK/STAT3 pathway.

2.7. a-Hederin Synergizes with CDDP to Suppress OC Progress
and Overcome Chemoresistance

To evaluate the potential of a-Hederin to enhance CDDP efficacy,
we conducted combinatorial treatment experiments in OC cell

Figure 3. a-Hederin suppresses the migration and invasion of OC cells in vitro. (A) Representative images from wound healing assays showing the
migration of SKOV-3 and OVCAR-8 cells treated with a-Hederin (2.5 or 5 um) for 24 h. White lines indicate the wound edges. (B) Quantification of
wound closure percentage relative to the initial gap width. (C) Representative Transwell images showing the effects of a-Hederin on cell migration (upper
panels) and invasion (lower panels) in SKOV-3 and OVCAR-8 cells. (D) Quantification of migrated and invaded cells in (C). (E) Western blot analysis
of EMT-related markers (E-cadherin, N-cadherin, Vimentin, and Snail) in cells treated with increasing concentrations of a-Hederin. (F) Quantification
of protein levels from (E). (G) Representative IF images of E-cadherin and N-cadherin in SKOV-3 and OVCAR-8 cells treated with 5 um a-Hederin for
24 h. Scale bar: 40 um. (H) Quantification of fluorescence intensity from (G). (I) Confocal fluorescence images of F-actin (red) and nuclei (DAPI). Scale
bar: 40 um. Data are presented as mean =+ SD of at least three independent experiments. Statistical significance was evaluated using unpaired two-tailed
t-tests for pairwise comparisons and one-way ANOVA for multiple group comparisons. Compared to DMSO: *p < 0.05, **p < 0.07, ***p < 0.001.
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lines SKOV-3 and OVCAR-8. As shown in Figure 8A, a-Hederin
and CDDP co-treatment significantly reduced cell viability com-
pared to either monotherapy. Combination index (CI) values, cal-
culated using CompuSyn, were consistently <1 across a range of
concentrations, indicating strong synergism. This synergy was
further confirmed via SynergyFinder analysis, where ZIP synergy
scores exceeded 10 in both cell lines (Figure 8B), suggesting a
robust and consistent synergistic interaction between a-Hederin
and CDDP.

To validate these findings in vivo, we employed an orthotopic
OC xenograft mouse model. Mice treated with the a-Hederin
and CDDP combination exhibited a marked reduction in tumor
size and weight compared to either agent alone (Figure 8C-E),
indicating enhanced anti-tumor efficacy. Histological analysis
via H&E staining revealed increased necrotic regions in tumors
from the combination group, further supporting the augmented
therapeutic effect. IHC staining demonstrated that the com-
bination therapy significantly reduced Ki67-positive prolifera-
tive cells (Figure 8F,G) and elevated cleaved caspase-3 (CC3)-
positive apoptotic cells (Figure 8H,1I), suggesting that a-Hederin
enhances CDDP-induced apoptosis while suppressing tumor cell
proliferation. Additionally, to explore whether a-Hederin can
overcome platinum resistance, we established CDDP-resistant
OC cell lines SKOV-3/CDDP and OVCAR-8/CDDP by grad-
ually exposing parental cells to increasing concentrations of
CDDP (Table S3, Supporting Information). As summarized in
Table S3 (Supporting Information), these resistant sublines dis-
played markedly elevated ICs,, values compared to their parental
counterparts, with RI of 4.64 and 4.05, respectively, confirming
the acquisition of a robust chemoresistant phenotype. To assess
whether a-Hederin can reverse this resistance, SKOV-3/CDDP
and OVCAR-8/CDDP cells were pretreated with a low dose of
a-Hederin (2.5 um) for 2 h, followed by CDDP exposure. As
shown in Figure S7A (Supporting Information), a-Hederin sig-
nificantly enhanced CDDP-induced cytotoxicity across all con-
centrations in both resistant cell lines. Colony formation as-
says further confirmed that a-Hederin restored CDDP sensitiv-
ity, as combination-treated groups exhibited a significant reduc-
tion in colony formation compared to either treatment alone
(Figure S7B,C, Supporting Information). Collectively, these find-
ings provide compelling preclinical evidence that a-Hederin not
only synergizes with CDDP to inhibit OC progress, but also effec-
tively restores CDDP sensitivity in resistant cells, highlighting its
potential as a chemosensitizing agent in platinum-based therapy.

3. Discussion

Ovarian cancer (OC) remains a significant clinical challenge, of-
ten diagnosed at advanced stages with limited treatment options
and a poor 5-year survival rate.?’! Standard chemotherapeutic

www.advancedscience.com

agents, such as paclitaxel and carboplatin, initially induce remis-
sion but are ultimately undermined by high recurrence rates and
acquired chemoresistance.[?”-28] The severe side effects associated
with long-term chemotherapy further compromise therapeutic
efficacy and patient quality of life. These clinical limitations un-
derscore the urgent need for novel, effective, and low-toxicity
therapeutic agents.

