Acta Pharmaceutica Sinica B 2024;14(12):5493—5504

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

SHORT COMMUNICATION

Discovery of a novel exceptionally potent and »™
orally active Nur77 ligand NB1 with a distinct
binding mode for cancer therapy

Jun Chen ™', Taige Zhao *', Wenbin Hong ™', Hongsheng Li *,
Mingtao Ao ™, Yijing Zhong Xiaoya Chen* Ylngkun Qlu
Xiumin Wang Zhen Wu ?, Tlanwel Lin Y, Balcun Li®©

Xueqin Chen ", Meijuan Fang

iState Key Laboratory of Cellular Stress Biology and Fujian Provincial Key Laboratory of Innovative Drug Target
Research, School of Pharmaceutical Science, Xiamen University, Xiamen 361102, China

Xiamen Key Laboratory of Clinical Efficacy and Evidence Studies of Traditional Chinese Medicine, the First
Affiliated Hospital of Xiamen University, School of Medicine, Xiamen University, Xiamen 361003, China
“Center of Respiratory Medicine, China-Japan Friendship Hospital, National Center for Respiratory Medicine,
Institute of Respiratory Medicine, Chinese Academy of Medical Sciences, National Clinical Research Center for
Respiratory Diseases, State Key Laboratory of Respiratory Health and Multimorbidity, Beijing 100029, China
dSchool of Life Sciences, Xiamen University, Xiamen 361102, China

School of Pharmacy, Hubei University of Science and Technology, Xianning 437100, China

Received 25 March 2024; received in revised form 3 June 2024; accepted 4 July 2024

KEY WORDS Abstract The orphan nuclear receptor Nur77 is emerging as an attractive target for cancer therapy, and
activating Nur77’s non-genotypic anticancer function has demonstrated strong therapeutic potential.
However, few Nur77 site B ligands have been identified as excellent anticancer compounds. There are
no co-crystal structures of effective anticancer agents at Nur77 site B, which greatly limits

Novel Nur77 ligand;
4,4'-Bipyridine

cinnamamide

derivatives; the development of novel Nur77 site B ligands. Moreover, the lack of pharmaceutical ligands restricts
X-ray crystallography; Nur77’s therapeutic proof of concept. Herein, we developed a first-in-class Nur77 site B ligand (NB1)
Nur77/Bcl-2 apoptotic that significantly inhibited cancer cells by mediating the Nur77/Bcl-2-related apoptotic effect

pathway; at mitochondria. The X-ray crystallography suggests that NB1 is bound to the Nur77 site B with a distinct
Anticancer activity binding mode. Importantly, NB1 showed favorable pharmacokinetic profiles and safety, as evidenced by
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its good oral bioavailability in rats and lack of mortality, bodyweight loss, and pathological damage at the
512.0 mg/kg dose in mice. Furthermore, oral administration of NB1 demonstrated remarkable in vivo
anticancer efficacy in an MDA-MB-231 xenograft model. Together, our work discovers NB1 as a new
generation Nur77 ligand that activates the Nur77/Bcl-2 apoptotic pathway with a safe and
effective cancer therapeutic potency.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nur77 (also known as TR3 and NGFI-B) is nuclear receptor
subfamily 4 group A member 1 (NR4A1)'*. In general, it acts as a
transcription factor localized in the nucleus to regulate the
expression of target genes (e.g., ITGB1, PD-L1, WFDC21P) by
binding to different transcription cofactors (e.g., Spl and p300)° .
In addition, Nur77 is an immediate-early gene that can rapidly
respond to external stimuli and export from the nucleus to the
cytoplasm, exerting its non-genomic activity”'’. Notably, multiple
studies have demonstrated that Nur77 has an essential contribution
to the progression of various types of cancer due to its critical
roles in the metabolism'’, proliferationlz, apoptosis”, and inva-
sion'* of tumor cells, as well as tumor immunity'> and tumor
angiogenesis'®'®. In particular, dysregulation of Nur77 has also
been observed in solid tumors and is significantly associated with
poor patient prognosis'’. Excitingly, increasing studies have
demonstrated that the subcellular localization of Nur77 targeting
mitochondria or endoplasmic reticulum (ER) can initiate cancer
cell apoptosis, effectively inhibiting tumor growth in vitro and
in vivo®*?*. For instance, Nur77 can localize to mitochondria,
interacting with the LOOP of the classic pro-survival protein Bcl-
2 and changing Bcl-2’s conformation to pro-apoptotic protein,
promoting apoptosis of cancer cells”**. Recently, targeting
Nur77’s non-genomic activity to induce cell death has emerged as
a potentially effective therapy for malignant tumors™ >,

Although the endogenous ligand of Nur77 has not yet been
found, several categories of chemical entities have been reported
to target regulating the various biological functions of
Nur777#%%27% Notably, most Nur77 modulators showed sig-
nificant therapeutic potency in cancer treatment, especially for
those small molecules inducing Nur77 nuclear translocation. For
instance, BIIO7131, Celastrolsz’s(’, and our compounds 8b** and
ja** were found to mediate Nur77 translocation from the nucleus
into mitochondria, causing cell apoptosis. THPN can stimulate the
interaction of Nur77 and mitochondrial outer membrane protein
Nix to translocate Nur77 to mitochondria, ultimately leading to
autophagic cell death due to the dissipation of mitochondrial
membrane potential®’. Besides, 10g could mediate Nur77 sub-
cellular localization to induce endoplasmic reticulum stress,
thereby promoting cell autophagy and apoptosis®>. However, no
drug candidate targeting Nur77 has been developed in clinical
trials, which might be because the reported compounds exhitbit
toxicity, lack of oral absorption, or have other undesirable drug-
gable properties®”***". Therefore, developing novel Nur77 li-
gands with favorable drug properties is crucial and beneficial to
the clinical treatment of cancers.

