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ABSTRACT

This manuscript describes a novel class of N-acylhydrazone (NAH) derivatives that act as
histone deacetylase (HDAC) 6/8 dual inhibitors and were designed from the structure of
trichostatin A (1). Para-substituted phenyl-hydroxamic acids presented a more potent inhibition
of HDACG6/8 than their meta analogs. In addition, the effect of compounds (£)-4-((2-(4-
(dimethylamino)benzoyl)hydrazono)methyl)-N-hydroxybenzamide (3¢) and (£)-4-((2-(4-
(dimethylamino)benzoyl)-2-methylhydrazono)methyl)-N-hydroxybenzamide (3f) on the
acetylation of a-tubulin revealed an increased level of acetylation. These two compounds also
affected cell migration, indicating their inhibition of HDAC6. An analysis of the antiproliferative
activity of these compounds, which presented the most potent activity, showed that compound 3¢
induced cell cycle arrest and 3g induced apoptosis through caspase 3/7 activation. These results

suggest HDACG6/8 as a potential target of future molecular therapies for cancer.
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INTRODUCTION

Two families of enzymes regulate histone acetylation patterns: histone acetyltransferases
(HATs), which catalyze the transfer of an acetyl group to the lysine residues in the N-terminal
tails, and histone deacetylases (HDACs), which remove the acetyl groups of these proteins.' The
balance between the acetylation and deacetylation of histones affects the structure of chromatin
because an imbalance between these processes disrupts the interaction of histones with DNA.
HDAC removes an acetyl group, resulting in a compact chromatin state and thereby silencing
gene expression.'” In addition, some HDACs regulate the function of non-histone proteins, e.g.,
cytoplasmic proteins and transcription factors.’

Eighteen HDACs have been identified in the human genome, and these enzymes can be
further divided into two large groups: zinc-dependent HDACs and nicotinamide adenine
dinucleotide (NAD")-dependent HDACs, which are known as sirtuins (class IIT). In addition, the
zinc-dependent HDACs can be further divided into classes and subclasses: class I (HDACI,
HDAC2, HDAC3 and HDACS), class Ila (HDAC4, HDACS5, HDAC7 and HDAC9), class IIb
(HDAC6 and HDAC10), and class IV (HDAC11).>*

HDAC:s have been identified as remarkable drug targets in a novel therapeutic approach
for the treatment of cancer and related diseases because HDAC inhibition results in the growth
arrest, differentiation and apoptosis of many transformed cells.”™® At present, four HDAC
inhibitors (HDACI) have been approved through the Food and Drug Administration (FDA)
(Figure 1). Vorinostat (SAHA) was approved in 2006 for the treatment of cutaneous T cell
lymphoma (CTCL).” Subsequently, romidepsin (FK-228)'"'" and belinostat (PXD-101)"? were
approved for the treatment of peripheral T-cell lymphoma (PTCL), and in 2015, panobinostat

(LBH-589) was approved for the treatment of multiple myeloma.13
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Figure 1. Chemical structures of FDA-approved HDAC inhibitors.

Although these compounds are structurally distinct, most HDACIs possess a well-known
pharmacophore comprising a zinc-binding group (ZBG), a linker and a cap group to allow
interactions at protein surface.””'*!'> Notably, no selective HDACIs have been approved for
clinical use because all approved drugs have been characterized as pan-inhibitors of many
different HDAC isoforms.

This manuscript describes the structural design, synthesis, in vitro pharmacological
profile, and molecular modeling of a novel class of N-acylhydrazone (NAH) derivatives that act
as HDAC 6/8 dual inhibitors. Selective inhibitors of HDAC6 or HDACS are already described.'®
'8 The selective inhibition of HDACS6 has proved a useful strategy for the treatment of a wide
variety of solid and hematological tumors, wherein the antitumor effects observed through the
selective inhibition of HDAC6 may be due to multiple mechanisms related to modulation of

cytoplasmic proteins, that result in changes in the behavior of migration, motility and invasion of
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16,19
cells.™

Furthermore, the selective inhibition of HDACS, has been an attractive target for the
treatment of neuroblastoma, T-cell lymphoma and hepatocellular carcinoma (HCC).'"®***' Both
HDAC6 and HDACS have been related with increased breast cancer cells invasion, increasing
the interest for compounds with such profile.” It has been suggested that the dual inhibition of
HDACG6/8 approach has a great therapeutic potential, resulting in a large therapeutic window and
a profile of additive or synergistic effects which can benefit the treatment of various

malignancies e.g., neuroblastoma, T-cell lymphoma and HCC.>***

RESULTS AND DISCUSSION

Design. The compounds characterized in the present study were designed based on the structure
of trichostatin A (TSA) (1), a natural pan-HDAC inhibitor.”® The classical bioisosteric
replacement of two CH moieties with N was used as the primary molecular modification strategy
for the synthesis of 1’s derivatives.”*?” We exploited the N-acylhydrazone subunit (NAH), which

has been identified as a privileged structure,?® for the design of new analogs (Figure 2).
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R3; = OH or OCH3 or NHOH

Figure 2. Design concept used to generate a novel class of NAH derivatives for the inhibition of

HDAC:S.

We replaced the unsaturation region conjugated to the hydroxamic acid with an
interphenylene linker. Although three regioisomers could be used for the new analogs (ortho-,
meta- and para-substituted), this design primarily focused on the use of meta (2) and para (3)
analogs because ortho-substituted compounds find it difficult to enter the channel in the HDAC
structure.

We also explored the influence of alkylation at R; and R; (R; and R, = H or Me) because
N-methylation of the NAH subunit could lead to conformational changes that may result in a

different pharmacological profile.”*~° Moreover, we evaluated carboxylic acids, esters and
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hydroxamic acids as zinc-binding groups to confirm the pharmacophoric behavior of these

chelating subunits.’’

Chemistry. The target NAH series 2a-2f and 3a-3f were synthesized according to the procedures
depicted in Schemes 1—4. The desired NAH derivatives were constructed using a convergent
route, divided into the synthesis of the two main building blocks, i.e., the acylhydrazines 6a and
6b and the respective aromatic aldehyde intermediates. Intermediate 6a was obtained at 54%
yield (2 steps) through the oxidative processing of aldehyde 4 as described by Yamada and co-
workers,”> who added iodine to a potassium hydroxide methanolic solution and then performed a
hydrazinolysis reaction using hydrazine hydrate in methanol (Scheme 1). The synthesis of N-
methyl-acylhydrazine 6b was achieved through the protection of the terminal amino group of
intermediate 6a using phthalic anhydride followed by the base-catalyzed methylation of the
amide nitrogen with methyl iodide and the subsequent removal of the protecting group using
hydrazine hydrate in methanol (Scheme 1). After these three steps, acylhydrazine 6b was

obtained at 55% yield.
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Scheme 12
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#Reagents and conditions: (a) I,, KOH, MeOH, 0 °C, 10 h, 57%; (b) NH,NH,-H,0, MeOH,
70 °C, 18 h, 95%; (c) phthalic anhydride, 180 °C, 2 h, 76%,; (d) CH;l, K,CO;_acetone, 50
°C, 18 h, 92%; (e) NH,NH,-H,0, MeOH, 70 °C, 2 h, 79%

The aromatic aldehydes 12a and 12b were prepared from the corresponding
benzaldehydes functionalized with ester groups. First, the aldehyde carbonyl group was
protected using 2,2-dimethoxypropane under acid catalysis. A hydroxamic acid moiety was then
introduced after the treatment of the acetal-esters 10a and 10b with hydroxylamine under basic
conditions. Subsequently, the acetal group on hydroxamic acids 11a and 11b was hydrolyzed
using sulfuric acid diluted in acetone, generating the corresponding functionalized

benzaldehydes at yields ranging from 67 to 69% (three steps).
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Scheme 22
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2 Oy_:\ H o< >\~ °

24 A _NI = HO-NH
26 12a-b 11a-b

29 “Reagents and conditions: (a) 2,2-dimethoxypropane,

- TsOH,,,, MeOH, r.t., 2 h, 82-85%; (b) NH,OH-HClI,

> KOH, MeOH, r.t., 4 h, 90-94%; (c) H,SO, 15%

gg (w/v), acetone, r.t., 2 h, 87-91%.

37 Thus, the NAH derivatives 2a—2f and 3a—3f were prepared at high yields through the

40 acid-catalyzed condensation of acylhydrazines 6a and 6b using the appropriate aromatic

42 aldehydes, as illustrated in Schemes 3 and 4.
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Scheme 32.

2a R, =Hand R; = OH

2b R, = H and R3 = OCHj
2c Ry =Hand R3 = NHOH
2d R1 = CH3 and R3 = OH

2e R1 = CH3 and R3 = OCH3
2f R1 = CH3 and R3 = NHOH

#Reagents and conditions: (a) HCl,, , EtOH, r.t., 2 h, 82-98%);

A careful analysis of the'H NMR spectra of the NAH derivatives 2a—2f and 3a—3f
revealed the formation of a single diastereomer based on the presence of a single imine hydrogen
signal, reflecting the relative configuration of the isomer (£). Previous studies have described
this configuration for different bioactive N-acylhydrazone and N-methyl-N-acylhydrazone
derivatives, as determined through "H NMR and X-ray analyses.’***~* In addition, we performed
a NOEdiff (NOE-difference spectroscopy) experiment using the NAH derivative 3¢ and the N-
methyl-NAH 3f. The spectra were collected after irradiation at the imine hydrogen and the
substituent in the R; position (3¢ = H and 3f = CH3). We observed a relationship indicating a
structural proximity between these atoms, further confirming the relative configuration (£) at the

imine double bond of the NAH moiety (see Figures S15-S18, Supporting information).
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Scheme 42.
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11 a

13 3aR1=Hand R3=OH

14 3b R, = H and Ry = OCHs
15 3¢ Ry =H and R3 = NHOH
16 3d R1 = CH3 and R3 =OH

17 3e R1 = CH3 and R3 = OCH3
18 3f Ry = CH; and Ry = NHOH

20 #Reagents and conditions: (a) HCl,, EtOH, r.t., 2 h, 62-89%;

25 HDAC inhibition. All of the N-acylhydrazone derivatives from the first family, i.e., with a

27 hydrogen atom as R; (see Figure 2), were assessed for their HDAC inhibitory activity. First, the
30 inhibitory activity of NAH was screened through a non-selective assay using rat liver HDACs. >
32 Prior to this assay, we evaluated the solubility of these compounds in water (buffer pH 7.4) to
ensure that the inhibition percentage values were not incorrectly interpreted due to precipitation
37 of the compound in the reaction medium. Table 1 shows the inhibition percentage of rat liver

39 HDAC S induced by the N-acylhydrazones 2a-2f and 3a-3f at a concentration of 1 uM and the

solubility of these compounds in water.

46 Table 1. HDAC inhibition, as assessed in rat liver HDACs, and aqueous solubility of each NAH

49 compound.

