
Introduction
The p300/CBP proteins, which include the distinct but related
proteins p300 and CBP and potentially other proteins, such
as p270, are a protein family that participate in many
physiological processes, including proliferation, differentiation
and apoptosis (reviewed by Janknecht and Hunter, 1996;
Shikama et al., 1997; Giordano and Avantaggiati, 1999;
Goodman and Smolik, 2000). They function as transcriptional
co-activators and are involved in multiple, signal-dependent
transcription events. Viral oncoproteins, such as adenoviral
E1A and SV40 large T antigen, specifically target these
proteins (Arany et al., 1994; Arany et al., 1995; Eckner et al.,
1994; Eckner et al., 1996a; Whyte et al., 1989; reviewed by
Dyson and Harlow, 1992; Moran, 1993). The formation of viral
oncoprotein complexes with p300/CBP causes a loss of cell
growth control (Missero et al., 1995; Yang et al., 1996),
enhances DNA synthesis (Stein et al., 1990) and blocks cellular
differentiation (Eckner et al., 1996a; Eckner et al., 1996b; Puri
et al., 1997a; Puri et al., 1997b, reviewed by Shikama et al.,
1997; Goodman and Smolik, 2000). Recent evidence indicates
that p300/CBPgenes are altered in various human tumours
(Petrij et al., 1995; Muraoka et al., 1996; Sobulo et al., 1997;
Giles et al., 1998; Gayther et al., 2000), which is consistent
with studies on Cbp+/− mice that suggest that CBP possesses
tumour suppressor activity in the haematopoietic system (Kung
et al., 1999). Thus, p300/CBP proteins may be regarded as
having some of the hallmarks expected of a classical tumour
suppressor.

Furthermore, p300/CBP proteins are endowed with histone
acetyltransferase (HAT) activity (Bannister and Kouzarides,
1996; Ogryzko et al., 1996), which transfers an acetyl group

to the e-amino group of a lysine residue, and the acetylation
level of chromatin has been established to be a key mechanism
in regulating transcription (reviewed by Brownell and Allis,
1996; Grunstein, 1997; Wade et al., 1997; Armstrong and
Emerson, 1998). Although it has not been formally proven that
p300/CBP HAT activity is directly involved in chromatin
remodeling, a growing body of evidence suggests that other
targets, including transcription factors and the transcription
apparatus (Gu and Roeder, 1997b; Imhof et al., 1997; Boyes
et al., 1998; Zhang and Bieker, 1998; Keirnan et al., 1999;
Sartorelli et al., 1999; Bannister et al., 2000; Martinez-Balbás
et al., 2000; Marzio et al., 2000, Soutogloou et al., 2000;
Tomita et al., 2000, reviewed by Bayle and Crabtree, 1997),
are also regulated by acetylation, thereby highlighting the
potential importance of HAT activity in p300/CBP function. So
far, p300/CBP proteins have been shown to interact with a
multitude of signal transduction pathways, and in this respect
serve as versatile transcriptional regulators (reviewed by
Janknecht and Hunter, 1996).

Genes
p300 and CBP were originally identified as proteins that bind
to the adenoviral E1A and the cAMP-response-element-
binding protein (CREB), respectively (Chrivia et al., 1993;
Eckner et al., 1994). The p300/CBPgenes are conserved in a
variety of multicellular organisms, from worms to humans. The
human CBP locus is located in chromosomal region 16p13.3
(Chen and Korenberg, 1995; Wydner et al., 1995), which is also
implicated in Rubinstein-Taybi syndrome (RTS; Petrij et al.,
1995) and certain subtypes of acute myeloid leukaemia
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p300/CBP transcriptional co-activator proteins play a
central role in co-ordinating and integrating multiple signal-
dependent events with the transcription apparatus, allowing
the appropriate level of gene activity to occur in response to
diverse physiological cues that influence, for example,
proliferation, differentiation and apoptosis. p300/CBP
activity can be under aberrant control in human disease,
particularly in cancer, which may inactivate a p300/CBP
tumour-suppressor-like activity. The transcription
regulating-properties of p300 and CBP appear to be exerted
through multiple mechanisms. They act as protein bridges,
thereby connecting different sequence-specific transcription
factors to the transcription apparatus. Providing a
protein scaffold upon which to build a multicomponent

transcriptional regulatory complex is likely to be an
important feature of p300/CBP control. Another key
property is the presence of histone acetyltransferase (HAT)
activity, which endows p300/CBP with the capacity to
influence chromatin activity by modulating nucleosomal
histones. Other proteins, including the p53 tumour
suppressor, are targets for acetylation by p300/CBP. With the
current intense level of research activity, p300/CBP will
continue to be in the limelight and, we can be confident, yield
new and important information on fundamental processes
involved in transcriptional control.
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(Borrow et al., 1996). Interestingly, the 16p13.3 region shows
extensive homology to a region on chromosome 22, where
p300 resides (22q13; Eckner et al., 1994). Apart from
p300/CBP, these two regions may contain at least eight other
pairs of paralogous genes (Giles et al., 1997). Giles et al. have
suggested that chromosomal relationships like these could
arise by tetraploidization and provide a mechanism to
protect against potentially harmful mutational events during
organismal evolution (Giles et al., 1997).

