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Abstract

The transcriptional coactivators CREB binding protein (CBP) and p300 are key regulators of RNA polymerase II-mediated

transcription. Genetic alterations in the genes encoding these regulatory proteins and their functional inactivation have been linked

to human disease. Findings in patients, knockout mice and cell-based studies indicate that the ability of these multidomain proteins to

acetylate histones and other proteins is critical for many biological processes. Furthermore, despite their high degree of homology,

accumulating evidence indicates that CBP and p300 are not completely redundant but also have unique roles in vivo. Recent studies

suggest that these functional differences could be due to differential association with other proteins or differences in substrate specificity

between these acetyltransferases. Inactivation of the acetyltransferase function of either CBP or p300 in various experimental systems will

no doubt teach us more about the specific biological roles of these proteins. Given the wide range of human diseases in which CBP and/or

p300 have been implicated, understanding the mechanisms that regulate their activity in vivo could help to develop novel approaches for

the development of therapeutic strategies.
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1. Chromatin and acetylation

Regulation of transcription is a central mechanism by

which cells respond to developmental and environmental

cues. RNA polymerase II-mediated transcription in eukar-

yotes is to a large extent regulated at the level of chromatin,

which forms a physical barrier for the binding of proteins

to the promoter region of a target gene. The basic unit of

chromatin is the nucleosome, which consists of an octamer

of histone proteins around which the DNA is wrapped (see

Fig. 1). The nucleosomes form an array that is ordered into

higher-order chromatin structures. The two major enzy-

matic activities which make the DNA more accessible for

the transcription machinery are the ATP-dependent remo-

delling complexes and HATs [1,2]. The prime targets of the

HATs in chromatin are the N-terminal tails of the core

histones H2A, H2B, H3 and H4, which protrude away from

the DNA. Acetylation of these tails results in neutralization

of the positively charged lysines, thereby modifying DNA–

histone and histone–histone contacts [2,3]. The N-terminal

histone tails are also subject to other modifications, like

methylation [4], phosphorylation [5] and sumoylation [6].

Furthermore, the C-terminus of H2A and H2B can be

ubiquitinylated [7]. These modifications not only change

accessibility to the DNA and create specific docking sites

for proteins [8], but they also represent the so-called

‘‘histone code’’, a bar code which may be involved in

the establishment of epigenetic inheritance [9]. The dis-

covery that several known transcriptional coactivator pro-

teins contain HATactivity, while repressors possess histone

deacetylase (HDAC) activity, has strongly linked histone

acetylation to transcriptional activation, and deacetylation

to repression [3,10].

When a specific gene is activated, a cascade of chro-

matin modifications mediated by the ATP-dependent

remodelling complexes and HATs makes the DNA acces-

sible for transcription factors, including general transcrip-

tion factors such as TFIID. Following assembly of the

correct combination of these proteins RNA polymerase II

is recruited and transcription takes place. Interestingly,

the combination of the chromatin modifying enzymes
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required, and their order of recruitment, are promoter-

specific, but at least one HAT is involved in activation

of all the promoters presently studied in detail [11–15],

indicating the fundamental importance of this protein

family in biology.