Natural compounds have gained attention as potential anti-
cancer therapeutics due to their broad pharmacological activities
and favorable safety profiles.?>3] In this context, a-Hederin, a
pentacyclic triterpenoid saponin, emerges as a promising can-
didate. Our study systematically investigated its anti-OC activity
and mechanistic basis through a combination of virtual screen-
ing, molecular docking, kinase assays, and both in vitro and in
vivo functional validations. Compared to currently available JAK
inhibitors, such as Ruxolitinib, Baricitinib, and Fedratinib, a-
Hederin offers several unique advantages: i) it simultaneously
inhibits both JAK1 and JAK2 enzymatic activity with high selec-
tivity, which prevents compensatory activation mechanisms seen
with single-target agents; ii) it is a naturally derived compound
with a favorable toxicity profile, as demonstrated in our in vivo
models, where no myelosuppression, hepatotoxicity, or signifi-
cant weight loss was observed, in contrast to the adverse effects
often associated with synthetic JAK inhibitors; iii) it exerts multi-
faceted anti-cancer effects, including suppression of EMT, induc-
tion of GO/G1 phase cell cycle arrest, inhibition of cell migration
and invasion, collectively contributing to its broad anti-tumor ac-
tivity. Additionally, a-Hederin significantly enhances the efficacy
of CDDP, indicating its potential for combination therapy and
synthetic lethality-based approaches in OC.

Our results demonstrate that a-Hederin selectively targets OC
cells while sparing normal ovarian epithelial cells (IOSE-80),
highlighting its therapeutic safety window. This specificity likely
arises from the unique molecular characteristics of cancer cells,
such as abnormal signaling pathways and dysregulated cell cy-
cle progression.’!) Our study also revealed that a-Hederin sup-
presses OC progression by inhibiting cell migration and inva-
sion. EMT is a crucial biological process in cancer progression
and metastasis, regulated by complex signaling pathways.32! In
OC, the JAK/STAT3 signaling pathway is frequently and con-
stitutively activated, particularly in high-grade serous OC.[33-35]
STAT3, among the STAT protein family, is the most consistently
upregulated in OC, as supported by our transcriptomic analysis
(Figure 1D; Figure S1B, Supporting Information) and by pre-
vious studies showing its correlation with poor prognosis and
aggressive tumor phenotypes.[*! This oncogenic dominance of
STAT3 underpins our mechanistic focus. Due to its central role
in ovarian tumorigenesis and constraints on experimental re-
sources, we initially concentrated on the JAK/STAT3 axis. Nev-
ertheless, investigating the effects of a-Hederin on other STAT

Figure 4. a-Hederin inhibits tumor growth and metastasis of OC in vivo. (A) Schematic illustration of the subcutaneous xenograft model. (B) Represen-
tative images of tumors from mice treated with DMSO, a-Hederin (2.5 or 5 mg kg™"), or CDDP (2.5 mg kg™"). (C) Tumor volume was measured every
3 days. (D) Tumor weight at the endpoint of the experiment. (E) Body weight of mice was monitored throughout the study. (F) H&E staining of tumors,
liver, kidney, lung, and heart tissues to evaluate histopathological changes. Scale bar: 50 um. (G) Representative IHC images of Ki67 staining in tumor
sections. Scale bar: 50 um. (H) Quantitative analysis of Ki67 staining intensity. (I) Schematic illustration of the lung metastasis model. (J) Representative
bioluminescence imaging of whole mice and isolated lungs at day 21, showing metastatic burden. (K) Quantification of lung luciferase activity. (L) H&E
staining of lung tissues showing metastatic nodules. Scale bar: 100 um. Data are presented as mean =+ SD from eight mice per group (n = 8). Statistical
significance was assessed using one-way ANOVA for multiple group comparisons. Compared to DMSO: **p < 0.01, ***p < 0.001, ns: not significant.
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isoforms, such as STAT1 or STATS, would be valuable in fu-
ture studies, especially given that JAK1 and JAK2 can phospho-
rylate multiple STATS under specific conditions. Mechanistically,
a-Hederin inhibits the JAK/STAT3 signaling axis, downregu-
lates STAT3-regulated oncogenic genes (MYC, CCND1, BIRCS,
TWIST1),13738 and blocks STAT3 phosphorylation and nuclear
translocation. These findings were validated by STAT3 rescue as-
says using Colivelin, which partially reversed a-Hederin-induced
suppression of proliferation, migration, and EMT.

Molecular docking confirmed a-Hederin’s high binding affin-
ity to the ATP-binding JH1 domain of both JAK1 and JAK2. In
vitro kinase inhibition and DARTS assays further substantiated
its direct enzymatic targeting. This distinguishes a-Hederin from
previously studied agents which only demonstrated its impact
on IL-6-induced STAT3 activation in colon cancer, without iden-
tifying its direct molecular targets or effects in OC.3%%%] Further-
more, our study employed three independent in vivo models—a
subcutaneous xenograft model, a tail vein-injection lung metas-
tasis model, and an orthotopic OC model—to comprehensively
validate the anti-tumor efficacy and safety of a-Hederin. These
data provide strong preclinical support for clinical translation.

