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Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subtype, and addressing its
intrinsic heterogeneity has emerged as a valuable avenue for novel clinical treatment strategy. Here, we
put forward an innovative strategy for TNBC treatment by simultaneously suppressing both p21-activated
kinase 1 (PAK1) and histone deacetylase (HDAC) class |Ib (HDAC6/10). A series of pyrido [2,3-d]pyrimidin-
7(8H)-one moiety derivatives was successfully designed and synthesized to target PAKI/HDAC6/HDAC10
by utilizing structure-based screening and pharmacophore integration. ZMF-25 demonstrates marked
inhibitory activity against PAK1, HDAC6, and HDAC10 with respective ICg, values of 33, 64, and 41 nM,
remarkable selectivity over HDACs and PAKs, as well as prominent antiproliferative efficiency in MDA-MB-231
cells. Additionally, ZMF-25 effectively suppresses TNBC proliferation and migration by inhibiting PAK1/
HDAC6/HDACI0. Moreover, it was found to impair glycolysis and trigger reactive oxygen species generation,
resulting in autophagy-related cell death by inhibiting the AKT/mTOR/ULK1 signaling. Furthermore, ZMF-25
exhibits remarkable therapeutic potential with no obvious toxicity invivo and good pharmacokinetics. In
summary, these observations indicate that ZMF-25 is a novel and potent triple-targeting PAK1/HDAC6/
HDACI0 inhibitor, which is expected to provide a novel and effective strategy for TNBC treatment.
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Introduction

Triple-negative breast cancer (TNBC), a highly aggressive breast
cancer subtype, faces treatment challenges due to absent thera-
peutic targets and no approved targeted therapies, representing
a critical unmet medical need [1]. Emerging evidence links
TNBC’s heterogeneity in energy metabolism, epigenetic modi-
fications, and microenvironment to limited therapeutic efficacy
across endocrine, chemo-, immuno-, and targeted therapies
[2-5]. Shao and colleagues [6] identified 3 TNBC metabolic
subtypes via multi-omics analysis: lipogenic (elevated lipid
synthesis), glycolytic (enhanced carbohydrate and nucleotide

Zhang et al. 2025 | https://doi.org/10.34133/research.0670

metabolism), and mixed dysregulation. TNBC’s metabolic
reprogramming drives aerobic glycolysis (Warburg effect) for
proliferation and stress survival despite oxygen availability,
increasing sensitivity to glycolytic inhibitors [7,8]. Additionally,
the distinct tumor microenvironment of TNBC drives prolifera-
tion, angiogenesis, apoptosis resistance, immune suppression,
and drug resistance, fueling progression and metastasis [9,10].
Dysregulated epigenetic mechanisms critically drive TNBC pro-
gression through key oncogenic processes including prolifera-
tion, immune evasion, metastasis, and drug resistance [11,12].
Accumulating translational evidence highlights the therapeutic
potential of epigenetic-targeted approaches in clinical oncology
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[13,14]. Meanwhile, the development of therapeutic strategies
specific to the metabolic characteristics of cancer is also in line
with the contemporary development of precision therapy [15].
In addition, autophagy has been a research focus in cancer [16],
and autophagy-associated cell death is also a potentially emerging
important therapeutic strategy for TNBC treatment. Collectively,
the targeted disruption of intricate signaling networks by modu-
lating mitochondrial metabolism and autophagy to address the
heterogeneity holds great promise as a strategy for developing
innovative therapies that specifically target TNBC.

PAKI represents a strategic therapeutic target in oncology,
given its central role in governing tumorigenesis, progression,
angiogenesis, metastasis, therapy resistance, and metabolic
reprogramming [17,18]. The acetylation of PAK1, which is reli-
ant on ELP3, facilitates the initiation of autophagy under
hypoxic conditions and sustains brain tumorigenesis [19]. PAK1
convergently regulates oncogenic signaling hubs, as evidenced
by its inhibition inducing Ras-driven tumor regression and AKT
suppression in vivo, validating its mechanistic role in KRAS-
dependent phosphatidylinositol 3-kinase (PI3K)/AKT activa-
tion [20]. In recent years, there has been a notable emergence
of numerous highly effective inhibitors targeting PAK1, includ-
ing 1 (Roche) [21], 2 (FP-3758309, Pfizer) [22], 3 (FRAX597,
Afraxis) [23],and 4 (AZ-13711265, AstraZeneca) [24]. In addi-
tion, we have also meticulously designed and synthesized a
multitude of potent PAK1 inhibitors in the early stages, which
have exhibited remarkable potential in the treatment of TNBC
through their adept regulation of energy metabolism and the
tumor microenvironment [25-27]. These adenosine triphos-
phate (ATP)-competitive scaffolds employ conserved amino-
pyrimidine moieties as adenine-mimetic anchors, forming
critical hinge-region hydrogen bonds in PAKT’s catalytic pocket.
While demonstrating potent PAK1 inhibition, most derivatives
exhibit suboptimal cellular penetration, target promiscuity, and
pharmacokinetic (PK) challenges that compromise therapeutic
utility [28,29].

Histone deacetylases (HDACs), chromatin-modifying enzymes
regulating gene expression via histone tail lysine deacetylation,
additionally target nonhistone substrates to expand epigenetic con-
trol [30,31]. HDAC: are classified into 4 groups: I (HDACI to
HDAC3 and HDACS), Ila (HDAC4, HDAC5, HDAC7, and
HDACD9), IIb (HDAC6 and HDAC10), III (Sirt1 to Sirt7), and IV
(HDAC11) [32]. Clinically approved HDAC inhibitors demon-
strate therapeutic efficacy in oncology, yet existing pan-HDAC
inhibitors’ nonselective activity across subtypes correlates with
dose-limiting off-target toxicities [33,34]. Recently, the develop-
ment of subtype-specific HDAC inhibitors has emerged as a new
strategy in pharmaceutical research. Class IIb HDACs exhibit
unique cytoplasmic localization and minimal HDAC activity com-
pared to nuclear class I isoforms (HDAC1 to HDAC3 and HDACS),
primarily regulating acetylation homeostasis via nonhistone sub-
strates. HDAC6 uniquely harbors dual catalytic domains and a
ZnF-UBP domain, mediating ubiquitin-proteasome interac-
tions and aggresome formation to enable misfolded protein
clearance [35]. In addition, HDAC6 can target several key
nonhistone substrates, including a-tubulin, SHP, HSP90, HSF1,
Runx2, Smad7, tau, cortactin, and peroxiredoxin [34]. Due to
its distinctive structure and wide range of substrates, HDAC6
plays a crucial role in multiple cellular pathways in cancer,
including autophagy, apoptosis, metastasis, and drug resistance
[36]. HDACI0 specifically hydrolyzes N*-acetylspermidine
(N®-AcSpd) without affecting histone acetylation levels [37].
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HDACI0 targets identified substrates including HSP90 and LcoR.
Emerging evidence indicates that N*-AcSpd serves as a metabolic
reservoir for proliferating cells with heightened polyamine
demand—a hallmark of neoplastic proliferation [37,38]. HDAC10
critically regulates key cancer processes including proliferation,
apoptosis, metastasis, angiogenesis, autophagy, DNA repair, drug
resistance, and epigenetic regulation [39,40]. A study demonstrated
that the expression of HDACI10 was significantly and positively
correlated with the expression of PD-L1 in tumor cells, suggesting
that HDAC10 may be involved in tumor immunity [41]. HDAC6/10
exhibit functional synergy in tumor signaling despite physiological
divergence. Dual inhibition may demonstrate therapeutic potential
against metastatic malignancies, particularly TNBC. In recent
years, several selective inhibitors targeting HDAC6 or HDAC10
have been developed, including 5 (tubastatin A) [42], 6 (CAY10603)
[42], 7 (DKFZ-748) [43], and 8 [44] (Fig. S1). Current HDAC
inhibitors predominantly employ hydroxamic acid-based zinc che-
lation mechanisms. While clinically effective in hematological
malignancies, their therapeutic limitations in solid tumors motivate
our proposal: Pharmacokinetically optimized dual PAK1/HDAC
IIb inhibitors may overcome TNBC heterogeneity through multi-
mechanistic modulation of energy metabolism pathways, PAK1/
HDACI10-mediated tumor microenvironment dynamics, and their
functional cross-talk.

