
Discovery of novel and highly
potent dual-targeting PKMYT1/
HDAC2 inhibitors for
hepatocellular carcinoma
through structure-based virtual
screening and biological
evaluation

Yang Yang1†, Yuting Wang2†, Jing Chen1, Miao-Miao Niu2,
Yongbin Wang1 and Xing Jin1*
1Department of Laboratory Medicine, The Affiliated Hospital of Yangzhou University, Yangzhou
University, Yangzhou, China, 2Department of Pharmaceutical Analysis, China Pharmaceutical University,
Nanjing, China

Simultaneous inhibition of two or more pathways is playing a crucial role in the
treatment of hepatocellular carcinoma with complex and diverse pathogenesis.
However, there have been no reports of dual-targeting inhibitors for protein
kinase membrane-associated tyrosine/threonine 1 (PKMYT1) and histone
deacetylase 2 (HDAC2), which are critical targets for hepatocellular carcinoma
treatment. Here, an integrated strategy of virtual screening was utilized to identify
dual-targeting inhibitors for PKMYT1 and HDAC2. Notably, PKHD-5 has been
identified as a potent inhibitor that selectively targets both PKMYT1 and
HDAC2 with nanomolar affinity. Molecular dynamics have confirmed the
strong binding stability of PKHD-5 with PKMYT1 and HDAC2. Importantly, it
displayed a notably lower IC50 against the HepG2/MDR cell line, underscoring its
potential to surmount drug resistance, while exhibiting minimal toxicity towards
the normal liver cell line L02. Additionally, PKHD-5 has demonstrated significant
antitumor proliferation effects without significant toxicity. In summary, the results
suggest that PKHD-5 is a promising candidate for further preclinical studies of
hepatocellular carcinoma therapy.
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1 Introduction

Hepatocellular carcinoma (HCC), the predominant subtype of primary liver cancer,
constitutes a major contributor to the global cancer burden and is the second most frequent
cause of mortality associated with cancer worldwide (Llovet et al., 2022; Wang et al., 2020).
Despite significant advances in the etiology of HCC, the 5-year survival rate of HCC patients
was reported to be 5%–14% (Sarveazad et al., 2019). Therefore, treating HCC patients
remains one of the most significant and increasingly challenging issues for global health
(Singal et al., 2023). Despite the fact that sorafenib, a drug inhibiting several kinases, has
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obtained FDA approval for its utilization in the clinical management
of HCC, the response rate was only 30%, and most of these patients
developed resistance within 6 months (Llovet et al., 2015; Cheng
et al., 2009; Gao et al., 2017). Thus, it is urgent to develop new
targeted drugs for liver cancer to meet the needs of clinical treatment
(Zhou et al., 2018).

The gene for protein kinase membrane-associated tyrosine/
threonine 1 (PKMYT1), situated on the 16p13.3 band of
chromosome 16 in humans, gives rise to the Myt1 kinase, an
evolutionarily conserved protein kinase and a member of the
WEE1 kinase family (Zhang et al., 2020; Najjar et al., 2019;
Ghelli Luserna di Rorà et al., 2020). Functional PKMYT1 kinase
phosphorylates Thr14 in the cyclin-dependent kinase (Cdk1)-cyclin
B complex, retaining it in the cytoplasm to regulate the cell cycle
(Najjar et al., 2019). PKMYT1 has exhibited to be overexpressed in
various types of cancer, including hepatocellular carcinoma, as well
as promoting tumor progression (Jeong et al., 2018; Agarwal
et al., 2017).

Researchers Liu and colleagues have demonstrated the
oncogenic function of PKMYT1 in HCC, highlighting that the
overexpression of PKMYT1 in HCC tumor samples stimulates
cell growth and mobility by triggering the β-catenin/TCF
signaling pathway (Liu et al., 2017). Wu et al. established HCC
cell lines with PKMYT1 knockdown and found that
PKMYT1 knockdown reduced the phosphorylation levels of
p38 MAPK, ERK, and PI3K/Akt/mTOR, thereby inhibiting
protective autophagy, inducing apoptosis, and ultimately
inhibiting HCC progression (Wu et al., 2023). PKMYT1 is a
compelling target for cancer therapy. However, few selective
inhibitors targeting PKMYT1 have been reported (Schmidt et al.,
2017). Szychowski et al. recently obtained the binding mode of
compound 39 (Figure 1) to PKMYT1 through large-scale screening
methods (Szychowski et al., 2022). The tyrosine kinase inhibitor
dasatinib has exhibited inhibitory activity against PKMYT1 (Rohe
et al., 2013). In addition, the pyrimidine-based molecule
PD0166285 was recognized for its strong competitive binding to
ATP sites. However, this agent exhibited a dual capability to
suppress not only PKMYT1 but also the activity of the epidermal
growth factor receptor (EGFR) and platelet-derived growth factor

receptor (PDGFR), which could lead to severe toxic side effects
(Hashimoto et al., 2006). Therefore, there is an immediate need for
the development of structurally diverse, secure, and potent
PKMYT1 inhibitors to fulfill the clinical treatment requirements
of HCC patients.

