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Structured Abstract: 

Background: Breast cancer is the most prevalent cancer amongst females across the globe and 

with over 2 million new cases reported in 2018, it poses huge economic burden to the already   

dwindling public health. A dearth of therapies in the pipeline to treat triple-negative breast 

cancers, and acquisition of resistance against existing line of treatments urges the need to 

strategize novel therapeutics in order to add new drugs to the pipeline. HDAC inhibitors 

(HDACi) is one such class of small molecule inhibitors that target histone deacetylases to bring 

about chromosomal remodelling and normalize dysregulated gene expression that marks breast 

cancer progression.  

Objective: While four HDACi have been approved by the FDA for treatment of different cancer 

types, no HDACi is specifically earmarked for clinical management of breast cancer. Owing to 

the differential HDAC expression pertaining to different types of breast cancers, isoform-

selective HDAC inhibitors need to be discovered.  

Conclusion: This review attempts to set the stage for rational structure-based discovery of 

isoform-selective HDACi by providing structural insights into different HDACs and their 

catalytic folds based on their classes and individual landscape. Development of inhibitors in 

accordance with the differential expression of HDAC isoforms exhibited in breast cancer cells is 

a promising strategy to rationally design selective and effective inhibitors, adopting a 

‘personalized-medicine’ approach. 

 

Keyword(s): Histone deacetylases, HDACi, rational drug discovery, structural insights, breast 

cancer, differential HDAC expression, HDAC-isoform selectivity 

 

 

 

 

 

 

 

 

  



1. Introduction 

The increasing burden of cancer is a major health concern worldwide. As the most prevalent 

cancer type amongst females, the past decade witnessed a 20% increase in the rate of incidence 

of breast cancer, accompanied by a 14% increase in related mortality (1). With 2.1 million new 

cases reported in 2018, accounting for an estimated 630,000 deaths worldwide, the global breast 

cancer burden on healthcare systems is expected to rise enormously by 2040, especially in 

developing and under-developed nations (2). Histology and staging of breast cancer originate 

from heterogeneous factors involving various genetic mutations and atypical amplifications of 

both, oncogenes and tumor suppressor genes (3). Profiling of oncogenic expression based on 

molecular diversification has classified breast cancers into five intrinsic subtypes. Unusual 

expression of hormonal Estrogen receptor (ER) and Progesterone receptor (PR), along with 

human epidermal growth factor receptor 2 (HER2) is involved in causing luminal A and luminal 

B ER positive, HER2 enriched, normal-like, and basal-like breast cancers (4). Identification and 

understanding of such molecular marks have paved the way for several FDA-approved targeted 

hormone therapies against breast cancer (5). However, present proto-oncogenic therapies fall 

short in focused treatment of triple-negative breast cancer (TNBC) cells that do not display any 

of the ER, PR, or HER2 proto-oncogenic receptors, while also leading to de novo development 

or acquisition of resistance when administered on receptor positive cells, thereby promoting 

tumor recurrence. Development of resistance against anticancer drugs is a major obstacle in 

advancing the management of sophisticated breast cancers with metabolic variants (6), and has 

obligated the need for continued explorations to advance the understanding of factors that 

promote breast cancer tumorigenesis and drug resistance, so as to strategize novel anticancer 

drugs. 

Several intrinsic and acquired factors are involved in altering molecular pathways that promote 

breast cancer tumorigenicity, of which epigenetic modifications account for transient and 

reversible alterations in gene expression without any particular changes in the genetic code. Such 

modifications can occur on DNA, non-coding RNA (ncRNA), and/ or histones to facilitate 

structural adaptation of chromosomal regions to keep up with altered activity states (7). 

Remodeling of nucleosomes by DNA methylation and histone modification has been reported to 

be involved in malignant transformation of normal cells by transcriptional silencing of critical 

tumor-suppressor genes in various cancers, including breast cancer (8). A family of DNA 

methyltransferases (DNMTs), comprising of DNMT1, DNMT3a, and DNMT3b catalyze the 

transfer of a methyl group to cytosine residues of the widely studied CpG islands in promoter 

region at 5´PO4 end (8). Methylation of these islands promotes chromatin condensation, leading 

to transcriptional silencing of gene expression, thereby making hypermethylation of otherwise 

unmethylated CpG islands a characteristic feature of cancer cells (9). Conversely, on histone 

level, chromatin remodeling is reliant on post-translational modifications (PTMs) which can 

either occur in the catalytic domain formed by four core proteins H2A, H2B, H3, and H4 (10-

13), or their unstructured N-terminal tail which are hotspots for PTMs (7). Amongst several 



PTMs, histone acetylation and methylation are stable epigenetic PTMs that occur on the basic 

(Lys/ Arg) N- terminal residues and are transmitted from parent to daughter cells during 

divisions (7, 14). Certain residues of the histone proteins are prone to methylation by histone 

methyltransferases (HMTs) and its counterpart, histone demethylases (HDMTs), leading to co-

occurrence of acetylation and methylation (15). Histone acetylation modifications are governed 

by a balanced interplay between the catalytic enzymes, histone acetyltransferases (HATs) and 

histone deacetylases (HDACs) (16). While HATs are “writer” enzymes that yield open 

chromatin conformation by transferring an acetyl group to the NH2-terminal Lys residue on 

histone tail, HDACs are “eraser” enzymes that undo the result of HAT activity, yielding a closed 

repressive conformation of conformation of the chromatin structure (8). In humans, HATs can 

largely be divided into GCN5-related N-acetyltransferase (GNAT) comprising of GCN5 and 

PCAF), MYST including MOZ, MOF, TIP60, and HBO1, and p300/cAMP-responsive element-

binding protein (CBP) (17). Recognition of acetyl-Lys by HATs is facilitated by a conserved 

“reader’ bromodomain (BRD) motif (18). Specific histone modifications occur at initial stages 

with their accretion during tumorigenesis, like genome-wide loss of H4K16ac and H4K20me3, 

regarding them as hallmarks of cancer (11, 12). Additionally, incidence of histone methylation at 

specific residues is a hallmark of various cancers, especially breast cancer (15). 

The significance and reversibility of histone modifications makes them targetable by epigenetic 

therapies, such as treating with histone deacetylase inhibitors (HDACis), since they can 

reactivate the genes silenced due to deacetylation and chromatin condensation. HDACi also 

display antitumorigenic effects like cell cycle arrest, inhibiting cell growth, and induction of 

apoptosis (19, 20). Targeting breast cancer cells with HDACis is a therapeutic strategy more 

effective and efficient than targeting individual genetic pathways. Given the frequency, 

morbidity and mortality associated with breast cancer, the past decade has witnessed an 

incredible expansion of research into HDACis as a novel and promising approach. In addition to 

being used in monotherapy, studies have reported their exceptional efficacy when used in 

combination therapy with other treatment strategies (21). Although quite a few studies discuss 

their roles in other types of cancers, however, to the best of our knowledge, none have reviewed 

the advances in HDACis when it comes to breast cancers, individually. With the aim of setting 

the stage for discovery of new HDAC inhibitors for the treatment of breast cancer, this review 

provides insights into structural facets of targeting HDACs to facilitate rational structure-based 

drug discovery. The review also probes on differential expression of HDAC isoforms in breast 

cancer, emphasizing the need to promote isoform-selective HDAC inhibition by translating 

available structural knowledge to design selective and effective HDACi therapeutics against 

breast cancer. 

 

2. Classification of human HDACs  



Eighteen different HDACs have been identified in humans that are divided into four classes 

(Class I-IV), based on their homology with yeast proteins - reduced potassium dependency 3 

(Rpd3), histone deacetylase-A 1 (Hda1) and silent information regulator 2 (Sir2) (22). Classes I, 

II, and IV are dependent on single transition Zn2+ metal ion, and class III is structurally and 

evolutionarily distinct with its activity characterized by nicotinamide adenine dinucleotide 

(NAD+) dependence (22). Each class represents HDACs with a common descendance having 

considerable sequence homology and comparable 3-D conformation yielding similar functions 

(23). Class I HDACs consist of HDAC1, HDAC2, HDAC3, and HDAC8 which are localized in 

the nucleus share 45%–94% identity in their amino acid residues (Fig. 1A). HDAC1-3 of this 

class are widely involved in formation of corepressor complexes with increased expression 

during several cancer types. While HDAC1 and HDAC2 interact to form CoREST, NuRD and 

Sin3A complexes, N-CoR complexes involve HDAC3 (23). The fourth member of this class, 

HDAC8, displays a truncated C-terminus and functions as a single polypeptide (24). Members of 

Class II are subdivided into class IIa encompassing HDAC4, HDAC5, HDAC7, and HDAC9, 

and class IIb including HDAC6 and HDAC10. While HDACs from class IIa are primarily 

localized in the cytoplasm, their phosphorylated state mediates their shuttling from the nucleus to 

the cytoplasm (25). Members of this class share specific features with conserved catalytic 

domains of Class I HDACs, along with an additional distinct domain. An extended C-terminal 

domain enhances the otherwise poor deacetylase activity by facilitating interactions with 

members of class I to form corepressor complexes. This can be exemplified by involvement of 

interaction between HDAC4 and HDAC3 to form the catalytic domain of NcoR-SMRT 

corepressor complex (26). Class IIa N-terminus is responsible for translocation from nucleus to 

cytoplasm by promoting CaM kinase mediated phosphorylation of the repeating Ser residues and 

also holds interaction domains like the MEF2 domain (27). Moreover, HDAC4, HDAC5, 

HDAC7, and HDAC9 align with an overall identity of 48%–57% (23). Among the class IIb 

members, HDAC6 represents a unique protein relative to all other classes in the histone 

deacetylase family with two intact and functional catalytic domains, and a zinc finger ubiquitin-

binding domain crucial for regulating aggresome formation and managing stress generated due to 

misfolding of proteins (28, 29). On the other hand, little is known about the second member of 

class IIb, HDAC10, apart from the missing duplicated catalytic domain found in HDAC6. This 

class of HDAC is localized predominantly to cytoplasm due to presence of nuclear export signal 

(NES) and Ser-Glu-containing tetrapeptide (SE14) motif responsible for its cytoplasmic 

anchoring (30). Alignment of conserved deacetylase domains of members of both class IIa and 

IIb yields a 23%–81% amino acid sequence identity (Fig.1A) (23). HDAC11 is the sole member 

of Class IV, which shares sequence similarities with both class I and class II HDACs (14). 

