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ABSTRACT  

Class I histone deacetylases (HDACs) are highly expressed and/or upregulated in hepatocellular 

carcinoma (HCC) and are associated with aggressiveness, spread, and increased mortality of 

HCC. Activation of phosphatidylinositol 3-kinase-Akt-mammalian target of rapamycin 

(PI3K/Akt/mTOR) signaling pathway was involved in the development of HCC and acquired 

resistance to sorafenib. A series of purine or 5H-pyrrolo[3,2-d]pyrimidine based hydroxamates 

were designed and developed as multi-target drugs to modulate both HDACs and the 

PI3K/Akt/mTOR pathway. Among 39 cell lines screened, the molecules (e.g., 20e, 20f, and 20q) 

were the most selective against leukemia, lymphoma, and HCC cells; they also demonstrated 

target modulation in cancer cell lines and in mice bearing MV4-11 and HepG2 tumors. 

Compound 20f in particular showed significant single agent oral efficacy in hypervascular liver 
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cancer models (e.g., HepG2, HuH-7, and Hep3B) and was well-tolerated. These encouraging 

results, along with its favorable target profile and tissue distribution, warrant further 

development of 20f. 

KEYWORDS. HDAC inhibitor, PI3K inhibitor, PI3K/Akt/mTOR pathway, multi-target, purine, 

fused-pyrimidine, hydroxamic acid, anticancer, xenograft, efficacy, hepatocellular carcinoma, 

liver cancer, leukemia, non-Hodgkin lymphomas.  

 

 Introduction 

Hepatocellular carcinoma (HCC) is the third most fatal cancer worldwide with sorafenib being 

the first and only approved systemic therapy for advanced HCC since 2007.
1, 2

 Only recently in 

April 2017 was regorafenib, a fluorinated version of sorafenib, approved to treat HCC patients 

who fail sorafenib treatment (sorafenib resistance).
3, 4

 However there is currently no established 

systemic therapy for HCC patients who tolerate neither sorafenib nor regorafenib, or fail 

regorafenib therapy.
5
 Class I histone deacetylases (HDACs) are highly expressed and/or 

upregulated in hepatocellular carcinoma (HCC) and are associated with aggressiveness, spread, 

and increased mortality of HCC.
6-9

 Drug resistance to sorafenib involves pathways such as 

PI3K/Akt and JAK/STAT, and PI3K/Akt/mTOR signaling pathway activation has been found in 

a subset of HCC tumor samples.
10-13

 The above data thus suggest that both HDACs and 

PI3K/Akt/mTOR are relevant targets for the treatment of advanced HCC. 

HDACs are validated oncology targets and there are already approved HDAC inhibitors for 

the treatment of lymphoma and multiple myeloma (Figure 1), with new indications, including 

HCC, being explored and further validated in clinics.
14

 In preclinical studies, both HDAC 
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inhibitors vorinostat (Figure 1) and N-hydroxy-4-[[(2S)-3-methyl-2-

phenylbutanoyl]amino]benzamide (OSU-HDAC42) 
15

 were efficacious in HCC models, while 

HDAC inhibitor panobinostat (Figure 1) used in combination with sorafenib demonstrated the 

highest preclinical efficacy in HCC models.
16

 In completed clinical trials,  HDAC inhibitor 

belinostat (Figure 1) demonstrated disease stabilization with a tolerable toxicity profile amongst 

patients with HCC,
17

 while resminostat (Figure 1) 
14

 in combination  with sorafenib was found to 

be safe and showed early signs of efficacy in advanced HCC patients.  

Both PI3K and mTOR are also validated cancer targets: currently there are two approved 

PI3K inhibitors: idelalisib (PI3Kδ selective)
18

 and copanlisib (pan-class I PI3K inhibitor with 

preferential activity against PI3Kα and PI3Kδ) 
19

 (Figure 1). Combination of mTOR inhibitor (5-

(2,4-bis((S)-3-methylmorpholino)pyrido[2,3-d]pyrimidin-7-yl)-2-methoxyphenyl)methanol 

(AZD8055) 
20

 with HDAC inhibitor vorinostat  in vivo almost completely inhibited tumor-

growth without obvious adverse effects. Furthermore, the combination of dual PI3K/mTOR 

inhibitor 1-[4-[4-(dimethylamino)piperidine-1-carbonyl]phenyl]-3-[4-(4,6-dimorpholin-4-yl-

1,3,5-triazin-2-yl)phenyl]urea (PKI-587) 
21

 with sorafenib targeting both PI3K/AKT/mTOR and 

Ras/Raf/MAPK pathways showed synergistic inhibition of HCC cell proliferation. These results 

suggest that it is feasible and effective to target both HDACs and PI3K/AKT/mTOR pathways 

together for the treatment to advanced HCC.   

From a medicinal chemist’s perspective, a multi-target drug (single molecule) is an alternative 

approach to achieve multi-targeted therapy as compared to combination therapy (multiple 

molecules). Based on our knowledge and experience in the development of  HDAC inhibitors 
22-

24
 and PI3K/mTOR inhibitors (e.g., SB2343 (1), Figure 1),

25, 26
 we designed and synthesized  a 
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series of fused-pyrimidine based hydroxamates to target both HDACs and the PI3K/Akt/mTOR 

pathway for the treatment of cancer as well as non-oncology applications.
27

   

As illustrated in Figure 1, a typical HDAC inhibitor (vorinostat) comprises of three parts: zinc-

binding group (ZBG), linker, and a lipophilic and surface recognition “CAP” group.  As the CAP 

sits outside of the binding pocket of HDAC enzymes,
28

 it can be replaced with a kinase inhibitor 

core structure to afford a novel HDAC-kinase inhibitor.
29

 Purine and fused-pyrimidine are 

scaffolds used to build up competitive kinase inhibitors (e.g., 1 (SB2343), PI103 (2),
30

 

pictilisib,
30-32

 Figure 1) which compete with adenosine triphosphate (ATP). Hence, the HDAC 

inhibitor moieties (linker + ZBG) can be used to replace the sugar part of ATP to construct a 

kinase-HDAC inhibitor. The general chemical types of the designed HDAC-PI3K/mTOR 

inhibitors are depicted in Figure 2. Previous SAR studies on purine-based PI3K/mTOR inhibitors 

(4, as analogues of 1, Figure 2 ) had shown that the 9-position can accommodate rings and 

chains,
26

 thus HDAC inhibitor moieties were introduced to the 9-position to generate HDAC-

PI3K/mTOR inhibitors (5). Because both Cpd-38 (6) and Cpd-51 (8) (Figure 2), 
26

 two 

representative examples of 4, are potent PI3K and mTOR inhibitors, two expanded chemical 

series 7 and 9 were designed to establish the SARs for HDAC, PI3K and mTOR inhibitory 

activities as well as tune target profile (HDAC vs PI3K vs mTOR) by exploring a variety of 

combination of functional groups (i.e., Linker, and R
2
) (Figure 2). Series 10 was designed to 

explore potential morpholine replacement. As the best combination profile of 

HDAC/PI3K/mTOR is unknown or yet to be validated, the inhibitors were designed to have a 

broad range of potency or strength against each target (i.e., HDAC, PI3K, and mTOR) in order to 

mimic the combination of single-target inhibitors. The optimal combination was then determined 

in preclinical studies. Even though every drug candidate has to address its toxicity pre-clinically, 
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there remain concerns of potential combined toxicity of designed multi-target drugs in clinics. 

Fortunately, the latest Phase I results of CUDC-907 (3) (Figure 1) demonstrated tolerability and 

antitumor activity across all dosing schedules studied in patients with relapsed or refractory 

lymphoma or multiple myeloma.
33, 34

 3 (CUDC-907) 
35

 is the first HDAC/PI3K dual inhibitor 

entered clinical trials,
34, 36, 37

 being considered as a hybrid derivative of  PI3K inhibitor pictilisib 

and HDAC inhibitor quisinostat (Figure 1). 
38, 39
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Figure 1. Examples and chemical structure features of HDAC inhibitors (HDACi), PI3K/mTOR 

inhibitors, and HDAC/PI3K dual inhibitor. 3 (CUDC-907) is considered to be a hybrid derivative 
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of pictilisib and quisinostat. Both idelalisib and panobinostat were issued with a boxed warning 

by FDA. 

Here we report the synthesis and preclinical evaluation of hydroxamates 7, 9 and 10 series 

(Figure 2) which have been designed and developed to modulate both HDACs and the 

PI3K/Akt/mTOR pathway. Among 39 cancer cell lines screened, the molecules (e.g., 20e, 20f, 

and 20q) were more potent against leukemia, lymphoma, and HCC cells; they also demonstrated 

target modulation in cancer cell lines and in mice bearing MV4-11 and HepG2 tumors. 

Compound 20f in particular showed significant single agent oral efficacy in hypervascular HCC 

models (e.g., HepG2, HuH-7, and Hep3B) and was well-tolerated. These encouraging results, 

along with its favorable target profile and tissue distribution, warrant further development of 20f. 
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Figure 2. Design and chemical types of inhibitors targeting HDACs, PI3Ks and mTOR. IC50 

data of Cpd-38 (6) and Cpd-51 (8) were extracted from ref 26. 

RESULTS AND DISCUSSION 

Chemistry. A wide range of substituted purines and pyrrolo[2,3-d]pyrimidines were prepared 

in a straightforward four- or five-step procedure starting from 2,6-dichloropurine (11a) or 2,4-
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dichloro-7H-pyrrolo[2,3-d]pyrimidine (11b) which were commercially available.  As depicted in 

Scheme 1, a typical procedure used an alkyl halide in the presence of a suitable base such as 

potassium carbonate to alkylate the NH group of compound 11a or 11b. The major products 

were N-9 alkylated 13a–d when purine 11a was used. The two chlorine atoms of 13a–d were 

displaced selectively or sequentially under optimal reaction conditions. Under Suzuki reaction 

conditions, a boronic ester (14a) reacted with the more reactive chlorine atom to form mono-

chloro compound 15a–d. The 2
nd

 chlorine atom was displaced by an amine (e.g., morpholine) at 

elevated temperature to give the esters 16a–d, which were further converted to the hydroxamic 

acids 17a–d by hydroxylaminolysis in the presence of excessive hydroxylamine.  

 

Scheme 1. Synthesis of N-9 Substituted Purines 17a–d
a
 

  

a
Reagents and conditions: (a) NaI (0.2 equiv), anhydrous K2CO3 (2 equiv), Br(CH2)mCO2R

5
 

(12a–d, m = 3,4,5,6; R
5
 = Et or Me; 1.1 equiv), DMF, 40 °C, 12 h,  61–78%;  (b) 14a (1.1 

equiv), K2CO3 (2.5 equiv), dioxane/water, Pd(dppf)Cl2·CH2Cl2 (0.05 equiv), 82 °C for 6 h, 24–

72%; (c) morpholine, DMF, 80 °C, 12 h, 56–72%;  (d) NH2OH·HCl (10 equiv)/NaOMe (25 

equiv)/MeOH, −20 ºC to rt, 21–38%. 
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Table 1. SAR of N-9 Substituted Purines 17a–d  

 

Compd m 

HDAC1
a
 

IC50 (nM) 

PI3Kα
a
 

IC50 (nM) 

MV4-11
b
 

IC50 (µM) 

PC-3
b
 

IC50 (µM) 

MCF7
b
 

IC50 (µM) 

17a 3 >9257 12.8 ± 12.0 20.3 ± 2.5 >25 12.9 ± 1.9 

17b 4 1754 ± 299 8.7 ± 4.6 9.81 ± 0.25 18.1 ± 6.1 11.1 ± 2.5 

17c 5 60 ± 58 9.2 ± 6.3 2.81 ± 0.39 9.28 ± 3.03 7.37 ± 1.40 

17d 6 17 ± 9 19.0 ± 0.1 0.25 ± 0.01 2.33 ± 0.46 2.08 ± 0.48 

vorinostat  50 ± 30 NT 0.43 ± 0.10 3.07 ± 1.08 1.60 ± 0.31 

wortmannin  NT 10.1 ± 7.1 NT NT NT 

1  NT 7.8 ± 3.5 0.20 ± 0.03 0.18 ± 0.06 0.13 ± 0.05 

pictilisib  NT 18.7 ± 8.6 1.46 ± 1.09 0.75 ± 0.36 0.22 ± 0.18 

a
Values are expressed as mean ± standard deviation (SD) of at least two independent 

experiments. 
b
Values are expressed as mean ± SD of at least two independent duplicate 

experiments. NT: not tested. 

 

 Scheme 2 depicted an alternative displacement sequence of the two chlorine atoms of 

compounds 13c–e. The more reactive chlorine was displaced first by morpholine to give 18c–e, 

and the second chlorine was used to introduce aryl groups via Suzuki coupling by reaction with 

boronic acid or ester 14a–o to afford esters 19a–t which were subsequently converted to the 

hydroxamic acids 20a–s. For those aryl groups could not directly derive from the readily 
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available 14a–o, one additional step was applied to modify the analogues of 19a–t.  The reactive 

phenol group in 19t or 19p was alkylated by 2-bromoethanol and subsequently the resulting 

product 19t2 or 19u was converted to 20t or 20u, which was extended with a neutral hydroxyl 

group. The aldehyde 19v was reduced to the benzyl alcohol 19w, which was subsequently 

converted to the final hydroxamate 20v.  
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 Scheme 2. Synthesis of 2-Aryl-9-Substituted Purines and Pyrrolo[2,3-d]pyrimidines 20a–

v
a 

   

a
Reagents and conditions: (a) morpholine (3 equiv), DCM, 40 °C, 3 h or rt overnight,  87–

99%; (b) boronic acid or ester 14a-o (1.1 equiv), K2CO3 (2.5 equiv), dioxane/water, 

Pd(dppf)Cl2·CH2Cl2 (0.05 equiv), 82 °C for 6 h, 28–90%; (c) neat morpholine (excess), 78 °C, 
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overnight; (d) NH2OH·HCl (10 equiv)/NaOMe (25 equiv)/MeOH, ‒20 ºC to rt; (e) 2-

bromoethanol (3 equiv), K2CO3 (5 equiv), DMF, 90 °C; (f) NaBH4 (10 equiv), MeOH, rt, 95%. 

 

Scheme 3 depicted another modification: replacing the commonly used morpholine at the 6-

positon of the purine ring with other cyclic amines. Both piperidin-4-ylmethanol and piperidin-4-

ol were used to react with 13d to afford 21a and 21b, which were further converted to 

hydroxamates 23a and 23b via Suzuki coupling and hydroxylaminolysis. 

