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ABSTRACT: Histone deacetylase (HDAC) proteins are epigenetic regulators
that deacetylate protein substrates, leading to subsequent changes in cell
function. HDAC proteins are implicated in cancers, and several HDAC
inhibitors have been approved by the FDA as anticancer drugs, including
SAHA (suberoylanilide hydroxamic acid; Vorinostat and Zolinza). Unfortu-
nately, SAHA inhibits most HDAC isoforms, which limits its use as a
pharmacological tool and may lead to side effects in the clinic. In this work
SAHA analogues substituted at the C2 position were synthesized and screened
for HDAC isoform selectivity in vitro and in cells. The most potent and
selective compound, C2-n-hexyl SAHA, displayed submicromolar potency with
49- to 300-fold selectivity for HDAC6 and HDAC8 compared to HDAC]I, -2,
and -3. Docking studies provided a structural rationale for selectivity.
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Modification of the nonselective inhibitor SAHA generated HDAC6/HDACS dual selective inhibitors, which can be useful
lead compounds toward developing pharmacological tools and more effective anticancer drugs.
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Histone deacetylase (HDAC) proteins play an important
role in the epigenetic regulation of transcription. HDAC
proteins deacetylate acetyllysine residues on nucleosomal
histone proteins, which influences gene expression.' The
HDAC family contains 18 proteins, which are grouped into
four classes according to their size, cellular localization, and
phylogenetic analysis.” Classes I, II, and IV are metal dependent,
while class III are NAD" dependent.” The metal-dependent
HDAC:s are the focus in this work.

Through the deacetylation of nucleosomal histones, HDAC
proteins regulate both the expression and activity of cancer-
related proteins that are involved in transcription, tumor
suppression, and cell signaling.”* Through the deacetylation of
nonhistone substrates, HDAC proteins affect protein stability,
localization, and intracellular interactions, including protein—
protein interactions and protein—DNA interactions.”” Due to
their fundamental role in regulating gene expression and protein
activity, overexpression of HDAC proteins is linked to cancer
formation.” For example, HDAC1 was overexpressed in
prostate® and breast,” while HDAC8 has been implicated in
neuroblastoma and T-cell lymphoma and acute myeloid
leukemia.” Among the class II proteins, HDACG6 was overex-
pressed in oral squamous cell carcinoma.” In addition, HDAC6 is
implicated in several nonepigenetic cancer-related intracellular
functions.'’ Both HDAC6 and HDACS were found to be highly
expressed and implicated in the invasion and progression of
breast cancer cells.''

With a role in cancer, HDAC proteins have emerged as
important targets for cancer treatment, with a wide variety of
HDAC inhibitor drugs available.'”™"> The effect of HDAC
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inhibitors on both histone and nonhistone proteins can lead to
cell signaling dysregulation, transcription and expression
changes, and protein degradation. Through these effects on
tumor cells, HDAC inhibitors can reduce proliferation,
migration, and angiogenesis, enhance differentiation and
immunogenicity, and promote apoptosis.'® In fact, several
HDAC inhibitors are used for treatment of T-cell lymphoma,
including SAHA (suberoylanilide hydroxamic acid, Vorinostat,
Figure 1) and Belinostat (Figure $41)."*~'* Panobinostat
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Figure 1. Chemical structures of the FDA approved drug SAHA
(suberoylanilide hydroxamic acid; Vorinostat and Zolinza) and the C2-
modified SAHA analogues reported here.

(Figure S41) was recently approved for treatment of multiple
myeloma.'> Unfortunately, these FDA approved drugs are
relatively nonselective and inhibit most of the 11 metal-
dependent HDAC isoforms.'” Nonspecific inhibition may
account for several mild to severe side effects associated with
treatment, including dehgdration, thrombocytopenia, anorexia,
and cardiac arrhythmia.'”"® In addition, the nonselectivity of
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these drugs limits their use as biological tools to probe HDAC
function in cancer biology.