Again, HDAC11 presents a scenario similar to that of HDAC10, with little-to-no structure-

function information. Each HDAC contains at least one acetyl-lysine binding domain, however 

its localization is class-specific. To carry deacetylase activity on acetyl-lysine, catalytic loops L2 

and L4 of zinc-dependent HDACs come in direct contact with the acetylated peptide, with 

reported crucial role of conserved Asp (except in HDAC11) in constraining the bound peptide in 



a cis-conformation by forming hydrogen bonds with backbone nitrogen atoms that flank the 

substrate lysine (Fig.2A) (31). It is worthy to note how a Tyr to His substitution in L4 of class IIa 

members (Fig. 1A & 2A) results in a 1000-fold reduction in catalytic activity (32). Moreover, 

Ser39 of HDAC8 within 5Å Lys36 in L1 is a site for phosphorylation, responsible for reducing 

its deacetylase activity by destabilizing L1 (33).  

The NAD+ - dependent class III HDACs (SIRT1-7) share 22%–50% identity in their overall 

amino acid residues and are phylogenetically apportioned into class I (SIRT1, SIRT2, SIRT3), 

class II (SIRT4), class III (SIRT5), and class IV (SIRT6, SIRT7), with their localization in 

nucleus, cytoplasm, and the mitochondria (34). In addition to deacetylating lysines on histone 

substrates, their activity spectrum includes non-histone substrates such as p53 tumor suppressor 

proteins (35), FOXO transcription factors (36, 37), α-tubulin (38), PGC-1α (39), acetyl-CoA 

synthetases (40-42), and glutamate dehydrogenase (43). Members of this class possess an 

additional mono-ADP-ribosyltransferase enzymatic domain in addition to the catalytic histone 

deacetylase domain, with SIRT5 demonstrating protein lysine desuccinylase and demalonylase 

activities (44). NAD+ drives the deacetylation of bound acetyl-lysine peptide, by occupying 

three binding regions, each for its adenine- ribose (Site A), nicotinamide- ribose (Site B), and the 

nicotinamide moiety (Site C) (45). A sequence-based alignment of HDACs and SIRTs exhibits 

the members of the families to share 21%-94% and 27%–88% identity in their conserved 

catalytic domains, respectively (23). 

 

3. Structural insights into HDAC classes 

Current search in the Protein Data Bank (PDB), a protein structure repository, yields more than 

10,000 resolved structures of human HDACs either in ligand-bound/apo or mutated form. A 

consolidated list of relevant HDAC PDB structures from each class is tabulated for ready 

reference (Table 1). For comparative analysis of catalytic domains amongst different HDAC 

classes, 4BKX, 3C0Z, and 5EDU have been rationally selected (based on resolution and query 

sequence coverage) as representatives for classes I, IIa, and IIb, respectively (Fig. 2A). Similarly, 

5BTR, 3RIG, and 3PKI are selected for showing phylogenetically distinguished SIRT classes I, 

III, and IV respectively (Fig. 2B). Missing crystal structures of HDAC11 and SIRT4 renders any 

discussion for class IV zinc-dependent HDACs and class II SIRTs unfeasible.  



Table 1: Protein Data Bank deposited structures of all HDAC classes. 

HDAC 

(Size) 

Domain(s) PDB ID 

(Resolution) 

Chain(s) with 

representative 

domain (Chain 

length) 

Ligand(s) Related 

Structure 

(s) 

Reference (s) 

Protein ligands 

(Chain(s) and length) 

Small molecule (in 

Chain) 

 

CLASS I 

HDAC1 

(482aa) 

Histone 

deacetylase 

4BKX  

(3.00 Å) 

 

B (422 aa) MTA-1 (A; 176 aa) - SO4 (B) 

- ZN (B) 

- ACT (B) 

- K (B) 

-- (46)] 

6Z2K 

(4.5 Å)  

C, E, I, K (482 

aa) 

- DNTTIP (A, B, G, 

H; 130 aa) 

- MiDAC (D, F, J, L; 

173 aa) 

- IHP (D, E, F, J) 

- ZN (C, E, I, K)  

- K (C, E, I, K) 

-- (47)] 

5ICN 

(3.3 Å)  

B (376 aa) - MTA-1 (A; 195 aa) 

- Novel peptide (C; 9 

aa) 

- IHP (A) 

- ZN (B) 

- K (B)  

-- (48) 

7AO8 

(4.5 Å)  

C (411 aa) MTA-1 (A, D; 715 aa) - IHP (A, D) 

- ZN (B, E) 

- K (B, E) 

-- (49)] 

 

HDAC2 

(488aa) 

Histone 

deacetylase 

 

3MAX 

(2.05 Å)  

A, B, C (367 aa) --  - LLX (A, B, C) 

- NHE (A) 

- ZN (A, B, C) 

- CA (A, B, C) 

- NA (A, B, C) 

-- (50) 

5IX0 

(1.72 Å) 

A, B, C (369 aa) -- - 6EZ (A, B, C) 

- PG4 (A, C) 

- PG5 (A, B) 

- PGE (A, B, C) 

- PEG (A, B, C) 

5IWG (51) 

 



- ZN (A, B, C) 

- EDO (B, C) 

- CA (A, B, C) 

7KBG 

(1.26 Å) 

A, B, C (376 aa) -- - WBA (A, B, C) 

- WBD (C) 

- PEG (A, B, C) 

- SO4 (A, B, C)  

- DMS (C) 

- ZN (A, B, C) 

- CA (A, B, C) 

7KBH (52) 

6XEB 

(1.50 Å)  

A, B, C (376aa) -- - V1P (A, B, C) 

- PEG (A, B, C) 

- SO4 (A, B, C)  

- ZN (A, B, C) 

- CA (A, B, C) 

6XEC (53) 

6WBZ 

(1.32 Å)  

A, B, C (376aa) -- - TV7 (A, B, C) 

- PEG (A, B, C) 

- SO4 (A, B, C)  

- ZN (A, B, C) 

- CA (A, B, C) 

6WBW (54) 

4LXZ 

(1.85 Å)  

A, B, C (369 aa) -- - SHH (A, B, C) 

- NHE (B) 

- PG4 (A, B, C) 

- ZN (A, B, C) 

- CA (A, B, C) 

- NA (A, B, C) 

4LY1 (55) 

6G3O 

(2.27 Å) 

A, B, C (370 aa) -- - EL8 ((A, B, C) 

- 1PE (B) 

- PG4 (B) 

- SO4 (B, C) 

- ZN (A, B, C) 

- CA (A, B, C) 

- NA (A, B, C) 

--  (56) 



6XDM 

(1.56 Å)  

A, B, C (376 aa) -- - V1D (A, B, C) 

- PEG (A, B, C) 

- SO4 (A, B, C)  

- ZN (A, B, C) 

- CA (A, B, C) 

-- (57) 

 

HDAC3 

(428aa) 

Histone 

deacetylase 

 

4A69 

(2.06 Å) 

A, B (376 aa) NCOR2 (C, D; 94 aa) - I0P (C, D) 

- GOL (A, B) 

- ZN (A, B) 

- ACT (A, B) 

- K (A, B) 

-- (58) 

 

HDAC8 

(377aa) 

Histone 

deacetylase 

 

1W22 

(2.50 Å) 

A, B (377 aa) -- - NHB (A, B) 

- ZN (A, B) 

- K (A, B) 

-- (59) 

2V5X 

(2.25 Å)  

A, B (388 aa) -- - V5X (A, B) 

- ZN (A, B) 

- K (A, B) 

2V5W (31)* 

3MZ3 

(3.20 Å)  

A, B (389 aa) -- - B3N (A, B) 

- CO (A, B) 

- K (A, B) 

3MZ4, 

3MZ6, 

3MZ7 

(60) 

1T64 

(1.90 Å)  

A, B (377 aa) -- - TSN (A, B) 

- ZN (A, B) 

- CA (A, B) 

- NA (A, B) 

1VKG, 

1T67, 

1T69 

(61) 

3F0R 

(2.54 Å) 

A, B, C (388 aa) -- - TSN (A, B, C) 