Histone deacetylases (HDACs) modulate gene expression by
detaching acetyl groups from particular lysine residues on the core
histones (Haberland et al., 2009). To date, 18 HDAC homologs have
been discovered, which could be subdivided into classes I, IIa, IIb,
III, and IV (Wright and Menick, 2016). A growing body of evidence
demonstrated that HDAC could be involved in tumorigenesis (Yoon
and Eom, 2016; Ler et al., 2015). Particularly, HDAC2, a member of
the class I HDAC family, was overexpressed in HCC tissues, and it
was found that the expression level of HDAC2 was gradually
upregulated with the increase of HCC histopathological grade
(Nam et al., 2005). In addition, targeted interference with
HDAC2 has been reported to reduce tumor cell growth and
DNA synthesis in HCC cells (Noh et al., 2011). Moreover, Kim
et al. demonstrated that epidermal growth factor (EGF) promoted
HCC progression by inducing HDAC2 transcriptional activation in
HCC cells via the CK2α/Akt signaling pathway (Kim et al., 2014).
Although several HDAC inhibitors have been developed, such as
Vorinostat (SAHA), Belinostat, and panobinostat, the HDAC
inhibitors used to demonstrate cellular action are largely
nonspecific to different HDAC isoforms, and clinical data
indicated that these drugs possess disadvantages, such as limited
efficacy and resistance (Sha et al., 2023; Lee et al., 2014; Chen
et al., 2018).

To date, noticeable advancements have been achieved in
unraveling the molecular pathogenesis of HCC, and it has been
confirmed that genomic changes gradually alter the liver cell
phenotype during the development of liver cancer, prompting
further in-depth research into HCC treatment approaches based
on epigenetics (Thorgeirsson and Grisham, 2002). Aberrant
activation of the Wnt/β-catenin signaling pathway and
overexpression of chromatin epigenetic factors are common in
clinical tissues of liver cancer patients (Nath et al., 2015).
Notably, some scholars have reported that the synergistic effect
of WEE1 inhibitors and histone deacetylase inhibitors (HDACi)

FIGURE 1
Representative structures of the reported inhibitors of PKMYT1 and HDAC2.
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could block the DNA damage response (DDR), and
WEE1 knockdown could significantly enhance the sensitivity of
cancer cells to HDACi (Zhou et al., 2015). However, to our
knowledge, there have been no reports to date of dual-targeting
inhibitors for PKMYT1, a member of the WEE kinase family, and
HDAC2 for the treatment of liver cancer.

Computer-aided drug design (CADD) technology has been
applied in modern drug discovery and development, and
docking-based virtual screening methods were frequently
employed to identify new active compounds (Sabe et al., 2021;
Valasani et al., 2014; Zheng et al., 2021). The identification of
safe and potent dual-targeting PKMYT1/HDAC2 inhibitors by
molecular docking-based virtual screening is a particularly
important strategy for the treatment of liver cancer. Herein, we
report a discovery of novel and highly potent dual-targeting
PKMYT1/HDAC2 inhibitors through virtual screening and
subsequent biological evaluation for the treatment of liver cancer.

2 Materials and methods

2.1 Materials

The L02, a cell strain indicative of normal hepatic function, and
the Huh7, a strain indicative of HCC were both provided by
Shanghai Institute of Cell Biology (Shanghai, China), and three
other HCC cell lines (HepG2, Hep3B, and SNU449) were acquired
from the American Type Culture Collection (ATCC; Manassas, VA,
United States). Additionally, the multidrug-resistant HCC cell line
(HepG2/MDR) was obtained from the Cell Bank of China
Pharmaceutical University. HepG2, Hep3B, Huh7, and
SNU449 lines were grown in a DMEM containing 10% fetal
bovine serum (FBS), penicillin (100 IU/mL), and streptomycin
(100 μg/mL) (Gibco, Grand Island, NY, United States). HepG2/
MDR is maintained in RPMI 1640 medium containing 10% FBS and
50 μg/mL of penicillin/streptomycin. The cultured cells were kept
and incubated under conditions of 37°C in a humidified atmosphere
containing 5% CO2. All identified compounds were obtained from
WuXi AppTec (Shanghai, China). Human recombinant
PKMYT1 enzyme and HDAC2 enzyme were purchased from
Abcam (Cambridge, United Kingdom).

