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Harnessing artificial intelligence to identify
Bufalin as a molecular glue degrader of
estrogen receptor alpha
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% Check for updates Target identification in natural products plays a critical role in the develop-

ment of innovative drugs. Bufalin, a compound derived from traditional
medicines, has shown promising anti-cancer activity; however, its precise
molecular mechanism of action remains unclear. Here, we employ artificial
intelligence, molecular docking, and molecular dynamics simulations to elu-
cidate the molecular mechanism of Bufalin. Using an integrated multi-
predictive strategy, we identify CYP17Al, ESR1, mTOR, AR, and PRKCD as the
potential targets of Bufalin. Subsequent validation via surface plasmon reso-
nance, biotin pulldown, and thermal shift assays confirms Bufalin’s direct
binding to ESR1, which encodes estrogen receptor alpha (ERo). Molecular
docking analyses pinpoint Bufalin’s selective interaction with Arg394 on ERa.
Molecular dynamic simulations further show that Bufalin acts as a molecular
glue, enhancing the interaction between ERa and the E3 ligase STUBI, thereby
promoting proteasomal degradation of ERa. Given the therapeutic potential
of ERa degradation in overcoming endocrine resistance, we investigate the
inhibitory effect of Bufalin on endocrine-resistant models and prove Bufalin
reverses Tamoxifen resistance in vitro, in vivo, and in patient-derived breast
cancer organoids from tamoxifen-relapsed cases. Collectively, our findings
indicate that Bufalin functions as a molecular glue to degrade ERq, offering a
potential therapeutic strategy for reversing Tamoxifen resistance.

Natural products are the ideal starting points for molecular design and
play a pivotal role in drug discovery. Identifying the specific targets of
natural compounds is crucial for the development of innovative
therapies. Bufalin, an active monomer extracted from the Chansu, is a
potent anticancer agent used clinically in China to treat various

effective anti-tumor action against lung cancer, liver cancer, colorectal
cancer, and glioma**. Recent studies have demonstrated that Bufalin
inhibits tumor growth, regulates metastasis, and enhances antitumor
immune responses by polarizing tumor-infiltrating macrophages
toward the M1 phenotype>. However, the molecular mechanisms

cancers’. Accumulating evidence indicates that Bufalin exerts underlying Bufalin’s anti-tumor activity remain to be elucidated.
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Current pharmacological research suggests that Bufalin could sup-
press multiple signaling pathways, including Hippo-YAP, Wnt/(3-Cate-
nin, JNK, SRC3/MIF, mTOR, and MAPK, leading to apoptosis, necrosis,
and autophagy in different cancer cells**®. Therefore, identifying
Bufalin’s exact anti-tumor targets is critical for optimizing its ther-
apeutic applications.

Target identification and validation in drug discovery are time-
consuming and challenging procedures. Artificial intelligence (Al),
which incorporates machine learning, deep learning, and network-
based algorithms, has emerged as a powerful tool for predicting the
potency, toxicity, and mechanism of action of compounds, thereby
accelerating drug target discovery®°. Previously, we developed a
multi-scale system pharmacology (MSSP) method and a combinatorial
target-screening strategy to explore drug-target interactions™?
Recently, we established a fused multiple biological signature (FMBS)
strategy to identify promising candidate targets”. However, the
accurate identification of drug targets remains challenging.

Estrogen receptors, including ERx and ER[, are nuclear hormone
receptors that mediate the effects of estrogen by regulating gene tran-
scription through both signal transduction and transcription factor
modulation. Among the subtypes of breast cancer, nearly 70%-80% of
breast cancers are ER-positive (ER+)"*'. Active ER signaling promotes
the proliferation and survival of ER+ breast cancer cells, with oncogen-
esis primarily mediated through ERca, making it a key therapeutic
target”. Endocrine therapies, including selective estrogen receptor
modulators (SERMs) like Tamoxifen, selective estrogen receptor
degraders (SERDs) like Fulvestrant, and aromatase inhibitors like
Letrozole constitute frontline treatments for ER+ breast cancer'®?.
Among these agents, Tamoxifen, a selective estrogen receptor mod-
ulator, acts by competitively blocking the binding of estrogen to ERx
and has significantly improved prognosis in patients with ER+ breast
cancer>*?2, However, the therapeutic outcome of Tamoxifen is sub-
optimal due to the development of de novo or acquired resistance.
Approximately 30% of ER+ breast cancer cases recur with resistance to
Tamoxifen, and this recurrence can lead to more aggressive
neoplasms®?. Therefore, exploring effective therapeutic strategies to
reverse Tamoxifen resistance is imperative for ER+ breast cancer.

In this study, we employ Al to predict the targets of Bufalin, and
confirm that Bufalin could bind to ERa and promote ERa degradation.
Mechanistic investigations reveal that Bufalin functions as a molecular
glue, enhancing the interaction between ERa and the ubiquitin E3
ligase STUBI, leading to the proteasomal degradation of ERa. Based on
this mechanism, we evaluate the efficacy of Bufalin against Tamoxifen-
resistant breast cancer cells and find that Bufalin effectively overcomes
resistance in vitro, in vivo and in patient-derived organoids. Our find-
ings not only establish Bufalin as a molecular glue for degrading ERa
but also highlight its potential as a promising therapeutic candidate for
the treatment of Tamoxifen-resistant breast cancer.

Results

Exploring pharmacological mechanisms of Bufalin based on a
combinatorial target screening strategy

We identified the potential targets of Bufalin by integrating target
prediction methods, KEGG analysis, and multitask QSAR modeling
with neural networks (Fig. 1a). Initially, we employed the FMBS method
along with four target prediction platforms, Swiss Target Prediction,
SEA, PPB2, and ChEMBL33, to generate comprehensive and com-
plementary prediction data (Fig. 1b). To ensure the reliability of these
initial predictions, we implemented intersection criteria that narrowed
down the results to 53 candidate targets (Fig. 1b). To further refine this
target list and enhance the precision of our selection, KEGG enrich-
ment analysis was conducted on 53 candidate targets (Fig. 1c). We
focused on the pathways that were statistically significant and speci-
fically related to cancer and visualized these pathways using a chord
diagram to highlight their associated targets, ultimately identifying 11

key targets (Fig. 1d). Subsequently, we developed a Chemprop model®
trained on the 11-target datasets for systematic evaluation (Fig. le).
Using a default cutoff of 0.8, five target proteins were identified and
marked as potential targets of Bufalin: CYP17A1, ESR1, mTOR, AR, and
PRKCD. This multistage approach allowed for accurate prediction of
Bufalin’s mechanism, effectively guiding subsequent experimental
validation.

Bufalin directly interacts with estrogen receptor a (ERx)

We then proceeded to experimentally validate the interaction between
Bufalin and the predicted targets. Given that the association of Bufalin
with mTOR and AR has been previously reported**”, we evaluated the
binding of Bufalin to recombinant human ESR1, PRKCD, and CYP17A1
proteins using surface plasmon resonance (SPR) assays. As shown in
Fig. 2a-c, SPR assays revealed that Bufalin exhibited the strongest
binding affinity for ESR1 (encodes Estrogen Receptor «, ERa) (KD =
5.42E-06 M) compared to the PRKCD (PKC delta) (1.29E-02 M) and
CYP17A1 (2.94E-02 M) (Table 1). To further confirm these findings, we
synthesized Biotin-Bufalin conjugates, and found that Biotin-Bufalin
specifically pulled down ERa in biotin-pull down assays (Fig. 2d, e).
Moreover, the binding of Biotin-Bufalin with ERx was dose-dependent
(Fig. 2f), and the addition of free Bufalin in cells significantly inhibited
the binding of Biotin-Bufalin to ERa (Fig. 2g). Additionally, Bufalin
increased the thermal stability of ERa (Fig. 2h), and the Biotin-Bufalin
and ERa were colocalized in the MCF-7 cells (Fig. 2i). These results
collectively demonstrate a specific and direct binding between Bufalin
and the ERa protein, supporting the potential of Bufalin as a targeted
agent against ERa in ER+ breast cancer.

