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Abstract: This study reports the design, synthesis anduatiah of a series of histone
deacetylase (HDAC) inhibitors containing purine/ripa isoster as a capping group and an
N-(2-aminophenyl)-benzamide unitn vitro cytotoxicity studies reveal that benzamidé
suppressed the growth of triple-negative breasteranells MDA-MB-231 (IGy = 1.48 uM),
MDA-MB-468 (ICso = 0.65 uM), and liver cancer cells HepG2 (& 2.44 uM), better than
MS-275 6) and Chidamide §). Compared to the well-known HDAC inhibitor SAHAA
showed a higher toxicity (Kg = 0.33 puM) in three leukemic cell lind$;562, KG-1 and THP-1.
Moreover,14 was found to be equally virulent in the HDAC-sérsi and -resistant gastric cell
lines, YCC11 and YCC3/7, respectively, indicatitg tpotential ofl4 to overcome HDACI
resistance. Furthermore, substantial inhibitorye@® more pronounced than MS-27 énd
Chidamide ¢) were displayed by4 towards HDAC1, 2 and 3 isoforms with §Cvalues of
0.108, 0.585 and 0.568M respectively. Compound4 also exhibited a potent antitumor
efficacy in human MDA-MB-231 breast cancer xenograbuse model, providing a potential

lead for the development of anticancer agents.
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1. Introduction

Epigenetic modification of histones is involvedtive regulation of cell-specific expression of

genes required for development and maintenancelbflar function [1]. Histone deacetylases

(HDAC) induce histone hypoacetylation by removihg aicetyl groups oN-terminal lysines of

histone proteins, which in turn loosens the chramatructure and ultimately facilitates the

transcriptional process [2]. HDACs as drug tardetge garnered significant scientific attention

[2,3] as HDAC inhibitors induce relief of transdigmal repression in various leukemias and are

considered to be the key for epigenetic canceafhejd]. Recent literature clearly indicates that

there has been an explosion of research on desgsyathesis of class | HDAC inhibitors as

antiproliferative agents and promising results wattained [5-9]. In this view, class | HDAC

inhibition appears to be an attractive therapesitimtegy for developing anticancer agents.

Structural fabrication of HDAC inhibitors includes cap group (CAP), linker part and a

Zn-binding group (ZBG) and HDAC inhibitors are geady categorized in to two structural

classes on the basis of the zinc binding group: rékamic acids and the aminoanilides

(benzamides). SAHA1j [10], PXD101 @) [11] and LBH589 8) [12] represent the US FDA

approved hydroxamic acid type HDAC inhibitors (Flg.and Mocetinosa®f [13], MS-275 b)

[14] and Chidamide €) [14] (Fig. 1) are the representative examples of

N-(2-Aminophenyl)benzamide binding unit containingDAC inhibitors. Among the



benzamides, only Chidamidé)(stands as the approved benzamide (CFDA apprdeedjhe

treatment of patients with recurrent or refractpeyipheral T-cell lymphoma (PTCL) [14-17]. In

preliminary studies, Mocetinostad)(has also demonstrated significant anticancecasfii that

has been attributed to its slow, tight binding tOACs and its slow decomplexation [18-19]. In

addition, there were no observed signs of acquresistance of cancer cells towards the

exposure to Mocetinostat [20]. Another N-(2-Aminepll)benzamide type HDAC inhibitor,

MS-275 6) owing to its clinical promise and selective cldsshibitory potential has been the

subject of extensive structural engineering witmewous studies yielding optimistic results [21].

These exciting facts clearly ascertains the neeelxt#nsive explorations on new aminoanilide

inhibitors.

We have been actively involved in the search ofllsmalecule HDAC inhibitors employing

diverse combinations of CAP constructs, linker amtt binding motifs [22]. As an extension of

this ongoing drug discovery program, the presamystieals with the structural optimization of

the MS-275 and Chidamide chemical architecture thmtolves feasible inclusion of

purine/purine isoster as the surface recognitiotifraad the replacement of the carbamate and

acrylamide groups as the connecting unit to thezydelinker (Fig. 2). These attempts were

particularly influenced by the literature rationalieattaining favorable effects via placement of a

bicyclic heteroaryl ring as the CAP component ia ftructural template of MS-275/Chidamide



[21, 23] along with the existence of purine/purisesters as a key structural unit in the chemical

architecture of numerous bioactive scaffolds emrgrpotent cell killing effects [24]. Other than

this, the formation of a toxic metabolite, 4-(anmmethyl)-N-(2-aminophenyl)benzamide which

nonspecifically inhibits HDAC proteins or otherdats attributed to the presence of carbamate

functionality in the structure of MS-275 (Fig. 23] led us conceive that its replacement as the

connecting unit can be a logical approach to oveecdhis issue. Furthermore, the CAP

constructs were fused with substituted anilines &meteroaryl amines reported to possess

anticancer effects [24]. The fusion of such antiurmpharmacophores is anticipated to induce

sensitization of the cancer cells towards the exyo®f the designed synthetics. With this

background, we describe here the synthesis anoinmmaly antiproliferative evaluation of a new

series of aminoanilideg{18) (Fig. 2) containing purine/purine isoster as¢hpping group.

2. Results

2.1 Chemistry

Schemes 1-4 presents the synthetic routes to thet taenzamides7¢18. Benzamideg, 11,

13 and 17 were synthesized as per the synthetic approactvrshio scheme 1. Substituted

9H-Purine (9, 21) and 7H-Pyrrolo[2,3-d]pyrimidine2Q, 22) were subjected to potassium

carbonate mediated benzylation with methyl 4-(brorathyl)benzoate employing a previously



reported methodology. For the purine based startimgerials 19 and 21), benzylation

proceeded regioselectively towards N-9 position #m&l results were in resonance with the

results of the protocol [25]. The benzylated prddw3-26 were hydrolyzed using lithium

hydroxide to yield the carboxylic aci2{-30. The acids Z7-29 underwent EDC/HOBt

mediated amidation with benzene-1,2-diamine totlgetdesired benzamides, (11, 13 while

the acid 30 was amide coupled with (2-Amino-4-faxphenyl)-carbamic acitert-butyl ester

followed by trifloroacetic acid mediated Boc degaiton to furnish the target benzamitié

Scheme 2 depicts the methodology for the preparaifobenzamides$, 10, 12, 14-16 Protic

acid catalyzed condensation of substituted anilares 4-methyl-2H-pyrazol-3-ylamine with the

starting materials(19-22 yielded intermediate81-36. The intermediates31-36 were then

subjected to the previously employed synthetice@g mentioned in scheme 1 i.e. benzylation,

lithium hydroxide mediated de-esterification andidation to afford the synthesis of target

compounds§, 10, 12, 14-16) The synthesis of the target compo@ndas accomplished as per

the synthetic protocol shown in scheme 3. The istannaterial19 (2,6-dichloro-9H-purine)

underwent condensation with methyl 4-aminobenzoatalyzed via mineral acid followed by

ester hydrolysis and EDC/HOBt mediated amidationthwiNH,OTHP employing

N,N-Diisopropylethylamine as the base to yield intediate51. Benzylation of the intermediate

51 at position 9 with methyl 4-(bromomethyl)benzoatel subsequent de-esterification gave the



carboxylic acid53. The acid53 was treated with o-phenylene diamine to yieldrmiediate54

which underwent TFA-mediated deprotection to affdh@ target compoun®. Scheme 4

presents the synthetic route to benzandi@elnitially, numerous attempts (not shown in scheme

4) were made to incorporate the 2,4,6-trichloro-dirfethoxy aniline functionality via N-methyl

urea tetheration at position 4 of the 7H-pyrrol8fa8]pyrimidin-2-ylamine core. However, the

condensation was not successful and an alternatra@egy was employed which led to the

condensation of the desired aniline at positioriTRe starting materiaP2 was treated with

methyl amine to give intermediat&b which was converted to isocyanate via treatmerh wi

triphosgene and then reacted with the desirednanillhe subsequent route to furnish target

compoundl8was similar to that employed in previous schemes.

2.2. Biological evaluation

2.2.1 Antiproliferative activity

The synthesized compound3-18) were evaluated foin vitro cytotoxicity against the

triple-negative breast cancer cells (MDA-MB-231)tlais type of cancer have been found highly

malignant and lack of efficient therapeutics andA€I2 and 3 were highly expressed in breast

tumors isolated from hormone receptor-negativeep#gi[26]. Given HDAC1-3 were also found

to be upregulated in clinical samples of human toggdlular carcinomas (HCCs) [27], we also



tested the effects of our compounds on the vighilitHepG2. MS-2755) and CFDA-approved

Chidamide §) were employed as internal standards and thetseard depicted in Table 1. The

study reveals exciting insights regarding the aptmt effects of the synthesized aminoanilides.

In general, the cancer cell lines exhibited a simitend of sensitivity to the exposure of the test

compounds as that to MS-275) (and Chidamide&) with MDA-MB-231 cell line being the

more sensitive one. Careful observation of Tabdtearly indicates the influence of amine group

at position 2 on the cellular activity of the bemzdes as replacement of the chloro gronpl()

with amino group 13, 17) induced cell growth inhibitory effects againsttibacell lines.

Induction of cytotoxicity against MDA-MB-231 wassal evidenced with the placement of

3-chloro-4-flouro aniline functionality at positiagh in compounds bearing the purine core with

chloro substitution at position 2 (compafeand 8). Similarly, fusion of the purine core with

4-methyl-1H-pyrazol-3-yl functionality induced cefirowth inhibition towards the cell lines

employed (compar& and 10). However, the trend was not replicated with teresponding

compounds bearing the 7H-pyrrolo[2,3-d]pyrimidirerec as isosteric CAP construct (compare

11 and12). Incorporation of 3-chloro-4-flouro aniline fummhality (at position 6) emerged to be

most effective for the purine based benzamides w&itiine group at position 2 (compare

compoundl3 and14). Compoundl4 exhibited the most substantial effects againstc#iklines

employed with 1G values of 1.48 + 0.06 pM (MDA-MB-231) and 2.44 A8 pM (HepG2). It



was interesting to observe that the cell growthhindry potential of compound4 was higher

than MS-275%) and Chidamidef). In light of these effects, we also observed iest results

from another TNBC cell line, MDA-MB-468, which shed higher sensitivity tol4 in

comparison to MS-275 and Chidamide (Fig. 3). Intest, the breast cancer cell line positive

for estrogen and progesterone receptors MCF-7 was nesistant to these compounds and did

not show higher susceptibility 4 (Fig. 3). It is tempting to speculate that the esggion of the

receptors may contribute to the cytotoxicity ofsadenzamide derivatives in breast cancer cells.

