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1. ABSTRACT

Histone deacetylases (HDACs) catalyze the
deacetylation of lysine residues on histones and non-
histone proteins. HDACs have been shown to control the
functions of key cell cycle proteins. Consistent with this,
the overexpression of HDACs has been observed in
multiple cancers, resulting in deregulation of the cell cycle
and uncontrolled proliferation. This review focuses on the
impact that HDACs have on cell cycle control through the
deacetylation of proteins.

831

2. INTRODUCTION

One of the dynamic natures of chromatin relies
on posttranslational modification of its core components,
histones. The modification of histones through methylation,
phosphorylation, SUMOylation, ubiquitination, acetylation,
etc. makes up the histone code that provides the necessary
information for gene activation or repression (1-3).
Acetylation, which is counterbalanced by deacetylation, is
one of the most extensively characterized posttranslational
histone modifications (3). The two opposing reactions act
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in tandem to achieve a closed or open conformation of
chromatin. The open conformation results from the addition
of acetyl groups to the lysine residues of histone tails by a
class of proteins named histone acetyltransferases (HATSs)
(4). Acetylation relaxes higher order chromatin structure
and, in turn, provides access to proteins, such as
transcription factors. The removal of the acetyl group,
called deacetylation, is catalyzed by a class of highly
conserved proteins termed histone deacetylases (HDACsS).
Histone acetylation/deacetylation paves the way for the
recruitment of additional factors and ultimately results in
the remodeling of chromatin to activate or repress
transcription.

Histone deacetylases were first identified by their
ability to deacetylate specific lysine residues on histones.
However, HDACs also catalyze the removal of acetyl
groups from non-histone proteins. Using a proteomics
approach, Choudhary et al. have identified a number of
acetylated proteins and potential non-histone targets of
HDAC: that function in various cellular processes, such as
cell cycle regulation, DNA repair, apoptosis, proliferation,
and differentiation (5). Thus, HDACs act as a fulcrum to
support multiple cellular processes by their ability to
regulate protein expression and function. Evidence for this
can be garnered from the variety of cell type-specific
effects of HDAC inhibitors. Due to their ability to induce a
wide range of cytotoxic effects in tumor cells, including
apoptosis, cell cycle arrest, and inhibition of proliferation,
HDAC inhibitors are actively being developed as potential
anti-cancer drugs (6-8).

Using a trapoxin (an inhibitor of histone
deacetylase) affinity matrix, Schreiber and colleagues
purified and cloned a human 55 kDa protein related to the
yeast protein RPD3 (9). Enzymatic assay of this 55 kDa
protein, HDAC1, showed that it contains histone
deacetylase activity. To date, 18 HDACs have been
identified and divided into four classes based on homology
to their yeast counterparts (10-13): Classes 1, 11, 111, and IV.
Classes I, II, and IV are zinc-dependent HDACs, whereas
Class III are nicotinamide adenine dinucleotide-dependent
enzymes (reviewed in ref. (13)). Class I HDAC:,
homologous to yeast Rpd3 (14), comprise of HDACs 1-3
and 8. Some Class I HDACs are exclusively nuclear, while
others are located both in the nucleus and cytoplasm. Class
II HDACs are further subdivided into Class Ila, which
consists of HDACs 4, 5, 7, and 9, and Class IIb, which
consists of HDACs 6 and 10. Class Il HDACs contain an
N-terminal NLS and a C-terminal NES and localize to the
nucleus and cytoplasm (15). Class II HDACs are
homologous to the yeast HDA1 protein and many show
tissue specificity (16). Most Class I and some Class II
HDACs exist as part of multimeric repressor protein
complexes, such as Sin3, NuRD, NCoR (nuclear receptor
corepressor), and SMRT (Silencing mediator for retinoid
and thyroid receptors) [reviewed in ref. (17), (18)]. Class
Il HDACs comprise the nicotinamide adenine
dinucleotide-dependent HDAC:s, also known as sirtuins due
to their homology to the Sir2 proteins of yeast (19). Due to
the dependence of Class III HDACs on the metabolic
cofactor nicotinamide adenine dinucleotide, their activity is
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closely linked to the metabolic state of the cell and is
known to regulate lifespan (20-23). There are seven
members of the sirtuin family, Sirt 1-7. Sirt 1, 6, and 7 are
predominantly nuclear in their localization (24). Sirt2 is
predominantly cytoplasmic, while Sirt 3, 4, and 5 are
localized to the mitochondria (24, 25). Due to their spatial
differences, sirtuins display specialized functions in the
cell. Some sirtuins possess ADP ribosyl transferase
activity, and only Sirtuins 1-3, and 5 have been shown to
possess a conserved deacetylase domain (20, 26). HDAC11
is the only member of Class IV HDACs, and it shares a
conserved deacetylase domain with Class I and Class II
HDAC members (12).