Proteins
p300 and CBP share several conserved regions, which
constitute most of the known functional domains in the
proteins (Arany et al., 1994; Fig. 1): (1) the bromodomain,
which is frequently found in mammalian HATs; (2) three
cysteine-histidine (CH)-rich domains (CH1, CH2 and CH3);
(3) a KIX domain; and (4) an ADA2-homology domain, which
shows extensive similarity to a yeast transcriptional co-
activator, Ada2p. The CH1, CH3 and the KIX domains are
likely to be important in mediating protein-protein interactions,
and a number of cellular and viral proteins bind to these
regions (Fig. 1). Crystallographic structural studies of the
bromodomains of co-factor pCAF (Dhalluin et al., 1999)
and the TBP-associated factor TAFII250
(Jacobson et al., 2000) suggest that the
bromodomain recognises acetylated residues.
Given that an increasing number of cellular
factors have been found to be acetylated by
p300/CBP, bromodomains could function in
recognising different acetylated motifs.
Combinations of bromodomains might thus
recognise distinct patterns of acetylated
nucleosomes. Both the N- and the C-terminal
regions of p300/CBP can activate
transcription, and the HAT domain resides in
the central region of the protein (Fig. 1). This
modular organisation may allow p300/CBP
to provide a scaffold for assembly of
multicomponent transcription co-activator
complexes. 

The p300/CBP family is likely to include
other proteins, such as p270 (Dallas et al.,
1998), which shares some common antigenic
determinants with p300. p270 has been
reported to be part of the mammalian

SWI/SNF complex, which suggests it is involved in chromatin-
remodeling-related functions (Dallas et al., 1998).

Functions
Although p300 and CBP share extensive homology, genetic
and molecular analyses suggest that they perform not only
overlapping but also unique functions. In transfection-based
assays, most sequence-specific transcription factors can be co-
activated by either p300 or CBP. Similarly, adenovirus E1A
binds to CBP, and CREB also can use p300 in co-activation
(Arany et al., 1995; Lundbiad et al., 1995). The p300−/−, Cbp−/−

and p300+/− Cbp+/− mice show similar, embryonic lethal
phenotypes (Yao et al., 1998), together with similar defects in
growth and neural tube closure (Yao et al., 1998); this suggests
that p300 and CBP have overlapping roles during embryonic
development. Furthermore, some p300and Cbp heterozygous
mice suffer early lethality (Yao et al., 1998), indicating that
p300/CBPgene dosage, and therefore the level of p300/CBP
proteins, is probably important during development. Consistent
with this idea are the findings that the haplo-insufficient RTS
syndrome is heterozygous for mutation in the Cbp allele (Petrij
et al., 1995) and that Cbpheterozygous mice also show skeletal
abnormalities reminiscent of RTS (Tanaka et al., 1997).
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Fig. 1. Organisation of p300/CBP proteins.
(A) Comparison of p300 and CBP. The dark regions
indicate the areas of highest homology, with the
percentage amino acid identity between the two proteins
indicated. The size of each protein, in number of amino
acid residues, is indicated. (B) The functional domains in
p300 are indicated, including the cysteine/histidine-rich
domains CH1, CH2 and CH3, the KIX domain, the
bromodomain (Br) and the ADA2 homology region. The
N- and C-terminal domains of p300/CBP can act as
transactivation domains, and the acetyl-transferase domain
is located in the central region of the protein. The regions
that have been shown to bind to target proteins, together
with the identity of the interacting proteins, are shown.
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An alternative but non-exclusive model argues that p300 and
CBP have unique cellular functions. p300−/− fibroblasts have
specific defects in retinoic-acid-dependent transcription but
retain normal CREB activity (Yao et al., 1998). Furthermore,
Cbp+/− mice show highly penetrant, multilineage defects in
haematopoietic differentiation (Kung et al., 1999) and have
an increased probability of developing haematological
malignancies as they age. This pathology is specific for the
Cbp+/− mice and not observed in p300+/− mice, and thus
Cbp, but not p300, is required for normal haematopoietic
differentiation (Kung et al., 1999). Finally, using hammerhead
ribozymes to specifically target and inactivate either p300 or
CBP RNA, Kawasaki et al. were able to inhibit retinoic-acid-
induced differentiation of F9 embryonal carcinoma cells with
a p300 mRNA ribozyme but not a CBP ribozyme (Kawasaki
et al., 1998). Interestingly, ribozymes directed against either
p300 or CBP can block retinoic-acid-induced apoptosis of F9
cells (Kawasaki et al., 1998). Overall, it appears that p300 and
CBP have overlapping roles, but that in addition they perform
unique tasks in certain physiological processes.