- ZN (A, B, C) 

- K (A, B, C) 

3F07, 

3EW8, 

3EWF, 

3EZP, 

3EZT, 

3F06 

(62) 

3SFF 

(2.00 Å)  

A (378 aa) -- - 0DI (A) 

- ZN (A) 

3SFH (63)] 



- K (A) 

6ODB 

(2.70 Å)  

A, B, C (413 aa) -- - M8G (A, B, C) 

- GOL (A, B) 

- ZN (A, B, C) 

- K (A, B, C) 

-- Unpublished 

5VI6 

(1.24 Å)  

A (372 aa) Trapoxin A (B; 4 aa) - DIO (A) 

- ZN (A) 

- EDO (A) 

- K (A) 

-- (64)] 

5FCW 

(1.98 Å)  

A, B (383 aa)  -- - PG6 (A) 

- 5YA (A, B) 

- GOL (B) 

- ZN (A, B) 

- K (A, B) 

-- (65)] 

2V5W 

(2.00 Å)  

A, B (388 aa) - GLYCYL-

GLYCYL-GLYCINE 

(G; 3 aa) 

- PEPTIDIC 

SUBSTRATE (I, L; 6 

aa) 

- ZN (A, B) 

- K (A, B) 

- ALY (I, L) 

2V5X (31)]* 

3RQD 

(2.14 Å)  

A, B (389 aa) Largazole (C, D; 5 aa) - ZN (A, B) 

- K (A, B) 

- 03Y (C, D) 

- BB9 (C, D) 

-- (66)] 

CLASS IIa 

HDAC4 

(1084aa) 

1. Histone 

deacetylase 

2. 

Glutamine 

rich N 

terminal 

domain of 

histone 

5ZOO 

(1.85 Å)  

G (403aa) SMRT corepressor 

SP1 fragment (A; 14 

aa) 

- Zn (G) 

- K (G) 

5ZOP (67)] 

2VQM 

(1.80 Å)  

A (413 aa) -- - HA3 (A), 

- ZN (A) 

- K (A) 

2VQJ, 

2VQV, 

2VQW, 

2VQO, 

2VQQ 

(68)] 



deacetylase 

4 

 

 

HDAC7 

(952aa) 

Histone 

deacetylase 

 

3C0Y 

(2.10 Å) 

A, B, C (423 aa) -- - ZN (A, B, C) 

- K (A, B, C) 

3C0Z, 

3C10 

(69) 

3ZNR 

(2.40 Å)  

A, B, C (423 aa) -- - NU9 (A), 

- ZN (A, B, C),  

- K (A, B, C) 

 

3ZNS (70) 

CLASS IIb 

HDAC6 

(1215aa) 

Histone 

deacetylase 

(2 domains) 

3PHD 

(3.00 Å)  

A, B, C, D (107 

aa) 

Polyubiquitin (E, F, 

G, H; 76 aa) 

- ZN (A, B, C, D) 

 

-- (71) 

5EDU 

(2.79 Å) 

A, B (745 aa) -- - TSN (A, B), 

- ZN (A, B), 

- K (A, B) 

-- (72) 

CLASS III 

SIRT1 

(747aa) 

Sir2 family 5BTR 

(3.20 Å)  

A, B, C (397 aa) AMC-containing (D, 

E, F; 5aa) 

- STL (A, B, C, D, 

E, F) 

- ZN (A, B, C) 

-- (73) 

4I5I 

(2.50 Å) 

A, B (287 aa) -- - NAD (A, B) 

- 4I5 (A, B) 

- ZN (A, B) 

-- (74) 

4KXQ 

(1.85 Å)  

A (281 aa) NAD-dependent 

protein deacetylase 

sirtuin-1 (B; 30 aa) 

- APR (A) 

- GOL (A) 

- BME (A) 

- ZN (A) 

4IG9 (75) 

4ZZI 

(2.73 Å)  

A (256 aa) -- - 4TQ (A) 

- 1NS (A) 

- ZN (A) 

4ZZH, 

4ZZJ 

(76) 

4IF6 

(2.25 Å)  

A (281 aa) NAD-dependent 

protein deacetylase 

sirtuin-1 (B; 31 aa) 

- APR (A) 

- ZN (A) 

-- Unpublished 



 

SIRT2 

(389aa) 

Sir2 family 3ZGO 

(1.63 Å)  

A, B, C (325 aa) -- - P6G (A) 

- PGE (A, B, C) 

- ZN (A, B, C) 

- EDO (A) 

- EOH (B) 

3ZGV (77) 

4BVB 

(2.00 Å)  

A (284 aa) -- - AR6 (A) 

- OCZ (A) 

- ZN (A) 

4BVF, 

4BV2, 

4BVE, 

4BVG, 

4BUZ 

(78) 

4X3O 

(1.50 Å)  

A (304 aa) peptide PRO-LYS-

LYS-THR-GLY (C; 5 

aa) 

- 3Y0 (C) 

- ZN (A) 

- EDO (A) 

-- Unpublished 

4Y6L 

(1.60 Å)  

A, B (293 aa) peptide THR-ALA-

ARG-MYK-SER-

THR-GLY (C, D; 7 

aa) 

- ZN 

- MYK 

4Y6OO, 

4Y6Q 

(79) 

6QCN 

(1.84 Å)  

A, B (302 aa) -- - AR6 (A, B) 

- QUE (A) 

- PG4 (A) 

- PGE (B) 

- SO4 (A, B) 

- ZN (A, B) 

- EDO (A) 

6QCE, 

6QCH, 

6QCJ, 

6QCN 

(80) 

5D7O 

(1.63 Å)  

A, B (310 aa) -- - AR6 (A, B) 

- PGE (B) 

- ZN (A, B) 

5D7Q, 

5D7P, 

5D7N 

(81) 

5YQO 

(1.48 Å)  

A (306 aa) -- - L5C (A) 

- ZN (A) 

5YQL, 

5YQN, 

5YQM 

(82) 

4RMH 

(1.42 Å)  

A (304 aa) Ac-Lys-H3 peptide 

(B; 7 aa) 

- 3TE (A) 

- ZN (A) 

4RMG, 

4RMI, 

(83) 



4RMJ 

5MAT 

(2.07 Å)  

A, C (303 aa) -- - 7KJ (A) 

- PG6 (C) 

- PG4 (A) 

- SO4 (A, C) 

- ZN (A, C) 

-- (84) 

1J8F 

(1.70 Å)  

A, B, C (323 aa) -- - ZN (A, B, C) -- (85) 

4L3O 

(2.52 Å)  

A, B, C, D (302 

aa) 

cyclic peptide S2iL5 

(E, F, G, H; 16 aa) 

- MES (A, B, C, D) 

- ZN (A, B, C, D) 

- EDO (B, C, G) 

-- [(86) 

5Y5N 

(2.30 Å) 

A (336 aa) -- - 8NO (A) 

- ZN (A) 

-- (87) 

4R8M 

(2.10 Å)  

A, B (319 aa) BHJH-TM1 peptide 

(C, D; 5 aa) 

3LX (C, D) 

ZN (A, B) 

-- (88) 

5MAR 

(1.89 Å)  

A, B (303 aa) -- - AR6 (A, B) 

- 7KE (A, B) 

- GOL (A, B) 

- DMS (A, B)  

- ZN (A, B) 

- EDO (A) 

- ACT (B) 

-- (89) 

 

SIRT3 

(399aa) 

Sir2 family 3GLR 

(1.80 Å) 

A (285 aa) Acetyl-coenzyme A 

synthetase 2-like, 

mitochondrial (B; 12 

aa) 

- SO4 (A, B) 

- GOL (A) 

- ZN (A) 

- BCT (A) 

3GLS 

3GLT 

3GLU 

(90) 

4C78 

(2.00 Å) 

A (284 aa) ACETYL-

COENZYME A 

SYNTHETASE 2-

LIKE, 

MITOCHONDRIAL 

(C; 10 aa) 

- BVB (A) 

- ZN (A) 

4C7B (91) 



5BWO 

(2.38 Å) 

A (309 aa) Palmitoyl H3K9 

Peptide (B; 10 aa) 

 

- PLM (B) 

- ZN (A) 

5BWN (92) 

4BN4 

(1.30 Å) 

A (284 aa) -- - AR6 (A) 

- OP2 (A) 

- ZN (A) 

- NA (A) 

4BN5 (93) 

4JSR 

(1.70 Å) 

A (285 aa) -- - 1NQ (A) 

- ZN (A) 

4JT8 

4JT9 

(94) 

5D7N 

(1.83 Å) 

A, B, C, D, E, F 

(281 aa) 

-- - 1PE (D) 

- PG4 (F) 

- PGE (E) 

- PEG (A, B, C, D) 

- GOL (D) 

- ZN (A, B, C, D, 

E, F) 

- MG (A) 

-- (81) 

4BVH 

(1.90 Å)  

A, B, C (284 aa) -- - OAD (A, C) 

- AR6 (B) 

- OCZ (A, B, C) 

- GOL (G) 

- ZN (A, B, C) 

- EDO (B, C) 

- CL (A, B) 

- NA (A) 

 

4BV3 

4BVG 

4BVF 

4BVE 

4BVB 

(78) 

5Z93 

(1.95 Å) 