A vast number of acetylated proteins and,
therefore, potential non-histone targets of HDACs have
recently been identified using proteomics approaches.
Deacetylation of non-histone proteins by HDACs mainly
affects the target protein stability, DNA binding, or enzyme
activity (27). HDACs are known to deacetylate a wide
variety of proteins, including those involved in the cell
cycle. This review focuses on the regulation of cell cycle
machinery by HDACs through histone modification of
promoter regions and/or by direct deacetylation of target
non-histone proteins.

The cell cycle consists of G1, S, G2, and M
phases. The alternation between S phase and M phase is
essential for genomic integrity. Progression from one phase
to the other is mediated by cyclins and their associated
cyclin dependent kinases (Cdks) (28). The Cdks are in turn
regulated by Cdk inhibitors, including p21and p27 (29). To
ensure faithful passage through the cell cycle, the cell is
equipped with regulatory mechanisms, known as
checkpoints, that monitor the transition from one phase to
the other and halt progression of the cycle in response to
DNA damage or replication stress (30). The activation of
the checkpoint pathway results in the phosphorylation and
activation of checkpoint proteins, such as ATM, ATR,
CHK1, CHK2, and p53 (31, 32). In addition to
phosphorylation, the significance of
acetylation/deacetylation in the regulation of cell cycle
proteins is beginning to be appreciated. HDACs deacetylate
and regulate the activity of key cell cycle proteins, such as
p53, E2F, and pRb (reviewed in ref. (27)). Deregulation of
any of these proteins or their pathway results in neoplastic
transformation. Here, we discuss the role of various
HDAC: in the regulation of cell cycle progression.

3. HDACS AND THE G1-S TRANSITION

The G1 to S transition is controlled by the tumor
suppressor, retinoblastoma protein (pRb) (33). pRb
interacts with members of the E2F family to drive cell
cycle progression (34). There are nine E2F family members
of which the activating E2Fs (E2F 1-3) are required for S
phase progression and apoptosis (35). E2F4 and E2F5 are
known as repressive E2Fs and function to repress the cell
cycle at the GO/G1 phase of the cell cycle (36). E2Fs are
transcription factors that when activated stimulate entry
into the cell cycle. The E2F-responsive genes play a crucial
role in cell cycle progression. These genes include cdc6,
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mem proteins, PCNA, DNA polymerase alpha, and
thymidine kinase (37, 38). The transcriptional activity of
E2Fs (E2F 1-5) is suppressed by its association with the
pocket family of proteins, including pRb (39). The
phosphorylation of pRb by cyclin-cdk complex dissociates
pRb from E2F and relieves the repression of E2F
responsive genes (40). pRb represses E2F-mediated
transcription by recruiting HDACs to the E2F-responsive
promoter. pRb binds to HDACI1 and E2F via two distinct
sites. Hence, HDACT1 is simultaneously recruited by pRb to
E2F-responsive promoters (41, 42). Lai et al. has shown
that the association between HDAC1 and pRb is not direct
and that RBP1 forms a bridge to facilitate the interaction
(43). In addition to HDACI, Class I HDACs, HDAC2 and
HDACS3, but not Class II HDACs, are recruited by RBP1
via the Sin3 complex to form a multimeric corepressor
complex consisting of E2F-pRb-RBP1-Sin3-HDAC at the
promoter regions of target genes, which affects the
repression of those genes through the deacetylation of
histone lysine residues (43).

3.1 E2F and HDAC

In addition to the repressive effect of HDACs
caused by the deacetylation of histone residues and the
resulting change in chromatin conformation, HDACs are
also capable of directly inhibiting protein function by
deacetylating target non-histone proteins. E2Fs are non-
histone targets of HATs and HDACs. The acetylation of
E2F1 by p300 and CBP results in increased DNA binding
and transcriptional activation of E2F1, which is reversed by
the deacetylation of the same residues by HDAC1(44, 45).
Of the E2F family, only E2F1-3 have been reported to be
acetylated by p300 (45). Thus, HDACs modulate cell cycle
progression by  regulating E2F  family-mediated
transcription via two mechanisms: first, by modification of
chromatin at the promoter of E2F-responsive gene and
second, by directly deacetylating E2F and suppressing its
activity.

