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Abstract 8 

Histone deacetylases (HDACs) have been implicated in learning and memory, and their 9 

dysregulation has been linked to cognitive impairment in brain aging and neurodegenerative 10 

diseases. In this review, we focus on HDAC1 and HDAC2, highlighting recent progress on 11 

their roles in regulating brain function through distinct mechanisms, including gene 12 

repression and DNA repair pathways. Moreover, we discuss evidence demonstrating how 13 

HDAC1 and HDAC2 could be modulated and their potentials as targets to combat memory 14 

deficits.  15 
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1. Introduction 32 

Epigenetic mechanisms, including histone modifications, are important processes that 33 

change gene expression in response to environmental stimuli1,2. Histones are proteins that 34 

pack DNA into the structure called nucleosomes, and each nucleosome comprises the core 35 

histones H2A, H2B, H3, and H4, together with a linker histone H13. Core histones are 36 

enriched with lysine and arginine, and their positive charges facilitate the tight packaging of 37 

negatively charged DNA with histone3. Post-translational modifications (PTMs) of histones, 38 

including histone acetylation, occur on lysine residues within the histone protruding tail and 39 

are key players in the regulation of chromatin states (Figure 1)3,4.  40 

 41 

The levels of histone acetylation are modulated by the activities of histone acetyltransferases 42 

(HATs) and histone deacetylases (HDACs)4,5. HATs transfer the acetyl group from acetyl 43 

coenzyme A (acetyl CoA) to lysine residues, whereas HDACs remove it. Acetyl-lysine residues 44 

on histone protruding tails are recognized and bound by proteins containing the 45 

bromodomain (BRD), the plant homeodomain (PHD) finger or the YEATS domains, 46 

sometimes referred to as “epigenetic readers”6–8. Many epigenetic readers are ATP-47 

dependent chromatin remodelers or transcription factors, which loosen up the tight 48 

configuration of chromatin and recruit protein complexes for the initiation of transcription3–49 

7. Conversely, deacetylation of histone protruding tails prevents readers from binding, 50 

thereby counteracting the activating effects of HATs (Figure 1). Moreover, class I HDACs are 51 

founds in multiprotein complexes, such as mSin3A, NURD, and CoREST. These HDAC-52 

containing complexes contain distinct components but are generally linked to gene silencing. 53 

For instance, CoREST complex is composed of RE1 silencing transcription (REST) factor, 54 

HDAC1/HDAC2, BHC80 scaffold protein, and lysine-specific histone demethylase 1A (LSD1)9. 55 

The CoREST complex is recruited to the RE1 DNA motif recognized by REST, followed by 56 

histone H3 deacetylation and histone demethylation (H3K4me2) that facilitate the formation 57 

of a repressive chromatin structure and hence gene silencing. 58 

 59 

In humans, 18 HDAC enzymes have been identified and categorized into four classes based 60 

on their sequence similarities (Figure 2). Class I, II, and IV are Zn2+-containing HDACs that 61 

use acetyl-CoA as a co-substrate, whereas the class III HDACs use nicotinamide adenosine 62 
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dinucleotide (NAD+). HDACs modulate various biological/cellular processes, and the 63 

dysregulation of HDACs leads to numerous pathological states, including neurological 64 

symptoms4,10. Prior review articles on histone acetylation have provided a comprehensive 65 

coverage of their roles in memory function10–12. In this review article, we focus on two 66 

members of class I HDAC: HDAC1 and HDAC2, with particular emphasis on highlighting their 67 

roles in memory function via gene silencing and genomic integrity mechanisms. We also 68 

discuss pan-HDAC inhibitors and HDAC1 activators, focusing on their chemical structure and 69 

modes of action. Additionally, we summarize the U.S. Food and Drug Administration (FDA)-70 

approved applications for the use of HDAC inhibitors, and we list the completed and on-going 71 

clinical trials using HDAC inhibitors for the treatment of brain disorders, including 72 

schizophrenia and Alzheimer’s disease (AD).  73 

 74 

2. Memory formation requires changes in histone acetylation 75 

Changes in histone acetylation are essential for long-term memory formation13–17. 76 

Contextual fear conditioning is a well-established behavioral paradigm for studying 77 

hippocampal-dependent associative memory formation, consolidation, and recall18,19. In this 78 

paradigm, rodents learn to associate a neutral context with a fear-inducing stimulus (e.g., 79 

foot shock) and the fearful experience then transforms into long-term memory, which is 80 

process of fear memory formation and consolidation. Recall in fear memory refers to 81 

retrieval of memory from the past, causing a freezing behavior as a fear response when 82 

placed in the previously neutral context18,19.  83 

 84 

Studies have demonstrated that acetylation of histone on several lysine residues, including 85 