Bufalin induces ERa degradation and suppresses its transcrip-
tional activity

To investigate the impact of Bufalin on ERa protein levels, ER+ breast
cancer cells were treated with various concentrations of Bufalin.
Western blot analysis showed dose-dependent and time-dependent
ERa reduction upon Bufalin treatment (Fig. 3a, b). Notably, the mRNA
of ERa had no obvious change in cells exposed to Bufalin, suggesting
that the downregulation of the ERa protein was not due to genetic
transcription inhibition (Supplementary Fig. 1a, b).

To further validate that Bufalin functions as an ERa protein degra-
der, we conducted cycloheximide (CHX) chase assays. The results
demonstrated that Bufalin combined with CHX significantly accelerated
the degradation of ERa (Fig. 3c). Furthermore, treatment with the pro-
teasome inhibitor MG-132 effectively prevented the Bufalin-induced
decrease in ERa protein levels (Fig. 3d). We also examined ERa expres-
sion following treatment with Bufalin alongside the E1 ubiquitin-
activating enzyme inhibitor MLN4924. As illustrated in Fig. 3e,
MLN4924 reversed the Bufalin-mediated downregulation of ERa. In
contrast, the lysosomal inhibitor hydroxychloroquine (HCQ) failed to
rescue ERa levels (Fig. 3f). Additionally, co-immunoprecipitation (Co-IP)
assays revealed enhanced ubiquitination of ER«a in response to Bufalin
treatment (Fig. 3g, h), corroborating that Bufalin induces ERa degrada-
tion predominantly through the proteasomal pathway.

Upon ligand binding, ERa undergoes dimerization and attaches to
estrogen response elements (EREs) within the promoter regions of
estrogen-responsive genes, thereby promoting their transcription®,
As results thus far demonstrated that Bufalin could degrade ERq, we
next assessed whether the transcriptional actions of ERa were
impaired by Bufalin. The ERE luciferase assay showed that Bufalin
weakened the transcriptional activity of ERa (Fig. 3i), which was cor-
roborated by downregulation of ERa target genes, including AGR2,
CCND1, GREB1, NRIP1, PGR, and SIAH2 (Fig. 3j and Supplemen-
tary Fig. 1c).

Fulvestrant is currently the FDA-approved selective estrogen
receptor degrader (SERD) that induces proteasomal degradation of
ERa for the treatment of ER + breast cancer”. Considering that Bufalin
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Fig. 1| Exploring pharmacological mechanisms of Bufalin based on a combi- cancer, as retained by KEGG analysis. This diagram illustrates these pathways and
natorial target screening strategy. a The entire process of target prediction for  their corresponding targets, leading to the selection of 11 key targets. e A multi-task
Bufalin. b Venn diagram of predicted targets by four web servers and the FMBS neural network model was developed for these 11 targets, resulting in the identi-

method. ¢ Bubble chart of KEGG enrichment analysis for 53 targets. d Chord dia- fication of 5 high-confidence targets: CYP17A1, ESR1, mTOR, AR, and PRKCD.
gram of pathways with statistically significant p-values and those corresponding to

Nature Communications | (2025)16:7854 3


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62288-7

a b c
— =) =)
D 12004 & _ & B}
= 1200 — o | = 1200 —0mm| = 1200 ——200nM
= —400nM | 2 -~ 400nM | E - 400nM
= 1000+ ——g0onM | .20 1000+ ———800nM | .20 1000+ —— 800nM
.00 —— 1600nM| 2 —— 1600nM| L —— 1600nM
A g0 32000m & 800 32000M) 2 800 32000M
E g E
E 600 i el & 600+ & 600
Q = =
o 400 ,»W Wmmwmwww = 400 = 400
5 / W’w bR | g wmmwwwmwh &
&£ }’M M\W‘”WWW Mﬂh 5 o mmwwmmmh t:g
5 200+ ’MM \&‘Q 5'3 200+ !/’1 menmw«ww}& - 2007 Ay
E N ;/mm,.mwwwmwwwrm‘\‘i_ N g 0 Fe & é N i WY
A 0 200 400 600 800 1000 g 0 200 400 600 80 1000 £ 0 200 400 600 800 1000
Time (s) A Time (s) S Time (s)
d e g
293T MCEF-7
§ .
o %g\"’ Q§ Bufalin (uM) 0 0 10
S §~ S f Biotin-Bufalin (uM) 0 10 10
s} & % 5 Flag-ERo +  +  +
) o
ERa + +
Pull down
(Biotin) |70k
Pull down| ERa _— |0 Pull down| ERa | 70kd
100 025
Input| ERa — — 0 Input| ERa -_— - 70kd TpUt | s s |70
WB: Flag
f h MCF-7
120 Control
Biotin-Bufalin(uM) 0 2 5 10 20 50 2 10043 - Bufalino
ERo + + + + + + = ATy=2.17°C
S 80+
Pull down o b \
(Biotin) e D =N e 7 E 60-
D
100 548 129 120 123 = 40 u
=
INPUL | e ————— | 70kd 5 207
WB: ERa, 0 T T T T 1
. 37 40 43 46 49 52
1 Temperature (°C)

Bufalin-FITC

and Fulvestrant share a similar mechanism targeting ERa, we then
compared the effects of each compound on ERa degradation. The
results showed that Bufalin had a superior ERa degradation efficacy
compared to that of Fulvestrant (Supplementary Fig. 1d). In addition,
Bufalin exhibited stronger anti-cancer effects than Fulvestrant (Sup-
plementary Fig. 1e-g). These findings highlight Bufalin as a promising

Bufalin-FITC/ERa

DAPI

therapeutic candidate with dual advantages in ERa degradation
potency and anti-cancer activity.

Bufalin selectively binds to Arg394 (R394) of ERx
Next, we want to investigate the binding site of Bufalin on the protein
structure of ERa. First, the Glide SP protocol was used to dock Bufalin
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Fig. 2 | Bufalin directly interacts with estrogen receptor « (ERx). SPRi graph
showing the interaction of Bufalin with ESR1 (a), PKC delta (b) and CYP17A1 (c)
recombinant protein. d 293 T cell was transfected with ERa plasmid, after trans-
fected 48 h, the cell lysates were incubated with D-Biotin or Biotin-Bufalin at 4 °C
overnight, followed by pulling-down with streptavidin magnetic beads. The pro-
teins bound to the magnetic beads were separated by SDS-PAGE, followed by
western blot using ERa antibody. e MCF-7 cell lysates were incubated with D-Biotin
or Biotin-Bufalin at 4 °C overnight, followed by pulling-down with streptavidin
magnetic beads. The proteins bound to the magnetic beads were separated by SDS-
PAGE, followed by western blot using ERa antibody. f293 T cell was transfected
with ERa plasmid, after transfected 48 h, the cell lysates were incubated with a
series of concentrations of Biotin-Bufalin at 4 °C overnight, followed by pulling-

down with streptavidin magnetic beads. The proteins bound to the magnetic beads
were separated by SDS-PAGE, followed by western blot using ERx antibody. g 293 T
cell was transfected with Flag-ERa plasmid, after transfected 48 h, the cells were
incubated with Bufalin, then the cell lysates were incubated with Biotin-Bufalin at
4 °C, followed by pulling-down with streptavidin magnetic beads. The proteins
bound to the magnetic beads were separated by SDS-PAGE, followed by western
blot using Flag antibody. h The thermal shift assay experiment (CETSA) was used to
evaluate the binding interaction between Bufalin and ERa, the data are presented as
mean +SD, n =3 independent experiments. i. The cellular location of ERa and
Biotin-Bufalin was examined by immunofluorescence staining in MCF-7 cells (Scale
bar 5pum). Representative data are shown from n =3 independent experiments with
consistent results.

Table 1| The kinetic parameters of Bufalin and ESR1, CYP17A1,
and PKC delta binding from SPRi

Protein Avg ka (1/Ms) Avg kd (1/s) Avg KD (M) ABS (tr_KD)
ESR1 1.29E+02 6.98E-04 5.42E-06 17.492
CYP17A1 2.50E+00 7.36E-02 2.94E-02 5.086

PKC delta 1.79E+ 01 2.31E-01 1.29E-02 6.271

into the binding pocket of ESR1 (Fig. 4a). The docked structure of the
ESR1-Bufalin complex was then subjected to 100ns molecular
dynamics simulations with Amber22 software, followed by MM-GBSA
energy calculations and residue energy decomposition. The top 10
residues identified from MM-GBSA energy decomposition (Fig. 4b)
were further analyzed using alanine scanning mutagenesis (Fig. 4c).
Our analysis revealed that residues with energy contributions better
than -1 kcal/mol, specifically Leu354, Leu387, Arg394, Met528, and
Ala350, are key residues for Bufalin binding to ERa.