2.2 Virtual screening

High-throughput computer virtual screening of compounds
with potential activity was conducted as previously reported
(Zhou et al., 2022). The crystallographic structures of PKMYT1
(PDB code: 8D6D) and HDAC2 (PDB code: 4LXZ) proteins were
downloaded from the Protein Data Bank (PDB). The crystal
structures were loaded into the Molecular Operating
Environment (MOE, Chemical Computing Group Inc., Montreal,
Quebec, Canada). The crystallographic structures were processed
with the QuickPrep feature in MOE, a protocol that included the
exclusion of non-bonded water molecules, the attachment of
hydrogen atoms to polar groups, and the execution of energy
optimization. A compound repository comprising 43,000 entities
was synthesized through combinatorial chemistry techniques.

Subsequently, the two-dimensional (2D) representations of all
compounds within this repository were subjected to energy
minimization to generate their corresponding three-dimensional
(3D) conformations. The compounds were screened for molecular
docking in MOE based on the crystal structures of PKMYT1 and
HDAC2. The intermolecular interactions between receptor proteins
and ligands were visualized and analyzed by applying the Ligand
Interaction tool of MOE. Pocket shapes and interaction forces of
ligand binding sites were analyzed by Surfaces and Maps tool. The
selected compounds were docked to the active sites of PKMYT1 and
HDAC2, respectively, using the Dock tool of MOE. Molecular
docking was executed utilizing the Triangle Matcher protocol for
the alignment of molecules and the London dG metric for assessing
the energetics of the interactions. Compounds with the lowest
docking scores were identified and selected for further analysis.

2.3 Enzyme inhibition assay

The impact of diverse compounds on the enzymatic activity of
PKMYT1 was evaluated through the application of the ADP-GLO
assay, as previously described (Szychowski et al., 2022). The ADP-
GLO™ kinase assay kit, purchased from Promega Corporation
(Madison, WI, United States), included the ADP-GLO reagent,
the kinase assay reagent, and ultra-pure ATP and ADP.
PKMYT1 enzyme was dissolved in 5 μL of freshly prepared
enzyme assay buffer containing 70 mM Hepes, 3 mM MgCl2,
3 mM MnCl2, 50 μg/mL PEG20000, 3 μM sodium
orthovanadate, 1.2 mM dithiothreitol, and then injected into 384-
well plates. Next, the assay mixture was supplemented with the test
compounds in DMSO, and then the solution was incubated for
15 min at room temperature. The enzymatic reaction was initiated
by adding 5 μL of ATP, followed by a 60-min incubation at 30°C.
Subsequently, 15 μL of ADP-GLO reagent was added, and the
incubation was continued for an additional 40 min at room
temperature. Then, 30 μL of kinase detection reagent was
introduced, and the samples were incubated for a final 30 min.
Luminescence measurements were taken using an Envision plate
reader (PerkinElmer). The IC50 value of each tested compound was
calculated by GraphPad Prism software.

The efficacy of the compound in inhibiting HDAC2 enzyme activity
was determined following a protocol that was previously documented (Li
et al., 2014). Firstly, a 96-well plate was loaded with a blend comprising
10 μL of HDAC2 enzyme solution and 50 μL of the test compounds at
assorted concentrations, followed by incubation at a temperature of 37°C
for a duration of 5 min. Subsequently, 10 μL of the fluorescent substrate
Boc-Lys (acetyl)-AMC was added and continued for 30 min. Finally,
100 μL of developer containing trypsin and TSA was injected into each
well and incubated for 20 min. The microplate reader (BioTek,
United States) was utilized to quantify the fluorescence intensity at
390 nm and 460 nm wavelengths, and the IC50 values for each tested
compound were calculated using GraphPad Prism software 6.0.

2.4 Kinase selectivity assays

The kinase selectivity analysis of PKHD-5 was performed using
the SelectScreen kinase analysis service provided by Thermo Fisher
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Scientific. The experiment initially involved the preparation of a
series of inhibitor solutions at varying concentrations, which were
then reacted with various kinase targets under standardized
conditions to calculate the percentage inhibition for each test
solution. Ultimately, the IC50 values were calculated based on the
concentration-inhibition curves by fitting a four-parameter logistic
curve, thereby assessing the potency and selectivity of the inhibitors.
The analysis results are detailed in Supplementary Table S1.