Despite promising results, our study has several limitations
that must be addressed in future work. First, although we pro-
vide evidence for JAK1/JAK2-STAT3 pathway inhibition by a-
Hederin in vitro and in vivo, the long-term pharmacokinetic pro-
file, metabolic stability, and oral bioavailability of a-Hederin re-
main poorly defined. Comprehensive ADME-Tox (Absorption,
Distribution, Metabolism, Excretion, and Toxicology) profiling
and dose-escalation safety studies are required in multiple ani-
mal models to support investigational new drug (IND) applica-
tions. Second, although we have evaluated the therapeutic effi-
cacy of a-Hederin in an orthotopic OC model with an intact im-
mune system, further studies are warranted to elucidate its in-
teractions with the tumor immune microenvironment, as well
as to assess immune-related toxicities, particularly in combina-
tion with CDDP. Third, although our study primarily focused on
the JAK/STAT3 pathway, broader target validation such as kinase
panel screening and genetic dependency assays is necessary to
definitively exclude potential off-target effects.

Compared to other natural compounds with anticancer poten-
tial, such as Curcumin, Resveratrol, and Berberine, a-Hederin
demonstrates a distinct mechanism of action by functioning as
a dual JAK1/JAK2 inhibitor with selective activity against can-
cer cells. Notably, its synergistic effects with platinum-based
chemotherapy and low toxicity in normal epithelial cells may of-
fer a therapeutic window not commonly observed with other nat-
ural agents. However, to establish a-Hederin as a viable clinical

www.advancedscience.com

candidate, GMP-grade formulation development, delivery opti-
mization (e.g., nanoparticles, prodrugs), and early-phase toxicity
trials in primates are important next steps.

In conclusion, a-Hederin represents a novel dual JAK1/JAK2
inhibitor that suppresses OC progression via blockade of the
JAK/STAT3 pathway (Figure 9), while offering superior safety
and therapeutic advantages over existing synthetic inhibitors. Its
ability to enhance the activity of CDDP further supports its de-
velopment as a combination therapy agent. These findings lay a
solid foundation for future clinical evaluation of a-Hederin in OC
treatment.

4. Experimental Section

Cell Culture and Reagents: Human OC cells SKOV-3 and OVCAR-
8 were purchased from Pricella Biotechnology (Wuhan, China). Human
normal ovarian epithelial cell line IOSE-80 was purchased from Bei-
jing Bowers Type Culture Collection. SKOV-3 cells were cultured in Mc-
Coy’s 5A medium (Pricella, Wuhan, China) containing 10% fetal bovine
serum (FBS, Cellmax, China) and 1% penicillin-streptomycin. OVCAR-8
and IOSE-80 cells were cultured in RMPI 1640 medium (Pricella) contain-
ing 10% fetal bovine serum and 1% penicillin-streptomycin. All the cells
were cultured in the cell culture dishes/plates which were obtained from
Bioland (China). All cells were cultured in an incubator at 37°C with 5%
CO2. All experiments were repeated at least three times to ensure the reli-
ability of the results. CDDP-resistant SKOV-3 and OVCAR-8 cell lines were
established by exposing parental cells to stepwise increasing concentra-
tions of CDDP. Cells were initially treated with 0.5 um CDDP for 72 h. Sur-
viving cells were allowed to recover, followed by incremental dose esca-
lation by 0.5 um every 7-10 days until reaching a final concentration of
10 uM. At each step, only stably growing cells were used for subsequent
passages. Resistant sublines, designated as SKOV-3/CDDP and OVCAR-
8/CDDP, were maintained in medium containing 1 um CDDP to preserve
the resistance phenotype and cultured in drug-free medium for 72 h before
experiments. To evaluate the level of acquired resistance, the resistance in-
dex (RI) was calculated as the ratio of the ICs,, value of the resistant cell
line to that of its corresponding parental line, according to the following
formula: RI= ICSO, resistant / |C50, parental

a-Hederin (purity >99.8%), dimethyl sulfoxide (DMSO), the positive
control CDDP, and the STAT3 agonist (Colivelin) were purchased from
MedChemExpress (Shanghai, China). a-Hederin was dissolved in DMSO
to prepare a 20 mm stock solution and stored at —20 °C. The recombi-
nant JAK1, JAK2, and STAT3 were also purchased from MedChemExpress
(Shanghai, China).

