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Purpose: To enhance the cytotoxicities of our obtained CDK4 inhibitors and get CDK4/HDACs inhibitors with potent enzymatic
inhibitory and anti-proliferative activities.

Methods: A series of novel CDK4/HDAC:s inhibitors were designed and synthesized by incorporating the HDAC pharmacophores
(hydroxylamine or o-diaminoaniline) into the basic structure of our newly obtained 2-anilino-4-triazolpyrimidine based CDK4
inhibitors. The enzymatic inhibitory (HDAC1, CDK2, CDK4, and CDKO6) activities and cytotoxicities of these compounds were
evaluated. Moreover, HDAC isoforms inhibitory activity, cell cycle arrest assay, cell apoptosis analysis, cell migration, and cell colony
formation assay were performed for the representative compound 11k.

Results: Most of these compounds showed excellent HDACI inhibitory activities (ICsqs: 0.68~244.5 nM) and anti-proliferative
activities against cancer cell lines. Some compounds displayed potent CDK4 inhibitory activities and a certain selectivity towards
CDK2 and CDK6. Compound 11k exhibited potent enzymatic (CDK4: IC5p=23.59 nM; HDACI: ICs5p=61.11 nM; HDAC2:
IC50=80.62 nM; HDAC6: 1C5,=45.33 nM) and anti-proliferative activities against H460, MDA-MB-468, HCT116, and HepG2 cell
lines with ICs, values 1.20, 1.34, 2.07, and 2.66 pM, respectively. Further mechanistic studies revealed that compound 11k could arrest
the cell cycle in GO/G1 phase and induce apoptosis in HCT116 and MDA-MB-468 cells. In addition, compound 11k significantly
inhibited the migration and cell colony formation of H460 and HCT116 cells.

Conclusion: This study suggested that the incorporation of the HDAC pharmacophore into CDK4 inhibitor scaffold to design CDK/
HDAC inhibitors might be a tractable strategy to enhance the antitumor potency of compounds.
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Introduction

The cyclin-dependent protein kinases (CDKSs) are protein-serine/threonine kinases that display crucial effects in cell cycle
and transcription regulation."> At present, 21 members of the CDK family have been found, including CDK1-20.* The
over-expression of CDKs is closely related to the development of tumors. For example, the up-regulation of CDK2,
CDK4, CDK6, CDKS8, and CDK11 is positively correlated with the occurrence and deterioration of breast cancer,4 rectal
cancer,” esophageal cancer,’ and so on. CDKs have been considered as promising targets for the treatment of cancers.
Many small molecule CDK inhibitors have been explored for the therapy of cancers,” and Pfizer’s CDK4/6 inhibitor
palbociclib (Figure 1)® was the first CDK4/6 inhibitor approved in 2015 for the treatment of HR-positive and HER2-
negative breast cancer. In 2017, Novartis’ ribociclib (Figure 1)° and Lilly’s abemaciclib (Figure 1)'° were approved by
the US Food and Drug Administration (FDA) for the therapy of certain breast cancers. In 2021, G1 Therapeutics’
trilaciclib (Figure 1)'" was approved, and this drug expanded the cancer treatment scope of the CDK4/6 inhibitor to small
cell lung cancers. In addition to CDK4/6 inhibitors, many other CDK family inhibitors were advanced to clinic studies
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Figure | Representative structures of CDK inhibitors (above rectangle) and HDAC inhibitors (below rectangle).

including the CDK2 inhibitor milciclib (Figure 1).'* Histone deacetylase (HDAC) is a catalytic enzyme in histone, which
catalyzes the removal of acetyl from lysine.'*'* HDACs comprise a family of 18 genes in humans and are divided into
four classes. Among them, the Class I (HDACI1, HDAC2, HDAC3, and HDACS), I (HDAC4, HDACS5, HDACG,
HDAC7, HDAC9, and HDAC10), and IV (HDACI11) are considered “classical” HDACs which have a zinc-dependent
active site.'” The over-expression of HDAC was observed in many tumors, so HDAC inhibition has been developed as
one of the most efficient strategies for cancer treatment.'® Up to date, five HDAC inhibitors (vorinostat, romidepsin,
belinostat, panobinostat, and chidamide, Figure 1) have been approved by FDA or China National Medical Products
Administration (NMPA) for the therapy of cutaneous/peripheral T-cell lymphoma, multiple myeloma, and adult T-cell
leukemia-lymphoma.' "'

Dual (multiple)-target therapies have attracted much attention from medicinal chemistry researchers. The combina-
tional suppression of two or more different pathways involved in disease progression often causes synergistic or additive
effects and can reduce the potential of drug resistance development. In addition, dual (multiple)-target therapies show
high efficacy and can reduce the therapeutic doses and side-effects when comparing with single target drug therapy.?
The introduction of HDAC inhibitory pharmacophores (hydroxylamine or o-diaminoaniline) into the structure of
inhibitor for other target to develop HDAC-based dual or multiple inhibitors is a promising drug design strategy, and
a large number of inhibitors are explored according to this way."* Among these molecules, the HDAC/CDK dual
(multiple) inhibitors have shown promising enzymatic inhibitory and anti-proliferative activities.”> >

In the initial exploration of CDK inhibitors, we designed and synthesized a series of 2-anilino-4-triazolpyrimidine
derivatives with excellent CDK4 inhibitory activity yet poor anti-proliferative activity. In order to enhance the cytotoxi-
city, we introduce the HDAC inhibitory pharmacophores into the structures of these molecules to design a series of
CDK4/HDAC:s inhibitors. The structure—activity relationship and the mechanism of action of these compounds were
studied herein.