Several isoform selective inhibitors have been developed. MS-
275 (Figure S41) is in clinical trials and is class I selective, with 4-
to 400-fold selectivity for HDACI, 2, and 3 over the other
isoforms.” RGFP966 (Figure $41) showed more than 188-fold
selectivity for HDAC3 over the other isoforms.'” Tubastatin
(Figure S41) is HDACG6 selective with 87-fold or 1000-fold
selectivity for HDAC6 over HDACI, 2, and 3 according to
different reports.””*' Selective inhibitors can be used as
biological tools to elucidate the function of each isoform in the
development of cancer. In addition, modification of nonselective
inhibitors currently used in clinic can possibly improve their
selectivity and reduce their clinical side effects.

Toward development of selective HDAC inhibitors, we
previously created SAHA analogues containing substituents in
the linker region between the hydroxamic acid and the anilide
ends (Figure 1). A C3-modified SAHA analogue showed modest
preference for HDAC3, while C6-modified SAHA analogues
displayed selectivity for HDAC1 and -6 compared to
HDAC3.”*7** In addition, modifying the amine of the
hydroxamic acid reduced potency, but enhanced preference for
HDACL1.”® C2-modified SAHA analogues (Figure 1) were also
generated and showed ;M potency with HeLa cell lysates (Table
S1), but no selectivity assessment was performed.”> We report
here a selectivity assessment of C2-modified SAHA analogues
both in vitro and in cells. Modification at the C2 position led to
reduced potency but enhanced selectivity compared to SAHA,
with preference for HDAC6 and -8 over HDACI, -2, and -3.
HDAC6/8 dual inhibitors can be used as biological tools to study
breast cancer metastasis.'"*° In addition, the SAHA analogues
reported here are useful lead compounds for further develop-
ment of pharmacological agents and anticancer drug targeting
HDACG6 and -8. More generally, these studies confirm that
modification of the SAHA linker region can enhance isoform
selectivity.

Synthesis of C2-Modified SAHA Analogues. The
syntheses of seven C2 modified SAHA analogues (la—g) were
previously described.”” Two new derivatives, C2-n-pentyl SAHA
(1h) and C2-n-hexyl SAHA (1i) are reported here. Synthesis
began with ring opening of e-caprolactone 2 with aniline to give
anilide alcohol 3. Activation of the hydroxyl as a mesylate with
subsequent substitution with dimethyl malonate gave inter-
mediate diester 5. Substitution with 1-bromopentane or 1-
bromohexane generated the substituted diesters 6h—i. Decar-
boxylation and subsequent saponification, followed by coupling
with N-benzyl protected hydroxylamine afforded protected
hydroxamic acids 7h—i. Finally, hydrogenolysis gave the desired
C2 -n-pentyl (1h) and C2-n-hexyl SAHA (1i) analogues (Scheme

In Vitro Screening of C2-Modified SAHA Analogues.
Prior work showed that C2-modified SAHA analogues displayed
weak uM potency with the HDAC activity from HeLa cell
lysates.”” However, no selectivity assessment was performed. In
this work we used the recently developed ELISA-based HDAC
activity assay to screen the analogues against mammalian-derived
HDACI, HDAC2, HDAC3, and HDAC6.”' As an initial test of
selectivity, the potency of each C2-modified SAHA derivative
was tested with HDAC1, -2, -3, and -6 at single concentrations of
either S or 10 M. All analogues (la—i) displayed some
selectivity for HDAC6 compared to HDAC1, HDAC2, and
HDAC3 (Figure 2). Among them, the C2-benzyl (1g), C2-n-
pentyl (1h), and C2-n-hexyl (1i) analogues showed the greatest
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Scheme 1. Synthesis of C2-n-pentyl and C2-n-hexyl SAHA
Analogues (1h—i)
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Figure 2. Isoform selectivity screening of C2-modified SAHA analogues
(1a—i) against HDACI, -2, -3, and -6 using the ELISA-based HDAC
activity assay.”' All analogues were tested at 5 uM concentration, except
for 1d, which was tested at 10 yM. SAHA was tested at 1 4M.>" Mean
percent deacetylase activities from a minimum of three independent
trials with standard errors were plotted (Table S2). The substituent

below each compound number corresponds to the R group in C2-
modified SAHA (Figure 1).

difference in inhibitory activity comparing HDAC6 to HDACI,
HDAC2, and HDAC3. In contrast, the C2-methyl SAHA
analogue was least selective, with similar activity against all four
isoforms (Figure 2).