Antibodies: The antibodies utilized in this study include GAPDH,
E-cadherin, N-cadherin, Ki67, and Snail, all sourced from Proteintech
(Wuhan, China). Antibodies for Cyclin D1 and CDK4 were purchased from
ABclonal Technology (WuHan, China). Antibodies for JAKT, p-JAK1, SRC,
p-SRC, JAK2, p-JAK2, STAT3, and p-STAT3 (Y705) were obtained from Cell
Signaling Technology (Danvers, MA, USA). Additionally, Vimentin and p53

Figure 5. a-Hederin directly binds to JAK1/2 and inhibits STAT3 phosphorylation and nuclear translocation. (A,B) IF staining of p-STAT3 and statistical
analysis of fluorescence intensity. Scale bar: 10 um. (C) Heatmap showing relative mRNA expression of STAT3 downstream targets (MYC, CCNDT,
BIRCS5, BCL2, VEGFA, TWIST1, MMP2, and MMP9) following a-Hederin treatment, measured by qRT-PCR and normalized to GAPDH. (D) Western blot
analysis of total and phosphorylated STAT3, JAKT, JAK2, JAK3, and SRC in SKOV-3 cells treated with a-Hederin (5 or 10 um) or DMSO. Statistical analysis
is presented. (E,F) Kinase assay to examine the effect of a-Hederin on JAK1 (E) and JAK2 (F) kinase activity. (G,H) The competitive binding relationship
between a-Hederin and ATP was confirmed using a pull-down assay. (1,)) In vitro kinase assays were performed using bacterial-purified His-STAT3 and
the active JAKT (1) and JAK2 ()) kinase. The amount of a-Hederin in the reaction is indicated. (K) DARTS (drug affinity responsive target stability) assay
showing a-Hederin-mediated stabilization of JAK1 and JAK2 proteins in SKOV-3 lysates. (L) Western blot analysis of p-STAT3 and total STAT3 in SKOV-3
cells with sgCtrl, sgJAK1, sgJAK2, or sgJAK1+sgJAK2, treated or not with 5 um a-Hederin. Bottom panel: quantification of p-STAT3/STAT3 ratio. Data are
presented as mean = SD from at least three independent experiments. Statistical significance was determined by unpaired two-tailed Student’s t-test
for two-group comparisons and one-way ANOVA for comparisons among multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.
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Figure 6. STAT3 reactivation partially reverses the anti-tumor effects of a-Hederin in OC cells in vitro. (A) Western blot analysis of total and phosphory-
lated STAT3 in SKOV-3 and OVCAR-8 cells treated with a-Hederin (10 um), Colivelin (0.5 um), or both for 24 h. (B) Quantification of p-STAT3 /STAT3 levels
from (A). (C) IF staining of p-STAT3 in SKOV-3 and OVCAR-8 cells treated as in (A). Scale bar: 10 um. (D) Quantification of fluorescence intensity from
(C). (E) Cell viability was measured by CCK-8 assay in the same treatment groups. (F) The colony formation assay was used to detect the proliferation of
SKOV-3 and OVCAR-8 cells treated with a-Hederin for 48h with or without Colivelin. (G) Quantification of colony numbers from (F). (H) Representative
Transwell images showing cell migration (top) and invasion (bottom) in SKOV-3 and OVCAR-8 cells under the indicated treatments. Scale bar: 100 um.
(1) Quantitative analysis of migrated and invaded cells from (H). (J) Western blot analysis of EMT markers (E-cadherin, N-cadherin, and Vimentin) in
cells treated with a-Hederin and/or Colivelin. (K) quantification of protein levels from (J). Data are presented as mean + SD from three independent
experiments. Statistical significance was determined using one-way ANOVA for multiple group comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 8. a-Hederin synergizes with CDDP to suppress OC progression and enhance chemotherapy efficacy. (A) Cell viability of SKOV-3 and OVCAR-8
cells following treatment with a-Hederin, CDDP, or their combination for 24 h, measured by CCK-8 assay. Cl values were calculated using CompuSyn.
(B) Synergy analysis of a-Hederin and CDDP using SynergyFinder. Left: dose-response inhibition matrices; right: ZIP synergy score contour plots for
SKOV-3 and OVCAR-8 cells. (C) Representative gross tumor images and H&E-stained sections from SKOV-3 orthotopic xenografts treated with DMSO,
CDDP (2.5 mg kg™"), a-Hederin (2.5 mg kg™"), or the combination. Scale bar (H&E): 100 um. (D,E) Quantification of tumor weight (D) and volume
(E) at the experimental endpoint. (F) IHC staining for Ki67. Scale bar: 50 um. (G) Quantification of staining intensity from (F). (H) IHC staining for
CC3. Scale bar: 50 um. (1) Quantification of staining intensity from (H). Data are presented as mean + SD from eight mice per group (n = 8). Statistical

significance was assessed using one-way ANOVA for multiple group comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 9. Proposed schematic model of the anti-tumor mechanism of
a-Hederin in OC. a-Hederin directly binds to JAK1/2 kinases, inhibiting
JAK-mediated phosphorylation of STAT3. This blocks STAT3 activation and
its subsequent nuclear translocation, leading to downregulation of target
gene transcription involved in proliferation, migration, invasion, and EMT
in OC cells.