Further structural optimization studies involved tieplacement of 3-chloro-4-flouro aniline with

3,5- dimethoxy aniline (compatet with 15) at position 6 and N-(2-aminophenyl) functionality

(zinc binding motif) with N-(2-amino-5-fluorophenyfunctionality (comparel7 with 13). The

replacement led to decrease in the cellular agtiat compoundl5, however the placement of

N-(2-amino-5-fluorophenyl) functionality as the eibinding group (compounti?) retained the

activity against both the cell lines. Isosteric lagment of purines as CAP construct in

benzamidel4 yielding the counterpad6 also demonstrated a decline in cell growth inbiyit

effects. Compound8 with 2-(3-(2,4,6-trichloro-3,5-dimethoxyphenyl)igie) moiety at position

2 was devoid of cell killing effects. In generaknzamides with purine scaffold as the CAP

construct caused greater inhibition of the cellwglo and also favored the inclusion of

substituted anilines and amines at position 6. @lyerpresence of amine group,



3-chloro-4-flouro aniline functionality and the CAPonstruct remarkably influenced the

cytotoxic effects of the compounds.

2.2.2 HDAC isoform inhibition

All the compounds were tested for enzyme inhibitactivity towards the HDAC1, 2, 6 and 8

isoforms as shown in the Table 2. MS-2B) \as employed as a reference compound in the

study. Most of the benzamides were endowed witlergoind selective inhibitory profile

towards the HDAC1 and 2 isoforms. Among them, coama 9 possessing weak cell growth

inhibitory effects (Table 1) stands as an exceptimsplaying strikingly selective inhibitory

potential against the HDACG6 isoform @€= 11.3 nM). Apart from HDACSG, other isoforms

were also significantly inhibited by compouBdvith 1Cso values of 0.1822M (HDAC1), 1.45

uM (HDAC?2) and 0.352uM (HDACS). The selectivity towards the HDACG6 isofercould be

attributed to the structural orientation @fpossessing hydroxamic acid functionality. Overall,

compound9, 10, 13, 14, 15 and 16 displayed higher inhibition against the HDAC1 moh in

comparison to the standarsl, The most cytotoxic benzamide! inhibited the HDAC1 and 2

isoform with G values of 0.108M and 0.585uM. On the contrary, benzamid® which as

such was less potent in inhibiting the growth df tees caused the most substantial HDAC1

and 2 isoform inhibition with 1€, values of 0.023%M (HDAC1) and 0.17uM (HDAC2). A

15-fold higher selectivity was displayed k% towards the HDAC1 isoform in comparison to



HDAC2. Conclusively, both the benzamides4(and 15) were more potent than MS-275) (
against the HDAC1 as well as HDAC2 isoform. Anothenzamideél6 with moderate inhibitory
potential against the cancer cell lines displaydastantial selective inhibition towards HDAC1
over the HDAC2 isoform (639 folds, $&£= 93 nM). Collectively, the results indicate thiaé¢
isosteric replacement of purine core (benzami® with 7H-pyrrolo[2,3-d]pyrimidine
furnishing benzamidd.6 was found to be effective in potentiating the bition as well as
selectivity towards the HDACL1 isoform. Unlike thgtotoxic profile, 3,5 —dimethoxy aniline
ring (15) was found to be the most instrumental in indug@otent inhibitory effects towards the
HDAC1 and 2 isoforms
2.2.3 Evaluation of inhibitory effects of benzamidd 4 towards all the HDAC isoforms

In view of the remarkable antiproliferative effecisbenzamidel4 against the human cancer
cell lines employed along with substantial inhimtiof HDAC1 and 2 isoforms, the compound
was further evaluated against all the HDAC isofoemd the results are depicted in Table 3. The
results of evaluation indicate a more pronouncédbition of HDAC1, 2 and 3 by 4 with 1Cs
values of 0.108, 0.585 and 0.5¢31 in comparison to MS-275. Among these isoforms,
benzamidel4 preferentially inhibited HDAC1 over HDAC2 and HDAGnd was 5 folds more
potent than the standard against the HDAC1 isofdine. results presented in Table 3 ascertain

the potential ofi4 as class | HDAC inhibitor.



2.2.41n vitro cytotoxicity studies against HDAC inhibitors resisant and sensitive in gastric

cancer cell lines

Cancers display variable sensitivity to HDAC intilss. Previous studies have identified a

series of gastric cancer cell lines exhibiting efiéntial response to HDAC inhibitors [28].

Consistent to this report, the YCC3/7 cells showeate resistant to MS-27%)(in comparison

to the sensitive cell line YCC11 (Table 4). Theues of 50% growth inhibition concentration

(ICs0) of MS-275 in YCC3/7 and YCC11 were 12.98 + 1.0® and 6.03 = 0.44uM,

respectively. Similar trend was also observed @ttio cell lines treated with compountld; 11,

13 and 17. In contrast, compoundg, 14, 15, 16 and Chidamide@) showed non-differential

toxicities to two cell lines. Among thes®4 was the most virulent in both cells lines, withdC

values of 4.79 + 0.3dM and 4.77 + 0.2UM in YCC3/7 and YCC11 cells, respectively. Taken

together, these results reveld as a potent anti-cancer agent that can overcom@GiD

resistance.

2.2.51n vitro cytotoxicity studies against leukemic cell lines

To gain further insights into the application ofrgmoundl14, we compared the potency M4,

MS-275, Chidamide and SAHA against three leukenali knes that have been tested in

previous studies [29-34]. We found that these campe exhibited strong toxicities in all three

tested leukemic cell lines, with dgvalues below micromolar (Fig. 4), lower than tbatmost of



the solid tumor cell lines we used in the studyh(€a 1, 4 and Fig. 3). It's worth noting that the
ICso values ofl4 in these cell lines were highly similar (~0.881). All three leukemic cell lines
showed significantly higher sensitivities 1d than SAHA. In contrast, MS-275 and Chidamide
did not possess higher activity than SAHA in K-5®#s. These differential sensitivities provide
important information for selection of HDAC inhibrts in leukemia treatment.
2.2.6 Interaction analysis of compound 14 in HDAC1

To provide a proof of concept of our molecular dogkprotocol, we first re-docked the
co-crystal ligand into its target protein activeessimilar to that performed in the literature [35,
36]. The docked ligand poses showed similar condtions with the co-crystal ligands of
HDAC1 and HDAC2 (Supporting information, Fig. 1S)he structure of HDAC3 (PDB ID:
4A69) was not used for validation because the getal ligand is not an HDAC inhibitor.
Nevertheless, the results suggest that favoralderacy is obtained with the docking protocol
and methodology used in this study. For clarityalgsis of the docked compound is separated
into three sections: Zinc binding group (ZBG), kmkand cap group. These sections are observed
with traditional HDAC inhibitor [37]. The ZBG of g¢opound 14 contains a
N-(2-aminophenyl)formamide moiety. Chelating thaczion is crucial for HDAC inhibition
[38]. This is achieved with the carbonyl oxygenbehzamidel4 which also forms a hydrogen

bond with residue Y303 (Fig. 5). The ZBG containpranary amine and an amide NH. A



primary amine located on the aromatic ring formdrbgen bonds to two residues, His140 and

His141. The amide NH forms a hydrogen bond to tesi@ly149 (Fig. 5). Both the amine and

the amide NH function as hydrogen bond donors. bigldobic interactions with residues M30,

L139, H140, H141 and G300 sandwich the aromatig raf the ZBG. Together, these

interactions, combined with zinc chelation, actsaasanchor for compount4 in the HDAC1

active site. The benzyl moiety functions as thkdmand spans a hydrophobic tunnel to connect

the ZBG to the cap group [39]. The aromatic ringehzyl functionality facilitates hydrophobic

interactions with ring residues F150, H178 and Fg&§. 5). The cap group of compouid

lies at the periphery of the HDAC1 active site. gThigroup consists of a

N6-(3-chloro-4-fluorophenyl)-9H-purine-2,6-diamin@oiety. This moiety is bulky and contains

multiple ring structures. We observed one hydrdgemnd between the amine moiety and residue

D99 (Fig. 5). The chlorine and fluorine halogeng @ositioned outside of the active site

entrance. A hydrophobic interaction is present betwresidue L271 and the chlorine moiety.

This allows the cap to occupy a pocket withoutistetashes along the HDACL1 active site.

Together, we found that compouthd can form favorable interactions within the HDAGdiee

site.

2.2.7 Binding interactions of compound 14 in HDACd0zymes



Next, we sought to compare the interactions of cumgd14 in HDAC isozymes. The HDAC

isozymes are typically separated into four famili@kass I, lla, Ilb, and 1V [38]. Compouri

was found to have the greatest inhibitory effectHidDAC1 (Class I) (Table 2). When docked

into HDAC4 (Class lla), the position of compoutd is flipped with respect to its pose in

HDAC1 (Fig. 6A). This is attributed to differencesth two amino acids in the active site. First,

the ring structure of residue Y303 is pointed ithhe active site in HDAC1, while the ring

structure of residue H976 in HDAC4 is pointed awHhlyis residue change in HDAC4 removes a

hydrogen bond in the active site, compared to rikeraction formed between compouldiand

residue Y303 in HDACL1. Furthermore, the ring stuwetof residue P800 of HDAC4 reduces a

pocket within the active site. As a result, compbud does not have favorable binding to

HDACA4.

Compoundl4 also shows poor inhibition of HDACG6 (Table 2). Teterbonyl oxygen, which

functions as the chelator in HDACL1, is not in adi@mble distance to chelate the HDACG zinc ion

(Fig. 6B). When the docking results were superiredpsve observed that compoutidoes not

penetrate the HDACG6 active site as deep as thatiselDACL. This may be due to HDAC6

residue P608, which creates a shallower pockettauts ring pointing towards the active site,

compared to residue L139 found in HDACL. Furtheem&tDACG residue S568 does not form a

hydrogen bond with the cap group, which may redheegotency of the compound (Fig. 6B).



HDAC1 and HDACS are both grouped as class | HDA@swvever, compound4 produces a
significantly higher inhibition of HDACL1 isoform @ble 2). Compared to HDAC4 and HDACS,
the pose of compourit¥ in HDACS is closer to the one observed in HDACIQ(BC). This can
be attributed to the class similarity of HDAC1 aH®ACS8. However, two differences were
observed that may account for the weaker inhibitibthe compound. The cap forms a hydrogen
bond with HDACL1 residue D99. In HDACS, the capasated away from the respective residue,
D101. This may also force the compoul¥icap to occupy a different position in the perigher
of the HDAC active site. In addition, HDAC8 contairesidue M274 instead of residue L271
found in HDACL. As a result, HDACS lacks a hydroplwinteraction with the CAP construct
of compoundl4 at this position. Together, these interactionsastite preference of compound
14 towards HDAC1.

Overall, the docking results supports the substhRiDAC1 inhibition exerted by benzamide
14 in comparison to the other HDAC isozymes. Some ikegractions with the amino acid
residues of HDACL1 isoform were figured out to ratibze the experimental findings such as i)
ZBG of compound4 chelates the HDAC1 zinc ion and forms hydrogendsdo residues H140,
H141 and G149. (Fig. 5) ii) The linker of compoubdi consists of a benzyl moiety that spans
the HDAC1 hydrophobic tunnel. iii) Cap construct1af forms hydrophobic interactions with

residue L271 and a hydrogen bond to residue D9§. @i Overall, the interactions along the



rim of the active site may explain a greater inoityi activity of compound4 towards HDAC1

isoforms. Moreover, these results are in resonamitle the results of studies revealing key

insights regarding the catalytic domains of HDAGfesms [40-43] and suggests the importance

of the cap group in determining HDAC selectivityogether, these interactions rationalize the

selectivity of compound$4 towards HDACL.