4. SIN3-HDAC COREPRESSOR COMPLEX AND
THE CELL CYCLE

In mammals, two Sin3 isoforms exist, mSin3A
and mSin3B, that contain conserved paired amphipathic
helix (PAH) motifs that mediate protein-protein
interactions (46). The mammalian Sin3 proteins, initially
identified as MAD interacting proteins, were required for
transcriptional repression, and have distinct functions in the
regulation of cell cycle, DNA repair proliferation, and
apoptosis (47, 48). The Sin3 complex is recruited by
transcription factors/DNA binding proteins to repress the
transcription of target genes (48). Class I HDACs form an
integral component of the Sin3 repressor complex, and
HDAC activity is essential for complete transcriptional
repression (48, 49). The involvement of the Sin3 complex
in cell cycle regulation and exit has been well documented
in Sin3A-/- and Sin3B-/- embryos. Sin3A-/- MEFS show
cell cycle defects at all stages, including a block in DNA
synthesis, G2/M arrest, and apoptosis. mSin3A-/- cells
display increased expression of Myc-, E2F1-, and p53-
responsive genes, such as cyclin D2, cyclin E, mem7,
cdc2A, mem4, memS5, securin, 53BP1, and Gadd45-y,
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indicating an inability of transcription factors to recruit the
mSin3/HDAC repressor complex and subsequently
upregulate target genes leading to cell cycle defects (48).
Aside from this, Sin3A-/- MEFs induce the expression of
p21, a cdk inhibitor, through the acetylation of histones at
the p21 promoter, indicating the existence of a p53-
independent mechanism that regulates p21 expression by
the mSin3A-HDAC corepressor complex (48).

In contrast to the cell cycle arrest associated with
Sin3A loss, loss of Sin3B has no profound effect on the cell
cycle. However, Sin3B is required for cell cycle exit, as
Sin3B-/- MEFs fail to arrest in GO upon serum deprivation
(50). Sin3B is involved in the repression of E2F4 target
genes that control the GO/G1 stage of the cell cycle (50).
Thus, HDACs regulate cell cycle progression by
associating with multicomponent corepressor complexes to
alter the expression of cell cycle regulatory genes.

5. LOSS OF HDACS AND CELL CYCLE
PROGRESSION

The absence of HDAC1 in mouse embryonic
stem cells (ES) results in reduced cell proliferation. Further
investigation of HDACI1-/- cells have attributed the
proliferation defect to increased levels of p21, since loss of
p21 rescues this phenotype of HDACI1 null ES cells.
HDACI1 mediates repression of p21 by localizing to and
deacetylating histones in the p21 promoter region, resulting
in inhibition of p21 gene expression (51). Increased
expression of p27 was also observed in HDACI1 null cells,
which further contributes to the proliferation defect
displayed by HDACI null ES cells (51, 52).

Double knockout (DKO) of HDAC2 and HDAC1
MEFS revealed the functional redundancy between
HDACI1 and HDAC?2 in controlling the G1-S transition, as
expression of either HDAC1 or HDAC?2 is sufficient to
rescue the growth arrest phenotype observed in DKO
MEFS. Also, knockout of HDAC2 results in increased
levels of HDACI protein and vice versa (53). Thus, it can
be inferred that both HDAC2 and HDAC1 cooperatively
regulate cell cycle progression by repressing p2l
transcription.

The role of HDAC3 during DNA replication has
been demonstrated by decreased BrdU uptake and impaired
cycling of HDAC3 null cells. HDAC3 null cells display
defects in DNA double strand break repair elicited during
replication stress and S phase-associated DNA damage.
Defective DNA repair results in the accumulation of DNA
damage and triggers the S phase checkpoint leading to S
phase arrest. HDAC3 null cells also display increased
acetylation of histones H3 and H4 (54). Newly synthesized
H3 and H4 are acetylated prior to their deposition on newly
synthesized DNA. These histones must be deacetylated
during the process of chromatin maturation, failure of
which results in a defect in chromatin assembly that could
lead to DNA damage. Similar to HDAC3, a role for
HDACI1 in nucleosome assembly is indicated by its
association with PCNA. PCNA is a protein that mediates
protein-protein interactions and recruit proteins to DNA to
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Figure 1. (A) Repression of p21 gene transcription by HDAC1/2. p21 inhibits the cyclin-cdk complex at the indicated phases
(G1/S, S, and G2/M) to block cell cycle progression. HDAC1/2 binds to Sp1/Sp3 and is recruited to the promoter site of p21,
leading to hypoacetylation of the promoter region and inhibition of p21 transcription. (B) Repression of p21 gene transcription by
HDAC3/4. HDAC3/4 is recruited to the promoter site by binding to the Sp1/3 transcription factor as part of a larger repressor

complex, NCo-R-SMRT, to inhibit p21 transcription.

coordinate events in replication, repair, epigenetic
inheritance, and cell cycle control (55). PCNA associates
with HDAC1 to link histone deacetylation of newly
assembled nucleosomes with DNA synthesis (56). It could
be speculated that PCNA interacts with other HDACs, such
as HDAC3, to achieve proper chromatin assembly
following DNA replication.