51 Compound % inhibition of HDAC rat liver inhibition, ~Aqueous

53 HDAC (1 uM)* ICso (UM)” solubility (LM)°

56 2a -11.0 N.D. > 70
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2b -4.6 N.D. 3.7
2c 66.0 1.2+0.047 >67
2d -5.8 N.D. >67
2e -10.8 N.D. 8.2
2f 33.4 N.D. >70
3a -9.1 N.D. >77
3b -10.6 N.D. 1.7
3c 90.4 0.021+0.003 15
3d -8.7 N.D. >67
3e -11.6 N.D. 1.4
3f 90.4 0.018+0.0001 > 64

“The values presented are the average of two experiments. The data are shown as % inhibition
of HDAC. "The ICs¢ values displayed are the mean of two experiments =+ standard deviation in
uM. The compounds were examined through a six-point enzyme assay with a three-fold serial
dilution starting from 3 uM for 2¢ and 1 pM for 3¢ and 3f. “Determined using the
spectrophotometric method developed by Schneider and coworkers.*®*” N.D. = not

determined.

Compounds 2¢, 2f, 3¢ and 3f presented 66.0, 33.4, 90.4 and 90.4% HDAC inhibition,
respectively. The compounds functionalized with carboxylic acid and esters groups were not
active at the concentrations used in the assay, consistent with previous studies that demonstrated
that carboxylic acid derivatives are only active at high micromolar concentrations.'**® The rat

liver HDAC inhibition achieved by compounds 2¢, 3¢ and 3f was determined (Table 1),

ACS Paragon Plus Environment
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revealing the potency for 3¢ and 3f, with ICs, values in the low nanomolar range of 21 and 18
nM, respectively.

The selectivity profile of the most active NAH derivatives, namely 2¢, 2f, 3¢ and 3f, was

©CoO~NOUTA,WNPE

11 evaluated in the main human HDAC isoforms, namely class I and class IIb.** Table 2 shows the

13 ICs values obtained for these NAH derivatives against HDACI, 2, 6 and 8.

Table 2. Inhibitory profile of NAH derivatives 2¢, 2f, 3¢, 3f and trichostatin A (1) against human

32 HDAC 1, 2, 6 and 8.

34 Inhibition of human HDAC isoforms, ICso (uM)*

37 Compound HDAC 1 HDAC 2 HDAC6 HDACS8

39 o) O 0.0085+0.001 0.052+0.008 0.009+0.002 0.36+0.015

46 ') >10.0 >10.0 0.39+0.04 2.24+0.23
48 N’ “OH
H
>N

ACS Paragon Plus Environment
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o) " >10.0 >10.0 2.5+0.21 2.0+0.36
/O)J\T,N NS N\OH
~ O
'T‘ 2f
O >3.0 >3.0 0.015+0.003 0.23+0.012
o H,OH
/@/U\N,N S
- H
'T‘ 3c

0O >3.0
- H,OH
/@/U\,TI,N N
~N
'|“ 3f

>3.0 0.027£0.011 0.13+0.026

“The ICs values displayed are the mean of three experiments + standard deviation in uM. The
compounds were examined through a seven-point enzyme assay with a three-fold serial dilution

starting from 10 uM for 2¢ and 2f and 3 uM for 3¢ and 3f.

Both compounds presented here were selective for HDAC6 and HDACS, although 3¢ and
3f were extremely potent, with ICs, values in the low nanomolar range. For this family of
compounds, we hypothesized that the reduced potency of the substituents in the meta position
was associated with hydroxamic acid, whereas the substituents in the para position generated
more potent compounds. The N-methylation of the meta analog (2¢ and 2f) series decreases their
ability to inhibit HDACS6. A similar finding was observed for the para analogs, although these
compounds can be considered nearly equipotent.

To evaluate the influence of the methyl group in the R; position, we synthesized para

analogs harboring this methyl group. The synthesis of 3g and 3h is shown in Scheme 5. Using 4-

ACS Paragon Plus Environment
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acetyl-benzoic acid as the starting compound, we attempted to utilize the methodology applied
for the synthesis of the aldehyde intermediates; however, given the lower reactivity of ketones,

this strategy was not feasible. Therefore, we introduced the hydroxamic acid directly. The acid

©CoO~NOUTA,WNPE

13 was subjected to acid chloride formation using oxalyl chloride. The intermediate was reacted
13 with hydroxylamine under basic conditions to generate acid 14 at 54% yield. The condensation
15 of the hydrazides (6a and 6b) was performed in ethanol under microwave irradiation using

18 AcOH as the catalyst, which led to the generation of 3g and 3h at yields of 45 and 38%,

20 respectively.

25 Scheme 54

O
.OH
29 _OH O
30 OH g4 ” 6b .N
31 —_— " ITI X
C

32 & ) N

| 3

Iz

23 0 (13) (14 .
34 6a l b

0
37 OH
38 0] ”
39 LN
40 R N

| 3

44 #Reagents and conditions: (a) Oxalyl chloride, DMF ,;, DCM, r.t., 2 h, then 50 wt % NH,OH,
45 TEA, THF, 0 °C, 30 min, 54%. (b) AcOH_,, EtOH, 80 °C, MW, 30 min, 45%; (c) AcOH_,,
47 EtOH, 125 °C, MW, 4 h, 38%:;.

52 Analysis of the '"H NMR spectra of 3g and 3h revealed the formation of a single isomer
54 based on the presence of a single imino hydrogen signal, reflecting the (£)-isomer. A NOEdiff

experiment (NOE-difference spectroscopy) was performed for 3g. The spectra were collected
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after irradiation at the hydrogen of the methyl group at the imino position and the R; position (3g
= H), allowing us to observe the structural proximity between these atoms (see Figures S19 and
S20, Supplementary information).

Prior to the pharmacological assay, we evaluated the solubility of 3g and 3h and found
water solubility of 6.2 and 122 uM, respectively. The selectivity profile of 3g and 3h among
HDAC:Ss of classes I and IIb was then determined, and Table 3 shows the ICso values of these

compounds for HDACI, 2, 6 and 8.

Table 3. Inhibitory profile of NAH derivatives 3g and 3h and trichostatin A (1) against human

HDAC 1, 2, 6 and 8.

Inhibition of human HDAC isoforms, ICsy (uM)

Compound HDAC 1 HDAC 2 HDAC6 HDACS
o) o) 0.0085+0.001 0.052+0.008 0.009+0.002 0.36+0.015
N XN -OH
- H
’}‘ 1
0 >3.0 >3.0 0.056+0.01  0.11+0.008
o \(@)L”,OH
N'N\
. @* N
N
| 3g
>3.0 0.097+0.018 0.054+0.015

0O >3.0
0 H,OH
o
~N
\ 3h

“The ICs values displayed are the mean of three experiments + standard deviation in pM. The

ACS Paragon Plus Environment
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compounds were examined through a seven-point enzyme assay with a three-fold serial dilution

starting from 3 uM.

©CoO~NOUTA,WNPE

11 A methyl group in the R, position decreased the potency for HDAC6 inhibition, whereas
13 the presence of this moiety increased the HDACS inhibitory ability. The compound with a
methyl group in the R; and R; positions (3h) showed greater potency for HDACS inhibition

18 compared with the other analogs.

20 The selectivity of these compounds is influenced by the catalytic site of the HDAC:s.
Although the catalytic site is highly conserved, the rims of the catalytic channel of the HDAC

25 classes I and II have different dimensions. Because the channel of HDAC6 is wider and

217 shallower than that of HDAC1,% it is likely that aromatic linkers confer selectivity between these
30 isoenzymes, as previously described for phenyl-linked compounds, which have been

32 demonstrated to selectively inhibit HDAC6.”**' The HDACS isoenzyme exhibits high

34 conformational flexibility, thereby accommodating a large variety of ligands, including phenyl-
37 linked compounds.**

39 To confirm the inhibitory effects of 3¢ and 3f on HDAC6, the A549 and Calu-1 cell lines
were treated with these compounds, and the levels of acetylation in tubulin, a target of HDAC6,*
44 were assessed through western blotting (Figure 3). Both compounds induced tubulin acetylation
46 in both tumor cell lines. Moreover, the effects of 3¢ and 3f on HDAC6 inhibition were found to
be correlated with cell migration. HDAC6 is considered the master regulator of cell migration,"

51 and the inhibition of this enzyme abrogates cancer cell migration (Figure 4).
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Figure 3. HDACI enhances tubulin acetylation. Calu-1 (A) and A549 (B) cells were treated with

compounds 3¢ and 3f for 24 h, and the levels of acetylated tubulin were assessed by western

blotting. GAPDH was used as a loading control. One representative of three independent

experiments is shown. Cells treated with vehicle (DMSO) were used as controls.

Control Oh

Figure 4. HDAC6 inhibition abrogates cell migration. Calu-1 cells were treated with compounds

3c and 3f for 48 h, and their migration was determined using the scratch test. One representative
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of three independent experiments is shown. Cells treated with vehicle (DMSO) were used as

controls.

Molecular modeling. To understand how compounds 3¢ and 3f bind to these two HDAC
isoforms, we performed molecular docking simulations of these compounds into HDAC6 and
HDACS structures. Compounds 3¢ and 3f, which differ by the presence of a methyl group at Ry,
showed the best inhibition profiles, indicating that these two compounds represent the most
promising ligands investigated in the present study.

First, we focused on HDACS8 because many crystallographic structures of this isoform
have been deposited in the Protein Data Bank (PDB). Due to the high flexibility of the HDACS
active site, it was necessary to carefully select the most adequate structure for this docking
study.* We searched for co-crystals containing ligands with some structural similarity to the
tested compounds, particularly the phenyl-linked compounds. Two crystallographic structures
were selected: 1VKG (resolution: 2.20 A)* and 1W22 (resolution: 2.5 A),* which contain the
ligands N '-hydroxy-N3,N3-dimethy1-5-(4-methylbenzamido)-[1, 1'-biphenyl]-3,4'-dicarboxamide
(CRA-19156) and N-hydroxy-4-(N-methyl-5-(pyridin-2-yl)thiophene-2-sulfonamido)benzamide
(NHB), respectively.

Similar positions were observed for the compounds after docking into both HDACS
structures, although here we only show the docking models for the CRA-19156 binding pocket
of HDACS (1VKG in PDB). As shown by the different conformational profiles of both ligands
presented in Figure 5 (see below), compounds 3¢ and 3f adopted different orientations in the
active site. Both compounds chelate with the zinc ion in the active site and form H-bonds with

His142, His143 and Tyr306 (Figures 5A and 5B), which are important residues in the catalytic
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mechanism.* Furthermore, these compounds undergo hydrophobic interactions through the
phenyl linker with residues in the pockets of the wall (Phe152 and Phe208). Compound 3¢
undergoes hydrogen bonding between the NH moiety of its NAH group and the carboxylate of
residue Asp101, leaving the 4-dimethylamino-phenyl group in an essentially solvent-exposed
orientation (Figure 5A), whereas 3f assumes a bent conformation, creating more contacts with
residues on the surface of HDACS (Figure 5B). Thus, the higher potency of 3f is likely driven by
entropy because interactions with the surface of the enzyme would dislocate more water

molecules to the bulk of the solvent.