p300/CBP and the cell cycle
The fact that p300/CBP proteins are targets for the adenovirus
E1A oncoprotein suggests that they are important in cell cycle
regulation (reviewed by Moran, 1993). Studies of the
interaction between E1A and p300/CBP support such a role in
the control of DNA synthesis and S phase progression (Stein
et al., 1990). Furthermore, E1A mutants that cannot bind to
p300 exhibit defective cellular transformation (Wang et al.,
1995). Studies of p300−/− and cbp−/− knockout mice have
provided direct evidence that p300/CBP proteins are important
for cell cycle regulation and differentiation (Yao et al., 1998).
p300−/− embryos die at about E10.5d and show defects in
neural tube closure and heart development; defects in cardiac
myocyte differentiation are thought to contribute to this early
lethality (Yao et al., 1998). Consistent with this idea is the
observation that in cell-based assays p300/CBP can cooperate
with members of the MyoD family of muscle-differentiation-
regulating transcription factors in modulating the expression of
downstream myogenic factors, including myogenin and MEF2,
and promote cell cycle withdrawal in myoblasts induced to
differentiate (Yuan et al., 1996; Puri et al., 1997a; Puri et al.,
1997b; Sartorelli et al., 1999). The p300/CBP-interacting
protein pCAF is also required for the myogenic differentiation
programme, since micro-injection of either anti-p300/CBP or
anti-pCAF antibodies blocks MyoD-dependent transcription in
muscle cells (Puri et al., 1997a; Puri et al., 1997b). Although
the p300 HAT domain is dispensable for MyoD-dependent
transcription, mutation in the HAT domain of pCAF impairs
MyoD-dependent transactivation (Sartorelli et al., 1999).

The p300/CBP-pCAF protein complex can arrest cell cycle
progression (Yang et al., 1996) and might regulate target genes
that are involved in controlling the G1/S transition, such as
p21WAF1 (Missero et al., 1995). The overexpression of E1A,
which antagonises pCAF binding to p300/CBP, drives cells
into S phase (Yang et al., 1996). Given the haematological
malignancies manifest in Cbp+/− mice (Kung et al., 1999), the
differentiation-promoting properties of CBP may provide a
tumour-suppressor-like function.

In Caenorhabditis elegans, inactivating the cbp-1 gene

blocks most aspects of differentiation, excluding the neuronal
lineage, which in C. elegans is the default pathway of
differentiation; mesodermal, endodermal and hypodermal cells
are absent in most of the embryos (Shi and Mello, 1998). Co-
inactivation of genes encoding components of the HDAC
(histone deacetylase) complexes, such as hda-1, rba-1and rba-
2, which antagonise HAT activity, rescues some of the cbp-1
phenotype (Shi and Mello, 1998), providing evidence that
p300/CBP HAT activity is required for differentiation, at least
in C. elegans, to counteract the role of HDACs.

Cell proliferation and growth is influenced by p300/CBP
activity (Stein et al., 1990; Yao et al., 1998). p300−/− embryos
are significantly smaller than their wild-type littermates and
show defects in cell proliferation (Yao et al., 1998). p300−/−

MEFs grow more slowly compared with wild-type cells and
have a phenotype reminiscent of senescence. Since binding of
E1A to p300 also correlates with E1A-induced DNA synthesis
(Stein et al., 1990), the E1A-p300 complex might play an
active role in stimulating cellular growth and proliferation.

Analysis of the cbp-1-deficient C. elegans embryos
suggested that apoptosis remains intact (Shi and Mello, 1998).
However, in vitro studies in mammalian cell-based assays have
provided evidence that p300/CBP is involved in apoptosis
(Avantaggiati et al., 1997; Kawasaki et al., 1998; Lill et al.,
1997; Lee et al., 1998; Yuan et al., 1999). Cells lacking p300
but not CBP have impaired IR (ionizing radiation) sensitivity
(Yuan et al., 1999), and functional sequestration of p300/CBP
activity by E1A, or a dominant negative version of p300,
reduces p53-dependent apoptosis (Avantaggiati et al., 1997; Gu
and Roeder, 1997a; Lill et al., 1997). The p300-interacting
protein JMY (junction mediating and regulatory protein)
augments p53-dependent apoptosis (Shikama et al., 1999). The
p53-p300-JMY ternary complex is enriched in cells exposed to
stress and upregulates a variety of p53-dependent target genes,
including bax, which may account for its pro-apoptotic activity
(Shikama et al., 1999). p300 can also interact with and co-
activate the hypoxia-inducible factor HIF1a (Arany et al.,
1996), which binds to and stabilises p53 during hypoxia (An
et al., 1998; Carmeliet et al., 1998). The HIF1-p300/CBP-p53
pathway could play an important role in regulating apoptosis
under hypoxic conditions and may prevent tumour
development. Lee et al. also reported that, under certain
conditions, p300 augments p53-dependent G1 arrest (Lee et al.,
1998).