We also docked compourid into HDAC2 and HDACS to determine its binding irgetions.

Overall, we observed similar binding poses of Coumgtil4 in HDAC1-3 (Fig. 5). Importantly,

the ZBG coordinated to the metal zinc ion and reristhindrance of the linker group was

observed. These poses suggest Compddnaas inhibitory activity towards HDAC1, HDAC?2

and HDACS3.

Next, we performed a molecular dynamics (MD) sirtialato determine important residues

for binding interactions between the ligand and HIIA protein structure. The final

conformation of the Compouri-HDAC1 complex was similar to its docked pose (Fig-B).

Important interacting residues from the MD simuwatiwere identified (Fig. 7C). The metal

coordination is key for HDAC inhibition and was ebged throughout the MD simulation.

Hydrogen bonds occur with greater frequency witkidees D99 and D176. Prominent

hydrophobic interactions were observed with ressdd80, C151, Y204, F205, L271 and C273.

Many of these hydrophobic interactions occur wité hydrophobic tunnel and the compoudd



linker, however, hydrophobic interactions occuriestn residues L271 and C273 and the cap
group. A halogen interaction between the cap gengresidue C273 also occurred with greater
frequency. Together, the MD simulation suggest$ tmmnpoundl4 binds effectively to the
HDAC1 active site.

2.2.8 HDAC inhibitory activity in human breast caneer cell line.

Histones are wildly used substrates to determiree attivity of most HDACsIn vitro.
However, only HDAC1, 2 and 3, as well as Sir2-likezymes, have been validated to
deacetylate histones in cells [44-45]. In contrést, main targets of other HDAGS vivo are
non-histone proteins, such atubulin for HDAC6 and structural maintenance ofaxhosomes
protein 3 (SMC3) for HDACS8 [46-47]. Compourdd and 16 were thus further selected for the
Western blot analysis to ascertain their ability m@dulate the protein levels of important
biomarkers associated with intracellular HDAC intdn. This could help establish the effects
of subtle structural variation (purine and its teois scaffold) in the surface recognition part on
the HDAC inhibition. We determined the acetylatimvels of different HDAC substrates in
MDA-MB-231 cells and exploited Tubastatin A and F33I051 as controls for suppression of
HDACG6 and HDACSI, respectively. (Fig. 8). Similaw the effect of MS-275, we observed a
dose-dependent upregulation of the acetylationideme the & lysine of histone H3 (ac-H3 K9)

and the 5/8/12/1%lysine of histone H4 (ac-H4 K5/8/12/16) in celisated with the compound



14 and16. In contrast, the level of aectylatedtubulin and SMC3 were not affected (Fig. 8A).

These results were consist withvitro HDAC inhibition study and molecular docking anadys

supporting that benzamide 14 behaves as a claB®\CHnhibitor targeting to HDAC1, 2 and 3.

2.2.9 G phase arrest and apoptosis in human breast canceell line.

The data present in this study indicate that thezéenide derivativel4 possesses strongly

inhibitory activity against HDAC1, 2 and 3 (Tablead 3). HDACs are known to control cell

proliferation through regulation of cell cycle pregsion, apoptosis and other cellular activities

[48]. Consistent to the previous studies [32, 4@)], Dur Western blot analysis showed that

HDAC inhibition by 14, 16 or MS-275 increased the expression of the cyclipeddent kinase

(CDK) inhibitor p21 (Fig. 8A) in a dose-dependentimer, perhaps through suppressing

HDAC1 and 2 bound on p21 promoter [51, 52]. Giveat texcess expression of p21 can disturb

cell cycle progression and MS-275 has been knowalitit p53-dependent cell death [53, 54],

we further determined the cell status of cells tedawith these compounds to establish the

influence of amino group as well as isosteric rephaent of the purine core.

To this, we treated MDA-MB-231 cells with a low @ogluM) of the standard compoun8)(

and the benzamide%4 and16) for 24 hours, followed by analysis of cell cydistribution with

flow cytometry. Cells treated with individual compal exhibited a cell cycle profile similar to

control but lost the population of S phase, th@ethetween Gto GJ/M phases (Fig. 9A),



suggesting that those cells are unable to initi2k&A replication. We further evaluated the
efficiency of cell cycle progression by measurihg tate of accumulation of mitotic cells in the
presence of nocodazole, an inhibitor of microtubptdymerization. Compared to the control
cells that accumulated in G2/M after nocodazolattnent, a large portion of cells treated with
tested compounds stayed in &ig. 9A). These results clearly demonstrate thatbenzamide
14 and16 function as HDAC1 inhibitors that are able to geg cell cycle arrest in G

As expected, the higher dose (i) of MS-275 induced cell death detected by accuatmmh
of subG population at 48 hours after treatment (Fig. 9B)is effect was more pronounced
when cells were treated with4 (Fig. 9B). We thus further investigated their @fncy of
apoptosis induction by measuring the level of chegvof caspases and PARP-1, indicatives of
apoptosis activation. Our results from Western laoalysis showed that cleaved forms of
caspase-3, -8 and PARP-1 were significantly ineg@as MDA-MB-231 cells treated with the
test compounds (Fig. 9C). Notably, benzanfidevas endowed with more potent effect in subG
accumulation and activation of apoptotic pathwaycampared t® and16 (Fig. 9B-C). These
results highlight the apoptosis inducing abilitytbé selected benzamides with most substantial
effects displayed by benzamidd, consistent with the growth suppression observadblé 1).
The outcome of the assay also indicates the fal®mdfifiects attained via placement of amine

group on the purine core linked to 3-chloro-4-flamline functionality.



2.2.10 Antitumor efficacy of compound 14 in human NDA-MB-231 breast cancer

xenograft model

Compound 14 was evaluated foin vivo efficacy against tumor xenografts in human

MDA-MB-231 breast cancer cells. The tumor growtlmveuand animal body weight change for

each treatment group are shown in Fig. 10. As shawikig. 10A, Taxol at 10 mg/kg

(intravenous injection, every other dapx0.05) and compounti4 at 50 mg/kg (intraperitoneal

injection, every day)p<0.01) produced significant antitumor activity esuppressed the growth

of MDA-MB-231 breast cancer xenografts by tumorwgtto inhibition values (TGI) of 32.5%

and 56.3%, respectively. Moreover, there were goiitant changes in body weight at all doses

tested (Fig. 10B). Overall, the result demonstrétes compound4 is endowed with potenh

vivo antitumor efficacy in human MDA-MB-231 breast cangenograft model.

3. Conclusion

This study dealt with the structural optimizatiohMS-275 6) and Chidamide®) to furnish

more potent antiproliferative agents. Specificallftempts were made towards the inclusion of

purine/purine isoster as a bicyclic heteroaryl C&dPstruct and the replacement of carbamate

and acrylamide group as a connecting unit to thieehi in the design of class | HDAC inhibitors.



The approach was further extended to link the CARstucts with substituted anilines and

appropriate amines reported to exert anticancecesf The results of the-vitro assays led us

generate structure-cytotoxicity as well as strietdDAC isoform inhibition relationship which

in turn established the impact of variations in @&P component on the bioactivity (Fig. 11). It

was observed that the placement of substitutedinaniat position 4 was favored for

antiproliferative effects as well as significant a€% | HDAC inhibition. Specifically,

3-chloro-4-fluoroaniline was found to be the prefer substitution for cell growth inhibitory

effects and for class | HDAC inhibition, 3,5-dime#yaniline was the substituent of choice.

Other than this, factors such as utilization of plaeine core in the design of the target constructs

and the presence of amine group at position 2 werdified to be instrumental for inducing the

antiproliferative effects (Fig. 11). The structuradtions generated in this study provides us

valuable information that can be further utilized the extension of our research work centered

at the design of purine/purine isoster based HDARbitor.  Subsequently, the results of

biological evaluation led us identify a potent slddHDAC inhibitor 14 which was found to be

the most virulent in HDACI resistant (YCC3/7) aslmas sensitive (YCC11) gastric cell lines.

These are optimistic findings as they are indi@t¥ the capacity of benzamidd to overcome

HDACI resistance in gastric cancer which is the ohthe most common cause of cancer-related

deaths and fabrication of treatment strategieslgeggn of small molecule inhibitors is the need



of the hour. To add on, thein vitro cytotoxicity studies demonstrating the efficacy of

benzamidel4 against the triple negative breast cancer cedd [INBC, MDA-MB-231 and

MDA-MB-468) is an equally important finding in viewf the lack of biomarkers for their

targeted therapy. As such, TNBC demonstrates lasemsitivity towards the existing systemic

therapies and have also been evidenced to inaghadte of recurrence [55]. In this context, the

revelations of this study are significantly promgi Moreover, HDAC inhibitorl4 exhibited

significant inhibitory potential against K-562, THR KG-1 and HL-60 cancer cell lines, exerted

a dose-dependent upregulation of ac-H3K9 in MDA-RIBE cells and also triggered cell cycle

arrest in G1 phase. The results of the dockingyshughlight the importance of the cap group in

determining HDAC selectivity and identified keyenactions that forms the basis of compounds

14’s selectivity towards HDAC1. Furthermore, benzanfidealso demonstrated poteint vivo

antitumor efficacy in human MDA-MB-231 breast cangenograft model. These evidences and

the lack of clinically approved benzamides with #eception of Chidamide6) as the only

benzamide type HDAC inhibitor clearly ascertain® theed of detailed investigation of

benzamidel4. In a nut shell, compounti4 could emerge as a potential lead compound for the

development of anti-breast and gastric cancer adgenther lead modifications ob4 such as

synthesis of compounds with diverse substitutiomshe purine and its isoster core along with

utilization of other linkers is under progress.



4. Experimental

4.1. Chemistry

Nuclear magnetic resonance spectra were obtainéd Biuker DRX-500 spectrometer

(operating at 300 MHz), with chemical shift in gaper million (ppm, d) downfield from TMS

as an internal standard. High-resolution mass spgetRMS) were measured with a JEOL

(JMS-700) electron impact (EI) mass spectrometenity? of the final compounds were

determined using an Hitachi 2000 series HPLC sysisimg C-18 column (Agilent ZORBAX

Eclipse XDB-C18 5 mm. 4.6mm_ 150 mm) and were fotodbe > 95%. Flash column

chromatography was done using silica gel (MercksKligel 60, No. 9385, 230e400 mesh

ASTM). All reactions were carried out under an aspizere of dry nitrogen.

4.1.1 Synthesis of methyl 4-((2,6-dichloro-9H-purit®-yl) methyl) benzoate (23)

A mixture of 4-chloro-7H-pyrrolo[2,3-d] pyrimidin-amine (9) (0.5 g, 2.64 mmol), methyl

4-(bromomethyl) benzoate (0.605 mg, 2.64 mmol) pothssium carbonate (0.547 mg, 3.96

mmol) in DMF was stirred at 60 °C for 4h. The réactmixture was quenched with,&8 and

extracted with EtOAc (50 mL x 3). The combined orvigalayer was dried over anhydrous

MgSQ,, concentrated under reduced pressure and pubfiesilica gel chromatography give



compound23 in 73 % vyield;'H NMR (300 MHz, CROD): 8.21 (s, 1H), 7.89 (d, J = 8.7 Hz,
2H), 7.49 (d, J = 8.7 Hz, 2H), 5.21 (s, 2H), 3.813H).