H3K9, H3K14, H4K5, and H4K12, increases in mouse hippocampal tissue one hour after fear 86 

conditioning17. Importantly, intra-hippocampal infusion of the pan-class HDAC inhibitor 87 

(trichostatin A/TSA) immediately after fear conditioning increases histone acetylation in 88 

mouse brain and enhances fear memory formation20. Moreover, pharmacological inhibition 89 

of HDAC by TSA also facilitates synaptic plasticity, shown by an increase in the induction of 90 

hippocampal long-term potentiation (LTP)16,20, a molecular mechanism underlying memory 91 

formation21. Similarly, acute or chronic administration of the pan-class HDAC inhibitor 92 

(sodium butyrate, vorinostat/SAHA) prior to fear conditioning increases histone acetylation 93 



 4 

and is able to strengthen fear memory formation and augment hippocampal LTP 94 

induction14,22. Increased histone acetylation leads to chromatin relaxation and gene 95 

transcription4, and pan-class HDAC inhibitor treatment activates the expression of specific 96 

genes involved in synaptic plasticity and memory formation, including Bdnf, Egr1, Nr4a1, 97 

Shank3, Snap25, GluR1, NR2A, and Synaptotagmin23.  Increased  histone acetylation (H3K9, 98 

H3K14, H4K5, H4K8, and H4K12) is also evident in mice exposed to an enriched 99 

environment14, which also elicits synaptic plasticity and memory consolidation24, further 100 

strengthening the case for a  significant contribution of histone acetylation to memory 101 

formation. 102 

 103 

3. HDAC inhibitor treatment improves memory function mainly via targeting HDAC2 104 

Pharmacological inhibition of HDAC enhances memory function20,22. Emerging evidence 105 

indicates HDAC2 as the major player responsible for the cognitive enhancement observed 106 

following HDAC inhibitor treatment with the particular focus on suberoylanilide hydroxamic 107 

acid (vorinostat/SAHA)22. SAHA targets predominantly class I HDACs and specifically 108 

HDAC6, an HDAC isoform in class IIb25–27. Chronic treatment with SAHA reduces histone 109 

deacetylation in brain tissue and is accompanied by a robust memory improvement effect in 110 

mice22. An affinity-based approach followed by proteomic analysis first identified HDAC1 111 

and HDAC2 as the main cellular targets of SAHA25. Pharmacological and mouse genetic 112 

approaches were utilized in the subsequent studies to further dissect out the contribution of 113 

HDAC1 versus HDAC2 to cognitive function. In the study led by Guan et al., the mouse HDAC1 114 

or HDAC2 coding sequence was inserted in frame with the endogenous initiation codon of 115 

exon 1 of the Mapt (the gene coding Tau protein), thereby overexpressing HDAC1 or HDAC2 116 

predominantly in neurons22. Whereas brain-specific conditional knockout (cKO) of HDAC2 117 

was achieved by crossing Hdac2f/f mice to those expressing Nestin-Cre, resulting in HDAC2 118 

deletion in neurons and astrocytes22. Guan et al. reported that mice overexpressing HDAC2 119 

in neurons show impairments in synaptic plasticity and memory formation22, whereas 120 

HDAC2 cKO (Hdac2f/f; Nestin-Cre) mice exhibit an increase in dendritic spine density and  121 

hippocampal LTP induction accompanied by a more robust fear response in the fear 122 

conditioning paradigm22, which replicates the behavior demonstrated by mice receiving 123 

HDAC inhibitor treatment. Similarly, mice with HDAC2 deletion specifically in neurons by 124 
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CamKII-Cre line also show improved associated fear memory in the contextual fear 125 

conditioning task28. Most importantly, SAHA-mediated memory enhancement is abolished 126 

in HDAC2 cKO (Hdac2f/f; Nestin-Cre) mice22. Chronic treatment with SAHA in HDAC2 cKO 127 

(Hdac2f/f; Nestin-Cre) mice did not alter the freezing response in the fear conditioning test, 128 

relative to vehicle treatment22. Thus, these findings reveal HDAC2 as a specific negative 129 

modulator of synaptic plasticity/cognition and as the main target of HDAC inhibitor SAHA 130 

for facilitating learning and memory. Genetic manipulation of HDAC1, including neuronal-131 

specific overexpression or neuronal-specific deletion by CamKII-Cre line, has no effect on 132 

synaptic plasticity and cognitive function in adult mice22,28. However, a recent study that we 133 

will discuss in the later section reveals HDAC1 modulating memory function in an age-134 

dependent manner29.  135 

 136 

4. HDAC2 represses the expression of synaptic genes through chromatin remodeling 137 

The molecular mechanism by which HDAC2 negatively modulates synaptic plasticity and 138 

memory function has been well-characterized22. HDAC2 localizes to the promoter region of 139 

genes associated with synaptic and cognitive function, where HDAC2 stimulates histone 140 

deacetylation and suppresses gene expression by cooperating with the co-repressor 141 