The previously reported co-crystal structures of Nur77 with
Csn-B and its derivatives *'®**%%% have revealed several po-
tential binding sites of Nur77 ligand binding domain (Nur77-5P),

including binding sites A*°, B*, C'¥, D%, and so on. Interestingly,
when we utilized the CavityPlus®>* to detect potential binding
site in Nur77"5P (PDB ID: 3V3E), the CAVITY program output
eight cavities, and three cavities named Cavity_1 (the binding site
C), Cavity_2 (the binding site B), and Cavity_4 were predicted to
be druggable (Supporting Information Fig. S1 and Table STI).
Interestingly, several active compounds (e.g., BI1071°' and
XS561%°) have also been demonstrated as Nur77 site B ligands
with excellent in vivo anticancer activities. These findings implied
that binding site B is an attractive druggable binding site of
Nur77"8P and it is fascinating to discover novel Nur77 ligands at
binding site B for treating cancer. Therefore, developing novel
Nur775 site B ligands with favorable druggability is crucial and
beneficial to the clinical treatment of cancers. However, there are
no co-crystals of effective anticancer compounds with Nur77-5°
at binding site B, impeding the development of pharmaceutical
Nur77 site B ligands.

Encouragingly, in search of new Nur77 ligands in our in-house
compound library, compound BPA-B9 was found to be a first-in-
class Nur77 ligand (Kp = 0.46 umol/L), and it displayed excel-
lent binding affinity of Nur77-# at site B in molecular docking
study. Moreover, a series of potential Nur77 site B ligands were
designed and synthesized based on the predicted binding mode of
BPA-B9 with Nur77 at binding site B. Among the synthesized
compounds, NB1 showed the most potency against tested cancer
cell lines, which was superior/equipotent to those of the lead
compound BPA-B9. Excitedly, NB1 displayed higher in vitro
Nur77 selectivity than other tested nuclear receptors (including
RXRa, ERa, ERf, and PPARY), and the X-ray crystallography
revealed its distinct binding mode at the binding site B of Nur77.
Importantly, NB1 was an orally available and highly potent new-
generation Nur77 ligand that exhibited excellent anticancer effi-
cacy in the MDA-MB-231 xenograft model.

2. Results and discussion
2.1.  Compound design and synthesis

Recently, we screened the in-house compound library to identify
new potential Nur77 ligands for hit-to-lead development. Fortu-
nately, 4,4'-bipyridine amide derivative BPA-B9 was found to be a
good Nur77 binder with a Kp (equilibrium dissociation constant)
value of 0.46 umol/L (Fig. 1A and B). Also, BPA-B9 significantly
inhibited the Nur77-driven luciferase activity at the concentrations
of 62.5 and 125.0 nmol/L, demonstrating its Nur77-binding ability
in cells (Fig. 1C). Subsequently, we conducted induced-fit docking
(IFD) analysis to investigate whether and how BPA-B9 docked to
the binding site B of Nur77%8P (PDB code: 3V3Q)*!. The result
showed that BPA-BY, like a dragon molecule, occupied the
binding site B with a docking value of —10.336 kcal/mol
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Figure 1  The novel Nur77 ligand NB1 derived from the lead BPA-B9 (NA1) shows a distinct binding mode at Nur77-8P binding site B. (A)
Chemical structure of BPA-B9. (B) SPR analysis of BPA-B9 binding to Nur77-%°. (C) HeLa cells co-transfected with pG5-Luciferase and pBind-
Nur77-LBD plasmids were treated with BPA-B9 at different action concentrations for 24 h. Celastrol was used as a positive control to Nur77. Data
are shown as mean + SD. Ns, not significant, 0.01< *P < 0.05, ***P < 0.001 vs. control (DMSO). (D) The binding mode of BPA-B9 to
Nur77"5P. BPA-B9 was represented as a yellow carbon stick, and Nur77-%? was shown as a blue-white surface. (E) 3D interaction diagram of
BPA-B9 with Nur77-%, BPA-B9 was displayed as a yellow carbon stick, and the key residues were shown as blue-white sticks. (F) The scheme of
designing and screening novel anti-tumor small molecules targeting Nur77“5”. (G) SPR analysis of NB1 binding to Nur77“”. (H) The newly
released crystal structure of NB1 in complex with Nur77-8P protein (PDB ID: 8Y7L). The protein was represented as a blue-white surface, and
NB1 was shown as a wheat stick. (I) The 3D interaction diagram of NB1 with Nur77®”. NB1 was displayed as a wheat stick, and the key residues
were shown as blue-white sticks. (J) The 2D binding model of NB1 and Nur77%8P.