Figure 5. Predicted binding models of 3¢ and 3f in complex with HDACS (A, B) and HDAC6

(C, D), respectively. (A) and (B) Docking models of 3¢ and 3f in CRA-19156 binding pocket of

HDACS (1VKG in PDB), respectively. (C) and (D) Docking models of 3¢ and 3f in the HDAC6

ACS Paragon Plus Environment
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homology model built from HDAC7 (1C0Z in PDB), respectively. Docking studies were

performed by using the program GOLD 5.1.

©CoO~NOUTA,WNPE

Because there is no crystal structure for HDAC6, we constructed a homology model

13 using the SWISS-MODEL Workspace® ™’ with an HDAC7 isozyme structure (1C0Z, resolution
15 =2.10 A) as the template.*® For HDACS, in addition to the pharmacophoric interactions, both

18 compounds have similar orientations in the active site, as shown in Figures 5C and 5D, reflecting

20 the equipotency between these compounds.

25 Antiproliferative activity. Considering the promising results previously obtained, we evaluated
27 the activity of some para analogs (3¢, 3f, 3g, and 3h) and meta analogs (2¢ and 2f) on different
tumor cell lines derived from melanoma, breast cancer, lung cancer and hepatocellular carcinoma
32 (HCC) tissues. The compounds were initially screened at 40 pM, and cell viability was assessed
34 after 48 h of treatment. The results showed that all of the tested compounds significantly reduced
the viability of MCF-7, HT-144, and HepG2 cells in culture; however, the HT-144 and HepG2
39 cell lines were the most responsive to compounds 3¢, 3f, 3g, and 3h (Figure 6). A dose-response
curve was obtained to determine the I1Cs, values, i.e., concentration necessary to inhibit 50% of
a4 cell growth. HT-144 and HepG2 cells were treated with compounds 3¢, 3f, 3g, and 3h at

46 different concentrations for 48 h. Lower ICs values were observed for the HepG2 cultures
treated with compounds 3¢ and 3g (Table 4), suggesting the selectivity of these compounds for
51 certain hepatocellular carcinoma cells. These results are interesting because HCC is one of the
53 most malignant tumors, causing more than 600,000 deaths per year worldwide.* In addition,

HDAC members, such as HDAC2, HDAC6, and HDACS, are upregulated in HCC tissues and
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cell lines, indicating that their close association with the proliferative behavior and
invasion/migration activity of hepatocellular carcinoma cells.”'%"!

Although it is possible to observe discrepancy between the 1Csy values in assays using
human HDAC6 and HDACS for the compounds of 3¢ and 3f (low nanomolar) and the potency in
cellular assay (micromolar), similar behavior was observed by Bergman et al.’> The reduced
potency cannot be attributed to permeability problems since the treatment of A549 and Calu-1

cells with nanomolar doses of 3¢ and 3f resulted in increased acetylation of a-tubulin. And

therefore these differences must be related to the selective inhibition of HDAC6/8.
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Figure 6. Cell viability determined using the MTS assay after 48 h of treatment with different
compounds at 40 pM. The significance of the differences compared with the control groups were

determined by ANOVA followed by Tukey’s post-test. *** p <0.001.

©CoO~NOUTA,WNPE

25 Table 4. ICs values (uM) determined from data obtained through the MTS assay.

27 Cell lines

HepG2 HT144

32 Compounds

34 3¢ 9.48 +0.73 21.18 + 0.69
37 3f 24.12 +0.87 36.10 = 0.52
39 3g 11.52+0.71 19.99 + 0.64

41 3h 30.29 + 1.38 51.64+4.19

46 Due to the drastic reduction in cell viability after treatment with compounds 3¢ and 3g
49 observed in HepG2 cell cultures, we investigated whether this event reflected the

51 antiproliferative or cytotoxic potential of these compounds. To this end, we performed flow
cytometry analyses to analyze the cell cycle progression of HepG2 cells treated with compounds

56 3c and 3g at concentrations of 5 and 10 pM for 24 and 48 h. Interestingly, the G2/M cell

ACS Paragon Plus Environment

23



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 24 of 79

population was significantly increased (p < 0.001) in cultures treated for 24 and 48 h with
compound 3¢ at a concentration of 5 uM compared with the control group, whereas the
frequency of cells in the GO/G1 and S phases was decreased (Figure 7). We also observed a
gradual increase of the SubG1 population in cultures treated with compound 3¢ compared with
the control cultures. This last event may reflect cell cycle arrest during either the G2/M transition
or the M phase. Further studies are needed to elucidate the precise point of the cell cycle at
which arrest is induced by compound 3c. Studies have reported that the HDAC6 protein affects

3354 1n addition, disturbances

the function of cytoplasmic non-histone proteins, including tubulin.
in the microtubule polarization dynamics lead to cell cycle arrest in the M phase, eventually
resulting in cell death. Zhang et al. (2003) reported that HDAC6 interacts with purified tubulin
and microtubules in vitro and that the inhibition of HDAC through TSA increases tubulin
acetylation.” Blagosklonny et al. (2002) showed that HDAC inhibitors differentially induce
tubulin acetylation, mitotic arrest, and cytotoxicity.’® Because compound 3¢ presented selective
inhibitory activity for HDACG6/8, it is likely that the increased G2/M population reflects

alterations in microtubule dynamics. However, additional experiments are needed to confirm this

hypothesis.
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Figure 7. Cell cycle analysis of HepG2 cells treated with compounds 3¢ and 3g at concentrations
of 5 and 10 uM for 24 and 48 h. The significance of the differences compared with the control

results were determined by ANOVA followed by Tukey’s post-test. *** p<(0.001.

The cell cycle analysis of cultures treated with 3g revealed that this compound exhibits
prominent cytotoxic activity on HepG2 cells, as demonstrated by an increase in the frequency of
the SubG1 population accompanied by a gradual decrease in the GO/G1 and S populations
(Figure 7). Thus, we investigated the potential of compound 3g to induce apoptosis in HepG2
cells through flow cytometry. The frequency of TUNEL-positive cells was higher in cultures
treated for 24 h with compound 3g at concentrations of 5 and 10 uM compared with the
frequency observed in the control group (Figure 8A). We also evaluated the activation profile of
caspase 3/7 in cultures treated with compound 3g at a concentration of 5 uM, which resulted in

approximately 20% DNA fragmentation. The frequency of cells with activated caspase 3/7 was
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significantly higher in the treated cultures than in the control cultures (Figure 8B). These results
demonstrate the effective pro-apoptotic activity of compound 3g on HepG2 cells after 24 h of
treatment. At the molecular level, HDAC inhibitors have been associated with both cell cycle
regulation and apoptosis induction.’”® Previous studies have shown that HDAC inhibitors
regulate the expression of multiple apoptosis mediators, which subsequently induce caspase 3/7

activation.>>>%°
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Figure 8. Frequency of apoptotic cells determined through a TUNEL assay (A), and the caspase
3/7 activation profile (B) in HepG2 cell cultures treated for 24 h with compound 3g. Doxorubicin
(DXR) was used as a positive control. The significance of the differences compared with the
control results were determined by ANOVA followed by Tukey’s post-test. * p <0.05 and *** p

<0.001.

Chemical stability study. Based on the pharmacological data, compounds 3¢, 3f, 3g and 3h are
promising for the study of HDAC6/8 inhibitors. However, the presence of a methyl group may

impart unique characteristics to these compounds, as will be discussed later. Furthermore, these
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1
2
2 compounds present an imine subunit, which may represent vulnerability to hydrolysis, leading to
5
6 instability and limiting the development of these compounds as candidate drugs. However, the
7
8 compounds in question are functionalized acylhydrazones, which are admittedly more stable than
9
ig imines.®! Thus, to advance the development of the HDAC inhibitor compounds examined in the
12
13 present study, we examined the chemical stability of the most promising compounds from the
14
ig series, namely 3¢, 3f, 3g and 3h, to evaluate the effect of N-methylation on the stability of these
17
18 compounds.
19
20 We conducted this study under two conditions, pH 2.0 and pH 7.4, to mimic the acidic
21
gg stomach and the neutral plasma environments, respectively. To this end, compounds 3¢, 3f, 3g
24
25 and 3h were examined in the presence of acidic (pH 2) and neutral (pH 7.4) buffers under
26
27 stirring for 240 min at a controlled temperature (37 °C). The results are shown in Figure 9.
28
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30 A Chemical Stability pH 7.4 B Chemical Stability pH 2
31
120

32 - 110 == 3c - - 3¢
33 ; 100 -« 3f =z -+ 3f

904 2
gg ; 80 o= 3g s - 3¢
36 > 701 -+ 3h e

S 601 s

37 g 50- S
38 S 401 &
39 = 304 s

20 c
40 =101 = o] e o °
41 0 1 1 L] I ) 1 L) 1 G 1 T 1 T 1 L) ) T
42 0 30 60 90 120 150 180 210 24 0 30 60 90 120 150 180 210 240
43 Time (min) Time (min)
44
45
jg Figure 9. Chemical stability of compounds 3¢, 3f, 3g and 3h. A) Chemical stability of
48 . o
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50
51 pH 2. The experiments were conducted in triplicate, and the values shown represent the average
52
gi from the experiments.
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In the neutral medium (pH 7.4), all of the compounds were stable, with less than 15%
degradation (Figure 9A), as observed from the compound recovery percentage after 4 h.
However, in acidic buffer, all of the compounds underwent hydrolysis, although 3f showed more
stability, with a higher percentage recovery of 70% after 4h, whereas the compounds with a
methyl group at the R, position (3g and 3h) were highly unstable, and no significant quantities of
these compounds were recovered after 30 min. Notably, we recovered 6% of compound 3g after
30 min, but after 4 h, we did not observe any amount of the compound (Figure 9B). The effect of

the methyl group on the stability of these compounds will be discussed later.