CoREST22. CoREST is an essential scaffolding protein of a co-repressor complex that 142 

suppresses transcription of neuronal-specific genes30,31. Studies show that CoREST 143 

preferentially complexes with HDAC2 but not HDAC1 in neurons22. Evidence suggests that 144 

HDAC2 mainly reduces histone acetylation of H4K5 and H4K12 in mouse hippocampal 145 

tissue22. Furthermore, chromatin immunoprecipitation assays demonstrated that HDAC2 is 146 

more enriched than HDAC1 at the promoters of genes regulating synaptic/cognitive function, 147 

including BDNF, Egr1, Fos, Camk2a, Creb1, Nrnx3, GluR1/R2, and NR2A/2B, also known as 148 

HDAC2 targets. No such HDAC2 enriched binding to the promoter regions of cell-cycle genes 149 

have been found22. HDAC1 and HDAC2 show similar abundance at the promoters of Cdkn1a, 150 

Atf4, and Pgk1, the genes involved in cell cycle regulation22. Increased HDAC2 occupancy is 151 

associated with a reduction in histone acetylation at the gene promoters, which 152 

subsequently results in chromatin condensation and gene silencing4. The expression of 153 

HDAC2 target genes decreases in mice overexpressing HDAC2 but increases in mice lacking 154 

HDAC2 or in mice receiving HDAC inhibitor treatment conversely22. These observations 155 
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indicate that HDAC2 is preferentially enriched at the promoter of synaptic/memory-156 

associated genes and represses their expression through epigenetic regulation in concert 157 

with CoREST.  158 

 159 

5. Increased HDAC2 levels in Alzheimer’s disease  160 

Altered histone acetylation have been found in humans and rodents with neurodegenerative 161 

diseases, including AD, and are linked to reduced expression of synaptic/memory-associated 162 

genes and memory deficits32,33. Notably, HDAC2 is believed to play a role in this disease 163 

process. Postmortem analysis shows increased HDAC2 expression in the hippocampal CA1 164 

neurons of patients with AD, relative to healthy control individuals33. Whereas the levels of 165 

other two class I HDAC members, HDAC1 and HDAC3, remain unaltered33. Upregulated 166 

neuronal expression of HDAC2 but not HDAC1 is also evident in the hippocampal and cortical 167 

region of the 5XFAD mouse model of AD that expresses mutated forms of the human APP and 168 

PSEN1 genes33, and in the hippocampal CA1 of the rats injected with amyloid fibril34. In the 169 

APP/PS1 mice, another mouse model of AD overexpressing mutant APP and PSEN1 genes, 170 

animals perform poorly in a contextual fear conditioning paradigm and also display a decline 171 

in histone acetylation (H3K9, H3K14, H4K5, H4K8, H4K12, and H4K16) compared to age-172 

matched control group35. Chronic administration of HDAC inhibitor sodium butyrate 173 

restores histone acetylation (H3K14, H4K5, and H4K12) and enhances fear memory 174 

formation in these animals and this effect is paralleled by increased expression of 175 

synaptic/memory-associated genes or so-called HDAC2 targets35. Similarly, other HDAC 176 

inhibitors including TSA, SAHA, and phenylbutyrate have also been demonstrated to 177 

reinstate memory function in the APP/PS1 mouse model of AD23,36,37.  178 

 179 

Additional evidence supporting a role for HDAC2 in memory deficits in the context of 180 

neurodegenerative diseases was shown in the CK-p25 mice model of AD33. CK-p25 is a mouse 181 

model of severe neurodegeneration expressing an inducible human p25 under the control of 182 

a forebrain-specific CamKII promoter38. Following p25 induction, HDAC2 levels upregulate 183 

in excitatory neurons and are followed by an increase in HDAC2 binding to the promoters of 184 

synaptic/memory-associated genes and a reduction in histone acetylation (H2BK5, H3K14, 185 

H4K5, and H4K12) in these promoter regions, thereby leading to gene repression and 186 
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memory impairment33. Reducing HDAC2 levels by small hairpin approach restores histone 187 

acetylation in the promoter of synaptic/memory-associated genes and their expression in 188 

CK-p25 mice33. Accordingly, knockdown of HDAC2 also rescues synaptic plasticity and 189 

cognitive deficit in CK-p25 mice33. Together, these observations support the potential use of 190 