A (283 aa) Gene for histone H3 

(germline gene) (B; 10 

aa) 

-ZN (A) -- Unpublished 

 

SIRT5 

(310aa) 

Sir2 family 3RIY 

(1.55 Å)  

A, B (273 aa) peptide of histone 3 

N-succinyl lysine 9 

- NAD (A, B) 

- ZN (A, B) 

3RIG (44)* 



(C, D; 12 aa) 

6LJK 

(1.39 Å)  

A (272 aa) BE2-SER-ALA-ILE-

LYS-SER-NIY-GLY-

SET (B; 9aa) 

- GUA (B) 

- ZN (A) 

- NA (A) 

6LJM, 

6LJN 

(95) 

6ACL 

(1.92 Å)  

A (267 aa) succinyl peptide 

H2AK95 (B; 10 aa) 

- ZN (A) -- Unpublished 

6EQS 

(1.32 Å) 

A, B, C, D (275 

aa) 

-- - BV8 (A, B, C, D) 

- BU2 (A, B, C, D) 

- DMS (A) 

- ZN (A, B, C, D) 

- EDO (A, B, C, D) 

-- (96) 

4G1C 

(1.94 Å)  

A, B (267 aa) Succinylated IDH2 

peptide (D, E; 7 aa) 

- CNA (A) 

- ZN (A, B) 

-- (97) 

6ACP 

(2.30 Å) 

A (267 aa) Succinyl peptide 

H4K91 (B; 7 aa) 

- ZN (A) -- Unpublished 

6ACO 

(1.71 Å)  

A (270 aa) Succinyl peptide 

H2BK120 (B; 7aa) 

- GOL (B) 

- ZN (A) 

- CL (A) 

-- Unpublished  

6ACE 

(1.98 Å)  

A (267 aa) succinyl peptide 

H3K122 (B; 8aa) 

- GOL (A) 

- ZN (A) 

-- Unpublished 

5BWL 

(1.55 Å)  

A (290 aa) Coumarin-labelled 

succinyl peptide (B; 3 

aa) 

- MCM (B) 

- ZN (A) 

--  Unpublished 

4HDA 

(2.60 Å)  

A, B (275 aa) Fluor-de-Lys peptide 

(F; 4 aa) 

- STL (B) 

- ZN (A, B) 

-- (98) 

5XHS 

(2.19 Å)  

A (288 aa) -- - SLL (A) 

- MCM (A) 

- PHQ (A) 

- ZN (A) 

-- (99) 

 



SIRT6 

(355aa) 

Sir2 family 3PKI 

(2.04 Å)  

A, B, C, D, E, F 

(355 aa) 

-- - AR6 (A, B, C, D, 

E, F) 

- SO4 (A, B, C, D, 

E, F) 

- ZN (A, B, C, D, 

E, F) 

- UNX (A, B, C, D, 

E, F) 

3K35, 

3PKJ 

(100) 

6QCN 

(2.23 Å)  

A, B (304 aa) -- - AR6 (A, B) 

- QUE (A) 

- ZN (A, B) 

6QCE, 

6QCD, 

6QCH, 

6QCJ 

(80) 

5MF6 

(1.87 Å) 

A, B (302 aa) -- - AR6 (A, B) 

- 7M2 (A, B) 

- PGE (A) 

- SO4 (A, B) 

- ZN (A, B) 

- EDO (A, B) 

5MGN, 

5MFZ, 

5MFP 

(101) 

5Y2F 

(2.53 Å) 

A (316 aa) 9-mer peptide 

QTARKSTGG (C; 9 

aa) 

- 8L9 (A) 

- AR6 (A) 

- HDR (C) 

- PEG (A) 

- SO4 (A, C) 

- GOL (A) 

- ZN (A) 

-- (102) 

6HOY 

(1.70 Å)  

A, B (302 aa) -- - AR6 (A, B) 

- TSN (A, B) 

- PG4 (A, B) 

- SO4 (A, B) 

- ZN (A, B) 

- EDO (A, B) 

-- (103) 

6XV1 

(1.95 Å)  

A, B (302 aa) -- - 8L9 (A) 

- AR6 (A, B) 

-- Unpublished 



- SO4 (A, B) 

- ZN (A, B) 

5X16 

(1.97 Å) 

A (316 aa) -- - AR6 (A) 

- GOL (A) 

- TBU (A) 

- ZN (A) 

-- Unpublished 

 

SIRT7 

(396aa) 

Sir2 family 5IQZ 

(2.33 Å) 

A (443 aa) alpha-D-

glucopyranose-(1-4)-

alpha-D-

glucopyranose (B; 2 

aa) 

-- -- (104) 

SO4: Sulfate ion; ZN: Zinc ion; ACT: Acetate ion; K: Potassium ion; IHP: Inositol hexakisphosphate; LLX: N-(4-aminobiphenyl-3-

yl)benzamide; NHE:  2-[N-cyclohexylamino]ethane sulfonic acid; CA: Calcium ion; NA: Sodium ion; 6EZ; (3-exo)-N-(4-amino-4'-

fluoro[1,1'-biphenyl]-3-yl)-8-oxabicyclo[3.2.1]octane-3-carboxamide; PG4: Tetraethylene glycol; PG5: 1-methoxy-2-[2-(2-methoxy-

ethoxy]-ethane; PGE: Triethylene glycol; PEG: Di(hydroxyethyl)ether; EDO: 1,2-Ethanediol;WBA: N-{(1S)-5-[(2-fluoro-6-

hydroxybenzene-1-carbonyl)amino]-1-[5-(naphthalen-2-yl)-1H-imidazol-2-yl]pentyl}-1,3-thiazole-5-carboxamide; WBD: 2,5-

dichloro-1H-benzimidazole; DMS: Dimethyl sulfoxide; V1P: 5-{(1S)-7,7-dihydroxy-1-[(1-methylazetidine-3-carbonyl)amino]nonyl}-

2-phenyl-1H-imidazole-4-carboxamide; TV7: (1S)-N-{(1S)-7,7-dihydroxy-1-[5-(2-methoxyquinolin-3-yl)-1H-imidazol-2-yl]nonyl}-

6-ethyl-6-azaspiro[2.5]octane-1-carboxamide; SHH: SAHA; EL8:  (6~{R})-6-[[3,4-bis(oxidanylidene)-2-[[4- (trifluoromethyloxy) 

phenyl]amino]cyclobuten-1-yl]amino]-~{N}-oxidanyl-heptanamide; 1PE: Pentaethylene glycol; V1D: N-[(1S)-1-[4-(2-fluorophenyl)-

1H-imidazol-2-yl]-7,7-dihydroxy-7-(1,2-oxazol-3-yl)heptyl]-1-methylazetidine-3-carboxamide; I0P: D-myo inositol 1,4,5,6 

tetrakisphosphate; GOL: Glycerol;  NHB: N-hydroxy-4-(methyl{[5-(2-pyridinyl)-2-thienyl]sulfonyl}amino)benzamide; V5X: (2R)-

N~8~-hydroxy-2-{[(5-methoxy-2-methyl-1H-indol-3-yl)acetyl]amino}-N~1~-[2-(2-phenyl-1H-indol-3-yl)ethyl]octanediamide; B3N: 

4-(dimethylamino)-N-[7-(hydroxyamino)-7-oxoheptyl]benzamide; TSN: Trichostatin A; 0DI: (2R)-2-amino-3-(3-chlorophenyl)-1-[4-

(2,5-difluorobenzoyl)piperazin-1-yl]propan-1-one; MG8:  N-octanoyl-N-methylglucamine; DIO: 1,4-diethylene dioxide; 5YA:  4-

naphthalen-1-yl-~{N}-oxidanyl-benzamide; ALY: N(6)-acetyllysine; 03Y: 2-methyl-L-cysteine; HA3: N-hydroxy-5-[(3-phenyl-5,6-

dihydroimidazo[1,2-a]pyrazin-7(8H)-yl)carbonyl]thiophene-2-carboxamide; NU9:  N-{[4-(4-phenyl-1,3-thiazol-2-yl)tetrahydro-2H-

pyran-4-yl]methyl}-3-[5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl]benzamide; STL: Resveratrol; NAD: Nicotinamide-Adenine-

Dinucleotide; 4I5: (6S)-2-chloro-5,6,7,8,9,10-hexahydrocyclohepta[b]indole-6-carboxamide; APR: Adenosine-5-Diphosphoribose; 

BME: Beta-mercaptoethanol; 4TQ: (3S)-1,3-dimethyl-N-[3-(1,3-oxazol-5-yl)phenyl]-6-[3-(trifluoromethyl)phenyl]-2,3-



dihydropyrido[2,3-b]pyrazine-4(1H)-carboxamide; 1NS: 1,2,3,4,5,6-hexahydroxy-cyclohexane ; P6G: hexaethylene glycol;  EOH: 