(Fig. 1D). Clearly, there were three main interactions between 3,4'-bipyridine and 4-(m-tolyl)pyridine. Furthermore, the ethyl

BPA-B9 and the binding site B of Nur77"5” (Fig. 1E). First, the 4-
(hydroxymethyl)piperidin-1-yl moiety (head anchor) as a dragon
head was effectively positioned within the first sub-pocket (FSP)
in the head region, and its hydroxyl group formed two hydrogen
bonds with the backbone carbonyl oxygen (2.09 A) and amino
hydrogen (1.96 ;\) of Leu493 and Val498, respectively. Second,
the phenyl group as a dragon tail (caudal hook) well fitted into the
second sub-pocket (SSP) in the tail region, and it formed two m-m
stacking interactions with residues Trp420 and His372. Third, the
linker’s carbonyl oxygen as a dragon body forms the “signature”
hydrogen bond (2.14 A) with the residue of Arg454. Together,
BPA-B9 was a new chemotype targeting Nur77 and provided a
potential starting scaffold for structural optimization to improve
target selectivity, biological activities, and physicochemical
properties. To develop new Nur77 site B ligands with improved
target selectivity and druggability, we therefore made appropriate
modifications of BPA-B9 (NA1) (Fig. 1F). For the head anchor,
the 4-(hydroxymethyl)piperidin-1-yl moiety (R;) was changed to
similar polar groups (4-hydroxypiperidin-1-yl and morpholino).
Besides, the scaffold 4,4’-bipyridine was replaced with similar
aromatic fragments, including 4-methyl-3,4'-bipyridine 5-methyl-

linker (L) was utilized to improve the rigid structure and explore
the importance of the vinyl chain on the activity. Finally, the in-
fluence of introducing —F or —CHj; on C-3 or C-4 positions of the
benzene ring on the activity since the space around the benzene
ring in the SSP was tiny. As previously reported*”, twenty target
compounds were first synthesized according to the procedures
outlined in Supporting Information Schemes S1 and S2.

2.2.  Invitro anticancer activity and Nur77-binding affinity
evaluation

All synthesized compounds at 5.0 umol/L were first screened for
cytotoxicity towards three cancer cell lines (HeLa, MDA-MB-231,
and A549)”'**! Concurrently, the initial surface plasmon reso-
nance (SPR) experiment was conducted to test the binding
response unit (RU) of the compounds to Nur77-5” at a concen-
tration of 10.0 umol/L. The compound screening results were
summarized in Supporting Information Tables S2 and S3. The
preliminary structure—activity relationships (SARs) of the entitled
compounds were furnished based on the anti-proliferative and
Nur77-binding activities, as illustrated in Fig. 1F. The scaffold B
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ring played a crucial role in the anti-proliferative activity.
Replacing the pyridine scaffold with a benzene ring generally
reduced anti-proliferative activities (NA1 vs. NA3, NB1 vs. NB3,
and NC1 vs. NC3). Moreover, introducing methyl group at R, of
benzene scaffold generally resulted in a further loss in anti-
proliferative activities (e.g., NB3 vs. NB5 and NC3 vs. NCS5).
Additionally, Ry and R, substituents and the linker L showed great
impacts on the Nur77-binding effects. For R; group, the
replacement of 4-(hydroxymethyl)piperidin-1-yl ~with 2-(4-
hydroxypiperidin-1-yl)pyridin-4-yl (NA1 vs. NB1)) increased the
Nur77-binding activity, while replacing the 4-(hydroxymethyl)
piperidin-1-yl with morpholino (NC1) significantly reduced the
Nur77-binding activity. Introducing substituents —CHj and —F at
C-3’ or C-4’ positions of the phenyl ring (NB2, NBla, and NB1b:
RU < 45) showed a remarkable decrease in the Nur77-binding
activity as compared to NB1 (RU = 100.69). Moreover, the
replacement of the vinyl moiety by a flexible ethyl group in the
linker (NBlc-NBle: RU < 26) drastically reduced the Nur77-
binding activity. Together, the 2,4-disubstituted pyridine ring
(for scaffold A), the vinyl chain (for L linker), and the phenyl
group (for B-ring) might be optimal for Nur77-binding affinity.
Based on the obtained data, the most active compound, NB1, was
selected for further studies.

2.3.  NBI is a novel selective Nur77 site B ligand with excellent
anticancer activity

First, NB1 was assessed for further anticancer activity and Nur77-
binding selectivity. As shown in Table 1, NB1 exhibited the best
inhibition on triple-negative breast cancer (TNBC) MDA-MB-
231 cells (ICs, = 0.0030 £+ 0.0015 pmol/L). Also,
NBI1 displayed potent anti-proliferative activity with ICs, values
in the nano-molar against most other test cancer cell lines,

such as A549 (ICs, = 0.0850 £ 0.0080 pmol/L),
HeLa ICsy = 0.0741 £ 0.0066 pmol/L), HepG2
(ICsy = 0.1105 =+ 0.0070 pmol/L), and HCCI1937

