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ABSTRACT: We disclose the first small molecule histone deacetylase (HDAC) inhibitor (3, BRD73954) capable of potently and 

selectively inhibiting both HDAC6 and HDAC8 despite the fact that these isoforms belong to distinct phylogenetic classes within 

the HDAC family of enzymes.  Our data demonstrate that meta substituents of phenyl hydroxamic acids are readily accommodated 

upon binding to HDAC6, and furthermore, are necessary for the potent inhibition of HDAC8.   

Histone deacetylases (HDACs) are enzymes that catalyze the 

removal of acetyl groups from the ε-nitrogen of lysine resi-

dues on histone as well as non-histone proteins.
1
  Such post-

translational modifications can regulate numerous cellular 

processes, including gene expression,
2
 making these enzymes 

attractive targets for the treatment of cancer
3
 as well as psy-

chiatric,
4
 metabolic,

5
 and infectious diseases.

6
  These enzymes 

can be divided into the NAD
+
-dependent Sirtuins (Class III) 

and the Zn-dependent HDACs.  The latter can be divided into 

three classes, one of which (Class II) is further subdivided into 

two subclasses (Figure 1): class I (HDACs 1, 2, 3, and 8), 

class IIa (HDACs 4, 5, 7, and 9), class IIb (HDACs 6 and 10), 

and class IV (HDAC11).
7
 

 

Currently, many of the clinically relevant HDAC inhibitors 

(e.g., LBH-589 (Panobinostat), SAHA (Vorinostat)) are nei-

ther class nor isoform selective.  LBH-589 (a hydroxamic ac-

id) is a prototypical example of a multi-isoform inhibitor 

demonstrating potent inhibition across HDAC classes I, IIa 

and IIb (Figure 1).  In contrast, MS-275 (Entinostat, an ortho-

aminoanilide) is an example of a sub-class I selective inhibitor 

with potent activity towards HDACs 1, 2, and 3 only.  While 

these agents demonstrate clinical efficacy towards select neo-

plasms, all exhibit dose-dependent toxicity such as nausea, 

fatigue, and thrombocytopenia.
8
  Furthermore, it has been 

demonstrated that the concurrent inhibition of HDACs 1 and 2 

contributes to myelosupression via a mechanism based toxici-

ty.
9
  Selective inhibition of only the desired HDAC isoforms 

has been hypothesized to yield drugs that elicit fewer side 

effects and are better tolerated.
10

  Until now, medicinal chem-

ists have focused on developing compounds selective for ei-

ther a few isoforms within the same class (e.g., HDACs 1, 2, 

and 3) or a single isoform (e.g., HDAC6 or HDAC8).
11

 A rep-

resentative set of inhibitors selective for different combina-

tions of HDAC isoforms is shown in Figure 1.  Ideally, the 

development of a “toolkit” of inhibitors encompassing the 

various permutations of selectivities within and across the 

HDAC classes would, 1) refine our structural understanding of 

the similarities and differences between these enzymes, 2) 

further biological investigations into the functions of individu-

al isoforms and, 3) potentially provide better tolerated thera-

peutic agents.  

 

Figure 1. Binding profiles and chemical structures of HDAC in-

hibitors.  Colored blocks denote IC50 values <300 nM.  Evolution-

ary relationships between the various Zn-dependent HDACs are 

shown.  The lengths of the branches are not proportional to evolu-

tionary distance (adapted from ref 2b). 

Herein, we report our efforts towards this endeavor and dis-

close that it is possible to achieve simultaneous inhibition of 

HDACs 6 and 8, two isoforms with disparate sequence ho-

mology belonging to distinct classes.  Dual inhibition of these 
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two enzymes might prove beneficial in a number of indica-

tions.  For instance, both HDAC6 and HDAC8 have been im-

plicated in breast cancer metastasis,
3a

 and
 
we speculate that 

inhibition of both isoforms could potentially abrogate any 

functional redundancy exhibited by these enzymes.  Further-

more, inhibition of HDAC8 has shown promise as an effective 

strategy for treating neuroblastoma,
12

 while inhibition of 

HDAC6 has proven useful for treating a variety of cancers due 

to its effects on the ubiquitin pathway as a single agent and in 

combination therapies.
13

  Dual inhibition of these two isoforms 

could provide a larger therapeutic window and have beneficial 

additive or synergistic effects in neuroblastoma and/or related 

neoplastic disorders. 