Synthesis of methyl 4-((2,4-dichloro-7H-pyrrolo[2,3d] pyrimidin-7-yl)methyl) benzoate
(24)

The title compound 24 was synthesized from compound
2,4-Dichloro-7H-pyrrolo[2,3-d]pyrimiding20) in a manner similar to that described for the
synthesis of compour@3; *H NMR (300 MHz, CROD): 7.89 (d, J = 8.1 Hz, 2H), 7.28 (d, J =
8.1 Hz, 2H), 7.08 (d, J = 3.9 Hz, 1H), 6.31 (d, 3.8 Hz, 1H), 5.23 (s, 2H), 3.79 (s, 3H).
Synthesis of methyl 4-((2-amino-6-chloro-9H-purin-91) methyl) benzoate (25)

The title compoun®5 was synthesized from compound 6-chloro-9H-purgmine 1) in a
manner similar to that described for the synthedicompound23, *H NMR (300 MHz,
CD;OD): 8.21 (s, 1H), 7.76 (d, J = 8.7 Hz, 2H), 7.46 J = 8.7 Hz, 2H), 5.35 (s, 2H), 3.79 (s,
3H).

Synthesis of methyl 4-((2-amino-4-chloro-7H-pyrrol@,3-d] pyrimidin-7-yl) methyl)
benzoate (26)

The title compoun@6 was synthesized from 4-chloro-7H-pyrrolo[2,3-dfipyidin-2-amine 22)

in a manner similar to that described for the sgsig of compoun@3; *H NMR (300 MHz,



CD;OD): 7.85 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 PH), 7.14 (d, J = 3.5 Hz, 1H), 6.28 (d, J =
3.5 Hz, 1H), 5.24 (s, 2H), 3.81 (s, 3H).

Synthesis of 4-((2,6-dichloro-9H-purin-9-yl) methy) benzoic acid (27)

A mixture of compoun®3 (0.6 g, 1.77 mmol), 1M LiOH aqg. (10 ml) and dioeaf20 mL) was
stirred at room temperature for 2 h. The reacti@s woncentrated under reduced pressure and
H,O was added. The mixture was acidified with 3N d@d extracted with EtOAc (50 mL x 3).
The combined organic layer was dried over anhydMgSQ, and concentrated under reduced
pressure to yield the aci@) in 96% vyield;"H NMR (300 MHz, CROD): 8.29 (s, 1H), 7.92 (d,
J=8.1Hz, 2H), 7.57 (d, J = 8.1 Hz, 2H), 5.342(4).

Synthesis of 4-((2,4-dichloro-7H-pyrrolo[2,3-d] pymidin-7-yl) methyl) benzoic acid (28)

The title compoun@8 was synthesized in 97 % yield from compo@ddn a manner similar to
that described for the synthesis of compogid'H NMR (300 MHz, CROD): 7.98 (d, J = 8.1
Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.06 (d, J =BA 1H), 6.39 (d, J = 3.9 Hz, 1H), 5.29 (s, 2H).
Synthesis of 4-((2-amino-6-chloro-9H-purin-9-yl) meayl) benzoic acid (29)

The title compoun@9 was synthesized in 94 % yield from compo@&dn a manner similar to
that described for the synthesis of compo@dd'H NMR (300 MHz, CROD): 8.27 (s, 1H),

7.89 (d, J=8.7 Hz, 2H), 7.41 (d, J = 8.7 Hz, ZH33 (s, 2H).



Synthesis of 4-((2-amino-4-chloro-7H-pyrrolo[2,3-d]pyrimidin-7-yl) methyl) benzoic acid
(30)

The title compoun@®0 was synthesized in 96 % yield from compo@&dn a manner similar to
that described for the synthesis of compogiid'H NMR (300 MHz, CROD): 7.98 (d, J = 8.0
Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.14 (bs, 1HR%(d, J = 3.5 Hz, 1H), 5.23 (s, 2H).
Synthesis of N-(2-aminophenyl)-4-((2,6-dichloro-9Hburin-9-yl) methyl) benzamide (7)

A mixture of compoun@7 (0.5 g, 1.54 mmol), EDC.HCI (0.591 g, 3.09 mmolpBt (0.311 g,
2.31 mmol), benzene-1,2-diamine (0.166 g, 1.54 mmaot DIPEA (0.718 ml, 4.13 mmol) in
DMF (5 mL) was stirred at RT for 5 h. After beintiyied for a further 5 h, the reaction mixture
was quenched with 4 and extracted with EtOAc (50 mL x 3). The combiilmeganic layer was
dried over anhydrous MgSQconcentrated under reduced pressure and pubfyedilica gel
chromatography (hexane: EtOAc = 1:1) to givim 71 % vyield; mp: 180 -182 °CH NMR (500
MHz, CD;OD): 8.15 (s, 1H), 7.95 (d, J = 8.5 Hz, 2H), 7.d5J = 8.0 Hz, 2H), 7.17 (d, J = 7.0
Hz, 1H), 7.05 (m, 1H), 6.89 (d, J = 8.5 Hz, 1H)6(t, J = 8.5 Hz, 1H), 5.42 (s, 2HJC (125
MHz, DMSO-a): 164.90, 159.91, 159.36, 158.76, 156.61, 154.89.5P, 143.18, 143.04,
139.88, 134.11, 128.11, 127.05, 126.62, 123. 28.861 116.06, 109.39, 45.88. HRMS (ESI) for
Ci9H1sCbNgO (M+H"): calcd, 413.0684; found, 413.0928; LRMS - MS (EQ13.05 [M+H],

411.05 [M-H].



Synthesis of N-(2-aminophenyl)-4-((2,4-dichloro-7Hbyrrolo[2,3-d] pyrimidin-7-yl) methyl)
benzamide (11)

The title compound 1 was synthesized in 75 % yield using compo@8dn a manner similar to
that described for the synthesis of compodnghp: 190 -191 °C*H NMR (500 MHz, CROD):
7.81 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H}8 (d, J = 3.5 Hz, 1H), 7.14 (d, J = 7.5 Hz,
1H), 6.91 (m, 1H), 6.71 (d, J = 8.0 Hz, 1H), 6.51J(= 7.5 Hz, 1H), 6.37 (d, J = 3.5 Hz, 1H),
5.31 (s, 2H)C (75 MHz, DMSO-g): 165.50, 159.97, 154.05, 151.82, 143.57, 1421@%,52,
134.35, 133.85, 131.70, 128.37, 127.33, 126.94,682316.71, 116.56, 109.09, 99.53, 47.34.
HRMS (ESI) for GoH1¢CloNsO (M+H™): caled, 412.0932; found, 412.0963.

Synthesis of 4-((2-amino-6-chloro-9H-purin-9-yl) mthyl)-N-(2-aminophenyl) benzamide
(13)

The title compound 3 was synthesized in 74 % yield using compog8dn a manner similar to
that described for the synthesis of compodnghp: 194 -195 °C*H NMR (500 MHz, CROD):
8.19 (s, 1H), 8.09 (d, J = 8.7 Hz, 1H), 7.88 (& 8.1 Hz, 2H), 7.65 — 7.66 (m, 2H), 7.55 (m,
1H), 7.46 (d, J = 8.4 Hz, 2H), 5.47 (s, 2HC (125 MHz, CROD): 167.99, 161.89, 158.12,
151.73, 144.71, 144.59, 141.63, 135.72, 129.64.982827.99, 126.60, 119.22, 118.49, 110.65,

48.72. HRMS (ESI) for GH16CIN;O (M+H"): calcd, 394.1183.; found, 394.1183.



Synthesis of 4-((2-amino-4-chloro-7H-pyrrolo[2,3-d]  pyrimidin-7-yl) methyl)
-N-(2-amino-5-fluorophenyl) benzamide (17)

The title compound 7 was synthesized in 12 % yield via two steps stgnivith the formation of
amide using compoun®0 and 4-fluorobenzene-1,2-diamine in a manner simita that
described for the synthesis of compourd followed by the deprotection of the
tert-butyloxycarbonyl protecting group by trifloroaaeticid; mp: 240 - 242 °CH NMR (300
MHz, DMSO-d): 9.55 (s, 1H), 7.93 (d, J = 8.1 Hz, 2H), 7.29&; 8.4 Hz, 2H), 7.26 (d, J = 3.6
Hz, 1H), 7.11 (m, 1H), 6.71 (s, 2H), 6.55 (dd, 3.8 and 11.1 Hz, 1H), 6.38 (d, J = 3.3 Hz, 1H),
6.34 (t, J = 3.0 and 8.4 Hz, 1H), 5.35 (s, 2H)35& 2H).°C (125 MHz, CROD): 165.21,
161.77, 160.19, 159.43, 153.53, 145.39, 140.99,7133.28.46, 128.05, 126.79, 126.39, 119.12,
108.57, 102.03, 101.88, 101.29, 98.99, 46.81. HRESI) for GgH1sCIFN;O (M+H™): calcd,
411.1136; found, 411.1138.

Synthesis of 2-chloro-N-(3-chloro-4-fluorophenyl)-Bi-purin-6-amine (31)

To the solution of compount® (1g, 5.29 mmol) in isopropanol (5 mL), 3-chlordideroaniline
(0.770 g, 5.29 mmol) and conc. HCI (0.5 mL) wasezidlhe reaction mixture was refluxed for
5 h and water was added to it. Extraction was duatieethyl acetate (50 mL x 3). The combined
organic layer was dried over anhydrous Mg3@d concentrated under reduced pressure. The

resulting residue was purified by silica gel chréogaaphy (n-hexane: EtOAc = 1 : 1) to give



compound31 in 62 % yield:'*H NMR (300 MHz, CRQOD): 8.41 (s, 1H), 8.18 (m, 1H), 7.41
(m, 1H), 7.12 (d, J = 7.5 Hz, 1H).

Synthesis of 2-chloro-N-(4-methyl-1H-pyrazol-3-ylBH-purin-6-amine (32)

The title compound32 was synthesized in 46 % vyield using compoufé and
4-methyl-1H-pyrazol-3-amine in a manner similar tfeat described for the synthesis of
compound31 *H NMR (300 MHz, CROD): 8.32 (s, 1H), 6.31 (s, 1H), 2.29 (s, 3H).

Synthesis of 2-chloro-N-(3-chloro-4-fluorophenyl)-A-pyrrolo[2,3-d] pyrimidin-4-amine
(33)

The title compoun®3 was synthesized in 61 % yield using compog@dn a manner similar to
that described for the synthesis of compoBtid'H NMR (300 MHz, CROD): 8.11 (d, J = 6.9
Hz, 1H), 7.75 (m, 1H), 7.43-7.45 (m, 2H), 6.86Jc; 3.3 Hz, 1H).