(ICsp = 0.5277 £+ 0.2068 pmol/L). In particular, the inhibitory
potency of NB1 against MDA-MB-231 and A549 cells was su-
perior to that of the lead compound NA1 (Supporting Information
Table S4). Notably, NB1 showed low anti-proliferative activities
against MCF-7 (non-TNBC, ICso = 2.5110 £+ 0.3792 pmol/L)
and human normal breast MCF-10A cells
(ICs50 = 3.3330 £ 0.2447 pmol/L) with selective indexes of 837
and 1111, respectively (compared to MDA-MB-231). These
findings manifested that Nur77 ligand NB1 was an excellent

anticancer agent in vitro. Importantly, SPR assay demonstrated
that NB1 had better binding affinities to Nur77 (Kp = 0.12 pmol/
L) than other tested nuclear receptors (SI > 6.5), including RXRe,
ERwa, ERB, and PPARy (Fig. 1G, Table 1, and Supporting
Information Fig. S2A-D).

To define the binding mode of NB1, we then conducted crys-
tallographic studies on its complexes of Nur775P protein. The
obtained co-crystals of the NB1/Nur77"%P complex were solved
by the molecular-replacement method and were refined satisfac-
torily (Fig. S2E and Supporting Information Tables S5). The
crystal structure of the NB1/Nur77-52 complex was determined at
a 2.68 A resolution. As shown in Fig. 1H, NB1 occupied the
binding site B of Nur775” and exhibited a similar binding pose
with the predicted conformation of the lead NA1. The hydrox-
ypiperazine moiety made the hydrogen bond interactions with
Leu493 and Val 498 in the FSP, while the phenyl moiety occupied
the SSP and formed w-m stacking interaction with Arg454
(Fig. 11 and J). Besides, the 4,4'-bipyridyl scaffold is well posi-
tioned to make additional - stacking interactions with Tyr453.
Nevertheless, it should be pointed out that the gatekeeper Lys456
could hinder the substituted 4,4'-bipyridyl scaffold occupies the
solvent-exposed groove (Fig. 1H). Notably, the unsaturated olefin
chain in the NBI1 structure was also an essential supportive
backbone, and its trans conformation ensured the benzene ring
perfectly fit into the SSP. Meanwhile, the volume size of SSP is
precisely adequate to accommodate an unsubstituted benzene ring.
Interestingly, the complex structure of the NB1 bounded Nur77
LBD was with complete electron density at amino acids residues
Val391 to Lys396 compared to apo-Nur77-52 (Fig. S2F), sug-
gesting that NB1 stabilized the Nur77-5P conformation, which
may contribute to its excellent biological function.

2.4.  NBI inhibits cell proliferation by inducing mitotic arrest
and cell apoptosis

To elucidate NB1’s anticancer action, we then determined changes
in gene expression between DMSO and 250.0 nmol/L NB1-treated
MDA-MB-231 cells by RNA-Seq analysis. In total, expression
levels of 15,258 and 15,313 annotated human genes (being 14,719
same genes) were detected in the control and NB1-treated groups,
respectively (Fig. 2A). Among them, 288 genes (g-value <0.05, |
Logy(Fold Change)| > 0.5) were identified as differentially
expressed genes (DEGs), including up-regulated 124 genes and
down-regulated 164 genes (Fig. 2B). Gene Ontology Biology
Process (GOBP) analysis indicated NB1 mainly participated in

Table 1  The cell inhibitory activities and nuclear receptor-binding affinities of NB1.
Cell inhibitory activity Binding affinity
Cell line 1Cso (umol/L)* SI° Nuclear receptor Kp' (SI%)
MDA-MB-231 0.0030 + 0.0015 1.00 Nur77 0.12 pmol/L
HCC1937 0.5277 £ 0.2068 175.90 RXRa 0.78 pumol/L (6.50)
MCE-7 2.5110 £ 0.3792 837.00 ER« 1.28 umol/L (10.67)
A549 0.0850 =+ 0.0080 28.33 ERS 1.63 pmol/L (13.58)
HeLa 0.0741 + 0.0066 24.70 PPARY 1.35 pmol/L (11.25)
HepG2 0.1105 £ 0.0070 36.83
MCE-10A 3.3330 + 0.2447 1111.00

“Data are mean + SD of three independent determinations.