2.5 Molecular dynamics (MD) simulation

The crystal structures of PKMYT1 (PDB code: 8D6D) and
HDAC2 (PDB code: 4LXZ) were obtained from the PDB and
utilized as the initial coordinates for MD simulation. MD
simulation was performed using GROMACS 2021.5 package
under the AMBER99SB-ILDN force field with periodic boundary
conditions. The complex was solvated in a 1.0 nm cubic simulation
box using SPC water to maintain equilibrium. Na+ and Cl− were
added to neutralize the system. Afterwards, the solvated system was
minimized with cutoff value of 50,000 steps. The NVT simulation
was further carried out using a 100 ps V-rescale thermostat to keep
the system’s temperature at 300 K. Subsequently, the Parrinello-
Rahman barostat was utilized to conduct a 100 ps NPT simulation
while keeping the system pressure at 1 bar. The DSSP program was
used for protein secondary structure analysis. Lastly, the system
underwent MD simulation for 50 ns, with trace data saved at
intervals of 10 ps. Finally, GraphPad Prism 6.0 software was used
to process the data and the root mean square deviation (RMSD), the
root mean square fluctuation (RMSF) and protein secondary
structure data were used to analyze the binding stability.

2.6 MTT assay

The MTT assay was conducted to evaluate the inhibitory impact
of PKHD-5 on HCC cells, HepG2/ADR cells, and normal liver cells
(Ding et al., 2020). Cells at a density of 4×103 cells/well were
inoculated into 96-well plates for overnight culture at 37°C. The
cells were treated with varying concentrations of the test compounds
and incubated for 48 h. Then, 100 μL of a 0.5 mg/mL MTT solution
was pipetted into each well, and the incubation was prolonged for
4 h, resulting in the formation of a purple precipitate. Afterward,
200 μL of DMSO was added to each well, and the plate was vortexed
for 10 min. The absorbance at 570 nm was determined with a
Synergy 4 microplate reader (BioTek, United States). Each
experiment was performed three times under the same conditions.

2.7 Western blot

To evaluate the protein levels of apoptosis-associated markers,
we performed Western blot analysis on cell extracts as previously
reported (Hao et al., 2018). Briefly, equal amounts of protein were
subjected to SDS-PAGE and then transferred onto a polyvinylidene
fluoride (PVDF) membrane. The membrane was incubated in a
blocking solution consisting of 5% non-fat dry milk in Tris-buffered
saline with Tween-20 (TBS-T) for 3 h at room temperature.

Subsequently, the membrane was probed with primary antibodies
specific to cleaved PARP and cleaved caspase-3 overnight at 4°C.
After washing, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room
temperature. Immunoreactive bands were visualized using a
chemiluminescent substrate (ECL, Pierce Technology). The
relative expression levels of cleaved PARP and cleaved caspase-3
were quantified.

2.8 Real-time PCR (RT-PCR) analysis

Total RNA was extracted from cells using Trizol reagent
(Invitrogen, Carlsbad, CA) and reverse transcribed into cDNA
with the PrimeScript RT reagent kit (Takara Bio, Otsu, Japan).
RT-PCR was performed on the Mx3000P system (Agilent
Technologies, Santa Clara, CA) with TB Green Premix Ex Taq II
(Takara Bio). Relative gene expression was determined by the
2−ΔΔCt method.

2.9 HepG2 bearing animal model

A previously reported human tumor xenograft model was
established to evaluate the anti-tumor effects of PKHD-5 in vivo
(Zhou et al., 2022). All procedures involving animals were granted
approval by the Ethics Committee at China Pharmaceutical
University. A total of 20 male BALB/c nude mice (6 weeks old)
were purchased from Changzhou Cave Experimental Animal Co.,
Ltd. (Changzhou, China). Mice were maintained under specific
pathogen-free (SPF) conditions, with environmental parameters
meticulously controlled at a temperature of 25°C ± 2°C, relative
humidity maintained at 50% ± 5%, and an established diurnal cycle
of 12 h for both light and darkness. During the experiment, all mice
were free to access water and food. After 10 days of adaptive feeding,
HepG2 cells (1×107 cells) were subcutaneously injected into mice.
Once the tumors reached a size of 90–120 mm3, the nude mice were
randomly assigned to either the vehicle control group or the group
treated with PKHD-5 (n = 5). Furthermore, the treatment was
divided into three dose-based groups of 1, 5, and 10 mg/kg. The
tumor volume was measured by a digital caliper for a total of 18 days
and calculated by the following formula: (c×c×d)/2, where c
represents the minimum diameter of the tumor and d indicates
the maximum diameter. In addition, the body weight of the mice
was measured and recorded every 3 days.