2. Structure and function of the CBP and
p300 proteins

The family of mammalian HATs includes CBP and its

paralogue p300. CBP and/or p300 homologues are present

in many multicellular organisms, including flies, worms

and plants, but not in lower eukaryotes such as yeast [16–

18]. CBP and p300 are ubiquitously expressed during

mouse development [19]. Comparison of the amino acid

sequences of these multidomain proteins from different

species revealed the presence of numerous regions of near

identity, including three cysteine–histidine rich regions

(CH1, -2 and -3), the binding site for the CREB transcrip-

tion factor, referred to as the KIX domain, the bromodo-

main, the HAT domain and the steroid receptor coactivator-

1 interaction domain (SID), while other regions are poorly

conserved [16] (see also Fig. 2). CBP and p300 can interact

with the basal transcription factors TATA-binding protein

(TBP [20]) and TFIIB [20,21] and/or form a complex with

RNA polymerase II [22–25]. These interactions occur

through an N- and C-terminal activation domain (See

Fig. 1). In addition, CBP and p300 can bind to a variety

of diverse transcription factors, and other proteins, through

their CH-1, CH-3, KIX and SID domains [26,27]. By

interacting simultaneously with the basal transcription

machinery and with one or more upstream transcription

factors, CBP and p300 function as physical bridges or

scaffolds and thereby stabilize the transcription complex.

Interestingly, several of these protein–protein interactions

can be regulated by the same post-translational modifica-

tions that chromatin is subject to, such as phosphorylation

[28–30], sumoylation [31] methylation [32,33], indicating

that CBP and p300 are themselves targets of signalling

cascades.

The second important aspect of the coactivator function

of CBP and p300 is their ability to acetylate promoter

proximal nucleosomal histones, resulting in increased

accessibility of the DNA for other essential regulators

[34–36]. Within the HAT domain of CBP and p300 two

functionally important regions have been identified. One of

these regions (amino acids 1459–1541 in CBP) is partly

conserved between HAT proteins [37–40], and was pos-

tulated to be the coenzyme A (CoA) binding site [37,40].

The second important region in the HAT domain of CBP,

which is not found in other HAT proteins, is the PHD type

zinc-finger [41], also named leukaemia-associated-protein

(LAP) finger [42] or trithorax consensus (TTC) finger [43].

Fig. 1. Transcription regulation. Schematic representation of the promoter region of a gene, with the DNA wrapped around nucleosomes, which consist of

octamers the histone proteins H2A, H2B, H3 and H4. A transcription factor dimer (TF), bound to the enhancer region (ENH), recruits remodeling factors

(remodeler) and HATs, like CBP or p300 (CBP/p300), sometimes indirectly through other coactivators like the p160 proteins. CBP and p300 can make the

DNA more accessible for other regulatory proteins by acetylating the histone tails (Ac). In addition, CBP and p300 can form a physical bridge between

transcription factors and the general transcription factors (GTF) and RNA polymerase II (Pol II). See text for details.

Fig. 2. Structure of the CBP/p300 protein family. Linear representation of the CBP/p300 proteins with regions and functional domains that are highly

conserved between species indicated. Shown are the three cysteine–histidine rich regions (CH-1, -2 and -3), the E4 ligase domain, the KIX domain, the

bromodomain (BD), the HAT domain and the p160 binding site, the N- and C-terminal activation domains (AD) and the polyglutamine stretch (pQ; unique to

CBP). Also indicated are RTS-associated mutations in CBP and p300 mutations found in epithelial tumour cells (underlined). Please note that the D exon 22

mutation in CBP was also found in an epithelial cell line. See text for details.
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This type of zinc-finger is characterised by a cysteine 4-

histidine–cysteine 3 motif, and is predominantly found in

proteins that function at the chromatin level [41]. The PHD

finger is an integral part of the enzymatic core of the CBP

acetyltransferase domain [44,45] but is dispensable for

p300 HAT activity [44]. The HAT domain is preceded

by the bromodomain, a 110 amino acid domain which is

found in many chromatin-associated-proteins [8,46]. Bro-

modomains function as acetyl-lysine binding domains

[47,48], and could therefore play a role in tethering

CBP and p300 to specific chromosomal sites [49]. Inter-

estingly, the bromodomain of p300 was recently shown to

cooperate with the PHD finger in binding of hyperacety-

lated nucleosomes [50].