In this study, our objective was to develop potent inhibitors
that can effectively target both PAK1 and HDAC IIb for the
treatment of TNBC. We successfully designed and synthesized
a series of derivatives containing pyrido[2,3-d] pyrimidin-
7(8H)-one-coupled hydroxamic acid by utilizing virtual screen-
ing and pharmacophore fusion. Among these compounds, 32¢
(named ZMF-25) emerged as an extremely promising inhibitor
with exceptional potency against PAK1 (IC,, = 33 nM), HDAC6
(IC;, = 64 nM), and HDAC10 (IC,, = 41 nM). It also exhibited
significant antiproliferative potency with an IC,, value of 0.76 pM
while maintaining good subtype selectivity of PAKs and HDACs
in MDA-MB-231 cells. We conducted surface plasmon reso-
nance (SPR) and cellular thermal shift assay (CETSA) to
confirm its targeted binding with PAK1 and HDAC IIb.
Molecular docking and kinetic simulations further provided
insights into its potential binding mode and structural basis of
subtype selectivity. In addition to inhibiting PAK1/HDAC6/10
to suppress proliferation and migration, ZMF-25 induces
mitochondrial damage and mitochondrial metabolic break-
down by promoting reactive oxygen species (ROS) generation
in MDA-MB-231 cells. Furthermore, ZMF-25 enhances autoph-
agy by inhibiting the AKT/mTOR/ULK1 signaling and exhibits
therapeutic potential through the inhibition of PAK1/HDAC6/10.
Notably, it demonstrates no significant toxicity in vivo and pos-
sesses favorable PK properties. Overall, these findings highlight
ZMF-25 as an innovative dual inhibitor targeting both PAK1/
HDAC6/10 that holds great promise for addressing the hetero-
geneity associated with TNBC.

Results

Triple inhibition of PAK1/HDAC6/10 demonstrates

novel promising potential in breast cancer

To confirm PAK1 and HDAC IIb as potential therapeutic tar-
gets for breast cancer, we analyzed their expression levels and
survival curves during different stages of tumor development.
First, we examined the levels of PAK1, HDAC6, and HDACI0
in breast cancer tissues at different disease stages. Our findings
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revealed that the levels of PAK1 and HDACI10 were elevated
compared to those observed in individuals without breast can-
cer across various stages of the disease, while the expression
level of HDACE displayed no significant change (Fig. 1A to C).
Subsequently, the survival analysis of PAKI and HDAC6/10
was performed by COX proportional risk modeling, which dis-
played that patient with high expression of PAK1 and HDAC6/10
had hazard ratios (HRs) of 1.55 (1.01 to 2.39), 1.59 (1.10 to 2.30),
and 1.78 (1.12 to 2.83), respectively, compared with those with
low expression (Fig. 1D to F). The log-rank P values were all
less than 0.05, suggesting that patients with high expression
of PAK1 and HDAC6/10 had higher mortality rates than those
with low expression, indicating the potential of PAKI and
HDACI0 as therapeutic targets for breast cancer. Furthermore,
the individual knockdown of PAKI or HDAC6 markedly
reduced the viability and proliferation of MDA-MB-231 cells.
Simultaneous knockdown of PAKI, HDAC6, and HDACI10
resulted in an even more pronounced inhibition of cell viability
and proliferation (Fig. 1G and H). We further investigated the
anti-proliferative effects of the combination of FRAX486 (PAK1
inhibitor) [45], tubastatin A (HDAC6 inhibitor, also exhibits
inhibitory effects on HDAC10) [46], and DKFZ-748 (HDAC10
inhibitor) [43] on MDA-MB-231 cells and observed synergis-
tic effects at most concentrations (Tables S1 and S2). Collectively,
inhibiting PAK1 and HDAC IIb may be a potentially promising
strategy for TNBC treatment.

Rational design of novel triple-targeting PAK1/

HDAC6/HDACIO inhibitors

The acquisition of a potent PAK1 inhibitor with a simplistic
structure and facile synthesis is pivotal for the discovery of
inhibitors against PAK1 and HDAC IIb. In our prior study, we
performed the development and production of a wide range of
compounds targeting PAK1, and conducted a comprehensive
review of PAK1 inhibitors [17,25-27,47]. The majority of PAK1
inhibitors share a structural characteristic, an aminopyrimidine
moiety, which is crucial for maintaining PAK1 inhibitory activ-
ity by establishing the indispensable hydrogen bonds with the
residue Leu’" located in the kinase hinge. A collection of com-
pounds with aminopyridine moiety was generated by employ-
ing a structural similarity searching of commercially accessible
databases (ZINC, CHEMDIV, and Life Chemicals), as well as
our internal library. The subsequent step involved a restricted
molecular docking to identify potential hits with the capability
of forming key hydrogen interactions with the kinase hinge of
PAK1, leading to the identification of the top 100 candidates
based on their docking scores. Furthermore, a molecular dynam-
ics (MD) simulation was employed to reevaluate the 100 hits,
resulting in the acquisition of 15 compounds through procure-
ment and synthesis (Fig. 1I). Fortunately, 2-(methylamino)-
6-phenylpyrido([2,3-d] pyrimidin-7(8H)-one (9) displayed
potent inhibitory activity against PAK1 with an IC,, value of
0.33 pM, and PAK2 with an IC,, value of 1.85 pM. However,
compound 9 displayed a weak anti-proliferative potency with
an IC,, value of 42.3 pM in MDA-MB-231 cells. The weak cel-
lular activity is potentially attributed to its poor solubility with
inadequate cellular uptake, which does not impede its potential
as a promising starting point for further optimization owing
to its good potential selectivity and straightforward chemical
scaffold. The docking of 9 and PAK1 reveals that the aminopyri-
dine moiety initiates 2 anticipative hydrogen interactions with
residue Leu®”’, while the phenyl group is effectively positioned
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to a hydrophobic pocket. Notably, the caprolactam group of 9
is oriented toward the solvent-exposed region without affecting
PAK1 binding, which is an appropriate linker attachment site
for introducing the HDAC10-binding moiety—hydroxamic
acid group (Fig. 1]). To achieve the desired selectivity toward
PAK1 and HDACIIb over other PAKs and HDACs, a structural
analysis of PAKs and HDACs was systematically conducted.
Although the sequences of PAKs show a high homology, there
are still some differences in the 3-dimensional (3D) structure,
which provides potential to achieve the selectivity of isoforms.
The selectivity of PAKs primarily originates from the hydro-
phobic pockets composed of S1 and S2. Therefore, achieving
selectivity for PAK1 can be anticipated through structural modi-
fications of the R, and R, groups.

Based on the reported HDAC IIb inhibitors, we found that
alkylated hydroxamic acid groups are still the optimal choice
to achieve dual-targeting HDAC6/10. Through sequence com-
parison and protein crystal structure superposition (HDAC1
to HDAC3, HDAC6, and HDAC10), we have identified 3
potential sites (S1 to S3) that could achieve the isoforms selec-
tivity by interactions with the “CAP” (surface recognition)
groups. The structural distinction provides the basis for the
selectivity of HDAC6/10 (Fig. 1K). Consequently, a hydroxamic
acid moiety was grafted into the hexanolactam scaffold through
various types and lengths of side chains to serve as a zinc-
binding group (ZBG) that chelates the catalytic zinc ion in a
bidentate manner. The modification of the 2-(methylamino)-
6-phenylpyrido[2,3-d] pyrimidin-7(8H)-one core is tolerant of
the size and substitution patterns of the CAP group. In addition,
given the generally poor PK properties of HDAC inhibitors,
we selected metabolically stable alkanes by directly derivatizing
the N atom of the lactam of the CAP group to enhance their
metabolic stability. Collectively, a series of 2-(methylamino)-
6-phenylpyrido(2,3-d] pyrimidin-7(8H)-one derivatives were
designed to be potent triple-targeting PAK1/HDAC6/HDAC10
inhibitors, as illustrated in Fig. 1.

Chemical synthesis and structure—activity

relationship
The synthetic routes for compounds 20a to 200, 21a to 21o,
22a to 220, and 32a to 32e were displayed in Figs. 2 and 3.
Intermediate 11 was prepared by an ammonolysis of 4-chloro-
2-(methylthio) pyrimidine-5-carbaldehyde (10). The key inter-
mediates 13a to 13e were obtained by cyclization reaction of
intermediate 11 and commercially available ethyl phenylacetate
derivatives (12a to 12e). To prepare intermediates 14a to 14e,
15a to 15e, and 16a to 16e, intermediates 13a to 13e were oxi-
dized by 3-chloroperoxybenzoic acid and then aminolyzed with
amine derivative. Next, an alkyl side chain was induced by the
reaction of halogenated carboxylic acid esters with intermedi-
ates 14, 15, and 16, yielding intermediates 17a to 170, 18a to
180, and 19a to 190. The desired compounds 20a to 200, 21a
to 210, and 22a to 220 were obtained by reacting with hydrox-
ylamine. Additionally, intermediate 27 was prepared by a Suzuki
reaction of arylboronic acid (25) and 2-bromo-6-methylpyridine
(26), and cyclized with intermediate 11 to yield 28. The inter-
mediate 30 was obtained by oxidation and amolysis in turn,
and the target products were further prepared by substitution
reaction and hydroxylamine hydrolysis.