The N-methylation conformational effect. As previously described,” the N-methylation of N-
acylhydrazones changes the lowest energy conformation from s-cis to s-trans, as shown in
Scheme 6. Additionally, to reduce unfavorable steric contacts between the methyl and carbonyl
groups, the modeling results showed a loss of coplanarity between the carbonyl and the N-N=C
moieties, with a dihedral angle for O=C-N-N of 166.43° in the N-methylated structures. It is
expected that a reduction of coplanarity would decrease conjugation between the nitrogen lone
pair and the carbonyl portion of the N-acylhydrazone. The carbonyl carbon would become more
electron deficient, consistent with the chemical shift differences observed between the
compounds without the N-methyl group (2a-2b, 3a-3b and 3g; 6 = 163 ppm) and the N-

methylated compounds (2d-2f, 3d-3f and 3h; 6 = 169 ppm).
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Scheme 6.
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21 Moreover, weakened conjugation with the carbonyl group increases the availability of the
23 electron pair on the nitrogen atom for conjugation with the imine portion of the N-acylhydrazone
26 group. The observed effect of the increased electron density at the iminic carbon was a change in
28 the chemical shift value for the series with R, = H from 6 = 145 ppm (2a-2¢ and 3a-3c) to 6 =
138 ppm (2d-2f and 3d-3f). The presence of a methyl group at R, yielded the opposite effect: to
33 avoid unfavorable steric interactions, a conformational change occurs, leading to a reduction in
35 the conjugation of the N-acylhydrazone subunit and thereby reducing the electronic density in
the imine carbon (6 = 152 ppm; 3g). Methylation at R, and R, further decreased conjugation,

40 which was observed as a high chemical shift value for the imine carbon of 6 = 167 ppm (3h).

42 The electron density on the imine carbon may reflect the chemical stability of the V-
acylhydrazones at acidic pH because a lower electron density at this carbon indicates that this

47 atom is more electrophilic and available for nucleophilic attack by water. This behavior was

49 demonstrated in the chemical stability studies of 3¢, 3f, 3g and 3h, which revealed that

52 compound 3f was more chemically stable at pH 2.0.

54 Another important effect of the insertion of a methyl group is the increased water

o6 solubility of N-methylated compounds (3f and 3h). Although the addition of a methyl leads to
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increased lipophilicity, the methyl group insertion induces the “globular” conformation of the
compound, which is observed as a change in the lowest-energy conformation (s-trans). To
understand the high solubility of N-methyl derivatives (3f and 3h), we determined the
experimental logD7 4 values for 3¢ and 3f and obtained values of 0.68 and 0.98, respectively. We
found that the addition of a methyl group expectedly increased lipophilicity but increased
solubility in water, an effect that cannot be correlated with lipophilicity. This behavior may
reflect an entropic effect because in aqueous solution, the compound is surrounded by a network
of water molecules, resulting in a smaller number of water molecules being necessary to solvate
the most globular compound. Furthermore, the higher water solubility of N-methyl-N-
acylhydrazone derivatives may reflect fewer or weaker intermolecular interactions established in
the crystal structure compared with compounds without the N-methyl group.

We also calculated the pK, values for 3¢ and 3f using the method developed by Martinez
and Dardonville® to reconcile the values obtained for logD7 4. We determined that these
compounds are more acidic than expected with basis on a previously published work,” because
the values for both compounds were 8.1 and a large population of the molecules were detected in

ionized, water-soluble forms.

CONCLUSIONS

In this study a novel bioisoteric relationship between B,y-unsaturated carbonyl framework
of natural product trichostatin A (1) and the privileged N-acylhydrazone moiety was
characterized, allowing us to obtain novel potent and selective HDAC 6/8 inhibitors. The
biological assays performed herein demonstrated that NAH derivatives 3¢, 3f, 3g and 3h,

presenting the pharmacophoric hydroxamic acid moiety, exhibit important antitumor activities
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against melanoma and hepatocellular carcinoma cells. Compound 3¢ primarily induced cell cycle
arrest in the G2/M phase and eventual cell death in HepG2 cells, whereas compound 3g

effectively induced apoptosis through caspase 3/7 activation. These results not only provide

©CoO~NOUTA,WNPE

further insight into the pathogenic mechanisms of HCC but also suggest HDAC6/8 as a potential

13 target of future molecular therapies for some kind of tumors.

18 EXPERIMENTAL SECTION

20 General information. The melting points of the intermediates were determined using a Quimis
340 apparatus and are uncorrected. The melting points of 2a-2f and 3a-3f were determined

25 through Differential Scanning Calorimetry (DSC) performed on a Shimadzu calorimeter (Model
27 DSC-60). The equipment was calibrated using an indium standard. The weight of the samples
was approximately 1.0 mg. The heating ramp was performed between 0 and 300 °C. The samples
32 were subjected to a heating rate of 20 °C per minute under nitrogen gas flow (50 mL/min) and
34 atmospheric pressure. The DSC pans with the samples were enclosed in a Shimadzu press

37 (model SSC-30). "H NMR spectra were determined in deuterated chloroform or dimethyl

39 sulfoxide containing approximately 1% tetramethylsilane (TMS) as an internal standard using a
4l Bruker DPX-200 at 200 MHz, DRX-300 at 300 MHz, Varian 400-MR at 400 MHz and Varian
a4 500-MR at 500 MHz. "*C NMR spectra were determined using the same spectrometer at 50, 75,
46 100 and 125 MHz, respectively, and employing the same solvents. The NOEdiff experiment was
performed using a Varian Unity-300 at 300 MHz. IR spectra (cm ") were obtained using a

51 Thermo Scientific Nicolet module Smart ITR. The progress of all of the reactions was monitored
53 through thin-layer chromatography performed on 2.0 x 6.0-cm? aluminum sheets precoated with

silica gel 60 (HF-254, Merck) to a thickness of 0.25 mm. The developed chromatograms were
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viewed under ultraviolet light (254—366 nm) and treated with iodine vapor. The reagents and
solvents were purchased from commercial suppliers and used as received. Analytical HPLC was
performed for compound purity determinations using a Shimadzu LC-20AD with a Kromasil
100-5C18 column (4.6 mm x 250 mm) and a Shimadzu SPD-M20A detector. The solvent system
used for the HPLC analyses was acetonitrile:water at 50:50 with or without of 0.5%
trifluoroacetic acid. The isocratic HPLC mode was used, and the flow rate was 1.0 mL/min. The
purity of the compounds was higher than 95%. Ultraviolet spectroscopy was performed using a
Femto spectrophotometer. The wavelength used in the solubility assay was determined as the
maximum A characteristic of each compound. The spectra were analyzed using the Femto Scan
software. Mass spectrometry was performed through positive or negative ionization by Bruker

AmaZon SL, and the data were analyzed using the Compass 1.3.SR2 software.

Methyl 4-(dimethylamino)benzoate (5). Methanolic solutions (each 10 mL) of iodine (2.55 g,
10.05 mmol) and KOH (1.12 g, 20.1 mmol) at 0 °C were successively added to a solution of 4-
(dimethylamino)benzaldehyde (4) (0.5 g, 3.35 mmol) in absolute methanol (5 mL) cooled to 0
°C. After stirring for 10 h at 0 °C, 50 mL of saturated NaHSOj; solution was added to the
reaction, resulting in the disappearance of the brown color. The methanol was then evaporated
under reduced pressure. The remaining content was stirred for 30 min at 0°C, and a white solid
precipitate was formed. The title compound was obtained through filtration and recrystallized in
ethanol/water as a white solid. Yield 0.34 g (57%); mp. 97 — 99 °C. 'H NMR (400 MHz, CDCl):
§7.91 (d, 2H, J = 8.0 Hz), 6.66 (d, 2H, J = 8.0 Hz), 3.85 (s, 3H), 3.03 (s, 6H). >*C NMR (100
MHz, CDCl3): 6 167.5, 153.2, 131.3, 117.2, 110.9, 51.5, 40.2. IR (ATR. cm™): 1697, 1278. MS

calculated for C;oH3NO,: [M]" = 179.09. Found: [M + H]" = 179.97.
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4-(Dimethylamino)benzohydrazide (6a). A total of 8.0 mL of hydrazine hydrate (163.5 mmol)

was added to a solution of 5 (2.9 g, 16.35 mmol) in absolute methanol (20 mL). The resulting

©CoO~NOUTA,WNPE

mixture was stirred at 70°C for 18 h. After cooling at room temperature, the methanol was

13 concentrated in a vacuum. The resulting white solid was filtrated and washed with 50 mL of

15 hexane and 50 mL of ethyl ether. The title compound was obtained after recrystallization in hot
18 ethanol as a white solid. Yield 2.77 g (95%); mp. 170 — 172 °C. 'H NMR (400 MHz, DMSO-d):
20 0 9.39 (brs, 1H), 7.69 (d, 2H, J = 8.0 Hz), 6.65 (d, 2H, J = 8.0 Hz), 4.33 (br s, 2H), 2.95 (s, 6H).
22 *C NMR (50 MHz, DMSO-ds) & (ppm): 166.2, 152.0, 128.2, 119.5, 110.8, 39.6. IR (ATR, cm’
25 1: 3296, 3261, 3180, 1597. MS calculated for CoH;3N30: [M]" = 179.11. Found: [M + H]" =

27 179.96.

32 4-(Dimethylamino)-/V-(1,3-dioxoisoindolin-2-yl)benzamide (7). Phthalic anhydride (0.843g,
34 5.69 mmol) was added to a round-bottom flask, and this solid was stirred at 180°C until the solid
37 melted. Subsequently, 6a (0.5 g, 2.85 mmol) was added to the flask without any added solvent,
39 and a yellow solid instantly formed. After the mixture was stirred at 180°C for 2 h, the solid was
triturated and subsequently stirred for 1 h at room temperature in 50 mL of saturated Na,COs

a4 solution. The solid was collected through filtration and washed with 50 mL of hexane and 50 mL
46 of ethyl ether. The title compound was obtained as a yellow solid. Yield 0.67 g (76%); mp. >250
48 °C. '"H NMR (200 MHz, DMSO-d;) 6 10.86 (br s, 1H), 8.06 - 7.88 (m, 4H), 7.82 (d, 2H, J = 8.0
51 Hz), 6.77 (d, 2H, J = 8.0 Hz), 3.01 (s, 6H). *C NMR (50 MHz, DMSO-d¢) & 165.8, 165.2, 153.1,
53 135.4,129.6, 129.4, 123.8, 116.8, 110.8, 39.7. IR (ATR, cm™): 3275, 1732, 1654, 1599. MS

calculated for C;7H;5sN303: [M]" = 309.11. Found: [M + H]" =310.08.
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4-(Dimethylamino)-/V-(1,3-dioxoisoindolin-2-yl)-NV-methylbenzamide (8). A solution of 7
(2.3g, 7.44 mmol) and potassium carbonate (3.0 g, 22.32 mmol) were suspended in 20 mL of
acetone in a round-bottom flask. The suspension was thoroughly mixed under vigorous stirring
for 5 min, and methyl iodide (1.07 mL, 14.88 mmol) was subsequently added. The reaction was
heated at 50 °C and maintained under stirring for 18 h. Subsequently, the reaction was
evaporated under reduced pressure, and the residual solid was suspended in 2 mL of ethanol and
poured into cold water. The solid was collected through filtration, and the title compound was
obtained as a yellow solid. Yield 2.2 g (92%); mp. 165 — 168 °C. 'H NMR (300 MHz, DMSO-
de) 6 8.01 - 7.83 (m, 4H), 7.32 — 7.14 (m, 2H), 6.63 — 6.41 (m, 2H); 3.25 (s, 3H), 2.85 (s, 6H).
*C NMR (75 MHz, DMSO-ds) § 165.5, 151.8, 135.3, 129.2, 128.4, 123.8, 118.9, 110.6, 39.4.
The -NCHj signal likely has a chemical shift similar to the septet of DMSO-ds, making this
effect difficult to view. IR (ATR, cm'l): 1728, 1656, 1608. MS calculated for C;sH;7N303: [M]"

=323.13. Found: [M + H]" = 324.08.