The preferred in vitro sites of acetylation on the N-

terminal histone tails are lysine 12 (K12) and K15 in

histone H2B, K14 and K18 in histone H3 and K5 and

K8 in histone H4 [51]. In addition to their ability to

acetylate histones, CBP and p300 have also been shown

to acetylate other proteins like transcription factors and

coactivators, and are therefore also called factor acetyl-

transferases (FAT [52,53]). Acetylation of non-histone

substrates can result in either positive or negative effects

on transcription by affecting, for example, protein–protein

interactions (e.g. the activator of thyroid and retinoid

receptors ACTR [54]), protein–DNA interactions (e.g.

the high mobility group protein HMGI(Y) [55]), nuclear

retention (e.g. the hepatocyte nuclear factor HNF4 [56]) or

protein half-life (e.g. E2F [57]). While CBP and p300 are

essential coactivators for a variety of transcription factors,

the relative importance of the bridge/scaffold, HAT and

FAT functions varies [58–60].

Like transcription, DNA replication and DNA repair

also require access to the DNA and CBP and p300 have

been implicated in these processes as well. They interact

with various replication and repair proteins, including

proliferating cell nuclear antigen (PCNA [61]), Flap endo-

nulease 1 (Fen1 [62]), DNA polymerase b [63], thymine

DNA glycosylase [64], with the latter three also serving as

acetylation substrates. In addition, CBP and p300 also play

a role in a number of other cellular processes that are not

directly linked to chromatin. CBP and p300 associate with

the complex formed between cyclin E and cyclin-depen-

dent kinase 2 (cdk2) and thereby regulating proper pro-

gression of the cell cycle [28,65,66]. Secondly, CBP and

p300 are involved in degradation of the p53 transcription

factor, which depends on the murine double minute 2

protein (MDM2). Degradation and ubiquitination of p53

is dependent on MDM2, and a ternary complex between

these two proteins and CBP/p300 regulates the turnover of

p53 in cycling cells [67]. The CH-1 region of CBP and

p300 was recently shown to display polyubiquitin ligase

activity towards p53, and could therefore play a very direct

role in controlling p53 levels [68]. In a third chromatin-

unrelated role, CBP and p300 can acetylate two proteins

involved in regulating nuclear import, the importin-a1

isoform Rch1 and importin-a7, and could therefore play

a role in this process as well [69].

3. CBP, p300 and human disease

The importance of CBP and p300 is underscored by the

fact that genetic alterations in their genes and functional

inactivation of the proteins are strongly linked to human

disease [70–73]. De novo chromosomal translocations,

microdeletions and point mutations in one copy of the

CBP gene result in a congenital developmental disorder

named RTS, which is characterised by retarded growth and

mental function, broad thumbs, broad big toes and typical

facial abnormalities [74]. Furthermore, RTS patients have

an increased tumour risk [75]. Haploinsufficiency of CBP

is the likely cause of RTS in humans, since no clear

phenotypic differences were observed between patients

in which microdeletions or truncating mutations were

found ([76] and references therein). In mice, heterozygous

deletion or truncation of CBP also leads to an RTS-like

phenotype [77–79]. We recently reported two RTS-asso-

ciated mutations, one of which alters a conserved PHD

finger amino acid (E1278K), while the other deletes exon

22, which encodes the central region of the PHD finger

[76]. The PHD finger mutants, as well as the RTS-asso-

ciated R1379P mutant described by Murata et al., all lack

HAT activity [76,80]. These findings demonstrate the

importance of the HAT function of CBP function in vivo

and indicate that attenuating CBP HAT activity causes

RTS. Interestingly, an intact bromodomain, which some-

times works in collaboration with the HAT domain

[49,59,81], could also be essential, based on a recently

published bromodomain mutation in an RTS patient

(Y1175C [82]). At present no genetic aberrations involving

p300 have been described in RTS or other human con-

genital disorders.