Ethanol; OCZ: (1S)-6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1- carboxamide ; 3Y0: [[(2R,3S,4R,5R)-5-(6-aminopurin-9-yl)-3,4-

bis(oxidanyl)oxolan-2-yl]methoxy-oxidanyl-phosphoryl] [(2R,3R,4R,5R)-3-oxidanyl-5-sulfanyl-4-tridecoxy-oxolan-2-yl]methyl 

hydrogen phosphate; MYK: N6-myristoyl lysine ; QUE: Quercitin;  L5C: N-[4-[[3-[2-(4,6-dimethylpyrimidin-2-

yl)sulfanylethanoylamino]phenyl]methoxy]phenyl]-1-methyl-pyrazole-4-carboxamide; 3TE: 2-[(4,6-dimethylpyrimidin-2-

yl)sulfanyl]-N-[5-(naphthalen-1-ylmethyl)-1,3-thiazol-2-yl]acetamide; 7KJ: (7~{R})-7-[(3,5-dimethyl-1,2-oxazol-4-yl)methylamino]-

3-[(4-methoxynaphthalen-1-yl)methyl]-5,6,7,8-tetrahydro-[1]benzothiolo[2,3-d]pyrimidin-4-one; MES: 2-(N-morpholino)-

ethanesulfonic acid;  8NO: 2-[[3-(2-phenylethoxy)phenyl]amino]benzamide; 7KE: 3-[3-(4-chlorophenyl)-1,2,4-oxadiazol-5-

yl]propan-1-ol; BCT: BICARBONATE ION; BVB: 5-[(E)-2-(4-bromophenyl)ethenyl]benzene-1,3-diol; PLM: Palmitic acid; OP2: 2-

[2-[2-[2-[2-(2-hydroxyethyloxy)ethoxy]ethoxy]ethoxy]ethoxy]ethanoic acid; 1NQ: N-{2-[1-(6-carbamoylthieno[3,2-d]pyrimidin-4-

yl)piperidin-4-yl]ethyl}-N'-ethylthiophene-2,5-dicarboxamide; 1PE: Pentaethylene glycol; MG: Magnesium ion; OAD: 2'-O-acetyl 

adenosine-5-diphosphoribose; OCZ: (1S)-6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1- carboxamide; CL: Chloride ion; GUA: Glutaric 

acid; BV8: 3-[[(~{Z})-~{C}-[(2~{R},3~{R},4~{S},5~{R})-5-[[[[(2~{R},3~{S},4~{R},5~{R})-5-(6-aminopurin-9-yl)-3,4-

bis(oxidanyl)oxolan-2-yl]methoxy-oxidanyl-phosphoryl]oxy-oxidanyl-phosphoryl]oxymethyl]-3,4-bis(oxidanyl)oxolan-2-yl]sulfanyl-

~{N}-[(5~{S})-6-[[(2~{S})-3-(1~{H}-indol-3-yl)-1-oxidanylidene-1-(propan-2-ylamino)propan-2-yl]amino]-6-oxidanylidene-5-

(phenylmethoxycarbonylamino)hexyl]carbonimidoyl]amino]propanoic acid; BU2: 1,3-BUTANEDIOL; CNA: carba-nicotinamide-

adenine-dinucleotide; MCM: 7-amino-4-methyl-chromen-2-one ; SLL: 6-N-succinyl-L-lysine ; PHQ: benzyl chlorocarbonate; UNX: 

unknown atom OR ION ; 7M2: (4~{R})-4-pyridin-3-yl-4,5-dihydropyrrolo[1,2-a]quinoxaline; 8L9: 5-[[3,5-

bis(chloranyl)phenyl]sulfonylamino]-2-[(5-bromanyl-4-fluoranyl-2-methyl-phenyl)sulfamoyl]benzoic acid ; HDR: Hexadecane-1-

sulfinic acid.  

* Cited in text.



3.1 Catalytic fold of zinc-dependent HDACs 

The overall fold of zinc-dependent HDACs comprises of a single α/β domain made up of 8-

stranded parallel β-sheet at the core surrounded by several α-helices at the periphery, resulting in 

a tube-like cavity. In this pocket, the zinc ion is coordinated by polar catalytic residues His140, 

His141, Asp176, His178, Asp264, and Tyr303 (HDAC1 numbering, unless stated otherwise) 

(Fig. 1A). Mutagenesis studies have revealed the importance of His141 in catalyzing 

deacetylation, as H141A point mutation in HDAC1 drastically reduced deacetylase activity. This 

is also reinforced by site directed mutagenesis of equivalent H143A in HDAC8 that exhibit 

complete loss of activity (62, 105). Tyr303 is another catalytic residue with its hydroxyl 

group oriented inwards, facing the zinc ion that stabilizes the transient intermediate by forming 

hydrogen bonds. Substitution of this residue by His in Class IIa HDACs is known to reduce 

deacetylase activity, where the rotated side chain in outward orientation results in removal of a 

stabilizing force, thereby destabilizing transition state tetrahedral oxyanion (106). For HDACs to 

deacetylase its substrate, highly conserved hydrophobic residues Pro29, Gly149, Phe150, 

Phe205, and Lys271 bind to the acetyl-lysine’s aliphatic arm (residues colored pink in Fig. 1A). 

The rim of the lysine channel is occupied by Asp99, a conserved residue in all zinc-dependent 

HDACs except for HDAC11, and helps in positioning the substrate entering the funnel. 

Incidentally, in a trifluoromethylketone (TFMK)-bound structure of HDAC4, it appears that the 

structurally equivalent Asp759 is located far away from the entrance to the lysine channel (107). 

This indicates the possibility of an allosteric mechanism of inhibition by TFMK, since this 

inhibitor does not occupy the catalytic site but leads to large differences in L1, L2 and Asp759 

conformations. As mentioned above, HDAC6 harbours two catalytic domains CD1 and CD2 

and mediates deacetylation activity mainly on cytoplasmic non-histone proteins such as tubulin, 

Hsp90, and cortactin, thereby regulating microtubule dynamics and chaperone 

activities (30). The tandemly organized domains are separated by a ~24 residue linker which 

interacts with Pro406 from CD1, and Arg642, Glu729, and Trp831 from CD2 (hHDAC6 

numbering). Conserved His368 and His765 from CD1 and CD2, respectively stack on each other 

and are major contributors in stabilizing the interface (108). The two catalytic domains have 

differential substrate specificity as well as inhibitor selectivity. While CD2 displays stronger 

deacetylase activity and broad substrate specificity, CD1 has preference for acetyllysine 

substrates bearing a free α-carboxylate group (108)[100]. A likely explanation is provided by the 

3-D structure of zebrafish HDAC6 (zHDAC6) CD1-Trichostatin A (TSN) complex, where the 

inhibitor adopted different orientations in each of the active sites. The protruding side chain of 

zHDAC6 CD1 Lys330 (corresponding to Lys353 in human homolog), which is occupied by 

Leu712 in zebrafish CD2, is responsible for constricting the active site of CD1 (72). 

Comparative sequence analysis of these two domains from orthologous HDAC6 indicates 

Tyr225 and Phe105 as two additional amino acid substitutions in the hHDAC6 CD1 (Phe202 and 

His82 in zHDAC6 CD1) which further limits its active site. His82Phe and Phe202Tyr 

substitution mutations of zHDAC6 conferred significant specificity towards exo-acetyllysine 

group and abrogated binding to endo-acetyllysine group in peptide substrates. Thus, Tyr225 and 



Lys353 are involved in conferring specificity toward acetyllysine substrates bearing a free α-

carboxylate group (72). Another notable variation is the presence of a bulkier Trp282 in CD1 in 

place of Phe680 in CD2, which is involved in forming one wall of the hydrophobic channel 

where acetylated lysine binds (108). This imparts spatial restriction to allow selective entry of 

acetyllysine peptide substrates in CD1, rationalizing its narrowed specificity. 

 

3.2 Catalytic fold of NAD+- dependent SIRTS 

In case of NAD+ -dependent class III SIRTs, all members share a ∼275 residue long conserved 

catalytic core with flanking N- and C- termini. Isoform specific variability in sequence and 

length of these termini contribute to cellular localization, oligomerization, and autoregulation 

processes (109). The catalytic domain of SIRTs embody a NAD+ binding Rossmann-fold 

(magenta color in Fig. 2B), which branches out via four connecting loops, to a smaller yet 

structurally diverse zinc-binding domain (cyan color in Fig. 2B) and a helical segment of three to 

four helices (green color in Fig. 2B). This arrangement forms two clefts surrounding the 

Rossmann-fold, that serve as binding sites for acetylated peptide and NAD+ (Fig 1B). Distant 

from the active site, the zinc ion coordinated by conserved sequence motif (Cys-X2-4-Cys-X15-40-

Cys-X2-4-Cys) does not directly participate in deacetylation. However, its importance lies in 

maintaining the structural integrity of the catalytic core by holding the three β-strands together, 

as confirmed by loss-of-function mutations (110). The classic pyridine dinucleotide binding 