To obtain potent PAK1 and HDAC IIb inhibitors under the
scrutiny of docking 9 and PAK1, we first incorporated a butyl
hydroxamic acid group into the N atom of lactam moiety, yielding
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AN-51  HDACSHO Zn™)

Fig. 1. Expression and prognostic analysis of PAK1 and HDAC IIb and design of novel PAK1 and HDAC Ilb inhibitors. (A to C) Analyzing the expression of PAK1, HDAC6, and
HDACIO0 in patients of breast cancer using the Betastasis website (https://www.betastasis.com/). (D to F) Cox proportional risk modeling for survival analysis of PAKI,
HDACS, and HDAC10. (G) Transfected MDA-MB-231 cells with si-PAK1, si-HDACS, and si-HDAC10 plasmids for 48 h, and after which the viability of the MDA-MB-231 cells was
assessed. (H) Transfected MDA-MB-231 cells with si-PAK1, si-HDAC6, and si-HDAC10 plasmids for 2 weeks. The cell proliferation ability was measured by colony formation
assay. (1) Flow chart of lead compound screening. (J) Analysis of key active groups based on PAK1 and HDAC lIb structures. (K) Structure optimization strategy based on
sequence alignment and structure overlap.
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Fig. 2. General synthesis of compounds 20a to 200, 21a to 210, and 22a to 220. Reagents and experimental conditions: (i) NH,OH, triethylamine (TEA), tetrahydrofuran (THF),
room temperature, 2 h; (ii) K,COs, N,N-dimethylformamide (DMF), 120 °C; (iii) m-chloroperbenzoic acid (m-CPBA), CH,Cl,, overnight, room temperature; (iv) amine derivatives,
DIEA, isopropyl alcohol, 90 °C, overnight; (v) halogenated carboxylic acid esters, K,CO3, DMF, overnight; (vi) NH,OH.HCI, NaOH, CH;0H, 1 to 3 h.

20a. Unfortunately, 20a displayed no activity against HDAC6/10
and low activity against PAK1, and we reasoned that the side
chain was too short to bind the ZBG pocket. Meanwhile, the
side chain might disturb the active conformation of the ligand
to bind the ATP pocket of PAK1. Hence, several longer side-
chain derivatives (20b and 20c) were synthesized, and 20b
showed a slight improvement against PAK1, but not still for
HDACG6/10 (Table 1). While, the inhibitory activities of 20c
against HDAC6/10 markedly increased, but 20c displayed a
weak inhibition potency against PAK1. We have observed that
the substituents on the benzene ring and the length of the side
chain concurrently influence the molecular configuration, thereby
impacting the inhibitory activities of PAK1 and HDAC6/10.
Consequently, it becomes imperative to identify a structurally
optimal equilibrium point for triple-targeted activity. Next, we
introduced different substituent groups into the phenyl group to
explore the balance in activities. Installation of a fluorine atom at
the para-site of the phenyl yielded 20d to 20f, 20e is 4 times more
potent than 20a in PAK1 inhibition, while 20f displayed inhibition
activity against HDAC6/10 with IC, values of 0.44 and 0.27 pM,
respectively. The addition of fluorine at C2 of 20d to 20fled to 20g
to 20i, the inhibitory activity against HDAC6/10 increased with
the increase of side-chain length, but inhibitory activity against
PAK1 showed a slight decrease compared with 20a. Additionally,
2,4-dichloro- and 2-chloro-4-fluoro substituted derivatives (20j
to 200) were synthesized, and only 200 showed potent inhibitory
activity against PAK1 with IC;, = 0.21 pM, a moderate inhibition
activity against HDAC10 with IC;, = 0.61 pM, and a weak inhibi-
tion activity against HDAC6 with IC,, = 1.32 pM.

Given the structure-activity relationship (SAR) of the phe-
nyl substituent groups and that the length of the side chain was
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not clear, we hypothesized that there must be some other factors
involved in regulating the balance of PAK1 and HDAC6/10
inhibition activity. According to our previous experience and
report, an extra hydrophobic interaction site occupied by
methyl of 9 is also important for the maintenance of kinase
inhibitor activity and elevation of selectivity against HDAC
ITb. A series of ethyl-substituted derivatives (21a to 210) were
synthesized, and most of the derivatives containing 6 carbon
atom side chains displayed potent inhibitory activity against
HDACIIb and 2,4-dichloro substitution (21j to 211) contribut-
ing to the increase of PAK1 activity. Encouraged by the finding,
cyclopropyl, a bigger group, was coupled into the aminopy-
rimidine core to occupy the additional hydrophobic site. 22b
showed potent inhibitory activity against PAK1 and HDAC6/10
with IC,, values 0f 0.35, 0.32, and 0.11 uM, respectively, as well
as potent antiproliferatory activity with an IC value 0of 4.57 pM
in MDA-MB-231 cells. Further extension of the side chain
resulted in 22¢, which showed a slight improvement of HDAC
ITb inhibition potency compared to 22b, but a slight decline in
activity against PAKI. To clarify the structure-activity relation-
ship, we further explored the effects of different substituted
benzene rings and different length side chains on the activity,
leading to compounds 22d to 220. 22i achieved a very potent
inhibitory potency against both PAK1 and HDACI10 with IC;,
values of 0.09 and 0.04 uM, but a relatively weak inhibition activ-
ity against HDACS, still resulting in potent inhibitory activity in
MDA-MB-231 cells with an IC,, value of 2.22 pM. Furthermore,
compound 22] exhibited the most potent inhibitory activity with
IC,, values of 0.01 and 0.04 pM against PAK1 and HDACS,
respectively, and an IC,; of 0.20 pM for HDACI0. This com-
pound effectively inhibited cell growth in MDA-MB-231 cells
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Fig. 3. General synthesis of compounds 32a to 32e. Reagents and conditions: (i) Pd(dppf)Cl,, KOAc, dioxane, 4 h, 80 °C; (ii) Pd(PPhs),, K,COs, 24 h, 85 °C; (iii) K,CO;, DMF,
120 °C; (iv) m-CPBA, CH,Cl,, overnight, room temperature; (v) amine derivatives, DIEA, isopropyl alcohol, 90 °C, overnight; (vi) halogenated carboxylic acid esters, K,COs,

DMF, overnight; (vii) NH,OH.HCI, NaOH, CH;0H, 1 to 3 h.

with an IC,, value of 0.98 pM, demonstrating superior efficacy
compared to the reference compounds (SAHA and FRAX597)
(Table 1). The cyclopropyl group plays an essential role in
maintaining inhibition against PAK1, and the substituted
groups of the benzene ring could function to regulate the bal-
ance of PAK1 and HDAC IIb inhibition activity by delicately
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modulating the conformation of ligands. Furthermore, we
observed inadequate occupancy of the adjacent hydrophobic
pocket by the 4-position substituent (Cl or F atom) on the
benzene ring within the PAK1 kinase domain. Introducing
a larger hydrophobic group could potentially enhance both
PKA1 inhibitory activity and selectivity, aligning with the
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Table 1. In vitro PAK1 and HDAC IIb inhibition and antitumor activity