 

Recently, we reported our efforts towards developing ligand-

efficient selective inhibitors of HDAC6 such as 1.
14

  We dis-

covered that small capless phenyl hydroxamic acids were po-

tent and selective inhibitors of HDAC6. Furthermore, we ob-

served that a variety of extended para substituents such as the 

phenethyl carboxamide of compound 2, were not only tolerat-

ed, but also did not reduce the selectivity of these inhibitors 

for HDAC6 (>100-fold versus HDACs 2, 4, and 8).  While 

exploring positional and structural modifications to these phe-

nyl hydroxamic acids, we discovered that transposing the 

phenethyl carboxamide substituent from the para (2) to the 

meta (3) position not only retained HDAC6 inhibitory activity 

(IC50 = 0.036 µM), but resulted in a 10-fold increase in poten-

cy for HDAC8 (IC50 = 0.12 µM) with a concomitant reduction 

in potency for HDAC2 (Table 1).  To the best of our 

knowledge, compound 3 (BRD73954) represents the first 

HDAC inhibitor capable of selectively and potently inhibiting 

HDAC6 (Class IIb) and HDAC8 (Class I) simultaneously.
15 

 

Next, in order to understand this unique inter-class structure 

activity relationship, we probed the effect of different meta 

substitutions on potency and selectivity.  We synthesized a 

series of compounds varying the linking motifs at this position 

as well as the physicochemical and steric properties of these 

molecules (Table 1).
16

  A comparison between the phenethyl 

carboxamide 3 and the 3-pyridylethyl carboxamide 4 suggests 

the importance of the substitutent’s hydrophobicity for achiev-

ing potent inhibition of HDAC8, as the less hydrophobic com-

pound 4 exhibited reduced potency for HDAC8 (IC50 = 0.42 

µM), but not for HDAC6 (IC50 = 0.059 µM). 

 

Next we varied the linker length to examine the effects on 

HDAC6 and 8 inhibition as well as to define the minimal 

pharmacophoric elements necessary for dual inhibition of the-

se isoforms.  Utilizing an amide linkage, we shortened the 

meta substituent of compound 3 by one (benzyl carboxamide, 

5) or two carbons (phenyl carboxamide, 6) and observed little 

effect on potency for HDAC6 (IC50 = 0.034 and 0.057 µM, 

respectively) or HDAC8 (IC50 = 0.21 and 0.11 µM, respective-

ly).  Moreover, both compound 5 and 6 remained highly selec-

tive with a >50-fold preference for HDAC6 and 8 as compared 

to HDACs 2 and 4.  Further truncation of this series to the 

simple methyl carboxamide 7 resulted in a significant loss in 

potency for HDAC6 (IC50 = 2.5 µM) and HDAC8 (IC50 = 14 

µM).  However, the simple meta methyl substituted compound 

8 displayed increased potency and selectivity for HDAC6 

(IC50 = 0.65 µM) resembling the overall binding profile of the 

phenyl hydroxamic acid 1.
14 

 

Table 1. IC50 values for HDACs 2, 4, 6, and 8 

 
aValues are the average of at least two experiments. Data are 

shown as IC50 values in µM ± standard deviation. Compounds 

were tested using a 12-point dose curve with 3-fold serial dilution 

starting from 33 µM.17  bData were taken from ref 14.  Data for 

additional compounds are shown in the supporting information. 