Another level of complexity in the p53 response became
evident when p300/CBP was shown to regulate p53 stability
(Grossman et al., 1998). The N-terminal region of p300 shows
partial sequence homology to the E6 oncoprotein from human
papilloma virus (HPV; Grossman et al., 1998), which
destabilises p53. Current evidence suggests that a ternary
complex containing p300, p53 and MDM2 controls p53
stability (Grossman et al., 1998). Thus, although oncoprotein
MDM2 can regulate p53 stability via a ubiquitin-dependent
protein degradation pathway (Honda et al., 1997; Thomas and
White, 1998), MDM2 mutants that can bind to p53 but not
p300 fail to promote efficient p53 degradation (Grossman
et al., 1998). Similarly, a short p300 N-terminal fragment
consisting of the p53-binding region in the N-terminus acts in a
dominant-negative fashion to enhance p53 stability (Grossman
et al., 1998), which suggests that p300 is involved with the
MDM2-dependent degradation of p53. p300 therefore appears
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to have a dual role in controlling p53 activity: it both augments
p53 transactivation function and stimulates its turnover.

The E2F family of transcription factors functions in
regulating cell cycle progression (reviewed by Dyson, 1998).
p300 is known to control E2F activity, and an important
mechanism involved relates to the role of phosphorylation. The
phosphorylation of E2F by cyclin-dependent kinases (CDKs)
is under cell cycle control (reviewed by Dyson, 1998). In E2F-
5, a CDK-phosphorylation consensus site in the transcription
activation domain is phosphorylated by cyclin-E-CDK2 as
cells approach S phase (Morris et al., 2000). Morris et al.
demonstrated that phosphorylation in the activation domain
augments the physical interaction with p300, thereby
enhancing the transcription of E2F target genes (Fig. 2). The
CDK-stimulated interaction of p300 with E2F may be involved
in irreversibly committing cells to cell cycle progression.

Eid et al. recently revealed an unexpected function of p300
in controlling cell adhesion (Eid et al., 2000). The nuclear
proto-oncoprotein SYT (Clark et al., 1994; Brett et al., 1997)
can associate with p300, and this association occurs
predominantly in contact-inhibited cells. SYT is an SH2- and
SH3-domain-containing protein that becomes mutated in
synovial sarcomas and certain other cancers, and SYT-mutant
cells are believed to exhibit deficient cell adhesion control (Eid
et al., 2000). Although the mechanism by which the p300-SYT
interaction affects cell adhesion remain unclear, this
observation indicates that extracellular stimuli that alter cell
adhesion could act through p300/CBP. In addition, the
interaction between p300 and SYT could be another
mechanism that contributes to the tumour suppressor activity
of p300/CBP.

Transcriptional regulation by p300/CBP
It is now widely accepted that p300/CBP proteins are versatile
and perhaps rather general transcriptional integrators
(reviewed by Janknecht and Hunter, 1996). Current evidence
suggests that they act through a variety of mechanisms (Fig.
3). 

A bridge to the transcriptional machinery
The initiation of transcription by RNA polymerase II requires
sequence-specific promoter/enhancer-binding transcription
factors as well as the basal transcription machinery. Unless

transcription factors can directly interact with the basal
transcription machinery, other proteins must act as bridges that
connect them to the basal machinery. p300/CBP is known to
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or HATs assembled in multicomponent complexes target chromatin
and/or transcription factors to facilitate a transcriptional response.
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interact both with a wide variety of transcription factors and
with components of the basal transcriptional machinery,
including TBP, TFIIB, TFIIE and TFIIF (Fig. 1; reviewed by
Shikama et al., 1997; Goodman and Smolik, 2000). Therefore,
in one model, p300/CBP provides such a bridge.

Since p300/CBP proteins are involved in numerous signal
transduction pathways, Rosenfeld and colleagues have
proposed that a coordinated re-distribution of p300/CBP
activity among different classes of factor in a signal-dependent
manner imparts specificity in transcriptional regulation (Kamei
et al., 1996). For example, the engagement of p300/CBP by
various hormone receptors inhibits AP-1 transcription (Kamei
et al., 1996), and overexpression of E2F-1 can hinder p53
transactivation in a p300/CBP-dependent manner (Lee et al.,
1998). Similarly, p53 represses TRE-regulated promoters, and
such inhibition relies on the physical interaction between
p53 and p300 (Avantaggiati et al., 1997). Agonists of Ras-
dependent signal transduction can inactivate cAMP-responsive
genes by interfering with CREB-dependent transcription
(Nakajima et al., 1996). At a mechanistic level, activation of
the Ras pathway promotes the association between p300/CBP
and the mitogen-regulated S6 kinase pp90Rsk, and the physical
interaction of pp90Rsk with p300/CBP may be sufficient to
block CREB-dependent transcription, since a catalytically
inactive pp90Rsk can still block CREB function (Nakajima et
al., 1996).