=

TRy

NI Y

OH

Anti-proliferative activity

Inhibitory activity (ICsq, pM)? (IC50, pM)?
Compound R, R, n HDAC6 HDAC10 PAK1 MDA-MB-231 cells
20a CH; H 1 >10 >10 331+ 064 >50
20b CH; H 2 >10 >10 1.08 +0.17 4942 + 474
20c CH, H 3 0.13+0.04 0.62 +0.11 >10 2727 +191
20d CH, 4-F 1 6.25 +1.62 >10 511+0.92 >50
20e CH, 4-F 2 3.34+098 525+091 077+014 >50
20f CH, 4-F 3 044 +011 0.27+006 1.92+048 19.22 +1.45
20g CHs 24-di-F 1 >10 >10 513+ 0091 45.56 + 5.32
20h CH, 24-di-F 2 421 +137 132+025 723+135 43.22 +3.80
20i CH; 24-di-F 3 0.19 + 0.05 0.21+0.04 491+0.72 2160 +2.31
20j CH, 24-di-Cl 1 >10 >10 158 +0.37 2475+271
20k CH, 24-di-Cl 2 569 +117 >10 511+0.83 >50
201 CH; 24-di-Cl 3 074 +0.21 046 +0.07 4.36+0.70 >50
20m CH, 2-Cl4a-F 1 >10 >10 1.07+0.14 >50
20n CH; 2-Cl4-F 2 534 +175 >10 1.82+0.27 >50
200 CH, 2-Cl4-F 3 132 +0.31 061+0.09 0.21+0.04 2760 +1.93
2la C,Hs H 1 >10 >10 215+ 0.36 >50
21b C,Hs H 2 0.87 +0.28 146+021 542+0.84 4761 +6.30
2lc C,H H 3 0.19 + 0.05 0.33+£0.05 0.25+0.06 1711 +£1.25
21d C,Hs 4-F 1 >10 739+107 072+014 >50
2le C,H- 4-F 2 6.78 + 2.01 118+021 254+043 >50
21f C,Hs 4-F 3 0.23 +0.05 013+0.03 106+0.18 16.20 + 1.11
2lg C,H; 2A-di-F 1 >10 >10 0.36 + 0.05 4353 +5.35
2lh C,Hs 24-di-F 2 >10 598+ 063 0.24+0.05 3547 +£2.93
2li C,Hs 24-di-F 3 125+ 0.36 037+004 533+084 2672 +138
21j C,H: 24-di-Cl 1 >10 >10 0.11+0.03 >50
21k C,Hs 24-di-Cl 2 2.07 +049 114+021 0.26+0.06 33.29+2.23
211 C>H: 24-di-Cl 3 1.05+0.27 011+0.03 0.21+0.05 9.12+0.84
2lm C,Hs 2-Cl4a-F 1 >10 >10 >10 >50
2ln C,Hs 2-Cl4A-F 2 149 + 0.55 234+045  731+167 >50
2lo C,H 2-Cl4-F 3 0.78 +0.17 0.12 +0.03 >10 24.56 +3.72
22a Cyclopropyl H 1 6.83+2.11 >10 013+0.04 2612 +2.11
22h Cyclopropyl H 2 0.32+0.06 0.11+0.03 0.35+ .06 457 +0.33
22¢ Cyclopropyl H g 0.11+0.03 009+002 054+011 11.20 + 0.72
22d Cyclopropyl  4-F 1 >10 745 +1.32 178 £0.35 3432 +1.86
22e Cyclopropyl  4-F 2 0.23 +0.05 012+ 003 4.24+079 3813+3.32
22f Cyclopropyl  4-F 3 0.78 +0.29 028+006 712+115 24.22 +1.24
(Continued)
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Table 1. (Continued)

Anti-proliferative activity

Inhibitory activity (ICsq, pM)? (IC50, pM)?
Compound R, R, n HDAC6 HDAC10 PAK1 MDA-MB-231 cells
22g Cyclopropyl  24-di-F 1 >10 414+097 013+0.04 912+ 071
22h Cyclopropyl  2,4-di-F 2 112+ 034 015+0.03 011+0.04 3.66 +0.53
22i Cyclopropyl  2,4-di-F 3 0.25 + 0.06 004+001 009+0.03 2.22 +0.78
22j Cyclopropyl 24-di-Cl 1 >10 6.25+134  214+0.55 3443 +5.22
22k Cyclopropyl  24-di-Cl 2 042 +0.13 015+003 012+0.03 475+ 0.36
221 Cyclopropyl  24-di-Cl 3 0.04 +0.01 0.20+0.04 0.01+0.003 0.98 +0.22
22m Cyclopropyl  2-Cl4-F 1 >10 >10 124 +0.31 4241 +4.35
22n Cyclopropyl 2-Cl4-F 2 0.13+0.04 043+008 135+0.27 13.24 + 1.67
220 Cyclopropyl 2-Cl4-F 3 0.09+0.03 018+006 0.21+0.04 6.41 + 0.86
SAHA - 0.02+0.01 0.06 +0.01 8.82 +0.52
FRAX597 0.01+0.003 2.52+0.74

Each compound was tested in triplicate; the data are presented as the mean + SD.

characteristics exhibited by type II kinase inhibitors (Table 2).
Hence, 2-methylpyridine moiety was induced into the 4-site of
the benzene ring and the length of the side chains ranges from
4 to 6 carbon atoms, yielding 32a to 32¢. As expected, 32¢ (named
as ZMEF-25) exhibited the most potent inhibitory activity against
PAK1/HDACS6/10, with ICs, values of 0.03, 0.06, and 0.04 uM,
respectively. Additionally, it effectively inhibited cell growth in
MDA-MB-231 cells, with an IC;, value of 0.76 pM. Interestingly,
ZMEF-25 had very low cytotoxicity on normal breast cells MCE-
10A (ICg, > 100 pM; Fig. S2). Next, replacements of alkyl side
chains with aromatic groups were implemented to yield com-
pounds 32d and 32e, and a significant decrease was observed
in inhibitory potency of both PAK1 and HDACI10, but the 2
compounds still exhibited a potent inhibitory potency against
HDACS. Further enzyme inhibition selectivity tests indicated
that ZMF-25 displayed good selectivity for HDAC IIb and
PAK1 (Table 3). Therefore, ZMF-25 represents a novel and
potent inhibitor of PAK1, HDAC6, and HDACI10.

Table 2. In vitro PAK1 and HDAC Ilb inhibition and antitumor activity

Docking and MD simulation reveals the binding

between ZMF-25 and PAK1/HDAC6/HDAC10

To elucidate the binding mechanisms of ZMF-25 with PAK1
and HDAC IIb, molecular docking studies were conducted. In
docking of ZMF-25 and PAKI, the aminopyrimidine moiety
initiates 2 crucial hydrogen interactions with Leu®"’ residue
located in the kinase hinge of PAK1, thereby playing a pivotal
role in maintaining inhibitory activity (Fig. 4A). The pyrido([2,3-d]
pyrimidin-7(8 H)-one moiety occupied a hydrophobic pocket
composed of Val’®, Ala*’, Met™, Tle’"?, and Val*** residues.
Two n—sulfur interactions initiated by Met”"” and Met*** were
observed, and a m—cation interaction and hydrogen bond were
formed with Lys*”. Additionally, the methylpyridine moiety
occupied an extra hydrophobic pocket typical of type IT kinase
inhibitors with good selectivity. Despite the high sequence
similarity between PAK1 and PAK2, a critical amino acid dif-
ference of residues Arg””’ and Asn’>* at the bottom of the a
helix in PAK1 causes an outward shift, resulting in a larger

Inhibitory activity (ICs,, pM) ?

Anti-proliferative activity (ICyo, pM)?

Compound n HDAC6 HDAC10 PAK1 MDA-MB-231 cells
32a 1 >10 4.82 +0.76 0.21+0.22 1941+ 352
32b 2 0.12 + 0.04 0.09 + 0.02 0.15+0.03 173 +0.36
32c¢ (ZMF-25) 3 0.06 + 0.02 0.04 +0.01 0.03 + 0.006 0.76 +0.12
32d 0 0.07 +0.03 6.38 +1.27 0.34 +0.07 745 +1.03
32e 1 0.03 +0.01 129+0.31 0.12+0.03 5.39 +0.87
SAHA 0.02 +0.01 0.06 +0.01 > 8.82 +0.52
FRAX597 0.01 +0.003 2.52+0.74

Each compound was tested in triplicate; the data are presented as the mean + SD.
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Table 3. Inhibitory activity of ZMF-25 against different HDACs
and PAK family members

Isoforms HDACs/PAKs ICsq (uM)?
HDAC class | HDACL 2.33+0.65
HDAC2 0.85+0.24
HDAC3 345+ 0.78
HDAC8 712 +2.35
HDAC class IIb HDAC6 0.064 + 0.025
HDAC10 0.041+0.010
PAKs PAK1 0.033 £ 0.006
PAK2 0.37 +0.06
PAK3 146+ 044

Each compound was tested in triplicate; the data are presented as the
mean + SD.

hydrophobic pocket that precisely accommodates the methyl-
pyridine group. This structural alteration may explain the selec-
tive inhibition of PAK1 by ZMF-25. The hydroxamic acid side
chain, located in the solvent-exposed region, forms 2 hydrogen
bonds with the Ser’' and Asp™ residues, thereby stabilizing
its active conformation. For HDAC6-ZMF-25 complex, the
hydroxamic acid group chelated the catalytic zinc ion, and 2
hydrogen bonds were formed by residues His*”. Additionally,
the cyclopropylamine group initiated 2 key hydrogen bonds
with residues Ser™' and Asn™ (Fig. 4B). The docking of ZMF-25
and HDACI10 revealed that the side chain of compound ZMF-
25 was fully inserted into the substrate deacetylation binding
site of HDACI0 via a narrow, hydrophobic channel, and the
6-phenylpyrido[2,3-d]pyrimidin-7(8H)-one core served as the
CAP group, unshakably anchored to the substrate recognition
site, resembling a nail. The hydroxamic acid group of ZMF-25
chelated the catalytic zinc ion in a bidentate manner, thereby
establishing 2 conserved hydrogen bonds with residues Gly'*
and Tyr’”, respectively. Additionally, 2 additional hydrogen
bonds were observed between the cyclopropylamine moiety
with residues Pro”” and Glu™. Notably, the pyrido[2,3-d] pyrimidin-
7(8H)-one core establishes 2 crucial T—anion interactions with
the key gatekeeper residue Glu”’* (Fig. 4C). Furthermore, the
2-chloro-4-(6-methylpyridin-2-yl) phenyl moiety of ZMF-25
formed a n-7 interaction with residue Trp** and a hydrogen
bond with residue Asn®”, facilitating the maintenance of the
stable conformation of the CAP group. Furthermore, MD
simulations and free energy binding calculations were also per-
formed. During a 200-ns MD simulation, the root mean square
deviation (RMSD) of the protein’s «C atoms, within a 5-A radius
of the ligand-binding region, was evaluated. The RMSD values
displayed minor fluctuations, suggesting that the system main-
tained stable behavior throughout the simulation (Fig. 4D to
F). The subsequent energy decomposition analysis of the resi-
dues yielded results consistent with those obtained from molec-
ular docking studies (Fig. 4G to I). Therefore, ZMF-25 represents
a novel and potent dual inhibition of PAK1 and HDAC IIb. To
further investigate the direct binding of ZMF-25 with PAK1
and HDAC6/10, we performed SPR assay and CETSA assays.
The SPR results showed (Fig. 4] to L) that ZMF-25 was well
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combined with PAK1, HDAC6, and HDAC10 [PAK1 dissocia-
tion constant (K;) = 1.90 pM; HDAC6 K, = 3.71 pM; HDAC10
K, = 1.87 pM].