Materials and Methods

Chemistry
General Methods/Instruments

"H NMR were recorded on a BRUKER AVIII 500 MHz or AVII 400 MHz and "*C NMR were recorded on a BRUKER
AVII 100 MHz spectrometer. Proton chemical shifts are expressed in parts per million (ppm) and coupling constants in
Hz. Mass spectra were performed on a Finnigan LCQ DecaXP ion trap mass spectrometry or AB Sciex TripleTOF 6600
mass spectrometry. These data of related compounds are present in the Supporting Information (II. Chemistry).

General Synthetic Procedure of Trimethylsilylethynylpyrimidine Derivatives (2a, 2b)

To the solution of Pd (PPh;),Cl, (0.047 g, 0.067 mmol) and PPh; (0.034g, 0.13 mmol) in a mixed solvent of THF (10
mL) and Et;N (15 mL), 2,4-dichloropyrimidine derivatives (1a or 1b, 13.4 mmol) were added. After replacing air with
nitrogen by reducing pressure, Cul (0.026 g, 0.13 mmol) and trimethylsilylacetylene (1.579 g, 16.1 mmol) were added
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sequentially. The reaction mixture was heated at reflux temperature and cooled to room temperature (r.t.). The white
precipitate (Et;N.HCI) was filtered off and the filtrate solution was concentrated and the residue was purified by silica gel
column chromatography to get pure intermediate 2a or 2b.

General Synthetic Procedure of Ethynylpyrimidine Derivatives (3a, 3b)

To the solution of ethynylpyrimidine derivatives (2a or 2b, 4.7 mmol) in MeOH (10 mL), a solution of KOH (0.003 g,
0.05 mmol) in MeOH (5 mL) was added. After reacting for about 0.5 h at r.t., the mixture was concentrated and the
residue was purified by silica gel column chromatography to get pure intermediate 3a or 3b.

General Synthetic Procedure of 2-Chloro-4-(1,2,3-Triazol-4-Y1) pyrimidine Derivatives (4a~4f)

To the solution of 2-chloro-4-ethynylpyrimidine derivative (3a or 3b, 1.28 mmol) and alkyl azide (1.53 mmol) in a mixed
solvent of THF (5 mL), and H,O (5 mL), a solution of CuSO4.5H,0 (65 mg, 0.26 mmol) and sodium ascorbate (103 mg,
0.52 mmol) in H,O (5 mL) was added. The reaction mixture was stirred at r.t. for about 1 hour. After completion, the
reaction mixture was extracted with EtOAc (3x20 mL). The organic layer was dried over Na,SO,4 and the excess solvent
was removed under reduced pressure. Crude product was purified by column chromatography to get the pure compound
4a~4f.

General Synthetic Procedure of Compounds 6a~6d, 10a~10k, and 13a~13c

To the solution of halide substrate (0.30 mmol), aryl amine (0.33 mmol) in dioxane (10 mL), Pd(dba), (0.03 mmol),
Xantphos (0.01 mmol), and Cs,CO5 (0.60 mmol) were added. The air in the reaction system is replaced with N, for 3
times by decompression, and the reaction mixture was heated at 110°C for 2 hours and cooled to r.t. The solvent was
removed under reduced pressure, and the residue was dissolved in CH,Cl,, washed with brine, dried over anhydrous
Na,SOy, and concentrated under vacuum to afford crude compounds, which were purified by column chromatography to
get the pure 6a~6d, 10a~10k, and 13a~13c.

General Synthetic Procedure of Compounds 8a and 8b

Cs,CO;5 (1.89 g, 5.8 mmol) was added to the solution of nitrobenzene derivative (7a or 7b, 10.5 mmol) and methyl 7-
bromoheptanoate (2.50 g, 11.2 mmol) in DMF (15 mL), the reaction mixture was stirred at 90°C for 3 hours and cooled
to r.t. The solvent was removed under reduced pressure, and the residue was dissolved in CH,Cl,, washed with brine,
dried over anhydrous Na,SO,4, and concentrated under vacuum to afford crude compounds, which were purified by
column chromatography to get the pure 8a or 8b.

General Synthetic Procedure of Compounds 9a and 9b

A solution of intermediate 8a or 8b (1.0 g) in MeOH (50 mL) was treated with H, (1.0 bar, r.t.) in the presence of 10%
palladium on charcoal (0.10 g). After completion (5 h), the catalyst was removed by filtration, and the solvent was
evaporated to obtain the aniline 9a or 9b as yellow solid quantitatively.