To experimentally validate these computational findings, we
generated mutant plasmids of ERa, each containing a single amino
acid substitution (Leu354, Leu387, Arg394, Met528, or Ala350) with
alanine or glutamine. The wild-type (WT) and mutant ERa plasmids
were transfected into 293 T cells. The cell lysates were incubated with
Biotin-Bufalin and subjected to pull-down experiments using
streptavidin-magnetic beads. The results showed that only the ERa
Arg394A mutant lost the ability to bind Biotin-Bufalin, while the other
mutants retained similar binding affinities to Biotin-Bufalin compared
to WT ERa (Fig. 4d). Furthermore, the degradation efficacy of Bufalin
on the ERa Arg394A protein was significantly reduced (Fig. 4e). Co-IP
experiments indicated a decrease in ubiquitination of the ERat Arg394A
mutant compared to the WT protein in the presence of Bufalin (Fig. 4f).
These findings indicate that the Arg394 residue of ERa is critical for the
binding interaction between ERa and Bufalin, underscoring its
importance in Bufalin-mediated ERa degradation.

Bufalin facilitates ERa degradation by enhancing interaction
between ERa and the E3 ligase STUB1

Next, we investigated the molecular mechanism underlying Bufalin-
induced ERa degradation. Based on the established role in the ERa-
degradation pathway, we employed molecular dynamics simulation
analysis to determine whether Bufalin could influence the interaction
between ERa and ubiquitin ligase including TRIM56, RNF181, RNF2,
and STUBL. It has been reported that the ubiquitin ligases TRIMS6,
RNF181, and RNF2 stabilize ERa expression®*% On the contrary, the
ubiquitin ligase STUB1 downregulates ERa levels through the
ubiquitin—proteasome system*. Our results showed the binding free
energy between ERa and STUB1 was changed from —4.9455 kcal/mol to
-58.1918 kcal/mol owing to the involvement of Bufalin (Supplementary
Table 1), consistent with the experimental results. STUBI contains a
TPR domain that specifically recognizes and binds to molecular cha-
perone proteins HSP70/HSP90, with ERa being a classic component of
this chaperone system. Moreover, STUB1 expression is closely

associated with breast cancer prognosis. Previous studies have estab-
lished STUBI1 as a key mediator in ERa degradation® . The Fig. 5a
illustrates the binding poses of ERa and STUB1 with Bufalin: the
protein-protein docking result (magenta), the clustered conformation
after 200 ns MD simulation with Bufalin (green), and the clustered
conformation after 200ns MD simulation without Bufalin (blue).
Detailed structural analysis of the 200 ns simulation trajectory reveals
that Bufalin repositions itself deeper within the ERa binding pocket,
forming a hydrogen bond with Arg394 of ERa (Fig. 5b). This reposi-
tioning appears to induce subtle conformational changes in ERa that
enhance its binding interface with STUB1. RMSD analysis demonstrates
that the ERa-STUBL complex remains conformationally stable
throughout the 200 ns simulation in the presence of Bufalin (Fig. 5c).
This finding is further supported by the binding surface area analysis
(Fig. 5d), which shows enhanced interaction between ERa and STUBL
when Bufalin is present. Moreover, RMSF profiles of ESR1 and STUBL
indicate that ligand binding reduces the flexibility of residues at the
protein-protein interface. Specifically, decreased fluctuations were
observed in residues 335-343, 417-425, and 515-538 of ESR1, and in
residues 25-49, 61-69, and 121-136 of STUBI (Fig. 5e). As the simula-
tion progressed, the presence of Bufalin also resulted in an increased
number of hydrogen bonds between STUBI and ESRI, further stabi-
lizing their interaction (Fig. 5f).

Subsequently, we sought to examine the binding between ERx
and STUBL after treatment with Bufalin. Consistent with previously
published research, silencing STUBI increased ER« levels (Fig. 5g). To
determine whether STUBI participates in Bufalin-induced ERa ubi-
quitination and degradation, we conducted co-immunoprecipitation
(Co-IP) assays to assess the interaction between ERa and STUBL. The
results showed that Bufalin enhanced the binding of ERa and STUBL
(Fig. 5h). Furthermore, STUBI knockdown attenuated Bufalin-induced
ERa degradation (Fig. 5i), suggesting that STUB1 was required for
ubiquitination of ERa induced by Bufalin. Collectively, these findings
suggest that Bufalin functions as a molecular glue, facilitating the
interaction between ERa and STUBI and thereby inducing proteaso-
mal degradation of ERa.

Bufalin’s anti-cancer effects in ER+ cells are dependent on ERx
To further elucidate the connection between Bufalin-mediated anti-
cancer activity and ER« levels in ER+ breast cancer cells, we assessed
Bufalin’s impacts on cell proliferation and apoptosis. Bufalin sig-
nificantly inhibited MCF-7 and T47D cells growth, as demonstrated by
both colony formation and CCK-8 assays (Fig. 6a, b). Additionally,
treatment with Bufalin induced apoptosis, as evidenced by the ele-
vated Annexin V-positive populations (Fig. 6¢).

To determine if Bufalin’s anti-tumor effects are linked to ERa
expression, ERa-knockdown models revealed a diminished ther-
apeutic response to Bufalin, as indicated by decreased Annexin V
staining (Fig. 6d, e). Moreover, ERa silencing attenuated Bufalin-
induced apoptosis, which was confirmed by the reduced expression of
cleaved PARP (Fig. 6f). We also observed that silencing ERo expression
diminished Bufalin’s anti-cancer effects on breast cancer cells (Fig. 6g),
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whereas cells overexpressing ERa were more sensitive to Bufalin
(Fig. 6h). Consistently, colony formation assays demonstrated that
cells with silenced ERa were less sensitive to Bufalin treatment com-
pared to control cells (Fig. 6i). These findings suggest that the anti-
tumor activity of Bufalin mechanistically depends on ERa degradation,
identifying ERa as the critical therapeutic target of Bufalin.

-E2 +E2 -E2 +E2

Bufalin overcomes Tamoxifen resistance in vitro and in vivo

It has been reported that persistent ERa expression post-Tamoxifen
therapy motivates SERD development, such as Fulvestrant, which
improved clinical benefits after failure of other endocrine
therapies®. Given the ERa-degradation capacity of Bufalin, we
investigated Bufalin potential against endocrine resistance. Clinical
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Fig. 3 | Bufalin induces ERa degradation and suppresses its transcriptional
activity. a MCF-7 and T47D cells were treated with a series of concentrations of
Bufalin for 48 h, and the expression of ERa was measured by western blot. b MCF-7
and T47D cells were treated with 50 nM Bufalin for different periods of time, and
the expression of ERa was measured by western blot. ¢ MCF-7 cells were treated
with Bufalin, and then subjected to cycloheximide (CHX) (10 pg/ml) chase at the
indicated time, the expression of ERa was measured by western blot. Representa-
tive data are shown from n =3 independent experiments with consistent results.
d MCF-7 and T47D cells were treated with Bufalin for 48 h with or without MG-132.
The expression of ERa was measured by western blot. e MCF-7 and T47D cells were
treated with Bufalin for 48 h in the presence or absence of MLN4924. The expres-
sion of ERa was measured by western blot. fMCF-7 and T47D cells were treated with
Bufalin in the presence or absence of hydroxychloroquine (HCQ). The expression
of ERa and LC3 was measured by western blot, the samples derive from the same
experiment, and the gels/blots were processed in parallel. g 293 T cells were

transfected with ERa plasmid and HA-Ub plasmid, and then subjected to Bufalin for
48 h, followed by treatment with MG-132 (10 uM) for 10 hours before harvest. Then
the cells lysates were subjected immunoprecipitation with anti-ERa antibodies and
blotted with anti-HA antibodies. h 293 T cells were transfected with Flag-ERx
plasmid, and then subjected to Bufalin for 48 h, followed by treatment with MG-132
(10 uM) for 10 hours before harvest. Then the cells lysates were subjected immu-
noprecipitation with anti-Flag antibodies and blotted with anti-Ub antibodies. i ERE-
luciferase assay after Bufalin treatment, the data are presented as mean +SD, n=3
independent experiments. Two-way ANOVA was used for statistical analysis,
P<0.05 was considered to be statistically significant. j MCF-7 cells were treated
with a series of concentrations of Bufalin for 48 h in the presence or absence of E2,
the mRNA levels of AGR2, CCND1, GREBI, NRIP1, PGR, and SIAH2 were analyzed by
real-time PCR, the data are presented as mean +SD, n =3 independent experi-
ments. Two-way ANOVA was used for statistical analysis, P < 0.05 was considered to
be statistically significant.

