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Discovery of an allosteric 14-3-3 inhibitor for
suppressing NRF2-driven cancer via phenotypic
screening and chemoproteomic-based target
deconvolution
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The NRF2 transcription factor is constitutively active in various cancers, functioning as an oncogenic driver
for tumor progression and chemo/radiotherapy resistance. Despite the well-documented role of NRF2
overactivation in cancer, no targeted therapy is currently available. In this study, using a combination of
phenotypic screening, chemoproteomics, and biochemical and cellular assays, we identified WS3 as
a potent allosteric inhibitor of 14-3-3 that selectively inhibits NRF2 activity in tumor cells. Mechanistically,
WS3 binds allosterically to the 14-3-3 dimer, inducing a conformational change and disrupting the 14-3-
3-pGSK3p interaction, thereby releasing pGSK3B for dephosphorylation. This activation of GSK3p
subsequently enhances the ubiquitination and degradation of NRF2 by the CUL1-B-TrCP E3 ligase. WS3
effectively elicits oxidative stress and potentiates chemotherapeutics and ferroptosis in NRF2-driven
cancers. Our findings uncover a previously unrecognized role of 14-3-3 in the hyperactivation of NRF2
and present a first-in-class sub-micromolar 14-3-3 allosteric inhibitor as an effective therapeutic strategy
to suppress NRF2 overactivation, especially in Keapl defective cancers.

Introduction

Nuclear factor erythroid-2-related factor 2 (NRF2), a Cap'n'collar
(CNCQ) basic leucine zipper (b-Zip) family transcription factor,
plays critical roles in regulating redox homeostasis, cellular
metabolism and cell survival by regulating numerous cytopro-
tective genes containing the antioxidant responsive element
(ARE) sequence.' While NRF2 protects healthy cells from
oxidative and electrophilic stress, its overactivation in cancer
cells can result in oxidative stress resistance, metabolic
reprogramming, ferroptosis inhibition and chemotherapy
resistance.*® Numerous studies across various cancers have
demonstrated that NRF2 inhibition sensitizes cancer cells to
anticancer therapies, particularly in Non-Small Cell Lung
Cancer (NSCLC), which frequently harbors mutations in the
KEAP1 or NFE2L2 genes.” Given the dual roles of NRF2 in
normal and cancer cells, the approach for NRF2 inhibition
should be context-dependent, emphasizing selective inhibition
in cancer cells while sparing normal cells to maximize the
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therapeutic index. However, to date, only a few NRF2 inhibitors
have been reported, with brusatol,® ML385,° MSU38225 (ref. 10)
and R16 (ref. 11) serving as representative compounds.
Recently, a Keapl covalent molecular glue VVD-065, which
allosterically promotes Keapl-CUL3 interaction to enhance
NRF2 degradation, has advanced to the phase I clinical trials.”

NRF2 activity is restricted at the protein level by two prin-
cipal E3 ubiquitin ligases: the Keap1/Cullin3-mediated complex
and the B-TrCP/Cullinl-mediated complex.”® Under basal
conditions, Keap1 binds to NRF2 and directs it towards Cullin3-
dependent ubiquitylation and subsequent proteasomal degra-
dation.™ However, loss of function mutations in KEAP1 or gain
of function mutations in NFE2L2 in cancers significantly
abrogates the inhibitory function of KEAP1, leading to NRF2
overactivation.'® Alternatively, B-TrCP-CUL1 mediates NRF2
degradation in a signaling-pathway dependent manner. It
recognizes the phosphorylated DSGIS motif in NRF2 and directs
it to Cullin1-based ubiquitylation and proteasomal degrada-
tion. A previous study demonstrated that the B-TrCP-mediated
pathway acts as an auxiliary system when Keapl-mediated
degradation is profoundly suppressed.'®” However, GSK3p,
the primary kinase responsible for NRF2 phosphorylation, is
inhibited by the oncogenic AKT signaling pathway via phos-
phorylation at Ser9,'® thereby suppressing B-TrCP-mediated
NRF2 degradation. These results underscore the urgent need
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to develop potent NRF2 inhibitors that employ novel mecha-
nisms of action.

14-3-3 proteins are a family of evolutionarily conserved
scaffold proteins comprising seven isoforms (B/a, v, €, {/3, 1, ©
and 1), which predominantly exist as dimers and participate in
various physiological processes.” These proteins interact with
and regulate the function of serine/threonine phosphorylated
proteins.>*** The impact of 14-3-3 proteins on their interacting
partners can vary from inhibition or activation of catalytic
activity and sequestration (e.g., out of the nucleus), to the
scaffolding of protein—protein interactions, in a context-
dependent manner.”® Emerging evidence has demonstrated
that distinct 14-3-3 isoforms are frequently upregulated in
specific cancer types, contributing to oncogenic activities
including cell growth, cell cycle, apoptosis, migration, and
invasion.*»* Notably, previous studies identified 14-3-3{ as
a novel prognostic biomarker for NSCLC.*® Overexpression of
14-3-3¢ enhances the phosphorylation of Akt, promotes the
proliferation of NSCLC cell lines, and contributes to chemo-
resistance. Therefore, directly targeting 14-3-3¢ or the combi-
nation of conventional therapeutic approaches with 14-3-3¢-
targeted therapies may hold significant therapeutical potential.

In this work, we elucidate a previously unrecognized func-
tion of 14-3-3 proteins in NRF2 hyperactivation and present
a first-in-class sub-micromolar 14-3-3 allosteric inhibitor for
NRF2 suppression. Through phenotypic screening of our in-
house library, we identified compound WS3 as a potent NRF2
inhibitor. Chemoproteomics-based target deconvolution iden-
tified 14-3-3 proteins as the primary cellular target of WS3.
Mechanistically, WS3 binds allosterically to 14-3-3, inducing
conformational changes and altering dimer formation, inter-
rupting the interaction between 14-3-3 and the inactive pGSK3p.
Upon dissociation from 14-3-3, the inactive pGSK3f could be
dephosphorylated by protein phosphatase 2A (PP2A), convert-
ing it into an active form. Active GSK3 subsequently phos-
phorylates NRF2 at Ser344, facilitating its ubiquitination and
degradation by the auxiliary CUL1-B-TrCP E3 ligase. Impor-
tantly, WS3 preferentially inhibits NRF2 functions in tumor
cells, inducing oxidative stress and sensitizing tumors cells to
chemotherapeutics and ferroptosis. Together, our findings
provide new avenues for developing potent 14-3-3 allosteric
inhibitors and explore the therapeutic potential of targeting 14-
3-3 proteins for suppressing NRF2-addicted cancer growth.