General Synthetic Procedure of Target Compounds | la~I 1k

To the solution of NH,OH-HCIl (2.34 g, 34.3 mmol) in MeOH (12 mL), a solution of KOH (2.8 g, 50.9 mmol) in MeOH
(7 mL) was dropwise added. After filtering the precipitate, a solution of NH,OK mixed with NH,OH was obtained.
Compounds 10a~10k (0.5 mmol) were dissolved in the above solution (5 mL) and stirred overnight. After completion,
the solvent was evaporated under vacuum, and the residue was acidified with 1 N HCI to a pH 3~4 and then extracted
with CH,Cl,. The organic layer was washed with brine and dried over Na,SO, and then evaporated, and the residue was
purified by column chromatography to afford compounds 11a~11k.

General Synthetic Procedure of Compounds 14a~14c

Methyl benzoate derivative (13a, 13b, or 13¢, 250 mg) was added to the solution of NaOH (50 mg) in MeOH (6 mL) and
H,0 (0.5 mL), the reaction mixture was stirred at 60°C for 5 hours and cooled to r.t. 2N HCI was added to adjust the pH
value to 7.0 and then concentrated to dryness to afford crude compound, which was directly progressed to the next step
without further purification.
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General Synthetic Procedure of Compounds |5a~15c

2-(7-Azabenzotriazol-1-yl)-N, N, N’, N -tetramethyluronium hexafluorophosphate (HATU, 322 mg, 0.85 mmol) and N,
N-diisopropylethylamine (DIEA, 220 mg, 0.90 mmol) were added to a stirred solution of acid derivative (14a, 14b, or
14¢, 0.77 mmol) and tert-butyl (2-aminophenyl) carbamate (161 mg, 0.77 mmol) in anhydrous DMF (5 mL). The
reaction mixture was stirred overnight at r.t. After the reaction was completed, the reaction mixture had added DCM (20
mL) and was washed with saturated salt water (6x10 mL), the organic solvent was dried over sodium sulfate and
concentrated, and the obtained crude product was further purified by column chromatography to get pure compound
(15a, 15b, or 15c).

General Synthetic Procedure of Compounds |6a~16c

TFA (1 mL) was added dropwise to a stirred solution of tert-butyl carbamate derivative (15a, 15b, or 15¢, 150 mg) in
DCM (5 mL). The reaction mixture was stirred at r.t. for about 1 hour. After the reaction was completed, the reaction
mixture was concentrated and the residue was purified by column chromatography to get the pure compound (16a, 16b,
or 16c¢).

Cell Lines and Treatment

Human liver cancer cell line HepG2, breast cancer cell line MDA-MB-468, colorectal cancer cell HCT116, and lung
cancer cell line H460 were all purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in high-glucose DMEM or RPMI-1640 medium (ThermoFisher, USA) supplemented with 10% fetal
bovine serum (FBS, Invigentech, USA), 50 ug/mL streptomycin and 50 U/mL penicillin (Solarbio Science & Technology
Co. Ltd, Beijing, China) at 37°C in a 5% CO, humidified atmosphere.

Materials and Reagents

Palbociclib (S80974, purity 99%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
CDK2/CycA2 (04-102), CDK4/CyclinD3 (04-105), and CDK6/CyclinD3 (04-107) were all purchased from Carna
Biosciences, Inc. (Kobe, Japanese). Streptavidin-XL665 was obtained from Cisbio Bioassays (France). Annexin V-FITC/
PI Apoptosis Kit was purchased from KeyGEN BioTECH (Nanjing, China). Cell cycle detection kit was obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Dimethyl sulfoxide (DMSO) was purchased from Beijing
Solarbio Science & Technology Co. Ltd. (Beijing, China). Sulforhodamine B (SRB), Trichloroacetic acid (TCA), and
Trizma® base were all obtained from Sigma-Aldrich (St. Louis, MO).

Evaluation of HDACs Inhibitory Activity

The in vitro HDACs inhibitory assay of all compounds was performed by Sundia MediTech Company, Ltd. (Shanghai,
China). It was conducted by fluorescent assay. Briefly, all compounds were serially diluted to certain concentrations.
Then, the HDAC1 enzymes (Active Motif, 31504), HDAC2 (BPS bioscience, 50002), HDACS5 (BPS bioscience, 50005),
HDACS6 (BPS bioscience, 50006), HDAC8 (Active Motif, 31566), HDAC11 (BPS bioscience, 50011), and compounds
solution were dissolved in 1xAssay buffer, which was then added into a 384-well microplate. It was mixed briefly with
gentle centrifuging and the plate was incubated at r.t. Substrate peptide and Trypsin mixture were added to each well,
shaken for 1 minute, and the 384-plate was placed in a BioTek Synergy plate reader for data collection.