 

Finally, after observing the surprisingly poor inhibition dis-

played by the methyl carboxamide 7 towards HDACs 6 and 8, 

we turned our attention to alternate meta linking motifs.  Re-

moval of the carbonyl group in 6 provided the methylene 

linked aniline 9, which displayed a significant loss in potency 

and selectivity.  Ultimately, we replaced the four-atom spacer 

in 3 with the highly rigid meta cinnamide linkage to provide 

compound 10.  Compound 10 displayed excellent potency for 

HDAC6 (IC50 = 0.021 µM) and HDAC 8 (IC50 = 0.037 µM) as 

well as greater than 130-fold selectivity versus HDACs 2 and 

4. 
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Table 2: IC50 values for HDACs 1-9 

 
a
Values are the average of at least two experiments. Data are shown as IC50 values in µM ± standard deviation. Compounds were 

tested using a 12-point dose curve with 3-fold serial dilution starting from 33.3 µM.
17

 

To ascertain the selectivities of 3 and 10 across the broader 

family of HDAC isoforms, we profiled these compounds 

against HDACs 1-9
16

 (Table 2).  Compounds 3 and 10 main-

tained excellent selectivity towards HDAC6 and HDAC8 as 

compared to the other class I and class II HDACs tested, as 

these compounds were 75- and 130-fold less potent for the 

next closest isoforms, respectively.  These selectivities are 

comparable to those exhibited by Tubastatin A
11e

 and 11 (PCI-

34051),
11f

 state of the art HDAC6- and HDAC8-selective in-

hibitors, respectively.  Although structurally simple, com-

pounds 3 and 10 exhibit remarkable selectivity within this 

family of closely related zinc hydrolases, and this selectivity 

may translate to more distantly related metalloenzymes.  

Compound 10 represents the most potent and selective dual 

inhibitor of HDACs 6 and 8 reported to date.   

 

Intrigued by the ability of a small molecule ligand to preferen-

tially bind phylogenetically dissimilar isoforms, we performed 

molecular docking simulations of compound 3 into model 

structures of HDAC6 and HDAC8.  We chose compound 3 

with the meta amide linkage to rationalize the observed struc-

ture activity relationships of a larger subset of compounds (see 

compounds 3-6). For HDAC6, we generated a homology 

model using a multiple mapping method with multiple tem-

plates (HDACs 4 and 7) as described by the Fiser group 

through an automated web server (M4T Server ver 3.0).
17

  For 

HDAC8 we used the crystal structure reported by Somoza and 

colleagues in 2004 (see supporting information for details, 

PDB code 1VKG.A).
18

  For both enzymes, docking runs using 

induced-fit models were performed with Glide XP
19

 followed 

by ligand minimization in MOE (Chemical Computing Group, 

Inc.). 

 

We performed molecular docking simulations with compound 

3 in HDAC6 and the results are shown in Figure 2 (A and C).  

Compound 3 adopts an optimal binding pose in the catalytic 

domain and forms key H-bonds with His130, His131 and 

Tyr302.  These residues are critical as they stabilize the inhibi-

tor in a binding conformation that allows for efficient zinc 

atom chelation.  This coordination complex is further stabi-

lized by hydrophobic interactions between the phenyl linkage 

of compound 3 and residues Phe140, Phe200, and Leu269 

(Figure 2C).  Additionally, the meta linked phenethyl carbox-

amide of 3 extends from this shallow binding domain into 

solvent space devoid of close contacts with the protein surface.  

This is consistent with the observed SAR of compounds 3-6 

which demonstrate no significant change in HDAC6 potency.  

In addition, the shallow and more accessible binding domain 

in HDAC6 is reminiscent of other computational reports on 

this isoform.
20,11e

 

 

Following the same docking procedures in HDAC8, com-

pound 3 achieves optimal chelation geometry and forms key 

H-bonds with His129 and His130 (Figure 2B).  In contrast to 

the binding mode observed in HDAC6, the meta-phenethyl 

carboxamide in 3 resides in a deep secondary pocket whose 

boundaries are defined by Tyr293, Phe139, and Lys20 (Figure 

2D).  This secondary hydrophobic pocket (formed via a con-

formational change in Phe139) has been previously described 

to accommodate similar “L-shaped” ligands, such as 11,
11f

 a 

potent and selective inhibitor of HDAC8, as well as other me-

ta-substituted hydroxamic acids.
21

  The role of this secondary 

binding pocket in HDAC8 affinity is evident when comparing 

the binding affinity of compound 1 (HDAC8, IC50 = 1.9 µM) 

versus compound 3 (HDAC8, IC50 = 0.12 µM) which extends 

into this space (Figure 2, B and D).  In HDAC8, the meta-

substituent forms key hydrophobic interactions and extends 

into a well defined secondary pocket leading to increased po-

tency (cf. compound 1 vs 3 ), whereas in HDAC6, this substit-

uent is exposed to solvent, a finding that is consistent with the 

observed SAR. 