samples from endocrine therapy-relapsed patients (n=8) main-
tained ERa expression (Fig. 7a). We next examined the ERa protea-
somal degradation by Bufalin in Tamoxifen resistance cell LCC2. As
shown in Fig. 7b, the Bufalin could promote the ERa degradation in
Tamoxifen-resistant cell LCC2, which suggested that the Tamoxifen-
treated relapsed patient may benefit from Bufalin treatment. As
shown in Fig. 7¢, Bufalin treatment reduced the viability of LCC2
cells in a dose-dependent manner, with colony formation and EdU
assays further confirming its inhibitory effect on cell proliferation
(Fig. 7d, e). Additionally, the activation of apoptosis induced by
Bufalin was evidenced by increased Annexin V staining, PARP clea-
vage, and Bcl-2 downregulation in LCC2 cells (Fig. 7f, g). Moreover,
Bufalin exhibited better anti-cancer effects than Fulvestrant against
LCC2 cells (Fig. 7h, i).

To validate the efficacy of Bufalin against Tamoxifen resistance
in vivo, we established Tamoxifen-resistant LCC2 xenografts. As
shown in Fig. 8a-c, following intraperitoneal injection of Bufalin,
the tumor volumes and weights significantly decreased, demon-
strating superior anti-tumor activity to Fulvestrant. Immunohisto-
chemical analysis revealed marked Ki67 suppression in Bufalin-
treated tumors (Fig. 8d). H&E staining revealed that xenograft tumor
cells treated with Bufalin appeared more loosely arranged and
exhibited smaller nuclei compared to those in the vehicle-treated
group (Fig. 8e). Moreover, the protein expression of ERx was
decreased in tumors following Bufalin treatment (Fig. 8f, g). To
evaluate potential toxicity, we analyzed various serum biochemical
markers related to liver and kidney function in mice, and found no
significant signs of drug-induced toxicity at the therapeutic doses of
Bufalin (Fig. 8h, i), suggesting a favorable safety profile. Taken
together, these results indicate that Bufalin acts as a molecular glue-
type ERa degrader that effectively overcomes Tamoxifen resistance
in preclinical models.

Bufalin exerts significant anti-cancer activity in Tamoxifen-
resistant patient-derived organoids

To further evaluate the therapeutic potential of Bufalin in a clinically
relevant setting, we established Tamoxifen-resistant patient-derived
organoids (PDOs) from relapsed breast cancer specimens. As shown in
Fig. 9a, PDOs were successfully established from Tamoxifen-resistant
patient specimens, and treatment with Bufalin resulted in a significant
reduction in the size of these organoids, indicating its potent inhibi-
tory effect on the growth of Tamoxifen-resistant tumors (Fig. 9b).
Additionally, the Tamoxifen-resistant PDOs showed a marked decrease
in cell viability after Bufalin treatment (Fig. 9c). Calcein-AM/PI fluor-
escence staining further revealed extensive cell death in the Bufalin-
treated organoids (Fig. 9d). These results underscore the potential of
Bufalin as an effective therapeutic agent for Tamoxifen resistance in ER
+ breast cancer and validate its translational potential in cancer
therapy.

Discussion

Bufalin has emerged as a clinically validated natural compound with
therapeutic potential across multiple cancer types. Mechanistic stu-
dies reveal its pleiotropic anti-tumor effects through cancer-type-
specific targets™”. Accordingly, identifying the molecular targets of
Bufalin is pivotal for advancing drug development and repurposing
efforts. To this end, various computational models for target predic-
tion have been developed, leading to notable improvements in pre-
dictive accuracy and efficiency®*°. Our prior work has successfully
developed a variety of strategies to predict drug targets by integrating
multiple biological signatures', and successfully discovered the target
of Ixabepilone, Mitoxantrone, and Tubeimoside-1are Bcl-2, eEF2K, and
AKT, respectively'>**2 In this study, we applied an integrated multi-
predictive strategy and identified CYP17A1, ESR1, mTOR, AR, and
PRKCD as potential targets of Bufalin, with experimental validation
confirming ERa (ESR1) as the primary target in ER+ breast cancer,
offering a strategy for clinical application. Molecular docking experi-
ments revealed that Bufalin selectively binds to R394 of ER«a, while
molecular dynamics simulations suggest its molecular glue function
stabilizes the interaction between ERx and STUBL, leading to ERa
degradation and overcoming endocrine resistance (Fig. 9e). This
integrative Al strategy establishes a robust paradigm for natural pro-
duct target discovery and mechanistic elucidation.

Bufalin has been reported to inhibit key signaling pathways such as
mTOR, Wnt/B-catenin, and Akt, which are necessary for cancer cell
survival, proliferation, and migration®. Furthermore, Bufalin has been
shown to downregulate the expression of transcriptional coactivators
SRC-1 and SRC-3, as well as the nuclear transcription factor E2F15*,
Bufalin induced apoptosis, necroptosis, ferroptosis, autophagy, and
senescence through AMPK, RIPI/ROS, DECR1, p62, and p53
pathways***~*, Recent studies indicated that Bufalin played an impor-
tant role in the tumor microenvironment by inducing the activation of
the NF-kB pathway”. Bufalin also appears to regulate particular non-
coding RNAs, including microRNA-203 (miR-203), to suppress tumor
cell proliferation*’. Here, we found that Bufalin may serve as a molecular
glue that strengthens the ERa-STUBI interaction, thereby driving the
degradation of ERa. Previous studies have reported that Bufalin exerts
anti-tumor effects by inhibiting SRC in MCF-7 cells®. However, compared
to SRC, the ERa constitutes the central oncogenic driver in ER+ breast
cancer, as ERa overexpression promotes tumorigenesis®®”. Targeting
ERa signaling is widely regarded as the most effective therapeutic
strategy for ERa-positive breast cancer, such as Tamoxifen, Fulvestrant,
and Letrozole, which have brought significant prognostic improvements
for ER+ breast cancer’’. Our research uncovers a promising ERa-
targeting therapeutic strategy by demonstrating that Bufalin can selec-
tively induce the degradation of ERao.

Our results demonstrate Bufalin-induced ERa degradation drives
its anticancer activity, suggesting selective cytotoxicity in ERa-
expressing malignancies, including cervical and colorectal cancers.
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Fig. 4 | Bufalin selectively binds to Arg394 (R394) of ERa«. a Bufalin was docked
into the binding pocket of ESR1 using the Glide SP protocol. b The docked structure
of the ESR1-Bufalin complex was then subjected to 100 ns of molecular dynamics
simulations using Amber, followed by MM-GBSA energy calculations and residue
energy decomposition. The top 10 residues from the MM-GBSA residue energy
decomposition scoring. ¢ The top 10 residues selected for alanine scanning muta-
genesis. Error values were derived from energy snapshots based on 100 frames
uniformly extracted from the last 100 ns of the MD simulation trajectory. d 293 T cell
was transfected with ERa wild type (WT) plasmid or mutant plasmid, after transfected

48 h, the cell lysates were incubated with Biotin-Bufalin at 4 °C overnight, followed by
pulling-down with streptavidin magnetic beads. The proteins bound to the magnetic
beads were separated by SDS-PAGE, followed by western blot using ERa antibody.
€293 T cells were transfected with ERac WT or mutant plasmid, followed by treatment
with Bufalin for 48 h. The ERa protein levels were measured by western blot.