The binding of E1A to p300/CBP inactivates a number of
cellular and viral promoters and enhancers (Eckner et al.,
1996b; Puri et al., 1997a; Kraus et al., 1992; Lee et al., 1998).
For example, E1A inhibits the expression of genes induced by
muscle differentiation in a fashion that requires p300 binding
to E1A (Puri et al., 1997a; Puri et al., 1997b), and E1A
antagonises the SV40 and polyoma virus enhancers in a
p300/CBP-dependent manner (Stein et al., 1990). Analysis
of p300+/− and Cbp+/− mice suggests that the amount of
p300/CBP is limiting under physiological conditions, because
some embryonic lethality is observed in the heterozygotes (Yao
et al., 1998). Taken together, these findings argue that different
signal transduction pathways compete for a pool of p300/CBP
and thereby target their effects towards specific sets of
responsive genes.

A scaffold for the assembly of multiprotein complexes
p300/CBP proteins might nucleate the assembly of diverse
cofactor proteins into multicomponent co-activator complexes
(Yao et al., 1996; Korzus et al., 1998; Westin et al., 1998;
reviewed by Xu et al., 1999). Moreover, p300/CBP has been
frequently found complexed with other HATs, including pCAF
(Ogryzko et al., 1996), SRC-1 (Yao et al., 1996; Spencer et al.,
1997) and P/CIP/ACTR/AIB1 (Chen et al., 1997). By
providing a scaffold for the assembly of transcription cofactors,
it might increase the relative concentration of these factors in
the local transcription environment and thereby facilitate
protein-protein and protein-DNA interactions. Indeed, given a
limited repertoire of activators, co-activators and cofactors
available for responses to diverse regulatory cues, cells
probably use cooperativity and transcriptional synergy so that
a combination of a few ubiquitous, signal- and tissue-specific
activators can create a potentially very large number of
regulatory complexes (Carey, 1998; Kim et al., 1998).

Studies of the human interferonβ (IFNβ) enhancer have

shown that the surface of p300/CBP provides a scaffold for
different components of the transcription apparatus (Kim et al.,
1998; Munshi et al., 1998). The recruitment of p300/CBP,
together with transcription factors such as ATF2/JUN, p50/p65
of NF-kB and interferon regulatory factor 1, alongside
architectural proteins including high mobility group (HMG)
proteins, may be important for cooperativity and transcriptional
activation (Munshi et al., 1998). Both p300/CBP and pCAF are
required for the activation of transcription from the Ifnβ
enhanceosome (which is a transcription complex required for
Ifnβ transcription) and, interestingly, p300/CBP and pCAF can
acetylate the HMG protein, which leads to the destabilization
and disassembly of the enhanceosome - an outcome that may
be important in downregulating Ifnβ gene expression (Munshi
et al., 1998). This suggests that HATs function at different
stages during the transcription process which, in the case of Ifnβ
allows cells to switch off Ifnβ gene expression. HATs might
then play roles in both transcription activation and inactivation
(Munshi et al., 1998).

Acetylation-dependent transcription regulation
Acetylation of multiple sites in the core histone tails is
associated with transcriptional activity. Hypo-acetylation
generally (but not always) correlates with transcriptional
repression, and hyper-acetylation correlates with
transcriptional activation (reviewed by Brownell and Allis,
1996; Grunstein, 1997; Wade et al., 1997; Armstrong and
Emerson, 1998). Mechanistically, acetylation of lysine
residues within the histone tails may have several outcomes:
(1) it may promote transcription factors access to DNA in
chromatin (Lee et al., 1993; Vetesse-Dadey et al., 1996),
possibly by neutralising the positive charge associated with the
lysine e-amino group (reviewed by Turner et al., 1991; Wolffe
and Pruss, 1996; Wade et al., 1997); (2) it may weaken
internucleosomal interactions and de-stabilise higher-order
chromatin structure (Luger et al., 1997; Garcia-Ramirez et al.,
1995; Tse et al., 1998a; Tse et al., 1998b); and (3) it may
promote the processivity of RNA polymerase through
nucleosome arrays (Ura et al., 1997; Nightingale et al., 1998).
Biochemical and genetic experiments have demonstrated the
importance of histone tails as key targets of acetylation, which
has a significant impact in regulating transcription
(Edmondson et al., 1998; Zhang et al., 1998; Schwartz et al.,
1996; Durrin et al., 1991; reviewed by Gregory and Horz,
1998; Mizzen et al., 1998). Specifically, by mutating the N-
terminal tail of histone H4, Durrin et al. showed that
conditionally active genes, such as Gal1 or Pho5, become less
inducible (Durrin et al., 1991). Furthermore, mutation of
certain lysine residues in the H3 and H4 tails may bypass the
need for GCN5 (a key yeast HAT) for transcriptional activation
(Zhang et al., 1998). Acetylation may be responsible for
transcriptional repression, because deletion or lysine
substitution in the histone H3 tails leads to higher basal levels
of Gal1 and Pho5 transcription in budding yeast (Mann and
Grunstein, 1992). Consistent with this is the finding that
mutations that abolish GCN5 HAT activity reduce transcription
activity (Gregory et al., 1999; Georgakopoulos and Thireos,
1992).