Scheme 3. Synthesis of 6-Substituted Purines 23a and 23b
a 

   

a
Reagents and conditions: (a) 13d (1 equiv), piperidin-4-ylmethanol or piperidin-4-ol (6 

equiv), Et3N (6 equiv), DCM, 40 °C, overnight; (b) 14a (3 equiv), K2CO3 (4 equiv), 

dioxane/water, Pd(dppf)Cl2·CH2Cl2 (0.05 equiv), microwave 150 °C, 10‒30 min; (c) 

NH2OH·HCl (10 equiv)/NaOMe (25 equiv)/MeOH, ‒20 ºC to rt. 
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Table 2. SAR of 2-Aryl-9-Substituted Purines and Pyrrolo[2,3-d]pyrimidines 20a–v 

 

Compd Ar X m 

HDAC1
a
 

IC50 (nM) 

PI3Kα
a
 

IC50 (nM) 

MV4-11
b
 

IC50 (µM) 

PC-3
b
 

IC50 (µM)  

20a 
 

N 6 5.55 ± 0.38 >10,000 0.78 ± 0.05 3.60 ± 0.90 

20b 
 

N 5 12 ± 2 724 ± 156 6.84 ± 2.66 17.4 ± 1.5 

20c 
 

N 6 2.9 ± 1.2 >1000 1.99 ± 0.12 8.48 ± 0.32 

20d 
 

N 5 35 ± 8 >10,000 2.39 ± 1.81 6.97 ± 1.23 

20e 
 

N 6 0.85 ± 0.34 196±26 0.045 ± 0.036 4.01 ± 1.43 

20f 
 

N 6 2.7 ± 1.2 50 ± 5 0.047 ± 0.030 1.08 ± 0.82 

20g  
N 6 4.4 ± 5.4 >1000 0.08 ± 0.09 3.64 ± 1.03 

20h 
 

N 6 2.3 ± 1.8 38 ± 27 0.034 ± 0.015 2.26 ± 0.63 

20i 
 

N 6 1.2 ± 0.8 >1000 0.061 ± 0.006 6.04 ± 1.19 

20j 
 

N 6 0.78 ± 0.02 >863 0.058 ± 0.003 3.53 ± 0.31 

20k 
 

N 6 0.84 ± 0.29 >924 0.059 ± 0.004 3.47 ± 0.16 
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Compd Ar X m 

HDAC1
a
 

IC50 (nM) 

PI3Kα
a
 

IC50 (nM) 

MV4-11
b
 

IC50 (µM) 

PC-3
b
 

IC50 (µM)  

20l 
 

N 6 0.61 ± 0.06 >1000 0.017 ± 0.002 3.02 ± 0.33 

20m 
 

N 6 1.7 ± 1.0 >1000 0.31 ± 0.04 2.81 ± 0.16 

20n 
 

N 6 1.4 ± 0.1 >6663 1.36 ± 0.51 7.54 ± 0.15 

20o 

 

N 6 2.7 ± 0.4 376 0.062 ± 0.026 2.77 ± 1.00 

20p 
 

N 6 0.49 ± 0.21 619 ± 16 1.81 ± 0.16 5.67 ± 1.03 

20q 
 

CH 6 1.5 ± 0.5 25 ± 10 0.044 ± 0.027 1.57 ± 0.69 

20r 
 

CH 6 1.6 ± 0.3 41 ± 8 0.13 ± 0.01 1.70 ± 0.57 

20s 
 

N 5 8.5 ± 2.5 317 ± 23 7.39±0.41 17.2 ± 2.8 

20t 

 

N 6 0.76 ± 0.65 994 ± 22 0.030 ± 0.008 1.68 ± 1.12 

20u 

 

N 6 3.7 ± 1.4 6439 ± 180 1.88 ± 0.14 4.69 ± 0.70 

20v 
 

N 6 0.89 ± 0.41 218 ± 14 0.38 ± 0.06 2.00 ± 0.17 

1   NT 7.8 ± 3.5 0.20 ± 0.03 0.18 ± 0.06 

pictilisib   NT 18.7 ± 8.6 1.46 ± 1.09 0.75 ± 0.36 

vorinostat   50 ± 30 NT 0.43 ± 0.10 3.07 ± 1.08 
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Compd Ar X m 

HDAC1
a
 

IC50 (nM) 

PI3Kα
a
 

IC50 (nM) 

MV4-11
b
 

IC50 (µM) 

PC-3
b
 

IC50 (µM)  

wortmannin   NT 10.1 ± 7.1 NT NT 

a,b 
See footnote of Table 1.  

 

 

Table 3. SAR of 6-Substitutedamino Purines 23a and 23b 

R1

N

N N

N

(CH2)6

N

NH2N

O

HN OH  

Compd R
1
 

HDAC1
a
 

IC50 (nM) 

PI3Kα
a
 

IC50 (nM) 

MV4-11
b
 

IC50 (µM) 

PC-3
b
 

IC50 (µM) 

MCF7
b
 

IC50 (µM) 

23a N

HO  
0.99 ± 0.35 1041 ± 203 0.17 ± 0.05 1.94 ± 0.19 2.56 ± 1.58 

23b 
N

HO  
0.69 ± 0.10 3955 ± 1688 0.13 ± 0.03 1.68 ± 0.74 1.21 ± 0.48 

20h 
 

2.3 ± 1.8 38 ± 27 0.034 ± 0.015 2.26 ± 0.63 0.95 ± 0.69 

a,b 
See footnote of Table 1.  

  

Scheme 4 depicted the approaches to introduce aryl linked hydroxamates at the 9-position of the 

purine ring. The more reactive 6-Cl of 11a was first replaced with morpholine, and then the 

resulting 6-morpholinopurine 24 was subjected to further alkylation. This approach was also 

applied to make individual compounds described in both Schemes 2 and 3.  Nitrile 25 was 

prepared by N-9 alkylation of 24 with 2-iodoacetonitrile and was further reduced to amine 26. 
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By reductive amination with aldehyde and alkylation with alkyl bromide, amine 26 was 

converted to intermediates 27 and 32 with aryl linkers, respectively.  After Suzuki coupling with 

either boronic ester 14a or boronic acid 14d, and subsequent hydroxylaminolysis,  27 and 32 

were eventually converted to hydroxamates 29, 31 and 34.  

Table 4. SAR of N-9 Aryl linked Purine Hydroxamates 29, 31 and 34 

 

Compd 

HDAC1
a
 

IC50 (nM) 

PI3Kα
a
 

IC50 (nM) 

MV4-11
b
 

IC50 (µM) 

PC-3
b
 

IC50 (µM) 

29 84 ± 40 >8956 0.24 ± 0.07 1.72 ± 0.81 

31 136 ± 10 307 ± 57 5.44 ± 1.73 >25 

34 1082 ± 192 4543 ± 1136 5.78 ± 0.64 18.5 ± 6.3 

a,b 
See footnote of Table 1.  

   

The acid (RCO2H) was identified as the major impurity in the final target hydroxamate 

(RCONHOH) product. In general, the hydroxamic acid was slightly more polar than the acid and 

was separated by preparative HPLC with purity >95%.   The acid (20w) corresponding to 20f 

was prepared by hydrolysis of the ester 19f (Supporting Information),  was a very poor HDAC 

inhibitor as compared to the respective hydroxamic acid 20f, it still maintained majority of the 

PI3K inhibitory potency, but its contribution to biological activity was insignificant or negligible 

(20f vs 20w, Table S1). 

 

Scheme 4. Synthesis of N-9 Aryl linked Purine Hydroxamates 29, 31, and 34
a 
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a
Reagents and conditions: (a) morpholine (3 equiv), rt, THF; (b) ICH2CN (2 equiv), anhydrous 

K2CO3 (2 equiv), MeCN-DMSO (19:1, v/v), 60 ºC; (c) NiCl2·6H2O (0.1 equiv), NaBH4 (7 

equiv), THF/MeOH (1:2); (d) methyl 3-(4-formylphenyl)acrylate (1.2 equiv), NaBH(OAc)3 (1.5 

equiv), HOAc (1 equiv), DCE, rt; (e) 14a or 14d (2.0 equiv, Scheme 2), K2CO3 (2.0 equiv), 

dioxane/water, Pd(dppf)Cl2·CH2Cl2 (0.05 equiv), microwave 15–30 min; (f) NH2OH·HCl (10 

equiv)/NaOMe (25 equiv)/MeOH, −20 ºC to rt; (g) p-BrCH2C6H4CO2CH3 (1.1 equiv), Et3N (1.2 

equiv), THF, rt, 2 h. 

 

 Inhibition of HDAC1 and PI3Kαααα, SAR and Anti-proliferative Activity. HeLa nuclear 

extract and HDAC isozyme HDAC1 as well as PI3Kα (p110α/p85α) were used as routine 

enzymatic screening tests for HDAC and PI3K inhibitory activities. Cancer cell lines MV4-11 
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(acute monocytic leukemia), PC-3 (prostate cancer) and MCF7 (breast cancer) were used to 

evaluate anti-proliferative activities as well as modulation of targets (HDACs, PI3K, mTOR) in 

cancer cells. HDAC inhibitor vorinostat and PI3K inhibitor pictilisib were used as positive 

control in all experiments.  

To establish SAR, we tried to optimize HDAC inhibitory activity first and started from a PI3K 

inhibitor core structure with fixed functional groups which were good for PI3K inhibition.  

According to our previous study, purine-based PI3K/mTOR inhibitor 1 (Figure 1) or 4 (Figure 

2), the 2-aminopyrimidin-5-yl group was good for PI3Kα and mTOR inhibition (e.g., 6 and 8), 

and 9-position could accommodate substituents such as rings or chains of reasonable size, 
26

 and 

thus a batch of compounds  17a–d (Table 1) were first synthesized.   Their PI3Kα inhibitory IC50 

values were comparable to that of 1, however their HDAC IC50 values were correlated with the 

length of carbon linker. It was found that C6 (six methylenes) or six atoms linker was optimal; 

these results were in line with the previous reported SAR for acylurea linked hydroxamates. 
23

 

The anti-proliferative potencies were also improved along with the linker length, but even the 

best compound 17d which showed better HDAC inhibitory potency than vorinostat was less 

potent than vorinostat in cells. Besides target potency, the physicochemical properties may also 

affect cellular potency. Polar group 2-aminopyrimidin-5-yl at 1-position and linker-hydroxamic 

acid at 9-position of the purine molecule may not be the best arrangement. Next we tried to swap 

the morpholine and 2-aminopyrimidine groups to create molecules like 8 or 9 (Figure 2).  A 

series of compounds 20a–v were thus made to further confirm the optimal linker for HDAC 

inhibition and explore PI3K/mTOR inhibitory potency SAR  (Table 2). 

The C6 linker for hydroxamate was still preferred (20b vs 20c, 20d vs 20e, and 20s vs 20p), 

and the HDAC1 IC50 value went down to 1 nM, this was still valid for most of the compounds 
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with C6 linker in Table 2. The IC50 value didn’t change significantly with a variety of 

substituents at 2-position of the purine nor pyrrolo[2,3-d]pyrimidine ring, as these lipophilic 

purines or pyrrolo[2,3-d]pyrimidines were excellent CAPs for HDAC inhibitors. Therefore there 

was leeway to tune PI3K/mTOR inhibitory potency in these SARs. 2-Aminopyrimidin-5-yl 

group was still one of the best groups for PI3K inhibition (e.g., 20h and 20q), metabolically 

labile meta phenol group was also good (20r) for PI3Kα inhibition (similar to 2), and meta 

benzyl alcohol (20f) was found to be a good replacement of the phenol and demonstrated 

comparable PI3Kα potency. The binding site cannot tolerate big or bulky groups as we reported 

earlier,
26

 such compounds (20i–l, 20n, 20t, and 20u) didn’t show any appreciable potency 

against PI3Kα. Adding para substituent to meta phenol (20p and 20s) or benzyl alcohol (20v)  

actually reduced the PI3Kα potency. Compound 20g with para benzyl alcohol group was no 

longer active against PI3Kα. Compounds 20f, 20h, 20q, 20e, and 20o were very potent HDAC 

inhibitors with variable PI3Kα potency and showed good cellular activates as well, were worth 

of further profiling and evaluation. 

Morpholine ring was commonly used in PI3K inhibitors, 
40

   it also showed good activity at 

purine 6-position in above mentioned series. A few substituents were tried to replace the 

morpholine, such as 23a and 23b, unfortunately they significantly destroyed PI3Kα affinity, but 

still kept the HDAC inhibitory effect intact.   

Besides aliphatic linkers, aryl linker was also commonly used for HDAC inhibitors. We made 

several compounds with aryl linker at N-9 position to investigate the HDAC potency. Both 29 

and 31 with cinnamic linkers showed moderate HDAC potency, but the PI3Kα potency was 

affected even with the best 2-aminopyrimidine group, the N-9 substituent was too big and basic 
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(secondary amine). 34 was linked with a shorter benzylamine linker unit and showed even poorer 

HDAC inhibitory potency.   

Molecular Docking Study. To better understand the above observed SAR for PI3Kα 

inhibition, molecular docking study was performed using AutoDock Vina software
41

 and crystal 

structure of PI3Kα–3 complex (PDB ID code: 4L23)
42

 (Supporting Information, Figure S2). For 

these morpholino-pyrimidine based PI3K inhibitors, there are two major binding modes. One is 

represented by 2 (Figure S2A and Figure S2B), and the other is represented by 1 (Figure S2D). 

The backbone NH group of Val851 in the hinge region is a hydrogen bond donor, it forms a 

hydrogen bond with the 1-position nitrogen atom of the ATP purine ring, and this interaction is 

critical to kinase activity.  The oxygen of the morpholine group of 2 is a hydrogen bond acceptor 

and forms a hydrogen bond with the NH group of Val851 (Figure S2B). Forming this bond 

enables 2 to compete with ATP in the ATP binding pocket. The hydroxyl group of the phenol 

ring of 2 also forms another two key hydrogen bonds with the residues of Tyr836 and Asp810. 

Compound 10r, which has a meta phenol group as well, shows a similar binding mode (Figure 

S2E). 20p has similar interactions with the key residues, but the inhibitory potency is lower, 

probably due to the unfavorable interaction between the fluorine atom and the hydroxyl group 

(Figure S2F). The meta benzyl alcohol group of 20f interacts with the residues of Asp810, 

Tyr836 and Asp933 (Figure S2G), which makes 20f a potent PI3Kα inhibitor. In contrast, the 

para benzyl alcohol group of 20g is far away from Tyr836, and only forms a hydrogen bond with 

Asp810. Furthermore, the oxygen of benzyl alcohol group is unfavorably close to the carboxylic 

group of Asp933 (Figure S2H). This is why 20g loses PI3Kα inhibitory activity dramatically as 

compared to 20f (Figure S2I).  Pictilisib does not have a hydroxyl group, but its 1H-indazol-4-yl 

group forms two hydrogen bonds with Tyr836 and Asp810 (Figure S2C), and therefore it is also 

Page 20 of 79

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

a potent PI3Kα inhibitor. Compound 20n also has an indazole group, but it is 1H-indazol-6-yl 

and thus only forms a hydrogen bond with Asp810 (Figure S2J). The hydrogen bond with 

Tyr836 is very important in achieving a ligand’s inhibitory activity, for example, an Y836A 

mutation resulted in 44-fold reduction of 2’s potency against PI3Kα.
42

  

Compound 1 represents the second binding mode, its para amino group of the 2-

aminopyrimidine group forms two hydrogen bonds with Asp810 and Asp933, and the two 

nitrogen atoms in the pyrimidine ring form additional hydrogen bonds, one with Lys802, and the 

other with the NH group of Asp933 or hydroxyl group of Tyr836 (Figure S2D).  Compounds 

17d (Figure S2K), 20h (Figure S2L) and 20q (Figure S2M) all have 2-aminopyrimidine groups: 

they show similar binding mode as that of 1 and are also potent PI3Kα inhibitors. 20e has an 

amino-pyridine group and it forms fewer hydrogen bonds as compared to 2-aminopyrimidine 

group (Figure S2N), therefore its potency is lower than 20h or 20q.   23a (Figure S2O) and 23b 

(Figure S2P) are two analogues of 20h, with the morpholine group being replaced by piperidines. 

In order to make similar contact with Val851, the hydroxyl group repels the entire molecule 

away from the binding pocket (i.e., Trp780, Met772, Met922, Ile800, Ile932, Tyr836 and 

Asp933), but pushes it slightly closer to Lys802 as compared to 20h. Furthermore, the piperidine 

has to adopt a conformation notably different from that of the morpholine in 20h. In contrast, all 

rings including the morpholine of 20h superpose well on 2 (Figure S2L). Hence, 23a and 23b are 

poor PI3Kα inhibitors. Interestingly, 23a is about 4-fold as potent as 23b. Its flexible primary 

alcohol may allow it to adopt a more favorable conformation in order to form a hydrogen bond 

with the NH group of Val851 in contrast to that of the rigid secondary alcohol in 23b. It is thus 

clear that piperidine is not a suitable replacement for the morpholine group in the current 

chemical series.   
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In Vitro Profiling against HDACs and Kinases. Besides in house assays, the HDAC isoform 

profiling was done at BPS Bioscience. In additional to routine controls such as vorinostat and 

trichostatin A (TSA), 3 and pracinostat were also included for comparison.  The data for 3, 

except for class IV HDAC11, were generally in line with reported data generated with different 

substrate.
36

 IC50 values of pracinostat were also in line with the trend of our previous reported 

Ki values which were derived from IC50 values, except for HDACs 4, 5, 7, 8 and 11 which were 

tested using class 2a substrate. 20e, 20f and 20q were potent nanomolar inhibitors for HDACs 1, 

2, 3, 6, and 10, but poor inhibitors for classes IIa and IV HDACs.    

Selected compounds 20f and 20q were also profiled against a panel of 97 kinases: both were 

found selective against lipid kinases (Supporting Information Table S2), and their Kd values were 

determined (Table 6). The PI3K and mTOR inhibitory IC50 values were determined at both 

Reaction Biology Corp and Life Technologies, the data agreed well from two different assay 

platforms. Additional kinase profiling was done at Life Technologies with 3 as positive control. 