To further assess selectivity, IC, values for the most selective
compounds in the initial screen, compounds 1g—i, were
determined with HDACI, -2, -3, -6, and -8 (Table 1). As
controls, the IC, values of both SAHA and tubastatin were
included. As expected, SAHA displayed similar ICs, values with
HDACI1-6, but 5-fold reduced activity with HDACS, which is
consistent with prior reports.'”*” Tubastatin showed at least 87-
fold selectivity for HDAC6 over class I HDAC]I, -2, and -3, but
only 10-fold selectivity versus HDACS.”" Interestingly, the C2-
modified SAHA analogues showed selectivity for HDAC6 and
HDACS, with ICy, values in the submicromolar to micromolar
range (0.6—2.0 uM, Table 1). The C2-benzyl 1g and C2-n-pentyl
1h analogues displayed 33- to 92-fold selectivity for HDAC6 and
HDACS over the Class I isoforms (Tables 1, SS, and S6 and
Figures $44 and $45). The most selective compound C2-n-hexyl
SAHA 1i displayed 49- to 300-fold selectivity for HDAC6 and
HDACS compared to the class I isoforms (Tables 1 and S7 and
Figure $46).
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Table 1. IC,, Values for SAHA, Tubastatin, SAHA Analogues 1g—1i against HDAC], -2, -3, -6, and -8

ICs, values (uM)

compd HDACI1 HDAC2
SAHA™ 0.033 + 0.001 0.096 + 0.01
Tubastatin® 2.7 +02 39+ 04
1g (benzyl) 84+ 6 110 + 10
1h (pentyl) 48 +2 58+2
1i (hexyl) 180 + 20 180 + 30
(8)-1i (hexyl) 330 + 30 580 + 30
(R)-1i (hexyl) ND ND

HDAC3 HDAC6 HDACS
0.020 + 0.001 0.033 + 0.003 0.54 £ 0.01
29+0.5 0.031 + 0.004 0.33 £0.01
91+4 1.5+02 12 +0.1
43+2 0.85 + 0.05 1.3+0.1
98 + 10 0.60 + 0.05 2.0+£0.1
530 + SO ND 3.1+0.1
ND ND 0.71 + 0.01

“Mean ICy, value and standard error of at least two independent trials are shown (Figures S42—S48 and Tables S3—S9). ND = not determined.

It is notable that the selectivity of C2-n-hexyl SAHA 1i for
HDAC6 (>163-fold) is elevated compared to tubastatin (>87-
fold), while it showed 20-fold less potency than tubastatin (0.60
vs 0.031 uM ICg, values). The conclusion is that C2-substituents
impart selectivity by discriminating against HDACI1, HDAC2,
and HDACS3.