An important question is whether the p300/CBP HAT
activity targets nucleosomal histones directly and regulates
transcription by chromatin remodelling. Although p300/CBP
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can acetylate all four core histone in vitro (Bannister and
Kouzarides, 1996; Ogryzko et al., 1996), it is not clear whether
histones are the bona fide targets of p300/CBP HAT activity in
vivo and, if so, which lysine(s) in the histone tails are
specifically modified by p300/CBP HAT. When tethered to the
Gal4 DNA-binding domain, the p300/CBP HAT domain can
stimulate transcription from some promoters, such as the
adenovirus major late and E4 promoters, but not others - for
example, the adenovirus E1B or the SV40 promoters
(Martinez-Balbas et al., 1998). Li et al. elegantly demonstrated
the requirement of p300 HAT activity in stimulating
transcription from the thyroid hormone receptor βA (trβa)
promoter and hsp70 promoter. Importantly, these studies
suggested that p300 facilitates transcription from a disrupted
chromatin template but is not itself involved in disrupting
chromatin structure and instead stabilises a remodelled
chromatin state (Li et al., 1998; Li et al., 1999). These studies,
alongside other reports, also indicated that non-chromosomal
proteins may be targets of acetylation, suggesting that
p300/CBP HAT acts upon transcription factors, or the basal
transcriptional apparatus, to influence transcription (see
below).

More recently, a functional interaction between p300/CBP
and a family of proteins involved in nucleosome assembly, the
nucleosome assembly proteins (NAP), has been documented
(Ito et al., 2000; Shikama et al., 2000). NAP is involved in the
assembly of regularly spaced nucleosomal arrays (Bulger et al.,
1995). NAP and p300 cooperate in the transcriptional
activation of, for example, E2F-1- and p53-target genes, and
upregulate the expression of the p53-target gene p21 in a p53-
dependent fashion (Shikama et al., 2000). Ito et al.
demonstrated that acetylation of histones by p300 helps the
transfer of H2A-H2B dimers from nucleosomes to NAP-1 (Ito
et al., 2000); such a mechanism might directly couple
acetylation of nucleosomes to nucleosome remodeling in
transcriptional regulation. Histones H2A and H2B are known
to be absent in transcriptionally active chromatin (Baer and
Rhodes, 1983; Gonzalez and Palacian, 1989) and also readily
exchange out of transcribed chromatin in vivo (Louters and
Chalkley, 1985; Jackson, 1990). Biochemical analysis
indicated that the removal of H2A/H2B from nucleosomal
arrays enhances gene activity, at least in part by decreasing the
level of chromatin folding (Tse et al., 1998a; Tse et al., 1998b;
Hansen and Wolffe, 1994).

As mentioned previously, a growing list of transcription
factors, such as p53 (Gu and Roeder, 1997b; Sakaguchi et al.,
1998; Lui et al., 1999a), E2F-1, E2F-2 and E2F-3 (Martinez-
Balbás et al., 2000; Marzio et al., 2000), MYB (Tomita et al.,
2000), MyoD (Sartorelli et al., 1999), GATA-1 (Boyes et al.,
1998), EKLF (Zhang et al., 1998), HNF-4 (Soutogloou et al.,
2000) and NF-Y (Li et al., 1998), have been shown to be
acetylated. In almost all cases, acetylation enhances their
DNA-binding activity. Acetylation at the p53 C-terminal
region may cause a conformational change that relieves the
inhibitory effect of this region towards p53 DNA binding,
leading to increased DNA-binding activity (Gu and Roeder,
1997b). It is also possible that acetylation creates a surface that
facilitates protein-DNA recognition; this idea is consistent with
the observation that many transcription factors have enhanced
DNA-binding activity upon acetylation. Protein acetylation
can also regulate protein-protein interaction: acetylation of

Drosophila TCF inhibits its binding to Armadillo, thereby
leading to downregulation of transcription (Waltzer and Bienz,
1998). The viral oncoprotein E1A is also acetylated, and
acetylation of Lys 239 in E1A regulates its binding to CtBP
(C-terminal binding protein), which is capable of interacting
with various transcription repressors (Zhang et al., 2000). The
retinoblastoma tumour suppressor protein (pRb) is acetylated
in a fashion that influences subsequent phosphorylation of pRb,
and E1A can stimulate pRb acetylation (Chan et al., 2001).
Components of the basal transcription apparatus - for example,
TFIIE and TFIIF, and TAF(I)68 - can also be acetylated (Imhof
et al., 1997; Muth et al., 2001). Acetylation of these factors
enhances DNA-binding activity and consequently stimulates
gene activity (Muth et al., 2001; Wade et al., 1998).