Pictilisib was the most potent PI3K inhibitor, but a poor mTOR inhibitor. 3 showed reasonable 

potency against mTOR, and was still a pan-inhibitor for PI3K. Compounds 20h, 20e and 20q 

were active against mTOR, 20f was a weaker mTOR inhibitor thus more selective for PI3K, was 

also potent against PI3K2β, which was confirmed by two different assay platforms.  

Compounds 20f, 20h, 20e, 20o, and 20q achieved dual or multi inhibitions of HDACs and 

PI3K/mTOR. They were very potent pan-HDAC inhibitors with a different degree of inhibitory 

potency against PI3K/mTOR, thus were good examples for further evaluation in order to identify 

the optimal combination of HDAC and PI3K/mTOR. 
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Table 5. Inhibition of HDAC Isozymes by Selected Compounds 

 

IC50 (nM) for HDAC Isozymes
a
 

Compd 1 2 3 4 5 6 7 8 9 10 11 

20e 1.0 4.0 2.0 >10,000 >10,000 4.6 >10,000 184 >10,000 1.7 >10,000 

20f 1.1 6.0 1.1 4,591 4,800 4.2 2,305 320 1,282 2.5 9,700 

20q 1.5 4.1 0.66 >10,000 >10,000 6.6 >10,000 270 >10,000 2.3 6,300 

vorinostat 81 220 34 NT NT 12 NT NT NT 27 NT 

TSA NT NT NT NT NT NT NT 490 NT NT 10,900 

pracinostat  50 290 70 >10,000 5,113 93 >10,000 2,835 >10,000 82 >10,000 

3 2.0 8.0 3.2 479 581 34 528 54 639 4.1 1,267 

a
HDAC profiling was done by BPS Bioscience (6042 Cornerstone Court West, Suite B, San Diego, CA 92121), HDAC Substrate 3 (BPS catalog 

#50037) was used for class I HDACs (HDACs 1, 2, and 3) and class IIb HDACs (HDACs 6 and 10) and vorinostat as positive control; substrate 

class 2a (catalog # 50040) was used for class IIa HDACs (HDACs 4, 5, 7, and 9) as well as HDACs 8 (class I) and 11 (class IV), using TSA as 

positive control.  TSA: trichostatin A. NT: not tested. 

 

  

Page 23 of 79

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Table 6. Inhibition of Lipid and Relevant Kinases by Selected Compounds 

 Kd (nM)
a
 IC50 (nM)

b
 

Kinases 20f 20q 20h 20e 20f 20o 20q Pictilisib 3 2 

PI3Kα 3.5 12 29 198 28 136 11 4.7 7.9 3.8 

PI3Kβ NT NT 648 1656 212 1403 87 NT 21 10 

PI3Kγ 86 100 98 793 177 692 92 NT 112 71 

PI3Kδ 41 240 133 301 37 331 63 NT 6.3 11 

mTOR NT NT 288 374 1,946 4,945 101 959 185 141 

PI3K2α NT NT >1,000 >10,000 >1,000 >10, 000 >1,000 NT NT NT 

PI3K2β 4.9 260 >1,000 >1,000 103 >1,000 1,046 NT NT NT 

DNA-PK NT NT >1,000 >10,000 10,000 >10,000 594 NT 3,673 NT 

PIK3C3 NT NT >10,000 >10,000 10,000 >10,000 6,295 NT >10,000 NT 

PI4Kβ NT NT >10,000 >10,000 >10,000 >10,000 >10,000 NT NT NT 

a
Kd values were determined by DiscoverX Corporation (42501 Albrae Street,  Fremont, CA 94538,  United States). 

b
PI3K and mTOR IC50 values 

were determined by Reaction Biology Corp. (One Great Valley Parkway Suite 2, Malvern, PA 19355, United States) and Life Technologies. NT: 

not tested.
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Table 7. Anti-Proliferative IC50 (µM) of Selected Compounds
a
  

Cancer Cell Lines 20e 20f 20q Pictilisib Vorinostat Sorafenib 

Leukemia K562  0.60 ± 0.30 0.35 ± 0.14 0.44 ± 0.32 6.34 ± 3.09 1.02 ± 0.12 5.08 ± 0.37 

 MOLT4  0.16 ± 0.10 0.14 ± 0.11 0.15 ± 0.07 0.18 ± 0.04 0.52 ± 0.16 5.94 ± 0.04 

 MV4-11  0.045 ± 0.036 0.047 ± 0.030 0.044 ± 0.027 1.46 ± 1.09 0.43 ± 0.10 <0.006 

Lymphomas Raji 0.35 ± 0.15 0.24 ± 0.04 0.28 ± 0.08 6.50 ± 3.23 1.11 ± 0.48 3.94 ± 0.04 

 Ramos 0.60 ± 0.18 0.40 ± 0.13 0.49 ± 0.18 4.86 ± 1.79 0.62 ± 0.07 NT 

 SU-DHL-6 0.23 ± 0.12 0.19 ± 0.06 0.25 ± 0.14 0.03 ± 0.01 0.58 ± 0.17 3.82 ± 0.02 

Liver cancer Hep3B 1.55 ± 0.15 1.25 ± 0.20 2.87 ± 0.26 2.03 ± 1.02 2.60 ± 0.56 4.33 ± 1.16 

 HepG2 0.96 ± 0.29 0.59 ± 0.11 1.05 ± 0.25 6.22 ± 1.83 1.27 ± 0.10 3.66 ± 0.90 

 HuH-7 0.50 ± 0.19 0.48 ± 0.13 0.65 ± 0.20 1.72 ± 0.02 1.95 ± 0.39 2.68 ± 0.28 

 PLC/PRF/5 1.57 ± 0.24 1.24 ± 0.08 3.05 ± 0.41 3.07 ± 0.74 1.87 ± 0.16 7.51 ± 2.59 

 SK-HEP1 1.16 ± 0.23 0.79 ± 0.20 1.46 ± 0.54 4.30 ± 0.24 1.85 ± 0.28 8.37 ± 3.84 

 SNU-387 3.15 ± 2.16 2.64 ± 1.50 3.90 ± 0.79 NT 2.45 ± 0.69 8.29 ± 0.75 

 SNU-398 1.52 ± 0.63 1.38 ± 0.57 1.66 ± 0.54 NT 1.39 ± 0.31 3.38 ± 0.43 

a
Values are expressed as mean ± SD of at least two independent duplicate experiments. NT: not tested.
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In Vitro Anti-proliferation Profiling. Lead compounds were screened against 39 cancer cell 

lines (Supporting Information Table S3) in anti-proliferative assays (cellular IC50) and were 

found more sensitive/potent against leukemia, lymphoma and HCC cell lines (Table 7). For 

instance, 20e, 20f and 20q were very active against leukemia cell line MV4-11, and were much 

more potent than pictilisib and vorinostat. Sorafenib in general was much less potent than these 

compounds as its mechanism is mainly anti-angiogenesis in vivo. Sorafenib’s exceptional 

activity against MV4-11 might be due to its inhibition of multi-kinase particularly FLT3. Among 

liver cancer cell lines, 20f was more potent against HepG2, HuH-7 and SK-HEP1. 

 

Figure 3. Caspase activity induction and cell death in MV4-11 cells. (A) Maximal caspase 

activity at 24 h. MV4-11 cells were treated with 20f (▼), vorinostat (●), and pictilisib (♦), 

respectively. Caspase 3/7 activity was monitored at 6, 24, 48 and 72 h, respectively. Maximal 

activity was found and shown at 24 h, expressed as fold of change (treated vs vehicle, mean ± 

SD). (B) Maximal cell death occurred at 48 h. MV4-11 cells were treated with 20f (▼) 

vorinostat (●), and pictilisib (♦), respectively. Cell death was monitored at 24, 48 and 72 h 

Maximal cell death as fold of treated vs vehicle was occurred at 48 h. Y Axis is expressed as 

mean ± SD. EC50 value was calculated by fitting the dose-response curve with Prism 4.0. 
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Caspase Activity Induction and Cell Death.  HDAC inhibitors can induce cell apoptosis
43

 

Caspase-3/7 activity was used as a surrogate for apoptotic cell death induction. Cells were 

treated with 20f, vorinostat and pictilisib, respectively and caspase activity was monitored at 

different time points. The maximal activity was found and shown at 24 h. The caspase induction 

effective concentrations (EC50) were 0.40, 0.90, and 10.7 µM for 20f, vorinostat and pictilisib, 

respectively.  Maximal cell death as fold of treated vs vehicle was occurred at 48 h, the cell death 

potency EC50 was estimated as 0.064, 0.53 and 2.71 µM for 20f, vorinostat and pictilisib, 

respectively. 20f was much more potent than vorinostat and pictilisib in terms in induction of 

caspase active and cell death in MV4-11 cells.  

Clonogenic and Soft Agar Assays. Anchorage-dependent clonogenic assay was used to 

determine cell reproductive death after treatment with 20f. Liver cancer cells Hep3B and HuH-7 

after treatment with a series dilution of 20f, showed IC50 values of 0.61 µM and 0.39 µM, 

respectively, and these values were lower than their respective in vitro cellular assay IC50 values 

of 1.25 µM and 0.48 µM, respectively (Table 7).  One of the hallmark characteristics of cellular 

transformation and uncontrolled cell growth is anchorage independent growth of cancer cells in 

soft agar.  When 20f was tested in a 3-dimensional (3D) soft agar format, it inhibited colony 

formation of NCI-H460 and 4T1 cells with IC50 values of 0.31 µM and 0.91 µM, respectively. 

Again these IC50 values were lower than the normal in vitro cellular assay IC50 values (0.89 µM 

and 1.29 µM for NCI-H460 and 4T1, respectively). These data suggested that 20f could inhibit a 

variety of cancer cells under both anchorage-dependent and anchorage-independent conditions. 
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Figure 4. Clonogenic and soft agar assays and IC50 values. 20f inhibited colony formation of 

Hep3B and HuH-7 cells under anchorage-dependent conditions and inhibited colony formation 

of NCI-H460 and 4T1 (murine triple negative breast cancer) cells in soft agar assays.  

 

Modulation of HDACs and PI3K/mTOR in Cancer Cells and Tumors. Inhibition of 

HDACs will result in hyperacetylation of histones and other substrates such as α-tubulin, and  

the latter is the result of inhibition of HDAC6. Inhibition of PI3K/Akt/mTOR axis may reduce 

the phosphorylated Akt level as well as the phosphorylation levels of downstream proteins such 

as P70S6K, S6, and 4-EBP1. The effect on target modulation was first studied in PC-3 (PTEN 

deficient) and MCF7 (PIK3CA, E545K mutation) cells and most of the compounds were 

screened for target modulation.   

In PC-3 cells, after 24 h of drug treatment, 20f, 20g, and 20h were confirmed to be potent 

HDAC inhibitors as their effects on hyperacetylation of histone 3 (AcH3) and α-tubulin were 
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similar to those of vorinostat at 10 µM (Supporting Information Figure S1A). 17d was a much 

weaker HDAC inhibitor as compared to 20f–h in terms of enzymatic potency and cellular target 

modulation. Pictilisib was a very potent PI3K inhibitor and a weak mTOR inhibitor, it almost 

completely depleted pAkt at 1 µM. The order of potency in PC-3 cells for pAkt reduction was 

pictilisib > 20f > 17d > 20h > 20g. Vorinostat showed no effect on pAkt level in this experiment. 

In MCF7 cells, 20q appeared as a potent effector on pAkt and pS6 reduction, as it was more 

potent than 20f and also an mTOR inhibitor (Supporting Information Figure S1B). During the 

short period of time of treatment, these compounds didn’t change the total protein levels in 

MCF7 cells (e.g., α-tubulin, Akt, P70S6K, and S6). 

In liver cancer HepG2 cells, 20f and 20q were potent HDAC inhibitors in terms of 

hyperacetylation of H3 and α-tubulin (Figure 5A), while 3 was a weaker inhibitor on HDAC6. 

Acid 20w is a potential impurity or degradation product of 20f, still maintained the majority of 

PI3K inhibitory activity, but it showed much weak activity against HDAC6 and HDACs 1, 2, 3 

in HepG2 cells. In HuH-7 cells (Figure 5B), the overall effect on phosphorylated Akt, P70S6K, 

and S6 was in the order of 20q > 20f > 20e > 20o, which was in line with their respective in vitro 

enzymatic IC50 potency against PI3Kα and mTOR. Sorafenib reduced pAkt level (gel 

normalized intensity 42% vs vehicle) at lower concentration (1 µM), but enhanced pAkt (S473) 

level (252% vs vehicle) at higher concentration (10 µM). These data further support that a 

PI3K/mTOR inhibitor is necessary to combine with sorafenib to reduce pAkt level.
13, 44, 45
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Figure 5. Modulation of HDACs and PI3K/Akt/mTOR pathway in liver cancer cells. (A). 

HepG2 cells were serum starved overnight (20 h), then treated with vehicle (0.1% DMSO) or 

compounds for 4 h, followed by stimulation with growth factors FGF2 (50 ng/mL), IGF-1 (100 

ng/mL) and EGF (50 ng/mL) for 15 min, respectively. Veh: vehicle. (B) HuH-7 cells were 

treated with vehicle (0.1% DMSO) or compounds in serum free media for 4 h including last 12 

min stimulated with VEGF (20 ng/mL). Vor: vorinostat; Pic: pictilisib; Sor: sorafenib. 

 

Figure 6.  Modulation of HDACs in tumor-bearing mice models. (A) Hyperacetylation of H3 in 

MV4-11 tumors induced by 20f and 20q. Tumor bearing BALB/c nude mice were treated with 

vehicle [DMSO/PEG400/sterile water (10:40:50)] (3 h, po, 10 mL/kg), 20f which was 
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administered in three routes (po, 150 mg/kg; iv, 50 mg/kg and ip, 100 mg/kg), and 20q which 

was administered in two routes (po, 100 mg/kg and iv, 25 mg/kg). (B)  Intensity of normalized 

AcH3 (Lys9) bands in Figure A. (C) Hyperacetylation of H3 and α-tubulin in HepG2 tumors 

induced by 20f. Tumor bearing NCr nude mice were treated with vehicle (3 h, po, 10 mL/kg) and 

20f which was administered in two routes: po (150 mg/kg, 1 h and 3 h) and ip (75 mg/kg, 4 h and 

19 h). 

 

The effective concentration (EC50) to modulation the targets in cancer cells were also 

determined by in-cell ELISA. For instance, after 3 h drug treatment of MCF7 cells, EC50 values 

for Ac-α-tubulin were 0.43, 0.19, 0.22, and >30 µM for vorinostat, 20f, 20q and pictilisib, 

respectively. In HepG2 cells, after 3 h of drug treatment and EGF stimulation, EC50 values for 

pAkt(S473) reduction were >30, 0.58, 0.13, and 0.17 µM for vorinostat, 20f, 20q, and pictilisib, 

respectively. 

 

Modulation of Targets in Mice Bearing Tumors.  MV4-11 tumor bearing mice were treated 

with 20f via iv (50 mg/kg), ip (100 mg/kg) and po (150 mg/kg) routes, 20q via both iv (25 

mg/kg) and po (100 mg/kg) routes for pharmacodynamics (PD) assessment. All three routes of 

administration of 20f resulted in hyperacetylation of H3 in MV4-11 tumors (Figure 6A).  20q 

also induced hyperacetylation of H3 via both routes of administration. The western blot data of 

AcH3 were normalized and presented in Figure 6B, it was apparent the iv route was more 

efficient due to its bioavailability.  20f was also evaluated via two route of administration in 

HepG2 xenograft model (Figure 6C), further confirmed the modulation of HDACs (i.e., 
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hyperacetylation of H3 and α-tubulin, gain of signal), while modulation of Akt/mTOR was less 

significant (reduction of signal). 