Results

Phenotypic screening identifies potent NRF2 inhibitors in
tumor cells

To identify small molecules that inhibit NRF2 with unknown
mechanisms, we used A549 cells harboring an ARE sequence
upstream of luciferase (ARE-LUC) to perform the phenotypic
screening of NRF2 inhibitors. We adapted the ARE-responsive
reporter assay to a 96-well format and then screened an in-
house library of ~900 compounds for NRF2 inhibition activity
(Fig. S1A). More than one hundred compounds were identified
that inhibited the NRF2-ARE signal to 60 percent at a concen-
tration of 1 uM (Fig. 1A). Further concentration-response assays
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identified 18 compounds with half-maximal inhibition activi-
ties below 200 nM. Then, we reconfirmed their inhibition in
NRF2 downstream targets HO-1 and GCLM, along with elabo-
rate literature research to exclude compounds with known
mechanisms of NRF2 regulation (Table S1). Finally, we identi-
fied WS3 (Fig. 1B), which potently inhibited the NRF2-ARE
signal (ICs, = 135 nM, Fig. 1C). WS3 exhibited concentration
and time dependent downregulation of the expression of NRF2
downstream targets HO-1 and GCLM at both mRNA and protein
levels in A549 cells as well as other NSCLC cell lines (Fig. 1D and
S1B). WS3 treatment also reduced the NRF2 protein level
(Fig. 1E). Notably, WS3 hardly affected the NRF2 activity in
normal HUVEC and BEAS-2B cells (Fig. 1F). Moreover, WS3-
mediated NRF2 downregulation could be partially rescued by
the proteasome inhibitor MG132 (Fig. 1G), suggesting the
involvement of proteasome/ubiquitin-mediated degradation.
Ubiquitination immunoblotting analysis showed that WS3
indeed promoted the ubiquitination of NRF2 (Fig. 1H). There
are two primary E3 ligase complexes regulating NRF2 ubig-
uitination, the Rbx1-CUL3-Keap1 E3 complex and SKP1-CUL1-
B-TrCP E3 complex. Given the loss-of-function mutations in
KEAP1 in A549 cells,” we hypothesized that WS3 might act
through the SKP1-CUL1-B-TrCP E3 complex. Knockdown of
either component of the SKP1-CUL1-B-TrCP complex impaired
WS3 activity (Fig. S1C) and knockdown of other Cullins
exhibited no effect on the activity of WS3 (Fig. S2A to E), sup-
porting this hypothesis. Previous study identified WS3 as an
activator of B cell proliferation through targeting EBP1.%®
However, knockdown of EBP1 in A549 cells hardly affected WS3
activity (Fig. 1I), suggesting that an unknown target mediates
the inhibitory function of WS3 on NRF2.

Discovery and confirmation of the cellular target of WS3

To deconvolute the relevant target of WS3, we synthesized the
clickable photo-affinity probe, WS3-PAL for photo-affinity
labeling, a typical chemoproteomic method in target identifi-
cation (Fig. 2A).>° WS3-PAL retained cellular activity in ARE-LUC
reporter assays (ICs, = 155 nM) (Fig. 2B) and effectively down-
regulated the mRNA level of the NRF2 target gene HO-1
(Fig. S3A), confirming its suitability for labeling experiments.
Treatment of A549 cells with WS3-PAL, followed by ultraviolet
(UV) crosslinking, click-reaction-based conjugation of biotin
azide, enrichment with streptavidin and silver staining for
visualization, revealed two main bands at ~28 and ~100 kDa
predominantly labeled by different probe concentrations
(Fig. 2C). Liquid chromatography-tandem mass spectrometry
analysis of enriched proteins identified several 14-3-3 family
proteins with a high enrichment ratio, with 14-3-3{ ranked the
highest (Fig. 2D). These findings suggest that 14-3-3 proteins are
potential binding partners of WS3.

We conducted various assays in situ and in vitro to confirm
the direct binding of WS3 to 14-3-3. First, WS3-PAL dose-
dependently labeled endogenous 14-3-3¢ in A549 cells as well
as purified recombinant 14-3-3¢, which could be competitively
offset by the excess of WS3 (Fig. 2E and S3B). Then, ITC analysis
indicated that WS3 directly binds to 14-3-3¢ in a 1: 1 ratio, with
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Fig. 1 Phenotypic screening identified small molecule WS3 that inhibits the NRF2 pathway selectively in tumour cells. (A) High-throughput
screening of a 900 small-molecule compound library at 1 uM concentration with the A549-ARE reporter cell line. The cut-off value for ARE-
luciferase activity is 0.6. (B) Structure of the hit compound WS3. (C) ARE-luciferase reporter activities in A549 cells treated with WS3 for 48 h.
Mean and s.e.m. (D) Relative transcript levels of NRF2-target genes (HO-1 and GCLM) in A549 cells treated with WS3 (50, 100, and 200 nM) for
48 h or 100 nM WS3 for different times. Mean and s.e.m. (E) Immunoblot analysis of the protein level of NRF2 and downstream targets (HO-1 and
GCLM) in A549 cells treated with WS3 (50, 100, and 200 nM) for 48 h or 100 nM WS3 for different times. (F) Immunoblot analysis of NRF2 and
downstream targets (HO-1 and GCLM) in human normal cells (BEAS-2B and HUVEC) treated with WS3 (50, 100, and 200 nM) for 48 h. (G)
Immunoblot analysis of NRF2 protein in A549 cells. Cells were pretreated with DMSO or WS3 (200 nM) for 24 h before additional MG132 (10 uM)
treatment for 12 h. (H) Immunoblot analysis of NRF2 protein ubiquitination in A549 cells. A549 cells were pretreated with WS3 (10 uM) for 24 h
and MG132 (10 uM) as indicated for 12 h before immunoprecipitation (IP) and immunoblotting (IB). () Immunoblot analysis of NRF2 protein in
A549 cells. Cells were pretreated with the EBP1 siRNA for 24 h before additional WS3 (200 nM) treatment for 48 h. Statistical analyses are
univariate two-sided t-tests. *P < 0.05. Data are representative of at least 2 biological replicates.