Recurrent heterozygous chromosomal translocations

involving CBP (chromosome 8p11) or p300 (chromosome

22q13) are found in patients suffering from acute myeloid

leukaemia (AML) (reviewed in [53]). In these balanced

translocations the 50 end of the MLL, the MOZ or the

MORF gene is juxtaposed to 30 sequences of the CBP or

p300 gene, and vice-versa. While it is unknown whether

the translocations observed in RTS patients result in novel

fusion messages [83], virtually all translocations in AML

patients are predicted to result in two reciprocal in-frame

chimaeric proteins (e.g. MLL–CBP and CBP–MLL). The

fusion proteins with regions of CBP or p300 at the C-

terminus (MLL–CBP, MLL–p300, MOZ–CBP, MOZ–

p300, MORF–CBP) appear to play the critical role in

leukaemogenesis, since mRNAs encoding the reciprocal

proteins (e.g. CBP–MLL) could not be detected in all

patients [84,85]. Interestingly, the MOZ protein and its

paralogue MORF harbour histone acetyltransferase activ-

ity themselves [86,87], while the MLL protein is a histone
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methyltransferase [88,89]. In the leukaemic fusions the N-

terminus of MOZ or MORF, which includes the PHD

fingers and the HAT domain, is fused to CBP or p300.

The region of CBP and p300 in these fusions consists of

almost the full-length protein, including an intact HAT

domain. Given the functional domains involved it seems

likely that the fusion proteins give rise to altered histone

acetylation patterns caused by mistargeting, misregulation

or loss-of-function of the individual partner proteins. In

agreement with this, the HAT domain of CBP was shown to

be required for the MOZ–CBP mediated block of differ-

entiation of a myeloid cell line [90]. In the MLL fusions the

methyltransferase domain of MLL is lost, which might

suggest that in this case a reduction in histone methyl-

transfersase activity is involved. Although such loss-of-

function perhaps contributes to the development of leu-

kaemia, MLL clearly requires the bromodomain and HAT

domain of CBP for full in vitro transformation and induc-

tion of the leukaemic phenotype in vivo [91]. Taken

together, these data favour a gain-of-function model, in

which the fusion protein displays specific oncogenic activ-

ity. This is in clear contrast to the current CBP haploin-

sufficiency model in Rubinstein–Taybi syndrome.

Heterozygous genetic alterations in the p300 gene have

been detected in primary solid tumours and tumour cell

lines, mainly of epithelial origin [92–96]. Most of these

sporadic mutations truncate the p300 protein, but two

missense mutations have also been described in the

HAT domain of p300, a glutamic acid-to-tyrosine change

at position 1399 (D1399Y) in a primary colon tumour [92]

and a S1650Y mutation in a pancreatic cancer cell line

[93]. These mutants have been shown [97] or are predicted

to lack HAT activity, and the homozygous deletion of the

bromodomain (exons 15–18) in the SiHa cervical cell line

is predicted to affect the ability of p300 to interact with

acetylated lysine residues [98]. The functional conse-

quences of some of the other tumour-associated mutations

are unclear, since they are not located within defined

functional domains. Whether these specific mutations

affect the stability of the protein or alter functions of

p300 that are not directly linked to its role in transcription

regulation (see above) remains to be established. In the

majority of cases the second allele was inactivated through

deletion (loss of heterozygosity), silencing (hemizygosity)

or a different mutation (compound heterozygosity). These

findings qualify p300 as a classical tumour suppressor

gene, according to Knudson’s two-hit model [99], with a

low mutation rate (e.g. 2/115 in primary tumours and 6/107

in cell lines [96]). It is currently less clear whether CBP

should also be classified as a tumour suppressor gene. The

predisposition to cancer in RTS patients and the fact that

CBP and p300 are both targets of transforming DNA

viruses (adenovirus, SV40, human papillomavirus;

reviewed in [100]) suggest that CBP might also function

as a tumour suppressor. However, no truncating mutations

were detected in 116 primary tumours [96]. In a panel of 63

tumour cell lines 2 heterozygous mutations were found, 1

of which results in loss of HAT activity since it deletes the

central 22 residues of the PHD finger (exon 22 [96]),

similar to the one we found in an RTS patient [76]. The

other allele was intact and functional in both cases, which

argues against CBP being a classical tumour suppressor. If

CBP plays a role in cancer, it could be through a dominant

negative mechanism or haploinsufficiency of the gene

product. The current evidence that p300 and CBP play

different roles in tumourigenesis is strengthened by the

observation that CBP was unable to rescue the growth of

p300-deficient carcinoma cells [101].