CDKs Kinase Inhibitory Assay

CDKs kinase inhibitory assay were conducted using homogenous time resolved fluorescence (HTRF) assay. According to
the assay protocol, various concentrations of tested compounds, CDKs kinase and their substrates were incubated in
1xKinase buffer for 10 minutes. ATP was then added into the reaction mixture in a 384-well plate to start the enzymatic
reaction. After incubated for 60-90 minutes at r.t., the reaction was blocked by addition of 1xDetection buffer with
Streptavidin-XL665. Then the plate was placed in a PerkinElmer Envision plate reader for data collection, the 1Cs,
values for inhibition were determined by GraphPad Prism.
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SRB Assay for Cell Viability

The anti-proliferation assay was determined by SRB assay. Briefly, cells were seeded in 96-well plates and incubated
overnight. Subsequently, cells were treated with the target compounds, palbociclib, vorinostat, and DMSO (1%o). After
incubation at 37°C for 72 hours, 50 uL of ice-cold 50% TCA was added per well and fixed at 4°C for | hour, the plates
were then washed with deionized water five times and air-dried. Next, fixed cells were stained with 0.4% SRB solution
for 10 minutes at r.t., followed by washing with 1% acetic acid. Finally, bound SRB was dissolved with 10 mM Tris Base
(150 pL/well), and the optical density at 515 nm was determined by a microplate reader. The ICs, values were calculated
using GraphPad Prism 5.

Cell Cycle Analysis

HCT116 and MDA-MB-468 cells were inoculated in a 6-well plate and cultured for 12 hours. After being treated with
11k at different concentrations for 24 hours, cells were collected, fixed in 75% ethanol at —20°C for 1 hour, and then
resuspended in RNase A for 30 minutes at 37°C, followed by being stained with propidium iodide (PI) for an additional
30 minutes. The stained cells were analyzed by flow cytometry (ACEA NovoCyte, Agilent Biosciences, Inc), and the
percentage of cells in the GO/G1 and G2/M phases was assessed by ModFit software.

FITC Annexin V/PI Staining Assay for Cell Apoptosis

Analysis of cell apoptosis was conducted by flow cytometry. After treatment with 11k at different concentrations for 48
hours, MDA-MB-468 or HCT116 cells were harvested by trypsinization and resuspended in 500 pL 1xbinding buffer,
which was then added to 5 pL of PI and 5 pL of Annexin-V/FITC according to the manufacturer’s instructions. Cells
were incubated for 15 minutes in the dark and analyzed within 1 hour by the ACEA NovoCyte flow cytometer (Agilent
Biosciences, Inc). All experiments were performed at least three times.

Cell Migration Assay

MDA-MB-468 or HCT116 cells were plated into a 6-well plate and incubated overnight. After drawing a straight line
with 10 uL pipette tips, cells were washed with PBS and exposed to 11k at the concentration of 2 uM and 5 uM,
respectively. Vorinostat and palbociclib were used as positive control. Following incubation at 37°C, the cells were
allowed to migrate. Images were taken at 24 hours and 48 hours, separately.

Colony Formation Assay

H460 or HCT116 cells were plated into a 6-well plate with 3,000 cells per well and incubated overnight. Subsequently,
cells were treated with 11k, vorinostat and palbociclib. Following incubation for 7-10 days, cells were fixed and stained
with 0.1% crystal violet.

Statistical Analysis

Data are presented as meantstandard deviation (SD). Statistical significance between multiple groups was analyzed by
one-way analysis of variance with Dunnett’s test using GraphPad Prism 8.0 software. A value of p<0.05 was considered
statistically significant.

Results and Discussion

Design of CDK4/HDAC: Inhibitors

Many CDK inhibitors contained the scaffold of N-(pyridin-2-yl) pyrimidin-2-amine or N-phenylpyrimidin-2-amine
(Figure 2).%° In order to get novel CDK inhibitors to overcome resistance and expand clinic indications, we introduced
the substituted triazol groups to the 4-pyrimidine position of the N-phenylpyrimidin-2-amine to design a series of 2-
anilino-4-triazolpyrimidine derivatives (6a~6d, Figure 2). In the in vitro activity assay, these compounds showed
excellent CDK4 inhibitory activities (ICsos: 8.50~62.04 nM), while palbociclib had an ICsy of 11.03 nM. However,
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Figure 2 Design of CDK4 inhibitors and CDK4/HDACsS inhibitors.

the anti-proliferative activities of these compounds were not ideal when testing against human lung carcinoma cell H460
and human breast cancer cell MDA-MB-468 (Table 1).

It is reported that HDAC inhibitors showed potent cytotoxicities®’ and the introduction of HDAC inhibitory
pharmacophores effected minor to the inhibitors due to the low molecular weight.”* It has also been confirmed that
the substitutes in the para position of aniline group for CDK inhibitors was injected in the solvent portion of targets. So
we introduce the HDAC inhibitory pharmacophores (hydroxylamine or o-diaminoaniline) to the para-aniline position of
the structures of 6a~6d to design a series of CDK4/HDACs inhibitors (Figure 2).