In Vitro ADME Profiling. In general, these compounds (Table 8) have reasonable 

lipophilicity, and were very stable in human liver microsomal stability assays. They didn’t show 

significant inhibition of the hERG channel protein (IC50 > 100 µM), while 3 had an IC50 of 79.5 

µM.  In human liver microsomes (HLM) based CYP3A4 inhibition assay (IPA CYP3A4 

substrate), compounds 20h, 20f, 20e and sorafenib did not show significant inhibition on  

CPY3A4 (IC50 >10 µM). 20f demonstrated low clearance in human liver microsomal stability 

assays (Table 8) as compared to its mouse and rat liver microsomal data. As CYP3A4 is 

responsible for metabolism of majority of the drugs, 20f was tested with human recombinant 

CYP3A4 and found of low clearance (Table 9), while CYP3A4 substrates verapamil, midazolam 

and sorafenib showed higher clearance. Sorafenib and regorafenib are mainly metabolized by 

CYP3A4; hence it is less likely that 20f would affect their metabolism in vivo when either of 

them combines with 20f in a combination therapy. 
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Table 8. Microsomal Stability (t½, min), Lipophilicity and hERG Inhibition   

 Microsomal Stability (t½, min) Lipophilicity Safety (hERG) 

Compd HLM
a
 MLM

a
 RLM

a
 LogP

b
 LogDpH7.4

c
 IC50 (µM)

d
 

20c >60 >60 36 2.52 NT NT 

20e >60 >60 37 1.80 1.71 >100 

20f >60 >60 55 2.34 2.07 >100 

20h >60 >60 35 0.75 NT >100 

20m >60 8.7 25 1.83 NT NT 

20n >60 33 50 3.30 NT NT 

20o >60 >60 >60 1.47 2.14 >100 

20q >60 39 NT 1.63 1.97 >100 

20t >60 >60 >60 2.35 NT NT 

29 >60 23 20 2.64 NT NT 

DXM >60 13 10 3.56 NT NT 

Verapamil 27 14 15 4.66 NT NT 

Vorinostat NT NT NT 1.78 1.05 NT 

3 NT NT NT 1.53 3.07 79.5 

a
See experimental section, microsomes protein 0.5 mg/mL. 

b
LogP (Molecular Networks) 

Calculated using ChemBioOffice Ultra 13.0. 
c
n-Octanol/water, pH 7.4. 

d
Tested by Life 

Technologies using the Predictor® hERG Fluorescence Polarization assay. NT: not tested. 

DXM: dextromethorphan 
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Table 9. Metabolic Stability of 20f and Reference Compounds 

 Clearance  

 

Microsomes (µL/min/mg of 

protein) 
a
 

P450 (µL/min/pmol-

P450) 
b
 

Compd HLM MLM RLM rCYP3A4 

20f  10.4 26.8 25.5 0.19 

Verapamil 73.0 99.1 93.9 2.36 

DXM 20.2 111.8 140.8 NT 

Midazolam NT NT NT 3.73 

Sorafenib NT NT NT 4.38 

a
Test compounds (5 µM) were incubated with human liver microsomes (0.5 mg/mL) and 

NADPH (1.3 mM) at pH 7.4. 
b
Test compounds (5 µM) were incubated with recombinant human 

CYP3A4 (25 nM) and NADPH (1.3 mM) at pH 7.4. Compound concentration was determined 

by LC–MS. NT: not tested. DXM: dextromethorphan. 

 

Pharmacokinetics (PK) and Tissue Distribution.  The lead compounds were scaled up and 

evaluated in a number of animals studies and the initial efforts were focused on 20f.  PKs (po, ip 

and iv) in a variety of formulations were investigated. 20f is a hydroxamate and its PK profile 

was similar to that of hydroxamate-based oral HDAC inhibitors such as vorinostat and 

panobinostat: fast absorption and higher clearance in plasma (Table 10).  In a quick 4 h PK 

study, the bioavailability of 20f was 5.8% when dosed as a suspension at 50 mg/kg. When dosed 

as a clear formulation at 150 mg/kg, the 24 h bioavailability was 18%, and the terminal half-life 

was 4.4 h, which was similar to the intravenous terminal half-life of 4.6 h.  The PK profile in 

mice was more or less similar to hydroxamates such as vorinostat, belinostat and panobinostat 
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which showed F% = 8.3%, 6.7%, and 4.6%, respectively.
 46 

 Limited tissue distribution and 

PK/PD studies confirmed the favorable drug enrichment in tumors and target tissues (i.e., liver 

for HCC). For example, Hep3B tumor bearing mice were treated with 20f (po, 100 mg/kg), 

AUCs (1 h to 24 h) of liver and Hep3B tumor were 21- and 5.4-fold as that of plasma, 

respectively (Figure 7). Drug in tumor tissue had a similar terminal half-life as that of plasma 

(6.5 h vs 6.0 h), but the drug in liver had a much longer terminal half-life of 11.1 h. The drug 

concentrations in the tumor were significantly higher than the enzymatic IC50 values (HDAC1, 

1.1 nM; PI3Kα, 28 nM) as well as cellular IC50 values (Hep3B, 1.25 µM; HepG2, 0.59 µM) or 

colony formation IC50 values (Hep3B, 0.61 µM; HepG2, 0.10 µM). Thus drug concentration was 

reasonably high enough to inhibit the tumor growth even though the protein binding yet to be 

considered.  
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Table 10. PK Parameters of Compound 20f 

 Routes of Administration 

Parameters iv po po 

Dose (mg/kg) 50 50 150 

Dose (µmol/kg) 110 110 330 

Formulation
a
 DPW DMCTW DSW 

AUC
0–∞ 

(µM•h) 16.68 0.97 9.06 

Tmax (h)  0.17 0.5 

T½ (h) 4.59 2.01 4.41 

Tlast (h) 24 4
b
 24 

Cmax (µM)  3.90 10.1 

CL (L/h/kg) 6.60   

Vss (L/kg) 3.06   

F (%)  5.8 18.1 

a
Formulation: DPW = DMSO/PEG400/sterile water [10:40:50 (v/v)]; DMCTW = DMSO/MC-

TW (0.5% Methyl Cellulose + 0.1% Tween 80 in water) [5:95 (v/v)]; DSW = DMSO/Solutol 

HS15/Sterile Water [7:18:45 (v/v)]. 
b
Quick PK analysis, incomplete terminal elimination curve. 
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Figure 7. Tissue distribution of 20f (po, 100mg/kg) in Hep3B tumor bearing NCr nude mice. 

AUCs (1 h to 24 h) of liver (▲) and Hep3B tumor (▼) were 21- and 5.4-fold as that of plasma 

(●), respectively. Drug in tumor tissue had a similar terminal half-life as plasma (6.5 h vs 6.0 h), 

but the drug in liver had a longer terminal half-life of 11.1 h. 

 

Maximum Tolerable Dose (MTD).  20e, 20f, 20o and 20q were scaled up and evaluated their 

MTD in BALB/c mice.  When 20f formulated in DMSO/Solutol HS15/Water (DSW, v/v, 

7:18:45), both dosage regimens 150 mg/kg QD×5 and 200 mg/kg QD×5 were found well-

tolerated, but both dosage regimens 150 mg/kg BID and 100 mg/kg BID×5 were lethal, thus 200 

mg/kg QD×5 was the MTD, and 150 mg/kg QD×5 per week was selected as the highest dose for 

long term of treatment. 20e was dosed up to 150 mg/kg (salt form, freebase 130 mg/kg) in DSW 

formulation with pTSA, QD×5, and was well-tolerated, no significant body weight loss (−1.4% 

on day 5), MTD was not reached due to the limitation of compound supply. 20q was 

troublesome to formulate due to its low solubility. In female NCr nude mice, 75 mg/kg QD×5 
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(5day-on-2day-off) was toxic, but at 50 mg/kg, QD×5 per week for 3 weeks, no loss of 

bodyweight was observed,  hence the MTD was estimated at about 65 mg/kg for 20q. MTD for 

20o was found at 150 mg/kg QD×5 or higher. The following efficacy studies were focused on 

20f and 20e as both were easy to afford clear and stable formulations. 

In Vivo Antitumor Efficacy Studies.  In vivo oral efficacy of 20f and 20e, along with 

reference compound sorafenib and a combination for HDAC/PI3K dual inhibition (the 

combination of vorinostat with pictilisib), were evaluated in liver cancer models (e.g., HepG2, 

Hep3B, and HuH-7) (Table 11 and Figure 8). 

Oral Efficacy in HepG2 NCr Mice Xenograft Model. Both 20f and 20e were tested in 

HepG2 models. In the first experiment (Table 11), 20f (150 mg/kg, QD×5 per week) 

demonstrated significant oral efficacy in HepG2 xenograft model with tumor growth inhibition 

(TGI) values of 91% and 95% on day 14 and 18 (after last dose), respectively (Table 11). 

Reference sorafenib tosylate (98 mg/kg) was less effective with TGI values of 56% (day 14) and 

72% (day 18), respectively. In another HepG2 xenograft experiment, 20e was also demonstrated 

efficacy with TGI of 57% (day 14) after two cycles of treatment. The combination of HDAC 

inhibitor vorinostat (60 mg/kg) with PI3K inhibitor pictilisib (75 mg/kg) was used to mimic the 

dual inhibition of both HDAC and PI3K, with half MTD or highest reported dose for each 

reference inhibitor. MTD of vorinostat in clear DSW solution was 120 mg/kg as we measured in 

a previous experiment.  The highest daily dose of pictilisib in xenograft models was 150 mg/kg. 

30
 For combination therapy, half MTD of vorinostat and half highest daily dosage of pictilisib 

were used, it is actually the same combination previously used in Daudi NHL xenograft mouse 

model. 
36
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Oral Efficacy in Hep3B Xenograft Model. At a lower dosage, 100 mg/kg, 20f was still 

effectively inhibited Hep3B tumors (Table 11), achieved TGI values of 82% and 86% on day 21 

and day 23, respectively. While TGI values for sorafenib (60 mg/kg) were 71% and 73%, 

respectively. Bodyweight loss was observed for all groups, probably due to the DCW 

formulation (DMSO/ Cremophor EL /water = 1:3:6, v/v) used, dosage regimen of the first week 

(QD×7) applied, as well as the increased tumor burden. 

Oral Efficacy in HuH-7 Models. HuH-7 tumor-bearing NCr nude mice were treated with 

either vehicle or 20f (150 mg/kg) from Day 0 (QD×5 per week or per cycle). In HuH-7 models, 

20f was efficacious against established bigger tumors (day 0, 363 mm
3
) with TGI value of 78% 

(day 12, p = 0.0221) (Table 11), sorafenib was dosed at 80 mg/kg with TGI value of 61% (day 

12, p = 0.1054).  

Oral Efficacy in CB17 Scid Mice HepG2 Xenograft Model. As 20f showed excellent 

antitumor activity in HepG2 tumor bearing NCr nude mice, it was further evaluated for dose-

response in female CB17 scid mice (Figure 8). When the HepG2 tumor size was about 240 mm
3
 

in average, tumor-bearing mice were randomized and dosed orally with vehicle, 20f (150, 75 and 

37.5 mg/kg) and sorafenib tosylate for four weeks (QD×5 per week) on day 0. 20f demonstrated 

significant tumor inhibition in a dose-dependent manner (Figure 8A). After last dose of the 

fourth cycle, on day 26, TGI = 117%, 82%, 38% and 98% for 20f (150, 75 and 37.5 mg/kg) and 

sorafenib tosylate, respectively. 20f was well-tolerated at all dose levels (Figure 8B). Significant 

TGI with 5/5 regression in 150 mg/kg group (po, QD×5/week) were achieved. (Figure 8C and 

Figure 8D). 
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Figure 8. Dose-response of 20f in HepG2 xenograft model. (A) HepG2 tumor-bearing CB17 

scid mice were treated orally with vehicle (20f, 150 (▲), 75 (▼) and 37.5 (♦) mg/kg, and 

sorafenib tosylate (●, 100 mg/kg QD×5×2 then 80 mg/kg, QD×5×2) for 4 weeks (QD×5 per 

week) from day 0 with mean tumor volume about 240 mm
3
. Tumor volume (y axis) is expressed 

as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p ≤ 0.0001. (B) 20f was well-

tolerated at all dose levels, no significant body weight (BW) loss. Vehicle group has BW loss 

due to increasing tumor burden. Sorafenib tosylate (100 mg/kg) was not well-tolerated; its dose 

was reduced to 80 mg/kg in the third and fourth cycles. (C) Tumor volume at day 28 after 4 

cycles of treatment. (D) Tumor image of mice on day 26, after last dose of the fourth cycle. 
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Table 11. Efficacy of Orally Administered 20f and 20e in Various Xenograft Models 

Tumor 

model 
a
 

Compd 
b
 Schedule (po)

 c
 

Dose 

(mg/kg) 

d
 

%TGI 

(day) 
e
 

Statistical 

Significance 

(day) 
f
 

Body weight 

change 

(%)(day) 
g
 

Survivors 

(day) 
h
 

HepG2 

Vehicle QD×5/wk ×3 --- --- --- 

+7.1 (14) 

+4.4 (18) 

9/9 (18) 

20f QD×5/wk ×3 150 

91 (14) 

95 (18) 

* (14) 

** (18) 

+4.1 (14) 

+3.5 (18) 

6/6 (32) 

Sorafenib 5-on-1-off ×3 98 

56 (14) 

72 (18) 

ns (14) 

* (18) 

−2.4 (14) 

−2.0 (18) 

5/5 (26) 

HepG2 

Vehicle QD×5/wk ×2 --- --- --- −0.8 (14) 5/5 (14) 

20e QD×5/wk ×2 130 57 (14) * (14) −2.2 (5) 5/5 (14) 

Vorinostat 

+ Pictilisib 

QD×5/wk ×2 [60+75] 51 (14) * (14) 

−4.5 (12) 

−3.1 (14) 

5/5 (12) 

4/5 (14) 

Hep3B 

Vehicle 

QD×7 + 2-off-

5-on ×2 

--- --- --- -8.9 (15) 6/6 (23) 

20f 

QD×7 + 2-off-

5-on ×2 

100 

82 (21) 

86 (23) 

** (21) 

** (23) 

−13.2 (18) 7/7 (23) 

Sorafenib 

QD×7 + 2-off-

5-on ×2 

60 

71 (21) 

73 (23) 

* (21) 

* (23) 

−10.3 (16) 5/5 (23) 

HuH-7 

Vehicle  --- --- --- −2.1 (12) 10/10 (19) 

20f QD×5/wk ×2 150 78 (12) * (12) −0.9 (12) 5/5 (22) 
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Tumor 

model 
a
 

Compd 
b
 Schedule (po)

 c
 

Dose 

(mg/kg) 

d
 

%TGI 

(day) 
e
 

Statistical 

Significance 

(day) 
f
 

Body weight 

change 

(%)(day) 
g
 

Survivors 

(day) 
h
 

Sorafenib QD×5/wk ×2 80 61 (12) ns (12) −5.2 (9) 5/5 (23) 

a
Female NCr nude mice (CrTac:NCr-Foxn1

nu
, 5−6 weeks of age,  InVivos Pte Ltd, Singapore) 

were inoculated in the right flank with liver cancer cell lines HepG2  (6 × 10
6
), HuH-7 (6 × 10

6
), 

or Hep3B (3.6 × 10
6
) in 50% Matrigel.  

b
Compounds 20e, 20f, vorinostat and pictilisib were 

formulated in DMSO/Solutol HS15/sterile water (v/v, 7:18:45). Small crystals of p-

Toluenesulfonic acid monohydrate (pTSA) were added to 20e and pictilisib formulation to make 

clear solution (final pH 2−3). 
c
Dose schedule: po, QD×5/wk = once daily for 5 days of treatment  

and 2 days without treatment (5-day-on-2-day-off) per week (wk); 5-on-1-off: QD×5 with 1 day 

holiday in 6-day cycle; 2-off-5-on: 2 days holiday, then QD×5. 
d
Dose: vehicle dosed at 10 

mL/kg. Vorinostat and pictilisib were dosed at 60 mg/kg and 75 mg/kg for combination, 

respectively. 
e
The percent tumor growth inhibition (% TGI) = (Ct − Tt)/(Ct – C0) × 100. C0 and Ct 

are the mean tumor volumes for control group (vehicle) on day 0 (first day of the treatment) and 

day t, respectively. Tt is the mean tumor volume for treatment group on day t. 
f
 Two-tailed 

unpaired t Test was used for comparing two groups, and one-way ANOVA followed by 

Dunnett's Multiple Comparison Test was used for comparing three and more groups to determine 

the statistical significance of tumor volume between a treatment group and the control (vehicle) 

group, ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p ≤ 0.0001. 
g
Percentage body weight (BW) change was calculated by normalizing BW over day 0. 

Lowest %BW during the treatment period was reported as well as %BW on days of TGI 

calculated.  
h
Survivors: the number of animals still alive when the treatment cycle completed or 

experiment terminated  

 

To facilitate the future preclinical evaluations, 20f was tested in formulations without DMSO. 