 

Figure 2. Compound 3 docked into HDACs 6 (A and C) and 8 (B 

and D).  The enzymes in C and D are aligned, demonstrating that 

3 occupies distinct sub-pockets in HDAC6 and HDAC8.  
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Next, we attempted to validate the observed biochemical po-

tencies and selectivities of these HDAC6/8-selective inhibitors 

in a cellular context by examining their HDAC6 activity.
22

  

HeLa cells were treated with inhibitors for 48 h at 10 µM, and 

the resulting acetylation changes in α-tubulin (a known sub-

strate for HDAC6)
23

 and histone H3 (a known substrate for 

HDACs 1, 2, and 3) were assessed (Figure 3).
1b

  While treat-

ment with compounds 3 and 10 resulted in a robust increase in 

α-tubulin acetylation, no change in the acetylation state of H3 

was observed, which is consistent with the ability of these 

compounds to inhibit HDAC6 but not HDACs 1, 2, or 3 in the 

biochemical assay.  In contrast, increases in the acetylation of 

α-tubulin as well as H3 were observed when the cells were 

treated with the pan-inhibitor SAHA. 

 

Figure 3. Treatment of HeLa cells for 48h with compounds 3 and 

10 increased Ac-Tubulin but not Ac-H3.  Concentrations in µM 

are shown in brackets.  GAPDH was used as a loading control. 

 

CONCLUSIONS  

We have discovered a set of small molecules that are selective 

for only two HDAC isoforms belonging to distinct phyloge-

netic classes.  Our biochemical and computational data pro-

vide evidence that evolutionary relationships between HDACs 

cannot always predict molecular recognition or ligand binding 

similarities.  Potency and selectivity for HDAC6 seems to be 

driven by close contacts between the linking phenyl motif and 

an optimal hydroxamic acid chelating geometry at the zinc 

coordination center.  The meta-substituents are primarily ori-

ented towards solvent and play a marginal role in binding.  

However, for HDAC8, potency and selectivity seem to be 

strongly dependent on the presence of a hydrophobic meta-

substituent binding in a well-defined secondary pocket.  These 

dual HDAC6/8-selective inhibitors are active in cells, and the 

results reported here will help guide future efforts towards 

developing novel HDAC inhibitors with optimized selectivity 

profiles. 

 

EXPERIMENTAL SECTION 

Representative procedure for the synthesis of 3-10: 

 

To a solution of 3-(methoxycarbonyl)benzoic acid (1.1 equiv) 

in DMF (0.1 M) was sequentially added 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU) (1.5 

equiv), N,N-diisopropylethylamine (3.0 equiv), and amine (1.0 

equiv).  The reaction was monitored by LCMS. After comple-

tion, the reaction was quenched with saturated NaHCO3(aq) and 

extracted with EtOAc.  The organic extracts were washed with 

water and then brine, dried over magnesium sulfate, filtered, 

and concentrated under reduced pressure.  The resulting solid 

was purified by flash chromatography on silica gel.  Next, the 

purified material was dissolved in a 1:2 mixture of 

DCM/MeOH (0.1 M).  The resulting solution was cooled to 0 

ºC before the addition of 50 wt% aqueous hydroxylamine (30 

equiv) followed by 1M NaOH(aq) (10 equiv). The reaction was 

monitored by LCMS.  After completion, the solvent was re-

moved under reduced pressure and the resulting solid was 

dissolved in water. The pH was adjusted to 7 with 1N HCl(aq), 

and the product precipitated.  Typically, no further purification 

was necessary; however, preparatory HPLC was used in select 

cases. 
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Compound 3 docked into HDACs 6 (A and C) and 8 (B and D).  The enzymes in C and D are aligned, 

demonstrating that 3 occupies distinct sub-pockets in HDAC6 and HDAC8  

139x136mm (300 x 300 DPI)  
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