Synthesis of N6-(3-chloro-4-fluorophenyl)-9H-purine2,6-diamine (34)

The title compoun®4 was synthesized in 51 % yield using compoghdn a manner similar to
that described for the synthesis of compo@ad'H NMR (300 MHz, CROD): 8.24 (m, 1H),
8.13 (s, 1H), 7.22 — 7.33 (m, 2H).

Synthesis of N6-(3,5-dimethoxyphenyl)-9H-purine-2;8iamine (35)



The title compound5 was synthesized in 56 % yield using compo@ddnd 3, 5 dimethoxy
aniline in a manner similar to that described foe synthesis of compourgL *H NMR (300
MHz, CD;0OD): 7.92 (s, 1H), 7.24 (d, J = 1.5 Hz, 2H), 6.85J = 8.7 Hz, 1H), 3.79 (s, 6H).
Synthesis of N4-(3-chloro-4-fluorophenyl)-7H-pyrrob[2,3-d] pyrimidine -2,4-diamine (36)
The title compoun®6 was synthesized in 77 % yield using compoRB8&d a manner similar to
that described for the synthesis of compoBfid'H NMR (300 MHz, CROD): 8.24 (d, J = 6.6
Hz, 1H), 7.93 (bs, 1H), 7.29 -7.33 (m, 2H), 6.56J¢& 3.9 Hz, 1H).

Synthesis of methyl 4-((2-chloro-6-((3-chloro-4-flarophenyl)amino)-9H-purin-9-yl)
methyl)benzoate (37)

The title compound37 was synthesized in 73 % vyield using compowBid and methyl
4-(bromomethyl) benzoate in a manner similar td tescribed for the synthesis of compound
23. 'H NMR (300 MHz, CROD): 8.41 (s, 1H), 8.18 (m, 1H), 7.87 (d, J = &1, 2H),
7.41-7.44 (m, 3H), 7.12 (d, J = 7.5 Hz, 1H), 5.892H), 3.86 (s, 3H).

Synthesis of methyl
4-((2-amino-6-((4-methyl-1H-pyrazol-3-yl)amino)-9Hpurin-9-yl)methyl)benzoate (38)

The title compound38 was synthesized in 75 % yield using compowB®l and methyl

4-(bromomethyl)benzoate in an manner similar ta tescribed for the synthesis of compound



23. 'H NMR (300 MHz, CROD): 8.45 (s, 1H), 7.87 (d, J = 8.7 Hz, 2H), 7.49 J = 8.7 Hz,
2H), 6.36 (s, 1H), 5.45 (s, 2H), 3.79 (s, 3H), 2A29H).

Synthesis of methyl
4-((2-chloro-4-((3-chloro-4-fluorophenyl)amino)-7Hpyrrolo[2,3-d]pyrimidin-7-yl)methyl)b
enzoate (39)

The title compound39 was synthesized in 78 % yield using compolB®l and methyl
4-(bromomethyl) benzoate in a manner similar td tescribed for the synthesis of compound
23.'H NMR (300 MHz, CROD): 8.11 (d, J = 6.9 Hz, 1H), 7.75 — 7.92 (m, 4H%3 — 7.49 (m,
3H), 6.86 (d, J = 3.3 Hz, 1H), 5.46 (s, 2H), 3.873H).

Synthesis of methyl 4-((2-amino-6-((3-chloro-4-flu@mphenyl) amino)-9H-purin-9-yl)
methyl) benzoate (40)

The title compound40 was synthesized in 71 % vyield using compouB® and methyl
4-(bromomethyl) benzoate in a manner similar ta tescribed for the synthesis of compound
23. 'H NMR (300 MHz, CQOD): 8.24 (m, 1H), 7.98 — 8.13 (m, 4H), 7.22 — 7(88 3H), 5.32
(s, 2H), 3.78 (s, 3H).

Synthesis of methyl

4-((2-amino-6-((3,5-dimethoxyphenyl)amino)-9H-purin9-yl)methyl)benzoate (41)



The title compound4l was synthesized in 78 % yield using compowBil and methyl
4-(bromomethyl) benzoate in a manner similar td tescribed for the synthesis of compound
23. 'H NMR (300 MHz, CROD): 7.92 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.26 J = 8.1 Hz,
2H), 7.24 (d, J = 1.5 Hz, 2H), 6.65 (d, J = 8.7 H4), 5.35 (s, 2H), 3.73 (s, 6H).

Synthesis of methyl 4-((2-amino-4-((3-chloro-4-flumphenyl)amino)-7H-pyrrolo[2,3-d]
pyrimidin-7-yl)methyl)benzoate (42)

The title compound42 was synthesized in 76 % yield using compowB®l and methyl
4-(bromomethyl) benzoate in a manner similar td thescribed for the synthesis of compound
23.'H NMR (300 MHz, CROD): 8.21 (d, J = 6.6 Hz, 1H), 7.91 — 7.97 (m, 3H%8 (d, J = 7.2
Hz, 2H), 7.33 (m, 1H), 7.17 (m, 1H), 6.56 (d, J.8 Biz, 1H), 4.87 (s, 2H), 3.83 (s, 3H).
Synthesis of 4-((2-chloro-6-((3-chloro-4-fluoropheyl)amino)-9H-purin-9-yl)methyl)benzoic
acid (43)

The title compound3 was synthesized in 97 % yield using compo8#d a manner similar to
that described for the synthesis of compo@dd'H NMR (300 MHz, CROD): 8.35 (s, 1H),
8.11 (m, 1H), 7.81 (d, J = 8.1 Hz, 2H), 7.51-7.68 8H), 7.16 (d, J = 7.5 Hz, 1H), 5.39 (s, 2H).
Synthesis of

4-((2-amino-6-((4-methyl-1H-pyrazol-3-yl)amino)-9Hpurin-9-yl)methyl)benzoic acid (44)



The title compound4 was synthesized in 93 % yield using compo88d a manner similar to
that described for the synthesis of compo@id'H NMR (300 MHz, CROD): 8.41 (s, 1H),
7.82(d, J = 8.7 Hz, 2H), 7.41 (d, J = 8.7 Hz, 432 (s, 1H), 5.41 (s, 2H), 2.21 (s, 3H).
Synthesis of
4-((2-chloro-4-((3-chloro-4-fluorophenyl)amino)-7Hpyrrolo[2,3-d]pyrimidin-7-yl)methyl)b
enzoic acid (45)

The title compound5 was synthesized in 91 % yield using compo88d a manner similar to
that described for the synthesis of compogid'H NMR (300 MHz, CROD): 8.19 (d, J = 6.9
Hz, 1H), 7.65 — 7.87 (m, 4H), 7.41 — 7.43 (m, 36181 (d, J = 3.3 Hz, 1H), 5.41 (s, 2H).
Synthesis of 4-((2-amino-6-((3-chloro-4-fluoropheryamino)-9H-purin-9-yl)methyl)benzoic
acid (46)

The title compound6 was synthesized in 95 % yield using compod@dh a manner similar to
that described for the synthesis of compo@idd'H NMR (300 MHz, CROD): 8.28 (m, 1H),
7.92 — 8.06 (M, 4H), 7.25 — 7.31 (m, 3H), 5.32().

Synthesis of 4-((2-amino-6-((3,5-dimethoxyphenyl)aimo)-9H-purin-9-yl)methyl)benzoic
acid (47)

The title compound7 was synthesized in 95 % yield using compodfhdé a manner similar to

that described for the synthesis of compo@id'H NMR (300 MHz, CROD): 8.02 (s, 1H),



7.88 (d, J = 8.7 Hz, 2H), 7.29 (d, J = 8.7 Hz, 2HP1 (d, J = 1.5 Hz, 2H), 6.61 (d, J = 8.1 Hz,
1H), 5.28 (s, 2H).

Synthesis of
4-((2-amino-4-((3-chloro-4-fluorophenyl)amino)-7H-gyrrolo[2,3-d]pyrimidin-7-yl)methyl)b
enzoic acid (48)

The title compound8 was synthesized in 95 % yield using compod#dh a manner similar to
that described for the synthesis of compogid'H NMR (300 MHz, CROD): 8.29 (d, J = 8.1
Hz, 1H), 7.87 — 7.92 (m, 3H), 7.42 (d, J = 7.2 BIA), 7.21 (m, 1H), 7.17 (m, 1H), 6.36 (d, J =
3.9 Hz, 1H), 4.98 (s, 2H).

Synthesis of
N-(2-aminophenyl)-4-((2-chloro-6-((3-chloro-4-fluonphenyl)amino)-9H-purin-9-yl)methyl)
benzamide (8)

The title compound8 was synthesized in 65 % vyield from compoud® using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. mp:
224 -225 °C*H NMR (300 MHz, DMSO-g) :  10.57 (s, 1H), 9.64 (s, 1H), 8.53 (s, 1H)48.1
(dd, J = 2.4 and 6.6 Hz, 1H), 7.98 (d, J = 8.12#), 7.85 (m, 1H), 7.43-7.49 (m, 3H), 7.17 (d, J
= 7.5 Hz, 1H), 6.96 (t, J = 7.5 Hz, 1H), 6.79 (& 1.5 Hz, 1H ), 6.60 (m, 1H), 5.53 (s, 2H),

4.90 (s, 2H)*C (125 MHz, DMSO-¢): 164.88, 154.09, 152.48, 152.32, 152.12, 1501.86,06,



142.70, 139.56, 136.09, 134.24, 128.23, 127.24.4¥2823.14, 122.51, 121.43, 121.38, 118.82,
116.57, 116.18, 46.24. HRMS (ESI) fors81sCI,FN;O (M+H+): calcd, 522.1012; found,
522.1009.

Synthesis of
N-(2-aminophenyl)-4-((2-chloro-6-((4-methyl-1H-pyraol-3-yl)amino)-9H-purin-9-yl)methy
Nbenzamide (10)

The title compound10 was synthesized in 63 % vyield from compoudd using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. mp:
171 -172 °C*H NMR (300 MHz, DMSO-d6):  10.39 (s, 1H), 9.64 {$), 8.45 (s, 1H), 7.98 (d,

J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.16J¢&; 7.8 Hz, 1H), 6.96 (m, 1H), 6.80 (m, 1H),
6.62 (M, 1H), 6.41 (s, 1H), 5.51 (s, 2H), 4.902), 2.27 (s, 3H)**C (125 MHz, DMSO-g):
174.23, 164.88, 152.76, 152.15, 150.69, 143.05,2P42439.71, 134.19, 129.60, 128.20, 127.48,
126.44, 123.14, 118.32, 116.15, 116.02, 46.14,2HRMS (ESI) for GsH20CINgO (M+H"):
calcd, 474.1558; found, 474.1554.