20f can be formulated in Solutol HS15 solution without DMSO, but overnight solubilization is 

necessary.    Solubility of 20f in non-toxic (2-hydroxypropyl)-β-cyclodextrin based formulation 

was over 30 mg/mL and the oral bioavailability of 20f in such formulation was confirmed. 10q 

and 20o are yet to be evaluated with similar or new formulations. 

 

Advanced HCC is generally resistant to chemotherapy, with sorafenib being the only FDA-

approved drug for the first-line treatment of advanced HCC.
47

 However its benefit is modest. For 
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advanced HCC patients that developed drug resistance to sorafenib or are intolerant of sorafenib, 

there is currently no established systemic therapy. Targeting vascular endothelial growth factor 

(VEGFR) like how sorafenib does to inhibit tumor angiogenesis is important and also effective, 

but a number of kinase inhibitors in this category have failed clinical trials.
48

 As it might be 

difficult to outperform sorafenib in anti-angiogenesis, it is thus necessary to consider other 

targets/pathways which are significantly different from anti-VEGF because sorafenib or other 

similar class of drugs can take care of it very well. Our approach is to design and develop a 

multi-target drug to take care of additional and important targets/networks which are 

complementary to sorafenib therapy. These purine-based HDAC/PI3K inhibitors such as 20f and 

20e had demonstrated oral efficacy in liver cancer models. With 3 in ongoing clinical trials and 

new purine-based analogues of 3 being reported recently,
49

  these dual or multi-functional 

HDAC inhibitors have yet to be validated in clinics for their safety and efficacy.  

 

Conclusions 

A series of fused-pyrimidine based hydroxamates were designed, synthesized, and evaluated. 

They inhibited HDAC enzymes, PI3K kinases, and the cell proliferation of a variety of human 

tumor cell lines. Most of the compounds demonstrated good drug-like properties (i.e., in vitro 

metabolic stability, solubility, and desirable lipophilicity). Selected compounds 20f and 20q also 

showed target modulation in both cancer cells and mice bearing tumors (i.e., hyperacetylation of 

histone 3 and α-tubulin and reduction of pAkt). 20f also demonstrated excellent single agent oral 

anti-antitumor activity in HCC models and 4T1 mouse metastatic breast cancer models 

(Supporting Information, Table S4). These multi-target drug molecules may have the potential to 

be combined with current approved drugs such as sorafenib or regorafenib or other emerging 
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therapies. With regards to immunotherapy, if it is successful in the treatment of HCC (e.g., 

nivolumab treatment of HCC patients) 
50

 or other cancers in near future (e.g., pembrolizumab in 

combination with entinostat, an HDAC inhibitor, in lung cancer and melanoma ),
51-54

 it will pave 

the way for more combinations of immunotherapy with HDAC inhibitors or multifunctional 

HDAC inhibitors. The encouraging single agent oral efficacy data in HCC models, along with its 

favorable target profiles and tissue distribution warrant further development of 20f, either as 

monotherapy or, preferably, in combination with traditional approved drugs or immunotherapy. 

Other potential indications are for the treatment of subgroups of leukemia (i.e., AML) and non-

Hodgkin lymphomas (i.e., diffuse large B-cell lymphoma). 

Experimental Section 

Chemistry. Reagents were purchased from commercial suppliers, such as Sigma-Aldrich Pte Ltd 

(Singapore 117528, Singapore), Boron Molecular Inc. (Raleigh, NC 27616, USA), or Combi-

Blocks, Inc. (San Diego, CA 92126, USA). CEM Discover Microwave Reactor was used for 

some reactions. Analytical thin-layer chromatography (TLC) was performed on glass-backed 

silica gel 60 F 254 plates (E Merck (0.25 mm)) and eluted with the appropriate solvent ratios 

(v/v) and visualized by UV absorption. The reactions were assayed by TLC and/or LC–MS and 

terminated as judged by the consumption of starting material or the formation of desire product. 

Flash column chromatography was conducted using silica gel 60 (Merck KGaA, 0.040–0.063 

mm, 230–400 mesh ASTM). Reverse-phase preparative high performance liquid 

chromatography (RPHPLC) was conducted on a Gilson HPLC system (331/332 pumps, GX-271 

liquid handler, 172 diode array doctor (DAD), Trilution LC software) using a Phenomenex 

column (Luna, 5 µm, C18 100A, 150 mm x 21.2 mm) with adjustable solvent gradients, usually 

5–95% of acetonitrile in water + 0.05% TFA in 15 or 20 min of gradient at flow rate of 20 
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mL/min, and was used for routine purification.  The preliminary purity and identity of all 

compounds after purification were assessed by LC–MS analyses on a Waters Micromass ZQ 

mass spectrometer in electrospray ionization (ESI) positive mode after separation on a Waters 

2795 separations module. The HPLC separations were performed on a Phenomenex column 

(Luna, 5 µm, C18 100A, 50 mm × 2.00 mm) with a flow rate of 0.8 mL/min and a 4-min 

gradient of X–95% (X = 5, 30 or 50) of acetonitrile in water + 0.05% TFA, using a Waters 2996 

photodiode array detector (Method A) or with a flow of 0.6 mL/min and a 6-min gradient of X–

95% (X = 5, 30 or 50) of methanol in water + 0.1% formic acid (Method B). Purity and identity 

were assessed on the integrated UV chromatograms (220–400 nm) and the mass spectra. The 

final purity was determined using a Shimadzu LC-20AD UFLC system on a Phenomenex 

column (Luna, 5 µm, C18 100A, 50 mm × 2.00 mm) with a flow rate of 0.8 mL/min and a 6-min 

gradient of X–95% (X = 5, 30 or 50) of acetonitrile in water + 0.05% TFA (Method C). A longer 

column (Phenomenex® Gemini 5 micron C18, 110A, 4.6×150 mm) together with a flow rate of 

1.0 ~1.2 mL/min and a 15-min gradient of 5–95% acetonitrile in water + 0.05% TFA  was also 

used for purity check (Method D). Purity was >95% for all target compounds.  

All NMR experiments were performed on a Bruker AVANCE-400 digital NMR spectrometer. 

NMR spectra are reported in ppm with reference to an internal tetramethylsilane standard (0.00 

ppm for 
1
H and 

13
C) or solvent peak(s) of CDCl3 (7.26 and 77.1 ppm) or CD3OD (3.31 and 49.0 

ppm), or DMSO-d6 (2.50 and 39.5 ppm).  Other NMR solvents were used as needed. Elemental 

analyses of CHN were performed on a Perkin-Elmer 2400 CHN/CHNS Elemental Analyzers. 

HRMS results were obtained from a Bruker micrOTOF-Q II (ESI, positive mode) with direct 

injection of purified compounds.   

Compounds 17a–d were synthesized by procedures used for 17d.  
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4-(6-(2-Aminopyrimidin-5-yl)-2-morpholino-9H-purin-9-yl)-N-hydroxybutanamide (17a). 

Obtained as powder (30 mg, 34%). LC–MS m/z: [M + H]
+
 400.1. HPLC purity (254 nm): 99.9%. 

1
H NMR (DMSO-d6, 400 MHz): δ 10.34 (s, 1H), 9.55 (s, 2H), 8.25 (s, 1H), 7.50 (s, 2H), 4.14 (t, 

J = 6.4 Hz, 2H), 3.82–3.77 (m, 4H), 3.75–3.70 (m, 4H), 2.11–2.01 (m, 2H), 2.01–1.93 (m, 2H). 

5-(6-(2-Aminopyrimidin-5-yl)-2-morpholino-9H-purin-9-yl)-N-hydroxypentanamide 

(17b). Obtained as powder (22 mg, 38%). LC–MS m/z: [M + H]
+
 414.1. HPLC purity (254 nm): 

98.6%. 
1
H NMR (DMSO-d6, 400 MHz): δ 10.34 (s, 1H), 9.54 (s, 2H), 8.25 (s, 1H), 7.45 (s, 2H), 

4.14 (t, J = 6.4 Hz, 2H), 3.82–3.77 (m, 4H), 3.75–3.70 (m, 4H), 1.99 (t, J = 7.2 Hz, 2H), 1.86–

1.76 (m, 2H), 1.52–1.41 (m, 2H). 

6-(6-(2-Aminopyrimidin-5-yl)-2-morpholino-9H-purin-9-yl)-N-hydroxyhexanamide (17c). 

Obtained as powder (41 mg, 38%). LC–MS m/z: [M + H]
+
 428.1. HPLC purity (254 nm): 95.8%. 

1
H NMR (DMSO-d6, 400 MHz): δ 10.32 (s, 1H), 9.54 (s, 2H), 8.24 (s, 1H), 7.42 (s, 2H), 4.12 (t, 

J = 6.8 Hz, 2H), 3.82–3.76 (m, 4H), 3.75–3.69 (m, 4H), 1.95 (t, J = 7.6 Hz, 2H), 1.88–1.77 (m, 

2H), 1.61–1.49 (m, 2H), 1.29–1.17 (m, 2H). 

7-(6-(2-Aminopyrimidin-5-yl)-2-morpholino-9H-purin-9-yl)-N-hydroxyheptanamide 

(Scheme 1, 17d) 

Step 1. N-Alkylation. To a pre-stirred solution of 2,6-dichloro-9H-purine 11a (376 mg, 2.0 

mmol), ethyl 7-bromoheptanoate (521 mg, 2.2 mmol) in DMF (15 mL), was added anhydrous 

potassium carbonate (552 mg, 4.0 mmol) and NaI (64 mg, 0.4 mmol). The resulting mixture was 

stirred at 40 °C for 12 h and the reaction was completed as indicated by LC–MS. After workup, 

the crude was purified by flash chromatography (silica, ethyl acetate/hexanes from 1:3 to 1:2) to 

afford ethyl 7-(2,6-dichloro-9H-purin-9-yl)heptanoate (13d) (480 mg, 69%). LC–MS m/z: [M + 

H]
+ 

345.1.  
1
HNMR (CDCl3, 400 MHz):  δ 8.26 (s, 1H), 4.34 (t, J = 7.2 Hz, 2H), 4.12 (q, J = 7.1 
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Hz, 2H), 2.30 (t, J = 7.3 Hz, 2H), 1.99 (quint, J = 6.6 Hz, 2H), 1.63 (quint, J = 7.1 Hz, 2H), 

1.48–1.35 (m, 4H), 1.26 (t, J = 7.1 Hz, 3H). 
13

C NMR (CDCl3, 100 MHz): δ 173.3, 153.2, 152.6, 

151.3, 146.1 (CH), 130.6, 60.1, 44.5, 33.8, 29.4, 28.3, 26.1, 24.5, 14.2.  

Step 2. Suzuki coupling. To a pre-stirred solution of 13d (344 mg, 1.0 mmol), 5-(4,4,5,5-

tetramethyl-1,3,2-dioxaboro+lan-2-yl)pyrimidin-2-amine 14a ( 240 mg, 1.1 mmol) in dioxane 

(15 mL), was added a solution of K2CO3 (345 mg, 2.5 mmol) in DI water (2.0 mL). The mixture 

was degassed for 30 min then was added Pd(dppf)Cl2·CH2Cl2 (41 mg, 0.05 equiv). The resulting 

mixture was heated at 82 °C for 6 h. LC–MS showed the reaction completed. After workup, the 

crude was purified by flash chromatography (silica, 33% to 50% to 100% of ethyl acetate in 

hexanes) to afford ethyl 7-(6-(2-aminopyrimidin-5-yl)-2-chloro-9H-purin-9-yl)heptanoate (15d) 

(150 mg, 37%). LC–MS m/z: [M + H]
+
 404.1.  

Step 3. Displacement with morpholine. To a pre-stirred solution of 15d (150 mg, 0.37 mmol) 

in DMF (5 mL), was added morpholine (0.70 mL, 3.0 mmol). The resulting mixture was heated 

at 80 °C for 12 h. After workup, ethyl 7-(6-(2-aminopyrimidin-5-yl)-2-morpholino-9H-purin-9-

yl)heptanoate (16d) (120 mg, 72%) was obtained by recrystallization of the crude in 10% MeOH 

in DCM. LC–MS m/z: [M + H]
+
 455.1.  

Step 4. Hydroxamic acid formation. To a pre-stirred solution of 16d (70 mg, 0.155 mmol), 

hydroxylamine hydrochloride (108 mg, 1.55mmol) in dry MeOH (1.5 mL), pre-cooled down 

over dry ice, was added slowly with sodium methoxide solution (25 wt.% in methanol, 4.37 M) 

(901 µL, 3.88 mmol). The resulting mixture was stirred at −20 °C for 1 h before it was warmed 

up to rt. LC–MS showed the reaction completed after 3 h. After workup, the crude was purified 

by RPHPLC to afford 17d (15 mg, 21%). LC–MS m/z: [M + H]
+
 442.1.  HPLC purity (254 nm): 

96.6%.  
1
H NMR (DMSO-d6, 400 MHz):  δ 10.34 (s, 1H), 9.54 (s, 2H), 8.25 (s, 1H), 7.45 (s, 
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2H), 4.12 (t, 2H, J = 6.8 Hz), 3.82–3.77 (m, 4H), 3.76–3.71 (m, 4H), 1.93 (t, J = 7.2 Hz, 2H), 

1.87–1.77 (m, 2H), 1.52–1.43 (m, 2H), 1.36–1.18 (m, 4H). HRMS (ESI) m/z: [M + H]
+
 calcd for 

C20H27N9O3, 442.2310; found, 442.2308. 

Compounds 20a–s were synthesized by procedures used for 20f. 

7-(2,6-Dimorpholino-9H-purin-9-yl)-N-hydroxyheptanamide (20a). LC–MS m/z: [M + H]
+
 

434.2. HPLC purity (254 nm): 96.5 %. 
1
H NMR (DMSO-d6, 400 MHz): δ 10.31 (s, 1H), 7.87 (s, 

1H), 4.27–4.05 (m, 4H), 4.00 (t, J = 6.9 Hz, 2H), 3.68 (t, J = 4.7 Hz, 4H), 3.66–3.58 (m, 8H), 

1.91 (t, J = 7.3 Hz, 2H), 1.74 (quint, J = 6.9 Hz, 2H), 1.45 (quint, J = 7.3 Hz, 2H), 1.33–1.14 (m, 

4H).  

N-Hydroxy-6-(2-(6-methoxypyridin-3-yl)-6-morpholino-9H-purin-9-yl)hexanamide (20b). 

LC–MS m/z: [M + H]
+
 442.2. HPLC purity (254 nm): 95.7%.   

1
H NMR (DMSO-d6, 400 MHz):  

δ 10.33 (s, 1H), 9.15 (d, J = 2.0 Hz, 1H), 8.58 (dd, J = 8.7 and 2.3 Hz, 1H), 8.22 (s, 1H), 6.92 (d, 

J = 8.7 Hz, 1H), 4.40–4.25 (m, 4H), 4.22 (t, J = 6.9 Hz, 2H), 3.93 (s, 3H), 3.77 (t-like, J = 4.6 

Hz, 4H), 1.94 (t, J = 6.8 Hz, 2H), 1.87 (quint, J = 7.3 Hz, 2H), 1.57 (quint, J = 7.5 Hz, 2H), 1.25 

(quint, J = 6.9 Hz, 2H). HRMS (ESI) m/z: [M + H]
+
 calcd for  C21H28N7O4, 442.2197; found, 

442.2204. 

N-Hydroxy-7-(2-(6-methoxypyridin-3-yl)-6-morpholino-9H-purin-9-yl)heptanamide 

(20c). LC–MS m/z: [M + H]
+
 456.1. HPLC purity (254 nm): 98.8 %. 

1
H NMR (DMSO-d6, 400 

MHz): δ 10.34 (s, 1H), 9.15 (d, J = 2.0 Hz, 1H), 8.58 (dd, J = 8.7 and 2.4 Hz, 1H), 8.22 (s, 1H), 

6.92 (d, J = 8.6 Hz, 1H), 4.38–4.25 (br s, 4H), 4.22 (t, J = 7.0 Hz, 2H), 3.93 (s, 3H), 3.77 (t, J = 

4.6 Hz, 4H), 1.93 (t, J = 7.2 Hz, 2H), 1.86 (quint, J = 6.9 Hz, 2H), 1.48 (quint, J = 7.1 Hz, 2H), 

1.36–1.21 (m, 4H). HRMS (ESI) m/z: [M + H]
+
 calcd for  C22H29N7O4, 456.2354; found, 

456.2369. 
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6-(2-(6-Aminopyridin-3-yl)-6-morpholino-9H-purin-9-yl)-N-hydroxyhexanamide (20d). 