antibodies were acquired from Affinity Biosciences (Cincinnati, OH, USA).
Cleaved-Caspase 3, JAK3 and p-JAK3 was purchased from Bioss (USA).
Cell Viability Assay:  Cell viability was detected using the Cell Counting
Kit-8 (CCK-8) reagent (Biosharp, Hefei, China). Cells were seeded at a den-
sity of 8 x 10°3 cells per well in 96-well plates. After drug treatment, 10 pl of
CCK-8 reagent (Biosharp) was added to each well and incubated at 37 °C
for 1-2 h. Subsequently, the optical density (OD) at 450 nm was measured
using a microplate reader (Perkin Elmer, Waltham, MA, USA).
Bioinformatics Analysis:  Bioinformatics analysis utilized TCGA and
GTEx datasets to identify differentially expressed genes (DEGs). The anal-
ysis pipeline included statistical normalization (DESeq2), pathway enrich-
ment using KEGG, and visualization via Cytoscape, ensuring reproducibil-
ity and clarity of the findings. Single-cell gene expression data and associ-
ated cell annotations for OC samples were obtained from a recent study,
accessible through the Gene Expression Omnibus (GEO) under acces-
sion number GSE165897. This dataset includes 11 high-grade serous ovar-
ian cancer (HGSOC) patients who underwent neoadjuvant chemother-
apy (NACT), with paired pre- and post-treatment samples profiled us-
ing scRNA-seq. The dataset was analyzed as provided, without additional
quality control, as QC measures were already applied in the original study.
The Seurat package (version:5.1.0, https://github.com/satijalab/seurat)
was utilized to process the data for downstream analysis. Using the
AddMetaData function, metadata was integrated into the dataset, and
RunUMAP was employed for dimensionality reduction and visualization.
Virtual Screening:  The virtual screening process was conducted using
Schrédinger Maestro 12.8, starting with the 3D structures of human JAK1
(PDB ID: 6GGH) and JAK2 (PDB ID: 4AQC), which were downloaded from
the PDB database and processed using the Protein Preparation Wizard
module to optimize structures and add hydrogens. The Traditional Chi-
nese Medicine Active Compound Library, containing 2908 compounds in
2D format, was prepared using the Schrédinger LigPrep module for hy-
drogen addition, energy optimization, and 3D conversion. Prepared com-
pounds were imported into the Virtual Screening Workflow module for
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docking, where the Glide module was used to perform molecular dock-
ing by matching receptor and ligand molecules based on geometric and
energy compatibility. Docking was conducted in a stepwise manner, begin-
ning with high-throughput virtual screening (HTVS) to filter compounds,
followed by standard precision (SP) docking for refined scoring, and extra
precision (XP) docking to identify top-ranked compounds with detailed
binding interactions. Post-docking analysis confirmed the involvement of
key residues in stable binding through hydrogen bonding and hydropho-
bic interactions, ensuring the selection of promising candidates for further
validation.

Network Pharmacology: The target information for a-Hederin
(Compound CID: 73296) was retrieved from both the PubChem
database (https://pubchem.ncbi.nim.nih.gov/) and the SwissTarget-
Prediction database (http://www.swisstargetprediction.ch/).  After
eliminating redundant genes, these targets were converted into gene
names using the UniProt database (https://www.uniprot.org/). To
identify potential targets related to OC, searches were conducted in
the GeneCards (https://www.genecards.org/, relevance score>15.0),
DisGeNET (https://www.disgenet.org/, score_gda>0.1), and OMIM
(https://omim.org/) databases, followed by the removal of duplicate
genes.

Using the Venny 2.1 tool (https://bioinfogp.cnb.csic.es/tools/venny/),
a Venn diagram was created to show the overlap between the targets of
a-Hederin and OC, highlighting common targets that may indicate po-
tential therapeutic applications. These shared targets, focusing on Homo
sapiens, were then used to construct a protein-protein interaction (PPI)
network via the STRING database, with a confidence score threshold of
0.4. The network visualization was carried out using Cytoscape 3.9.1, with
targets organized by degree, depicted through gradient colors and sizes.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was conducted using the DAVID platform (david.ncifcrf.gov/). These anal-
yses provided valuable insights into the biological functions and pathways
associated with the common targets, shedding light on the potential ther-
apeutic mechanisms through which a-Hederin may exert its effects in the
treatment of OC.