Regulating p300/CBP activity
p300 and CBP are nuclear phosphoproteins (Yaciuk and
Moran, 1991). CBP, together with various factors known to be
important regulators of the cell cycle and transcription, such as
p53, pRb, Daxx, PML, BLM and SUMO-1, reside in a nuclear
structure called the nuclear body (reviewed by Zhong et al.,
2000). The phosphorylation of p300/CBP appears to be under
cell cycle control, although relatively little is known about how
phosphorylation affects p300/CBP function. The cyclin-
dependent kinases CDK2 and CDC2 (Banjeree et al., 1994) can
phosphorylate p300 in vitro, and p300 isolated from
undifferentiated F9 cells is unphosphorylated but becomes
phosphorylated and competent to activate transcription upon
treatment with retinoic acid, which induces F9 cell
differentiation (Kitabayashi et al., 1995). The viral
oncoproteins SV40 large T antigen and adenovirus E1A bind
to the same region on p300/CBP but have different effects on
p300/CBP phosphorylation status (Banjeree et al., 1994;
Eckner et al., 1996a). Large T antigen co-immunoprecipitates
with the hypophosphorylated form of p300 and might prevent
p300/CBP phosphorylation (Eckner et al., 1996a). In contrast,
E1A stimulates p300/CBP phosphorylation probably through
cyclin-CDK complexes (Eckner et al., 1996a).

Banerjee et al., however, reported that E1A blocks
p300/CBP phosphorylation by cyclin-CDC2 or CDK2 in vitro,
and Perkins et al. reported that cyclin-E-CDK2 negatively
regulates p300-mediated co-activation of NF-kB (Banjeree et
al., 1994; Perkins et al., 1997). The p21gene requires p300 for
transcription, which may therefore imply that a positive
feedback loop relieves p300/CBP repression by cyclin-E-
CDK2 (Perkins et al., 1997). The fact that p21 can increase
p300-dependent transcription of NF-kB (Perkins et al., 1997)
is consistent with this idea. The C-terminal region of p300/CBP
interacts with cyclin-E-CDK2, as well as TFIIB and E1A. The
12S E1A protein, which is an inhibitor of p300-dependent
transcription, does not affect the association between p300 and
cyclin-E-CDK2 (Felzien et al., 1999). However, the 13S E1A
protein, which is also a pleiotropic transcriptional activator,
enhances p300-cyclin-E-CDK2 association (Felzien et al.,
1999). Binding of cyclin-E-CDK2 to p300 may serve as a
checkpoint to integrate extracellular signals with the cell cycle
apparatus.

Protein kinase A (PKA; Chrivia et al., 1993; Xu et al., 1998),
calcium/calmodulin (CaM)-dependent kinase N (CaMKIV;
Chawla et al., 1998) and MAP kinase (MAPK; Janknecht and
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Nordheim, 1996) can phosphorylate CBP, and this aids CBP-
mediated transcriptional activation, although the critical
phosphorylation sites on CBP remain to be elucidated. In PC12
cells, nerve growth factor (NGF) can stimulate CBP
phosphorylation through the MAPK pathway, and inhibitors or
dominant negative forms of MAPK block activation of a
GAL4-CBP hybrid protein by NGF (Liu et al., 1999b).
Furthermore, p300/CBP can associate with p42 MAPK in vivo
(Liu et al., 1998), and p44 MAPK has been proposed to
phosphorylate p300/CBP at the C-terminal region and enhance
its HAT activity (Ait-Si-Ali et al., 1999). Following stimulation
of the Ras pathway by insulin or NGF, pp90RSK associates
with the CH3 domain of CBP and thereby antagonises
transcriptional signalling through the cAMP pathway (see
above; Nakajima et al., 1996). 

An important question regarding p300/CBP function is
whether the HAT activity is controlled during the cell cycle,
and if so why? Ait-Si-Ali et al. showed that HAT activity peaks
at the G1/S transition (Ait-Si-Ali et al., 1998). Furthermore,
phosphorylation of p300/CBP by cyclin-E-CDK2 in the C-
terminal region of the protein appears to stimulate its HAT
activity, and E1A also activates the HAT (Ait-Si-Ali et al.,
1998). These observations suggest that the HAT is involved in
cell cycle progression and that viral oncoproteins mimic
physiological signals that activate p300/CBP HAT. Similarly,
E1A was shown to immunoprecipitate enzymatically active
HAT fractions of p300/CBP and pCAF (Banjeree et al., 1994).
However, this model has been challenged by several reports
suggesting that E1A inhibits p300/CBP and pCAF HAT
activity in vitro (Chakravarti et al., 1999; Hamamori et al.,
1999). Furthermore, p53, TFIIE and TFIIF acetylation is
compromised in the presence of E1A (Chakravarti et al., 1999;
Li et al., 1999), whereas MyoD acetylation is enhanced (Li et
al., 1999). It is possible that these results on the effect of E1A
are influenced by the level of E1A protein.