Table | CDK4 Inhibitory and Anti-Proliferative Activities of Compounds éa~6d

Ry C N R,
‘ ~
N)\N “N\-R
H ] 2
N=N
Compound R, R, R; 1Cs5o
CDK4 (nM)? H460 (uM)°® HCTI116 (uM)® MDA-MB-468
(uM)®
6a H Cyclopentyl (\ _ 62.04+8.67 >10 6.68+1.73 7.96+2.13
N
N
6b H Cyclohexyl (\ _ 17.51+£2.89 >10 7.96+2.04 >10
N
N
6c F Cyclohexyl (\ _ 8.50+1.93 7.35+0.80 7.89+1.63 >10
N
N
6d H Cyclohexyl SO,NH, 44.95+20.05 4.62+0.55 4.3110.61 >10
Palbociclib - - - 11.03£1.21 4.41+0.78 3.61£0.95 9.33+1.23

Notes: *ICso values are the means of at least two separate determinations and expressed as meanxSD. ®Values represent the means of at least three separated
determinations and were expressed as mean+SD.
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4a: R,=H, R,= cyclopentyl;

X i R, R, 4b: R;=H, R,= cyclohexyl;
)\ - )\ L )\ )\ N 4¢: Ri=F, Ry= cyclohexyl;
\ 4d: R;=H, R,=isobutyl;

4e: R|=F, Ry=isobutyl;

la: R;=H 2a: R=H 3a:R=H da~4f R_ 4f: R,=F, R,= cyclopentyl
1b: R;=F 2b: R;=F 3b: R|=F
6a: R =H, Ry=cyclopentyl, Ry=1-methyl-41>-piperazine;
\©\ a~4c )\ 6b: R,=H, R,=cyclohexyl, Ry=1-methyl-41>-piperazine;
N R, 6¢: R;=F, Ry=cyclohexyl, R3:1-methyl-4lz~piperazine;
Sa: R3=1- methyl -412-piperazine; 6a~6d 6d: R;=H, Ry=cyclohexyl, R3=SO,NH,
a

5b: R;=SO,NH,

Scheme | Reagents and conditions: i) TMSA, PdCl,(PPh;),, PPh;, Cul, THF, EtzN, reflux, 57%~62%; ii) KOH, MeOH, 90%~91%; iii) Alkyl azides, CuSO4.5H,0, sodium
ascorbate, THF, H,O, r.t., 46%~81%; and iv) Pd,(dba);, Cs,CO3, Xantphos, dioxane, reflux, 42%~67%.

Chemistry

The synthetic routes to intermediates 4a~4f and target compounds 6a~6d are displayed in Scheme 1. Coupling of
dichloropyrimidine derivative (1a or 1b) with ethynyltrimethylsilane gave intermediate 2a or 2b, subsequent removal of
the TMS group led to the ethynylpyrimidine derivative 3a or 3b. The latter underwent click reaction with alkyl azides to
afford the triazolpyrimidine derivatives 4a~4f. The target compounds 6a~6d were obtained through condensing 4a~4c¢
with aniline 5a or 5b, respectively. The new compounds were characterized by the NMR and MS (or HRMS) spectrum,
the purity of the target compounds was >95%.

The synthesis of the target compounds 11a~11k is shown in Scheme 2. Nucleophilic substitution reaction of
nitrobenzene derivative 7a or 7b with methyl 7-bromoheptanoate afforded methyl heptanoate 8a or 8b, which was
reduced by H, to yield aniline 9a or 9b. Afterwards, the aniline (9a or 9b) was subjected to a Buchwald-Hartwig Cross
Coupling Reaction with 4a~4f to furnish intermediate 10a~10k. Following reaction of 10a~10k with NH,OH got the
target compounds 11a—11k. The new compounds were characterized by NMR and MS (or HRMS) spectrum, the purity
of the target compounds was >95%.

The synthesis of the target compounds 16a~16c¢ is shown in Scheme 3. Similar to 6a~6d, intermediates 13a~13c were
synthesized by coupling of 4a, 4b, or 4d with aniline 12. Following hydrolytic acidification, the obtained 14a~14c
condensed with tert-butyl (2-aminophenyl) carbamate to afford 15a~15¢. Deprotection of the Boc groups in 15a~15¢
yielded compounds 16a~16¢. The new compounds were characterized by NMR and MS (or HRMS) spectrum, the purity

of the target compounds was >95%.

H,N
T e
Xy
O

7a, 7b 8a, 8b 9a, 9b

7a, 8a, 9a: X=0;
7b, 8b, 9b: X=lx2,4k2-piperazine

10a, 11a: R;=H, R,= isobutyl, X=0;
10b, 11b: R|=H, R,= cyclopentyl, X=0;

10c, 11c: R|=H, Ry= cyclohexyl, X=0;
10d, 11d: R|=F, R,= isobutyl, X=0;
10e, 11e: R =F, R,= cyclopentyl, X=0;

4a~4f Rz R, 10f, 11f: R|=F, Ry= cyclohexyl, X=0;
© 10g, 11g: R,=H, R,= isobutyl, X=1A2,4)\?-piperazine;
X \9)( _ X\‘%)L 10h, 11h: R,=H, R,= cyclopentyl, X=112,4A%-piperazine;
Y s~ NHOH 10i, 11i: R;=H, R,= cyclohexyl, X=122,4)\2-piperazine;
10a-10k 11a-11k 10§, 11j: R,=F, R,= isobutyl, X=11?,4)>-piperazine;