Microscale Thermophoresis (MST): The binding affinity of a-Hederin
with recombinant JAK1 (MCE, HY-P700583) and JAK2 (MCE, HY-P7989)
was analyzed using the Microscale thermophoresis Monolith NT.115 sys-
tem (Nanotemper Technologies) from Core Facility of Medical Research
Institute at Wuhan University. For protein-ligand affinity testing, recombi-
nant JAK1 and JAK2 proteins were diluted in PBS-T, and adjusted to a final
concentration of 200 nm. Labeling was performed using the RED-Tris-NTA
Protein Labeling Kit (MO LO018) according to the manufacturer’s guide-
lines. Compounds (stock solutions 20 mm) were serially diluted and incu-
bated with labeled proteins for the MST assay. The samples were loaded
into premium capillaries, and thermophoresis was measured under speci-
fied power conditions. Kd values were calculated using Nanotemper analy-
sis software, demonstrating significant binding of a-Hederin to both JAK1
and JAK2, underscoring its potential as a therapeutic agent targeting these
kinases.

5-Ethynyl-2'-Deoxyuridine (EdU) Assay: First, cells were seeded at a
density of 2.5 X 1075 in 12-well plates and cultured in a 37 °C, 5% CO,
incubator. After drug treatment, 10 um EdU reagent (Beyotime, Shanghai,
China) was added to the medium and incubated for 2 h to allow incorpo-
ration of EdU during DNA synthesis. After incubation, the medium was
removed and the cells were fixed with 4% paraformaldehyde (Biosharp)
at room temperature for 15 min. Then, the cells were permeabilized
with 0.5% Triton X-100 (Biosharp) at room temperature for 10 min. After
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permeabilization, the reaction solution was prepared according to the
manufacturer’s instructions and incubated in the dark for 30 min. Finally,
the cell nuclei were stained with DAPI, and the EdU-labeled cells were ob-
served under a fluorescence microscope (BX51, Olympus, Tokyo, Japan).

Colony Formation Assay: The colony formation assay was used to as-
sess cell proliferation and colony-forming ability. First, cells were seeded
at a density of 1x 1073 in six-well plates to allow single cells to grow into
colonies independently. After drug treatment, the cells were incubated for
another 14 days, with the fresh medium changed regularly. At the end of
the incubation, the cells were fixed with 4% paraformaldehyde (Biosharp)
for 15 min. Then, the cells were stained with 0.1% crystal violet (Biosharp)
for 30 min. After staining, excess dye was washed off with tap water, and af-
ter the plates dried, photographs were taken and the number of colonies in
each plate was counted to evaluate the colony-forming ability of the cells.

Cell Cycle Analysis:  First, the cells to be tested were collected and
washed with PBS, then fixed overnight with 70% cold ethanol to ensure
cell membrane permeability. After fixation, the cells were treated with PBS
solution containing RNase A (100 ug mL™") to remove RNA, then stained
with 50 ug mL™" propidium iodide (PI, Elabscience Biotechnology Co.,
Ltd., China) in the dark for 30 min to bind DNA with the fluorescent dye.
The fluorescence intensity of the cells was then detected using a CytoFLEX
flow cytometer (Beckman Coulter, USA). Finally, the cell cycle distribution
was analyzed by Flow]o software (TreeStar, USA).

Scratch Assay:  The Scratch assay was a method used to evaluate cell
migration ability. First, cells were cultured in 6-well plates until ~90% con-
fluency, then a sterile pipette tip was used to vertically scratch a straight
line in the center of the cell layer to create a wound. Next, the plate was
gently washed with PBS to remove detached cells and debris, then the cells
were treated with appropriate drug concentrations. The plate was then
placed under a microscope to capture images of the scratch at 0 h, and
the cells were continuously cultured with images taken at regular intervals
to monitor wound healing. At the end of the experiment, cell migration
ability was evaluated by measuring the reduction in the scratch area.

Transwell Assay: The Transwell migration and invasion assays were
methods used to evaluate cell migration and invasion abilities. First, cells
were suspended in the serum-free medium and seeded into the upper
chamber of a Transwell insert (NEST Biotechnology, China). For migration
assays, no Matrigel (BD Biosciences, USA) was added. The bottom of the
upper chamber was precoated with Matrigel to simulate the extracellular
matrix for invasion assays. Then, 600 pL of complete medium contain-
ing 15% FBS was added to the lower chamber to induce cell migration or
invasion. After 24 h of incubation, non-migrated or non-invaded cells in
the upper chamber were gently removed with a cotton swab. Next, cells
were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet.
Finally, the stained cells on the bottom membrane of the lower chamber
were observed and counted under a microscope to evaluate cell migration
and invasion abilities.

Immunofluorescence (IF):  First, cells were fixed with 4% paraformalde-
hyde for 15 min. Next, cells were permeabilized with 0.3% Triton X-100
(excluding membrane proteins) to increase cell membrane permeability.
Then, the cells were blocked with 5% BSA at room temperature for 30 min.
Next, primary antibodies were added and incubated overnight at 4 °C in
a humidified chamber. After that, fluorescently labeled secondary antibod-
ies were added and incubated for 30 min in the dark. F-actin was labeled
by YF®594 - Phalloidin (UElandy, Suzhou, China). Then, DAPI was added
to stain the nuclei and incubated for 10 min in the dark. Finally, the cells
were mounted with an anti-fade mounting medium and observed under
a fluorescence microscope to evaluate the expression and localization of
target antigens.