Synthesis of
N-(2-aminophenyl)-4-((2-chloro-4-((3-chloro-4-fluonphenyl)amino)-7H-pyrrolo[2,3-d]pyri

midin-7-yl)methyl)benzamide (12)



The title compoundl12 was synthesized in 61 % vyield from compoud® using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. mp:
196 -197 °C!H NMR (300 MHz, CQOD): 8.24 (dd, J =2.7 Hz and 6.9 Hz, 1H), 7.99.648
(m, 3H), 7.80 (m, 1H), 7.60 (d, J = 8.4 Hz, 2HR4(d, J = 7.5 Hz, 1H), 7.13 (m, 1H), 6.86 (dd,
J=1.5and 8.1 Hz, 1H), 6.88 (d, J = 3.6 Hz, BJ9 (m, 1H), 6.62 (d, J = 3.9 Hz, 1H), 4.81 (s,
2H). 1*C (75 MHz, DMSO-@): 165.40, 155.39, 152.84, 152.61, 151.40, 143183,23, 140.10,
136.63, 134.74, 128.76, 127.76, 127.17, 127.01,682322.98, 121.92, 119.52, 119.36, 117.30,
117.01, 116.68, 116.54, 46.76. HRMS (ESI) fogHGoCI.FNsO (M+H"): found, 521.2605; MS
(ESI): 521.25 [M+H], 519.20 [M-H].

Synthesis of
4-((2-amino-6-((3-chloro-4-fluorophenyl)amino)-9H-pmrin-9-yl)methyl)-N-(2-aminophenyl)
benzamide (14)

The title compoundl14 was synthesized in 68 % vyield from compoud® using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. mp:
160 -162 °CH NMR (300 MHz, DMSO-d6):  9.69 (s, 1H), 9.62 ($4)18.30 (dd, J = 2.7 Hz
and 6.9 Hz, 1H), 7.95 — 8.02 (m, 4H), 7.29 — 7.89 8H), 7.17 (d, J = 7.8 Hz, 1H), 6.98 (m,
1H), 6.77 (dd, J = 1.2 and 8.1 Hz, 1H), 6.60 (m),1828 (s, 2H), 5.36 (s, 2H), 4.89 (s, 2L

(125 MHz, DMSO-@): 164.93, 162.26, 159.96, 152.06, 151.95, 151143,03, 140.59, 138.40,



137.70, 133.94, 128.10, 126.93, 126.45, 123.17,0821120.13, 118.59, 116.12, 116.03, 113.63,
45.37. HRMS (ESI) for @H2CIFNgO (M+H"): caled, 503.1511; found, 503.1507.

Synthesis of
4-((2-amino-6-((3,5-dimethoxyphenyl)amino)-9H-purin9-yl)methyl)-N-(2-aminophenyl)be
nzamide (15)

The title compound1l5 was synthesized in 69 % vyield from compoudd using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. mp:
260-262 °CH NMR (300 MHz, DMSO-d6):  10.57 (s, 1H), 9.64 1$]), 7.95 (s, 1H), 7.91 (d,

J =8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.30X& 1.5 Hz, 2H), 7.12 (d, J = 7.5 Hz, 1H), 6.93
(m, 1H), 6.74 (d, J = 8.0 Hz, 1H), 6.56 (t, J = RS 1H), 6.14 (s, 2H), 6.10 (t, J = 2.5 Hz, 1H),
5.31 (s, 2H), 4.84 (s, 2H), 3.71 (s, 6HJC (125 MHz, DMSO-g): 164.94, 160.19, 159.98,
152.30, 151.86, 143.03, 141.88, 140.65, 138.15,9233.28.09, 126.92, 126.59, 126.43, 123.17,
116.17, 116.03, 113.81, 98.36, 54.98, 45.35. HRMSI) for G/H2eNgO3 (M+H™): calcd,
511.2206; found, 511.2203.

Synthesis of
4-((2-amino-4-((3-chloro-4-fluorophenyl)amino)-7H-yrrolo[2,3-d]pyrimidin-7-yl)methyl)-

N-(2-aminophenyl)benzamide (16)



The title compound16 was synthesized in 63 % vyield from compoud@ using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. mp:
201 - 203 °C*H NMR (300 MHz, DMSO-d6): 9.62 (s, 1H), 9.16 ($§)18.30 (dd, J = 2.4 Hz
and 6.9 Hz, 1H), 7.82 — 7.97 (m, 4H), 7.50 (d, 8.4 Hz, 2H), 7.31 (m, 1H), 7.11 — 7.20 (m,
2H), 6.98 (m, 1H), 6.79 — 6.84 (m, 2H), 6.58 -6(64 2H), 4.90 (s, 2H), 4.64 (d, J = 6.3 Hz,
2H). 1*C (75 MHz, DMSO-@): 163.10, 160.14, 156.46, 151.31, 148.21, 1431@8,92, 136.07,
130.49, 125.48, 124.48, 124.40, 124.25, 121.26,3¥1817.33, 117.25, 116.23, 114.30, 114.12,
113.99, 96.54, 95.05, 42.15. HRMS (ESI) fogld:CIFN,O (M+H") : calcd, 502.1558; found,
502.1556.

Synthesis of methyl 4-((2-chloro-9H-purin-6-yl)amim)benzoate (49)

The title compound49 was synthesized in 77 % vyield from compoub@ using methyl
4-aminobenzoatén a manner similar to that described for the sgsih of compoun®1. *H
NMR (300 MHz, CROD): 8.51 (s, 1H), 8.08 (d, J = 8.7 Hz, 2H), 7.89J = 8.7 Hz, 2H), 3.89
(s, 3H).

Synthesis of 4-((2-chloro-9H-purin-6-yl)amino)benzic acid (50)

The title compound0 was synthesized in 97 % yield from compoud®dn a manner similar to
that described for the synthesis of compo@id'H NMR (300 MHz, CROD): 8.52 (s, 1H),

8.16 (d, J = 8.7 Hz, 2H), 7.99 (d, J = 8.7 Hz, 2H).



Synthesis of
4-((2-chloro-9H-purin-6-yl)amino)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide (51)

The title compoundl was synthesized in 69 % yield from compotdusing NHOTHPin a
manner similar to that described for the synthesisompound?. *H NMR (300 MHz, CROD):
8.59 (s, 1H), 8.06 (d, J = 8.7 Hz, 2H), 7.97 (& 8.7 Hz, 2H), 5.11 (s, 1H), 3.79 (m, 1H), 3.62
(m, 1H), 1.52 — 1.59 (m, 6H).

Synthesis of methyl
4-((2-chloro-6-((4-(((tetrahydro-2H-pyran-2-yl)oxy)carbamoyl)phenyl)amino)-9H-purin-9-
yl)methyl)benzoate (52)

The title compound52 was synthesized in 62 % vyield from compoustl using methyl
4-(bromomethyl) benzoaie a manner similar to that described for the sgsih of compound
23. 'H NMR (300 MHz, CROD): 8.21 (s, 1H), 8.15 — 8.19 (m, 4H), 7.78 (& 8.7 Hz, 2H),
7.39 (d, J = 8.1 Hz, 2H), 5.46 (s, 2H), 5.15 (14),13.92 (s, 3H), 3.89 (m, 1H), 3.67 (m, 1H),
1.55 — 1.61 (m, 6H).

Synthesis of
4-((2-chloro-6-((4-(((tetrahydro-2H-pyran-2-yl)oxy)carbamoyl)phenyl)amino)-9H-purin-9-

yl)methyl)benzoic acid (53)



The title compound3 was synthesized in 93 % yield from compo&2dn a manner similar to
that described for the synthesis of compo@id'H NMR (300 MHz, CROD): 8.25 (s, 1H),
8.11 — 8.14 (m, 4H), 7.81 (d, J = 8.7 Hz, 2H), 7(d2J = 8.1 Hz, 2H), 5.46 (s, 2H), 5.15 (bs,
1H), 3.87 (m, 1H), 3.66 (m, 1H), 1.55 — 1.61 (m)6H

Synthesis of
N-(2-aminophenyl)-4-((2-chloro-6-((4-(((tetrahydro2H-pyran-2-yl)oxy)carbamoyl)phenyl)a
mino)-9H-purin-9-yl)methyl)benzamide (54)

The title compound54 was synthesized in 53 % vyield from compoud using
benzene-1,2-diamin@ a manner similar to that described for the sgsith of compound. *H
NMR (300 MHz, CROD): 8.29 (s, 1H), 8.00 — 8.06 (m, 4H), 7.85 (& 8.7 Hz, 2H), 7.47 (d, J
= 8.1 Hz, 2H), 7.12 (d, J = 7.8 Hz, 1H), 6.94 (1h)),16.82 (d, J = 7.8 Hz, 1H), 6.68 (m, 1H),
5.57 (s, 2H), 5.10 (bs, 1H), 3.91 (m, 1H), 3.66 {ir), 1.59 — 1.66 (m, 6H).

Synthesis of
N-(2-aminophenyl)-4-((2-chloro-6-((4-(hydroxycarbanoyl)phenyl)amino)-9H-purin-9-yl)m
ethyl)benzamide (9)

To the stirring solution of compour# (500 mg, 0.84 mmol) in C#H (10 mL) was added
10% aq. TFA (2 mL). The reaction was stirred atmomperature for 5 h and the reaction

mixture was concentrated under reduced pressuggveo off white precipitates, which were



recrystallized from CH3OH to afford the to give ttile compoundd in 52% vyield; mp: 210
-212 °C;*H NMR (300 MHz, DMSO): 11.15 (s, 1H), 10.60 (s, 1[9)67 (s, 1H), 8.54 (s, 1H),
7.95 - 7.97 (m, 4H), 7.77 (d, J = 8.7 Hz, 2H), 7(d5J = 8.1 Hz, 2H), 7.18 (d, J = 7.8 Hz, 1H),
6.99 (m, 1H), 6.80 (d, J = 7.8 Hz, 1H), 6.63 (m,) 15154 (s, 2H)*C (125 MHz, DMSO-g):
171.43, 164.91, 163.94, 152.36, 152.13, 150.54,7B4242.63, 139.61, 134.20, 129.60, 128.23,
127.98, 126.95, 126.49, 123.36, 122.48, 120.28,071918.17, 116.50, 46.24. HRMS (ESI) for
Cu6H21CINgO3 (M+H™): calcd, 529.1503; found, 529.1498.

Synthesis of N-methyl-7H-pyrrolo[2,3-d]pyrimidine-2,4-diamine (55)

To the solution of compour2R (1 g, 5.9 mmol) in butanol (10 mL), methylamineniB, 40 %

wt in H,O) was added. The reaction mixture was heated &€ 7#0r 3 h. Water was added to the
reaction mixture and butanol layer was separatdée drganic layer was concentrated under
reduced pressure. The resulting residue was usesu@s without purification for further
reaction. 1H NMR (DMSO-g): 10.63 (s, 1H), 6.93 (d, J = 4.5 Hz), 6.62 (dd&; 1.8 Hz, 1H),
6.28 (dd, J = 1.5 and 3.3 Hz, 1H), 5.43 (s, 2H82d, J = 4.5 Hz).