Ky values of 2.29 uM. Meanwhile, ITC revealed that the contri-
bution of entropic (—TAS) to the binding is larger than enthalpy
(AH), and thus the binding appears to be driven by the hydro-
phobic effect, or a change in the protein secondary structure
upon WS3 binding. Furthermore, WS3 also binds to 14-3-3t and
14-3-3n with high affinities, suggesting that WS3 may be a pan
14-3-3 binder with relatively low selectivity (Fig. 2F and S3C).
Bioinformatics analysis confirmed YWHAZ (14-3-3¢) as the most
significantly overexpressed isoform in NSCLC patients and A549
cells (Fig. S3D to F), and elevated YWHAZ (14-3-3¢) was positively
correlated with poor prognosis and upregulation of oncogenic
NRF2 pathways in LUAD patients (Fig. S3G to I). Based on these
findings, YWHAZ was selected for further studies. The cellular
thermal shift assay (CETSA) demonstrated that treatment with
WS3 enhanced the 14-3-3¢ thermal stabilization compared to
the DMSO control, suggesting the intracellular binding between

17250 | Chem. Sci., 2025, 16, 17248-17260

WS3 and 14-3-3¢ (Fig. 2G). Furthermore, using WS3-PAL that
could be conjugated with a fluorophore in situ for live cell
imaging assays, we observed obvious colocalization with 14-3-3¢
in A549 cells, with a Person correlation coefficient (R) of about
0.77 (R > 0.6, means strong correlation, Fig. S3]). Surface plas-
mon resonance (SPR) and microscale thermophoretic (MST)
assays both confirmed WS3 binding to 14-3-3¢, with K, values of
2.3 uM and 3.2 uM respectively (Fig. S3K and L). Nuclear
magnetic resonance (NMR) analysis revealed positive saturation
transfer difference (STD) signals in the STD spectrum, further
validating the binding between WS3 and 14-3-3¢ (Fig. 2H and
Table S2). Mapping the relative STD NMR signals onto WS3
indicates that protons H4, H6, H21 and H24 make the closest
contacts with the 14-3-3 binding surface, as shown by their
larger STD enhancements. In contrast, the piperazine and
cyclopropyl groups showed lower STD effects, suggesting that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Discovery and confirmation of the 14-3-3 protein as the primary target of WS3 in A549 cells. (A) Schematic illustration of photoaffinity-
labeling based target identification and chemical structure of the photo-activatable affinity probe WS3-PAL. (B) ARE-luciferase reporter activities
in A549 cells treated with WS3-PAL for 48 h. Mean and s.e.m. (C) In situ photo-labeling and pull-down of WS3-PAL covalent labeled targets. A549
cells were treated with WS3-PAL (1, 5, and 10 pM) for 4 h, and the total proteins were silver-stained. (D) MS/MS results of the top ten proteins
enriched by photoaffinity pulldown experiments ranked based on the enrichment ratio (normalized to the total concentration in A549 cells). (E)
Biotin pull-down (PD) followed by western blot with antibody for 14-3-3 validates the labelling of 14-3-3¢ exposed to WS3-PAL in A549 cell
lysates. A549 cells were treated with WS3-PAL (1, 5, and 10 uM) for 4 h. (F) Isothermal titration calorimetry (ITC) analysis of the 14-3-3¢ (350 uM,
monomer) association with WS3 (30 uM). (G) Cellular thermal shift assay (CETSA) analysis of intracellular binding between WS3 and 14-3-3¢ in
A549 cells. Cells were treated with WS3 (10 uM) for 4 h. Western blot signals for 14-3-3¢ and total protein staining of the soluble fraction are
shown for each condition. (H) Saturation transfer difference (STD)-NMR analysis of the direct interaction between 14-3-3¢ (10 puM) and WS3 (400
puM). The relative degree of saturation of the individual hydrogens is mapped into the structure and normalized to that of hydrogen H4. Data are
representative of at least 2 biological replicates.

they are oriented toward the solvent. Collectively, these results
demonstrate that 14-3-3¢ is a direct target of WS3 in A549 cells.

WS3 binds allosterically to 14-3-3 and induces 14-3-3 dimer

conformational changes

The 14-3-3 proteins primarily exist as dimers, with each
monomer composed of nine antiparallel a-helices («1-a9) that
form an amphipathic groove capable of binding to protein
partners.*® While the binding grooves are highly conserved, the
outer surface of the central groove exhibits a high degree of
variability.®* Given that the photo-affinity probe WS3-PAL
showed similar NRF2 inhibition activity to WS3 in A549 cells,

and excess WS3 decreased the pulldown of 14-3-3¢ by WS3-PAL
for competition, WS3-PAL and WS3 likely occupy the same

binding pocket on 14-3-3¢. To identify the residue(s) respon-

sible for WS3 binding, we incubated the purified 14-3-3¢ protein

with WS3-PAL, followed by UV irradiation on ice for covalent

© 2025 The Author(s). Published by the Royal Society of Chemistry

crosslinking. The complex was digested with trypsin and sub-
jected to LC-MS/MS analysis. A 718 Da increase in molecular
weight, corresponding to the photoactivated WS3-PAL frag-
ment, was detected to bind at E66 of the peptide 74-
VVSSIEQKTEGAEK-87 (Fig. 3A and S4A), suggesting that the
binding sites lie within the pocket containing this peptide
motif. Notably, this motif did not lie in the central orthosteric