Functional inactivation of CBP and p300 on the protein

level is the second mechanism through which these acet-

yltransferases are (at least partly) inactivated in human

disease. Some progressive neurodegenerative diseases,

such as Huntington disease (HD), Kennedy disease (spinal

and bulbar muscular atrophy; SBMA), dentatorubral-pal-

lidoluysian atrophy (DRPLA) and 6 spinocerebellar atax-

ias (SCAs) are caused by polyglutamine-repeat expansions

[102]. The mutant proteins bearing such an expanded

polyglutamine tract, including the Htt protein in HD, the

androgen receptor in SBMA, atrophin-1 in DRPLA and

ataxin-3 in SCA3 have a tendency to form insoluble

aggregates, but can also co-aggregate with polyglutamine

tracts in other, normal proteins. One of the normal proteins

that are sequestered in this way is the human CBP protein,

which harbours a tract of 18 glutamine residues (amino

acids 2199–2216) in its Q-rich C-terminus. CBP has been

shown to co-localise in polyQ aggregates of expanded

forms of Htt, the androgen receptor, atrophin-1 and

ataxin-3, both in cell culture models and in human tissue

from patients suffering from the respective diseases [103–

106]. Inactivation of CBP indeed seems to be an early and

causative step in polyQ toxicity, since ectopic overexpres-

sion of CBP reduces polyQ-mediated death of cultured

cells [104,107]. Furthermore, the finding that progression

of the neurodegenerative phenotype in Drosophila polyQ

disease models is also inhibited by deacetylase inhibitors

would argue that the CBP HAT function is critical for the

prevention of some neurodegenerative diseases [107,108].

The p300 protein, which lacks a tract of glutamines, did not

co-localise with polyQ containing aggregates in an HD

model or in post-mortem brain of an HD patient [103]. The

mutant Htt protein was however shown to repress the HAT

activity of both CBP and p300, indicating that polyQ

proteins might interfere with CBP and p300 function at

more than one level [108].

An alternative mechanism of functional inactivation of

the CBP and p300 proteins has recently been observed

during apoptosis of neurons, a process that is observed in

Alzheimer’s disease (AD). In this model CBP was shown

to be cleaved by caspase-6 during neurodegeneration,

resulting in reduced histone acetylation levels [109]. Sur-

prisingly, an increase in the cellular CBP levels has been

associated with early-onset AD. Marambaud et al. showed
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that presenilin1-mediated cleavage of N-cadherin resulted

in a peptide N-Cad/CTF2, which binds CBP in the cyto-

plasm and promotes its proteosomal degradation. This

reduction in the amount of CBP results in inhibition of

CREB-mediated transcription [110]. Importantly, preseni-

lin-1 mutations that are associated with familial AD inhibit

this process, indicating that besides loss-of-function, gain-

of-function of CBP may also play a role in neurodegenera-

tion.

In summary, findings on CBP and p300 in human

diseases indicate that the dosage of these proteins is

essential in the regulation of normal differentiation, growth

control and homeostasis in humans. Mutations in the HAT

domain, as observed in RTS (CBP) and epithelial tumours

(p300 and CBP), as well as the functional inactivation of

the HAT function in neurodegenerative diseases argue that

the ability to acetylate histones or other proteins is often

essential (see Fig. 2). An intact CBP HAT domain is also

essential for the induction of the leukaemic phenotype by

MLL–CBP and MOZ–CBP, suggesting that mistargeting

of acetyltransferase activity can trigger leukaemogenesis.