Synthesis of
1-(4-(methylamino)-7H-pyrrolo[2,3-d]pyrimidin-2-yl) -3-(2,4,6-trichloro-3,5-dimethoxyphen

yl)urea (56)



A mixture of compounds5 (0.700 mg, 4.29 mmol), triphosgene (2.54 g, 8.5mafh and
trimethylamine in THF was stirred at room tempemattor 3 h. The solvent was evaporated
under reduced pressure and the residue was didsdlvetoluene. To this solution,
2,4,6-trichloro-3,5-dimethoxyaniline (1.1 g, 4.2%9wl) was added and the reaction mixture was
refluxed for 3h. The reaction was quenched wit®Hnd extracted with EtOAc (50 mL x 3).
The combined organic layer was dried over anhydmadgSQ,, concentrated under reduced
pressure and purified by silica gel chromatografgtliyl acetate)o give compound6 in 73 %
yield; *H NMR (300 MHz, DMSO-d6): 11.98 (s, 1H), 11.34 {#}), 9.49 (s, 1H), 7.75 (bs, 1H),
6.94 (dd, J = 2.1 Hz and 3.3 Hz, 1H), 6.49 (dd,118-and 3.3 Hz), 3.89 (s, 6H), 2.94 (d, J = 3.0
Hz, 3H).

Synthesis of methyl
4-((4-(methylamino)-2-(3-(2,4,6-trichloro-3,5-dimelhoxyphenyl)ureido)-7H-pyrrolo[2,3-d]p
yrimidin-7-yl)methyl)benzoate (57)

The title compound57 was synthesized in 66 % vyield from compoubf and methyl
4-(bromomethyl)benzoate in an manner similar ta tescribed for the synthesis of compound
23.'H NMR (300 MHz, CROD): 7.81 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 8.7 BH), 7.16 (d, J =

3.3 Hz, 1H), 6.61 (bs, 1H), 5.32 (s, 2H), 3.8%(4), 3.83 (s, 3H), 2.93 (s, 3H).



Synthesis of
4-((4-(methylamino)-2-(3-(2,4,6-trichloro-3,5-dimelhoxyphenyl)ureido)-7H-pyrrolo[2,3-d]p
yrimidin-7-yl)methyl)benzoic acid (58)

The title compound8 was synthesized in 97 % yield from compo&idn a manner similar to
that described for the synthesis of compogid'H NMR (300 MHz, CROD): 7.84 (d, J = 8.1
Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 7.12 (d, J = BB 1H), 6.63 (bs, 1H), 5.37 (s, 2H), 3.88 (s,
6H), 2.93 (s, 3H).

Synthesis of
N-(2-aminophenyl)-4-((4-(methylamino)-2-(3-(2,4,6richloro-3,5-dimethoxyphenyl)ureido)-
7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl)benzamide (18)

The title compound.8 was synthesized in 57 % yield from compo&@&in a manner similar to
that described for the synthesis of compoti8d'H NMR (300 MHz, DMSO-g):  9.58 (s, 1H),
9.53 (s, 1H), 7.84 (d, J = 8.1 Hz, 2H), 7.26 (&,8.1 Hz, 2H), 7.12 - 7.16 (m, 2H), 6.98 (m, 1H),
6.77 (d, J = 8.1 Hz, 1H), 6.57 — 6.63 (m, 2H), 5(872H), 4.87 (s, 2H), 3.88 (s, 6H), 2.93 (s,
3H). *C (125 MHz, DMSO-g): 174.24, 164.81, 162.26, 153.12, 151.72, 151186,41, 143.03,
141.35, 133.81, 133.61, 129.60, 127.89, 126.85,5828.26.42, 124.16, 123.19, 123.08, 121.76,
116.19, 116.04, 60.70, 47.15. MS (ESI) fostdzsClsNgO4 (M+H™): calcd, 669.12; found,

669.15



4.2 Biology
4.2.1. Cell culture

The human MDA-MB-231 breast cancer cell line andp&2 liver cancer cell line were
cultured in DMEM medium. The human YCC11 and YCCB8#&stric cancer cell lines and
MCF-7 breast cancer cell line were cultureddMEM medium. The human K-562, KG-1 and
THP-1 leukemia cell lines were cultured in IMDM, RPand RPMI containing 0.05 mM of
2-mercaptoethanol, respectively. All medium contagril0% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/glutamine (PSG). All celhés described above were cultured atl 3@
a humidified atmosphere 5% GOThe human MDA-MB-468 breast cancer cell line was
cultured in L-15 medium with 10% FBS and 1%PSG at(3in a humidified atmosphere
without CQ.
4.2.2. Chemicals and antibodies

MS-275 and the derivatives were synthesized by Jorg-Ping Liou as described above.
Chidamide was purchased from Selleckchem. The cang® were dissolved in
dimethylsulfoxide (DMSO) and then stored at @0 with limited freeze-thaw cycles.
Propidium iodide, RNase A and 3-(4,5-Dimethylthia2eyl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma.

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyph#)-2-(4-sulfophenyl)-2H-tetrazolium



(MTS) was purchased from Biovision. Primary antiesd mouse anti-Caspase-3

(NB100-56708; Novus); mouse anti-Caspase-8 (9748} Signaling); rabbit anti-Histone 3

(ab1791; Abcam); rabbit anti-acetyl-Histone 3 lysth(07-352; Millipore); rabbit anti-Histone 4

(ab10158; Abcam); rabbit anti-acetyl-Histone 4 mgsi5/8/12/16 (06-866; Millipore); mouse

anti-p21 (sc-6246; Santa Cruz); rabbit anti-p53-6843; Santa Cruz); rabbit anti-PARP-1

(sc-7150; Santa Cruz); rabbit anti-SMC3 (A300-06@&#&thyl); mouse anti-acetyl-SMC3 lysine

105/106 (MABE1073; Millipore); mouse aniHubulin (T5168; Sigma); mouse

anti-acetyle-Tubulin lysine 40 (T7451; Sigma).

4.2.3. MTT assays

Attached cells grown on 96-well plates were treangth indicated compounds. After 72

hours, cells were incubated with medium contairfimgg/ml MTT for 4 hours. The precipitated

formazan crystals were then dissolved with 100DMSO, followed by mesuremnet of

absorbance at 490 nm. The 50% of growth inhibittopcentration (I6) was calculated by

CompuSyn software.

4.2.4. MTS assays

Suspension cells grown on 96-well plates were éeatith indicated compounds. After 72

hours, cells were incubated with medium contairit®ymg/ml MTS for 2 hours, and followed



by mesuremnet of absorbance at 490 nm. The 50%wuitly inhibitory concentration (l§g) was
calculated by CompuSyn software.
4.2.5 HDAC enzymes inhibition assays

Enzyme inhibition assays were performed by the &aaddiology Corporation, Malvern,
PA. (http://www.reactionbiology.com). The substréte HDAC1-10 is a fluorogenic peptide
derived from p53 residues 379-382 [RHKK(Ac)]. Compds were dissolved in DMSO and
tested in 10-dose Hg mode with 3-fold serial dilution starting at 101 Trichostatin A (TSA)
was the reference.
4.2.6 Molecular Docking

Molecular docking analysis of compoudd was performed using Leadl [56]. Structures of
HDAC1 (PDB ID: 5ICN), HDAC4 (PDB ID: 4CBT), HDAC6RDB ID: 5EDU) and HDACS8
(PDB ID: 5VI6) were obtained from the Protein D&ank [57]. A radius of 12 A from the
co-crystal ligand was set as the binding site. Arldyenthalpy and entropy docking strategy
approach was used. The maximum number of solufmmisoth the iteration and fragmentation
was set at 300.

The molecular dynamics (MD) simulation was perfodnadéter docking the ligand, compound
14, into HDAC1 (PDB ID: 5ICN). The MD ensures a degref reproducibility of docking

results and was performed in Pipeline Pilot [58)eT™D simulations was performed using the



CHARMM force field. A simulation time of 10,000 ps&s used at a target temperature of 300K.
The time interval during the production process wasto 100 ps. All other parameters and
settings were used with default values. Finallg, skability of the protein-ligand complex from
the MD was compared by superimposing its pose thdh of its docked pose.
4.2.7 Western blot analysis

Cell extracts were harvested using 1x Laemmli Santiffer (60 mM Tris (pH 6.8), 2%
SDS and 10% glycerol) and protein concentration determined by BCA Protein Assay Kit
(Thermo scientific). Equal protein amounts were asafed by 12% SDS-PAGE and then
transferred onto nitrocellulose membrane. The mamds were blocked with 5% skim milk and
the indicated proteins were then probed with spepifimary antibodies, followed by detection
with horseradish peroxidase (HRP)-conjugated seargrahtibodies (Jackson ImmunoResearch)
with enhanced chemiluminescence (ECL) substratesRRd).
4.2.8. Flow cytometry

Cells were fixed with ice-cold ethanol (70%, v/ Y&C for at least 15 minutes. Fixed cells
were then washed with cold PBS containing 1% FBSiacubated in propidium iodide (PI)
staining buffer (PBS with 0.05 mg/ml Pl and 0.25/migRNase A) at 3T for 30 minutes.
DNA content was measured by BD FACSCalibur andgdle profiles were plot using FlowJo

software.



4.2.9Xenograft mouse model

The human breast cancer cells MDA-MB-231 used fowplantation were injected
subcutaneously (s.c.) with 1x16ells into 10 week-old male BALB/foude mice. After tumor
volume reached about 80-100 fmice were divided into 4 groups (n = 4). Mice evéreated
with vehicle control, 10 mg/kg Taxol (intravenougeiction; every other day), 25 mg/kg or
50mg/kg compoundl4 (intraperitoneal injection; every day; dissolved 5% DMSO, 5%
cremphor and 90% Dextrose). Tumor volumes were toed daily at week one and then twice
weekly until the tumor volumes of the control groaproached the maximum. Tumor volume
was calculated from (widfh length)/2. Animal experiments were performe@dcordance with
relevant guidelines and regulations and followdtilcal standards. Protocols have been reviewed
and approved by Animal Use and Management Commitfedaipei Medical University
(AC-2018-0183). Statistical analysis was performeohg an SPSS statistical soft-ware program
(SPSS Inc., Chicago, IL). All data represent theme S.E.M. from at least three independent
experiments. The efficacy of compoubdiand Taxol were performed by Generalized estimating

equations.
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Figure Captions
Fig. 1. Structures of clinically approved HDAC inhibitors
Fig. 2. Design strategy and structures of the designegoands 7-18)

Fig. 3. Cytotoxicity of 14, MS-275%) and Chidamideg) in breast cancer cell lineShree cell
lines were treated with a series of concentratibthe indicated compounds and cell viability
was determined by MTT assay. The concentrajit) (inhibiting 50% of cell growth (16 was
calculated by CompuSyn software. Results are displas mean + S.D. from three independent
experiments (®9). An unpaired Mann-Whitney test was used for idiaal analysis.
*** n<0.001; ****p<0.0001.

Fig. 4. Cytotoxicity of SAHA (), 14, MS-275(5) and Chidamide®) in leukemia cell lines.
Three cell lines were treated with a series of eatration of the indicated compounds and cell
viability was determined by MTS assay. The conaimn (M) inhibiting 50% of cell growth
(ICs0) was calculated by CompuSyn software and displaggdmean = S.D. from three
independent experiments (n=9). An unpaired Mannthdyi test was used for statistical
analysis. ***p<0.001; ****p<0.0001.

Fig. 5. The binding poses of compoudd in HDAC1-3. Compound4 docked in the active site
of HDAC1-3. The ZBG (1), linker (2), cap group (&nd residues are labeled as shown.
Hydrogen bonds and zinc coordination is labeledaash green lines.