Rossmann-fold comprises of several α helices that sandwich a central β sheet consisting of six 

parallel β strands. Gly261, Thr262, and Ser263 (SIRT2 numbering, unless indicated otherwise) 

from the Rossmann-fold interact with pyrophosphate group of bound NAD+’s adenine, and a 

conserved Asn287 (Fig. 1B] interacts with 2’- and/or 3’-OH of adenine ribose located in a 

partially hydrophobic pocket. It is interesting to note that NAD+ binds to the sirtuin protein 

family in an inverted position in comparison with other Rossmann-fold containing enzymes, with 

its adenine base and nicotinamide group binding to the C-terminal and N-terminal halves of the β 

sheet, respectively (111). Nicotinamide ribose that occupies site B lies in close proximity to the 

acetyl-lysine-binding cavity, with NAD+’s hydroxyl hydrogen bonding with carbonyl oxygen of 

the former. The acetylated lysine of the substrate interacts with two flanking β strands in the 

central β sheet of the enzyme to form a ‘β staple’ that makes several hydrogen bonds with the 

main chain. Nicotinamide located at site C in its active conformation, interacts with Gly-Ala-Gly 

motif and Ile93, Phe96, and Asn168 residues (45). Upon binding of the peptide, a conformational 

shift brings the larger and smaller domains closer, resulting in correctly positioned catalytic 

residues to form the hydrophobic acetllysine-binding tunnel. The cofactor and substrate binding 

cleft are highly conserved, however, variation can be observed in the smaller domain, especially 

in the isoform specific loops on protein surface, away from the active site (45). For example, 

SIRT5 has an insertion in the metal-binding motif that results in an extended loop which blocks 

the furrow between its metal binding motif and the helical bundle region rationalizing its weak 

deacetylase activity (90). SIRT2 also has an insertion although in the large domain that 



comprises of a helix with hydrophobic residues (Phe296, Met299, Ile300 and Leu303) that in 

SIRT5 are reflected as a hydrophilic surface. Similarly, equivalent surface in SIRT3 is occupied 

by Trp353, all suggesting that these different surface features probably dictate substrate 

specificity and/or protein-protein interaction. 

No significant conformational change is induced upon NAD+ binding, but the cofactor-binding 

loop which is otherwise unstructured gets ordered and adopts varying conformations upon entry 

of a ligand (86). While several residues from this flexible loop, like Ala85, Gly86, Asp95, and 

Phe96 (SIRT2 numbering), extensively interact with NAD+, positioning of Phe96 indicates 

conformation of NAD+ -bound or unbound site C. When NAD+ is bound and nicotinamide 

occupies the site C, Phe96 is located ∼4 Å away from binding site, and in an unbound state, 

Phe96 precludes NAD+ binding by occupying the site C. Thus, dynamic positioning of Phe96 in 

NAD+ active site, and flexibility of the cofactor-binding loop are crucial determinants of 

catalysis (45). The presence of Tyr103 and Arg106 in SIRT5’s catalytic domain provides a larger 

substrate-binding site, accepting larger acyl group on lysine residues and promoting above 

mentioned lysine desuccinylase and demalonylase activity in place of deacetylation (44). Weak 

deacetylation is also demonstrated by SIRT6 which has a wide zinc-binding domain and lacks 

the otherwise conserved helix bundle that links Rossmann-fold to the small domain. In addition, 

SIRT6 also lacks the unstructured cofactor binding loop which is replaced by a single helix that 

appears to be ordered in both apo and ligand-bound forms, implying reduced flexibility of the 

substrate-binding pocket (100). While no crystal structure of human SIRT4 is available till date, 

structural insights from Sirt4 Xenopus tropicalis homolog (xSirt4) reveal the structure of acyl 

binding site and a preference for dehydroxymethylglutarylation activity, similar to SIRT5. The 

structure identifies additional isoform specific access channel and SIRT4 loop that adopts 

minimum two states in the solved structures. It is postulated that for productive NAD+ binding 

this loop will undergo conformational rearrangement in the acyl site, possibly induced by yet to 

be identified modulators (112). 

 

4. Rationally targeting HDACs in Breast Cancer Subtypes 

HDACs hold the ability to play dual role in carcinogenesis by mediating both, induction and 

repression of underlying genes (113). Abnormal expression of HDACs has been reported in 

several breast cancers. In vitro studies on invasive MDA-MB-231 breast cancer cells reveal 

significantly augmented expression of matrix metalloproteinase-9, attributed to increased levels 

of HDAC1, 6 and 8 (114). Multiple HDACs, particularly HDAC1 and HDAC3 are elevated in 

breast cancer cells and associate with transcription factors E2F1 and E2F4 to repress ARH1 

tumor suppressor gene, characterizing >70% breast and ovarian tumors (113, 115). Similarly, 

increased expression of HDAC6 is linked with metastatic potential of ER+ breast cancers and 

also as a predictive indicator of response to endocrine therapy (116). Additionally, HDACs have 

been reported to inhibit the expression of a family of GABARAPL1 autophagy genes in breast 



cancer cells, low expression of which has been correlated with poor prognosis, suggesting 

HDACis may be employed to modulate autophagy levels in breast cancer and improve prognosis 

(117). A balanced interplay between HATs and HDACs provides support to transcriptional 

competence during myogenesis and p53-dependent transcription, thus, any alteration is directly 

involved in promoting cancer (16). Vascular endothelial growth factor (VEGF) is a crucial 

angiogenic factor induced upon acetylation of H3 and H4 histone proteins after FOXM1 

transcription factor binds to the VEGF promoter. However, HDAC2 and HDAC3 can be 

recruited at the promoter region by transcription factor KLF-4 to rapidly deacetylate acetylated 

residues, thereby inhibiting VEGF expression and repressing breast cancer promotion (118). An 

orchestrated alliance between histone deacetylation and DNA methylation by formation of co-

repressor complexes discussed above is involved in remodeling of the nucleosome to regulate 

gene expression (119). A multimolecular corepressor complex of HDAC1 and DNMT1 has been 

shown to epigenetically regulate ER expression in breast cancer cells (120). Epithelial to 

mesenchymal transition (EMT) involved in breast cancer tumorigenesis is induced via elevated 

PRMT7 expression levels which interacts with HDAC3 to increase H4R3me2, and decrease 

H3K4me3, H3ac, and H4ac (121). Another HDMT, histone-lysine-specific demethylase1 

(LSD1) interacts with HDACs to regulate gene expression and promote growth of breast tumors 

(122). Owing to the virtual ubiquity of HDACs in mediating histone acetylation and methylation 

patterns by associating with multimolecular complexes, their inhibition using HDACi epigenetic 

therapy has experienced a booming interest to purpose it for treatment of breast cancers. 

Due to complex roles of HDACs in promoting or suppressing tumor cell growth, it is important 

to identify tissue as well as cancer specific expression patterns of epigenetic modulators and 

cellular processes/pathways implicated. Several studies have highlighted differential expression 

of HDACs in terms of human breast cancer progression and advancement. Immuno-

histochemical staining and quantitative real time RT-PCR analysis of HDAC6 mRNA levels 

from 135 female patients diagnosed with ER+ invasive breast cancer revealed its significance in 

prognosis against endocrine treatment, with higher HDAC6 expression signifying better survival 

in breast cancer (116). Another study utilized immune-histochemistry tools to show differential 

expression of HDAC1, HDAC2 and HDAC3 in breast cancer. In HR+ tumors, high expression 

of HDAC1 was observed while HER2 overexpressing tumors and positive lymph node 

metastasis exhibited higher expression of HDAC2. Further, in tumors negative for HR and in less 

differentiated tumors, higher expression of both HDAC2 and HDAC3 was seen (123). Lapierre 

et al. (2016) reported significantly elevated expression of class IIa HDAC9 in basal cells at both, 

transcriptional and protein level, as compared to luminal breast cancer cells, leading to increase 

in cell proliferation and decrease in programmed cell death. Further investigations have led to the 

identification of SOX9 as the target of HDAC9 in breast cells, with its molecular mechanism yet 

to be studied (124). An integrated genomic and transcriptomic approach implied to analyze 18 

HDAC genes in ~ 3000 breast cancers reported a notably higher mRNA expression of HDAC2, 

SIRT5, and SIRT7 in basal-like breast cancers when compared with other subtypes (luminal A, 

luminal B, HER2+, and normal-like). This finding was correlated with expression of genes 



involved in DNA-damage response pathway, especially RAD51 (125). The study also revealed 

SIRT7 to be the most commonly amplified/overexpressed and SIRT3 to be the most under-

expressed HDAC amongst the breast cancer specimens in TCGA (The Cancer Genome Atlas), 

corroborating earlier studies on the tumor-promoting role of SIRT7 and suppressive role of 

SIRT3 in breast cancer (126, 127). HDAC11 was observed to be highly expressed in luminal 

subtype breast cancer cell lines that are characterized by expression of ERα. On treating the 

luminal breast cancer cell line ZR75-1with tamoxifen, a specific ER modulator, the mRNA 

expression of HDAC11 was found to be reduced (125). However, how HDAC11 modulates 

luminal breast cancer is a topic of further investigations. Finally, an interplay between LSD1 and 

HDAC5 was uncovered in TNBC cells. Knockdown of a LSD1 resulted in lower mRNA levels 

of HDAC isozymes, and inversely depletion of HDAC5 expression gave rise to an accumulation 

of H3K4me2, a specific substrate of LSD1 (128). More such studies are needed to match the 

growing relevance of differential HDAC isoform expression in specific cancer types, to 

rationalize the development of effectively targeted therapy. 