HDAC2 inhibitors as powerful therapeutics to treat memory impairment associated with AD 191 

and other neurodegenerative diseases.  192 

 193 

6. Regulation of HDAC2 in normal and disease contexts 194 

Given the significant role for HDAC2 in synaptic/memory function, numerous studies have 195 

focused on how HDAC2 might be regulated. Brain-derived neurotrophic factor (BDNF) is a 196 

neurotrophin that promotes neuronal differentiation, synapse formation, and synaptic 197 

plasticity39. Importantly, BDNF is a HDAC2 target but it can also regulate HDAC2 function 198 

through S-nitrosylation4. In rat cultured neurons, BDNF increases nitric oxide (NO) synthesis 199 

and promotes the S-nitrosylation of HDAC240. S-nitrosylation of HDAC2 occurs at Cys262 and 200 

Cys274 residues, which has no effect on HDAC2 enzymatic activity but induces the release of 201 

HDAC2 from chromatin40(Figure 3). In unstimulated neurons, HDAC2 is tightly associated 202 

with gene promoters and suppresses transcription by deacetylating histones40. Whereas S-203 

nitrosylated HDAC2 unbinds from the chromatin and induces chromatin remodeling, 204 

thereby facilitating the expression of HDAC2 target genes that are important for neuronal 205 

function such as Fos and Egr140. S-nitrosylation of HDAC2 is also involved in memory 206 

formation. In the fear conditioning paradigm, S-nitrosylation of HDAC2 increases  1 hour 207 

after fear conditioning and during recent memory recall41. During recent memory recall, 208 

upregulated HDAC2 nitrosylation is associated with an increase in histone acetylation and c-209 

Fos expression41. Mice receiving NO synthase inhibitor L-NAME 1 hour before recent 210 

memory recall display reduced HDAC2 S-nitrosylation, and these mice fail to retrieve 211 

extinction of recent fear memory41. Collectively, these findings describe how HDAC2 212 

modulates neuronal/brain functions by S-nitrosylation under normal circumstances.  213 

 214 

HDAC2 accumulates in the brain of AD mouse model and humans with AD33,34. Aberrant 215 

expression of HDAC2 in AD has been attributed to two molecular mechanisms through gene 216 

transcription and post-translational modification, respectively. Glucocorticoid receptor (GR) 217 
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is a ligand-inducible transcription factor that belongs to the steroid-responsive nuclear 218 

receptor superfamily42. GR becomes activated upon the binding of glucocorticoid, a steroid 219 

hormone linked to stress response42. Activated GR associates with the glucocorticoid 220 

responsive elements (GREs) at promoter or enhancer regions of target genes, and is followed 221 

by subsequent alteration of gene transcription rates42. Active form of GR can act as 222 

transcriptional activator or repressor, depending on the recruited protein complex at GREs 223 

or on its post-translational modifications42. One conserved GRE locates in the proximal 224 

promoter region of the HDAC2 gene33. HDAC2 accumulation occurs concomitantly with an 225 

increase in phosphorylated GR on serine 211 residue in cultured neurons treated with A42, 226 

the predominant amyloid- peptide founds in the brains of AD patients. Evidence indicates 227 

that the cyclin-dependent kinase 5 (Cdk5) mediates the phosphorylation of GR (S211) in 228 

pathological contexts. The levels of GR phosphorylation and HDAC2 are increased in mice 229 

with aberrant Cdk5 activity and decreased in mice lacking Cdk5 conversely33. pGR (S211) is 230 

a well-characterized modification that correlates with increased transcriptional activity. 231 

Accordingly, pGR (S211) promotes HDAC2 gene transcription through binding to the GRE in 232 

HDAC2 promoter33 (Figure 3).  233 

 234 

HDAC2 accumulation is not restricted to AD but also present in a wide array of disease 235 

models associated with stress and synaptic/cognitive impairment, including 236 

neuroinflammation induced by the gram-negative bacteria cell wall component 237 

lipopolysaccharide (LPS), sleep deprivation, chronic restraint stress procedure, and 238 

maternal exposure of high fat diet43–48. Thus, aberrant HDAC2 accumulation is likely caused 239 

by stress hormone glucocorticoid-GR signaling pathway, and HDAC2 might be one of the 240 

factors contributing to defective memory function in these disease models.  241 

 242 

Chronic stress has been generally linked to a suppression of synaptic density and glutamate 243 

transmission in the hippocampal and cortical regions. However, enhanced synaptic function  244 

in the nucleus accumbens (NAc) has been demonstrated in the chronic social defect stress 245 