Immunohistochemistry (IHC):  First, tissue samples were fixed in for-
malin, dehydrated, embedded, and sectioned, with sections mounted on
slides. Next, antigen retrieval was performed in a microwave using sodium
citrate buffer to expose antigen sites. Then, sections were treated with 3%
hydrogen peroxide to inhibit endogenous peroxidase activity and blocked
with serum to prevent non-specific binding. Next, primary antibodies were
added and incubated overnight in a humid chamber, followed by the addi-
tion of secondary antibodies and incubation. Streptavidin-peroxidase com-
plex was then added for labeling. The DAB substrate was used for color
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development until a color signal appeared, and hematoxylin was used for
counterstaining the nuclei. Finally, the sections were dehydrated through
a graded alcohol series, cleared, and mounted with neutral balsam. The
staining results were observed under a microscope to evaluate the expres-
sion and localization of the target antigens.

Western Blot Analysis: ~ First, protein samples were separated by SDS-
PAGE electrophoresis and transferred onto a polyvinylidene fluoride mem-
brane. Next, the membrane was blocked with 5% skim milk for 1 h. Then,
specific primary antibodies were added and incubated overnight at 4 °C,
followed by washing the membrane four times with TBST, each for 5 min.
Next, appropriate HRP-conjugated secondary antibodies were added and
incubated for 1h at room temperature, followed by washing the membrane
four times with TBST. Finally, the Sparkjade ECL plus (Shandong Sparkjade
Biotechnology Co., Ltd.) was used for color developmentas recommended
by the manufacturer. And protein bands were detected using an ECL im-
ager (ChemiDoc, Bio-Rad, Hercules, CA, USA). Quantitative analysis was
performed using Image| software.

In Vivo Xenograft Model:  Forty-two female nude mice aged 4-6 weeks
(19-21g) were purchased from Weitonglihua Biotechnology (Beijing,
China). SKOV-3 cells in culture were collected, resuspended in PBS, and
prepared into a single-cell suspension (1.0 x 10°7/mL), then subcuta-
neously injected into each nude mouse (0.2 mL per mouse). When the
average tumor volume reached 50 mm3, the mice were randomly di-
vided into seven groups (6 mice/group) and intraperitoneally adminis-
tered DMSO, a-Hederin (2.5 mg kg™"), a-Hederin (5 mg kg~'), CDDP
(2.5 mg kg™"), or DMSO, a-Hederin (5 mg kg™"), Colivelin (1 mg kg™")
+ a-Hederin (5 mg kg™') every 3 days. The body weight and tumor
size of the nude mice were measured every 3 days. The tumor vol-
ume (TV) was calculated using the formula: TV (mm?3) = 0.5 x d"2 x
D, where d represents the short diameter and D represents the long
diameter. After 21 days, the nude mice were sacrificed, the tumor tis-
sues were dissected, and the tumor weight was recorded. Additionally,
kidney and liver functions were assessed by serum levels of Urea, cre-
atinine (Crea), aspartate aminotransferase (AST), and alanine amino-
transferase (ALT). The tissue sections were stained with H&E stain-
ing kit (Beijing Solarbio Science & Technology Co., Ltd.) based on the
manufacturer’s instructions.

All animal experiments were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (NIH Publication No.
80-23, revised 1978) and received approval from the Laboratory Animal
Welfare and Ethics Committee of Renmin Hospital (IACUC Issue No.
WDRM20240906B).

Lung Metastatic Model:  An SKOV-3 cell line carrying the Luc luciferase
reporter gene (SKOV-3-Luc) was first constructed. Then, 1 x 10°6 SKOV-
3-Luc cells were injected into the tail vein of nude mice to establish a lung
metastasis model. Subsequently, the bioluminescence of the tumors was
detected using an optical imaging system (VIS spectrum CT, Perkin Elmer,
Waltham, MA, USA). At the end of the experiment, the formation and de-
velopment of metastatic tumors were assessed by dissecting and histo-
logically analyzing lung tissues.

Orthotopic OC Model:  An orthotopic OC model was established in 8-
week-old female C57BL/6L mice via intra-ovarian injection of oncogenic
plasmids. Mice were anesthetized using 2-3% isoflurane administered via
an inhalation system. After confirming deep anesthesia, mice were placed
in the prone position, and the dorsal skin was sterilized with 70% ethanol.
A small incision was made in the lower back to access the retroperi-
toneal space. Through gentle blunt dissection, the ovary was exposed us-
ing curved forceps, taking care to avoid damaging the surrounding tis-
sues. A plasmid mixture containing pT3-AKT, pT3-MYC, and pCAG-SB100
(transposase system) was prepared in sterile saline and loaded into a 30-
gauge insulin syringe. After injection, the site was gently compressed with
a sterile cotton swab for several seconds to minimize leakage. The ovary
was then repositioned into the peritoneal cavity, and the abdominal mus-
cle and skin layers were sutured separately using absorbable sutures. Post-
operative analgesia was provided by subcutaneous injection of meloxicam
(5 mg kg™') immediately after surgery and once daily for the following 2
days. Mice were monitored during recovery from anesthesia and housed
in clean cages with ad libitum access to food and water. The orthotopic
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injection procedure was technically supported by Shouzheng Hongyao
(Wuhan) Biotechnology Co., Ltd.