PSI: the ratio of the ICs, values of NB1 in other cell lines divided by the ICs, values in MDA-MB-231.
“The Kp was determined in concentration gradients of the target compounds by SPR assay.
4SI: the ratio of the Kp, values of target compounds binding to other nuclear receptors divided by the Kp values to Nur77.
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Figure 2  NBI triggered cell cycle arrest and apoptosis in cancer cells. (A) The annotated human genes in DMSO- and NB1-treated MDA-MB-
231 cells. (B) Visualization of differential genes by volcano plot of MDA-MB-231 cells treated with NB1 for 12 h (n = 3). Red points for up-
regulated genes, blue for down-regulated genes, and gray for unchanged genes (|[Log,(Fold Change)| > 0.5, ¢ value < 0.05). (C) Top 20 biological
processes enriched by GO database at NB1. (D, E) Gene set enrichment analysis (GSEA) revealed the influence of NB1 on the mitotic gene
signature in MDA-MB-231 cells. NES, normalized enrichment score; FDR, false discovery rate; Nom., nominal. (F) Top 20 pathway terms
enriched by KEGG database in NB1-treated cells. (G, H) The ability of NB1 to induce mitotic arrest in MDA-MB-231 (G) and A549 (H) cells. (I)
Western blot analyzed the expression of cleaved-PARP in MDA-MB-231 cells treated with 250.0 nmol/L NB1 for indicated time. (J, K) The
ability of NB1 to induce apoptosis in MDA-MB-231 (J) and A549 (K) cells. (L) Western blot showed that NB1 affected the expression of cleaved-
PARP, Bcl-2, and Mcl-1. Data are shown as mean £ SD. Ns, not significant, 0.001 < **P < 0.01, ***P < 0.001 vs. control (DMSO).
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crucial pathways of cell mitosis, including “microtubule-based
process” (10 genes, P = 1.47e-09), “microtubule cytoskeleton
organization” (22 genes, P = 1.57e-04), and “mitotic cell cycle”
(10 genes, P = 2.46e-04) (Fig. 2C). Further, the separate GOBP
enrichment analyses for the up-regulated and down-regulated
DEGs implied that NB1 primarily suppressed the expression of
mitotic cell cycle-related genes and increased the expression of
genes involved in the apoptotic process (Supporting Information
Fig. S3A and B). Simultaneously, Gene Set Enrichment Ana-
lyses (GSEA) analysis also showed that a prominent reduction in
mitotic process gene signature was observed in MDA-MB-
231 cells treated with NB1 (Fig. 2D-E). Additionally, the KEGG
analysis of the identified DEGs implied that the apoptosis, PI3K-
AKT, and HIF-1 signaling pathways were the primary ones
distinctly affected by NB1 treatment (P-value <0.05) (Fig. 2F and
Supporting Information Material IT). These findings suggested that
NB1 might disturb cell mitosis and apoptosis processes of cancer
cells.

Subsequently, the flow cytometry assay was conducted to
examine the cell cycle distribution of A549 and MDA-MB-
231 cells with DMSO or NB1 treatment. As shown in Fig. 2G and
H, NBI1 significantly induced G2/M phase cell cycle arrest in
A549 and MDA-MB-231 cells. In DMSO-treated MDA-MB-
231 cells, the population of cells in the G2/M phase was 14.82%.
After treating NB1 at 7.8, 31.3, and 125.0 nmol/L for 12 h, the
fraction of MDA-MB-231 cells in the G2/M phase was 14.44%,
58.39%, and 78.55%, respectively. After incubation with NB1 at
7.8, 31.3, and 125.0 nmol/L for 12 h, the percentage of A549 cells
in the G2/M phase reached 18.52%, 53.78%, and 53.74%,
respectively (compared to 5.27% in DMSO-treated cells) (Fig. 2G
and H and Supporting Information Fig. S4A). The significant G2/
M phase arrest of the cell cycle observed demonstrated that NB1
could strongly regulate mitotic progression, consistent with the
results of the RNA-Seq analysis.

Next, we checked the effect of NB1 on cell apoptosis. As
depicted in Fig. 2I, NB1 time-dependently increased cleaved
PARP protein. Further, Annexin V-FITC/PI staining was utilized
to assess whether NB1 induced cell apoptosis in a dose-dependent
manner. The results showed that NB1 treatment dose-dependently
increased apoptosis cells. As shown in Fig. 2J and Fig. S4B, NB1
(15.6, 62.5, and 250.0 nmol/L) dose-dependently induced an in-
crease (8.63%, 17.04%, and 41.10%) of apoptotic cells in MDA-
MB-231 cells compared the DMSO-treated group (5.70%
apoptosis cells). Similarly, there was a significant increase
(7.80%—16.29%) of apoptotic cells in A549 cells after treating
500.0 nmol/L NB1 (Fig. 2K and Fig. S4B). Simultaneously, NB1
dose-dependently elevated cleaved PARP (an apoptosis marker)
and reduced two anti-apoptosis factors, Bcl-2 and Mcl-1 (Fig. 2L).
Together, NB1 significantly induced cell apoptosis in MDA-MB-
231 and A549 cells.

2.5. NBI exerts Nur77-mediated anticancer activities by
inducing Nur77 mitochondrial localization and activating Nur77/
Bcl-2 apoptosis pathway

Since NB1 was an excellent Nur77 ligand that effectively
prompted mitotic arrest and apoptosis in cancer cells, we con-
ducted a small interfering RNA (siNur77)-mediated knockdown
assay to investigate whether the anticancer action of NBI1
depended on Nur77. Fig. 3A showed the protein expression of
Nur77 significantly decreased in A549-siNur77 cells compared to
A549-siCtr (A549 cells transfected with siControl) cells. Nur77