Chem. Sci., 2025, 16, 17248-17260 | 17251
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Fig. 3 WS3 binds allosterically to 14-3-3 and drives a conformational change. (A) LC-MS/MS analysis of the WS3-PAL-bound fragment derived
from 14-3-3¢. WS3-PAL was incubated with purified 14-3-3¢ and was then successively subjected to photo-crosslinking, trypsin digestion and
MS/MS. The resulting modified peptides were labeled. (B) 14-3-3¢ protein (PDB: 2C1N) allosteric pocket prediction through the online webserver
CavityPlus. (C) Predicted molecular docking study of WS3 (cyan) with 14-3-3¢ (PDB: 2C1N, gray). Hydrogen bonds are shown as green dashed
lines. The salt bridge is shown as purple dashed lines. Cation—Pi interaction is shown as orange dashed lines. (D) Mapping of residues undergoing
chemical shift perturbations onto the surface representation of 14-3-3¢ (PDB: 2C1N). Residues with traceable assigned resonances are colored
on a red-white-blue gradient (0 ppm to 0.01 ppm) based on their combined chemical shift [Aw = ((A6*H)? + (0.2 x A§*°N)?)1/2]. Unclassified
residues are colored cyan. (E) Chemical shift perturbations (CSPs) of *>N-labeled 14-3-3¢ measured in the presence of a 1: 2 mole ratio of 14-3-
3: WS3 compared to DMSO treated 14-3-3 are plotted as a function of 14-3-3 residue number. Residues with chemical shift perturbations over
the threshold are labeled red. (F) Coomassie-stained gels showing limited trypsin (5 nM) digestion of 14-3-3¢ in the presence of WS3 or DMSO
(vehicle) carried out for different times at 37 °C. (G) Coomassie-stained gels showing limited trypsin (5 nM) digestion of 14-3-3¢ in the presence of
WS3 or DMSO (vehicle) carried out for 1 h at 37 °C. Data are representative of at least 2 biological replicates.

binding groove nor in any previously reported binding pockets,
indicating that WS3 binds to an unrecognized allosteric pocket.
Next, we utilized the online web tool Cavity Plus** to predict the
allosteric pocket using the crystal structure of 14-3-37 (PDB:
2C1N). The top-ranked pocket based on druggability encom-
passed the labeled motif, which is a site never targeted by any
ligand (Fig. 3B). We then docked WS3 into the potential pocket
in 14-3-3¢ (PDB: 2C1N) to generate the preferential binding
mode (Fig. 3C). The molecular docking results revealed that
WS3 sits in a hydrophobic pocket composed of amino acids
W59, A130, V132, A134, 1181 and L182. The NH of cyclo-
propionamide formed a hydrogen bond with the carbonyl group
of E180. The pyrimidine ring engaged in hydrophobic interac-
tion with 1181, and the benzene ring of WS3 interacts with A130
and V132 via hydrophobic interaction as well. Besides, the tri-
fluoromethyl benzene group formed hydrophobic interaction

17252 | Chem. Sci., 2025, 16, 17248-17260

with R83 and formed cation-Pi interaction while methyl-
piperazine formed a salt bridge with E84 and was exposed to
solvent. This model agreed well with STD-NMR results.
Accordingly, mutating these interactions-involved residues
(R83, E84, and E180) to alanine (A) markedly weakened the
binding bewteen 14-3-3 and WS3-PAL, whereas mutation of the
non-interacting residues S63 and E66 had negligible effects
(Fig. S4B). Furthermore, direct binding affinity measurements
of WS3 with these mutated 14-3-3¢ proteins showed that the
mutation of R83, E84 and E180 completely abolished the
binding, while mutation of S63 retained the binding (Fig. S4C).
Taken together, these results collectively demonstrate that WS3
binds to this atypical allosteric pocket in 14-3-3¢.

To further elucidate the dynamic interaction between WS3
and 14-3-3¢, we performed 2D 'H-"’N heteronuclear single
quantum coherence (HSQC) NMR analysis using purified '°N

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 WS3 stabilizes 14-3-3 dimers both in vitro and in vivo. (A) Immunoblot analysis of endogenous 14-3-3¢ in A549 cells subjected to WS3
(100 and 200 nM) for 24 h and then treated with crosslinker DSS (1 mM). (B) Immunoblot analysis of the endogenous monomer and dimer form of
14-3-3¢ in A549 cells treated with WS3 (0.1, 0.2, 0.5, and 1 uM) for 12 h by clear native PAGE. (C) HTRF analysis of the dimerization between full-
length His-14-3-3 and GST-14-3-3 treated with WS3. Data are representative of at least 2 biological replicates. Statistical analyses are univariate

two-sided t-tests. **P < 0.01.

labeled 14-3-3CAC. The previously published sequence-specific
backbone assignment of 14-3-3{AC was used to analyze
changes in 14-3-3{ backbone amide signals.** Addition of WS3
shifted select NMR cross-peaks while preserving the overall
features of the NMR spectra. And symmetry is retained upon
addition of WS3, which backs up stoichiometry in ITC showing
that 1 compound binds to 1 monomer (Fig. S5A). Mapping the
chemical shift perturbations (CSPs) on the 14-3-3¢ surface in the
presence of WS3 revealed significant shifts in residues located
at o4, o5 and o7 of 14-3-3¢, including W59, R83, E84, A130, E180
and 1181 (Fig. 3D, E and Table S3). These residues collectively
form a relatively large hydrophobic pocket that aligns well with
the predicted WS3 binding site, supporting our simulated
binding model of WS3 with 14-3-3¢. Notably, in addition to the
WS3 binding site, several residues within the typical peptide-
binding groove also exhibit significant CSPs, including G53,
R55, W59, G123, D124, V176, and E180 (Fig. S5B). These find-
ings prompted us to investigate whether WS3 binds to the 14-3-
3 dimer and subsequently induces a conformational change
that alters the accessibility of the peptide-binding groove,
potentially shifting it toward a more open or closed conforma-
tion, a mechanism frequently observed in 14-3-3 interactions
with its binding partners.>* To verify our hypothesis, we per-
formed a limited proteolysis assay to assess protein stability
upon WS3 treatment. This assay leverages trypsin digestion,
which selectively hydrolyzes peptides based on their confor-
mational accessibility, allowing us to evaluate WS3-induced
structural changes in 14-3-3. Indeed, WS3 treatment signifi-
cantly protected purified 14-3-3¢ from digestion by trypsin in
a concentration and time dependent manner (Fig. 3F and G),
indicating the remarkable conformational change from the apo
state to the WS3 bound state.