4-(Dimethylamino)-/V-methylbenzohydrazide (6b). A total of 0.25 mL of hydrazine hydrate
100% (5.11 mmol) was added to a solution of 8 (1.55 g, 4.64 mmol) in absolute methanol (10
mL). The resulting mixture was stirred at 70°C for 2 h. After cooling at room temperature, the
methanol was concentrated in a vacuum. This mixture was poured into 20 mL of saturated
Na,COj solution and extracted using EtOAc. The organic extracts were washed with water and
brine, subsequently dried over sodium sulfate, filtrated and concentrated under reduced pressure.
The title compound was obtained as a brown solid. Yield 0.71 g (79%); mp. 123 — 127 °C. 'H

(200 MHz, DMSO-d¢) & 7.48 (d, 2H, J = 8.0 Hz), 6.65 (d, 2H, J = 8.0 Hz), 4.86 (br s, 2H), 3.13
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(s, 3H), 2.95 (s, 6H). °C NMR (50 MHz, DMSO-dq) & 169.4, 151.0, 130.1, 122.3, 110.4, 39.7.
The -NCHj signal likely has a chemical shift similar to the septet of DMSO-ds, making this
effect difficult to view. IR (ATR, em™): 3293, 3195, 2909, 2820, 1590. MS calculated for

C1oH;sN3;0: [M]" = 193.12. Found: [M + H]" = 193.99.

General procedure for the preparation of methyl 3-(dimethoxymethyl)benzoate (10a) and
methyl 4-(dimethoxymethyl)benzoate (10b).

A volume of 0.75 mL of 2,2-dimethoxypropane (6.39 mmol) and a catalytic amount of p-
toluenesulfonic acid (0.074 g, 0.426 mmol) were added to a solution of aldehyde (9a-9b) (0.7 g,
4.26 mmol) in absolute methanol (10 mL). The resulting mixture was stirred at room temperature
for 2 h, poured into 30 mL of saturated Na,COj solution and extracted using dichloromethane.
The organic extracts were dried using sodium sulfate, filtrated and concentrated under reduced

pressure.

Methyl 3-(dimethoxymethyl)benzoate (10a). The title intermediate was obtained at 85% yield
as a colorless oil (0.85 g). 'H NMR (200 MHz, DMSO-dq) 6 7.98 (s, 1H), 7.94 (d, 1H, J = 7.4
Hz), 7.65 (d, 1H,J=7.4 Hz), 7.54 (dd, 1H, J= 7.4, 7.4 Hz), 5.47 (s, 1H), 3.86 (s, 3H), 3.25 (s,
6H). >C NMR (50 MHz, DMSO-dq) & 166.2, 138.9, 131.3,129.5, 129.1, 128.1, 127.1, 101.9,

52.6,52.1. IR (ATR, cm™): 2952, 2831, 1720, 1097, 1050.

Methyl 4-(dimethoxymethyl)benzoate (10b). The title intermediate was obtained at 82% yield

as a colorless oil (0.8 g). 'H NMR (200 MHz, DMSO-dq) 6 7.97 (d, 2H, J = 8.2 Hz), 7.52 (d, 2H,
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J=8.2Hz), 5.46 (s, 1H), 3.86 (s, 3H), 3.25 (s, 6H). °C NMR (50 MHz, DMSO-dg) 5 165.9,

143.2,129.5, 129.0, 126.8, 101.9, 52.6, 52.1. IR (ATR, cm™"): 2952, 2830, 1720, 1098, 1051.

General procedure for the preparation of 3-(dimethoxymethyl)-N-hydroxybenzamide (11a) and
4-(dimethoxymethyl)-N-hydroxybenzamide (11b).

Hydroxylamine hydrochloride (1.85 g, 26.65 mmol) was mixed in 15 mL of methanol
with KOH (2.2 g, 39.96 mol) at room temperature, subsequently cooled to 0 °C, and filtrated,
resulting in a basic solution of the hydroxylamine in methanol. In a round-bottom flask, the
methyl ester (10a-10b) (0.7 g, 3.33 mol) was added to a basic hydroxylamine solution. The
mixture was stirred at room temperature for 4 h. The methanol was concentrated in a vacuum,
and 50 mL of distilled water was added to the round-bottom flask. The pH was adjusted to 7
using acetic acid. The resulting solution was extracted using EtOAc. The organic extracts were

dried using sodium sulfate, filtered and concentrated under reduced pressure.

3-(Dimethoxymethyl)-/V-hydroxybenzamide (11a). The title intermediate was obtained at 94%
yield as a yellow oil (0.66 g). 'H NMR (200 MHz, DMSO-d) 6 7.79 (s, 1H), 7.72 (d, 1H, J = 7.2
Hz), 7.48 — 7.41 (m, 2H), 5.41 (s, 1H), 3.25 (s, 6H). *C NMR (50 MHz, DMSO-d) & 163.8,
138.5, 132.8, 129.1, 128.2, 126.7, 125.2, 101.9, 52.6. IR (ATR, cm™"): 3202, 2830, 1633, 1040.

MS calculated for CisH7N303: [M] =211.08. Found: [M - H] = 210.04.

4-(Dimethoxymethyl)-/V-hydroxybenzamide (11b). The title intermediate was obtained at 90%
yield as a brown solid (0.63 g); mp. 73 — 77 °C. '"H NMR (200 MHz, DMSO-d) & 7.76 (d, 2H, J

= 8.1 Hz), 7.44 (d, 2H, J = 8.1 Hz), 5.42 (s, 1H), 3.24 (s, 6H). °C NMR (50 MHz, DMSO-d;) &
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163.8, 141.0, 132.8, 126.8, 126.5, 102.2, 52.5. IR (ATR, cm™): 3216, 2830, 1612, 1051. MS

calculated for C1gsH;7N305: [M] =211.08. Found: [M - H]" = 210.06.

©CoO~NOUTA,WNPE

General procedure for the preparation of 3-formyl-N-hydroxybenzamide (12a) and 4-

13 formyl-N-hydroxybenzamide (12b).

15 A total of 10 mL of a 15% sulfuric acid solution in water (w/v) was added to a solution of
18 dimethyl acetal (11a-11b) (0.6 g, 2.84 mmol) in acetone (10 mL). The resulting mixture was

20 stirred at room temperature for 2 h, poured into 20 mL of water and extracted using EtOAc. The
organic extracts were dried using sodium sulfate, filtered and concentrated under reduced

25 pressure.

3-Formyl-N-hydroxybenzamide (12a). The title intermediate was obtained at 87% yield as a

32 white solid (0.4 g); mp. 192 °C. "H NMR (400 MHz, DMSO-ds) 5 11.45 (br s, 1H), 10.06 (s,

34 1H), 9.20 (br s, 1H), 8.29 (s, 1H), 8.07-8.05 (m, 2H), 7.69 (dd, 1H, J = 7.9, 7.9Hz). >C NMR (50
MHz, DMSO-dg) 5 193.3, 163.7, 136.7, 134.2, 133.0, 132.4, 129.9, 128.4. IR (ATR, cm™): 3299,

39 3058, 1682, 1602. MS calculated for CgH,NO;: [M]" = 165.04. Found: [M + H]" = 166.05.

a4 4-Formyl-N-hydroxybenzamide (12b). The title intermediate was obtained at 91% yield as

46 white solid (0.46 g); mp. 200 °C. "H NMR (400 MHz, DMSO-dg) 5 11.46 (br s, 1H), 10.06 (s,
48 1H), 7.98 (d, 2H, J = 8.0 Hz), 7.91 (d, 2H, J = 8.0 Hz). >C NMR (50 MHz, DMSO-ds) & 193.3,
51 163.7, 138.4, 138.3, 130.0, 128.1. IR (ATR, cm™): 3291, 2741, 1687, 1606. MS calculated for

53 CsH/NO;: [M]" = 165.04. Found: [M + H]" = 165.98.
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General procedure for the preparation of NAH series. To a solution of 6a or 6b (1.67 mmol)
in absolute ethanol (7 mL) containing one drop of 37% hydrochloric acid, 1.67 mmol of the
corresponding aromatic aldehyde derivative was added. The mixture was stirred at room
temperature for 2 h until extensive precipitation was observed. The solvent was then partially
concentrated at reduced pressure, and the precipitate was filtered, washed with hexane and dried

under a vacuum to obtain the desired NAH derivatives.

(E)-3-((2-(4-(Dimethylamino)benzoyl)hydrazono)methyl)benzoic acid (2a). The title
compound was obtained as a yellow powder at 93% yield after condensation of 6a using 3-
formylbenzoic acid; mp. 283 °C. 'H NMR (500 MHz, DMSO-dq) 6 11.66 (br s, 1H), 8.49 (br s,
1H), 8.31 (s, 1H), 7.98 (d, 1H, J= 7.7 Hz), 7.92 (d, 1H, J= 7.7 Hz), 7.84 (d, 2H, J = 8.6 Hz),
7.59 (dd, 1H, J=7.7, 7.7 Hz), 6.77 (d, 2H, J = 8.6 Hz), 3.01 (s, 6H). >C NMR (125 MHz,
DMSO-de) 6 167.3, 163.4, 152.9, 145.4, 135.5, 131.6, 131.1, 130.5, 129.6, 129.5, 127.5, 119.6,
111.2,40.0. IR (ATR, cm'l): 3333, 2909, 1700, 1592, 1521. LRMS calculated for C;7H7N3Os:
[M]"=311.13. Found: [M + H]" = 312.17. HRMS calculated for C;7H;7N30;Na: [M+Na]" =

334.1162. Found = 334.1160. 99.35% purity in HPLC, t,= 4.33 min (A = 335 nm).

Methyl (E)-3-((2-(4-(dimethylamino)benzoyl)hydrazono)methyl)benzoate (2b). The title
compound was obtained as a yellow powder at 89% yield after condensation of 6a with 9a; mp.
193 °C. "H NMR (400 MHz, DMSO-ds) 8 11.68 (br s, 1H), 8.49 (br s, 1H), 8.34 (s, 1H), 7.98 (d,
1H, J="7.8 Hz), 7.94 (d, 1H, J= 7.8 Hz), 7.84 (d, 2H, J= 8.6 Hz), 7.61 (dd, 1H, J= 7.8, 7.8 Hz),
6.77 (d, 2H, J = 8.6 Hz), 3.91 (s, 3H), 3.01 (s, 6H). °C NMR (100 MHz, DMSO-ds) 5 166.2,

163.3, 152.8, 145.1, 135.6, 132.1, 130.4, 129.7, 129.7, 129.5, 127.0, 119.5, 111.1, 52.6, 39.9. IR
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(ATR, cm'l): 3351, 2904, 1714, 1603, 1525. LRMS calculated for CgH;oN3053: [M]" = 325.14.
Found: [M + H]Jr =326.21. HRMS calculated for C;gH;9N3;03Na: [M+Na]+ =348.1318. Found =

348.1319. 97.88% purity in HPLC, t,= 8.51 min (A = 341 nm).