£293 T cells were transfected with Flag-ERa WT or R394A mutant plasmid and HA-Ub
plasmid, and then subjected to Bufalin for 48 h, followed by treatment with MG-132
(10 uM) for 10 hours before harvest. Then the cells lysates were subjected immuno-
precipitation with anti-Flag antibodies and blotted with anti-HA antibodies.
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Structural analysis revealed that Bufalin could selectively bind to the
R394 of the ERa protein and effectively inhibited the estrogen
response elements transcriptional activity. These findings, on one
hand, clarified the anti-tumor target of Bufalin with defined binding
residues for molecular optimization, on the other hand, provided an

experimental basis for expanding the range of possible future appli-
cations of Bufalin.

Targeted protein degradation (TPD), including molecular glues
and PROTACs, has emerged as a promising strategy to target proteins
previously considered undruggable®. Unlike conventional inhibitors,
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Fig. 5 | Bufalin facilitates ERa degradation by enhancing interaction between
ERa and the E3 ligase STUBL. a The binding poses of ERa and STUBL with or
without Bufalin. The magenta structure represents the result of protein-protein
docking, the green structure corresponds to the clustered conformation after a
200 ns MD simulation with Bufalin, and the blue structure represents the clustered
conformation after a 200 ns MD simulation without Bufalin. Bufalin is shown as
yellow sticks in the structural representation. b The conformational changes of the
ERa-Bufalin-STUB1 complex at 200 ns. ¢ RMSD plots of the ERa-STUB1 complex
over 200 ns of MD simulation with or without Bufalin. d The binding surface area
analysis between ERa and STUB1 with or without Bufalin. e RMSF (root-mean-
square fluctuation) profiles of ERax and STUBI with or without Bufalin. f Changes in

the number of H-bonds throughout the simulation between ERa and STUB1 with or
without Bufalin. g MCF-7 and T47D cell was transfected with nontargeting siRNA or
STUBI-targeted siRNA, the expression of ERa and STUB1 were measured by western
blot, the samples derive from the same experiment and that gels/blots were pro-
cessed in parallel. h 293 T cells transfected with Flag-ERa and HA-STUBI plasmid
were treated by Bufalin, then lysed and lysates were subjected immunoprecipita-
tion with anti-Flag antibodies. Proteins retained on sepharose were blotted with the
indicated antibodies. The input samples derive from the same experiment, and that
gels/blots were processed in parallel. i MCF-7 and T47D cells were transfected with
nontargeting siRNA or STUBI-targeted siRNA followed by treatment with Bufalin
for 48 h. The ERa and STUBI protein levels were measured by Western blot.

molecular glues facilitate protein degradation by inducing proximity
between the target and E3 ligases and have gained attention as a
potential strategy for targeting proteins’***. Numerous small mole-
cules have entered the clinical research stage. Previous research has
revealed that Bufalin as a molecular glue that targets E2F2 and inhibits
the growth of hepatoma®. Here, we demonstrate that Bufalin enhances
ERa’s association with the ubiquitin E3 ligase STUBI by acting as a
molecular glue, which results in proteasome-mediated degradation of
ERa. Our study expands insights into molecular glues and provides a
structural foundation for the development of structure-guided Bufalin
derivatives.

Although Tamoxifen remains the standard first-line treatment for
ER-positive breast cancer and has significantly improved patient
prognosis, the development of acquired resistance continues to pose a
major clinical challenge”. Therefore, how to improve the therapeutic
effect of Tamoxifen and reverse resistance has been extensively
investigated. An increasing number of endocrine-resistance mechan-
isms have been characterized, and several small molecules have been
reported to overcome Tamoxifen resistance®®**. Our previous study
has reported that the UCH-L1 inhibitor LDN significantly enhanced the
efficacy of Tamoxifen both in vivo and in vitro?. Fulvestrant is a stan-
dard therapeutic option for endocrine-resistant or advanced meta-
static ER+ breast cancer®*°. In line with this, recent studies have shown
that ERa-targeting PROTACs can also effectively degrade ERa and
combat endocrine-resistant breast cancer®. In our study, we
observed high ERa expression in samples from patients with endo-
crine treatment relapse, aligning with previous findings. Moreover, as a
molecular glue of ERa, Bufalin exhibited potent anti-cancer effects
in vitro, in vivo, and in Tamoxifen-resistant patient-derived organoids.
By degrading ERa, Bufalin has the potential to reverse Tamoxifen
resistance, offering a promising therapeutic strategy for patients with
limited treatment options.

In summary, our study demonstrates that Bufalin selectively binds
to the R394 residue of ERac and promotes its degradation based on the
Al-driven methods. Additionally, Bufalin functions as a molecular glue,
facilitating the interaction between ERa and the ubiquitin E3 ligase
STUBI, ultimately leading to proteasomal degradation of ERc. Fur-
thermore, Bufalin exhibits potent anti-cancer activity against
Tamoxifen-resistant breast cancer in both preclinical models and
patient-derived organoids. Collectively, our findings not only establish
Bufalin as a molecular glue for ERa degradation but also highlight its
potential as a promising lead compound for the treatment of
Tamoxifen resistance.

Methods

Ethics approval

The experiments were approved by the Medical Ethics Review Com-

mittee of Xiangya Hospital of Central South University (Ethics code:

2023121169). Tissue samples were collected from the Xiangya Hospital

of Central South University (Changsha, China), and all individuals

provided informed consent prior to participating in the study.
Animal studies were approved by the Institutional Animal Care

and Use Committee (IACUC) of Central South University (CSU-2023-

0462), and all procedures were conducted in accordance with the
institutional guidelines of the Animal Care and Use Committee of
Central South University. All mice were housed in the Laboratory
Animal Research Center of Central South University, which is a
pathogen-free animal facility at a controlled temperature under stan-
dard laboratory conditions (12 h light/dark cycle, temperature kept at
21-24°C and 40-70% humidity) with food and water provided ad
libitum. Female mice were selected because the study focuses on
breast cancer, a disease that predominantly affects females and is
influenced by female-specific hormonal and physiological factors. In
compliance with ethical regulations, tumor volume did not exceed
2000 mm?3, and no single tumor dimension exceeded 20 mm in
diameter.

Target prediction of Bufalin based on an integrated multi-
predictive strategy

To refine the target prediction range, we trained a deep learning
model based on the Chemprop? package using binding data from
11 targets sourced from ChEMBL and PubChem, with an average
of 1187 compounds per target (Supplementary Table 2). The
dataset was randomly split into an 80% training set and a 20%
test set.

The model employs a Graph Neural Network (GNN) architecture
specifically designed to learn molecular representations from graph-
structured data. It consists of four primary components: (1) a shared
local feature encoder that extracts atom and bond features across all
tasks; (2) a directed message-passing process that propagates infor-
mation along directed edges to generate atom embeddings; (3) an
aggregation module that combines atom embeddings into a single
molecular representation using sum or mean pooling; and (4) a feed-
forward network (FFN) with task-specific multi-layer perceptron (MLP)
layers to map molecular embeddings to target properties, enabling
efficient multi-task predictions.

The model was trained with the Adam optimizer, incorporating
learning rate scheduling, dropout regularization, and a model-
ensembling strategy. Together with an advanced GNN architecture
and a carefully curated dataset, this results in a robust and high-
performing model, achieving a receiver operating characteristic area
under the curve (ROC-AUC) of 0.94 on the test set (Supplementary
Table 3). Finally, a default probability threshold of 0.8 was applied,
ensuring that only targets meeting this performance criterion were
selected.