6. HDACS AND CANCER CELL DIVISION

The overexpression of Class | HDACs, HDACI,
HDAC2, and HDAC3 has been implicated in multiple
human cancers. Consistent with this, treatment of cancer
cells with HDAC inhibitors induces growth arrest,
differentiation, and apoptosis (57-61). Class I and Class II
HDAC inhibitors increase the expression of p21, an
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inhibitor of the cyclin-cdk complex that is required for cell
cycle progression (62). The contribution of individual
HDAC: in the regulation of p21 expression was measured
by knockdown of HDACS in tumor cells. The p21 promoter
contains six conserved Sp1/Sp3 binding sites that control
the transcriptional activation of p21. Mutation or deletion
of these sites leads to a marked reduction in p21 reporter
activity. A positive effect on transcription is mediated by
the association of p53 or E2F1 with Spl (63, 64), and
negative regulation is achieved by binding of Spl to
HDAC:.

The regulation of p21 expression by HDACI has
been demonstrated in U20S cells. In U20S cells, HDAC1
competes with p53 for binding to Spl and is recruited by
Spl to the p21 promoter consequently regulating Spl-
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Table 1. Summary of HDAC regulation of cell cycle

Deacetylation of hist at pr ter region
Promoter/gene | HDAC

p21 HDACI, HDAC2, HDAC3, HDAC4
Skp2 HDAC3

E2F/Rb HDACI1, HDAC2, HDAC3
Deacetylation of histone proteins

Protein HDAC

E2F HDACI

p53 HDACI, Sirtl

HDACs promote cell cycle progression by repressing
protein function via repression of gene transcription at the
promoter level, and by direct deacetylation of key cell cycle
regulators.

dependent activation of p21 (64). HDAC2 also binds to the
Sp1/Sp3 transcription factor to regulate p21 expression (65)
(Figure 1A).

Wilson et al. have tested the role of HDAC3 in
colon cancer. HDAC3 expression is restricted to the
proliferative compartment of the mouse small intestine and
colon and regulates proliferation by repressing p2l
expression (66). Like other Class I HDACs, HDAC3
represses p2l transcription in a Spl/Sp3-dependent
manner. HDACS3 is recruited to the Sp1/3 sites of the p21
promoter as part of the N-CoR/SMRT repressor complex
that also contains HDAC4 and HDACS, indicating that
Class I and Class II HDACs act together in repressing p21
gene transcription (67-70) (Figure 1B). A similar role for
HDAC3 in the repression of E2F-dependent gene
transcription has been observed in primary differentiated
neurons (71).

Likewise, a role for HDAC4 in controlling colon
cancer cell proliferation through the repression of p21
transcription has been reported. HDAC4 forms part of the
HDAC4-HDAC3-N-CoR/SMRT corepressor complex that
represses p21 transcription by associating with Spl at the
proximal p21 promoter and repressing Spl transcription.
The importance of HDAC4 in the corepressor complex is
highlighted by the fact that downregulation of HDAC4
markedly reduces HDAC3 association at the p21 promoter
site. This is indicative of a scaffolding role for HDAC4 in
mediating the repression of p21, since the deacetylase
activity of the repressor complex is contributed by HDAC3
(72).

The involvement of HDAC3 in the control of the
G1-S transition in resting T cells has been revealed by its
association with pro-IL-16 (73). Pro-IL-16 is a PDZ
domain-containing protein that is expressed in T cells and
functions to repress Skp2 transcription, leading to increased
levels of p27 and a subsequent block in the GO/G1 phase of
the cell cycle (74). Pro-IL-16 recruits HDAC3 to the Skp2
promoter by binding to the GA binding protein 1 subunit
(GABP) transcription factor in quiescent cells, resulting in
the repression of Skp2 (73). Skp2 is a component of the
SCF ubiquitin ligase and mediates the degradation of p27
(75, 76). Thus, pro-IL-16 maintains T cells in a GO/GI
arrested state by recruiting the GABP-HDAC3 complex to
the Skp2 promoter prior to T-cell activation. Following T-
cell activation, pro-IL-16 is cleaved by caspases, thereby
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relieving the repression of Skp2 and promoting cell cycle
progression.