Furthermore, ZMF-25 exhibits significant selectivity for
PAK1, demonstrating moderate inhibitory activity against PAK2,
as evaluated across an extensive panel of 378 human protein
kinases (Fig. 5A). As depicted in Fig. 5B to D, ZMF-25 demon-
strated a significant enhancement in the thermal stability of
PAK1/HDACS6/10 proteins in MDA-MB-231 cells, thereby sug-
gesting a direct interaction between ZMF-25 and HDAC6/10 as
well as PAK1 in MDA-MB-231 cells. In addition, to investigate
the role of HDACI10 in anti-TNBC proliferation of ZMF-25,
we employed HDACI10 inhibitor DKFZ-748 and si-HDAC10,
respectively. The results showed that ZMF-25 demonstrated
comparable inhibitory activity of HDAC10 as DKFZ-748 in
MDA-MB-231 cells, and the inhibition of HDAC10 played a
significant role in the anti-proliferation activity of ZMF-25 (Fig.
S2). Consequently, these findings establish ZMF-25 as a novel
selective potent triple inhibitor of PAK1/HDAC6/HDACI10.

ZMF-25 inhibits the proliferation and migration of
MDA-MB-231 cells through suppression of PAK1/

HDAC6/HDAC10

Next, the inhibitory effects of ZMF-25 on PAK1/HDAC6/HDAC10
and its anti-proliferative activity against MDA-MB-231 cells were
investigated in vitro. First, the expression of p-PAK1°'*, Ac-K40-
a-Tubulin, and Ac-H3K27 was measured by immunofluorescence.
The level of p-PAK1°"* is indicative of the activation status of PAK1,
while Ac-K40-a-Tubulin serves as a marker for HDACS6 activity
and Ac-H3K27 reflects the activation degree of HDAC10. Asillus-
trated in Fig. 5E to G, PAK1 displayed a homogeneous distribution
throughout the cytoplasm in the control group. Following treat-
ment with ZMF-25, a significant reduction in cytoplasmic PAK1
levels was observed, indicating robust inhibition of PAK1 activity.
After ZMF-25 treatment, the contents of acetylated a- Tubulin(K40)
and acetylated H3K27 in MDA-MB-231 cells were significantly
increased, suggesting that ZMF-25 has an inhibitory effect on
HDAC6 and HDACI10. Concurrently, we evaluated the impact of
ZMF-25 on PD-L1 expression. The results demonstrated that treat-
ment with ZMF-25 led to a significant reduction in PD-L1I expres-
sion in MDA-MB-231 cells (Fig. 5H). Subsequently, we examined
the changes in substrate levels of PAK1, HDAC6, and HDAC10in
MDA-MB-231 cells following exposure to different concentrations
of ZMF-25. For PAK1, we detected the phosphorylation of PAK1
atSer'** and Ser'””, and detected the phosphorylation of extra-
cellular signal-regulated kinase 1/2 (ERK1/2) at Thr**/Tyr*™*,
The results demonstrated that ZMF-25 markedly attenuated
phosphorylation at these sites, indicating a PAK1-mediated
suppression of the phosphorylation activation pathway (Fig.
5I). As for HDAC6, we examined the degree of acetylation of
a-Tubulin(K40) in cells, as well as changes in total acetylated lysine
in cells. Treatment with ZMF-25 significantly promoted the sites
of a-Tubulin(K40) in cells and the degree of acetylation of total
acetylated lysine in cells (Fig. 5J), confirming the inhibition of
HDACS6. For HDACI10, we assessed the levels of H3K27 acetylation
and signal transducer and activator of transcription 3 (STAT3)
phosphorylation, as well as the expression of PD-L1. The results
demonstrated that ZMF-25 markedly inhibited the acetylation of
H3K27, the phosphorylation of STAT3, and the expression of
PD-L1 (Fig. 5K). Importantly, we also examined the effect of ZMF-
25 on the N®-AcSpd content in MDA-MB-231 cells, and the results
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Fig. 4. Molecular docking analysis of ZMF-25 with PAK1, HDAC6, and HDAC10. (A to C) Surface, cartoon views, and detailed interactions of ZMF-25 and PAK1/HDAC6/HDAC10.
(D to F) RMSD of the atoms within 5 A of ZMF-25 for PAK1 (blue), HDAC6 (green), and HDAC10 (red). (G to ) Residue-based energy decomposition analysis of ZMF-25 and
interactions with PAK1 (represented in blue), HDAC6 (represented in green), and HDAC10 (represented in red). (J to L) SPR assay of ZMF-25 with PAK1, HDAC6, and HDAC10.
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Fig. 5. ZMF-25 blocks the activity of PAK1 and HDAC class IIb in MDA-MB-231 cells. (A) Single-point broad panel kinome screening against 1.0 pM ZMF-25. (B to D) The CETSA
assay was conducted separately on ZMF-25 and the proteins PAK1, HDAC6, and HDAC10 in MDA-MB-231 cells. (E and F) The levels of phospho-PAK1 (Ser'*) and acetylated
a-tubulin (Lys*®) following treatment with 5 uM ZMF-25 were assessed using immunofluorescence. Scale bar, 15 pm. ###*P < 0.0001. (G) The levels of Ac-H3K27 in MDA-MB-231
cells following treatment with 5 uM ZMF-25 were assessed using immunofluorescence. Scale bar, 10 pm. *:#:##P < 0.0001. (H) The expression levels of PD-L1in MDA-MB-231
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showed that ZMF-25 significantly increased the N*-AcSpd content
in MDA-MB-231 cells, further confirming the inhibitory effect of
ZMEF-25 on HDACIO (Fig. 5L). Collectively, ZMF-25 was found
to markedly suppress the activity of PAK1, HDAC6, and HDAC10
in TNBC cells.

The impact of ZMF-25 on the proliferation of MDA-MB-231
cells was subsequently evaluated. The antiproliferative efficacy of
ZMF-25 was first assessed using a colony formation assay, which
demonstrated that ZMF-25 exhibited significant anti-proliferative
activity against MDA-MB-231 cells (Fig. 6A and B). The growth
of MDA-MB-231 cells was simulated by 3D culture, and it was
found that ZMF-25 treatment hindered the formation of 3D
spheroids (Fig. 6C and D). Ki-67 is a cell proliferation marker,
which can indirectly indicate the proportion of cells that are in
the cell cycle by detecting its expression. The higher the positive
rate of Ki-67, the faster the cell growth [48]. The expression levels
of Ki-67 were assessed using immunofluorescence staining. The
results demonstrated a significant reduction in Ki-67 intensity in
MDA-MB-231 cells following ZMF-25 treatment (Fig. 6E and
G). 5-Ethynyl-2’-deoxyuridine (EdU), a thymine nucleoside ana-
log, can be integrated into the DNA double strand during DNA
synthesis, and the detection of DNA replicative activity through
the specific reaction based on the reaction of EAU with Apollo
fluorescent dyes can accurately reflect cell proliferation [49].
These results demonstrated that ZMF-25 markedly reduced the
green fluorescence intensity of EdU, further indicating that ZMF-
25 effectively inhibited the proliferative activity of MDA-MB-231
cells (Fig. 6F and H). In addition, the anti-proliferation activities
of tubastatin A and FRAX486 were also assayed, and the results
showed that tubastatin A and FRAX486, as well as both of them,
inhibited the colony formation ability and the formation of 3D
spheroids, and the expression of Ki-67 as well as the staining of
EdU also confirmed the anti-proliferation activity. Among these,
ZMF-25 demonstrated the most remarkable inhibitory effect on
MDA-MB-231 cell proliferation. Next, through Western blot
analysis of PAK1, HDAC6, and HDAC10 along with their down-
stream substrates, we observed that ZMF-25 exhibited more
potent inhibitory effects on PAK1, HDAC6, and HDAC10 com-
pared to the combination of tubastatin A and FRAX486. This
indicates that ZMF-25 possesses robust intracellular inhibitory
activity against PAK1/HDAC6/HDAC10 in MDA-MB-231 cells
(Fig. 61 to K). Taken together, the findings indicate that ZMF-25
can effectively inhibit the proliferation of MDA-MB-231 cells by
inhibiting PAK1/HDAC6/HDACI0.