© 2025 The Author(s). Published by the Royal Society of Chemistry

A previous study demonstrated that 14-3-3( dimerization
could be dynamically induced via an allosteric effect.*> We,
therefore, attempted to determine whether a WS3 induced 14-3-
3 conformational change could influence the stabilization of 14-
3-3 dimers. We conducted DSS crosslinking assays and found
that WS3 enhanced the dimer formation of endogenous 14-3-3¢
in A549 cells, as well as purified 14-3-3¢ (Fig. 4A and S5C).
Consistently, the native page analysis indicated that treatment
with WS3 resulted in a higher proportion of the 14-3-3¢ dimer
than the monomer in A549 cells (Fig. 4B). Furthermore, we
performed a homogenous time-resolved FRET assay (HTRF)
with His-tagged 14-3-3¢ and GST-tagged 14-3-3% to evaluate the
14-3-3¢ dimerization, similar to the previous protocol.*® As
illustrated, the dimer composed of a His-14-3-3¢ and GST-14-3-
3¢ could elicit positive HTRF signals. If WS3 stabilizes 14-3-3
dimers, then a pre-incubation of: (i) (GST-14-3-3¢ + WS3) and
(His-14-3-3¢ + WS3) separately for 1 h, followed by mixing and
addition of HTRF probes, or (ii) (GST-14-3-3¢ + His-14-3-3() for
1 h, followed by mixing and addition of WS3 and HTRF probes,
should yield different HTRF signals (Fig. 4C). Consistently, WS3
only further enhanced HTRF signals when pre-incubated with
GST-14-3-3¢ and His-14-3-3¢ before addition of WS3. This result
supports our hypothesis that WS3 does affect the formation/
stabilization of dimers. Collectively, these results imply that
WS3 binds to an atypical allosteric site on 14-3-3, altering dimer
formation and inducing conformational changes in the protein.

WS3 enhances CUL1-B-TrCP E3 ligase-mediated NRF2
degradation via targeted intervention of 14-3-3¢

To investigate the role of 14-3-3{ in modulating the NRF2
pathway, we employed both genetic and pharmacological
approaches in A549 cells. Knockdown of 14-3-3( or