deficiency could substantially attenuate the effect of NB1 blocking
the cell cycle (Fig. 3B and Fig. S4C). NB1 treatment at 31.3 and
125.0 nmol/L resulted in 44.22% and 90.36% cells in the G2/M
phase in A549-siCtr cells, respectively. However, NB1 at 31.3 and
125.0 nmol/L only caused 26.64% and 62.11% cells in the G2/M
phase in A549-siNur77 cells. Consistently, NB1 strongly
increased the apoptotic marker cleaved-PARP in A549-siCtr cells,
which was significantly relieved in A549-siNur77 cells (Fig. 3C).
Nur77 knockdown resulted in a significant decrease of NB1’s
antiproliferative activity against A549 cells, with ICsy from
91.9 £ 7.4 nmol/L (A549-siCtr) to 381.3 & 1.9 nmol/L (A549-
siNur77) (Fig. 3D). Similarly, NB1 showed better inhibition on
HeLa-siCtr cells (ICsg = 70.7 £ 11.3 nmol/L) than HeLa-
siNur77 cells (ICso = 309.8 £+ 0.8 nmol/L) (Fig. S4D and E).
These results suggest that the inhibition of NB1 on cancer cells
significantly depends on Nur77-mediated cell apoptosis.

Increasingly, studies have substantiated that Nur77 nuclear
export is a critical step in Nur77-mediated apoptosis™’~'=*",
Thus, we investigated whether NB1 inhibited cell proliferation by
modulating Nur77’s nuclear translocation. As depicted in Fig. 3E,
Nur77 was predominantly concentrated on the nucleus in DMSO-
treated MDA-MB-231 cells, while NB1 stimulation led to a
cytoplasmic distribution of Nur77. Also, the cellular fractionation
assay demonstrated that NB1 effectively increased the content of
Nur77 in the cytoplasm (Fig. 3F). Importantly, the anti-
proliferative activity of NB1 was significantly reversed by the
specific nuclear export inhibitor Leptomycin B (LMB) with a
significant increase of ICsy value (from 134.6 + 3.2 to
302.5 £+ 11.3 nmol/L) (Fig. 3G).

It is well-established that Nur77 can translocate to mitochondria
and interact with Bcl-2, transforming the Bcl-2 configuration from
an anti-apoptotic protein to a pro-apoptotic protein, ultimately
inducing cell apoptosis>”'. Therefore, we further checked whether
NB1 induced Nur77 mitochondrial-targeting and mitochondrion-
related apoptosis. The immunofluorescence assay confirmed the
ability of NB1 to promote the co-localization of Nur77 and mito-
tracker (the specific probe of mitochondria) outside the nucleus
(Fig. 3H). Moreover, the mitochondrial components isolating assay
validated that NB1 could increase the enrichment of Nur77 on
mitochondria (Fig. 3I). It implied that NB1 induced the trans-
location of Nur77 from the nucleus to the mitochondria. Then, we
examined whether NB1 could induce the interaction of Nur77 and
Bcl-2. The immunofluorescence assay showed that NB1 promoted
an apparent co-localization of Nur77 with Bcl-2 at mitochondria
(Fig. 3J). Furthermore, the co-immunoprecipitation (co-IP) assay
demonstrated that NB1 could enhance Nur77 interaction with Bcl-2
(Fig. 3K). Together, NB1 might induce mitochondria-related
apoptosis by the Nur77/Bcl-2 axis.

2.6. NBI prompted mitochondrion-related apoptosis

The loss of mitochondrial membrane potential (MMP, Aym) is a
characteristic of mitochondria-related cell apoptosis. Herein, we
utilized JC-1 (a specific MMP dye)* to monitor changes in MMP
in MDA-MB-231 cells upon NB1 treatment. As shown in Fig. 4A
and B, NB1 dose-dependently caused a significant loss of Aym in
MDA-MB-231 cells. The loss of Aym in MDA-MB-231 cells
exposed to NB1 at concentrations of 15.6, 62.5, and 250.0 nmol/L
was 12.1%, 29.5%, and 31.4%, respectively. Moreover, NB1
induced the loss of Aym in a Nur77-dependent manner. As shown
in Fig. 4C and D and Fig. S4F, 31.3 nmol/L NB1 could cause
14.1% of Aym loss in A549-siCtr cells, significantly higher than
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Figure 3  The inhibition of NB1 on cancer cells was dependent on Nur77/Bcl-2 apoptosis pathway. (A) A549 cells transfected with siControl
(siCtr) or siNur77, then Western blot detected the Nur77 protein expression. (B) Quantitative analysis of relative cell number in G2/M phase in
A549-siCtr and A549-siNur77 cells. A549-siCtr and A549-siNur77 cells were treated with NB1 at the indicated concentrations for 12 h, and the
cell cycle was analyzed by flow cytometer. (C) Western blot examination of A549-siCtr and A549-siNur77 cells treated with NB1 at 500.0 nmol/L
for 24 h. (D) MTT assay determined the ICsy of NB1 on A549-siCtr or A549-siNur77 cells at 72 h. (E) The subcellular localization of Nur77 in
MDA-MB-231 cells was determined through an immunofluorescence assay following a 6-h treatment with NB1. Scale bar, 10 um. (F) MDA-MB-
231 cells were exposed to 250.0 nmol/L NB1 for 3 h. Nuclear and cytoplasmic fractions were extracted and analyzed by Western blot. (G)
A549 cells were treated with NB1 with or without 1 nmol/L. LMB. After 72 h, the cell viability was determined by MTT assay. (H) MDA-MB-
231 cells were exposed to 500.0 nmol/L NB1 for 6 h and then probed with the Nur77 antibody and Mito-tracker. Scale bar, 10 pm. (I) NB1
induces the accumulation of Nur77 at mitochondria. Whole-cell lysates and mitochondrial fractions prepared from MDA-MB-231 cells treated
with 250.0 nmol/L. NB1 were analyzed by Western blot. (J) HeLa cells co-transfected with GFP-Bcl-2 and Myc-Nur77 plasmids were treated with
500.0 nmol/L NB1 for 3 h, and cells were incubated with mito-tracker and marked by Nur77 antibody and imaged by confocal microscopy. Scale
bar, 10 um. (K) 293T cells co-transfected with Myc-Nur77 and Flag-Bcl-2 for 24 h were treated with 500.0 nmol/L NB1 for 3 h. The interaction
between Nur77 and Bcl-2 was analyzed using co-IP and Western blot assays. Data are shown as mean + SD. ***P < 0.001 vs. control (siCtr or
DMSO).
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5.7% in A549-siNur77 cells. Also, the elevation of intracellular
mitochondrial reactive oxygen species (Mito-ROS, another hall-
mark of mitochondrial dysfunction) was distinctly observed in
MDA-MB-231 cells upon exposure to NB1 (Fig. 4E and F).
Collectively, NB1 induced apoptosis in cancer cells through
mitochondrion-related mechanisms.