Furthermore, CBP and p300 appear to be not completely

redundant in some cases, since a full dosage of CBP is

required to prevent RTS and neurodegenerative diseases

while p300 is more important in the prevention of epithelial

tumours.

4. Regulation of CBP and p300 acetyltransferase
activity

The importance of the acetyltransferase function of CBP

and p300 in fundamental biological processes indicates

that this enzymatic activity is likely to be subject to

regulation. The HAT activity of CBP and p300 is upregu-

lated through phosphorylation by p42/p44 MAP kinase

[29], cdk2 [28] or protein kinase A (PKA [111]). Con-

versely, protein kinase Cd-mediated phosphorylation of a

conserved serine residue at position 89 (S89) reduces the

acetyltransferase activity of CBP [112]. It should be noted

that S89 is the only phosphorylation site that has been

confirmed in vivo, so the biological relevance of in vitro

phosphorylation by p42/p44 MAP kinase, PKA and cdk2

remains to be established. Interactions with other proteins

can also affect the HAT activity of CBP and p300, either in

a positive or negative manner. For example, interactions

with the transcription factors CAAT/enhancer-binding pro-

tein C/EBPa, the nuclear factor-erythroid derived 2 NF-E2

and the hepatocyte nuclear factor HNF-1a upregulate the

HAT activity [113,114], while binding of the transcription

factor PU.1 is inhibitory [115]. An intriguing question that

remains to be answered is how different proteins (e.g. PU.1

and HNF-1a) that interact with the same region of CBP and

p300 (CH3 region), can affect the acetyltransferase activity

in opposite manners.

5. Functional similarities and differences

The high degree of homology between CBP and p300

suggests that these proteins could, at least in part, be

functionally redundant. While CBP was originally isolated

as a coactivator of the transcription factor CREB [116], and

p300 was cloned as a protein interacting with the trans-

forming adenoviral E1A protein [117], both proteins were

subsequently shown be interchangeable for these functions

[118,119]. The realization that CBP and p300 function as

coactivators not only for CREB, but also for AP-1 [120]

and nuclear hormone receptors [121,122] initiated a large

number of studies showing that CBP and/or p300 are

essential coactivators for at least 40 different transcription

factors (reviewed in [27,100]). In many of these studies

CBP and p300 were transiently overexpressed in cells and

the two proteins were found to be interchangeable. In

addition, studies with the small molecule inhibitor LysCoA

have shown a block in myocyte differentiation [123] and

Fig. 3. Functional differences between CBP and p300. Schematic representation of the CBP and p300 proteins with functional differences indicated. See text

for details.
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growth inhibition and senescence in melanocytes [124],

but do not distinguish between CBP and p300 since this

compound inhibits the acetyltransferase activity of both

[125].

However, several cell-based studies on CBP and p300

indicate that besides their functional overlap, they also

harbour unique functions (Fig. 3). Using hammerhead

ribozymes to specifically lower the expression of either

p300 or CBP, Kawasaki et al. showed that, whereas both

proteins were necessary for apoptosis and G1 arrest of F9

embryocarcinoma cells, differentiation and induction of

the cell cycle inhibitor p21Cip1 critically depended on p300,

while induction of p27Kip1 required CBP [126]. Using the

same method, p300, but not CBP, was found to be essential

for the cellular response to DNA damage induced by

ionising radiation in MCF7 cells [127,128], and CBP

and p300 were shown to be unable to mutually complement

each other in the differentiation of 3T3-L1 preadipocytes

into mature adipocytes [129].