Chem. Sci., 2025, 16, 17248-17260 | 17253
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pharmacological inhibition of all 14-3-3 isoforms using the pan-
14-3-3 inhibitor difopein®” both led to reduced NRF2 protein
levels (Fig. S6A and S7A) and downregulation of its downstream
targets, HO-1 and GCLM (Fig. S6B). Additionally, 14-3-3¢
knockdown accelerated NRF2 turnover in the presence of
cycloheximide (CHX) (Fig. S6C), suggesting its role in post-
translational regulation. Proteasome inhibition with MG132
rescued NRF2 downregulation caused by 14-3-3¢ knockdown,
indicating a proteasome/ubiquitin-dependent degradation
mechanism (Fig. S6D and S7B). Immunoblotting further
showed that 14-3-3{ knockdown enhanced NRF2 ubiquitination
(Fig. S6E). To determine whether this degradation depends on
the SKP1-CUL1-B-TrCP E3 ligase complex, we knocked down
CUL1 and B-TrCP. Silencing either component attenuated the
effect of 14-3-3¢ knockdown on NRF2 (Fig. S6F and S7C, D).
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Given that 14-3-3 proteins could bind and sequester inactive
Ser9-phosphorylated GSK3p to suppress GSK3 activity,**** and
that GSK3P regulates NRF2 stability by phosphorylating NRF2 at
Ser344 to facilitate SKP1-CUL1-B-TrCP E3 ligase-mediated
ubiquitination and degradation,** we hypothesized that 14-3-
3¢ may modulate NRF2 stability through regulation of GSK3f
activity. Overexpression of 14-3-3¢ in A549 cells enhanced Ser9-
phosphorylation of GSK3p, while its knockdown reduced it
(Fig. S6G and H). Co-IP confirmed the interaction between
PGSK3p and 14-3-3¢ in A549 cells (Fig. S6H). Moreover, treat-
ment with the GSK3p inhibitor CHIR-99021 partially rescued
NRF2 degradation in 14-3-3¢ knockdown cells (Fig. S6I and
S7E). Collectively, these results suggest that 14-3-3¢ regulates
the CUL1-B-TrCP-mediated NRF2 proteasomal degradation, at
least in part, by modulating GSK3p activity.
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Fig. 5 WS3 promotes NRF2 ubiquitination and degradation through disrupting the interaction between 14-3-3 and pGSK3p. (A) Immunoblot
analysis of NRF2 protein in A549 cells. Cells were pre-transfected with the Flag-14-3-3¢ plasmid for 24 h before additional WS3 (200 nM)
treatment for 48 h. (B) Immunoblot analysis of NRF2 protein ubiquitination in A549 cells. Cells were pre-transfected with the Flag-14-3-3¢
plasmid for 24 h before additional WS3 (200 nM) treatment for 48 h, and MG132 (10 uM) treatment for 12 h before immunoprecipitation. (C)
Immunoblotting analysis of NRF2, pGSK3p and total GSK3p protein in A549 cells. Cells were treated with WS3 (50, 100, and 200 nM) for 48 h. (D)
Immunoblotting analysis of NRF2, pGSK3p and total GSK3p protein in A549 cells. Cells were treated with WS3 (200 nM) for the indicated time. (E)
A549 cells expressing Flag-14-3-3 were treated with WS3 (50, 100, and 200 nM) or DMSO for 4 h. The whole cell lysates (WCL) from each
condition were immunoprecipitated (IP) with anti-Flag beads. WCL and immunoprecipitants were analyzed by immunoblot with the indicated
antibodies. (F) His pull-down assays were conducted with His-14-3-3¢ fusion proteins as a bait. Immobilized His-14-3-3¢ proteins were
incubated with protein lysate of A549 cells in the presence or absence of WS3 (200 nM) for 12 h. The bound proteins were eluted and subjected
to WB analysis. (G) Co-IP analysis of HEK293T cells transiently overexpressing Flag-14-3-3 and HA-GSK3 for 24 h before additional treatment
with WS3 (50, 100, and 200 nM) for 12 h. (H) Immunoblot analysis of NRF2, pGSK3p and total GSK3B protein in A549 cells. Cells were pretreated
with the GSK3 inhibitor (CHIR-99021 5 uM and 10 pM) for 12 h before additional WS3 (200 nM) treatment for 24 h. (I) Immunoblot analysis of
NRF2, pGSK3p and total GSK3p protein in A549 cells. Cells were pretreated with the PP2A inhibitor (OA 5 nM) for 12 h before additional WS3 (200
nM) treatment for 24 h. Data are representative of at least 2 biological replicates.
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To determine whether WS3-mediated NRF2 inhibition using His-14-3-3( confirmed reduced pGSK3p binding (Fig. 5F).
depends on 14-3-3(¢), we overexpressed 14-3-3¢, which signifi- Similarly, WS3 treatment decreased co-precipitated GSK3p in
cantly reversed WS3-induced NRF2 ubiquitination and degra- 293T cells co-transfected with HA-GSK3p and Flag-14-3-3¢
dation (Fig. 5A and B). Similarly, WS3 failed to further reduce (Fig. 5G). These results suggest that WS3 disrupts the 14-3-3¢-
NRF2 levels in the presence of the pan-14-3-3 inhibitor difopein pGSK3f interaction, relieving GSK3B inhibition to promote
(Fig. S7F), indicating that WS3's effect is 14-3-3({)-dependent. A NRF2 degradation. Consistently, pretreatment with the GSK3f3
previous study demonstrated that 14-3-3 dimer stabilizers can  inhibitor CHIR-99021 partially rescued NRF2 downregulation
still disrupt client interactions.*”” Given that WS3 alters dimer induced by WS3 (Fig. 5H).
formation and induces conformational changes in the binding Historically, 14-3-3 binding sequences are generally classi-
groove, we examined whether it disrupted the 14-3-3(-pGSK3p fied into three canonical motifs — Motif I (RSXpSXP), Motif II
interaction. WS3 reduced pGSK3p in a time and concentration (RX(Y/F) XpSXP), and Motif III (pS/TX;_,-COOH) - and some
dependent manner, accompanied by NRF2 downregulation, non-phosphorylated clients have also been reported.** However,
without affecting total GSK3 (Fig. 5C and D). Short-term WS3  GSK3p lacks such a motif, suggesting that it interacts with 14-3-
exposure increased NRF2 phosphorylation at Ser344 (Fig. S7G), 3 in a non-canonical manner. This may provide WS3 with
consistent with active GSK3f signaling. Co-IP in A549 cells relative selectivity for GSK3p over other 14-3-3 binding partners
expressing Flag-14-3-3( showed WS3 concentration dependent containing the consensus motif. Consistently, co-IP analysis of
reduced pGSK3p association (Fig. 5E), and pull-down assays A549 cells expressing Flag-14-3-3( showed that WS3 did not
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Fig. 6 WS3 induces oxidative stress and ferroptosis and inhibits cell growth in a NRF2 dependent manner. (A) The ROS level in A549 (WT) cells
treated with WS3 (100 and 200 nM) for 24 h. The total ROS level was determined using DCFH-DA staining by flow cytometry. Mean and s.e.m. (B)
GSH abundance was measured in A549 (WT) cells treated with WS3 (100, 200, and 400 nM) for 24 h. Mean and s.e.m. (C) Cell viability analysis of
A549 (WT) or Nrf2-KO cells incubated with WS3 for 48 h. Mean and s.e.m. (D) Quantification and images of A549 (WT) or Nrf2-KO cells colonies
formed after 2 week treatment with WS3 (20 or 40 nM) (n = 3, mean and s.e.m., univariate two-sided t-test). (E) Immunoblotting analysis GPX4,
xCT and NRF2 protein levels in A549 (WT) cells subjected to WS3 (200 nM) treatment for the indicated time. (F) Immunoblotting analysis of GPX4,
xCT and NRF2 protein levels in A549 (WT) cells subjected to WS3 (50, 100, 200, and 400 nM) treatment for 36 h. (G) MDA abundance was
measured in A549 (WT) cells treated with WS3 (100 and 200 nM) for 24 h. Mean and s.e.m. (H) MDA abundance was measured in A549 (Nrf2 KO)
cells treated with WS3 (100 and 200 nM) for 24 h. Mean and s.e.m. (I) A549 cells were treated with 100 and 200 nM WS3 and/or 100 uM DFO for
24 h, and then labeled with FerroOrange to detect the cellular labile iron pool by flow cytometry. DFO was utilized as a positive control to reduce
the cellular labile iron pool. Mean and s.e.m. (J) ROS level in A549 cells treated with (100 or 200 nM) WS3 and/or (10 pM) erastin for 24 h. The total
ROS level was determined using DCFH-DA staining by flow cytometry. Mean and s.e.m. Statistical analyses are univariate two-sided t-tests. *P <
0.05, ¥*P < 0.01, ***P < 0.005, ***P < 0.001, and ****P < 0.0001. NS, not significant. Data are representative of at least 2 biological replicates.
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affect the interaction between 14-3-3( and c-Raf (Motif I),
FOXO3A (Motif IT) or P27 (Motif III) (Fig. S7H). In contrast, FC-A,
a widely used 14-3-3 protein stabilizer that enhances interac-
tions between 14-3-3 and its partners,** increased the levels of
PGSK3p and NRF2 in A549 cells (Fig. S7I). Moreover, it has been
reported that PP2A acts as the main phosphatase that converts
inactive pGSK3f into active GSK3B.** Thus, we hypothesized
that if the NRF2 downregulatory action of WS3 relied on active
GSK3p, PP2A inhibitors would rescue it. Indeed, pretreatment
with the PP2A inhibitor okadaic acid (OA) partially reversed the
NRF2 downregulation caused by WS3 (Fig. 5I). Taken together,
these results reveal that WS3 promotes NRF2 degradation by
activating GSK3p through disrupting the interaction between
pGSK3p and 14-3-3¢.