Kinase Activity Assay: The kinase activity of JAK1 (Signal Chem,
Canada) and JAK2 (Signal Chem, Canada) was measured by ADP-Glo™
Kinase Assay (Promega, V6930) based on the manufacturer’s instruction.
An ADP-Glo™ kinase assay was performed to assess kinase activity by first
depleting unconsumed ATP, converting ADP to ATP, and then measuring
the ATP consumption. In brief, a kinase buffer containing active kinase and
100 pum ATP, along with DMSO or a-Hederin, was incubated at 25°C for 30
min. Following this, ADP-Glo™ reagent was added, and the mixture was
incubated for an additional 40 min at 25°C. The kinase activity was then
quantified using a microplate reader (PerkinElmer, Waltham, MA, USA).

ATP Competition Assay: Recombinant JAK1 and JAK2 obtained from
Signal Chem (Canada), were incubated with specified concentrations of
a-Hederin or ATP (New England Biolabs, N0440S) in a binding buffer
(comprising 50 mM Tris pH 7.4, 150 mm NaCl, 1mm EDTA, 6 mm sodium
deoxycholate, 1% NP-40, Tmm PMSF, and a protease inhibitor cocktail)
at 4 °C for an hour. The mixture was then rotated overnight at 4 °C with
either ATP-conjugated Sepharose beads (GE Healthcare) or a-Hederin-
conjugated Sepharose beads. Following this, the beads were washed five
times with the binding buffer, and the amount of JAK bound to the beads
was analyzed via Western blot.

Drug Affinity Responsive Target Stability (DARTS): Cells were washed
with PBS and scraped off in M-PER buffer (Thermo Scientific, 78501) with
PMSF (Servicebio, G2008) and protease inhibitors (MCE, HY-K0010) on
ice. The supernatant was transferred to a fresh tube, where TNC buffer
(50 mm Tris-HCl pH 8.0, 50 mm NaCl, 10 mm CaCl2) was added. The cell
lysate was then incubated with specified concentrations of a-Hederin for
30 min on ice, followed by a 30-min incubation at 25°C. Proteolytic diges-
tion was carried out using 50ug mL~" Pronase (Roche, 10165921001) at
room temperature for 30 min. To halt the digestion, an SDS loading buffer
was added, and the samples were boiled for 5 min. The samples were then
subjected to SDS-PAGE and Western blot analysis.

In Vitro Kinase Assay:  Following standardized procedures, an in vitro
kinase assay was performed to investigate the influence of a-Hederin on
JAK1 and JAK2 enzymatic activity. His-tagged STAT3 was expressed in E.
coli cells and subsequently purified using Ni-NTA beads, serving as the
substrate in kinase assays. Active human JAK1 and JAK2 kinase, obtained
from Signal Chem (Canada), was diluted to a final concentration of 0.1
pg mL~" in Kinase Dilution Buffer IIl (Signal Chem, K23-09). This was
then combined with 3 ug of STAT3 and 5 pl of ATP (New England Biolabs,
NO0440S). The assays included varying concentrations of a-Hederin (5 um
and 10 um) and were carried out at 30 °C for 30 min. The kinase reactions
were terminated by adding 2x SDS loading buffer and heating the mix-
ture at 95 °C for 5 min. To confirm the phosphorylation of STAT3 at Tyr705
by JAK2, the Western blot was performed using an anti-phosphorylated
STAT3Y7% antibody.

Statistical Analysis: All in vitro experiments were conducted in trip-
licate, and results were expressed as mean + standard deviation (SD).
Data were analyzed using GraphPad Prism software (version 8.0, Graph-
Pad Software, San Diego, CA, USA). Comparisons between the two groups
were made using the Student’s t-test. For comparisons among multiple
groups, the one-way analysis of variance (ANOVA) was employed. p-values
less than 0.05 were considered statistically significant. All figures were gen-
erated using GraphPad Prism, and significant differences were indicated
as follows: p* < 0.05, p** < 0.01, and p*** < 0.001, ns: not significant.

Ethical Approval Statement: The Laboratory Animal Welfare and Ethics
Committee of Renmin Hospital of Wuhan University reviewed and ap-
proved the animal procedures (IACUC Issue No. WDRM20240906B). All
animal experiments were conducted following the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 80-23; revised 1978).
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