Cell lines and culture

All cell lines were maintained at 37 °C in a humidified atmosphere of
5% C0O,/95% air. MCF-7 cells were purchased from Cell Bank (Chinese
Academy of Sciences, Beijing, China). The T47D and 293 T cell
lines were purchased from Cell Bank (Chinese Academy of Sciences,
Shanghai, China). The Tamoxifen-resistant cells LCC2 were
derived from Wuhan University. MCF-7 and 293 T cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
Carlsbad, CA, USA) with 10% Fetal Bovine Serum and 1%
penicillin streptomycin. T47D were cultured in RPMI-1640 medium
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(Gibco, Carlsbad, CA, USA) with 10% Fetal Bovine Serum and 1%
penicillin streptomycin. Tamoxifen-resistant LCC2 cells were cul-
tured according to the literature®, briefly, LCC-2 cell lines were
cultured in RPMI-1640 medium (10% Fetal Bovine Serum and 1%
penicillin streptomycin). All cell lines were tested negative for
mycoplasma contamination.

Reagents and Antibodies

Bufalin was purchased from APEXBIO (USA). Fulvestrant, Estradiol
(E2), and MG-132 were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). MLN4924 was purchased from
TargetMol (Washington, USA). The recombinant Human CYP17A1 (cat.
no. CSB-EP006392HU) and estrogen receptor (ESR1) (Cat. no.
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Fig. 6 | Bufalin’s anti-cancer effects in ER+ cells are dependent on ERa. a The
colony formation assay was used to measure MCF-7 and T47D cell proliferation
after treatment by Bufalin, the data are presented as mean + SD, n =3 independent
experiments. One-way ANOVA was used for statistical analysis, P < 0.05 was con-
sidered to be statistically significant. b MCF-7 and T47D cells were treated with a
series of concentrations of Bufalin, and cell viability was determined using the CCK-
8 assay, the data are presented as mean + SD, n =3 independent experiments. One-
way ANOVA was used for statistical analysis, P< 0.05 was considered to be statis-
tically significant. ¢ MCF-7 cells were treated with 20 or 50 nM Bufalin for 48 h, and
the apoptosis was examined by measuring Annexin V staining, the data are pre-
sented as mean + SD, n = 3 independent experiments. One-way ANOVA was used for
statistical analysis, P < 0.05 was considered to be statistically significant. d, e MCF-7
cells were transfected with nontargeting siRNA or ESR1 siRNA followed by treat-
ment with Bufalin for 48 h, and apoptosis was examined by measuring Annexin V
staining, the data are presented as mean + SD, n = 3 independent experiments. One-
way ANOVA was used for statistical analysis, P < 0.05 was considered to be statis-
tically significant. f MCF-7 cells were transfected with nontargeting siRNA or

ESR1 siRNA followed by treatment with Bufalin for 48 h, and the ERa and PARP
protein levels were measured by western blot, the samples derive from the same
experiment and that gels/blots were processed in parallel. g T47D cells were
transfected with nontargeting siRNA or ESR1 siRNA followed by treatment with
Bufalin, and the cell viability was determined using the CCK-8 assay, the data are
presented as mean + SD, n =3 independent experiments. Two-way ANOVA was
used for statistical analysis, P<0.05 was considered to be statistically significant.
h 293 T cells were transfected with Flag-ERa plasmid followed by treatment with
Bufalin, and the cell viability was determined using the CCK-8 assay, the data are
presented as mean + SD, n =3 independent experiments. Two-way ANOVA was
used for statistical analysis, P < 0.05 was considered statistically significant. i MCF-7
cells were transfected with nontargeting siRNA or ESR1 siRNA followed by treat-
ment with Bufalin, and the colony formation assay was used to measure cell pro-
liferation, the data are presented as mean +SD, n =3 independent experiments.
One-way ANOVA was used for statistical analysis, P < 0.05 was considered to be
statistically significant.

CSB-YP007830HU) proteins were purchased from CUSABIO. Recom-
binant human PKC delta protein (ab60844) was purchased from
Abcam (Cambridge, UK). Antibodies targeting ERa (Cat. no. 8644, WB,
1:1000), LC3 (Cat. no. 12741, WB,1:1000), PARP (Cat. no. 9532,
WB,1:1000), and Bcl-2 (Cat. no.15071, WB, 1:1000) were purchased
from Cell Signaling Technology (Danvers, MA, USA). The ERa (cat. no.
84564-4-RR, IHC, 1:500, IF, 1:250), STUBI (Cat. no. 68407-1-Ig, WB,
1:1000), and B-actin (Cat. no. 81115-1-RR, WB, 1:5000) antibodies were
purchased from Proteintech (Chicago, IL, USA). The Flag (cat. no.
M185, WB, 1:1000) and HA antibodies (cat. no. M180, WB, 1:1000) were
purchased from MBL (Tokyo, Japan), while the antibody against ubi-
quitin (cat. no. sc-8017, WB, 1:200) was purchased from Santa Cruz
Biotechnology. Anti-mouse and anti-rabbit secondary antibodies were
purchased from Abiowell (Shanghai, China). Streptavidin FITC (Cat.
no. 11-4317-87) was purchased from Thermo Fisher Scientific (Wal-
tham, MA, USA). Magnetic streptavidin beads (cat. no. 22305-1) were
purchased from Beaver (Suzhou, China). Lipofectamine 8000 was
purchased from Beyotime Biotechnology (Shanghai, China). Lipo-
fectamine™ RNAIMAX was purchased from Invitrogen. Protein A/G
agarose beads (cat. no. 10121) were obtained from Santa Cruz Bio-
technology, and the CCK-8 was purchased from Bimake (Shanghai,
China). An enhanced chemiluminescence kit (cat. no. BL520A) was
purchased from BioSharp (Shanghai, China).

Plasmid and siRNA transfection

Plasmids encoding wild-type and mutant ERa were obtained from
Gene (Shanghai, China), while siRNAs targeting ESR1 and STUBI were
purchased from GenePharma (Suzhou, China). The target sequence of
ESR1 siRNA was as follows: GCACCCUCUUGUAUUCCUATT (sense),
UAGGAAUACAAGAGGGUGCTT (antisense). The target sequence of
STUBI siRNA was as follows: GCAGUCUGUGAAGGCGCACTT (sense),
GUGCGCCUUCACAGACUGCTT (antisense). For siRNA transfection,
the siRNA targeting ESR1 or STUB1 was incubated with Lipofectamine™
RNAIMAX in serum-free medium according to the manufacturer’s
instructions. The plasmid was transfected using the Lipofectamine
8000 reagent in serum-free DMEM, according to the manufacturer’s
instructions.

Western Blot

After treatment, the cells were washed twice with cold PBS and lysed
on ice for 30 minutes in RIPA lysis (Abiowell) supplemented with a
protease inhibitor cocktail (Biotool), followed by centrifugation at
12,000 g for 15 minutes at 4 °C. The protein concentration of the
supernatant was determined using BCA. Proteins were resolved by
SDS-PAGE and then transferred to PVDF membrane (Merck KGaA,
Darmstadt, Germany). The PVDF membranes were blocked with 5%
skim milk for 1h at room temperature and then incubated with the

respective antibodies at 4 °C for 14 h. After 14 h the PVDF membranes
were washed thrice with PBST and incubated with a secondary anti-
body at room temperature for 1h. The signals were detected by che-
miluminescence assay using a ChemiDoc Touch (Bio-Rad).

Cell viability assays

Briefly, cells were seeded into 96-well plates at an appropriate density
and allowed to adhere overnight. The following day, cells were treated
with various concentrations of the indicated drug and incubated for
the desired time period. Subsequently, 10 L of CCK-8 solution was
added to each well and the plates were incubated at 37 °C for 1-2 hours.
After incubation, absorbance was measured at 450 nm using a micro-
plate reader.

Colony forming assay

MCF-7, T47D, and LCC2 cells were seeded in 6-well plates, exposed to
the indicated treatments, and cultured for approximately 15 days, and
the medium was changed every 3 days. After treatment, the cells were
fixed with 4% paraformaldehyde, stained with crystal violet for 24 h,
washed with water, and colonies were counted.

5-Ethynyl-2’- deoxyuridine Assay (EdU)

After treatment with Bufalin, LCC2 cells were incubated with 5-ethynyl-
2’-deoxyuridine (EAU; RiboBio, Guangzhou, China) for 2 hours at 37 °C,
according to the manufacturer’s instructions. The cells were fixed with
4% paraformaldehyde at room temperature for 30 min, followed by
treatment with 2 mg/mL glycine for 5 min. Next, the cells were per-
meabilized with 0.5% Triton X-100 for 10 min and stained with a 1x
Apollo reaction cocktail for 30 min in the dark at room temperature.
Finally, cell nuclei were counterstained with Hoechst 33342 for 30 min
at room temperature. Images were captured using a fluorescence
microscope.