Invivo studies have also indicated that CBP and p300 have

shared as well as unique properties. Homozygous CBP or

p300 knock-out mice die before birth (�E11.5) and both

display an open neural tube defect [79,130]. A fraction of the

p300þ/� mice also die during development, while the phe-

notype of the double heterozygous p300þ/�;CBPþ/� mice is

invariably embryonic lethal. These findings indicate that the

combined dosage of CBP and p300 is critical for embryonic

development and show that CBP and p300 share some

common functions that are essential for normal develop-

ment. However, the phenotypes of the mice also suggested

that CBP and p300 have unique functions. p300�/� embryo’s

display defective development of the heart [130], while this

was not observed in CBP�/� embryo’s [77]. Conversely,

CBPþ/� mice, but not their p300 counterparts, exhibited

growth retardation and craniofacial abnormalities [77,79],

reminiscent of RTS in humans (see above) and an increased

incidence of haematological malignancies [79]. Interest-

ingly, these haematological tumours displayed loss of the

other CBP allele, and therefore classify CBP as a haemato-

logical tumour suppressor gene in mice, while its role in

human malignancies is less clear (see above).

Because analysis of the homozygous knock-out mice is

hampered by the early embryonic lethality, chimaeric mice

were generated by injecting CBP�/� or p300�/� ES cells

into wild type blast cysts [131]. In these chimeric animals,

CBP and p300 were both found to be essential for hae-

matopoiesis, but CBP, and not p300, is crucial for self-

renewal of haematopoietic stem cells (HSC), while p300,

but not CBP, is essential for HSC differentiation. Further-

more, like the CBPþ/� mice, chimeric CBP�/� and

p300�/� mice developed haematological tumours (mostly

histiocytic sarcomas), indicating that both CBP and p300

are required to suppress haematological malignancies.

The studies mentioned above convincingly showed that

several biological processes require either CBP or p300,

but the molecular mechanisms behind these functional

differences remain to be determined. Given the in vivo

importance of the acetyltransferase function, it seemed

likely that this domain was involved in at least some cases.

The acetyltransferase function of CBP and p300 is indeed

required for normal development in mice, as heterozygous

inactivation of only this function causes embryonic or

neonatal lethality [132,133]. Interestingly, the acetyltrans-

ferase mutation in p300 affected heart, lung and small

intestine formation much more severely than the corre-

sponding CBP mutation [132,133]. In addition, the term-

inal differentiation of skeletal muscle cells not only

requires p300, but specifically its HAT/FAT function in

vivo [133]. Given the ubiquitous expression of CBP and

p300 during mouse development [19], these findings sug-

gest that CBP and p300 may modify distinct substrates.

CBP was recently shown to have a preference for acetylat-

ing K12 on histone H4, while p300 preferentially acety-

lates K8 on histone H4 in vivo [134]. Differential

acetylation of non-histone substrates could also be impor-

tant. One example of a non-histone substrate acetylated by

p300, but not CBP, is the TAC complex. The TAC complex

is a TBP-sans-TAFS complex consisting of TBP, the

unprocessed TFIIAab and TFIIAg. It is found in undiffer-

entiated cells (e.g. P19 embryocarcinoma cells), but not in

differentiated cell lines such as COS-7 [135]. TAC is an

acetylation substrate of p300, but not CBP, since over-

expression of p300 results in the formation of TAC in COS-

7 cells, and this requires the p300 HAT function and an

intact bromodomain [81]. A second p300-specific acetyla-

tion substrate is Smad7, an inhibitory protein in TGF-b
signalling [136]. This protein is protected from protea-

some-mediated degradation by acetylation. Finally, the

transcription factor p73 is acetylated specifically by

p300 upon doxorubicin-induced DNA damage, resulting

in specific activation of apoptotic target genes [137].

Structural differences in the enzymatic domains of the

two acetyltransferases, as revealed by an extensive muta-

genesis study [44], are a possible determinant of substrate

specificity. Alternatively, differential in vivo interactions

between acetyltransferases and their substrates might also

explain the functional differences. Kasper et al. generated

mice that harbour homozygous mutations in the KIX

domain of either CBP or p300, designed to disrupt, for

example, the interactions with the transcription factors c-

Myb and CREB [138]. While p300KIX/KIX mice displayed

multilineage defects in haematopoiesis, mice homozygous

for identical mutations in CBP were essentially normal.