(E)-3-((2-(4-(Dimethylamino)benzoyl)hydrazono)methyl)- V-hydroxybenzamide (2c¢). The
title compound was obtained as a yellow powder at 82% yield after condensation of 6a with 12a;
mp. 216 °C. "H NMR (400 MHz, DMSO-dg) & 11.72 (br s, 1H), 8.50 (br s, 1H), 8.11 (s, 1H),
7.87 (d, 2H, J=8.7 Hz), 7.84 (d, 1H, J=7.9 Hz), 7.78 (d, 1H, J=7.9 Hz), 7.54 (dd, 1H, J="7.9,
7.9 Hz), 6.81 (d, 2H, J = 8.7 Hz), 3.01 (s, 6H). °C NMR (100 MHz, DMSO-ds) 5 164.1, 163.3,
152.6, 145.7, 135.2, 133.7, 129.7, 129.4, 129.4, 128.2, 125.6, 120.0, 111.5, 40.2. IR (ATR, cm™):
3183, 1656, 1600, 1520. LRMS calculated for C;7H;sN4Os: [M]+ =326.14. Found: [M + H]Jr =
327.20. HRMS calculated for C;7H;sN4O3Na: [M+Na]" = 349.1271. Found = 349.1279. 97.63%

purity in HPLC, t,= 3.48 min (A = 341 nm).

(E)-3-((2-(4-(Dimethylamino)benzoyl)-2-methylhydrazono)methyl)benzoic acid (2d). The
title compound was obtained as a white powder at 75% yield after condensation of 6b with 3-
formylbenzoic acid; mp. 213 °C. 'H NMR (400 MHz, DMSO-dq) & 8.23 (s, 1H), 8.07 (br s, 1H),
7.92 (d, 1H,J=7.8 Hz), 7.81 (d, 1H, J= 7.8 Hz), 7.70 (d, 2H, J = 8.9 Hz), 7.54 (dd, 1H, J="7.8,
7.8 Hz), 6.87 (d, 2H, J = 8.9 Hz), 3.48 (s, 3H), 3.03 (s, 6H). *C NMR (100 MHz, DMSO-dq) &
169.6, 167.3,151.0, 138.9, 135.9, 132.3, 131.5, 131.0, 130.1, 129.5, 128.1, 123.0, 111.6, 40.7,
29.3. IR (ATR, cm'l): 2551, 1687, 1644, 1592. LRMS calculated for C;gH;9N3Os: [M]Jr =
325.14. Found: [M + H]" = 326.19. HRMS calculated for C;sH;oN3O;Na: [M+Na]" = 348.1318.

Found = 348.1318. 99.17% purity in HPLC, t,= 12.03 min (A = 281 nm).
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Methyl (E)-3-((2-(4-(dimethylamino)benzoyl)-2-methylhydrazono)methyl)benzoate (2e).
The title compound was obtained as a white powder at 98% yield after condensation of 6b with
9a; mp. 108 °C. '"H NMR (500 MHz, DMSO-d¢) & (ppm): 8.25 (dd, 1H, J = 1.8, 1.6 Hz), 8.07 (s,
1H), 7.92 (ddd, 1H, J=7.9, 1.8, 1.6 Hz), 7.84 (ddd, 1H, J=7.9, 1.8, 1.6 Hz), 7.68 (dd, 2H, J =
9.0,2.0 Hz), 7.56 (dd, 1H, J="7.9, 7.9 Hz), 6.73 (dd, 2H, J=9.0 Hz, 2.0 Hz), 3.87 (s, 3H), 3.47
(s, 3H), 3.01 (s, 6H). >C NMR (125 MHz, DMSO-ds) § 169.5, 166.2, 152.0, 138.4, 136.3, 132.5,
131.4, 130.3, 129.7, 129.6, 127.9, 121.2, 110.3, 52.5, 40.0, 29.2. IR (ATR, cm™): 2945, 1711,
1630, 1598. LRMS calculated for C;9H,;N30;5: [M]" = 339.16. Found: [M + H]" = 340.21.
HRMS calculated for C;9H,;N3O3;Na: [MJrNa]Jr =362.1475 Found = 362.1447. 98.96% purity in

HPLC, t=26.48 min (A =291 nm).

(E)-3-((2-(4-(Dimethylamino)benzoyl)-2-methylhydrazono)methyl)-N-hydroxybenzamide
(2f). The title compound was obtained as a white powder at 83% yield after condensation of 6b
with 12a; mp. 197 °C. "H NMR (400 MHz, DMSO-ds) 5 8.05 (s, 1H), 8.00 (br, 1H), 7.73 — 7.69
(m, 4H), 7.47 (dd, 1H, J= 7.8, 7.7Hz), 6.98 (d, 2H, J = 7.8 Hz), 3.49 (s, 3H), 3.05 (s, 6H). °C
NMR (100 MHz, DMSO-dg) 6 169.5, 164.3, 150.4, 139.3, 135.6, 133.7, 132.2, 129.2, 129.2,
127.5, 126.4, 124.5, 112.5, 41.2,29.3. IR (ATR, cm™): 3170, 1650, 1635, 1589. LRMS
calculated for CgHyN4O3: [M]" = 340.15. Found: [M + H]" = 341.20. HRMS calculated for
C,sH,0N4O3Na: [M+Na]+ =363.1427. Found = 363.1409. 98.58% purity in HPLC, t,=4.31 min

(A =281 nm).
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(E)-4-((2-(4-(Dimethylamino)benzoyl)hydrazono)methyl)benzoic acid (3a). The title
compound was obtained as a yellow powder at 62% yield after condensation of6a with 4-
formylbenzoic acid; mp.>300 °C."H NMR (400 MHz, DMSO-d) & 11.80 (br s, 1H), 8.54 (br s,
1H), 8.00 (d, 2H, J = 8.2 Hz), 7.86 (d, 2H, J= 8.7 Hz), 7.81 (d, 2H, J= 8.2 Hz), 6.76 (d, 2H, J =
8.7 Hz), 3.01 (s, 6H). >C NMR (100 MHz, DMSO-ds)  167.3, 163.4, 152.8, 145.3, 139.6,
131.7,130.1, 129.4, 127.2, 119.5, 111.2, 40.1.IR (ATR, cm™): 3224, 1698, 1672, 1536. LRMS
calculated for C;7H{7N305: [M]+ =311.13. Found: [M + H]+ =312.17. LRMS calculated for
C17H17N30O3Na: [M+Na]+ =334.1162. Found = 334.1159. 98.53% purity in HPLC, t,=4.27 min

(A = 348 nm).

Methyl (E)-4-((2-(4-(dimethylamino)benzoyl)hydrazono)methyl)benzoate (3b). The title
compound was obtained as a yellow powder at 83% yield after condensation of 6a with 9b; mp.
255 °C. "H NMR (400 MHz, DMSO-d) 8 11.84 (br s, 1H), 8.52 (br s, 1H), 8.03 (d, 2H, J = 8.4
Hz), 7.87 (d, 2H, J = 8.9 Hz), 7.84 (d, 2H, J = 8.4 Hz), 6.83 (d, 2H, J= 8.9 Hz), 3.88 (s, 3H),
3.02 (s, 6H). °C NMR (100 MHz, DMSO-d) & 166.2, 163.3, 152.4, 145.1, 139.5, 130.2, 130.0,
129.7,127.3, 120.2, 111.7, 52.5, 40.3. IR (ATR, cm™): 3307, 1692, 1660, 1599. LRMS
calculated for C;gH9N30O5: [M]+ =325.14. Found: [M + H]+ = 326.20. HRMS calculated for
C1sH9N303Na: [M+Na]" = 348.1318. Found = 348.1321. 99.25% purity in HPLC, t,= 8.28 min

(= 348 nm).

(E)-4-((2-(4-(Dimethylamino)benzoyl)hydrazono)methyl)- V-hydroxybenzamide (3¢).The
title compound was obtained as a yellow powder at 84% yield after condensation of 6a with 12b;

mp. 260 °C. "H NMR (400 MHz, DMSO-dg) § 11.67 (br s, 1H), 11.32 (br s, 1H), 8.47 (br s, 1H),
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7.84 (d, 2H, J=8.5 Hz), 7.83 (d, 2H, J=7.7 Hz), 7.78 (d, 2H, J=7.7 Hz), 6.77 (d, 2H, J= 8.5
Hz), 3.00 (s, 6H). °C NMR (100 MHz, DMSO-ds) & 164.1, 163.4, 152.9, 145.5, 137.7, 134.0,
129.6, 127.7, 127.1, 119.6, 111.2, 40.0. IR (ATR, cm™): 3234, 1643, 1599, 1520. LRMS
calculated for C;7HsN4O5: [M]+ =326.14. Found: [M + H]+ =327.20. HRMS calculated for
C17H1sN4O3Na: [M+Na]+ =349.1271. Found = 349.1270. 99.43% purity in HPLC, t,= 3.22 min

(A =344 nm).

(E)-4-((2-(4-(Dimethylamino)benzoyl)-2-methylhydrazono)methyl)benzoic acid (3d). The
title compound was obtained as a white powder at 86% yield after condensation of 6b with 4-
formylbenzoic acid; mp.>300 °C. '"H NMR (400 MHz, DMSO-dq) & 8.03 (br s, 1H), 7.97 (d, 2H,
J=8.3Hz),7.71 (d, 2H, J= 8.3 Hz), 7.67 (d, 2H, J = 8.9 Hz), 6.74 (d, 2H, J = 8.9 Hz), 3.48 (s,
3H), 3.01 (s, 6H). >C NMR (100 MHz, DMSO-ds) 5 169.6, 167.2, 152.0, 139.6, 138.5, 132.5,
131.1, 129.6, 127.1, 120.8, 110.3, 39.9, 29.5. IR (ATR, cm™): 3075, 1705, 1610, 1590. LRMS
calculated for C;gH9N30O5: [M]+ =325.14. Found: [M + H]+ =326.20. HRMS calculated for
CisH19N3O3Na: [M+Na]+ =348.1318. Found = 348.1319. 96.52% purity in HPLC, t;= 12.19 min

(A =296 nm).