 

5. Clinical translation of targeted HDACi therapy against Breast Cancer 

The significance of abnormal HDAC expression in dysregulated pathways that are involved in 

advancing tumor proliferation, invasion, migration, and angiogenesis in cancer is well-

established (129). Present section discusses the clinical translation of structure-based knowledge 

in strategizing selective HDAC inhibitors against breast cancer. The available pharmacophore 

model for zinc-binding HDACs typically comprises of three primary features: (i) a zinc-binding 

group (ZBG) that interacts with the bound metal ion and plays a crucial role in determining 

potency of inhibitors, (ii) a cap group usually with an aromatic character or heteroaromatic 

hydrophobic moiety that occupies the rim to reach the active site of the HDAC enzyme to 

mediate selectivity against HDAC isoforms, and (iii) a hydrophobic linker region that connects 

the ZBG to the cap group, allowing an inhibitor to lie in the formed tunnel-like channel (130). 

With deposition of new HDAC structures to the PDB and better insights into different isoforms, 

selective inhibitors that potentially discriminate between each isoform can be strategized. The 

‘foot’ was an additional element selective to some HDACi that occupied the ‘foot-pocket’ in the 

enzyme, and was included in their existing pharmacophore model (50). Identification of a potent 

HDAC2 inhibitor containing a ‘foot’ moiety indicated the volitional nature of a capping moiety 

for as long as other elements suffice in terms of balancing interactions (50). Variations in 

chemical structure of the metal-binding moiety in HDACi lead to their classification into five 

major classes: hydroxamic acid derivatives, cyclic peptides, benzamides, short-chain fatty acids, 

and ketones. To date, Vorinostat (SAHA), Romidepsin (FK228), Panobinostat (LBH589), and 

Belinostat (PXD101) have been approved by the FDA to treat Cutaneous T-cell lymphoma 

(SAHA and Romidepsin), Multiple Myeloma, and Peripheral T-cell lymphoma, respectively. Of 

these, hydroxamates show more potency in terms of IC50 values when compared to benzamides 

or carboxylates due to better metal-binding affinity to coordinate the zinc ion in the active site 



(131-133). QSAR studies reveal the significance of modifying the chain length, and saturated or 

unsaturated hydrocarbons in the linker element to enhance inhibitory activity. Hydrophobic and 

bulky groups in cap element of HDACi augment inhibitor potency by binding to the surface 

region in HDAC enzymes (133). 

While no HDACi have been approved to treat breast cancers, several drugs are in the pipeline to 

treat breast cancer either as monotherapy or in combination (Table 2). A major shortcoming in 

the translation of these HDACi is the associated dose-limiting toxicities, including serious 

cardiotoxicity in case of vorinostat (134, 135), which can be attributed to the broad-spectrum 

activity against HDAC isoforms. Several class I and class II specific new generation HDACi are 

presently in clinical trials for the treatment of different types of breast cancers, including 

romidepsin (136), tucidinostat (137), and entinostat (138). Results for clinical potential of 

Tucidinostat (CS055) and Entinostat (MS-275) when administered adjuvant to endocrine therapy  

to treat advanced hormone-receptor positive breast cancer gave former an edge over the latter in 

their phase-III clinical trials. While tucidinostat revealed significantly improved rates of 

progression-free survival (PFS) from a median of 3.8 months (placebo) to 7·4 months (with 

tucidinostat), investigation on overall survival (OS) is ongoing (137). On the other hand, 

administration of adjuvant entinostat yielded a PFS median of 3.3 months (entinostat) as 

compared to 3.1 months (placebo), and an OS of 23.4 months (entinostat) versus 21.7 months 

(placebo) in a randomized phase III trial (139). Despite both being benzamide HDACi 

differentially selective to class I HDACs 1, 2, and 3, the failure of entinostat’s phase-III trial can 

be attributed to tucidinostat’s ability to also inhibit class IIb isotype HDAC-10. In addition, 

tucidinostat deploys epigenetic modulation over tumor cells by archiving optimal blood 

concentration yielding an enhanced antitumor response (140). This provides evidence for the 

need for an HDACi to specifically inhibit HDAC-10 to enhance PFS and OS, a correlation 

previously conjected for other cancer types (141). Thus, advancing towards a newer generation 

of class- and isotype-specific HDACi is a promising strategy to yield greater therapeutic value. 

Selective involvement of HDAC isoforms in breast cancer has previously been established (142), 

thereby upholding the need to selectively promote expression of HDAC1, HDAC6 (143), 

HDAC11 (144), and SIRT3 (145) isoforms, and inhibit the expression of HDAC3 (146), HDAC8 

(147), HDAC4 (148), HDAC5 (149), HDAC7 (150), HDAC9 (124), SIRT1 (151), SIRT2 (152), 

SIRT4 (153), SIRT5 (154), SIRT6 (155), and SIRT7 (156). This urges the need to investigate 

and meet optimal structural requirements for HDAC inhibition so as to improve potency and 

specificity to different isoforms of HDACs. 

 



Table 2: HDACi in clinical trials for treatment of breast cancer [133, 153]. 

HDAC 

inhibitor 

Pharmacophore (Cap group boxed 

in green, linker in red, zinc binding 

domain in blue) 

HDAC 

Specificity 

(Active site 

residues) 

Classification Clinical Trial 

(Condition) 

Combination 

Therapy 

Vorinostat 

(SAHA) 

 

 

 

 

 

Class I, II, and 

IV 

Hydroxamic 

Acid 

Phase I/ II 

(Metastatic BC) 

Phase I (TNBC) 

Phase II (Advanced 

BC) 

Phase II (ER+ Stage 

IV BC) 

Olaparib, 

Tamoxifen, 

Ixabepilone, 

Paclitaxel, 

Bevacizumab 

Panobinostat  

 

 

 

Class I and II Hydroxamic 

Acid 

Phase I/II 

(Metastatic BC) 

Phase II (HER 2 

locally recurrent or 

metastatic BC) 

Phase I (HER2 + 

metastatic BC) 

Phase I  

Phase I (TNBC) 

 

Letrozole, 

Trastuzumab, 

paclitaxel 

Capecitabine, 

Lapatinib 

 



Valproic acid 

 

Class I Short-Chain 

Fatty Acid 

Phase I (Advanced 

BC) 

Bevacizumab, 

Cetuximab 

Phenylbutyrate 

 

Class I and II Short-Chain 

Fatty Acid 

Phase II 

(Precancerous 

breast cancer 

conditions) 

 

Entinostat  

 

 

 

 

Class I Benzamide Early Phase I 

(TNBC) 

Phase I (Locally 

recurrent or 

metastatic BC) 

Phase I/II/III 

(Advanced BC) 

Phase I (HER2- 

BC) 

Phase II (HR+, 

HER2- BC) 

 

Exemestane, 

Lapatinib 

Ditosylate, 

Azacitidine, 

Ipilimumab, 

Nivolumab  

 



Romidepsin 

 

 

Class I Cyclic peptide  Phase II (Metastatic 

BC) 

Phase I (BC with 

Liver Dysfunction) 

Tamoxifen, 

Fulvestrant, 

Ipatasertib, 

Bevacizumab 



5.1 Class I selective HDACi 

As previously described, members of class I share structural similarities in their catalytic 

domains, with HDAC8 being an exception. Alignment of HDAC1, 2, and 3 revealed differences 

in residues which can be exploited to further selective inhibition of HDAC3. An insertion of 

Phe199 in HDAC3 alters the orientation of neighboring Tyr198, facilitating the binding of 

selective inhibitors. Moving down to the foot pocket, replacement of HDAC1/2 Ser107 by 

Tyr107 in HDAC3 sterically hinders the binding of inhibitors due to Tyr’s bulky R group, 

narrowing selectivity towards inhibitors with smaller functional groups. Deeper in the foot 

pocket, minor structural variations in residues 29 (Leu; HDAC3) and 13 (Val; HDAC3) can be 

exploited to enhance binding efficacy for HDAC3 (157). Selectivity of inhibitors with ortho-

aminoanilide scaffold which are otherwise selective for HDAC1-3, can be tapered against just 

HDAC3 by substituting different functional groups to the pharmacophore elements (157). In the 

same class, HDAC8 shares least homology in the catalytic domain compared to other isoforms. 

For selective inhibition of HDAC8, shorter catalytic loops L1 and L2, and the presence of some 

non-conserved residues (Pro273, Met274, Cys275, and Ser276) in L4 are promising 

distinguishing features that can be exploited (158). Another variation is the presence of a Trp141 

(Fig. 2A) in place of conserved class I Leu139 (HDAC1 numbering) close to the active site. This 

substitution yields reduced potency of o-aminoanilide in inhibiting HDAC8 due to bulky nature 

of Trp which alters the active site geometry, preventing effective inhibitor binding (59). Marek et 

al. (2018) suggested a unique L-shaped conformation of the HDAC8-selective inhibitors which 

allows for them to bind to HDAC8 pocket formed by L1, L4, and catalytic Tyr, which is 

otherwise sterically locked to accommodate L-shaped inhibitors in HDAC1-3 isoforms (158). 

Reports have indicated the significance of inhibitors with relatively bulky heteroaryl cap group 

and an aromatic linker for enhanced inhibition of HDAC8 (159). Incorporation of o-benzyl group 

to ZBG improved HDAC8 selectivity and potency most likely by occupying a secondary 

hydrophobic surface pocket and making more interactions with the enzyme’s active site (160). 