To further investigate the antitumor effects of ZMF-25, we
subsequently evaluated its anti-migratory effects. First, the
wound healing assay results demonstrated that ZMF-25 signifi-
cantly inhibited tumor cell migration (Fig. 7A). Furthermore,
the transwell assay also demonstrated that ZMF-25 significantly
inhibited the migratory capability of TNBC cells (Fig. 7B).
Notably, it has been demonstrated that the expression of Snail
is up-regulated in recurrent breast cancer tumors. This up-
regulation is associated with metastasis and a reduced recurrence-
free survival rate [50]. E-cadherin, a well-characterized tumor
suppressor, plays a critical role in the processes of tumorigenesis
and metastasis [51]. We examined the expression of Snail and
E-cadherin after ZMF-25 treatment by immunofluorescence
(Fig. 7C to F), and the results displayed that the fluorescence
intensity of Snail was weaker and the fluorescence range was
reduced compared with the Control group, indicating that ZMFE-
25 inhibited the expression of Snail. Meanwhile, the fluorescence
intensity of E-cadherin was stronger and the fluorescence range

Zhang et al. 2025 | https://doi.org/10.34133/research.0670

increased compared with the control group, indicating that ZMF-
25 promoted the expression of E-cadherin. The above results
indicated that ZMF-25 effectively suppresses the migratory capa-
bility of MDA-MB-231 cells. Ultimately, the protein expression
levels of Snail and E-cadherin were assessed via Western blot
analysis. The findings further corroborated that ZMF-25 effec-
tively inhibited the migratory capacity of MDA-MB-231 cells
(Fig. 7G). The effects of tubastatin A and FRAX486 were also
investigated, and the findings demonstrated that tubastatin A
alone did not inhibit the expression of Snail in the cells, while
FRAX486 and the simultaneous use of the two inhibited the
expression of Snail. Neither tubastatin A nor FRAX486 alone
promoted the expression of E-cadherin; only their combined use
resulted in increased E-cadherin expression. However, results
from the wound healing and transwell assays demonstrated that
both compounds, whether used individually or in combination,
could inhibit migration of MDA-MB-231 cells. Western blot
analysis demonstrated that both tubastatin A alone and the com-
bination of tubastatin A with FRAX486 effectively inhibited the
expression of Snail while promoting the expression of E-cadherin.
Furthermore, ZMF-25 exhibited superior inhibitory effects on
migration compared to both tubastatin A and the combination
of tubastatin A and FRAX486. In summary, ZMF-25 exhibits a
potent migration inhibition activity in MDA-MB-231 cells.

Transcriptomics-based analysis identifies the
mechanism of ZMF-25 was involved in autophagy,

glycolysis, and oxidative stress regulation

To elucidate the underlying mechanisms of ZMF-25-induced cell
death in MDA-MB-231 cells, we conducted a transcriptomic
analysis of TNBC cells following a 24-h treatment with ZMF-25.
The results showed that 5,763 differential genes were found (Fig.
8A), and the major pathways with significant changes were
autophagy, DNA replication, mitogen-activated protein kinase
(MAPK) pathway, glycolysis, Hippo pathway, oxidative stress, etc.
(Fig. 8B and C). Given that glycolysis is a critical survival mecha-
nism for TNBC, we first examined the effect of ZMF-25 on the
glucose uptake capacity of MDA-MB-231 cells. The results dem-
onstrated a significant reduction in the glucose uptake capacity
of MDA-MB-231 cells following treatment with ZMF-25 (Fig.
8D). Then, we examined the expression of lactate dehydrogenase
A (LDHA), the rate-limiting enzyme of lactate production, in
MDA-MB-231 cells after ZMF-25 treatment. Using immunofluo-
rescence staining, we observed that LDHA was highly expressed
in MDA-MB-231 cells and predominantly localized in the cyto-
plasm. Following treatment with ZMF-25, the expression level of
LDHA was markedly decreased, indicating that ZMF-25 exerts
an inhibitory effect on LDHA (Fig. 8E). Subsequently, through
quantification of lactate content, we observed that ZMF-25 mark-
edly suppressed lactate production in MDA-MB-231 cells (Fig.
8F). To further confirm the effects of ZMF-25 on mitochondrial
respiration and energy metabolism of MDA-MB-231 cells, we
performed the Seahorse assay to measure the oxygen consump-
tion rate (OCR) (Fig. 8G and I) and extracellular acidification rate
(ECAR) of TNBC cells (Fig. 8H and J). ZMF-25 significantly
inhibited the basal respiration, ATP production, maximal respi-
ration, and spare respiratory capacity of MDA-MB-231 cells,
indicating the breakdown of mitochondrial respiration and
energy metabolism. ECAR results demonstrated that ZMF-
25 markedly reduced glycolytic activity in MDA-MB-231 cells.
Specifically, both glycolytic capacity and glycolytic reserve were
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significantly diminished, indicating that ZMF-25 effec-
tively inhibited MDA-MB-231 cells from deriving energy via
glycolysis.

ZMF-25 promotes ROS generation to facilitate
mitochondrial damage and inhibit cell migration in
MDA-MB-231 cells

The mitochondria serve as the primary site for oxidative phos-
phorylation and ATP synthesis within cells, thus representing
the pivotal hub of energy metabolism in organisms. The roles

Zhang et al. 2025 | https://doi.org/10.34133/research.0670

of mitochondria in cellular energy metabolism, ROS genera-
tion, and apoptosis are intricately linked to tumorigenesis. It
has been demonstrated that PAK1 influences mitochondrial
function via its interaction with the electron transport chain
(ETC) [52] and that reducing PAK1 activity leads to an enhance-
ment in NOX2-dependent ROS production [53]. We therefore
examined mitochondrial function in ZMF-25-treated cells.
ZME-25 treatment induced a significant increase in ROS
production (Fig. 9A), and a remarkable decrease in ATP pro-
duction in MDA-MB-231 cells, indicating that the energy metabo-
lism of mitochondria was impaired (Fig. 9B). Furthermore,
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mitochondrial membrane potential assays demonstrated that
ZMEF-25 induced mitochondrial damage in MDA-MB-231
cells (Fig. 9C). Both tubastatin A and FRAX486, either indi-
vidually or in combination, were found to increase ROS pro-
duction and induce mitochondrial dysfunction. In comparison,
ZMF-25 demonstrated superior efficacy relative to tubastatin
A and FRAX4386.

To further explore the effect of ZMF-25-induced ROS pro-
duction on TNBC cell survival, we investigated the effects of
ZMF-25 using simultaneous treatment of cells with ZMF-25
and NAC (a ROS inhibitor). First, we investigated the altera-
tions in cell viability of MDA-MB-231 cells following ZMF-25
treatment in the presence of NAC. The results showed that after
adding NAC, the decrease of cell viability induced by different
concentrations of ZMF-25 was improved to different degrees
(Fig. 9D). Subsequently, the ROS assay results demonstrated
a significant reduction in ROS levels in the NAC + ZMF-25
group compared to the ZMF-25 treatment group alone. This
indicates that NAC effectively mitigated the ROS production
in MDA-MB-231 cells following ZMF-25 administration (Fig.
9E). Later, detection of changes in ATP and JC-1 also showed
that the ZMF-25-induced reduction in mitochondrial mem-
brane potential and ATP production was significantly reversed
after ROS inhibition with NAC, further demonstrating that
ZMF-25-induced ROS accumulation in large amounts pro-
motes the reduction in TNBC mitochondrial membrane poten-
tial and ATP production (Fig. 9F and G). Together, ZMF-25
could induce mitochondrial damage by promoting ROS gen-
eration in MDA-MB-231 cells.