LC–MS m/z: [M + H]
+
 427.2. HPLC purity (254 nm): 96.5%. 

1
H NMR (DMSO-d6, 400 MHz):  δ 

10.33 (s, 1H), 8.79–8.73 (m or overlapped dd, 1H), 8.75 (s, 1H), 8.43 (br s, 2H), 8.24 (s, 1H), 

7.09 (d-like, J = 10.1 Hz, 1H), 4.40–4.23 (m, 4H), 4.20 (t, J = 6.9 Hz, 2H), 3.76 (t, J = 4.6 Hz, 

4H), 1.93 (t, J = 7.3 Hz, 2H), 1.84 (quint, J = 7.3 Hz, 2H), 1.55 (quint,  J = 7.5 Hz, 2H), 1.22 

(quint, J = 7.3 Hz, 2H).  

7-(2-(6-Aminopyridin-3-yl)-6-morpholino-9H-purin-9-yl)-N-hydroxyheptanamide (20e). 

Recrystallization of the freebase in MeOH with excess of formic acid afforded 20e as formic 

acid “salt” (containing 1.0 ± 0.3 equivalent of formic acid as estimated by 
1
H NMR). LC–MS 

m/z: [M + H]
+
 441.2. HPLC purity (254 nm): 97.3 %.  

1
H NMR (DMSO-d6, 400 MHz): formic 

acid salt. δ 10.32 (s, 1H), 8.93 (d, J = 1.9 Hz, 1H), 8.30 (dd, J = 8.7 and 2.2 Hz, 1H), 8.15 (s, 1H), 

8.13 (s, 0.7H, formic acid), 6.52 (d, J = 8.7 Hz, 1H), 6.32 (br s, 2H), 4.38–4.22 (br s, 4H), 4.18 (t, 

J = 6.8 Hz, 2H), 3.75 (t, J = 4.3 Hz, 4H), 1.93 (t, J = 7.2 Hz, 2H), 1.84 (quint, J = 6.7 Hz, 2H), 

1.48 (quint, J = 7.0 Hz, 2H), 1.38–1.22 (m, 4H).
 13

C NMR (DMSO-d6, 100 MHz): formic acid 

salt δ 169.0, 163.0, 160.5, 156.3, 152.9, 151.7, 148.3, 139.9, 136.4, 122.3, 117.6, 107.2, 66.2, 

45.2 (br), 42.6, 32.1, 29.1, 27.9, 25.7, 24.9. HRMS (ESI) m/z: [M + H]
+
 calcd for  C21H29N8O3, 

441.2357; found, 441.2374. Anal. (C21H28N8O3·0.7H2O·HCO2H) C, N. H: calcd, 6.34; found, 

6.84. 

N-Hydroxy-7-(2-(3-(hydroxymethyl)phenyl)-6-morpholino-9H-purin-9-yl)heptanamide 

(Scheme 2, 20f) 

Step 1. Displacement with morpholine. To a pre-stirred solution of 13d (172 mg, 0.5 mmol) in 

DCM (5 mL), was added morpholine (218 mg, 2.5 mmol). The resulting mixture was stirred at 

40 °C for 3 h. After simple workup, the crude product was purified by flash chromatography 
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(silica, ethyl acetate/hexanes from 1:3 to 1:2) to afford ethyl 7-(2-chloro-6-morpholino-9H-

purin-9-yl)heptanoate (18d) (170 mg, 87%). LC–MS m/z: [M + H]
+
 397.2. 

1
HNMR (CDCl3, 400 

MHz): δ 7.70 (s, 1H), 4.56–4.11 (m, 6H), 4.12 (q, J = 7.2 Hz, 2H), 3.82 (t, J = 4.6 Hz, 4H), 2.27 

(t, J = 7.2 Hz, 2H), 1.92–1.79 (m, 2H), 1.60 (quint, J = 7.0 Hz, 2H), 1.42–1.27 (m, 4H), 1.24 (t, J 

= 7.0 Hz, 3H). 
13

C NMR (CDCl3, 100 MHz):   δ 173.6, 153.94, 153.93, 152.2, 118.6, 66.9, 60.3, 

45.7(br), 43.8, 34.1, 29.8, 28.5, 26.3, 24.7, 14.3.   

Step 2. Suzuki coupling. To a pre-stirred solution of 18d (100 mg, 0.254 mmol), (3-

(hydroxymethyl)phenyl)boronic acid (14f, 76 mg, 0.5 mmol) in dioxane (5.0 mL), was added 

with potassium carbonate (86 mg, 0.62 mmol) and Pd(dppf)Cl2·CH2Cl2 (10 mg). The resulting 

mixture was stirred at 150 °C for 1 h under the microwave irradiation. LC–MS showed the 

reaction completed after 1 h. After removing the solvent, the crude was suspended in DCM and 

purified by flash chromatography (silica, 1% to 2% MeOH in DCM) to afford ethyl 7-(2-(3-

(hydroxymethyl)phenyl)-6-morpholino-9H-purin-9-yl)heptanoate (19f) (30 mg, 25%). LC–MS 

m/z: [M + H]
+
 468.3. 

1
HNMR (DMSO-d6, 400 MHz):  δ 8.34 (s, 1H), 8.27(dt-like, J = 7.2 Hz, 

1H), 8.22 (s, 1H), 7.42 (t, J = 7.5 Hz, 1H), 7.39 (dt-like, J = 7.5 Hz, 1H), 5.27 (t, J = 5.0 Hz, 1H), 

4.58 (d, J = 4.4 Hz, 2H), 4.38–4.25 (br s, 4H), 4.23 (t, J = 6.8 Hz, 2H), 4.01 (q, J = 7.2 Hz, 2H), 

3.77 (t, J = 4.8 Hz, 4H), 2.24 (t, J = 7.2 Hz, 2H), 1.86 (quint, J = 7.2 Hz, 2H), 1.49 (quint, J = 7.4 

Hz, 2H), 1.38–1.20 (m, 4H), 1.14 (t, J = 7.0 Hz, 3H). 
13

C NMR (DMSO-d6, 100 MHz): δ 173.3, 

157.3, 153.5, 152.3, 142.9, 141.1, 138.6, 128.4, 128.3, 126.7, 126.2, 118.7, 66.7, 63.5, 60.1, 45.6, 

43.2, 33.8, 29.5, 28.2, 26.1, 24.7, 14.5.  

Step 3. Hydroxamic acid formation and scale-up. To a pre-stirred solution of 19f (30 mg, 0.064 

mmol), hydroxylamine hydrochloride (67 mg, 0.96 mmol) in dry MeOH (1.0 mL), pre-cooled 

down over dry ice, was added slowly with sodium methoxide solution (25 wt.% in methanol, 
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0.37 mL, 1.62 mmol). The resulting mixture was stirred at −20 °C for 1 h before it was warmed 

up to rt. LC–MS showed the reaction completed after 2 h. After simple workup, the mixture was 

purified by RPHPLC to afford 20f as white solid (8 mg, 22% as calcd as TFA salt), HPLC purity 

(254 nm): 97.4%. Scale-up of freebase: the 20f TFA salt made from 19f (500 mg) was dissolved 

in acetonitrile and water, and then basified using saturated aqueous NaHCO3 to pH around 8. 

After removal of acetonitrile under reduced pressure, the aqueous solution was extracted with 

ethyl acetate (×3). The combined organic layers was dried and evaporated, and the resulting 

product was further purified by recrystallization in MeOH to afford 20f as freebase (381 mg, 

78%):  LC–MS m/z: [M + H]
+
 455.1. HPLC purity (254 nm): 98.4%.  

1
H NMR (DMSO-d6, 400 

MHz): δ 10.32 (s, 1H), 8.65 (s, 1H), 8.35 (s or t-like, 1H),  8.27 (dt-like, J = 7.3 Hz, 1H), 8.22 (s, 

1H), 7.43 (t, J = 7.5 Hz, 1H), 7.39 (dt-like, J = 7.5 Hz, 1H), 5.29 (t-like, 1H),  4.58 (d, J = 3.8 

Hz, 2H), 4.40–4.26 (m, 4H), 4.23 (t, J = 6.9 Hz, 2H), 3.77 (t, J = 4.6 Hz, 4H), 1.92 (t, J = 7.3 Hz, 

2H), 1.86 (quint, J = 6.8 Hz, 2H), 1.47 (quint, J = 7.1 Hz, 2H), 1.36–1.20 (m, 4H) ; 
13

C NMR 

(DMSO-d6, 100 MHz):  δ 169.0, 156.9, 153.0, 151.8, 142.5, 140.6, 138.2, 128.0, 127.9, 126.2, 

125.8, 118.2, 66.3, 63.0, 45.1 (br), 42.8, 32.1, 29.1, 28.0, 25.7, 25.0. HRMS (ESI) m/z: [M + H]
+
 

calcd for C23H30N6O4, 455.2402; found, 455.2405. Anal. (C23H30N6O4·0.25H2O) C, H, N. 

N-Hydroxy-7-(2-(4-hydroxymethyl)phenyl)-6-morpholino-9H-purin-9-yl)heptanamide 

(20g). LC–MS m/z: [M + H]
+
 455.2. HPLC purity (254 nm): 97.0 %. 

1
H NMR (DMSO-d6, 400 

MHz): δ 10.32 (s, 1H), 8.35 (d, J = 8.2 Hz, 2H), 8.21 (s, 1H), 7.41 (d, J = 8.3 Hz, 2H), 4.56 (s, 

2H), 4.40–4.25 (br s, 4H), 4.22 (t, J = 7.0 Hz, 2H), 3.77 (t, J = 4.6 Hz, 4H), 1.92 (t, J = 6.6 Hz, 

2H), 1.85 (quint, J = 6.7 Hz, 2H), 1.46 (quint, J = 6.9 Hz, 2H), 1.36–1.20 (m, 4H).  

7-(2-(2-Aminopyrimidin-5-yl)-6-morpholino-9H-purin-9-yl)-N-hydroxyheptanamide 

(20h). LC–MS m/z: 442.1 [M + H]
+
. HPLC purity (254 nm): 97.8 %. 

1
H NMR (DMSO-d6, 400 
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MHz): δ 10.31 (s, 1H), 9.10 (s, 2H), 8.66 (br s, 1H), 8.16 (s, 1H), 7.04 (s, 2H), 4.40–4.22 (m, 

4H), 4.18 (t, J = 6.8 Hz, 2H), 3.75 (t-like, J = 4.0 Hz, 4H), 1.92 (t, J = 7.2 Hz, 2H), 1.83 (quint, J 

= 6.6 Hz, 2H), 1.47 (quint, J = 6.9 Hz, 2H), 1.36–1.19 (m, 4H).   HRMS (ESI) m/z: [M + H]
+
 

calcd for C20H27N9O3, 442.2310; found, 442.2326. 

N-Hydroxy-7-(2-(4-(methylsulfonamido)phenyl)-6-morpholino-9H-purin-9-

yl)heptanamide (20i).  LC–MS m/z: [M + H]
+
 518.1. HPLC purity (254 nm): 96.7 %. 

1
H NMR 

(DMSO-d6, 400 MHz): δ 10.33 (s, 1H), 9.96 (s, 1H), 8.34 (d, 2H, J = 8.8 Hz), 8.21 (s, 1H), 7.30 

(d, J = 8.8 Hz, 2H), 4.42–4.25 (m, 4H), 4.22 (t, J = 7.0 Hz, 2H), 3.76 (t, J = 4.7 Hz, 4H), 3.05 (s, 

3H), 1.92 (t, J = 7.3 Hz, 2H), 1.85 (quint, J = 6.9 Hz, 2H), 1.47 (quint, J = 7.1 Hz, 2H), 1.35–

1.20 (m, 4H).  

7-(2-(3-Acetamidophenyl)-6-morpholino-9H-purin-9-yl)-N-hydroxyheptanamide (20j). 

LC–MS m/z: [M + H]
+
 482.2. HPLC purity (254 nm): 98.8 %. 

1
H NMR (DMSO-d6, 400 MHz): δ 

10.34 (s, 1H), 10.07 (s, 1H), 8.46 (s, 1H), 8.23 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 7.9 

Hz, 1H), 7.38  (t, J = 7.9 Hz, 1H), 4.80–4.25 (m, 4H), 4.22 (t, J = 6.9 Hz, 2H), 3.77 (t-like, J = 

4.6 Hz, 4H), 2.08 (s, 3H), 1.92 (t, J = 7.3 Hz, 2H), 1.86 (quint, J = 6.8 Hz, 2H), 1.47 (quint, J = 

7.1 Hz, 2H), 1.36–1.20 (m, 4H).  

3-(9-(7-(Hydroxyamino)-7-oxoheptyl)-6-morpholino-9H-purin-2-yl)benzamide (20k). LC–

MS m/z: [M + H]
+
 468.2. HPLC purity (254 nm): 99.2 %. 

1
H NMR (DMSO-d6, 400 MHz): δ 

10.32 (s, 1H), 8.83 (t, J = 1.5 Hz, 1H), 8.53 (dt, J = 8.0 and 1.3 Hz, 1H), 8.25 (s, 1H), 8.11 (s, 

1H), 7.93 (dt,  J = 7.8 and 1.4 Hz, 1H), 7.55 (t, J = 7.7 Hz, 1H), 7.45 (s, 1H), 4.45–4.28 (m, 4H), 

4.25 (t, J = 7.0 Hz, 2H), 3.78 (t, J = 4.6 Hz, 4H), 1.92 (t, J = 7.3 Hz, 2H), 1.87 (quint, J = 6.8 Hz, 

2H), 1.47 (quint, J = 7.0 Hz, 2H), 1.35–1.20 (m, 4H).  
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4-(9-(7-(Hydroxyamino)-7-oxoheptyl)-6-morpholino-9H-purin-2-yl)benzamide (20l). LC–

MS m/z: [M + H]
+
 468.2. HPLC purity (254 nm): 99.3 %. 

1
H NMR (DMSO-d6, 400 MHz): δ 

10.33 (s, 1H), 8.43 (d, J = 8.4 Hz, 2H), 8.25 (s, 1H), 8.04 (s, 1H), 7.96 (d, J = 8.4 Hz, 2H), 7.45 

(s, 1H), 4.40–4.26 (m, 4H), 4.24 (t, J = 7.0 Hz, 2H), 3.77 (t-like, J = 4.6 Hz, 4H), 1.92 (t, J = 7.3 

Hz, 2H), 1.86 (quint, J = 6.8 Hz, 2H), 1.47 (quint, J = 7.0 Hz, 2H), 1.35–1.20 (m, 4H).  

N-Hydroxy-7-(6-morpholino-2-(1H-pyrazol-4-yl)-9H-purin-9-yl)heptanamide (20m). LC–

MS m/z: [M + H]
+
 415.2. HPLC purity (254 nm): 97.3 %. 

1
H NMR (DMSO-d6, 400 MHz):  δ 

10.32 (s, 1H), 8.17 (s, 2H), 8.13 (s, 1H), 4.37–4.19 (m, 4H), 4.16 (t, J = 7.0 Hz, 2H), 3.74 (t-like, 

J = 4.8 Hz, 4H), 1.92 (t, J = 7.1 Hz, 2H), 1.82 (quint, J = 6.9 Hz, 2H), 1.47 (quint, J = 7.2 Hz, 

2H), 1.35–1.18 (m, 4H). HRMS (ESI) m/z [M + H]
+
 calcd for  C19H26N8O3, 415.2201; found, 

415.2214. 

7-(2-(1H-Indazol-6-yl)-6-morpholino-9H-purin-9-yl)-N-hydroxyheptanamide (20n). LC–

MS m/z: [M + H]
+
 465.2. HPLC purity (254 nm): 98.0 %. 

1
H NMR (DMSO-d6, 400 MHz): δ 

10.36 (s, 1H), 8.58 (s, 1H), 8.24 (s, 1H), 8.22 (dd-like, J = 8.8 Hz, 1H), 8.11 (s, 1H), 7.82 (d, J = 

8.8 Hz, 1H), 4.45–4.28 (m, 4H), 4.25 (t, J = 6.9 Hz, 2H), 3.79 (t, J = 4.6 Hz, 4H), 1.94 (t, J = 7.3 

Hz, 2H), 1.86 (quint, J = 6.8 Hz, 2H), 1.49 (quint, J = 7.0 Hz, 2H), 1.40–1.22 (m, 4H).  