(CSDS) model49,50, where mice develop a long-lasting aversion to social contact after 246 

experiencing repeated aggression. Studies show that NAc medium spiny neurons (MSNs) 247 
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have increased spine density and synaptic transmission following social defeat51. The 248 

expression of HDAC2 known targets, c-FOS and BDNF, increases in the NAc of mice after 249 

repeated social defect. Most importantly, augmented synaptic strength shapes the stress 250 

response and correlates with social avoidance in mice51, and reduction of BDNF in the NAc 251 

oppose CSDS-induced social aversion49. These findings suggest that weakening synaptic 252 

strengthen by HDAC2 in certain brain region/circuit could likely be protective for stress-253 

induced mood and anxiety disorders.  254 

 255 

HDAC2 accumulation in AD can also be caused by c-Abl. c-Abl is a tyrosine protein kinase 256 

that has been found activated in AD and in many other neurodegenerative diseases52. 257 

Introducing cultured neurons to A oligos (AO) results in c-Abl-mediated phosphorylation 258 

of HDAC2 at Tyr 222, which is linked to elevated HDAC2 protein stability and its deacetylase 259 

activity53 (Figure 3). Pharmacological inhibition of c-Abl by imatinib reduces HDAC2 260 

accumulation in the brain of an AD mouse model53. In AO-treated cultured neurons, 261 

imatinib treatment is able to prevent the recruitment of HDAC2 to promoters of genes 262 

regulating synaptic/cognitive function, such as GluR1, NR2A, Synaptophysin, and 263 

Synaptotagmin53. Moreover, c-Abl-induced HDAC2 accumulation is also evident in Niemann-264 

Pick type C disease, a fatal pediatric neurodegenerative lysosomal storage disorder caused 265 

by mutations in the NPC1 or NPC2 genes. In models of Niemann-Pick type C disease, blocking 266 

c-Abl by imatinib attenuates HDAC2 aberrant accumulation and its occupancy to the 267 

promoters of synaptic/memory-related genes54. Likewise, c-Abl inhibition also rescues 268 

HDAC2-dependent gene repression in models of Niemann-Pick type C disease54. These 269 

findings reveal the participation of c-Abl/HDAC2 signaling pathway in synaptic/memory 270 

gene repression in the pathological states. 271 

 272 

7. HDAC1 maintains genomic integrity in neurons 273 

Impairment in DNA repair pathway is linked to premature aging and neurodegenerative 274 

phenotypes55–58, and accumulation of DNA damage is found to precede the appearance of 275 

neurological symptoms in mouse models of neurodegeneration59,60. It is believed that 276 

enhancing DNA repair may stave off functional decline associated with brain aging and 277 
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neurodegeneration29,61,62. HDAC1 appear to be particular important in the aforementioned 278 

contexts, with its distinct role in repairing two types of DNA lesion, DNA double-strand break 279 

(DSB) and 8-oxoguaine (8-oxoG) oxidative lesion.  280 

 281 

Higher level of DSB markers (H2AX, DNA-PKcs) in neurons correlates with cognitive 282 

impairment in humans63. Moreover, brain specimens from postmortem AD patients exhibit 283 

high levels of DNA DSB concomitant with reduced expression of DSB repair factors and DSB 284 

repair capacity. Upon the formation of DNA DSB, HDAC1 is promptly recruited to break sites 285 

to catalyze H3K56 and H4K16 deacetylation60,64,65, which stimulates DSB repair through the 286 

non-homologous end joining (NHEJ) pathway, the main DSB repair mechanism utilized in 287 

post-mitotic neurons56. DNA DSBs are considered to be the most deleterious and potentially 288 

lethal types of DNA lesion in neurons56 (Figure 4). Thus, interfering with HDAC1 recruitment 289 

to break sites results in defective DSB repair, accumulation of DNA DSB, and neuronal 290 

death60. Whereas overexpression of HDAC1 prevents neuronal death under neurotoxic 291 

conditions that cause DNA DSB, such as brain ischemia59. 292 

 293 

8. HDAC1 ameliorates oxidative DNA damage and protects cognitive function in the 294 

aging brain  295 

Brain-specific ablation or overexpression of HDAC1 in adult mouse brain shows no effect on 296 

memory function22,28,29. However, a recent work suggests that HDAC1 is essential for proper 297 

brain function in aged brains. Mice lacking HDAC1 in the neurons and astrocytes (Hdac1f/f; 298 

Nestin-Cre, Hdac1 cKO mice) exhibit marked cognitive deficits as the brain ages, together 299 

with other known age-associated phenotypes, including astrogliosis and impaired 300 

hippocampal LTP induction29. Importantly, aged Hdac1 cKO mice accumulate 8-oxo-guanine 301 