10k, 11k: R,=F, R,= cyclopentyl, X=1A% 4A%-piperazine

Scheme 2 i) Methyl 7-bromoheptanoate, Cs,CO3, DMF, 90°C, 65%~76%; ii) H,, Pd/C, MeOH, r.t., 100%; iii) Pd,(dba);, Cs,CO3, Xantphos, dioxane, reflux, 57%~73%; iv)
NH,OH, KOH, MeOH, r.t., 74%~91%.
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iii gy AN NI = iv 13c, 14c, 15¢, 16c: Ry= isobutyl
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15a~15¢ 16a~16¢
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Enzymatic Inhibitory and Anti-Proliferative Activities of Compounds I la~I 1k and
|6a~16c

As HDAC1 based dual (multiple) inhibitors have been confirmed to possess synergistic or additive antitumor effects,*’
the HDACI inhibitory activities of compounds 11a~11k and 16a~16¢c were first evaluated using a well-established
fluorescent assay and vorinostat was employed as the positive control. As shown in Table 2, all the tested compounds
exhibited potent HDACI inhibitory activities. Compounds with hydroxylamine groups (11a~11k, ICs4s: 0.68~88.0 nM)
showed more potent inhibitory activities than those with o-diaminoaniline groups (16a~16c¢, ICs,: 110.40~244.50 nM).
The X group between the pharmacophores of HDAC1 and CDK impacted HDACI inhibition obviously, the O atom
(11a~11f) was more beneficial than piperazin (11g~11k) to HDACI inhibitory activity.

Compared with compounds 6a~6d, the anti-proliferative activities of the new compounds were greatly enhanced.
Most of these compounds exhibited ICs, values lower than 5.0 uM (Table 2) when testing against H460, MDA-MB-468,
HCT116, and HepG2 cells. Especially, compound 11k showed ICs, values among 1.20~2.66 pM against these cell lines,
which was better than the positive control palbociclib and comparable with vorinostat. These results suggested that the
introduction of HDAC pharmacophores indeed enhanced the cytotoxicities of new compounds. In the primary stage of
drug development, the main purpose is finding compounds with excellent anti-proliferative activities. Herein, the target
compounds’ anti-proliferative activities are not so great, so their anti-proliferative activities against normal cell lines
were not yet evaluated, and this will be investigated in subsequent studies when compounds with extraordinary
cytotoxicities were found.

The CDK2, CDK4, and CDK6 inhibitory activities of these compounds were preliminarily evaluated in the
concentrations of 5 uM and 50 nM, respectively (Table 3). In summary, the CDK4 inhibition of these compounds was
better than CDK6, and the CDK2 inhibition was poor. Compounds 11a, 11d, and 11g~11k displayed 50% or higher
inhibition for CDK2, CDK4, or CDK6 in the concentration of 5 uM. Especially, compounds 11g~11k showed 28%~73%
inhibition for CDK4 in the concentration of 50 nM, which indicated that the presence of the piperazin group (X group)
was in favor of CDK4 inhibition. This showed a certain degree of conflict with HDACI inhibition, which reminded us to
balance the inhibition between HDAC1 and CDK4 for further structure modification. The ICs values of compounds 11d
and 11g~11k were evaluated (Table 4) as well. Among them, compounds 11g~11k showed the ICs, values ranging from
23.59 to 150.55 nM against CDK4, and from 128.60 to 526.95 nM against CDK®6, respectively. Compound 11k showed
the 1Csy value of 23.59 nM against CDK4, which exhibited a >5-fold selectively for CDK6 (ICso: 128.60 nM).
Compound 11k showed promising enzymatic and cellular inhibitory activities, and it was selected for further study.

HDAC Isoforms Inhibition Assay

To explore the inhibitory activity toward other HDAC isoforms, compound 11k was evaluated against HDAC1, HDAC?2,
HDACS, HDAC6, HDACS, and HDACI11 with vorinostat as the reference drug. As depicted in Table 5, besides HDAC1/
2/6, compound 11k also displayed potent activity for HDACS8 with an ICs, value of 228.90 nM, showing a >5-fold
selectivity in favor of HDACS versus HDAC6, while compound 11k displayed no significant HDACS5 and HDACI11
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Table 2 The Anti-Proliferative and HDACI Inhibitory Activities of Compounds | la~11lk and 16a~16c

o] (o}
H()HNJ\HZX\@ NS HN)K©\ )NI\ X
I — A —
NN N-R e NN T NR
H N=\ . N=N :
11a-11k 16a~16c
Compound | R, R, X 1Cso
H460 MDA-MB-468 HCTI16 HepG2 HDACI
(uM)? (uM)? (uM)? (uM)? (nM)°