In-Cell Selectivity Testing. To assess the HDAC6
selectivities of the analogues in a biologically relevant context,
C2-benzyl (1g), C2-n-pentyl (1h), and C2-n-hexyl (1i) SAHA
were tested for their abilities to increase the acetylation levels of
HDAC substrates. Acetylated-a-tubulin (AcTub) was monitored
as a known substrate of HDAC6, whereas acetylated-histone H3
(AcH3) was observed as a substrate for HDAC1, -2, and -3. U937
myeloid leukemia cells were used in these cellular HDAC6
selectivity study. HDACG6 is overexpressed in several acute
myeloid leukemia (AML) cell lines, suggesting that HDACG is a
promising target for development of antileukemic drugs.”®
SAHA or the analogues were incubated with U937 cells before
lysis and Western blot analysis of protein acetylation. As
expected, SAHA increased the acetylation levels of both a-
tubulin and histone H3 (Figure 3a, lane 2), consistent with its
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Figure 3. Cell-based selectivity testing of the SAHA analogues. U937
cells were treated with (a) DMSO (1%), SAHA (2 uM), tubastatin (2
uM), C2-benzyl SAHA (1g, 30 M), C2-n-pentyl SAHA (1h, 30 uM),
C2-n-hexyl SAHA (1i, 30 uM), or (c) increasing concentrations of C2-
n-hexyl SAHA analogue (1i, 10—60 uM) before lysis, SDS-PAGE
separation, and Western blot analysis of acetyl-histone H3 (AcH3) and
acetyl-a-tubulin (AcTub). GAPDH was a load control. Repetitive trials
are shown in Figures $49 and S50. (b) Fold increase in AcH3 or AcTub
after quantification of band intensities from part a, with mean fold
increase from four independent trials and standard error (Table S10).
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broad inhibition. In contrast, the HDAC6 selective inhibitor
tubastatin affected only a-tubulin acetylation (Figure 3a, lane 3).
Similar to tubastatin, the three analogues lh—i increased
acetylation levels of a-tubulin to a greater level than histone
H3 (Figure 3a, lanes 4—6). Quantification confirmed that 1h—i
significantly increased acetylation of a-tubulin compared to
DMSO, but not acetyl histone H3 levels (Figure 3b and Table
$10). In addition, the C2-n-hexyl analogue 1i promoted a dose-
dependent increase in acetylation of a-tubulin, but not histone
H3 (Figure 3¢, lanes 2—7), compared to the DMSO control
(Figure 3c, lane 1). The HDAC6-dependent acetylation of
tubulin observed in cells is consistent with the HDACG selectivity
observed in vitro (Table 1 and Figure 2).

Inhibitor Cytotoxicity. To test the anticytotoxic properties
of the HDACG6-selective inhibitors, analogues 1g—i were tested
in cell-based cytotoxicity assays using leukemia cell lines.”® First,
the analogues were tested with the Jurkat cell line at 1 and 10 uM
concentrations using an MTT assay (Figure 4, Table S11).

g1eM g10uM
100

N A2 O
o O O o

Percentage viable cells

1th i
(Pen)  (Hex)

1g
(Bn) SAHA
Figure 4. Cytotoxicity screening of 1g, 1h, 1i,and SAHA at 1 and 10 uM
concentrations using an MTT assay with Jurkat cells. Mean percent
viability from at least three independent trials with standard error were

plotted (Table S11).

SAHA was also tested as a control. All compounds showed
reduced cytotoxicity compared to the SAHA (Figure 4). Of the
analogues, C2-n-hexyl SAHA (1i) showed the greatest cytotoxic
effect, with only 47% viability at 10 M concentration.

To further assess cytotoxicity, both SAHA and the most potent
analogue 1i were tested to determine ECs, values against three
leukemia cancer cell lines: Jurkat, AML MOLM-13, and U937
cells. SAHA showed potent cytotoxicity, with EC values of 0.72,
1.2, and 0.88 uM with Jurkat, AML MOLM-13, and U937 cell
lines, respectively (Table 2). The observed ECs, values are
consistent with previous reports.””~>' The high potency of
SAHA may be due to its nonselectivity, as well as the high
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Table 2. EC;, Values for SAHA and C2-n-hexyl (1i) SAHA
Analogue against Jurkat, AML MOLM-13, and U937 Cells
Using MTT Assay”

cellular EC, values (uM)

compd Jurkat AML MOLM-13 U937
SAHA 0.72 £ 0.13 1.2 +0.06 0.88 +£0.13
1i (hexyl) 118 +22 105 + 3.1 138+ 1.7

“Mean ECq, value and standard error of at least three independent
trials are shown (Figures SS1—S52 and Tables $12—S13).

inhibitory activity against class 1 HDAC1, -2, and -3. The C2-n-
hexyl SAHA analogue 1i showed roughly 10-fold reduced
cytotoxicity compared to SAHA, with ECs, values of 11.8, 10.5,
and 13.8 uM with Jurkat, AML MOLM-13, and U937 cell lines,
respectively (Table 2). The reduced cytotoxicity is consistent
with the 18-fold reduction in potency against HDAC6 compared
to SAHA (Table 1). In addition, the selectivity for HDAC6 and
-8 over HDAC], -2, and -3 might also contribute to the lower
cytotoxicity.