(8-oxoG) DNA lesions in the brain29. 8-oxoG DNA lesion is a type of oxidative DNA damage 302 

on guanine bases caused by reactive oxygen species (ROS). Increased 8-oxoG lesion in 303 

promoter interferes transcription factor binding, and accumulation of 8-oxoG lesion is linked 304 

to DNA mutations, altered gene expression, and cognitive impairment in the human brain66,67. 305 

Compared to DNA DSBs, 8-oxoG lesions have higher incident rate in the brain due to its high 306 

energy consumption. In mammals, the base excision repair pathway (BER) is responsible for 307 
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the repair of 8-oxoG, and the 8-oxoguanine-DNA glycosylase 1 (OGG1) is the major DNA 308 

glycosylase in BER removing 8-oxoG. HDAC1 physically interacts with OGG1 and stimulates 309 

its cleavage activity, likely by deacetylating OGG1 on a specific subset of lysine residues29 310 

(Figure 4).  311 

 312 

Despite HDAC1 being well-known as a transcriptional repressor, a large proportion of 313 

differentially expressed genes (DEGs) are downregulated in aged Hdac1 cKO mice. Moreover, 314 

these downregulated genes are important for brain function and aging process, including 315 

solute carrier transporters, protein kinase C isoforms, protein chaperones, and 316 

antioxidants29. The majority of DEGs have no detectable HDAC1 binding at their promoter, 317 

indicating that the loss of HDAC1 alters gene expression likely via non-canonical 318 

mechanisms independent of direct promoter binding29. Subsequent analysis shows that the 319 

promoters of these down-regulated genes are enriched with guanine-rich sequences and are 320 

burdened with 8-oxoG lesions29. It is known that unrepaired 8-oxoG lesions at gene 321 

promoters hinder transcription factor binding and disrupt gene expression66. Thus, 322 

transcriptional repression of these genes in aged Hdac1 cKO mice could be linked to aberrant 323 

accumulation of oxidative DNA damage at their promoters29 (Figure 4). Together, HDAC1 324 

deficiency in aged brains compromise the activity of OGG1, resulting in cognitive deficits, 325 

accumulation of unrepaired 8-oxoG lesions, and aberrant transcriptional repression of genes 326 

involved in brain function.  327 

 328 

9. Modulations of HDAC1 activity to stimulate DNA repair and improves memory 329 

function  330 

HDAC1 activity declines in numerous animal models of neurotoxicity and 331 

neurodegeneration29,59,68, and p25 has emerged to be one of the factors contributing to 332 

HDAC1 inhibition. p25 is a proteolytic cleavage product of p35, and is capable of activating 333 

Cdk5 kinase in many disease contexts69. HDAC1 activity is reduced in mouse model 334 

overexpressing p25, and p25 interacts with the catalytic domain of HDAC159, yet the 335 

mechanism underlying p25-mediated HDAC1 inhibition remains unclear. Nonetheless, p25 336 

aberrant accumulation occurs concomitantly with impaired HDAC1 activity and increased 337 

DNA damage in multiple neurodegenerative diseases and disease models29,59,68.  338 
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Given the deleterious effects of DNA damage on brain function, it has been a great focus of 339 

the field to identify mechanisms stimulating HDAC1 activity. Studies demonstrate that 340 

HDAC1 can be modulated by acetylation. NAD+-dependent deacetylase SIRT1 removes the 341 

acetyl group from Lys 432 of HDAC1, which increases HDAC1 enzymatic activity and 342 

stimulates DSB repair via the NHEJ pathway in neurons60(Figure 4). Accordingly, 343 

overexpression of SIRT1 attenuates the levels of DNA DSB in neurons upon the challenge of 344 

etoposide, a genotoxin that induces DNA DSB by inhibiting topoisomerase II relegation of 345 

cleaved DNA. Whereas neurons expressing acetyl-mimetic HDAC1 K432Q mutant show 346 

refractory to the effects of SIRT1 overexpression60. Moreover, pharmacological activation of 347 

SIRT1 (compound #10/SRT3657, resveratrol) reduces neuronal DNA DSB, prevents 348 

neuronal death, and improves cognitive function in mouse models of 349 

neurodegeneration60,70,71.  350 

 351 

Recent work reveals a small molecule called exifone as a potent HDAC1 activator72. 352 