Methyl (E)-4-((2-(4-(dimethylamino)benzoyl)-2-methylhydrazono)methyl)benzoate (3e).
The title compound was obtained as a white powder at 88% yield after condensation of 6b with
9b; mp. 156 °C. '"H NMR (400 MHz, DMSO-dy) & 8.04 (s, 1H), 7.98 (d, 2H, J = 8.3 Hz), 7.72 (d,
2H,J=8.3 Hz), 7.67 (d, 2H, J= 8.9 Hz), 6.73 (d, 2H, J = 8.9 Hz), 3.88 (s, 3H), 3.48 (s, 3H),
3.01 (s, 6H). °C NMR (100 MHz, DMSO-ds) & 169.6, 166.2, 152.1, 140.1, 138.4, 132.5, 130.1,

129.2,127.2,120.7, 110.4, 52.4,39.9, 29.5. IR (ATR, cm™): 2903, 1716, 1644, 1599. LRMS
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calculated for CoH, N305: [M]" = 339.16. Found: [M + H]" = 340.21. HRMS calculated for
C1oH2N303Na: [M+Na]” = 362.1475. Found = 362.1472. 97.73% purity in HPLC, t=17.74 min

(A =297 nm).

©CoO~NOUTA,WNPE

13 (E)-4-((2-(4-(Dimethylamino)benzoyl)-2-methylhydrazono)methyl)-N-hydroxybenzamide
15 (3f). The title compound was obtained as a white powder at 75% yield after condensation of 6b
18 with 12b; mp. 213 °C. "H NMR (400 MHz, DMSO-de) & 8.05 (s, 1H), 7.79 (d, 2H, J = 8.2 Hz),
20 7.72 (d, 2H, J = 8.7 Hz), 7.63 (d, 2H, J= 8.2 Hz), 7.12 (d, 2H, J= 8.7 Hz), 3.49 (s, 3H), 3.07 (s,
22 6H). *C NMR (100 MHz, DMSO-d) 5 169.4, 163.9, 149.4, 139.3, 137.8, 133.2, 132.0, 127.4,
25 127.0, 126.4, 113.9, 41.9, 29.3. IR (ATR, cm™): 2963, 2809, 1631, 1591. LRMS calculated for
27 C13H20N40;5: [M]" = 340.15. Found: [M + H]" = 341.20. HRMS calculated for C;3H,0N4O3Na:

29 [M+Na]" = 363.1427. Found = 363.1425. 97.17% purity in HPLC, t,= 4.16 min (A = 292 nm).

34 4-Acetyl-N-hydroxybenzamide (14). 4-Acetylbenzoic acid (13) (0.1 g, 0.61 mmol) and one
drop of DMF were dissolved in CH,Cl, (20 mL), and 0.105 mL of oxalyl chloride (1.22 mmol)
39 was slowly added. Vigorous gas evolution was observed. After stirring for 2 h, this solution was
slowly added to a solution of hydroxylamine (50 wt % in water, 0.056 mL, 0.61 mmol) and

a4 triethylamine (0.25 mL, 1.83 mmol) in THF (20 mL) at 0 °C. After stirring for additional 30 min
46 at 0 °C, the solvent was concentrated in a vacuum. The mixture was poured into an aqueous
solution of 10% (w/v) NaOH and extracted using CH,Cl,. The pH of the resulting water solution
51 was adjusted to 7 using an aqueous solution of 10% (w/v) HCI and extracted using EtOAc. The
53 organic phase was dried over Na,SO, and evaporated in a vacuum. The residue was

recrystallized from aqueous ethanol: yield 0.07 g (64%); mp. 198 °C. "H NMR (300 MHz,
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DMSO-ds) 6 11.39 (br s, 1H), 9.19 (br s, 1H); 8.01 (d, 2H, J= 8.4 Hz), 7.87 (d, 2H, J = 8.4 Hz),
2.61 (s, 3H). *C NMR (75 MHz, DMSO-ds) & 198.0, 163.6, 138.8, 136.7, 128.4, 127.4, 27.10.
IR (ATR, cm™): 3293, 2742, 1680, 1268. MS calculated for CoHyNO;3: [M] = 179.06 Found: [M

_H] = 178.18.

(E)-4-(1-(2-(4-(Dimethylamino)benzoyl)hydrazono)ethyl)-V-hydroxybenzamide (3g). In a
microwave flask (Monowave 300; G30 type), 6a (0.2 g, 1.116 mmol), 14 (0.2 g, 1.116 mmol),
10 mL of ethanol and one drop of acetic acid, which was used as the catalyst, were added. The
Monowave 300 microwave was programmed to reach 80 °C in 2 min, and the reaction was
maintained under microwave irradiation for 30 min at 80 °C. Extensive precipitation was
observed, and the white solid was filtered under a vacuum. The residue was recrystallized from
hot ethanol: yield 0.17 g (45%); mp. 222 — 223 °C. 'H NMR (400 MHz, DMSO-d;) 6 11.32 (br
s, 1H), 10.45 (brs, 1H), 9.09 (br s, 1H), 7.89 (d, 2H, J= 8.4 Hz), 7.81 (d, 2H, J = 8.9 Hz), 7.81
(d, 2H, J = 8.4 Hz), 6.75 (d, 2H, J = 8.9 Hz), 3.00 (s, 6H), 2.38 (s, 3H). °C NMR (100 MHz,
DMSO-ds) 6 164.5, 164.0, 152.7, 151.9, 141.1, 133.2, 130.1, 127.0, 126.4, 120.7, 111.0, 40.0,
14.3. IR (ATR, cm™): 3288, 1647, 1633, 1606, 1490, 1282, 1196, 821. LRMS calculated for
Ci1sH20N4O;5: [M] = 340.15 Found: [M - H] = 339.04. HRMS calculated for C;sH»oN4O;Na:

[M+Na]" = 363.1427 Found = 363.1426. 97.21% purity in HPLC, t,= 3.55 min (. = 335 nm).

(E)-4-(1-(2-(4-(Dimethylamino)benzoyl)-2-methylhydrazono)ethyl)-N-hydroxybenzamide
(3h). In a microwave flask (Monowave 300) G30 type, 6b (0.215 g, 1.116 mmol), 14 (0.2 g,
1.116 mmol), 10 mL of ethanol and one drop of acetic acid, which was used as a catalyst, were

added. The microwave Monowave 300 was programmed to reach 125 °C in 2 min, and the
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reaction was maintained under microwave irradiation for 2 h at 125 °C. Under this condition, the
pressure inside the flask was 6 bar. The mixture was concentrated under a vacuum. The residue
was washed using EtOAc and recrystallized from hot ethanol: yield 0.15 g (35%); mp. 181 — 183
°C. '"H NMR (400 MHz, DMSO-d) 8 11.32 (br s, 1H), 9.13 (br s, 1H), 7.87 (d, 2H, J = 8.5 Hz),
7.80 (d, 2H, J = 8.5 Hz), 7.41 (d, 2H, J = 8.9 Hz), 6.64 (d, 2H, J= 8.9 Hz), 3.27 (s, 3H), 2.94 (s,
6H), 2.31 (s, 3H). >*C NMR (100 MHz, DMSO-d) 5 169.1, 167.2, 163.8, 151.9, 139.8, 134.5,
130.7,127.2,127.2,121.7, 110.7, 39.9, 17.2. The -NCHj3 signal likely has a chemical shift
similar to the septet of DMSO-d;s, making this effect difficult to view. IR (ATR, cm'l): 3176,
1650, 1598, 1354, 1160, 1010, 836. LRMS calculated for C19H2,N4O3: [M] = 354.17 Found: [M
- H]" = 353.05. HRMS calculated for C;9H;,N4Os5: [MJrNa]Jr =377.1584. Found = 377.1587.

95.68% purity in HPLC, t;= 3.54 min (A = 293 nm).

Solubility experiment. The solubility experiment was based on ultraviolet absorbance.’**” The
saturated aqueous solution (buffer 7.4) was stirred for 24 h, and the sample was filtered through a
0.45 pum filter and transferred to a quartz cuvette (10-mm optical path) to perform the reading.
The solubility was determined through linear regression using graph plots and solutions prepared
by dilutions of the original solution in methanol. The data were obtained in triplicate, and the
mean values were used to plot the graphs. The correlation coefficient (R?) values were between
0.996 and 0.999.

The logD7 4 values were determined from the saturated solutions obtained in the solubility
experiment. A total of 5 mL of saturated compound solution and 5 mL of n-octanol were added
to an Erlenmeyer flask, and the mixture was then stirred at 37 °© C for 4 h. The phases were

separated, and the aqueous phase was transferred to a quartz cuvette (10 mm optical path). The
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logD7 4 value was then determined through linear regression using graph plots and solutions

prepared by dilutions of the original solution in methanol.

Chemical stability study. Two microliters (0.01 mmol) of a concentrated solution of the
compound under examination (40 mM stock solution solubilized in DMSO) and 248 uL of acid
(0.2 M potassium chloride and 0.2 M HCI; pH 2.0) or neutral (phosphate dibasic, pH 7.4) buffer
were added to a 2-mL Eppendorf microtube. After vortexing, the mixture was placed in a water
bath at 37 °C under vigorous stirring for 0, 30, 60, 120 and 240 min. After each reaction, 248 puL
of basic buffer (phosphate buffer, pH 8.4) was added to neutralize the pH of the medium in the
experiments using acidic buffer. The compound was extracted using 1 mL of acetonitrile
followed by vigorous vortexing and freezing of the aqueous phase (-10 °C). The organic phase
was separated, filtered and analyzed using an HPLC-PDA (acetonitrile/water 1:1, 0.05% of

TFA).

HDAC inhibition. The inhibition of HDAC from rat liver and recombinant human HDACI, 2, 6
and 8 was realized in CEREP-France (www.cerep.fr) under the following study numbers:
100016044 (June 17,2014), 100018551 (November 13, 2014), 100022694 (June 15, 2015).

For assessment of inhibition of the enzymatic activity of HDACs, HDACs were obtained
from rat livers and incubated with the fluorogenic substrate at a concentration of 20 pM for 60
min at 37 °C. The formation of fluorolysine was detected through fluorimetry. The compounds
were used at a concentration of 1 uM, and the enzyme activity was measured and compared with
the enzyme activity of the control (absence of inhibitor). The results are expressed in terms of

percentages of enzyme activity. To determine their ability to inhibit rat liver HDACs, the
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compounds were tested through a six-point enzyme assay with a three-fold serial dilution starting
from 3 uM for 2¢ and 1 uM for 3¢ and 3f.

To assay the selectivity profile against human HDAC, human recombinant HDACI, 2, 6
and 8 were incubated with the fluorogenic substrate at a concentration of 20, 20, 25 and 400 uM
at room temperature for 15, 15, 30 and 90 min,. The formation of fluorolysine was detected
through fluorimetry. For determination of the ICsy, the compounds were tested through a seven-
point enzyme assay with a three-fold serial dilution starting from 10 uM for 2¢ and 2f and 3 uM
for 3¢, 3f, 3h and 3g. The values are presented as the averages of three experiments.