N-Hydroxy-7-(2-(2-methoxypyrimidin-5-yl)-6-morpholino-9H-purin-9-yl)heptanamide 

(20o). LC–MS m/z: [M + H]
+
 457.2. HPLC purity (254 nm): 97.5%.  

1
H NMR (DMSO-d6, 400 

MHz):  δ 10.32 (s, 1H), 9.40 (s, 2H), 8.65 (s, 1H), 8.25 (s, 1H), 4.47–4.25 (m, 4H), 4.22 (t, J = 

6.9 Hz, 2H), 3.99 (s, 3H),  3.76 (t, J = 4.5 Hz, 4H), 1.92 (t, J = 7.3 Hz, 2H), 1.85 (quint, J = 6.7 

Hz, 2H), 1.47 (quint, J = 7.0 Hz, 2H), 1.35–1.20 (m, 4H). 
13

C NMR (DMSO-d6, 100 MHz):  δ 

168.4, 165.0, 158.2, 152.7, 152.4, 150.8, 140.1, 125.2, 117.8, 65.6, 54.3, 45.1 (br), 42.3, 31.5, 
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28.5, 27.4, 25.1, 24.4. HRMS (ESI) m/z:  [M + H]
+
 calcd for  C21H29N8O4, 457.2306; found, 

457.2327. 

7-(2-(4-Fluoro-3-hydroxyphenyl)-6-morpholino-9H-purin-9-yl)-N-hydroxyheptanamide 

(20p). LC–MS m/z: [M + H]
+
 459.1. HPLC purity (254 nm): 99.5 %. 

1
H NMR (DMSO-d6, 400 

MHz): δ 10.35 (s, 1H), 9.98 (br s, 1H), 8.20 (s, 1H), 8.04 (dd, J = 9.0 and 2.0 Hz, 1H), 7.83 (ddd, 

J = 8.5, 4.5 and 2.1 Hz, 1H), 7.20 (dd, J = 11.1 and 8.6 Hz, 1H), 4.40–4.23 (m,  4H), 4.20 (t, J = 

7.0 Hz, 2H), 3.76 (t, J = 4.7 Hz, 4H), 1.93 (t, J = 7.3 Hz, 2H), 1.85 (quint, J = 6.9 Hz, 2H), 1.47 

(quint, J = 7.1 Hz, 2H), 1.35–1.20 (m, 4H). 

 7-(2-(2-Aminopyrimidin-5-yl)-4-morpholino-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-N-

hydroxyheptanamide (20q). LC–MS m/z: [M + H]
+
 441.2. HPLC purity (254 nm): 99.8 %.   

1
HNMR (DMSO-d6, 400 MHz):  δ 10.31 (s, 1H), 9.12 (s, 2H), 8.66 (s, 1H), 7.27 (d, J = 3.6 Hz, 

1H), 6.97 (s, 2H), 6.65 (d, J = 3.6 Hz, 1H), 4.20 (t, J = 6.8 Hz, 2H), 3.92 (t, J = 4.6 Hz, 4H), 3.76 

(t, J = 4.6 Hz, 4H), 1.92 (t, J = 7.3 Hz, 2H), 1.78 (quint, J = 7.0 Hz, 2H), 1.46 (quint, J = 7.3 Hz, 

2H), 1.37–1.17 (m, 4H). 
13

C NMR (DMSO-d6, 100 MHz):  δ 169.0, 163.8, 157.4, 156.5, 153.1, 

151.5, 124.6, 120.9, 100.9, 100.6, 66.1, 45.4, 43.5, 32.2, 29.5, 28.0, 25.7, 25.0. HRMS (ESI) m/z: 

[M + H]
+
 calcd for C21H29N8O3, 441.2357; found, 441.2373. Anal. (C21H28N8O3) H, N. C: calcd, 

57.26; found, 57.72. 

N-Hydroxy-7-(2-(3-hydroxyphenyl)-4-morpholino-7H-pyrrolo[2,3-d]pyrimidin-7-

yl)heptanamide (20r). LC–MS m/z: [M + H]
+
 440.1. HPLC purity (254 nm): 100.0 %.   

1
HNMR 

(DMSO-d6, 400 MHz): δ 10.34 (br s, 1H), 7.86–7.82 (m, 2H), 7.34 (d, J = 3.6 Hz, 1H), 7.25 (t, J 

= 8.0 Hz, 1H), 6.81 (ddd, J = 8.0, 2.4 and 1.1 Hz, 1H), 6.68 (d, J = 3.6 Hz, 1H), 4.23 (t, J = 6.9 

Hz, 2H), 3.94 (t, J = 4.7 Hz, 4H), 3.78 (t, J = 4.7 Hz, 4H), 1.91 (t, J = 7.3 Hz, 2H), 1.80 (quint, J 
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= 7.0 Hz, 2H), 1.46 (quint, J = 7.3 Hz, 2H), 1.35–1.16 (m, 4H). HRMS (ESI) m/z: [M + H]
+
 

calcd for C23H30N5O4, 440.2292; found, 440.2306. 

6-(2-(4-Fluoro-3-hydroxyphenyl)-6-morpholino-9H-purin-9-yl)-N-hydroxyhexanamide 

(20s). LC–MS m/z: [M + H]
+
 445.2. HPLC purity (254 nm): 98.0%. 

1
H NMR (DMSO-d6, 400 

MHz):  δ 10.34 (br s, 1H), 8.21 (s, 1H), 8.03 (dd, J = 8.9 and 1.9 Hz, 1H), 7.83 (ddd, J = 8.4, 4.5 

and 2.1Hz, 1H), 7.19 (dd, J = 10.9 and 8.6 Hz, 1H,), 4.40–4.24 (m, 4H),  4.21 (t, J = 6.9 Hz, 2H), 

3.76 (t, J = 4.5 Hz, 4H), 1.93 (t, J = 7.2 Hz, 2H), 1.85 (quint, J = 7.3 Hz, 2H), 1.55 (quint, J = 7.5 

Hz, 2H), 1.23 (quint, J = 6.5 Hz, 2H).   

N-Hydroxy-7-(2-(3-(2-hydroxyethoxy)phenyl)-6-morpholino-9H-purin-9-yl)heptanamide 

(20t). Ethyl 7-(2-(3-hydroxyphenyl)-6-morpholino-9H-purin-9-yl)heptanoate (19t) was prepared 

by procedures used for 19f but starting from 18d and (3-hydroxyphenyl)boronic acid (14n). 19t 

(152.5 mg, 0.34 mmol), 2-bromoethanol (127.5 mg, 1.02 mmol), K2CO3 (235 mg, 1.7 mmol) in 

DMF (3.5 mL) was heated at 90 °C to drive the reaction to completion. The mixture was diluted 

with water and extracted with ethyl acetate. After workup, the crude was purified by flash 

chromatography (silica, 30% to 50% ethyl acetate in hexanes) to afford ethyl 7-(2-(3-(2-

hydroxyethoxy)phenyl)-6-morpholino-9H-purin-9-yl)heptanoate (19t2) (36.2 mg, 21%) which 

was converted to hydroxamic acid 20t by procedures used for 20f. LC–MS m/z: [M + H]
+
 485.2. 

HPLC purity (254 nm): 99.1 %. 
1
H NMR (DMSO-d6, 400 MHz): δ 10.31 (s, 1H), 8.22 (s, 1H),  

7.96  (d, J = 8.0 Hz, 1H), 7.92–7.89 (m, 1H), 7.35 (t, J = 7.8 Hz, 1H), 7.02 (dd, J = 7.8 and 2.2 

Hz, 1H), 4.45–4.25 (m, 4H), 4.22 (t, overlapped, 2H), 4.10–4.00 (m, 2H), 3.85–3.70 (m, 6H), 

1.92–1.88 (t, 2H), 1.88–1.83 (m, 2H), 1.50–1.40 (m, 2H), 1.35–1.20 (m, 4H).    

7-(2-(4-Fluoro-3-(2-hydroxyethoxy)phenyl)-6-morpholino-9H-purin-9-yl)-N-

hydroxyheptanamide (20u). It was synthesized similarly to 20t. LC–MS m/z: [M + H]
+
 503.1. 
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HPLC purity (254 nm): 97.3 %.  
1
H NMR (DMSO-d6, 400 MHz): δ 10.32 (s, 1H), 8.23 (s, 1H), 

8.12 (dd, J = 8.6 and 1.8 Hz, 1H), 7.98 (ddd, J = 8.4, 4.6 and 1.9 Hz, 1H), 7.30 (dd, J = 11.1 and 

8.6 Hz, 1H), 4.40–4.25 (m,  4H), 4.22 (t, J = 6.9 Hz, 2H), 4.16 (t, J = 4.8 Hz, 2H), 3.79 (t, J = 4.9 

Hz, 2H), 3.76 (t, J = 4.6 Hz, 4H), 1.92 (t, J = 7.3 Hz, 2H), 1.86 (quint, J = 6.8 Hz, 2H), 1.47 

(quint, J = 7.0 Hz, 2H), 1.36–1.20 (m, 4H). HRMS (ESI) m/z: [M + H]+ calcd for    

C24H32FN6O5, 503.2413; found, 503.2432. 

N-Hydroxy-7-(2-(3-(hydroxymethyl)-4-methoxyphenyl)-6-morpholino-9H-purin-9-

yl)heptanamide (20v). Ethyl 7-(2-(3-formyl-4-methoxyphenyl)-6-morpholino-9H-purin-9-

yl)heptanoate (19v) was prepared by procedures used for 19f but starting from 18d and (3-

formyl-4-methoxyphenyl)boronic acid (14o). 19v (80 mg, 0.16 mmol) was reduced with NaBH4 

(60 mg, 1.6 mmol) in methanol and the crude was purified by flash chromatography (silica, 1% 

MeOH in DCM) to afford ethyl 7-(2-(3-(hydroxymethyl)-4-methoxyphenyl)-6-morpholino-9H-

purin-9-yl)heptanoate (19w) (80 mg, >95%). 19w was converted to hydroxamic acid 20v by 

procedures used for 20f.  LC–MS m/z: [M + H]
+
 485.2. HPLC purity (254 nm): 97.9%.  

1
H NMR 

(DMSO-d6, 400 MHz): δ 10.32 (s, 1H), 8.43 (d, J = 2.2 Hz, 1H), 8.27 (dd, J = 8.6 and 2.2 Hz, 

1H), 8.18 (s, 1H), 7.03 (d, J = 8.7 Hz, 1H), 4.54 (s,  2H), 4.35–4.25 (m, 4H), 4.21 (t, J = 6.9 Hz, 

2H), 3.83 (s, 3H), 3.77 (t, J = 4.6 Hz, 4H), 1.92 (t, J = 7.2 Hz, 2H), 1.86 (quint, J = 6.9 Hz, 2H), 

1.47 (quint, J = 7.2 Hz, 2H), 1.35–1.21 (m, 4H).  HRMS (ESI) m/z: [M + H]
+
 calcd for    

C24H33N6O5, 485.2507; found, 485.2506 

7-(2-(2-Aminopyrimidin-5-yl)-6-(4-(hydroxymethyl)piperidin-1-yl)-9H-purin-9-yl)-N-

hydroxyheptanamide (23a).  LC–MS m/z: [M + H]
+
 470.1.  HPLC purity (254 nm): 97.2%.

1
H 

NMR (DMSO-d6, 400 MHz): δ 10.34 (br s, 1H), 9.15 (s, 2H), 8.15 (s, 1H), 7.54 (br s, 2H), 4.18 
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(t, J = 6.9 Hz, 2H), 3.28 (d, J = 5.9 Hz, 2H), 3.08 (br s, 2H),  1.92 (t, J = 7.3 Hz, 2H),  1.88–1.68 

(m, 5H), 1.47 (quint, J = 7.1 Hz, 2H), 1.35–1.10 (m, 6H).    

7-(2-(2-Aminopyrimidin-5-yl)-6-(4-hydroxypiperidin-1-yl)-9H-purin-9-yl)-N-

hydroxyheptanamide (23b). LC–MS m/z: ([M + H]
+
 456.1. HPLC purity (254 nm): 99.9%.  

1
H 

NMR (DMSO-d6, 400 MHz): δ 10.33 (br s, 1H), 9.12 (s, 2H), 8.14 (s, 1H), 7.25 (br s, 2H), 4.87 

(m, 1H), 4.17 (t, J = 6.9 Hz, 2H), 3.84–3.75 (m, 2H), 3.74–3.57 (m, 2H),  1.96–1.76 (m, 6H),  

1.52–1.36 (m, 4H), 1.35–1.19 (m, 4H).    

 (E)-N-Hydroxy-3-(4-(((2-(2-(6-methoxypyridin-3-yl)-6-morpholino-9H-purin-9-

yl)ethyl)amino)methyl)phenyl)acrylamide (Scheme 4, 29) 

Step 1. Displacement with morpholine. Morpholine (1.39 mL, 15.87 mmol) was added to a 

solution of 11a (1.00 g, 5.29 mmol) in THF (26 mL). The resulting mixture was stirred at rt for 

16 h. White precipitate was observed immediately upon addition of morpholine. The white 

precipitate was filtered off and washed with water (×2) and methanol (×2) to afford 4-(2-chloro-

9H-purin-6-yl)morpholine (24) (1.13 g, 90%). LC–MS m/z: [M + H]
+
 240.1. 

Step 2. N-Alkylation. To a solution of 24 (1.18 g, 4.94 mmol) in acetonitrile/DMSO (19:1) was 

added 2-iodoacetonitrile (0.71 mL, 9.87 mmol) and K2CO3 (1.36 g, 9.87 mmol). The resulting 

mixture was heated at 60 °C for 3 h. Then the solvents were removed in vacuo and water was 

added. The aqueous layer was extracted with DCM (×2) and the combined organic layers was 

washed with brine, dried over MgSO4 and evaporated in vacuo. The resulting crude oil was 

purified by flash chromatography (silica, 50% ethyl acetate in hexanes) to afford 2-(2-chloro-6-

morpholino-9H-purin-9-yl)acetonitrile (25) (1.31 g, 95%) as pale brown solid. LC–MS m/z: [M 

+ H]
+
 279.1.  
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Step 3. Reduction. To a stirred solution of 25 (1.23 g, 4.42 mmol) and NiCl2·6H2O (105 mg, 

0.44 mmol) in MeOH/THF (2:1) was added sodium borohydride (1.17 g, 30.97 mmol) in 

portions. The resulting mixture was allowed to stir at rt for 1 h. Then the solvents were removed 

in vacuo and a saturated solution of sodium bicarbonate was added. The aqueous layer was 

extracted with DCM (×2) and the combined organic layers was washed with brine, dried over 

MgSO4 and evaporated in vacuo. The crude was purified by flash chromatography (silica, 10% 

methanol in DCM) to afford 2-(2-chloro-6-morpholino-9H-purin-9-yl)ethanamine (26) (577 mg, 

46%) as colorless oil. LC–MS m/z: [M + H]
+
 283.1. 

Step 4. Reductive amination. To a stirred solution of 26 (576 mg, 2.04 mmol) in DCE (10 mL) 

was added (E)-methyl 3-(4-formylphenyl)acrylate (466 mg, 2.45 mmol), acetic acid (0.12 mL, 

2.04 mmol) and sodium triacetoxyborohydride (649 mg, 3.06 mmol) sequentially. The resulting 

mixture was stirred at rt for 5 h. A saturated solution of sodium bicarbonate was added to quench 

the reaction and the aqueous layer was extracted with DCM (×2). The combined organic layers 

was washed with brine, dried over MgSO4 and evaporated in vacuo. The crude was purified by 

flash chromatography (silica, 4% methanol in DCM) to afford (E)-methyl 3-(4-(((2-(2-chloro-6-

morpholino-9H-purin-9-yl)ethyl)amino)methyl)phenyl)acrylate (27) (414 mg, 44%) as off-white 

solid. LC–MS m/z: [M + H]
+
 457.2.  

Steps 5 and 6.  By following procedures of Suzuki coupling and hydroxamic acid formation 

used for 20f, the title compound (29) was obtained as TFA salt. LC–MS m/z: [M + H]
+
 531.3. 