Biochemical assays demonstrate that exifone binds to HDAC1 directly and is able to 353 

stimulates HDAC1 deacetylase activity on the histone and non-histone substrates (H4K12 354 

and p53K352)72. Introducing cultured neurons with exifone promotes deacetylation of 355 

histone substrate (H4K12). Exifone-mediated histone deacetylation becomes less effective 356 

in neurons with HDAC1 knockdown29, suggestive of HDAC1 dependence. Moreover, exifone 357 

diminishes etoposide-induced DNA DSB in cultured neurons, and administration of exifone 358 

reduces neuronal DNA DSB and enhances memory function in mouse model of 359 

neurodegeneration29. Furthermore, pharmacological activation of HDAC1 by exifone 360 

stimulates OGG1 activity and reduces 8-oxoG oxidative lesions in the brain tissues of aged 361 

mice29. Treatment of another synthetic activator of HDAC1 named 5104434 also reduces 362 

neuronal DNA DSB and rescues brain function in rodent model of frontotemporal lobar 363 

degeneration and stroke68. Thus, HDAC1 activation provides a means of countering DNA 364 

damage and its deleterious effects on the brain in the aging and disease contexts.   365 

 366 

10. HDAC inhibitor and HDAC1 activator 367 

Numerous synthetic inhibitors of HDAC have been developed, and these inhibitors are 368 

structurally categorized into hydroxamic acids, cyclic peptides, short chain fatty acids, and 369 
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benzamides (Figure 5). HDAC inhibitors are generally equipped with three main 370 

pharmacophoric motifs, a zinc-binding group, a cap group, and a linker connecting the above 371 

two groups together73. Hydroxamic acid, carboxylic acid, thiol, and benzamide groups have 372 

zinc-binding property that chelate the zinc ion at the active site, thereby preventing the 373 

activation of the Zn2+-dependent HDACs74. The cap group is typically a hydrophobic and 374 

aromatic group, which serves as a surface recognition unit that binds to the substrate-375 

binding region of the HDACs. It is believed that introducing variations within the cap region 376 

might offer the selectivity for targeting different HDAC isoforms, as the substrate-binding 377 

domain is less conserved among the HDAC family members75,76.  378 

 379 

With the potent anti-proliferative effects in mitotic cells, HDAC inhibitors show potentials 380 

for oncology applications. Many HDAC inhibitors are now in clinical trials testing the efficacy 381 

and toxicity as the therapeutic invention for different types of blood and solid tumors. Until 382 

now, FDA has approved four HDAC inhibitors for the treatment of T-cell lymphomas 383 

(romidepsin, vorinostat/SAHA, belinostat) and myeloma (panobinostat). As the promising 384 

efficacy in animal models of AD, vorinostat/SAHA is currently in an open-label, non-385 

randomized phase Ib clinical trial to determine safety and tolerability of vorinostat/SAHA in 386 

44 AD patients with mild symptoms (ClinicalTrials.gov; Identifier: NCT03056495). This 387 

phase Ib study is estimated to be completed in March 2022, and the results should pave the 388 

way for future clinical studies using vorinostat/SAHA as agent for AD. The short chain fatty 389 

acid based HDAC inhibitors, valproate derivatives, are FAD-approved drugs to treat epilepsy, 390 

bipolar disorder, and for the prevention of migraine headaches. However, the 391 

aforementioned applications are mainly through the action of valproate derivatives on 392 

gamma-aminobutyric acid (GABA) turnover. Valproate derivatives have also entered 393 

different phases of clinical trials for the treatment of schizophrenia. In a double-blind, 394 

randomized, multicenter study led by Casey et al., the results demonstrated that combination 395 

of valproate and an antipsychotic agent (olanzapine or risperidone) improves psychotic 396 

symptoms in acutely hospitalized patients with schizophrenia77.  397 

 398 

Two HDAC1 activators, exifone and compound 5104434, have been identified both through 399 

a high-through put screen72,78. Compound 5104434 belongs to the cyclohexanedione class, 400 
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whereas exifone contains a benzophenone-based structure (Figure 5). Little commonality 401 

was shared among their chemical structures, but it is noted that both compounds are 402 

composed of two identical or similar ring groups. Studies indicate that exifone and 403 

compound 5104434 provide selectivity toward activating HDAC1 over HDAC272,78. It has 404 

been demonstrated that exifone activates HDAC1 in a mixed, nonessential manner. Exifone 405 

binds to free and substrate-bound HDAC1, and exifone increases the binding affinity of 406 

HDAC1 to the acetylated peptide substrate72. In the deacetylation assay, preincubation of 407 