Synthesis and Screening of (R)- and (S)-C2-n-hexyl
SAHA (1i). C2-n-hexyl SAHA (1i) contains a stereocenter at the
2 position, and the compounds tested to this point were racemic
mixtures. To test the selectivity of each enantiomer, an
enantioselective synthesis of C2-n-hexyl SAHA (1i) was
employed using Evans chiral auxiliary 8 and octanoyl chloride
(Schemes 2 and S1). Allyl bromide was added to the resulting

Scheme 2. Synthesis of (§)-C2-n-hexyl SAHA, (S)-1i

Bn,' Bn, Bn,

n-BuLi, NaHMDS, ) ™
octanoyl chloride O allyl bromide :’5 o)
HN_ O — N Y MN\‘(
THF, -78 °C THF, -78 °C
[o) 84% o 64% o O
(R)8 (R19 (R-10
[o]
1. Grubb's
2nd gen cat., PRHNt7 0 \(})5 EDCI, HOB, EtsN, _
2. LIOH/H,0. THF/H,0, 0 °C PnHNJ‘Hs’YOH NH,OH.HCI. (St
3. H,, PdIC. MeOH o DCM/DMF
33% over 3 steps (S-11 10%

amide 9 to generate chiral compound (R)-10 from auxiliary (R)-
8 (Scheme 2) or (S)-10 from auxiliary (S)-8 (Scheme S1). After
olefin metathesis with Grubbs’ second generation catalyst®” and
removal of the auxiliary, the olefin was reduced to generate (S)-
11 and (R)-11. Finally, coupling with hydroxylamine generated
the two enantiomers of C2-n-hexyl SAHA, (S)-1i or (R)-1i,in 95
and 92% ee, respectively.

With the two C2-n-hexyl SAHA enantiomers in hand, ICs,
values were determined (Table 1). As expected, both
enantiomers displayed low micromolar to submicromolar
potency with HDAC8 (3.1 + 0.1 or 0.71 + 0.01 yM), similar
to racemic 1i (2.0 + 0.1). The data suggested that (R)-1i is more
potent than (§)-1i, although only by 4-fold. The (§)-1i
enantiomer was further tested for selectivity against HDACI,
-2, and -3. (S)-1i displayed 106- to 187-fold selectivity for
HDACS, which is greater than that observed with racemic 1i (49-
to 300-fold). In total, studies with the enantiomers of C2-n-hexyl
SAHA indicated that both are low micromolar to submicromolar
potency HDACS inhibitors, with the expected HDACS8
selectivity compared to HDAC], -2, and -3.

Docking Studies. To rationalize the HDAC6 selectivity of
the C2-n-hexyl SAHA (1i) analogue, we performed docking
analysis using the AutoDock 4.2 program.” Both enantiomers of
the analogue were docked into the recently published HDAC6
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crystal structure (PDB: SEEM),** and both displayed similar
binding interactions (Figure S and Figure SS53), consistent with

5.9 38

H145."

Z

Figure S. Docked pose of (S)-C2-hexyl SAHA ((S)-1i) in the (a)
HDAC6 (PDB: SEEM)** or (b) HDAC2 (PDB: 3MAX)*® crystal
structures (b) using Autodock 4.2.*° Binding distances between the
hydroxamic acid atoms and active site residues (numbered in figure) or
the metal are displayed in Angstroms. The (R) enantiomer is shown in
Figure S53. The atomic radius of the metal (Zn*") was set at 0.5 A for
clarity. Atom color-coding: (S)-C2-n-hexyl SAHA (C = purple/white; O
=red; N = blue; H = white); amino acids (C = deep teal; O =red, N =
blue); Zn** metal ion (gray sphere).