2.10 In vivo pharmacokinetics assessments

In the pharmacokinetic (PK) assessment of PKHD-5, BALB/c
mice were utilized as the experimental model. PKHD-5 was
administered either intraperitoneally or orally at a dosage of
5 mg/kg. Serial blood samples (0.25 mL) were collected at 0.25,
0.5, 1, 2, 4, 8, 16, and 24 h post-treatment. Each plasma sample
(50 μL) underwent protein precipitation with a 1:1 mixture of
methanol and acetonitrile (200 μL) and an internal standard.
After vortexing for 5 min, the samples were centrifuged at
12,000 rpm for 5 min, yielding a supernatant (60 μL) for LC-MS/
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MS analysis. The data obtained were analyzed using Phoenix
software to determine the PK profile of PKHD-5 in the
mouse model.

3 Results and discussion

3.1 Virtual screening of PKMYT1/
HDAC2 dual-targeting inhibitors

The integrated strategy of virtual screening and biological
validation is shown in Figure 2A. First, the 2D structures of
43,000 compounds from a small molecule database assembled by

combinatorial chemistry methods were converted to 3D
structures. Thereafter, based on the threshold value of the
binding free energy of the initial ligand and PKMYT1, where
lower binding free energy represents a higher affinity, the
abovementioned compounds were first used for
PKMYT1 docking screening, and 33 compounds
below −10 kcal/mol were obtained. Next, using the binding
free energy values of the original ligand and HDAC2
(−12 kcal/mol) as a reference, the obtained compounds were
utilized in the docking screening of HDAC2. Ultimately, five
compounds with binding free energy values lower than the
reference ligand were identified and designated as PKHDs 1-5
(Figure 2B). The structures of PKHDs 1-5 are shown in Figure 3.

FIGURE 2
Virtual screening for dual PKMYT1/HDAC2-targeting compounds. (A) Flowchart of the integrated strategy of virtual screening and biological
validation. (B) Binding free energy between PKHDs 1-5 and PKMYT1 and HDAC2, respectively.
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3.2 Interaction analysis

To investigate the interaction pattern of PKHDs 1-5 with their
respective binding sites, molecular docking of PKMYT1 and
HDAC2 was performed, respectively. Figure 4 displayed the
binding modes and pocket surface maps of PKHDs 1-5 at the
PKMYT1 active site. Each compound extends into the protein
pocket, conforming perfectly to its shape. They formed important
hydrogen bonding interactions with the side chains of amino acid
residues inside the pocket, including Glu157, Thr187, Ser193, and
Glu199. In addition, these compounds exerted hydrophobic
interactions with Phe240, Leu185, and Val124 residues in the
vicinity of the pocket, which stabilized the binding of the
compounds to the receptor protein. The docking modes of
PKHDs 1-5 with the HDAC2 are presented in the Figure 5. The
carbon chains of the compounds extend into the interior of the
HDAC2 pocket and the isohydroxamic acid group of each
compound formed a critical ionic bond with the zinc ion and
also formed hydrogen bonds with residues His146, His145, and
Tyr308, which are essential for HDAC2 binding. Furthermore, each
compound formed a hydrogen bond with residue Glu103 and
hydrophobic interactions with residues Phe155 and Pro34. As
illustrated in the surface plots, the compounds are well
accommodated within the active pocket of HDAC2. Collectively,
these results suggest that the PKHDs 1-5 can simultaneously interact
with key residues of both PKMYT1 and HDAC2.

3.3 Highly selective inhibition of PKMYT1 and
HDAC2 by PKHD-5

Five tested compounds obtained by molecular docking
technology were further tested for their enzymatic inhibitory
activity in vitro. The enzymatic inhibitory activity of PKHDs 1-
5 on PKMYT1 and HDAC2 was measured by ADP-GLO method

and fluorescence signal-based method, respectively. As shown in
Table 1, the IC50 values of PKHDs 1-5 for PKMYT1 inhibition
(IC50 = 3.15–13.56 nM) were significantly lower than that of
compound 39 (IC50 = 15.48 ± 2.46 nM). The IC50 values of
PKHDs 1-5 for HDAC2 inhibition (IC50 = 2.28–8.64 nM) were
significantly lower than that by SAHA (IC50 = 10.09 ± 2.03 nM). In
particular, PKHD-5 exhibited the greatest inhibitory activity on
PKMYT1 and HDAC2, with a 4.91-fold and 4.42-fold inhibition of
PKMYT1 and HDAC2 proteins, respectively, compared with the
control compound 39 and SAHA. Furthermore, the compound
PKHD-5 underwent a comprehensive kinase panel assay to assess
its inhibitory potential across a broad spectrum of 63 distinct
kinases. The data presented in Supplementary Table S1 reveal
that PKHD-5 displayed IC50 values exceeding 50 μM for each of
the 63 kinases evaluated. Collectively, these results underscore the
remarkable selectivity of PKHD-5 for PKMYT1 and HDAC2,
mitigating the risk of off-target effects and associated toxicity.
Therefore, PKHD-5 was selected for the following molecular
dynamics (MD) simulation and anti-tumor effects evaluation.