HDAC1 with exifone reduces the inhibition caused by CI-994, a benzamide-based HDAC 408 

inhibitor72. However, the mechanism underlying compound 5104434-mediated HDAC1 409 

activation remains elusive. Future characterization on compound 5104434 will surely 410 

provide insights into the design for HDAC1 activator. 411 

 412 

11. Conclusions 413 

With notable progress through the years, significant insights have revealed the regulations 414 

of HDAC1 and HDAC2 in memory function. In particular, HDAC2 appears to be the key player 415 

regulating the expression of synaptic/memory-related genes through its direct binding to 416 

gene promoter. Upregulation of HDAC2 is linked to cognitive deficits, and HDAC2 inhibition 417 

reinstates memory function in the disease models. On the other hand, HDAC1 is essential for 418 

maintaining genomic integrity in neurons. HDAC1 protects the brain against conditions that 419 

result in the elevation of DNA damage, and pharmacological activation of HDAC1 improves 420 

brain function.  421 

 422 

The genetic approaches targeting HDAC1 or HDAC2 in mice that we discussed in this review 423 

article represent a valuable tool but also exist some limitations. For instance, the crosstalk 424 

between HDAC1 and HDAC2 has been reported in several studies, where HDAC1 levels 425 

increase in response to HDAC2 knockdown/knockout and vice versa79,80. With the recent 426 

advances in base editing81,82, a CRISPR-Cas9-based editing technology, it becomes achievable 427 

to manipulate HDAC1 or HDAC2 catalytic activity in mice by introducing dominant negative 428 

mutations (e.g., HDAC1 H141A, HDAC2 H140A) without altering their gene expression and 429 

having the crosstalk effects83.  430 
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Due to the different modes of action between HDAC1 and HDAC2 and their high protein 431 

sequence similarity, the development of isoform-selective small molecules is necessary to 432 

achieve better therapeutic efficacy with fewer side effects. A recent work indicates that 433 

HDAC2 associates with the transcription factor Sp3 to repress synaptic gene expression84. 434 

Interfering HDAC2-Sp3 interaction restores synaptic gene expression and ameliorates 435 

memory impairment in the mouse model of neurodegeneration84. Accordingly, preventing 436 

distinct protein interaction with HDAC1 or HDAC2 might be a better strategy to improve the 437 

selectivity. Future studies to better understand the mechanisms regulating HDAC1 and 438 

HDAC2 will generate novel therapeutic options to combat memory dysfunction.  439 
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 453 

 454 

 455 

Figure 1. Histone acetylation regulates chromatin remodeling.  456 

Histone acetylation and deacetylation occurs on lysine residues within the histone 457 

protruding tail. Acetylation on lysine residues reduces the positive charge of histone and also 458 

recruits epigenetic readers, thereby open up the chromatin and facilitates gene expression. 459 

The removal of acetyl groups from histone proteins conversely leads to a condensed state of 460 

chromatin, which blocks transcription machinery from assessing gene promoter/enhancer 461 

and leads to gene repression.  462 
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  463 

 464 

Figure 2. The classification of human HDACs. 465 

HDAC members are first categorized based on the use of co-substrate during deacetylation 466 

reaction. Class I, II, and IV are Zn2+-containing HDACs that use acetyl-CoA, and class III 467 

members use nicotinamide adenosine dinucleotide (NAD+). The general structure of HDACs 468 

consists of the conserved deacetylase catalytic domain. The class IIa HDACs are additionally 469 

characterized by the binding sites for the transcription factor myocyte enhancer factor-2 470 

(MEF2) and for the chaperone protein 14-3-3. In the class IIb, HDAC6 contains a zinc finger 471 

at the carboxyl terminus, whereas HDAC10 has a leucine-rich domain near the carboxyl 472 

terminus.  473 

 474 

 475 
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 476 

 477 

 478 

 479 

Figure 3. The regulation of HDAC2 expression/function, and the roles of HDA C2 in 480 

memory function. 481 

HDAC2 binds to the promoter of synaptic/memory-related genes and represses their 482 

expression via chromatin remodeling. The expression of HDAC2 gene can be stimulated by 483 

stress-induced Cdk5-GR signaling cascade, whereas S-nitrosylation controls HDAC2 binding 484 

to chromatin and c-Abl-directed phosphorylation increases HDAC2 protein stability.  485 
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  486 

Figure 4. HDAC1 maintains normal brain function via its role in DNA repair pathways. 487 

DSB repair requires HDAC1 activity, which can be further strengthened by SIRT1-mediated 488 

deacetylation. HDAC1 also positively modulates OGG1 cleavage activity in removing 8-oxoG 489 

oxidative lesions.  490 

 491 
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 492 

Figure 5. Chemical structures of HDAC inhibitors and HDAC1 activators discussed in 493 

this review. HDAC inhibitors can be structurally categorized into at least four classes: 494 

hydroxamates, cyclic peptides, short chain fatty acids, cyclic peptides, and benzamides. The 495 

reader is referred to several excellent reviews with a more comprehensive list of known 496 

HDAC inhibitors9,85,86. TSA is an example illustrating the main functional groups of HDAC 497 

inhibitors. Exifone and 5104434 are identified as HDAC1 activators.  498 
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