Next, we investigated the correlation between ZMEF-25-
induced ROS accumulation and its effects on cell proliferation
and metastasis. Through colony formation and 3D spheroid
formation experiments (Fig. 9H and I), it was found that inhibit-
ing ROS could significantly restore the clonogenesis and tumor
spheroid formation ability. The EAU proliferation experiment
also proved that inhibiting ROS could significantly restore the
proliferating activity of TNBC cells (Fig. 9]), and ZMEF-25-
induced ROS accumulation significantly enhanced the inhibition
of TNBC cell proliferation. Through a wound healing assay (Fig.
9K), we observed that inhibiting ROS markedly restored the
migratory capacity of MDA-MB-231 cells. Additionally, by
assessing the expression levels of E-cadherin, we found that ROS
inhibition significantly prevented the ZMF-25-induced up-
regulation of E-cadherin (Fig. 9L). These findings further con-
firm that ROS generation facilitates the migratory capacity induced
by ZMEF-25. Interestingly, ROS production typically induces
autophagy in TNBC cells [54]. Therefore, we also investigated
the effect of ZMF-25 on the autophagy marker protein LC3. The
results demonstrated that ZMF-25 significantly promoted the
accumulation of LC3-II, whereas inhibition of ROS markedly
suppressed this accumulation. This prompted us to investigate
the effect of ZMF-25 on autophagy.

ZMF-25 promotes autophagy-related cell death in

MDA-MB-231 cells

Next, we further investigated whether ZMF-25 could induce
autophagy in MDA-MB-231 cells. A significant increase in
autophagic vesicles was observed in ZMF-25-treated MDA-
MB-231 cells, indicating that ZMF-25 induces autophagy
(Fig. 10A). Furthermore, ZMF-25 treatment initiated a signifi-
cant decrease of p62 and strong regulation of LC3-II/I and
beclin-1 using immunoblotting compared with the control
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group (Fig. 10D). The autophagy induced by ZMF-25 was
further confirmed using a fluorescence assay, which showed
a significant increase in both red and yellow spots in MDA-
MB-231 cells transfected with monomeric red fluorescent
protein (mRFP)-green fluorescent protein (GFP)-LC3 follow-
ing ZMF-25 treatment (Fig. 10B). Next, we investigated the
effects of ZMF-25 on the expression of key autophagy pro-
teins p62, beclin-1, and LC3. Interestingly, tubastatin A and
FRAX486 individually had little effect on LC3, p62, and
beclin-1. However, their combined use resulted in a more
pronounced impact on these markers. It was shown that both
tubastatin A and FRAX486, either alone or in combination,
induced autophagy to a limited extent. In comparison, ZMF-
25 demonstrated a markedly stronger effect on autophagy
than either compound individually or their combined use
(Fig. 10D). Notably, the activation of the autophagy signaling
pathway is facilitated by the ULK1 complex, which acts as an
intermediary between the upstream nutrient or energy recep-
tors mTOR and AMPK, and the subsequent formation of
autophagosomes in vivo [55]. The phosphorylation of ULK1
plays a crucial role in regulating autophagy, exerting a facilita-
tive impact on the process [56]. Then, we further detected the
expression of p-AKT**"?, p-mTOR®***¥, ULK1, and p-ULK1***,
The results demonstrated that ZMF-25 inhibited AKT activa-
tion, thereby suppressing mTOR activation and promoting
ULK1 phosphorylation, which ultimately led to autophagy
(Fig. 10E). In addition, the AKT-mTOR pathway is a critical
regulator of TNBC proliferation [57], and these findings fur-
ther demonstrate the inhibitory effect of ZMF-25 on TNBC
cell proliferation signaling. Together, ZMF-25 triggered autoph-
agy in MDA-MB-231 cells by inhibiting the AKT/mTOR/
ULK1 signaling pathway.

Subsequently, we examined the relationship between ZMF-
25-induced autophagy and its effects on cellular proliferation
and metastatic behavior. The results demonstrated that the
addition of either NAC or 3-methyladenine (3-MA) inhibited
LC3 aggregation, further corroborating that ZMF-25-induced
ROS enhances autophagy (Fig. 10C). Through colony forma-
tion experiments and 3D-tumor ball formation experiments,
we found that inhibiting autophagy with 3-MA significantly
restored the proliferative capacity of MDA-MB-231 cells fol-
lowing ZMEF-25 treatment (Fig. 10F and G). The EAU assay
also demonstrated that the inhibition of autophagy can atten-
uate the inhibitory effect on proliferation induced by ZMF-25
(Fig. 10H). Wound healing assay showed that inhibition of
autophagy could partially restore the migration ability of ZMF-
25-treated MDA-MB-231 cells (Fig. 10I). Additionally, immu-
noblotting experiments demonstrated that ZMF-25 significantly
enhances the up-regulation of E-cadherin, whereas the addition
of 3-MA markedly impedes the increase of E-cadherin by
ZMF-25 (Fig. 10]). In summary, ZMF-25-induced autophagy
led to increased cell death and suppressed their migratory
capacity in MDA-MB-231 cells.

ZMF-25 shows good PK and therapeutic

potential invivo

Given the promising activity of ZMF-25 against TNBC, the PK
properties were further evaluated. Upon intraperitoneal admin-
istration, ZMF-25 possessed an acceptable half-life of 1.4 h, a
high exposure level (AUC, , = 9,100.7 pg*h/l), as well as a
moderate maximum plasma concentration (C,,, = 5,113.1 pg/l)
that was achieved in a short time (T, = 0.5 h) (Table 4).

max
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Fig. 9. ZMF-25 promotes ROS generation and induces mitochondrial damage. (A and E) ROS production was assessed using flow cytometry. (B) ATP production was evaluated
after ZMF-25 treatment. (C and G) Changes in mitochondrial membrane potential were detected via JC-1 staining. (D) Cell viability was checked by methylthiazolyldiphenyl-
tetrazolium bromide (MTT) assay. (F) ATP production after NAC and ZMF-25 treatment was measured. (H) Colony formation ability of MDA-MB-231 cells following ZMF-25 or
NAC treatment was examined. (I) 3D spheroid formation capacity of MDA-MB-231 cells after ZMF-25 treatment was assessed. (J) Relative EdU intensity was measured using
the EdU incorporation assay. (K) Wound healing assays of cells treated with ZMF-25 or NAC. Scale bar, 100 um. (L) Western blot analysis to measure E-cadherin and LC3 levels.
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Collectively, these findings revealed that ZMF-25 showed good
PK properties.

Next, the therapeutic effects of ZMF-25 in vivo were further
evaluated by an MDA-MB-231 xenograft nude mouse model.
The inhibition of tumor growth increased progressively with
prolonged ZMF-25 treatment (Fig. 11A and B). Statistical analy-
sis of tumor volume and weight demonstrated that ZMF-25
inhibited tumor growth in a dose-dependent manner (Fig. 11D
and E). Additionally, ZMF-25 exhibited superior inhibitory
effects on tumor growth compared to both tubastatin A and
FRAX486 when used individually, as well as when they were
used in combination. ZMF-25 affected little the body weight of
the mice, suggesting a low toxicity (Fig. 11F). Furthermore, the
therapeutic potential of ZMF-25 was confirmed by a subcutane-
ous inoculation model with luciferase-labeled MDA-MB-231
cells in vivo (Fig. 11C). In addition, no obvious pathological
changes were detected in the heart, liver, spleen, lungs, and kid-
neys of the mice after ZMF-25 treatment by hematoxylin and
eosin (H&E) staining, indicating that ZMF-25 had no toxic
effects on the organs of the mice (Fig. S3).

Next, the protein expression of Ki-67, p-ERK1/2
and E-cadherin in the tissues was detected by immunobhisto-
chemistry (Fig. 11G to L), showing that ZMF-25 could inhibit
the expression of Ki-67, which was superior to those of tubastatin
A and FRAX486 alone and concomitantly in 10 and 20 mg/kg
dosages, while it was not significant in 5 mg/kg dosage. ZMF-25
also promoted E-cadherin expression in a dose-dependent man-
ner, which was superior to that of tubastatin A and FRAX486
alone and concomitantly. The detection of p-ERK1/220%/1y204
expression indicated that ZMF-25 could inhibit ERK activation.
Subsequently, the analysis of p-PAK1*'** and total lysine
acetylation levels demonstrated that ZMF-25 suppressed tumor
growth by inhibiting PAK1 and HDAC class IIb. Additionally,
key proteins in the AKT-mTOR and ERK1/2 pathways and
PD-L1 further confirmed that ZMF-25 inhibited tumor growth
by blocking PAK1 and HDAC class IIb-mediated cell growth
mechanisms (Fig. 11M to O).