lla H Isobutyl o 2.25+0.42 1.92+0.11 1.96+0.25 5.63+0.33 1.3840.16
I1b H | Cyclopentyl o 2.88+1.15 2.63+0.21 2.43+0.33 6.09+1.01 1.39+0.68
llc H | Cyclohexyl (e 3.40%1.19 4.20+0.71 3.15+0.75 >10 2.06+0.61
Id F Isobutyl (@) 1.72+0.55 2.33+0.24 2.14£0.47 743%1.79 0.68+0.17
lle F | Cyclopentyl (@) 2.25+0.36 3.69+0.50 2.46+0.38 >10 0.92+0.22
1f F Cyclohexyl (@) 2.05+0.26 2.63+0.63 2.19£0.23 >10 1.20+0.14
llg H Isobutyl 122, 402 4.86+0.46 1.61£0.22 3.53+0.87 7.92+2.40 65.19%1.59

piperazine
Ilh H | Cyclopentyl 122, 402 5.45+0.04 1.71£0.59 2.54+0.28 7.72+1.37 84.00+17.37

piperazine
i H | Cyclohexyl 122, 402 6.02+0.97 1.58+0.40 3.83+0.86 >10 58.22+8.53

piperazine
11j F Isobutyl 122, 402 1.54+0.40 1.28+0.02 2.99+0.99 2.49+1.04 88.00+2.43

piperazine
11k F | Cyclopentyl 122, 402 1.20£0.18 1.34+0.30 2.07+0.24 2.66+0.35 61.11+0.95

piperazine
16a — | Cyclopentyl - 4.10£0.31 2.09+0.39 2.20+0.09 3.00+0.80 110.40£7.92
16b — | Cyclohexyl - 2.69+0.85 3.27+0.35 2.13+0.21 3.30+0.89 138.80+8.06
l6c - Isobutyl - 7.02+0.05 2.36+0.48 4.72+1.68 5.12+0.40 244.50+12.02
Vorinostat - - - 1.95+0.73 1.86+0.19 1.39£0.19 1.24+0.18 9.07+0.64
Palbociclib - - - 4.41+0.78 9.33£1.23 3.61£0.95 >10 -

Notes: *Values represent the means of at least three separate determinations and are expressed as meanxSD. ®The values are the means of at least two separate
determinations and expressed as meanSD.

inhibition at 500 nM. With the exception of HDACS and HDAC11, compound 11k was less active than vorinostat against
all other tested HDAC isoforms.

Cell Cycle Arrest Assay of Compound | [k

11k was selected to test whether the kinase inhibitory effect of these compounds could partly cause cell cycle transition
arrest. HCT116 and MDA-MB-468 cells were exposed to 11k at various concentrations, which were then stained with PI
and analyzed by flow cytometry to determine the distribution of cells in phases of the cell cycle. Similar effects were
observed in HCT116 and MDA-MB-468 cell lines (Figure 3). Cells with 11k-treatment demonstrated an increase of cells
in GO/G1-phase and a large percentage of loss of cells in S-phase when compared with control (DMSO-treated cells).
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Table 3 Enzymatic Inhibitory Activities of Compounds | la~I Ik and 16a~16c

(0] (0]
HOHNJ\(“)EX\©\ N xR HN)ﬁ N X
H)\N/ A, HZN\C HJ\/NJY\N-R:
N=N N=N
11a-11k 16a~16¢
Compound R, R, X CDK2 CDK4 CDKé6
5uM 50 nM 5 uM 50 nM 5uM 50 nM

1a* H Isobutyl o) 49.59 0.53 48.86 1.99 9.78 8.65
11b? H Cyclopentyl o) 20.48 -3.88 39.10 0.47 9.24 9.04
e H Cyclohexyl o 1231 1.82 50.20 1.78 826 2.43
1d® F Isobutyl o 59.96 —4.44 62.58 5.13 16.19 4.99
lle? F Cyclopentyl o 19.95 -4.39 40.86 6.22 11.07 6.54
e F Cyclohexyl o) -5.87 -5.79 16.99 450 1.95 2.86
g H Isobutyl 1A% 4\%-piperazine | 49.79 -11.41 88.68 28.24 63.35 6.66
11h° H Cyclopentyl 1A%, 4\2-piperazine 52.12 —6.52 96.25 56.84 73.34 5.46
Hi° H Cyclohexyl 1A%, 4)2-piperazine 34.50 -8.70 91.69 41.70 76.05 3.19
Hj° F Isobutyl 1A%, 4)2-piperazine 35.24 -9.93 93.63 4527 49.20 3.29
1’y F Cyclopentyl | 12 4A-piperazine | 41.58 -7.98 96.56 73.48 70.06 9.49
16a* - Cyclopentyl - 20.17 1.75 6.94 -0.72 3.20 6.22
16b* - Cyclohexyl - 23.89 -7.71 13.69 6.15 -0.89 0.75
16 - Isobutyl - 32.74 5.20 3.40 -1.14 3.55 6.49
Palbociclib® - - - 432 9.46 100.65 87.96 93.03 39.15

Notes: A primary screening was done, and then the active compounds were selective for repeat experiment. *The values were done in triplicate. ®The values were means of
at least two independent experiments.