The analysis was performed using software developed at Cerep (Hill software) and
GraphPad Prism® 5.0 (GraphPad Software, Inc., San Diego, CA, USA) and validated through

comparison with results generated using the SigmaPlot 4.0 software.

Cell lines and culture conditions. A549 (human lung carcinoma), MCF-7 (human breast
adenocarcinoma), HepG2 (human hepatocellular carcinoma), and HT-144 (melanoma) cell lines
were used in the present study. The cell cultures were maintained in DMEM (Dulbecco’s
Modified Eagle’s Medium, Sigma, CA, USA)/ F12 (Sigma) supplemented with 10% fetal bovine
serum (FBS, Cultilab, Sao Paulo, Brazil). The cells were grown in a 37°C humidified incubator

containing 5% CO,.

Cell viability. The cell viability was evaluated through a MTS assay according to Cory et al.
(1991) using a Promega non-radioactive cell proliferation assay.®* The cells were plated onto 96-
wells at a density of 1 x 10* cells/well. After attachment (24 h), the cells were treated with

HDAC inhibitors for 48 h. This assay measures the amount of formazan produced from 3-(4,5-
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dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium inner salt
(MTS) through the dehydrogenase enzymes of metabolically active cells. Thus, the quantity of
formazan produced (as measured by the absorbance at 490 nm) is directly proportional to the
number of living cells. The absorbance values of the treated cells were compared with the
absorbance values of untreated cells. The experiments were conducted in triplicate wells and
repeated three times. Means + standard deviations (SD) were calculated. The ICs, value was
determined through non-linear regression using GraphPad Prism® 5.0 (GraphPad Software, Inc.,

San Diego, CA, USA).

Cell cycle analysis. Cell cycle analysis was performed according to Zanin et al. (2015).%°
Briefly, the cells were treated with compounds 3¢ and 3g at concentrations of 5 or 10 pM for 24
and 48 h. The cells were fixed in 75% methanol overnight at 4°C. After washing twice with cold
PBS (phosphate-buffered saline), the cells were resuspended in dye solution [phosphate-buffered
saline (PBS) containing 30 pg/mL propidium iodide (PI) and 3 mg/mL RNAse]. DNA was
quantified after 1 h of staining. The analysis was performed using a flow cytometer (Guava
easyCyte 8HT, Hayward, CA, USA). The experiments were conducted in triplicate, and the data

are presented as the means + SD.

TUNEL assay. A total of 1 x 10° cells were seeded onto 24-well plates and incubated overnight
at 37°C prior to the addition of compound 3g at the appropriate concentrations. After 24 h of
treatment, the cells were collected through enzymatic digestion and transferred to Falcon tubes.
After centrifugation (5 min at 1000 rpm), the pellets were homogenized in PBS, and the cells

were fixed with 4% paraformaldehyde for 30 min. After centrifugation, the pellets were re-
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suspended in cold 70% ethanol and stored at -20 °C for at least 2 h. After fixation, the cells were
stained according to the protocol for the TUNEL assay (Guava Technologies, Hayward, CA,

USA). The cells were analyzed using a flow cytometer (easyCyte 8HT, Guava Technologies).
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Positive and negative controls were used in each assay. The experiments were performed in

13 triplicate, and the results are presented as the means + SD.

18 Caspase 3/7 activation. Apoptosis onset was determined after assaying the intracellular

20 activation of caspase-3/7 using the Guava Caspase-3/7 FAM kit (Guava Technologies). The cells
were collected after 24 h of treatment with compound 3g and re-suspended in warm PBS, and the
25 concentration was adjusted to 5x10° cells/ml. A volume of 100uL of each sample was incubated
27 with 10 pL of caspase-3/7 carboxyfluorescein (FAM) reagent in U-bottomed 96-well plates at
37°C in a 5% CO, humidified incubator for 1 h. After incubation, the cells were washed and

32 subjected to 7-ADD viability staining. The analysis was performed using a flow cytometer

34 (Guava easyCyte 8HT, Hayward, CA, USA), and positive and negative controls were included in
37 the analysis. The experiments were performed in triplicate, and the results are presented as the

39 means + SD.

a4 Statistical analysis. The quantitative data are presented as the means + SD from triplicates. The
46 statistical analysis was performed throughanalysis of variance (ANOVA) followed by the
48 Tukey’s post-test. The GraphPad Prism® 5.0 (GraphPad Software, Inc., San Diego, CA, USA)

51 software was used, and differences were considered significant at p < 0.05.
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Western Blotting. Briefly, the non-small cell lung cancer (NSCLC) cell lines A549 and Calu-1
were treated with either compound 3¢ (15 and 30 nM) or 3f (27 and 54 nM) or with DMSO
(control) for 24 h. The protein was extracted using lysis buffer from Invitrogen according to the
manufacturers’ instructions, and 30 pg of total protein was resolved through SDS-PAGE.
Acetylated tubulin was detected using an anti-acetyl antibody (Sigma-Aldrich), and anti-GAPDH
(Cell Signaling) was used as the loading control. The protein bands were visualized using an

ECL detection system.

Scratch test. The scratch test method was used to estimate cell migration. The cells were seeded
onto 12-well plates and treated with DMSO or compounds 3¢ and 3f. After tracing the bottom of
the wells, the cells were allowed to migrate. The images were captured after 48 h using an
Observer 2.1 microscope (Zeiss) with AxioCam HRc using a 10x objective and analyzed using

the ImagelJ software.

Molecular modeling. All of the compounds were constructed and energy-minimized at the
HF/3-21G level using Spartan 08’ (Wavefunction Inc.; License Key:DQAIR, USB-HASP).

The HDACS crystallographic structures available in the PDB with codes 1VKG
(resolution: 2.20 A)** and 1W22 (resolution: 2.5 A)** were used for docking runs with the GOLD
5.1 program (CCDC; License Key: G/414/2006). The four fitness functions available in the
program, namely ASP,°® ChemPLP,”” ChemScore®® and GoldScore,”""" were evaluated for the
re-docking of the co-crystallized ligands to identify the most adequate fitness function for the
docking studies into HDACS8. Crystallographic water molecules were removed during the

docking runs, and the binding site was determined within a distance of 15 A from the zinc ion.
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After docking, the RMSD between the best result for each fitness function and the
crystallographic structure was calculated.

The fitness function with the best performance in the re-docking test for HDAC8 was
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ChemScore because the expected chelating interaction between the ligand’s hydroxamic acid

13 moiety and the zinc ion in a bidentate pattern and the hydrogen bonds between the ligand and the
15 His142 and His143 residues were correctly predicted for this enzyme using this function.**The
18 RMSDs were equal to 2.1 A and 2.2 A for the re-docking with 1VKG and 1W22, respectively,
20 and both of these values are below the resolution of the corresponding crystallographic structure.
ChemScore was thus used for the docking study of the compounds described in this study.

25 For HDAC6, the modeling was focused only on the second catalytic subunit (CDII,

27 Thr481-Gly800). Because no crystal structures are available for this enzyme, a model was
constructed with SWISS-MODEL Workspace®”™’ using the crystallographic structure of a

32 HDAC?7 isoenzyme with code 3C0Z (resolution: 2.1 A),*® which presents a sequence identity of
34 49.84% and a coverage of 0.99 with the target enzyme. To introduce the zinc ion into the

37 catalytic site of the modeled structure, the Cartesian coordinates were extracted from the same
39 crystallographic structure used as a template. To assess the quality of the model, we performed
41 an analysis of the Ramachandran plot generated through RAMPAGE.” Only 2.5% of the amino
a4 acid residues were in the outlier region, and none of these residues were involved in any

46 interaction with the ligands in the active site. The docking studies were run using the GOLD 5.1
program with the same fitness function used for HDACS8 (ChemScore). The pictures in Figure 5

51 were constructed with PyMOL 6.0 program.
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HDAC, histone deacetylase; NAH, N-acylhydrazone; HAT, histone acetyltransferases; HDACI,
HDAC inhibitors; CTCL, cutaneous T-cell lymphoma; PTCL, peripheral T-cell lymphoma;

SAR, structure-activity relationships; SAHA, suberoylanilide hydroxamic acid; ZBG, zinc-
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binding group; 1Csp, half-maximal inhibitory concentration; DMSO, dimethylsulfoxide; HCC,

13 hepatocellular carcinoma.
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Figure 1. Chemical structures of FDA-approved HDAC inhibitors.
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Figure 3. HDACI enhances tubulin acetylation. Calu-1 (A) and A549 (B) cells were treated with compounds3c
and 3ffor 24 h, and the levels of acetylated tubulin were accessed by western blotting. GAPDH was used as
a loading control. One representative of three independent experiments is shown. Cells treated with vehicle
(DMSO) were used as controls.
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Figure 4. HDACS6 inhibition abrogates cell migration. Calu-1 cells were treated with compounds 3c and 3ffor
27 48 h, and their migration was determined using the scratch test. One representative of three independent
28 experiments is shown. Cells treated with vehicle (DMSO) were used as controls.
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Figure 5. Compounds 3c and 3f docked into HDACS8 (A, B) and HDAC6 (C, D). Docking studies were
performed by using the program GOLD 5.1.
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Figure 6. Cell viability determined using the MTS assay after 48 h of treatment with different compounds at
40 uM. The significance of the differences compared with the control groups were determined by ANOVA
followed by Tukey’s post-test. *** p < 0.001.
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Figure 7. Cell cycle analysis of HepG2 cells treated with compounds 3c and 3gat concentrations of 5 and 10
MM for 24 and 48 h. The significance of the differences compared with the control results were determined
by ANOVA followed by Tukey’s post-test. *** p<0.001.
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Figure 9. Chemical stability of compounds 3c, 3f, 3g and 3h. A) Chemical stability of compounds 3c, 3f, 3g
and 3h at pH 7.4. B) Chemical stability of compounds 3c, 3f, 3g and 3h at pH 2. The experiments were
conducted in triplicate, and the values shown represent the average from the experiments.
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KOH, MeOH, r.t.,, 4 h, 90-94%; (c) H,SO, 15%
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Scheme 32

2aR;=H and Ry = OH

2b R1 =Hand R3 = OCH3
2c Ry =H and R3 = NHOH
2d R1 = CH3 and R3 =OH

2e R1 = CH3 and R3 = OCH3
2f Ry = CH, and Ry = NHOH

aReagents and conditions: (a) HCl,, , EtOH, r.t., 2 h, 82-98%;
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Scheme 42.

3aR;=H and Ry = OH

3b R1 =H and R3 = OCH3
3c Ry =H and Rz = NHOH
3d Ry = CH3 and Rz = OH

3e R1 = CH3 and R3 = OCH3
3f Ry = CHs and Ry = NHOH

#Reagents and conditions: (a) HCl, , EtOH, r.t., 2 h, 62-89%;
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Inhibition of HDAC 6/8 in the nanomolar
range. It increases the acetylation of a-tubulin
and affects the cell migration.
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