WS3 weakens the antioxidant capacity of A549 cells in a NRF2
dependent manner

To evaluate whether WS3 impairs the antioxidant capacity of
A549 cells by inhibiting NRF2, we measured reactive oxygen
species (ROS) and glutathione (GSH) levels in both A549 cells
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and NRF2-KO cells treated with WS3. We found that WS3
induced ROS accumulation and reduced GSH levels in A549
cells in a concentration dependent manner, whereas no such
effects were observed in NRF2-KO cells (Fig. 6A, B and S8A, B).
This is consistent with the absence of downregulation of NRF2
downstream targets HO-1 and GCLM in NRF2-KO cells
(Fig. S8C). In addition to its antioxidant capacity, NRF2 activa-
tion is known to contribute to tumor cell growth.*® In A549 cells,
WS3 arrested the cell cycle at the G2/M phase and induced early
apoptosis (Fig. S8D and E). Treatment with WS3 significantly
inhibited cell proliferation in A549 cells compared to NRF2-KO
cells, with an ICs, of 110 nM versus 1831 nM (Fig. 6C). Addi-
tionally, colony formation assay demonstrated that WS3 mark-
edly reduced the colony numbers formed in A549 cells
compared to NRF2-KO cells (Fig. 6D).

Recent studies have established a critical role of NRF2 in
suppressing ferroptosis,"” a type of programmed cell death
characterized by the accumulation of lipid peroxides and iron
dependency, due to the findings that two major ferroptosis
modulators (GPX4 and SLC7A11) are NRF2 target genes.*>* As
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Fig. 7 WS3 showed in vivo efficacy and sensitized the A549 (WT) cell xenograft to carboplatin. (A) Heatmap of cell viability (top) and deviation
from Bliss (bottom) in A549 cells following 48 h treatment with WS3 (0, 100, and 200 nM) in combination with a series of carboplatin
concentrations (data are representative of 3 biological replicates, mean and s.e.m.). (B) Quantification and images of A549 cell colonies formed
after 2 week treatment with WS3 (20 nM) and/or carboplatin (5 or 10 uM) (n = 3, mean and s.e.m., univariate two-sided t-test). (C) Growth curves
in tumor volumes of A549 (WT) or Nrf2-KO tumors treated with WS3 (1 mg kg ™) and/or carboplatin (5 mg kg~?) at the indicated dosing schedules
(n = 5/group) for 32 days. Variance was estimated separately for each group using weighted least squares, *P < 0.05; ***P < 0.001. (D) Weight of
A549 (WT) or NRF2-KO tumors treated with WS3 (1 mg kg~?) and/or carboplatin (5 mg kg™ at 21 days (data are represented as mean and s.e.m.).
(E) Relative body weight changes in mice with A549 tumors. Mice were followed throughout the study. (F) Immunoblotting analysis of NRF2,
NQO1 and GSK3B protein levels in A549 (WT) or Nrf2-KO xenograft tumors. 10 mg from each tumor of the same group (n = 2/group) was pooled
and subjected to WB analysis.
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expected, treatment with WS3 significantly inhibited the
expression of GPX4 and SLC7A11 at both the mRNA and protein
levels in a concentration and time dependent manner, which is
attenuated in NRF2-KO cells (Fig. 6E, F and S8F, G). Addition-
ally, WS3 treatment increased malondialdehyde (MDA) levels,
a biomarker of lipid peroxidation, which was also abrogated in
NRF2-KO cells (Fig. 6G and H). WS3 increased the level of free
Fe”", as indicated by the enhanced fluorescence intensity of the
Fe**-selective fluorescent probe FerroOrange. Co-treatment
with the iron chelator deferoxamine (DFO) reduced the avail-
ability of iron and rescued the free Fe** increase induced by
WS3 (Fig. 61). Moreover, WS3 treatment significantly increased
erastin® (a ferroptosis inducer)-induced ROS in A549 cells
(Fig. 6]). Taken together, these results illustrate that WS3 effi-
ciently dampens antioxidant responses, induces oxidative
stress, stimulates ferroptosis and inhibits cell growth in A549
cells, primarily through the inhibition of NRF2.

Inhibiting NRF2 sensitizes A549 cells to chemotherapeutics
and ferroptosis

Generally, NRF2 inhibitors are anticipated to sensitize cancer
cells to chemotherapy.®* Cell viability analysis showed that after
cotreatment with chemotherapeutic agents, including carbo-
platin and doxorubicin, WS3 significantly inhibited cell prolif-
eration compared to treatment with either agent alone.
Employing the Bliss independence model, we found that the
combination of carboplatin and WS3 displayed greater synergy
than doxorubicin in A549 cells (Fig. 7A and S9A). Cotreatment of
carboplatin and WS3 significantly reduced the colonies formed
after two weeks (Fig. 7B). Cell viability analysis showed that
cotreatment of WS3 with ferroptosis inducers, including erastin
and RSL3, markedly inhibited cell proliferation compared to
any single treatment. The Bliss independence model analysis
also indicated the synergy effects (Fig. S9B and C).

To investigate the synergistic effects of WS3 and carboplatin
on tumor xenografts, we utilized A549 cells and NRF2-KO A549
cells, respectively. While carboplatin alone did not significantly
affect A549 tumor growth, WS3 partially inhibited it and the
combination of WS3 and carboplatin showed dramatic efficacy
(Fig. 7C and S10B, C). In NRF2-KO cell-derived tumors, both
carboplatin alone and carboplatin plus WS3 significantly
inhibited tumor growth. However, WS3 did not sensitize the
NRF2-KO tumors to carboplatin (Fig. 7D), indicating that its
synergistic efficacy depends on NRF2. Histological examination
of normal tissues and body weight measurement of the WS3
treated mice showed no significant differences from the control
(Fig. 7E and S10D), implying that WS3 is well tolerated.
Importantly, WS3 did not enhance carboplatin toxicity, as evi-
denced by similar body weight measurements between the
carboplatin and combination treatment groups. WS3 alone or
in combination with carboplatin, significantly decreased NRF2
and NQO1 protein levels in A549 tumors but not in NRF2-KO
tumors, despite the reduced pGSK3p levels in both groups
(Fig. 7F). Meanwhile, WS3 hardly affected NRF2 and NQO1
protein levels in normal lung tissue (Fig. S10E), indicating the
selectivity of WS3 in tumor cells. In summary, these results
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demonstrate that WS3 is a potent NRF2 inhibitor for chemo-
therapy against tumors harboring overactivated NRF2 signaling
pathways.