HDACT7 is expressed during the early stages of
embryogenesis and is important for the regulation of
endothelial cell cycle progression. Overexpression, as well
as knockdown, of HDAC7 in human umbilical vein
endothelial cells (HuVECs) results in the downregulation
of cyclin D1, suggesting that cell cycle progression is
intricately dependent on the level of HDAC7. Knockdown
of HDAC7 also causes an increase in Rb protein levels,
leading to the inhibition of E2F activity and cell cycle
elongation at the G1 phase (77). HDACT participates in the
repression of gene transcription via recruitment of
corepressors N-CoR and SMRT to the nucleus. This
indicates that HDAC7 downregulates cyclin D1 expression
as part of a larger repressor complex.

7. HDACS AND P53

p53 was the first reported nonhistone target of
p300/CBP (78). pS3 is a tumor suppressor transcription
factor that is activated in response to genotoxic stress.
Activation of p53 halts cell cycle progression. During cell
cycle progression in unperturbed conditions, p53 levels are
maintained at low levels by the E3 ligase, MDM2 (79).
Modification of p53 by phosphorylation and acetylation has
been observed to increase pS3 protein stability and activity.
Acetylation of p53 at six lysine residues, including K320,
K373, and K382 by CBP increases the stability of p53 (80). In
addition, HDAC inhibitor, TSA increases p53 stability (80).
This suggested a possible role for HDACs in suppressing
activation of p53. The relevant HDACs in p53 regulation were
subsequently identified. Class | HDACs and Class IIIl HDACs
have been implicated in the regulation of p53 function.
HDACI, but not HDACs 2, 3, 4, 5, or 7, is capable of
deacetylating pS3 on K382, K320, and K373. Deacetylaton of
p53 by HDACI is mediated by MDM2, since HDAC1 has no
appreciable effect in the absence of MDM?2 in regulating p53
function. Binding, as well as deacetylation, of p53 is
enhanced in the presence of MDM2. Thus, MDM2 and
HDACI1 cooperatively suppress p300-mediated acetylation
of p53 thus affecting p53 stability and activity (80).

In addition to HDACI, Sirtl, a Class III HDAC,
has been reported to bind and deacetylate p53 and effect its
activity (81, 82). Sirtl has been shown to deacetylate p53
on K382, resulting in the suppression of radiation-induced
p53 acetylation and impaired transcriptional activity (81).
Recently, the ability of Sirt3 to deacetylate p53 in the
mitochondrial compartment has been reported in EJ bladder
carcinoma cells that are naive for p53 function. This study
revealed a novel mechanism of sirtuin regulation of
mitochondrial p53 (83). However, this study utilized an
inducible system for p53 expression, and the in vivo
interaction and deacetylation of p53 by Sirt3 in the
mitochondria needs to be confirmed.

8. CONCLUSIONS AND PERSPECTIVES

A summary of HDAC regulation of the cell cycle
is presented in Table 1. HDACs act to promote cell cycle
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progression and proliferation by inhibiting the expression
and the activities of important cell cycle modulators,
including p53, pRb, E2F, p21, and p27 resulting in
increased proliferation (27). Hence, inhibitors of HDACs
have been explored as potential anti-cancer agents. Much
of the knowledge obtained about the regulation of cell
cycle progression by HDACs stems from the use of HDAC
inhibitors. Treatment of cells with HDAC inhibitors has
profound cellular effects, including cell cycle arrest,
differentiation, and apoptosis. HDAC inhibitors have
shown tremendous potential in the treatment of cancer and
are currently being employed in clinical trials. However, a
better understanding of the biological function of each
HDAC will enable the development of a more efficient
HDAC: treatment with fewer undesirable side effects. For
instance, the treatment of patients with HDACi has
undesirable hematological side effects. This is due to the
fact that treatment with HDAC inhibitors results in a loss of
HDAC 1 and 2 activity, which leads to hematopoietic
defects since HDAC1 and HDAC2 have a critical role in
hematopoiesis (53). Despite having overlapping functions
due to their ability to heterodimerize with each other,
increased expression of HDAC2 in HDACI1 null cells
cannot compensate for the loss of HDACI function,
indicating that the deacetylases have distinct functions (52).
Although a certain level of redundancy is shared by
HDACS, the differences in localization and targets of
HDACs indicate that they have specialized cell-type
specific functions. Hence, in addition to their role in
tumorigenesis, a comprehensive understanding of the
functions of HDACs in the cell cycle with respect to the
cell environment is necessary for effective design and use
of HDAC inhibitors.
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