Mitochondria, often called cell powerhouses, play a crucial role
in regulating the metabolic state of cells***”. GSEA revealed NB1

treatment led to a reduction of mitochondrion-related gene signa-
tures in MDA-MB-231 cells, like Oxidative Phosphorylation
(Fig. 4G), Inner Mitochondrial Membrane Protein Complex, and
Tricarboxylic Acid Cycle genes (Supporting Information Fig. SS5A
and B). The mitochondrial dysfunction caused by NB1 might
interrupt the bio-energetic support for cancer cells and even result in
their starvation-induced demise®. Thus, we initiated a Seahorse®
metabolic flux analysis to evaluate the mitochondrial respiration in
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MDA-MB-231 cells, which were treated with DMSO or 500.0 nmol/
L NBI for 2 h. The oxygen consumption rate (OCR) was measured to
assess the level of oxidative phosphorylation (OXPHOS) charac-
terized by multiple critical parameters of mitochondrial function,
including basal respiration (BR), proton leak (PL), ATP production
(ATP), maximum respiration (MaxR), and spare respiratory capacity
(SRC). The overall OCR profiles and specific changes in response to
NBI1 stimulation were depicted in Fig. 4H and I. In comparison to
DMSO-treated cells, the NB1-treated cells exhibited a significant
reduction of 48.2% in basal respiration, 39.9% in proton leak, 51.0%
in ATP production, 56.0% in maximal respiration, and 83.5% in
spare respiration. However, when glycolytic function was estimated
by measuring extracellular acidification rate (ECAR), the results
demonstrated that glycolytic capacity in MDA-MB-231 cells treated
with NB1 had no significant difference from the control (Fig. 4J).
Together, these data suggested that NB1 selectively suppressed
OXPHOS but not glycolysis.

2.7.  Evaluation of the chemical stability and aqueous solubility
of NB1

Chemical stability and aqueous solubility are two critical physi-
cochemical parameters of small molecules and are mainly
responsible for the poor performance of active pharmaceutical
ingredients during drug discovery and beyond. Herein, the
chemical stability of compound NB1 and the lead NAI was
assessed in simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF). As shown in Fig. 5SA, NB1 was more stable in SGF and
SIF conditions than the lead NA1l. Moreover, NB1 presented
better aqueous solubility (pH = 7.4) than the lead NAIl
(45.32 £ 3.01 pg/mL). In comparison with NA1, NB1 signifi-
cantly increased the aqueous solubility by approximately 2.53
times, with a maximum dissolved concentration of about
114.63 £ 6.79 pg/mL (Fig. 5B). Given the good aqueous solu-
bility and chemical stability, the potent Nur77 binder NB1 may be
a promising oral anticancer agent.

2.8.  Pharmacokinetics analysis

The pharmacokinetics (PK) profiles of NB1 were extensively studied
in Sprague—Dawley (SD) rats by intravenous injection (i.v.,
5.0 mg/kg) and oral administration (p.o., 50.0 mg/kg). As shown in
Fig. 5C, the plasma concentrations of each compound were moni-
tored for 24 h. The related PK data were calculated and shown in
Supporting Information Table S6. For the i.v. administration of
5.0 mg/kg NBI, the area under the concentration—time curve
(AUCy- « ) was about 374.80 pg/L x h with a half-life (¢,,2) of 0.47 h,
and the maximum plasma concentration (C,,x) was 324.32 pg/L.. For
the p.o. administration (50.0 mg/kg), NB1 was rapidly adsorbed
(Timax = 0.5 h), resulting in good oral exposure with an AUC_ » of
1397.85 pg/L x h, t;, of 0.48 h, and C,,, of 807.49 ng/L. The
bioavailability (F') was about 38.5%, indicating the orally available
property of NB1. Therefore, the p.o. administration was processed to
evaluate the acute toxicity and therapeutic effects of NB1.