3.4 MD simulation

The PKMYT1-PKHD-5 and HDAC2-PKHD-5 complexes were
further assessed by 100 ns MD simulation to evaluate the temporally
evolving binding interactions, structural robustness, and
conformational fluctuations. The RMSD of PKMYT1-PKHD-
5 complex was initially risen and eventually stabilized between
about 0.2 nm and 0.3 nm (Figure 6A). The fluctuations in the
RMSD of HDAC2-PKHD-5 complex were extremely small and
stabilized at approximately 0.25 nm (Figure 6B). Moreover, the
dynamic stability of PKHD-5 was also explored in two protein
complexes, respectively. As illustrated in Figures 6C, D, the range of
RMSD values of PKHD-5 remained almost below 0.2 nm during
binding to PKMYT1, except for a slight fluctuation after 40 ns. In the

FIGURE 3
The structures of five hit compounds PKHDs 1-5 obtained through virtual screening.
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FIGURE 4
The binding modes of PKHDs 1-5 in the active site of PKMYT1. (A, B) The binding mode of PKHD-1(yellow sticks) in the active site of PKMYT1. (C, D)
The binding mode of PKHD-2 (purple sticks) in the active site of PKMYT1. (E, F) The binding mode of PKHD-3 (orange sticks) in the active site of PKMYT1.
(G, H) The bindingmode of PKHD-4 (cyan sticks) in the active site of PKMYT1. (I, J) The bindingmode of PKHD-5 (pink sticks) in the active site of PKMYT1.
Residues in the active site are shown as green sticks. PKMYT1 is colored in light grey. The hydrogen bonds are presented in black dashed lines.
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FIGURE 5
The binding modes of PKHDs 1-5 in the active site of HDAC2. (A, B) The binding mode of PKHD-1 (yellow sticks) in the active site of HDAC2. (C, D)
The bindingmode of PKHD-2 (purple sticks) in the active site of HDAC2. (E, F) The bindingmode of PKHD-3 (orange sticks) in the active site of HDAC2. (G,
H) The bindingmode of PKHD-4 (cyan sticks) in the active site of HDAC2. (I, J) The bindingmode of PKHD-5 (pink sticks) in the active site of HDAC2. The
residues within the active site are depicted in green stick representation. HDAC2 is colored in light grey. Hydrogen bonds are illustrated with black
dashed lines.
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HDAC2 complex, the RMSD values of PKHD-5 were below 0.2 nm,
demonstrating dynamic binding stability to HDAC2 protein.
Furthermore, during the 50 ns MD simulation, the residual
flexibility of PKMYT1 and HDAC2 was assessed by analyzing
the RMSF of all atoms. As depicted in Figures 6E, F, the key
residues of PKMYT1 and HDAC2 had small fluctuations
throughout the simulation process. In addition, Further analysis
using the DSSP method was performed to investigate changes in the
secondary structural compositions of PKMYT1 and HDAC2. As
illustrated in Figures 6G, H, the results of molecular docking and
MD simulation indicated that PKHD-5 could interact with
PKMYT1 and HDAC2 critical site residues with notable
binding stability.

3.5 In vitro anti-tumor effect

The cytotoxic effects of PKHD-5 were evaluated using the
MTT assay on a panel of HCC cell lines, including HepG2, Hep3B,
Huh7, and SNU449, as well as the multidrug-resistant HepG2/
MDR cell line and the normal human liver cell line L02. As shown
in Table 2, PKHD-5 exhibited strong cytotoxicity against all HCC
cell lines with IC50 values ranging from 0.19 to 0.92 μM, with the
highest inhibitory potency observed in HepG2 cells (IC50 = 0.19 ±
0.03 μM). Notably, PKHD-5 also showed a significantly lower IC50

value in the HepG2/MDR cell line (IC50 = 0.92 ± 0.05 μM)
compared to Compound 39 (IC50 > 100 μM) and SAHA
(IC50 = 6.84 ± 0.52 μM), suggesting its potential to overcome
drug resistance. Moreover, PKHD-5 displayed minimal toxicity
towards the normal liver cell line L02 (IC50 > 100 μM), which is a
significant advantage over Compound 39 (IC50 = 11.73 ± 0.82 μM)
and SAHA (IC50 = 79.02 ± 6.31 μM).