 

5.2 Class IIa selective HDACi 

Augmented expression of HDAC4, HDAC5, HDAC7, and HDAC9 in breast cancer cells calls 

for pan inhibition of Class IIa members. Compared to other classes, the catalytic domain of these 

HDACs bares distinguishing features which promote their selective inhibition. The previously 

discussed Tyr to His mutation in all members of this class results in a larger active site due to 

flipped geometry of His, which is otherwise occupied by Tyr in other classes. A second zinc 

binding domain that coordinates another Zn2+-ion to stabilize the protein structure is marked by 

an insertion of nearly 20 residues that form a helix-turn-helix-β-hairpin motif (L2), with the β 

hairpin’s tip involved in metal coordination (148). A conserved hydrophobic patch in L2 of 

HDAC4 and HDAC7, with some residues conserved in HDAC5 and HDAC9 can be a suitable 

target for the design of class IIa selective inhibitors (161). For class IIa selective inhibition, a 



group targeted the class-exclusive Tyr to His substitution and reported enhanced selectivity of 

HDACis containing trifluoromethyloxadiazole (TMFO) as a nonchelating ZBG, while adopting a 

U-shape in the active site (70). The larger active site in class IIa members facilitates 

accommodation of bulkier inhibitors as opposed to other classes, for which TMFO is a promising 

candidate that fits well to carry its catalytic activity. Regardless of their weak electrostatic 

interactions in the active site, TMFOs demonstrated potency and selectivity towards class IIa, 

due to improved cap group and linker region of the HDACi (70). This brings to light the 

potential of focusing on cap and linker regions instead of metal-chelating warhead for selective 

inhibition. 

However, structural comparison reveals some features that can be exploited to inhibit specific 

members within class IIa. Insights into the conserved hydrophobic patch between HDAC4 and 

HDAC7 revealed different orientations of the patch. Residues Trp762, Glu764, and Arg730 of 

HDAC4 form a hydrogen bond and salt bridge network with Phe746 to yield a closed 

conformation. Conversely, corresponding residues (Trp629, Glu631, and Arg596) in HDAC7 

point outwards, thereby rearranging the loop to push Arg596 away from Glu631, and provide an 

open conformation of the hydrophobic patch (161). This critical variation is a potential lead to 

strategize inhibitors that distinguish amongst class IIa isoforms. Positioning of hydrated 

trifluoromethyl ketone (TMFK) in place of hydroxamic acid increased the potency of binding of 

the HDACi to HDAC4 by about three times, while demonstrating better selectivity against other 

class IIa compared to class I members (68).  

 

5.3 Class III selective HDACi 

While preventing deacetylation of histone substrates in cancers is the prime reason of 

discovering inhibitors against class I, II, and IV HDACs, the focus in case of SIRTs is on non-

histone substrates, and their extensive roles in regulating metabolism and health (162). 

Additionally, a ~260 amino acid catalytic domain in SIRTs is conserved across prokaryotes and 

eukaryotes, poses a major challenge in synthesizing isoform-selective SIRT inhibitors (34). 

Nevertheless, recent advancements in medicinal chemistry with some support from insights into 

structural features (163, 164) have pushed the development of dual SIRT1/SIRT2, and SIRT3 

selective inhibitors (165). A ~20 residue “C-terminal regulatory” (CTR) in SIRT1 was shown to 

form a β-hairpin with extended β-sheet of the catalytic domain, which can be an effective target 

to potentiate selectivity towards SIRT1 (75). A SIRT1 selective Ex-527-related inhibitor binds to 

the catalytic Rossmann-fold (74). Owing to the need of isoform-selective upregulation of certain 

SIRTS (like, SIRT3 in breast cancer), a newer strategy of “activating” specific isoforms by using 

Sirtuin-activating compounds (STACs) is nascent yet promising (164). However, no published 

studies indicate any SIRT3 selective STACs, augmented expression of which has been shown to 

be involved in improved outcome in breast cancer (145). While structural basis for isoform 

selectivity is yet to be fully explored, few NAD+ selective inhibitors like EX527, sirtinol, and 



saleramide were reported to induce breast cancer cell death in vitro by p53-acetylation via 

SIRT1/SIRT2 dual inhibition (166). Another inhibitor, splitomicin, and its derivatives, promoted 

tubular hyperacetylation and demonstrated anti-proliferative properties of MCF-7 breast cancer 

cell lines (167). 

 

Conclusion & Perspective 

HDAC inhibitors justify the therapeutic potential of targeting reversible epigenetic modifications 

to normalize dysregulated gene expression in cancers. Clinically relevant FDA-approved 

inhibitors, Vorinostat, Romidepsin, Panobinostat, and Belinostat, mark the first success of an 

epigenetic therapy against cancer. Apart from monotherapy, their trials are also suggestive of 

their significance in combination therapy with existing therapies like administration of cytotoxic 

molecules, aromatase inhibitors, pro-drugs, and chemotherapy, primarily to improve their 

efficacy against solid tumors (Reviewed in (21)). Despite years of continuous efforts in 

analyzing structure-function of HDACs to discover improved new chemical entities, and having 

several HDACi in clinical trials, success is limited owing to the non-specificity of these 

inhibitors. Therefore, need of the hour is to develop target specific HDACis that might be more 

effective and less toxic. Studies to develop isoform selective HDACi are ongoing as we speak, 

by exploiting the faculty of available structural information in the Protein Data Bank. These 

structures include protein-ligand complexes, knowledge of which can be utilized to understand 

their interactions to design selective and potent HDACi. The ongoing research is also focusing 

on identifying allosteric inhibitors in place of active site inhibitors that exhibit low selectivity or 

disrupting protein-protein interactions (50, 58). In this context resolving 3-D structures of HDAC 

members HDAC5, HDAC9, HDAC10, HDAC11, and SIRT4 in apo or effector bound forms will 

be of significant value given their potential therapeutic applications. The flexibility in non-

catalytic structural domains provides scope for easy tuning of HDACis with other 

pharmacophore elements to generate a ‘hybrid HDACi’ that represents multiple therapeutic 

activities (168). Several of these have been reported to be potential therapeutics against breast 

cancer treatment as well (169-171). These initiatives promote the much-needed addition of novel 

therapeutics to the pipeline against breast cancers, as no present strategies are efficient in 

treatment of TNBC, and no HDACi have yet been approved by the FDA either. 

Further, the limitation of current HDACi also roots in their varying expression in different types 

of cancers. As tumor suppressor role of HDACs in some cases gets recognized, it is apparent that 

these should not be given carte blanche. For example, HDAC6 is a privileged target that is 

ubiquitously targeted by majority HDACi, as it was reported to be associated with different 

expression in several disorders, including cancers (172). However, in breast cancers, HDAC6 

overexpression was reported to be involved in better survival (116), partly justifying the 

shortcomings of approved HDACi limiting their purposing towards breast cancer. Breast cancer 

is a complex disease differing in clinical outcomes. Changes due to HDACs deregulation at the 



genomic, transcriptomic and proteomic levels and their clinical significance for most breast 

cancer subtypes are not known. It is imperative to identify differentially expressed HDACs in a 

specific subtype or tissue through fast multi-omics technologies and evaluate multiple 

parameters in the biopsy tissue /cell-free DNA. This will enable clinicians adopt personalized 

medicine approach of rationally targeting HDACs for good prognosis. 
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Figure legends: 

Figure 1: Multiple sequence alignment of HDAC catalytic domains using Clustal Omega. 

(A) Zinc dependent HDACs from classes I, IIa, IIb, and IV. Conserved key catalytic amino 

acid residues are highlighted in red, and residues involved in acetyl-lysine peptide binding are 

colored in pink. Green residues indicated amino acid substitutions and residues in blue can be 

targeted for isoform-selective inhibition. Loops involved in substrate binding for deacetylase 

activity are boxed in red labelled from L1 to L4. The two catalytic domains of HDAC6 have 

been aligned as HDAC6_1 andHDAC6_2. (B) NAD+ dependent class III HDACs. Residues 

that participate in NAD+ binding are colored in red, pink residues are involved in acetyl-lysine 

peptide-binding, and marked in purple are the residues involved in zinc binding. Solid lines 

beneath the sequence alignment indicate which regions of the proteins compose the Rossmann-

fold domain (red), cofactor binding loop (green), and Zinc binding domain (blue). The last two 

lines show consensus secondary structures (Consensus_ss) where α-helix is denoted by h and β-

strand by e. 

 

Figure 2: Class-representative PDB structures to highlight structural differences in HDAC 

catalytic domains. A) Zinc dependent HDACs from classes I (HDAC1; PDB: 4BKX), IIa 

(HDAC7; PDB: 3C0Z), and IIb (HDAC6; PDB: 5EDU). Secondary structure elements of 

catalytic fold are coded in light orange (α- helix), deep teal (β- sheets), and raspberry (loops) 

color. Four loops involved in catalytic activity are labeled from L1 to L4. A dashed line is 

representative of juxtaposed arrangement of two catalytic domains of HDAC6, with CD2 

involved in deacetylase activity. B) NAD+ dependent class III SIRTs from sub-classes I 

(SIRT1; PDB: 5BTR), III (SIRT5; PDB: 3RIG), and IV (SIRT6; PDB: 3PKI). Catalytic 

Rossmann- fold is colored in magenta, with branching loops represented in yellow connecting it 

to the zinc-binding domain coded in blue, and the cofactor binding loop in green. 
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