Fig. 6. The binding pose of compourid in HDAC isozymes. The binding pose of Compound
14 (yellow) in HDAC1 (pink) is superimposed onto (NDAC4 (green), (B) HDACG6 (orange)
and (C) HDACS (blue). Residues in the active ditat differ are labeled as shown. Hydrogen
bonds are denoted as dashed green lines.

Fig. 7. Molecular dynamics (MD) simulation of compouidiin HDAC1. (A) The conformation
pose of Compound4 at the end of the simulation. (B) The docking pfsslow) and the final
MD simulation pose (blue) were superimposed. Sinplase was observed. (C) The interaction
fraction of HDAC1 active residues

Fig. 8. MS-275 §), 16 and14 elevate acetylation level of histone H3 and exgpoesof p21. (A)
MDA-MB-231 cells were treated with the indicatedmmounds for 24 hours. Cell lysates were
harvested and subjected to western blotting arsafgsithe indicated acetylation levels on lysine
9 of histone H3 (ac-H3 K9), lysine 5/8/12/16 ofthise H4 (ac-H4 K5/8/12/16), lysine 40 of
tubulin (ace-tubulin K40) and lysine 105/106 of SMC3 (ac-SMC20%/106). (B) Acetylation
level of H3 K9 in MDA-MB-231 cells treated with @M of the indicated compounds was
guantified by MultiGauge software. Results are digpd as mean + S.D. from three independent
experiments (n= 3).

Fig. 9. MS-275 6), 16 and 14 arrest cell cycle in Gand trigger apoptosis. (A) MDA-MB-231
cells were treated with dM of the indicated compounds for 24 hours, folloyibcubation with
or without nocodazole for 10 hours to trap cellsnitosis. Cell cycle progression was analyzed



by flow cytometry. (B) MDA-MB-231 cells were treatewith 16 uM of the indicated
compounds for 48 hours, followed by cell cycle pesgion analysis with flow cytometry.
Percentage of subsGopulation was calculated by FlowJo software. MDA-MB-231 cells
treated with the indicated compounds were subjettedvestern blotting analysis for the
indicated caspase targets. The protein levettoibulin was used as the loading control.

Fig. 10. Antitumor efficacy of compound4 in human MDA-MB-231 breast cancer xenograft
model. BALB/c nude mice were injected subcutangousth MDA-MB-231 cells and treated
for 10 mg/kg Taxol, 25 mg/ml or 50 mg/ml compouidl after tumors reached about 80-100
mm®. Tumor volume (A) and body weight (B) were morémrtwice weekly. IV: intravenous
injection; IP: intraperitoneal injection; QOD: eyeother day; QD: every day; TGI: tumor
growth inhibition.

Fig. 11. Summarized representation of the results



Table 1. Antiproliferative activity of compounds against hamcancer cell lines

MDA-MB-231 HepG2
Compounds Breast Liver
1Cs0 (LM)
>8 >8
3.24 +£0.39 >8
>8 >8
10 4.64 +£0.12 5.55+0.28
11 7.65 + 0.55 >8
12 >8 >8
13 3.08+0.14 441 +1.49
14 1.48 + 0.06 2.44 +0.18
15 3.17+0.11 4.20 £ 0.50
16 5.32+0.13 4.85+1.81
17 3.78 £0.30 4,21 +£0.51
18 >8 >8
MS-275,5 2.60+0.16 454 +0.21
Chidamide, 6 3.60 +£0.36 >8




Table. 2 HDAC inhibition activity and isoform selectivity @ompounds and referene

HDAC1 HDAC?2 HDAC6 HDACS
Compounds
|Cso (M)?
8 6.85 x 10 3.78 x 10 > 10° > 10°
9 1.82 x 10/ 1.45 x 10 1.13 x 1C° 3.52 x 10
10 1.65 x 10/ 7.39 x 10 > 10° > 10°
11 8.62 x 10/ 6.51 x 10 > 10° > 10°
13 2.71 x 10 7.61 x 10 > 10° > 10°
14 1.08 x 10’ 5.85 x 10 > 10° 6.81 x 10
15 2.39 x 1¢ 1.79 x 10 > 10° 9.61 x 1¢
16 9.33 x 1¢ 1.46 x 10 > 10° > 10°
17 1.23 x 10° 1.15 x 16 > 10° > 10°
M S275, 5 5.44x 10’ 6.13 x 10/ > 10° 9.88 x 10°

®These assays were conducted by the Reaction Bi@ogyoration, Malvern, PA. All compounds were diged in
DMSO and tested in 10-dosesi@node with 3-fold serial dilution starting at jiM.



Table. 3HDAC inhibition Activity of compoundd44, 15 and referencg

HDAC1 HDAC2

HDAC3 HDAC4 HDAC5 HDAC6 HDAC7 HDAC8 HBC9 HDAC10

Compds
14 0.108 0.585

15 0.023 0.179
5 0.544 0.613

ICs0 (HM)a
0.563 >10 > 10 > 10 >10 6.81 >10 55.7
0.245 - - ND - ND - ND
0.624 >10 > 10 > 10 >10 9.88 >10 531

®These assays were conducted by the Reaction Bi@ogyoration, Malvern, PA. All compounds were diged in
DMSO and tested in 10-dosesl@node with 3-fold serial dilution starting at 1.

- Empty cells indicate no inhibition or compoundity that could not be fit to an kg curve



Table 4. Antiproliferative activity of compounds against HQAsensitive or resistant cells

YCC11 YCC3/7
Compounds (HDACi-sensitive) (HDACi-resistant)
IC, (MM)
8 9.85+0.35 10.10 £0.75
10 6.26 +1.01 14.38 +£0.10
11 16.59 £ 1.39 >32
13 7.06 +0.43 15.37+£0.11
14 4.77 £0.29 4.79 + 0.37
15 24.65+1.10 30.41 +3.32
16 9.27 +0.27 12.16 +0.31
17 4.67 +0.38 12.28 +1.03
MS-275, 5 6.03+0.44 12.98 +1.02
Chidamide, 6 17.07 £1.60 20.44 +0.38
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Scheme 2. Reagents and conditions a) appropriate amines;. ddCl, isopropanol, reflux; b)
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Fig. 3. Cytotoxicity of 14, MS-275 B) and Chidamideq) in breast cancer cell lines. Three cell
lines were treated with a series of concentratibthe indicated compounds and cell viability
was determined by MTT assay. The concentratidn) (inhibiting 50% of cell growth (16, was
calculated by CompuSyn software. Results are disglas mean + S.D. from three independent
experiments (®9). An unpaired Mann-Whitney test was used for idiatl analysis.
*** p<0.001; ****p<0.0001.
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Fig. 4. Cytotoxicity of SAHA (1), 14, MS-275 b) and Chidamide®) in leukemia cell lines.
Three cell lines were treated with a series of eatration of the indicated compounds and cell
viability was determined by MTS assay. The con@itn (AM) inhibiting 50% of cell growth
(ICsg) was calculated by CompuSyn software and displagedmean = S.D. from three
independent experiments (n=9). An unpaired Manntidyi test was used for statistical
analysis. ***<0.001; ****p<0.0001.



HDAC1 SICN HDAC2 41LXZ HDAC3 4A69

Fig. 5. The binding poses of compoufid in HDAC1-3. Compound4 docked in the active site
of HDAC1-3. The ZBG (1), linker (2), cap group (8nd residues are labeled as shown.
Hydrogen bonds and zinc coordination is labeledaash green lines.
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Fig. 6. The binding pose of compourd in HDAC isozymes. The binding pose of compouad
(yellow) in HDAC1 (pink) is superimposed onto (APDAC4 (green), (B) HDACG6 (orange) and
(C) HDACS (blue). Residues in the active site ttiffier are labeled as shown. Hydrogen bonds
are denoted as dashed green lines.
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Fig. 7. Molecular dynamics (MD) simulation of compouidiin HDACL1. (A) The conformation
pose of Compound4 at the end of the simulation. (B) The docking pfssglow) and the final
MD simulation pose (blue) were superimposed. Sinplase was observed. (C) The interaction
fraction of HDACL1 active residues.
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Fig. 8. MS-275 §), 16 and14 elevate acetylation level of histone H3 and exgioesof p21. (A)
MDA-MB-231 cells were treated with the indicatedmmounds for 24 hours. Cell lysates were
harvested and subjected to western blotting arsafgsithe indicated acetylation levels on lysine
9 of histone H3 (ac-H3 K9), lysine 5/8/12/16 ofthise H4 (ac-H4 K5/8/12/16), lysine 40 of
tubulin (ace-tubulin K40) and lysine 105/106 of SMC3 (ac-SMC20%/106). (B) Acetylation
level of H3 K9 in MDA-MB-231 cells treated with @M of the indicated compounds was
guantified by MultiGauge software. Results are kdigpd as mean + S.D. from three independent
experiments (n= 3).
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Fig. 9. MS-275 g), 16 and14 arrest cell cycle in Gand trigger apoptosis. (A) MDA-MB-231
cells were treated with gM of the indicated compounds for 24 hours, followsdincubation
with or without nocodazole for 10 hours to traplseh mitosis. Cell cycle progression was
analyzed by flow cytometry. (B) MDA-MB-231 cells veetreated with 1M of the indicated
compounds for 48 hours, followed by cell cycle pesgion analysis with flow cytometry.
Percentage of subiGopulation was calculated by FlowJo software. MDA-MB-231 cells
treated with the indicated compounds were subjettedVestern blotting analysis for the
indicated caspase targets. The protein levelbfibulin was used as the loading control.
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Fig. 10. Antitumor efficacy of compound4 in human MDA-MB-231 breast cancer xenograft
model. BALB/c nude mice were injected subcutangousth MDA-MB-231 cells and treated
for 10 mg/kg Taxol, 25 mg/ml or 50 mg/ml compouidl after tumors reached about 80-100
mm®. Tumor volume (A) and body weight (B) were monémrtwice weekly. IV: intravenous
injection; IP: intraperitoneal injection; QOD: eyeother day; QD: every day; TGI: tumor

growth inhibition.
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ICs50 (UM) = 1.48 + 0.06 (MDA-MB-231), 2.44 + 0.18 (HepG2),

4.77 £ 0.29 (YCC11, HDACi-sensitive gastric cancer cell lines), Dose-dependent upregulation of ac-H3K9
4.79 + 0.37 (YCC3/7, HDACi-resistant gastric cancer cell lines),

The binding pose of Compound 14 in HDAC1 (108 (HDAC1), 0.585 (HDAC2), 0.563 (HDAC 3)
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Fig. 11. Summarized representation of the results



Research highlights

1. A series of benzamides containing purine/purine isoster as capping group has been
synthesized.

2. Benzamide 14 was found to be virulent in YCC3/7 cell line (HDAC resistant gastric cell line).

3. Benzamide 14 remarkably suppressed the growth of triple negative breast cancer cell lines

4. Benzamide 14 displayed striking inhibitory effects towards HDAC 1, 2 and 3 isoforms more
pronounced than MS-275.

5. Benzamide 14 also exerts a dose-dependent upregulation of ac-H3K9 in MDA-MB-231 cells,

triggers cell cycle arrest in G1 phase
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