3.6 Apoptosis induction and molecular
effects of PKHD-5

Given the selective cytotoxicity of PKHD-5 observed in
HepG2 cells as per our MTT assay, we further investigated the
molecular effects of PKHD-5. Western blot analysis (Figure 7A)
indicated that PKHD-5 significantly induced apoptosis, as evidenced
by increased levels of cleaved caspase-3 and cleaved PARP.
Furthermore, RT-PCR analysis (Figure 7B) revealed that PKHD-
5 upregulated the expression of histone H3 acetylation, a hallmark of
HDAC2 inhibition, and p21, which is involved in cell cycle arrest
and is influenced by both PKMYT1 and HDAC2 activities (Wang
et al., 2024; Goder et al., 2018). This suggests that PKHD-5 may
modulate the activities of these enzymes, thereby affecting gene
expression and cell cycle regulation. These findings support the
potential of PKHD-5 as an anticancer agent and warrant further
investigation into its mechanisms of action.

3.7 In vivo anti-tumor effect

Given that PKHD-5 exhibited the strongest inhibitory effect on
PKMYT1 and HDAC2 enzymes in vitro and significantly inhibited the
proliferation of HepG2 cells, the effect of PKHD-5 on xenograft mice
bearing the HepG2 cell line was further assessed. A vehicle control and
different doses of PKHD-5 were injected intraperitoneally into BALB/c
nude mice. As illustrated in Figure 8A, the rate at which tumors grew in
the group treated with PKHD-5 was considerably lower after 18 days of
treatment, showing a clear dose-dependent reductionwhen compared to
the vehicle control group. Notably, the greatest anti-tumor effect was
observed at a dose of 10 mg/kg administered. Furthermore, the body
weight changes in mice did not exhibit any significant disparities
between the group administered PKHD-5 and the group given the
vehicle (Figure 8B). Therefore, the results of in vivo anti-tumor effect
assay indicated that PKHD-5 had a strong anti-tumor efficacy without
obvious side effects, suggesting its potential as a viable therapeutic
agent for HCC.

3.8 In vivo PK evaluation of PKHD-5

Following a single intraperitoneal administration of 5 mg/kg in
BALB/c mice, the PK parameters of PKHD-5 were presented in
Supplementary Table S2. The terminal half-life (T1/2) of PKHD-5
was determined to be 4.75 h, suggesting a relatively rapid clearance
from the systemic circulation. The maximum concentration (Cmax)

TABLE 1 Inhibitory activities of PKHDs 1-5, compound 39, and SAHA.

Compounds PKMYT1 (IC50, nM) HDAC2 (IC50, nM)

PKHD-1 11.09 ± 1.86 8.64 ± 1.35

PKHD-2 7.78 ± 0.91 4.14 ± 0.52

PKHD-3 9.26 ± 1.07 5.47 ± 0.66

PKHD-4 13.56 ± 1.94 7.31 ± 1.12

PKHD-5 3.15 ± 0.21 2.28 ± 0.13

Compound 39 15.48 ± 2.46 no inhibition

SAHA no inhibition 10.09 ± 2.03

TABLE 2 In vitro cytotoxicity of PKHD-5, compound 39, and SAHA against liver cancer cells and normal cells after 48 h assessed by MTT assay.

Name IC50 (μM) ± SDa

HepG2 Hep3B Huh7 SNU449 HepG2/MDR L02

PKHD-5 0.19 ± 0.03 0.38 ± 0.05 0.47 ± 0.04 0.59 ± 0.06 0.92 ± 0.05 >100

Compound 39 1.03 ± 0.07 1.16 ± 0.09 1.36 ± 0.14 1.52 ± 0.13 >100 11.73 ± 0.82

SAHA 0.98 ± 0.06 1.25 ± 0.11 1.43 ± 0.08 2.07 ± 0.22 6.84 ± 0.52 79.02 ± 6.31

aEach experiment was performed at least three times. Data were presented as the mean ± SD.
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FIGURE 6
MD simulation of PKHD-5 in complex of PKMYT1 andHDAC2. (A) RMSD analysis of the PKMYT1-PKHD-5 complex. (B) RMSD analysis of the HDAC2-
PKHD-5 complex. (C) The RMSD of PKHD-5 atoms within the PKMYT1-PKHD-5 complex. (D) The RMSD of PKHD-5 atoms within the HDAC2-PKHD-
5 complex. (E) RMSF analysis of PKMYT1. (F) RMSF analysis of HDAC2. (G, H) The secondary structures analysis of PKMYT1 and HDAC2, respectively.
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of PKHD-5 reached 3264 nmol·mL-1, reflecting the peak drug
exposure shortly after administration. The area under the curve
(AUC) value was 15,041 h·nmol·mL-1, indicating that PKHD-5
provided significant drug exposure over the dosing interval,
potentially correlating with its pharmacodynamic effects. The
bioavailability (F%) of PKHD-5 was found to be 82%, suggesting
that a substantial portion of the administered dose was absorbed into
the systemic circulation. Collectively, these data indicated that
PKHD-5 exhibited a balanced profile between systemic exposure
and elimination, with high bioavailability suggesting potential for
effective oral dosing. Consequently, we conducted further PK testing
following oral administration of PKHD-5 at 5 mg/kg, the results of
which are presented in Supplementary Table S2. The T1/2 of PKHD-
5 was determined to be 3.93 h, which is slightly shorter than that
observed following intraperitoneal injection, potentially due to the
first-pass effect associated with oral administration. The Cmax was
2915 nmol·mL-1, the AUC was 12,163 h·nmol·mL-1, and the
bioavailability (F%) was 66%, indicating a satisfactory oral
bioavailability. These data suggest that PKHD-5 provides effective
systemic exposure following both intraperitoneal injection and oral