Furthermore, the synergistic genetic interaction between c-

Myb mutations and p300KIX/KIX suggests that the interac-

tion between c-Myb and p300, but not CBP, is important

for haematopoiesis. c-Myb has been shown to be an

acetylation substrate [139,140], and it seems possible that

these modifications are lost upon disruption of the sub-

strate–enzyme interaction. How substrate specificity is

achieved in vivo is currently unclear, since CBP and

p300 are both able to acetylate c-Myb in vitro [140].
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An indirect way to differentially regulate the HAT

domains of CBP and p300 is through protein–protein

interactions. For example, the hypophosphorylated form

of the transcription factor Elk-1 associates with the N-

terminus of p300, but not CBP. Elk-1 phosphorylation

induces a novel interaction between Elk-1 and the HAT

domain region of p300 (amino acid 1514–1922), resulting

in increased p300 HAT activity [141]. Furthermore, two

CBP-specific protein–protein interactions are due to phos-

phorylation of serine 436 (S436) and S301, residues that

are not conserved in p300. Phosphorylation of S436 in CBP

by PI-3-kinase results in increased association with the

transcription factor Pit-1 [142]. Whether this also results in

an increase in acetylation of Pit-1, which was shown to be

an in vitro substrate [143], is currently unknown. NMDA

stimulated phosphorylation of S301 in CBP by Ca2þ/

calmodulin kinase IV (CaMKIV) results in an increase

of transcriptional activity, but in this case not HAT activity

[144]. Taken together, these findings demonstrate that post-

translational modifications that are specific for either CBP

or p300 present a potentially important mechanism for

differential protein–protein interactions and subsequent

regulation of the enzymatic function of these proteins.

6. Concluding remarks

The transcriptional coactivators CBP and p300 have

been implicated in a plethora of transcriptional events,

often based on overexpression of these proteins. However,

inactivation of their genes in humans (RTS), mice or tissue

culture cells indicate that their mode of action is far more

specific than suggested by these overexpression studies.

Furthermore, these studies also show that these proteins

have common as well as unique functions, with the HAT/

FAT function being critical in many cases. Interestingly,

the importance of the HAT function of CBP and p300 in the

control of development and cell growth is not restricted to

vertebrates. In C. elegans, which has only one CBP/p300

homologue, inactivation of the CBP gene or inactivation of

only its HAT function give rise to the same developmental

defects [145,146]. In the fruitfly, which also has only one

CBP/p300 homologue, wild type CBP was able to restore

activation of the wingless gene and global acetylation of

K8 on histone H4 in a CBP null fly, but HAT mutants failed

to do this [147]. To determine the relative importance of the

acetyltransferase functions of CBP and p300 in mamma-

lian systems, several experimental approaches can be

taken. First, in vivo studies aimed at the inactivation of

the HAT domain of CBP and p300 [132,133], or, for

example, the bromodomain or CH3 region, which operate

in close conjunction with the HAT domain, or aimed at

tissue-specific depletion, will be invaluable. Secondly,

specific down-regulation of CBP or p300 by ribozymes

[126] or siRNA techniques [148], followed by rescue

experiments with wild type or mutated forms, will help

to better define their roles in cell-based studies. Finally, the

development of specific small molecules that inhibit the

HAT activity of either CBP or p300, based on recently

discovered compounds [125,149], would provide us with

important experimental tools. Future studies employing

these experimental approaches will allow us to identify

those target genes that critically depend on (a full dosage

of) either CBP or p300 acetyltransferase activity. Given the

wide range of human diseases in which the acetyltransfer-

ase function of CBP and/or p300 have been implicated,

understanding the mechanisms that regulate this enzymatic

activity in vivo could help to develop novel approaches for

therapeutic strategies.
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