Quantitative Real-time PCR

Total RNA was isolated from cells using the TRIzol reagent (CWBio,
Taizhou, China), and reverse transcription was carried out using the
PrimeScript RT reagent kit (TaKaRa, Japan) to generate com-
plementary DNA (cDNA). Quantitative real-time PCR was conducted on
a QuantStudio Real-Time PCR System (Life Technologies) using
QuantStudio Design & Analysis Software v1.5.1. Gene expression levels
were quantified using the standard 272 method. The qPCR primer
sets were: ESR1: GGGAAGTATGGCTATGGAATCTG (forward),
TGGCTGGACACATATAGTCGTT (reverse); AGR2: AGAGCAGTTTGTC
CTCCTCAA (forward), CAGGTTCGTAAGCATAGAGACG (reverse);
CCNDI: CAATGACCCCGCACGATTTC (forward), CATGGAGGGCGGA
TTGGAA (reverse); GREBL: TGGTCCGTAATGCACAAGGG (forward),
CTGCGTTTAGTGAGGGGTGA (reverse); NRIPl: GGATCAGGTACTG
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CCGTTGAC (forward), CTGGACCATTACTTTGACAGGTG (reverse);
PGR: TTATGGTGTCCTTACCTGTGGG (forward), GCGGATTTTAT
CAACGATGCAG (reverse); SIAH2: TCTTCGAGTGTCCGGTCTG (for-
ward), CGGCATTGGTTACACACCAG (reverse), GAPDH: TGACATCAA-
GAAGGTGGTGAAGCAG (forward), GTGTCGCTGTTGAAGTCAGAG
GAG (reverse).

Flow-cytometric analysis of apoptosis

After Bufalin treatment, the cells were collected and washed twice with
cold PBS. Subsequently, 5pL Annexin V-FITC and 5pL propidium
iodide (PI) staining buffer were added to the cells and incubated in the
dark at room temperature. After 15 min, the stained cells were analyzed
using FACS.
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Fig. 7 | Bufalin overcomes Tamoxifen resistance in vitro. a Representative IHC
staining for ERa in Tamoxifen treatment relapsed simple (Scale bar 20pm).

b Tamoxifen-resistant cells LCC2 were treated with a serious of Bufalin, the
expression of ERa was measured by western blot. ¢ Tamoxifen-resistant cells LCC2
were treated with Bufalin, and cell viability was determined using the CCK-8 assay,
the data are presented as mean + SD, n =3 independent experiments. One-way
ANOVA was used for statistical analysis, P < 0.05 was considered statistically sig-
nificant. d The colony formation assay was used to measure LCC2 cell proliferation
after treatment by Bufalin, the data are presented as mean + SD, n =3 independent
experiments. One-way ANOVA was used for statistical analysis, P < 0.05 was con-
sidered to be statistically significant. e The EdU assay was used to measure LCC2 cell
proliferation following treatment with Bufalin (Scale bar 100um), the data are
presented as mean + SD, n = 3 independent experiments. One-way ANOVA was used
for statistical analysis, P< 0.05 was considered statistically significant. f LCC2 cells

were treated with 50 or 100 nM Bufalin for 48 h, and the expression of PARP and
Bcl-2 was measured by western blot, the samples derive from the same experiment
and that gels/blots were processed in parallel. g LCC2 cells were treated with 50 or
100 nM Bufalin for 48 h, and apoptosis was examined by measuring Annexin V
staining, the data are presented as mean + SD, n = 3 independent experiments. One-
way ANOVA was used for statistical analysis, P< 0.05 was considered statistically
significant. h The colony formation assay was used to measure LCC2 cell pro-
liferation after treatment with Bufalin or Fulvestrant, the data are presented as
mean = SD, n =3 independent experiments. One-way ANOVA was used for statis-
tical analysis, P < 0.05 was considered statistically significant. i Tamoxifen-resistant
cells LCC2 were treated with Bufalin and Fulvestrant, and cell viability was deter-
mined using the CCK-8 assay, the data are presented as mean + SD, n =3 inde-
pendent experiments. Two-way ANOVA was used for statistical analysis, P < 0.05
was considered statistically significant.

Immunofluorescence staining

MCEF-7 cells treated with Biotin-Bufalin on glass coverslips were fixed in
4% paraformaldehyde for 30 min at room temperature and blocked
with 5% bovine serum albumin (BSA) for 1 h. The fixed cells were then
incubated with anti-ERa antibody and streptavidin FITC at 4 °C over-
night, followed by Alexa Fluor 594 anti-rabbit IgG antibody. At the end
of the incubation period, the cells' nuclei were stained with DAPI, and
the fluorescence signal was detected and captured using confocal
microscopy.

Co-immunoprecipitation (Co-IP) assay

The 293 T cells were transiently transfected with Flag-ERa plasmid
or HA-STUBI and subjected to Bufalin treatment as indicated. After
treatment, the cells were washed twice with PBS and lysed in mam-
malian protein extraction reagent buffer (cat. no. 78501; Thermo
Scientific), supplemented with protease and phosphatase inhibitors
for 30 min. Cell lysates were centrifuged, and supernatant was
precleared with protein G agarose beads (Santa Cruz), then sub-
jected to immunoprecipitation with indicated antibodies and pro-
tein A/G agarose beads at 4°C overnight. The next day, the
immunocomplexes were washed five times with PBS, and the
binding proteins were eluted by 1 x SDS-PAGE loading buffer at 95 °C
for 10 min. Bound proteins were identified using immunoblotting
and western blot.

Biotin-pull down assay

After treatment, the cells were washed with PBS and lysed for 30 min in
mammalian protein extraction (Thermo Scientific) with protease and
phosphatase inhibitors. Following cell lysis, the supernatants were
collected by centrifugation at 12,000 x g for 15 minutes at 4 °C. The
streptavidin magnetic beads were pre-incubated with the cell lysate for
2 hours. Subsequently, 500 pug of clarified cell lysate was incubated
with either D-Biotin or Biotin-Bufalin overnight at 4 °C for target pro-
tein capture. The following day, the mixture containing biotin and cell
lysate was coupled with streptavidin magnetic beads (Beaver) for
2 hours at room temperature. The magnetic beads were then collected
using a magnetic rack and washed six times to remove non-specifically
bound proteins. Bound proteins were eluted by boiling in 1x SDS-PAGE
loading buffer at 95 °C for 10 minutes, followed by detection via wes-
tern blot analysis.

Animal studies

Briefly, the Tamoxifen-resistant cells LCC2 (2 x 10° cells) were sub-
cutaneously injected into 4-week-old female nude mice (Hunan Slack
Jingda Laboratory Animal Co., Ltd.). Tumor sizes were measured on
different days after inoculation and calculated using the formula V =
Iw?/6, where | is the length and w is the width. When the tumors were
palpable, the mice were randomly divided into designated groups and
received the indicated treatments. The tumor volume was measured
using a Vernier caliper every two days.

Immunohistochemistry (IHC)

The human cancer tissue specimens from patients with Tamoxifen
treatment and recurrence, and animal tissue were fixed in 4% paraf-
ormaldehyde, embedded in paraffin, and sectioned at a thickness of 4
pm. After deparaffinization, antigen retrieval was performed using a
citric acid buffer (pH 6.0). Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide, and following blocked with the
application of normal serum. Sections were then incubated overnight
at 4 °C with the antibodies against ERa and Ki67, followed by HRP-
conjugated secondary antibodies. The signal was developed using
DAB, and the nuclei were counterstained with hematoxylin. Immuno-
histochemical staining was performed according to the manufacturer’s
protocol.

Protein-ligand binding conformation modeling

The conformation of the protein-ligand complex was modeled using
Schrodinger software (version 2022.1). The structure of Bufalin was
obtained from PubChem, and ligand conformations were generated
using LigPrep. The crystal structure of the ESR1 protein was obtained
from the Protein Data Bank (PDB ID: 3ERT)®*. The Glide SP protocol was
employed to generate the optimal conformation of the protein-ligand
complex.