administration, with the oral route demonstrating a high
bioavailability, supporting its potential as a candidate for oral
dosing. This pharmacokinetic profile lays the groundwork for
further investigation into the clinical potential of PKHD-5.

4 Conclusion

The development of dual-targeted small molecule inhibitors has
garnered significant attention in the field of oncology due to their
enhanced efficacy, favorable safety profiles, and improved cell
permeability. Despite the approval of sorafenib, a multikinase
inhibitor, its clinical utility is limited by suboptimal efficacy and
the emergence of drug resistance, often due to the activation of
alternative signaling pathways.

In this study, we employed a rational drug design approach, utilizing
docking-based virtual screening and interaction analysis, to identify a
series of small molecules with dual-targeting capabilities against
PKMYT1 and HDAC2. These proteins are overexpressed in
hepatocellular carcinoma (HCC) tissues and are implicated in the

FIGURE 7
Effects of PKHD-5 on HepG2 cells. (A)Western blot analysis showing the impact of PKHD-5 on the levels of cleaved caspase-3 and cleaved PARP in
HepG2 cells. (B)RT-PCR analysis demonstrating the influence of PKHD-5 on histoneH3 acetylation and p21 expression in HepG2 cells. Significance levels
of **p < 0.01 and ***p < 0.001 are used to denote statistically significant differences from the control group.

FIGURE 8
In vivo antitumor activity of PKHD-5. (A) The changes in tumor volumewith varying concentrations of PKHD-5. (B) Bodyweight changes inmice. The
results are presented as mean ± SD. ***p < 0.001 denotes a statistically significant difference compared to the control group.
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promotion of tumorigenesis and progression. Among the identified
inhibitors, PKHD-5 demonstrated the most potent inhibitory effects
on both PKMYT1 (IC50 = 3.15 ± 0.21 nM) and HDAC2 (IC50 = 2.28 ±
0.13 nM). Kinase selectivity profiling further validated PKHD-5’s
specificity for these targets, which is essential for reducing potential
off-target effects and toxicity in HCC treatment. In vitro studies
demonstrated that PKHD-5 significantly suppressed tumor cell
viability and proliferation in HCC cell lines, most notably in
HepG2 cells. Importantly, PKHD-5 had a minimal impact on normal
liver cells (L02), indicating a selective toxicity that is beneficial for
reducing side effects and preserving the health of non-cancerous liver
cells. This selective action is a critical advantage in the development of
targeted cancer therapies. Furthermore, the safety profile of PKHD-5 was
superior to that of existing inhibitors, as evidenced by its higher IC50 value
against normal liver cells compared to compound 39 and SAHA. This
finding is particularly relevant given the need for HCC treatments with a
favorable therapeutic index to mitigate the risk of hepatotoxicity and
other adverse effects. In vivo studies using a xenograft model further
substantiated the anti-tumor efficacy of PKHD-5, with significant tumor
growth inhibition observed without concurrent significant side effects.
These findings underscore the potential of PKHD-5 as a promising
candidate for the therapeutic intervention of HCC.

In conclusion, the dual-targeting small molecule PKHD-5,
which inhibits both PKMYT1 and HDAC2, emerges as a
promising candidate for HCC therapy. Its multi-pathway
targeting approach, potent inhibitory effects, and favorable safety
profile offer distinct advantages over current treatments, addressing
the critical unmet needs of enhanced efficacy and reduced resistance.
Future preclinical studies will be directed towards elucidating the
mechanistic underpinnings of PKHD-5’s action, optimizing its
pharmacokinetic properties, and identifying predictive
biomarkers of response to guide its clinical development.
Considering the complexity of kinase and HDAC networks
within cells, to further mitigate potential off-target effects, we will
conduct long-term toxicity studies in the future to monitor any
chronic side effects that PKHD-5 may induce, ensuring its safety.
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