To further investigate the effect of ZMF-25 on TNBC cell
metastasis, a tail vein injection model using MDA-MB-231-Luc
cells was conducted to evaluate metastasis of TNBC in vivo. A
significant reduction in lung metastasis of TNBC cells was
observed in the ZMF-25 treatment group following euthanasia
of the mice on day 7, confirming that ZMF-25 could significantly

Thr202/Tyr204
b

Table 4. The PK parameters of ZMF-25 in Sprague—-Dawley rats
(n =3, male)

ZMF-25 (10 mg/kg, n = 3,

Parameters intraperitoneally)
T, (h) 14+03
AUC(0-t) (ug*h/1) 9,071.8 £3722.5
AUC(0-oc0) (pg*h/I) 9,100.7 + 3,745.2
Trax (D) 05+02
CL/F (I/h/kg) 1.8+09
V/F (1/kg) 32+09
Crrax (ng/1) 5113.1+1,555.8
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inhibit TNBC cell metastasis (Fig. 12A to D). Considering that
antitumor drugs often cause immune suppression or gastroin-
testinal damage, we next investigated the potential toxicity of
ZMF-25 in Balb/c mice. After administering 10 mg/kg of ZMF-
25 for 12 d, we detected changes in the blood routine and the
proportion of T cells and B cells in the blood, spleen, and thymus
of mice. The results showed that there was no statistical difference
between ZMF-25 treatment group and the control group (Fig.
12E to I). Furthermore, H&E staining was employed to examine
the morphological changes in the major organs of mice. In com-
parison with nude mice, we included an additional evaluation
of the brain, stomach, and small intestine. The findings indicated
that ZMF-25 exhibited a relatively high safety profile, with no
significant differences observed across all examined organs rela-
tive to the control group (Fig. S4). Accordingly, there was no
significant difference in organ index (Fig. 12]).

Discussion

TNBC is a subtype of breast cancer characterized by high inci-
dence and poor prognosis, posing significant clinical challenges.
Compared to other subtypes, TNBC demonstrates a more
aggressive clinical course, earlier onset age, higher metastatic
potential, less favorable clinical outcomes, increased recurrence
rates, and lower survival rates [58,59]. Currently, surgery and
chemotherapy remain the primary treatment modalities for
TNBC, and drugs such as anthracycline, paclitaxel, platinum
drugs, gemcitabine, capecitabine, and other drugs have per-
formed well in the chemotherapy treatment of TNBC. However,
these drugs are easy to develop resistance, and the increase in
dose is also easy to cause a series of organ toxicity [60]. To
overcome these shortcomings, new therapeutic modalities such
as targeted therapy, immunotherapy, and other new therapeutic
modalities are still being explored and developed. Targeted
therapies hold significant potential for the treatment of TNBC.
Agents such as poly ADP-ribose polymerase (PARP) inhibitors,
PI3K inhibitors, androgen receptor inhibitors, cyclin-dependent
kinase (CDK) inhibitors, epidermal growth factor receptor
(EGFR) signaling pathway inhibitors, fibroblast growth factor
receptor (FGFR) inhibitors, and vascular endothelial growth
factor receptor (VEGFR) inhibitors have demonstrated promis-
ing therapeutic effects in breast cancer management [61].
Among these, PARP inhibitors have demonstrated the highest
efficacy in the study of targeted therapies. While PARP inhibi-
tors are effective against TNBC, they exhibit clinically significant
resistance that cannot be overlooked. Their therapeutic efficacy
is primarily observed in BRCA 1/2-mutated TNBC, with limited
effectiveness in other subtypes of TNBC [62]. Other inhibitors,
such as AKT inhibitors and androgen receptor (AR) inhibitors,
have shown certain therapeutic effects on advanced TNBC, but
most of them have been terminated in clinical studies, and the
specific mechanism of action needs to be further improved.
Other targeted therapeutic drugs that are effective on TNBC
are also mostly in clinical studies [63]. Hence, there is an urgent
need to identify novel targeted therapeutic strategies for TNBC.

PAKI1 is an important cancer-promoting protein that regu-
lates several important cancer proliferation and metastasis path-
ways, and strongly contributes to metabolic reprogramming and
malignant metastasis of cancer [17]. HDAC6 and HDACIO,
which belong to class IIb HDAC, can regulate cell proliferation,
malignant progression, and metastasis through their epigenetic
function [64]. In our study, we found for the first time that
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Fig. 12. ZMF-25 inhibits TNBC metastasis and shows safety invivo. (A and C) ZMF-25 inhibits TNBC metastasis in xenograft and nude mice. (B and D) Invivo imaging was
performed to detect the fluorescence intensity of TNBC cell metastasis to lungs in every group on the day of dissection. (E) Effect of ZMF-25 treatment on blood routine in
mice. The tumor volume and tumor weight of different groups were measured on the day of anatomy. (F to I) Effect of ZMF-25 treatment on T cell and B cell ratios in blood,
spleen, and thymus of mice, respectively. Data were shown as mean + SEM. n = 9. (J) The effects of ZMF-25 on brain, heart, liver, spleen, lung, kidney, stomach, small intestine,

and large intestine were calculated. Data were shown as mean + SEM. n = 10.

simultaneous targeted inhibition of PAK1/HDAC6/HDAC10
has strong TNBC therapeutic potential. Applying computer-
aided drug design strategies to develop promising disease treat-
ment drugs is an important approach to drug discovery [65].
Here, utilizing structure-based screening and pharmacophore
integration strategy, we have obtained a novel dual-target PAK1/
HDAC IIb inhibitor with strong binding and enzyme inhibition
effects on PAK1 and HDAC6/10. Importantly, it is possible to
inhibit the proliferation and metastasis of TNBC by inhibiting

Zhang et al. 2025 | https://doi.org/10.34133/research.0670

PAK1/HDAC IIb in vitro and in vivo. Interestingly, ZMF-25
facilitated the generation and accumulation of ROS by inhibit-
ing PAK/HDACG6/10, thereby disrupting mitochondrial func-
tion, leading to a substantial decrease in ATP production
and a marked decline in mitochondrial membrane potential.
Furthermore, our findings indicate that ROS play a crucial role
in mediating ZMF-25-induced TNBC cell death. Notably, the
anticancer efficacy of ZMF-25 was markedly diminished upon
ROS inhibition. It is important to highlight that ROS, as a critical
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cellular metabolite, exerts concentration-dependent effects on
carcinogenesis, tumor progression, and cancer therapy. Induction
of ROS production has been demonstrated to enhance the thera-
peutic efficacy in TNBC treatment [2,66,67]. In addition, ZMF-
25 has been demonstrated to inhibit the proliferation of TNBC
cells and promote autophagy by suppressing the AKT-mTOR
signaling pathway. This pathway not only is co-regulated by
PAK1/HDAC6/HDACI10 in cell proliferation and metastasis but
also plays a crucial role in the regulation of autophagy. Notably,
targeting autophagy represents an emerging and promising strat-
egy for the treatment of TNBC [68]. By comparing the basal
autophagy levels of several TNBC cells and the anti-prolifer-
ation effects of ZMF-25 on these cells, we found that TNBC
cells with lower basal autophagy levels appear to exhibit a more
pronounced response to ZMF-25 (Fig. S5). This is interesting
and illustrates the potential of induced autophagy in TNBC
therapy. Importantly, ZMF-25 synergistically targets tumor
energy metabolism, polyamine regulation, epigenetic regula-
tion, and immunity. After ZMF-25 treatment, PAK1 suppression
reduces glycolysis and HDAC6/10 inhibition down-regulates gly-
colysis gene expression and disrupts mitochondrial metabolism/
DNA repair, amplifying metabolic stress. This multi-pathway
intervention may constrain metabolic adaptability in high-
metabolism tumors. ZMF-25 may reverse epigenetic dys-
regulation to restore differentiation and improve treatment
sensitivity in epigenetically altered cancers. Reshaping the
immunosuppressive microenvironment could enhance PD-1/
PD-L1 efficacy in “cold” tumors while addressing resistance
from metabolic plasticity and epigenetic heterogeneity. Safety
challenges encompass neurotoxicity (HDAC6), hematopoietic
risks (HDACI10), and central nervous system effects (PAK1).
While our current findings indicate that ZMF-25 does not
exhibit substantial side effects, the long-term safety of this
treatment warrants further investigation. Although promising
for refractory cancers, successful clinical translation necessi-
tates optimized mechanistic synergy, stringent toxicity man-
agement, and precise patient stratification.

In summary, we have designed and synthesized a novel class
of pyrido[2,3-d] pyrimidin-7(8H)-one-coupled-hydroxamic
acid-containing compounds to develop potent dual-targeting
PAK1/HDAC IIb inhibitors for TNBC treatment. These efforts
have led to the discovery of ZMF-25, which presents low nano-
molar inhibitory potency against PAK1/HDAC6/10 and dem-
onstrates good isoform selectivity over PAKs and HDACs. ZMF-25
achieves excellent anti-proliferation and anti-migration potency
by inhibiting both PAK1 and HDAC6/10 in vitro and in vivo.
ZMEF-25 is a potent and selective inhibitor of PAK1, as well as
HDAC6 and HDACI0, exhibiting favorable PK properties with
no obvious toxicity. This compound holds promise as a novel
therapeutic strategy for the treatment of TNBC.

Materials and Methods

Information about the Materials and Methods used in this article
are provided in the Supplementary Materials.
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