2.9.  Acute toxicity assay

To assess the safety of NB1, a single dose administration was con-
ducted in female KM mice via an oral (512.0 mg/kg) route. The p.o.
administration of 512.0 mg/kg NB1 did not result in any fatalities.
Besides, no notable weight loss or physical abnormalities were
observed throughout a period of 21 days after NB1 administration

(Fig. 5D). Furthermore, the effect of NB1 on five main organs (heart,
spleen, kidney, liver, and lung) was also detected using hematoxylin
and eosin (H&E). The H&E showed no significant morphological
changes or abnormalities in these tissues (Supporting Information
Fig. S6). Together, the oral toxicity of NB1 was low.

2.10.  Invivo anticancer activity

As a potent Nur77 ligand, NB1 significantly inhibits various cancer
lines in vitro (especially TNBC cell line MDA-MB-231,
IC59 = 0.0030 £ 0.0015 pmol/L). TNBC is an aggressive histo-
logical subtype of breast cancer with a high risk of recurrence and
metastasis and has a low 5-year survival rate due to its rapid drug
resistance and lack of targeted therapy. Small molecules targeting
Nur77 have been demonstrated as a promising treatment approach
for TNBC'*+4°, Therefore, we examined the in vivo anticancer ef-
ficiency of NB1 in the MDA-MB-231 xenograft nude mice model.
Fifteen female nude mice possessing MDA-MB-231 tumor xeno-
grafts were randomly divided into three groups for oral administra-
tion of vehicle, 25.0 mg/kg NB1, and 50.0 mg/kg NB1 once daily for
21 consecutive days, respectively. As observed in Fig. SE and F, NB1
exhibited remarkable anticancer efficacies in both high- and low-
dose treatment groups with TGI values of 66.99% (25.0 mg/kg)
and 84.33% (50.0 mg/kg), respectively. Meanwhile, NB1 adminis-
tration significantly lowered the tumor growth rate (Fig. 5G) in a
time-dependent manner. Additionally, NB1 administration caused
apparent nuclear shrinkage in tumor tissues and significantly sup-
pressed the expression of the cell proliferation marker Ki67
(Fig. 5H). Western blot experiments showed that NB1 remarkably
induced apoptosis (cleaved-PARP), mitotic arrest (pS10-H3), and
DNA damage (yH2AX) in tumor tissues like the in vifro study
(Fig. 5I). Excitingly, NB1 did not cause apparent body weight loss
(Fig. 5J) during treatment. Simultaneously, H&E staining analysis
demonstrated that NB1 treatment did not inflict any evident tissue
damage to the main organs, including the heart, kidney, spleen, lung,
and liver (Fig. 5K). These results demonstrated that NB1 exerts a
potent anticancer effect and good animal safety.

3. Conclusions

Nur77 has been demonstrated to be involved in the progression of
multiple tumors'**"*° and targeting Nur77 translocation has
emerged as a highly promising therapeutic strategy against tu-
mors”?*3!3 " Several Nur77 ligands with excellent anticancer
activity have been identified as potentially binding to druggable
binding site B. However, no co-crystal structure of an effective
anticancer agent at Nur77 site B has been released. Also, there is
an urgent shortage of Nur77 site B ligands with favorable drug
properties. These problems hinder the therapeutic potential and
the clinical agents of Nur77.

In the present work, anticancer compound BPA-B9 (NA1)
bearing good Nur77-binding affinity at the binding site B was
first obtained based on our in-house compound library screening.
Then, we designed and optimized the chemical structure of NA1
using rational structure-based drug design. Among synthesized
compounds, NB1 displayed excellent Nur77-binding activity (Kp
aur77y = 0.121 pmol/L), superior to other tested nuclear re-
ceptors (SI > 6.5). Furthermore, we innovatively obtained the
X-ray crystal structure of NBI and Nur77-%? complex, which
might be the first co-crystal of the functional molecule at
Nur77°8P site B. Interestingly, NB1’s binding mode and
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interactions at Nur77-8P site B differ significantly from those of
TMPA (a non-functional molecule of the Nur77-5” site B pre-
viously reported)*'. Notably, NB1 significantly inhibited the cell
proliferation of various cancer cell lines by dose-dependently
inducing mitotic arrest and cell apoptosis. NB1 could trans-
locate Nur77 from nuclear to mitochondrial and promote Nur77/
Bcl-2 interaction to induce apoptosis, accompanied by mito-
chondrial dysfunction and mitochondrial respiration suppression
in MDA-MB-231 cells. Furthermore, NB1 exhibited favorable
safety and desirable PK profiles with excellent peak concentra-
tions, in vivo exposures, and oral bioavailabilities (F = 38.5%).
More importantly, NB1 displayed potent anticancer efficiencies
in the MDA-MB-231 cell-derived tumor xenograft model.
Together, NB1 could be a valuable Nur77-targeted anticancer
drug candidate for further clinical development to treat various
human cancers such as TNBC, lung cancer, cervical cancer,
hepatocellular carcinoma, and so on.
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