\ H146

—
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the similar ICy, values observed experimentally. For example, the
hydroxamic acid was positioned in bonding distance (1.9—2.9 A)
of three active site residues (HS73, H574, and Y74S) and the
catalytic zinc atom in HDACG active site (Figures Sa and SS3A).
For comparison, docking of the parent SAHA compound with
HDAC6 showed similar distances between the hydroxamic acid
and the active site (1.6—2.4 A, Figure SS4A). To explore the
HDACS6 selectivity, compound 1i was also docked into the
HDAC?2 crystal structure (PDB: 3MAX).” In contrast to the
bonding distances observed with HDACG, elongated distances
between the hydroxamic acid group and H14S (5.7-5.9 A),
H146 (3.8 A), and Y308 (3.0—5.5 A) were observed (Figures Sb
and S53B). Metal binding was also weakened with longer bond
distances (3.5—4.7 A, Figures Sb and S53B). One possibility
accounting for the weak binding with HDAC?2 is that the bulky
C2-n-hexyl substituent cannot favorably fit into the relatively
narrow catalytic active channel of HDAC2.>® Consistent with
this possibility, superimposition of the docked poses of
compound 1i and SAHA with HDAC2 showed that the C2-n-
hexyl substituent is positioned toward the solvent exposed
surface of the active site, which consequently places the
hydroxamic acid distant from the metal (Figure S55C,D). In
contrast, the relatively wide catalytic pocket in HDAC6 allowed
compound 1i and SAHA to similarly position the hydroxamic
acid within bonding distances of the catalytic metal and nearby
residues (Figure SS5A,B).

Because all HDAC isoforms show high conservation among
their active site residues,”*” previous studies suggested that the
shape of the active sites might explain the HDACG selectivity of
reported compounds.‘i’8 In particular, HDAC6 maintains a wider
active site entrance compared to the class I isoforms.”’ In
previous work, HDAC6-selective inhibitors were generated by
replacing the solvent-exposed anilide group of SAHA with bulky
aryl groups.””*”*’ In addition, compounds with an aryl, cyclic, or
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unsaturated group attached in the linker region directly adjacent
to the hydroxamic acid demonstrated HDAC6 selectivity.” For
example, tubastatin is a highly HDAC6-selective inhibitor that
displays a series of bulky aryl groups near the hydroxamic acid
(Figure $41).”° More closely related to this work, valpropylhy-
droxamic acid (Figure S41) positions an alkyl group adjacent to a
hydroxamic acid and showed HDACG6/8 dual selectivity, with 16
and 39 uM IC,, against HDAC6 and -8, respectively, but only 9—
17-fold reduced potency with HDACI, -2, and -3.*' The data
with valpropylhydroxamic acid are consistent with our data
showing that the linker can influence potency and selectivity. Our
docking analysis and these prior studies suggest that the
selectivity of the C2-modified SAHA analogues is due to the
bulky substituent adjacent to the hydroxamic acid that takes
advantage of the wider active site entrance of HDAC6 and
HDAC8.>*

In conclusion, we report the synthesis and screening of several
SAHA analogues substituted at the C2 position. C2-modified
SAHA analogues displayed selectivity for HDAC6 and HDACS8
over HDAC]I, -2, and -3. The highest selectivity observed was
with C2-n-hexyl SAHA analogue 1i, which displayed 49- to 300-
fold selectivity for HDAC6 and -8 over HDACI, -2, and -3.
Importantly, the selectivity of C2-n-hexyl SAHA is elevated
compared to the widely used HDACG6-selective inhibitor,
tubastatin. Cell-based selectivity testing of analogues 1g—i
reproduced the selectivity observed in vitro. The dual HDAC6/
8 selective C2-modified SAHA analogues reported in this work
can be useful as lead compounds to develop pharmacological
tools and anticancer drugs targeting HDAC6 and HDACS8. More
generally, these studies with SAHA analogues suggest that
modifying known drugs can significantly improve their proper-
ties.
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