Conclusion

Accumulating evidence has firmly established the oncogenic
NREF?2 signaling pathway in resistance to cancer chemotherapies,
targeted therapies and radiotherapies, underscoring the urgent
need to develop potent and tumor specific NRF2 inhibitors. Here,
we identified WS3 as a potent NRF2 inhibitor through phenotypic
screening, which selectively decreased NRF2 protein in tumor
cells. To uncover the direct molecular target of WS3, we per-
formed photo-affinity based chemoproteomics and various
biophysical assays. We elucidated 14-3-3(%) as the main cellular
target(s) and demonstrated that allosterically modulating 14-3-
3(¢) by WS3 leads to the enhancement of the functional GSK3p-p-
TrCP axis-mediated NRF2 proteasomal degradation. Meanwhile,
we demonstrated that WS3 potently weakened the antioxidant
capacity of A549 cells in a NRF2 dependent manner, and sensi-
tized cancer cells to chemotherapeutic agents and ferroptosis in
vitro as well as potentiated chemotherapy efficacy in vivo. Given
the frequent dysregulation of NRF2 in human cancers, our study
uncovers the potential of targeting 14-3-3({) for NRF2-driven
cancer treatment.

Similar to NRF2, which is constitutively activated in NSCLC,
growing evidence has suggested that overexpressed 14-3-3 protein
can promote tumor progression and drug resistance. In this
study, we, for the first time, establish a positive correlation
between 14-3-3{ and NRF2 signaling pathways. First, through
bioinformatic analysis we identify a positive correlation between
the expression of 14-3-3¢ and NRF2 in TCGA-LUAD patients and
in NSCLC cell lines (Fig. S11A and B), and find the significant
upregulation of several NRF2 signaling pathways in high 14-3-3¢
expression lung cancer. Functional verification illustrates that
inhibiting 14-3-3{ may promote the proteasomal degradation of
NRF2 via the CUL1-B-TrCP E3 complex. Mechanistically, 14-3-3¢
binds and protects the inactive pGSK3p from dephosphorylation
by PP2A, which hinders its ability to phosphorylate NRF2 at
Ser344, reducing the CUL1-B-TrCP-mediated NRF2 degradation.
Previous study has uncovered that the -TrCP-mediated pathway
indeed cooperates with the Keapl-mediated pathway in the
degradation of NRF2 in vivo, particularly when the latter is
profoundly suppressed.® Therefore, in cancers harboring muta-
tions in NFE2L2 or KEAP1, which abolishes the Keap1-mediated
pathway, the p-TrCP-mediated pathway becomes critically
important. Notably, somatic mutations associated with NRF2
protein accumulation frequently co-occur with mutations related
to the activation of the PI3K-AKT signaling pathway in specific
cancers.*® Consequently, GSK3, a key component of the B-TrCP-
mediated pathway, is nearly inactive in those cancers at the basal
state due to the enhanced Ser9-phosphorylation caused by the
aberrantly activated AKT signaling pathways.>»* And our work
illustrated that the inactive pGSK3p could be sequestered by 14-3-
3 from dephosphorylation by PP2A, thereby hindering its activity
in promoting the B-TrCP-mediated NRF2 degradation, further
exacerbating the dysregulation of NRF2. Under these
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circumstances, we propose that reshaping the 14-3-3 hub to boost
the GSK3p activity may hold great potential. Nevertheless, due to
the lack of structural information on the 14-3-3-pGSK3f complex,
the precise molecular mechanism by which WS3 disrupts their
interaction remains incompletely defined. Future -crystallo-
graphic studies will be required to elucidate this in detail.
Furthermore, as our cellular assays were primarily conducted in
A549 cells, the efficacy of WS3 in other contexts of NRF2 hyper-
activation is yet to be determined. Additional studies are war-
ranted to assess the therapeutic potential of WS3 in a broader
range of NRF2-driven cancers.

While most reported small molecules primarily bind in or
around the central groove of 14-3-3 proteins to stabilize or
inhibit the 14-3-3-substrate interaction,***® WS3 binds in an
atypical allosteric pocket with nanomole to sub-micromole
affinity for the 14-3-3 proteins. Notably, this interaction alters
the stabilization of 14-3-3 dimers and drives a conformational
change in the peptide-binding groove. Our study demonstrates
that WS3 could interrupt the interaction between 14-3-3 and
PGSK3B, leading to the dephosphorylation of GSK3p at Ser9 and
its subsequent activation. Activated GSK3f facilitates the
phosphorylation of NRF2 at Ser344, resulting in the CUL1-f-
TrCP E3 ligase dependent NRF2 degradation. However, as WS3
binds to multiple 14-3-3 isoforms, it may act as a pan-14-3-3
inhibitor. Proteomics-based studies are still needed to evaluate
potential off-target interactions and broader changes in the
interactome following WS3 treatment. A future objective will be
to develop inhibitors with defined subtype selectivity.

Interestingly, WS3 exhibited nanomolar potency in cellular
assays, in contrast to its micromolar affinity observed in
biophysical assays. One plausible explanation is a pathway
amplification effect. Mechanistically, WS3 allosterically per-
turbs the 14-3-3(-pGSK3p interaction, thereby restoring GSK3
activity. Even partial reactivation of GSK3B is sufficient to
phosphorylate NRF2, marking it for B-TrCP-mediated ubig-
uitination and proteasomal degradation. Given that NRF2
controls a broad transcriptional program of antioxidant and
cytoprotective genes, its stability is embedded within
a nonlinear regulatory circuit. This feed-forward architecture
may therefore amplify the phenotypic response to WS3,
accounting for the observed discrepancy.

In summary, our work establishes an unrecognized role of
14-3-3 in the dysregulation of NRF2 in NSCLC by restricting
GSK3B activity, which is crucial for mediating NRF2 proteaso-
mal degradation. Meanwhile, we propose a novel strategy for
repressing NRF2-driven cancers through allosterically modu-
lating 14-3-3(¢) to promote NRF2 degradation. Additionally, we
introduce WS3 as a first-in-class sub-micromolar 14-3-3 modu-
lator with a distinct binding mode, laying the foundation for the
development of more potent and selective chemical tools to
further investigate the biological roles of 14-3-3 proteins in
cancer and other diseases.
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