Similar to the 11k-treated group, palbociclib-treatment resulted in an accumulation of cells in GO/G1. 11k induced cell
arrest in GO/G1 at low dose (0.5-2 pM), while at high dosage (5 pM), it induced an increase of cells in S-phase. CDK4
plays a key role in G1/S transition of cell cycle.”® It is expected that CDK4 inhibition blocks the cell cycle in G1 phase.
Our results revealed that compound 11k showed the CDK4 inhibition activities and support the hypothesis of a blockage
during G1 at lower doses. Thus, effects on GO/G1 arrest are consistent with the inhibition of CDK4. As a well-known
HDACs inhibitor, vorinostat showed cells inhibition in G2-M phases.** Compound 11k also induced cells arrest in G2/M
phases at high concentration, which was similar to vorinostat. The results indicated that compound 11k has the inhibitory
characteristic of CDK4 and HDACs and confirmed the anti-proliferative properties.

Cell Apoptosis Analysis of Compound | Ik

FITC-Annexin V/PI double staining was used to investigate whether compound 11k could inhibit cell growth through
apoptosis. As illustrated in Figure 4A, compound 11k induced a dose-dependent increase in apoptosis of the MDA-MB-
468 cell line, which was compared to vehicle-treated cells. Additionally, at the dosage of 5 pM, compound 11k induced
more apoptosis in cells than the reference drug palbociclib. To further confirm the apoptosis induced by 11k, HCT116
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Table 4 CDK4/6 Inhibitory Activities of Representative Active Compounds

Compound 1C50 (NM)

CDK4 CDKé6
Id 442.45+71.21 -
llg 84.01+30.67 524.95+81.53
ITh 38.71£19.55 154.00+£39.46
i 133.75£19.02 280.55+27.37
11j 150.55£33.02 244.20+45.68
11k 23.59+4.17 128.60£30.12
Palbociclib 11.03% 1.21 15.8943. 21

Note: Values are the means of at least two separate determinations and expressed as mean+SD.

Table 5 Inhibition of HDAC Isoforms by Compound I 1k

Compound 1C50 (NM)

HDACI HDAC2 HDACS HDACé6 HDACS HDACI |
11k 6l.11 80.62 >500 45.33 228.90 >500
Vorinostat 9.07 12.36 >500 39.89 175.70 >500

Note: Values are the mean of at least two independent experiments, and the SD values are <20% of the mean.

and H460 were subjected to the apoptosis assay. Similar effects were observed in these two cell lines (Figure 4B and
Supplementary Figure S1). However, the positive compound palbociclib did not produce a dose-dependent increase in

apoptosis of H460. We speculated one possible reason the current experimental conditions were not so appropriate,
increasing the dose or prolonging the induction time of palbociclib may get a better dose-dependent curve. Maybe there
are other possible reasons here. As described in the article published by Li et al,*> at the dosage of 10 pM, vorinostat
induces cell apoptosis of about 10% in H460 cells, while in our experiment, vorinostat caused about 20% percent
apoptosis of H460 cells at 5 pM, but in HCT116 and MDA-MB-468 cell lines, the proportion of apoptosis is 64.72% and
49.19%, respectively. So it is speculated that H460 is not so sensitive to apoptosis inducer due to its own characteristics.
All the above results are consistent with the effect on cell growth inhibition. Taken together, compound 11k could induce
cell death via apoptosis.

Compound | Ik Inhibited Cell Migration

To investigate the migration inhibitory property of compound 11k, HCT116 and MDA-MB-468 were subjected to cell
scratch assay. The results are depicted in Figure 5. Compared to the control, 11k inhibited the migration of HCT116 and
MDA-MB-468 cells in a dose-dependent manner, which was equivalent to the inhibitory activity of positive drugs
vorinostat and palbociclib.

Cell Colony Formation Assay of Compound |k

Cell colony formation assay was conducted to investigate the effect of compound 11k on cell clonogenicity. The results
are provided in Figure 6. The colony formation capability of HCT116 and H460 cells was noticeably inhibited after
compound 11Kk treatment compared to control group. Upon treatment of 11k at increased concentrations, the number of
cell colony was gradually reduced. At the dosage of 2 uM, our compound 11k demonstrated a comparable inhibition of
colony formation with reference drug palbociclib.
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Conclusions
In order to get efficient anticancer agents, a series of novel CDK4/HDACs inhibitors were designed and synthesis based
on our newly obtained 2-anilino-4-triazolpyrimidine scaffold of CDK4 inhibitors. Most of these compounds exhibited
potent HDACT inhibitory activity and anti-proliferative activities. The CDKs inhibition evaluation confirmed that some
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Figure 6 The effects of | Ik on formation of clones in HCT116 (A) and H460 (B) cells.
Note: At least two independent experiments were conducted.
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compounds showed excellent CDK4 and inhibitory activities and certain selectivity toward CDK2 and CDK®6.
Compound 11k displayed significant anti-proliferative activities and enzymatic inhibition activities, the cell cycle
assay, cell apoptosis analysis, cell migration, and cell colony formation assay further confirmed the mechanism action
of 11k. Our results suggest that the incorporation of HDAC pharmacophore into CDK4 inhibitor scaffold might be a
tractable strategy to enhance the antitumor potency of compounds.
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