HPLC purity (254 nm): 96.2%.  
1
HNMR (DMSO-d6, 400 MHz):   400 MHz)br s, 1H), 9.14 (d, J 

= 2.2 Hz, 1H), 9.06 (br s, 2H), 8.52 (dd, J = 8.8 and 2.3 Hz, 1H), 8.19 (s, 1H), 7.55 (d, J = 8.1 

Hz, 2H), 7.45 (d, J = 7.8 Hz, 2H), 7.42 (d, overlapped, 1H), 6.87 (d, J = 8.7 Hz, 1H), 6.46 (d, J = 

15.9 Hz, 1H), 4.59 (t, J = 5.5 Hz, 2H), 4.44–4.19 (m, 6H), 4.10–3.66 (m, 2H), 3.91 (s, 3H), 3.76 
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(t-like, J = 4.5 Hz, 4H), 3.65–3.52 (m, 2H). HRMS (ESI) m/z: [M + H]
+
 calcd for C27H31N8O4, 

531.2463; found, 531.2473. 

(E)-3-(4-(((2-(2-(2-Aminopyrimidin-5-yl)-6-morpholino-9H-purin-9-

yl)ethyl)amino)methyl)phenyl)-N-hydroxyacrylamide (31). 31 was prepared by procedures 

used for 29. LC–MS m/z: [M + H]
+
 517.2. HPLC purity (254 nm): 97.8%. 

1
HNMR (DMSO-d6, 

400 MHz):  δ 10.80 (br s, 1H), 9.14 (s, 2H), 9.00 (br s, 2H), 8.15 (s, 1H), 7.57 (d, J = 7.9 Hz, 

2H), 7.45 (d, J = 7.9 Hz, 2H), 7.43 (d, overlapped, 1H), 7.15 (br s, 2H), 6.47 (d, J = 15.9 Hz, 

1H), 4.57 (t, J = 5.3 Hz, 2H), 4.40–4.20 (m, 4H), 3.90–3.50 (m, 8H). HRMS (ESI) m/z: [M + H]
+
 

calcd for C29H29N10O3, 517.2419; found, 517.2421. 

N-Hydroxy-4-(((2-(2-(6-methoxypyridin-3-yl)-6-morpholino-9H-purin-9 

yl)ethyl)amino)methyl)benzamide (34). 34 was analogously prepared by procedures used for 

29. LC–MS m/z: [M + H]
+
 505.1. HPLC purity (254 nm): 97.3%. 

1
HNMR (DMSO-d6, 400 

MHz): δ 11.28 (br s, 1H), 9.17 (d, J = 1.9 Hz, 1H), 9.08 (br s, 2H), 8.55 (dd, J = 8.7 and 2.4 Hz, 

1H), 8.19 (s, 1H), 7.75 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 6.89 (dd, J = 8.7 and 0.5 Hz, 

1H), 4.60 (t, J = 5.8 Hz, 2H), 4.40–3.95 (m, 6H), 3.92 (s, 3H), 3.75 (t, J = 4.6 Hz, 4H), 3.59 (t-

like, 2H). 

HDAC Enzyme Assay. HeLa nuclear extracts were prepared in-house and were used as the 

source of HDACs in routine HDAC inhibition assays. The recombinant HDAC enzymes, 

HDAC1 (Cat #5005), HDAC3/NcoR2 (Cat #50003), HDAC4 (Cat #50004), HDAC6 (Cat 

#50006), HDAC8 (Cat #50008) were purchased from BPS Bioscience Inc., United States. The 

assay was performed in 96-well format (black NBS half-area 96-well plate, Corning #3993) 

using a fluorescent-based HDAC activity assay. Substrates Boc-Lys(Ac)-AMC (Cat # I-1875) 

for HeLa nuclear extracts, HDACs 1, 2, 3, 6, and 10, Boc-Lys(Tfa)-AMC (Cat # I-1985) for 
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HDACs 4, 5, 7, 8, 9 and 11 were purchased from Bachem AG, Switzerland. The reaction mixture 

(50 µL/well) was composed of assay buffer (25 mM Tris, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 

mM MgCl2, and 0.1 mg/mL BSA), test compounds, an appropriate concentration of enzyme, and 

50 µM of substrate, and it was incubated at rt for 2 h. The reaction was stopped by addition of 

developer [50 µL/well, containing trypsin (Cat #T4799, Sigma-Aldrich), 2 mg/mL, 50 mM Tris 

pH 8.0, and LAQ824 (CAS 404951-53-7), 4.5 µM] and incubated at 37 ºC for 30 min. The 

fluorescence was detected at the excitation wavelength of 360 nm and emission wavelength of 

460 nm using a BioTek Synergy H4 Hybrid Multi-Mode Microplate Reader and raw data were 

processed using BioTek’s Gen5 (v2.03.01) software. Vorinostat (SAHA) was used as positive 

control. 

Kinase Enzyme Assay.  Lipid kinases PI3Kα: Cat # PV4788 from Invitrogen, or Cat # 40620 

from BPS Bioscience Inc., United States; p110α(H1047R)/p85α (Cat #40641) from BPS, 

p110α(E545K)/p85α (Cat #P27-15H) from SignalChem;  PI3Kβ: Cat # P28-10H (SignalChem), 

Cat # 40622 (BPS), PI3Kδ: Cat # P30-10H (SignalChem) were used in  the  ADP-Glo™ Kinase 

Assay (Promega). Serially diluted compounds solutions (5 µL/well, 3-fold, 8-concentration) 

were added to a white NBS half-area 96-well plate (Corning #3992). Lipid PIP2:PS (1:3) 

mixture (0.167 mg/mL: 0.5 mg/mL)  in Lipid Dilution Buffer (25 mM HEPES, pH7.5, 0.5 mM 

EGTA) was diluted (1:1) with Reaction Buffer (3.33×) (159 mM HEPES, pH7.5,  87 mM NaCl, 

9.5 mM MgCl2, 0.08 mg/mL BSA) to make a 1.67× working solution, PI3K enzyme was diluted 

with the 1.67× working solution and 15 µL/well was used for reaction. ATP (125 µM, 5 µL/well) 

in DI water was added to initiate the reaction. After reaction at rt for 1 h, the reaction was 

stopped by addition of ADP-Glo solution (25 µL/well) and incubated at rt for 40 min, then 

kinase detection solution (50 µL/well) was added and incubated for 40 min, the luminescence 
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was read on a Biotek Synergy H4 Hybrid Multi-Mode Microplate Reader and raw data were 

processed using BioTek’s Gen5 (v2.03.01) software.  Pictilisib and wortmannin were used as 

positive controls. IC50 is defined as the concentration of compound required for 50% 

inhibition of enzyme activity.   

Cell Culture and Anti-Proliferative Assays (Cellular IC50). All cell lines were purchased 

directly from ATCC except HuH-7 which were obtained from Dr. Manikanden Lakshmanan 

(IMCB).  Cells were cultivated at 37 °C, 5% CO2 in recommended media containing 10% FBS. 

Antibiotics (100 U/mL of penicillin and 100 µg/mL of streptomycin) were added to the media 

used for compound dilution and cells in 96-well assay plates. For a typical screening experiment, 

cells (100 µL/well) were inoculated into 96-well microtiter plates at plating densities ranging 

from 2,000 to 30,000 cells/well depending on the doubling time of individual cell lines and assay 

linearity. After cell inoculation, the microtiter plates were incubated overnight (up to 24 h) prior 

to addition of compounds for adherent cells. Suspension cells were treated with test compounds 

immediately after cell inoculation. Test compounds were serially diluted (3-fold, 8-

concentration) using the same media and added to the plates (15 to 25 µL/well).  After 72 h of 

cultivation, the plates were assayed for cell cytotoxicity/viability by using the following two 

methods: Sulforhodamine B  (SRB) method 
55, 56

 and CellTiter-Glo® Luminescent Cell Viability 

Assay. 
57

  The raw data were processed using BioTek’s Software Gen5 (v2.03.01) to generate 

inhibitory IC50 values. Vorinostat was used as positive control.  

Cell Line Authentication and Mycoplasma Detection. Cells were routinely monitored with 

MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza Walkersville, Inc.) to make sure they 

were mycoplasma free. Genomic DNA was isolated according to manufacturer’s protocol by 

using PureLink® Genomic DNA Mini Kit (Catalog Number K1820-01, Invitrogen, Carlsbad, 
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CA92008, USA). About 1 × 10
5
 cells were used for DNA isolation. Cell line authentication was 

done at Genetica DNA Laboratories (1440 York Court, Burlington, NC 27215 USA) as well as 

in-house at The DNA Sequencing Facility (DSF, IMCB) by using Promega  PowerPlex® 16 HS 

System and Promega GenePrint® 10 System, respectively. Cell line authentication data were 

verified and confirmed against ATCC database as well as published STR data. 
58, 59

 Mycoplasma 

detection was done at Genetica DNA Laboratories by using e-Myco™ plus Mycoplasma PCR 

Detection Kit (iNtRON Biotechnology). 

Caspase Activity Assays. Cells were cultivated and treated with test compounds in 96-well 

plates as described in the above Cell Culture and Anti-Proliferative Assays section. Caspase 

assay buffer [100 mM HEPES (pH7.5), 200 mM NaCl，4 mM EDTA, 0.1% CHAPS,  and 

freshly added  5 mM DTT and 50 µM of caspase substrate Z-DEVD-R110  or (Z-Asp-Glu-Val-

Asp)2-Rhodamine 110 (Cat #M-2615, Bachem, Switzerland)] was added to cells (100 µL/well) 

and the plates were incubated at rt and monitored for the caspase activity on a BioTek Synergy 

H4 reader (excitation: 496/9 nm, emission: 521/9 nm). Positive control was staurosporine.  

Cell Viability/Cytotoxicity Assay. The content of dead cells and viable cells were measured 

using CytoTox-Glo™ Cytotoxicity Assay kit (Promega) per manufacture’s protocol. Briefly, 

CytoTox-Glo™ Cytotoxicity Assay Reagent (48 µL/well) was added to the cells in 96-well plate 

and the luminescent signals were recorded using a BioTek Synergy H4 reader, then Lysis 

Reagent (48 µL/well) was added and the luminescent signals derived from both dead and viable 

cells were recorded. Viability was calculated by subtracting the luminescent signal resulting 

from experimental cell death from total luminescent values. Staurosporine was used as positive 

control.  
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Target Modulation of HDACs and PI3K/AKT/mTOR Pathway in Cancer Cells and 

Tumors. Western Blot Analysis. Cells were cultivated and treated with test compounds as 

described in the above Cell Culture and Anti-Proliferative Assays section. Cells were washed 

with cold DPBS twice and cooled on ice and treated with lysis buffer [50 mM Tris (pH7.4), 2.5 

mM β-glycerophosphate, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 

mM sodium orthovanadate，10 mM sodium fluoride，1 mM EDTA and freshly added protease 

inhibitor PMSF (0.1 mM) and protease inhibitor cocktail (Cat # 03969, Nacalai Tesque, Inc. or 

Cat. # 539134, Calbiochem)]. Lysates were cleared at 20,000×g for 20×2 min, and protein 

concentrations were determined using BCA Protein Assay Kit (Cat # 71285-3, Novagen, USA). 

Proteins in cell lysates were resolved by SDS-PAGE and transferred to PVDF and probed with 

appropriate primary and secondary antibodies. Histone H3 (acetyl K9) (Cat # 9649), Histone H3 

(Cat #9715),  Acetyl-α-Tubulin (Lys40) (Cat #5335), α-Tubulin (Cat #2125), pAkt (Ser473) 

(Cat #4060), anti-Akt(pan) (Cat # 4685),  pS6 ribosomal protein (Ser240/244) (Cat # 5364), S6 

ribosomal protein  (Cat # 2217), Phospho-4E-BP1 (Thr37/46) (Cat #2855), P70S6 Kinase (Cat 

#2708), Phospho-P70 S6 Kinase (Thr389) (Cat #9234), and HRP-linked anti-rabbit IgG (Cat 

#7074) antibodies were purchased from Cell Signaling Technology, Inc., USA. Anti-β-actin (Cat 

#ab8227) was from Abcam, and anti-GAPDH-HRP (Cat # sc-25778-HRP) was from Santa Cruz 

Biotechnology, Inc. The protein bands were detected using Pierce ECL Western Blotting 

Substrate (Cat #3229) and captured using FUJI Super RX-N films which were subsequently 

scanned and analyzed using ImageJ (1.47V) software. Or the gel signals were captured and 

processed using ChemiDoc™ Touch Imaging System with Image Lab™ Touch Software 

(Version 5.2.1 build 11, Nov 14, 2014, Bio-Rad Laboratories). 
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In Vitro ADME and Drug-like Properties. Lipophilicity (logD at pH 7.4), solubility, and 

microsomal stability were determined by using our previous published methods properties.
23

  

Microsomal Stability.  GIBIO pooled human liver microsomes (HLM) (Cat # HMMCPL), 

mouse liver microsomes (MLM) (Cat # BCMCPL), and rat liver microsomes (RLM) (Cat # 

RTMCPL) were purchased from Life Technologies. The incubations consisted of test compound 

(5 µM) or control compounds (verapamil and dextromethorphan), 0.5 mg/mL of microsomes, 3.3 

mM MgCl2, 1.3 mM β-NADPH, and 100 mM potassium phosphate buffer (pH 7.4).  Samples are 

incubated at different time points up to 60 min.  Reaction was terminated with ice-cold 

acetonitrile 0.3% formic acid. Samples were subsequently centrifuged at 4 
o
C for 15 min at 

20,000×g. The supernatant was analyzed by LC–MS.  

Pharmacokinetics (PK) and Tissue Distribution. 
60, 61

 All animal studies were done as per 

approved protocols by the Institutional Animal Care and Use Committee at the Biological 

Resource Centre (BRC) in Singapore. BALB/c mice or tumor bearing NCR nude mice were 

dosed iv, po, and ip with a variety of formulated solutions or suspensions of compound 

examples. Blood was collected after serial bleeding and centrifuged, and the plasma was frozen 

at −80°C. Tissues (e.g., livers, lungs, and kidney) were snap frozen on dry ice or in liquid 

nitrogen and kept at −80 °C until analysis.  The plasma samples were added internal standard 

carbamazepine (CBZ) and processed as described previously.
61

 Quantitative analysis was carried 

out on a Waters 2795 separations module equipped with a Waters 2996 Photodiode Array (PDA) 

detector and Micromass Quattro micro mass spectrometer. Sample was resolved on Phenomenex 

Luna C18(2), 2.0×50 mm column with a SecurityGuard Cartridge (C18 4×2.0 mm) at a flow of 

0.5 mL/min with a 6-min gradient (x to 95% of B, solvent A, ultrapure water with 0.1% of 

formic acid (FA), solvent B, methanol with 0.1% of FA, x is selected from 5 to 50) and data 

Page 65 of 79

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

were acquired using multiple reaction monitoring and quantified by QuanLynx in MasLynx 

software (V 4.1, Waters Inc.).  

In Vivo Pharmacodynamics (PD) and Efficacy Studies. All animal studies were done as per 

approved protocols by the Institutional Animal Care and Use Committee at the Biological 

Resource Centre (BRC) in Singapore. Female NCr nude mice (CrTac:NCr-Foxn1
nu

), or BALB/c 

nude mice, or C.B-17 scid mice (C.B-Igh-1
b
/IcrTac-Prkdc

scid
), 4 to 6 weeks of age, purchased 

from InVivos Pte Ltd, Singapore, were inoculated in the right flank with about 5 × 10
6
 of tumor 

cells which were suspended in serum-free DMEM or RPMI1640 growth medium  and Matrigel 

(Cat. No: 354234, Corning Discovery Labware) (1:1) and injected in a total volume of 100 to 

150 µL. Tumor were measured using a digital caliper and tumor volumes were estimated by 

using the formula:  tumor volume = length × width
2 
× 0.5. Tumor growth inhibition (TGI%) = [1 

- (Tt - T0)/(Ct - C0)×100,  C0 and Ct are the mean tumor volumes for control group (vehicle) on 

day 0 and day t, respectively;  T0 and Tt are the mean tumor volumes for treatment group on day 

0 and day t, respectively. All statistics conducted were done using GraphPad Prism (v4.00 or 

v7.00, GraphPad Software Inc.), two-tailed unpaired t-Test was used for comparing two groups, 

and one way ANOVA followed by Dunnett's Multiple Comparison Test was used for comparing 

three and more groups.  
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