p300/CBP genes and disease
Mutation in p300/CBPgenes has been observed in a number
of human tumours (Petrij et al., 1995; Muraoka et al., 1996;
Sobulo et al., 1997; Gayther et al., 2000, reviewed by Giles et
al., 1998), which, together with the properties discussed earlier,
suggests that p300/CBP proteins possess classical tumour-
suppressor-like activity. This idea relates to the possibility that
viral oncoproteins, such as E1A and SV40 LT, target p300/CBP
to overcome negative effects on cell proliferation (reviewed by
Dyson and Harlow, 1992; Moran, 1993). Mutations in CBP
were first described in RTS, an autosomal-dominant disease
characterised by mental retardation, skeletal abnormalities and
a high incidence of neoplasia (Petrij et al., 1995). Most RTS
patients are heterozygous for mutation in CBP, which suggests
that a full complement of CBP gene dosage is crucial for
normal development. Cbp+/− mice exhibit skeletal
abnormalities reminiscent of RTS patients (Tanaka et al., 1997;
Yao et al., 1998). As discussed above, they have defects in
haematopoietic differentiation, which leads to haematological
malignancies with advancing age; again this suggests that CBP
functions as a tumour suppressor (Kung et al., 1999).
Furthermore, bi-allelic somatic mutations in the p300 gene
have been observed in gastric, colon and breast cancers, and
mutations in p300 that result in truncated proteins were

detected in primary tumours and tumour cell lines (Muraoka
et al., 1996; Gayther et al., 2000). In many cases, the somatic
mutations are associated with loss of heterozygosity of the
second allele (Gayther et al., 2000). These observations are
consistent with Knudson’s hypothesis and suggest that in some
circumstances p300behaves as a classical tumour suppressor
gene.

The p300/CBPgenes are involved in various chromosomal
translocation events during haematological malignancy and
might contribute to aberrant growth control possibly through a
gain of function mutation. For example, an MOZ-CBP fusion
resulting from a translocation between MOZ (for monocytic
leukaemia zinc finger protein) and CBP was reported in AML
(acute myeloid leukemia; Borrow et al., 1996). The MOZ
protein is predicted to be a HAT on the basis of its homology
to the yeast HAT SAS2. The hybrid protein results from a 5′-
moz-cbp-3′ organisation and retains the HAT domains from
both proteins. Similarly, a second translocation of the CBP
gene to the MLL (mixed lineage leukaemia) gene occurs in
chronic myeloid leukaemia and myelodysplastic syndrome
(Sobulo et al., 1997), which arise as a consequence of cancer
therapies. In another case, a patient suffering from therapy-
related AML was identified as having an in-frame fusion of
MLL with p300(Ida et al., 1997). Since both MOZ and MLL
have been implicated in chromatin remodeling, these fused
proteins could deregulate gene expression, thereby preventing
proper differentiation.

Concluding comments
It has become increasingly clear that p300/CBP proteins are
versatile transcriptional co-activators that can influence
different physiological processes, including cell growth,
proliferation and differentiation. They are likely to participate
in DNA replication, tissue differentiation (such as skeletal
myogenesis, adipogenesis and B cell differentiation), cell cycle
checkpoints, cAMP nuclear signalling, the response to
hypoxia, cell adhesion control and the interplay between
distinct signal transduction pathways. Indeed, p300/CBP
proteins are biologically multifunctional. 

However, many key questions remain. For example, the HAT
activity of p300/CBP undoubtedly plays a crucial role in its
physiological function, and many cellular proteins are known
to be acetylated. In cells, protein acetylation may well be
analogous to protein phosphorylation and play an equally
important role in transducing signals along pathways. It has yet
to be confirmed that the HAT activity of p300/CBP is directly
involved in nucleosome remodeling, although this possibility
seems likely. However, if this is the case, how is p300/CBP
HAT activity integrated with chromatin remodeling and other
HAT activities? Acetylated nucleosomes may act as a signal to
recruit multicomponent transcription complexes to facilitate
transcription. In this model, acetylation plays more of a role in
signalling instead of directly in chromatin remodeling. 

There is much to be learnt about how p300/CBP proteins are
regulated. p300 and CBP are nuclear phosphoproteins and,
although many kinases have been implicated in the
phosphorylation control of p300/CBP, the physiological cues
and roles of phosphorylation are not understood. The role of
acetylation in the control of p300/CBP also awaits further
elucidation. 
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The recent reports establishing a function for the p300-
MDM2 complex in regulating p53 stability through
ubiquitination are tantalising. MDM2 is known to possess E3
ubiquitin ligase activity, and p300 might possess a similar
enzymatic activity that assists the ubiquitination of p53. It is
of considerable interest that acetylation and ubiquitination are
both modifications that occur on lysine residues that, in all
probability, result in very different consequences for a
particular protein target. How are these enzymatic
modifications integrated and coordinated during physiological
processes?

The importance of p300/CBP in malignancy remains to be
elucidated. Increasing evidence supports the view that
p300/CBP can be under aberrant control in tumour cells. For
example, the chromosomal translocation events that affect CBP
give rise to tumour-specific hybrid proteins. At a mechanistic
level, it is important to gain insights into the significance of
these translocation events for tumorigenesis. It is certainly
possible that such information could have therapeutic benefit
in facilitating the design of new approaches towards controlling
haematological malignancy and perhaps other types of cancer.

We are left with a feeling of expectation. It is clear that
p300/CBP proteins are placed at the centre of the stage, and
we can confidently predict that new complexities and hidden
mechanisms will emerge from this flourishing area of
biomedical research.
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