Protein-protein docking conformation modeling

The structures of STUB1, TRIM56, RNF181, RNF2, and ESR1 proteins
were obtained from the Protein Data Bank and Alphafold 3, and sub-
jected to 15 repeats of optimization using the relax module of Rosetta
(version 3.5.1)°*. Ten conformations were generated from each opti-
mization, and the top-scoring conformation from Rosetta was used for
subsequent protein-protein docking. Initial protein-protein docking
was performed using the ClusPro server®. Complex conformations
with incorrect STUBI, TRIM56, RNF181, and RNF2 binding modes were
excluded from the ClusPro docking results. These conformations were
subjected to structural refinement using the docking protocol of
Rosetta. All generated conformations were ranked according to their
Rosetta scores.

Molecular dynamic simulations

Molecular simulations of ESR1-Bufalin, ESR1-STUB1, and ESR1-Bufalin-
STUB1 complexes were conducted using Amber22 software. Proteins
and ligands were parameterized using Amber ff19SB*® and GAFF2%
force fields, respectively. The complex systems were solvated in a
TIP3P water box extending 10 A from the protein. Chloride and sodium
ions were then added to neutralize the system. Subsequently, energy
minimization was performed for up to 20,000 steps. The systems were
heated from OK to 298.15K over 100 ps and the pressure was
increased to atmospheric pressure over another 100 ps, with a time
step of 1fs during the heating and pressurization processes. Finally, a
200 ns production classical MD simulation was conducted with a time
step of 2 fs. Trajectory analysis was performed using CPPTRAJ.
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MM-PBSA and alanine scanning mutations analysis

MM-PBSA binding free energy calculations were performed using
MMPBSA.py from AmberTools2023%, using only the last 100 ns of the
trajectory. We extracted 100 frames from the trajectory for sub-
sequent energy calculations. In addition, residual energy decomposi-
tion was performed for the Bufalin-ESR1 complex. Alanine scanning

mutations®” were conducted on the top ten residues from the energy
decomposition analysis.

Surface Plasmon Resonance (SPR) assay
After storage at -80 °C, Bufalin and the recombinant proteins CYP17A1,
ESR1, and PKC delta were allowed to equilibrate to room temperature.
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Fig. 8 | Bufalin overcomes Tamoxifen resistance in vivo. 4-week-old female nude
mice were inoculated with LCC2 cells. The tumor-bearing mice were subsequently
given the indicated treatment (n =7 mice per group). a Subcutaneous tumors were
excised and photographed at the end of the experiment. b Tumor sizes were
measured on the specified days, the data are presented as mean + SD, n =7 mice.
One-way ANOVA was used for statistical analysis, P < 0.05 was considered to be
statistically significant. ¢ Tumor weights were measured at the end of the experi-
ments, the data are presented as mean + SD, n =7 mice. One-way ANOVA was used
for statistical analysis, P < 0.05 was considered to be statistically significant.

d Representative IHC images for detecting Ki67 expression in the tumor specimens

(Scale bar 20um). e Representative histological analysis of tumor specimen stained
by H&E (Scale bar 20pm). f Representative IHC images for detecting ERa expression
in the tumor specimens (Scale bar 20pum). g Western blot analysis of the ERa
protein expression in xenografts following the indicated treatment. h, i Mice liver
and kidney functions were measured at the end of the experiments, the data are
presented as mean + SD, n=7 mice. One-way ANOVA was used for statistical ana-
lysis, P < 0.05 was considered to be statistically significant (Vehicle vs. Buf (0.5 mg/
kg), Vehicle vs. Buf (1.0 mg/kg), Vehicle vs. Ful (2.0 mg/kg)). Buf Bufalin, Ful
Fulvestrant.
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Fig. 9 | Bufalin exerts significant anti-cancer activity in Tamoxifen-resistant
patient-derived organoids. a Representative images of Tamoxifen treatment
relapsed patient-derived organoids after treatment by Bufalin (Scale bar 50 pm).
Representative data are shown from n =3 independent experiments with con-
sistent results. b Statistics of tumor organoid size of formed organoids after Bufalin
treatment, the data are presented as mean + SD, n =3 independent experiments.
One-way ANOVA was used for statistical analysis, P< 0.05 was considered statisti-
cally significant. ¢ The proliferation of Tamoxifen treatment relapsed patient-
derived organoids treated with Bufalin, the data are presented as mean+SD, n=3
independent experiments. One-way ANOVA was used for statistical analysis,
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P <0.05 was considered statistically significant. d The growth inhibition of Bufalin
was demonstrated by Calcein-AM/PI fluorescence staining of PDO (Scale bar
50pm). BF: bright field. Representative data are shown from n =3 independent
experiments with consistent results. e Schematic of the proposed mechanism of
Bufalin in ER-positive breast cancer. This study harnessed artificial intelligence
combined with molecular docking to predict the molecular mechanism of Bufalin
against tumor. Bufalin could bind to ERa and increase the interaction between ERa
and the ubiquitin E3 ligase STUBL, leading to the degradation of ERa. Additionally,
Bufalin could overcome Tamoxifen resistance in vitro and in vivo.
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Bufalin was diluted with DMSO to the appropriate concentration for
spotting and used as the immobilized phase. The working solution was
printed onto a 3D photocrosslinkable sensor chip using the BioDot™
AD1520 microarray printer, with four nonadjacent replicate spots per
compound. The printed chips were vacuum-dried and then subjected
to UV-induced photocrosslinking using a crosslinking instrument.
Following crosslinking, the chips were sequentially washed on a shaker
with DMF, ethanol (EtOH), and deionized water for 15 minutes each.
The recombinant protein samples were diluted to generate five con-
centration gradients: 200nM, 400nM, 800nM, 1600nM, and
3200 nM, and were injected over the chip surface. During interaction
analysis, the protein analytes were passed over the chip surface at a
flow rate of 0.5 pL/s. Each association phase lasted 600 seconds, fol-
lowed by a 360-second dissociation phase. After each binding cycle,
the chip surface was regenerated with 10 mM glycine-HCI (pH 2.0) at a
flow rate of 2 pL/s to remove the bound analytes.

Patient-derived organoid

Tissue specimens from patients who relapsed after Tamoxifen therapy
were processed for organoid culture according to previous
protocols’®”", Samples were obtained from the Xiangya Hospital of
Central South University (Changsha, China), and written informed
consent was obtained from all participants prior to collection. Tissue
samples were enzymatically digested into single-cell suspensions using
collagenase (Sigma) and subsequently cultured in a 3D environment
composed of 50% chilled Matrigel (Corning). After 5 days of culture,
the resulting organoids were dissociated into single-cell suspensions,
seeded into 384-well plates, and treated with Bufalin. After 4 days of
treatment, cell viability was assessed using CellTiter-Glo 3D Reagent
(Promega) according to the manufacturer’s instructions.

Organoid live/dead cell staining

Live/dead organoid cell staining was performed as previously
described™. Following treatment, the samples were washed twice with
cold PBS and subsequently stained with Calcein-AM and propidium
iodide (PI) at 37 °C for 20 minutes in the dark. Finally, the images were
captured using a fluorescence microscope.

Statistics and reproducibility

We analyzed the data using GraphPad Prism 9.0 software. All samples
represent biological replicates, and the statistical measurements are
presented as mean+SD as specified in each figure. No statistical
method was used to predetermine sample size. No data were excluded
from the analyses. The experiments were randomized. The Investiga-
tors were blinded to allocation during experiments and outcome
assessment. Statistical analyses were performed using one-way or two-
way ANOVA, depending on the experimental design. A P-value <0.05
was considered statistically significant. The P values are given in the
figures. All representative experiments are repeated at least three
times independently with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are included within the article, supplementary information or
source data file. Source data are provided with this paper.

Code availability

The code has been made available on GitHub (https://github.com/wei-
xiao-ya/multi_task-NN, https://github.com/LiHui-CADD/prol-pro2-lig/
tree/master). The molecular docking and MD simulation data are
available in the “InputFile” and “code” sections, respectively, at https://
github.com/LiHui-CADD/prol-pro2-lig/tree/master.
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