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The p300/CBP family of transcriptional coactivators possesses
multiple functional domains, including a histone acetyltrans-
ferase (HAT) and several activation domains. A number of
models have been proposed to account for their roles in
transcriptional activation, including interactions with basal
transcription machinery and chromatin remodeling. However,
individual contributions of these domains to transcriptional
activation and their significance in living organisms remain
unclear. We addressed the importance of the HAT activity of
CBP-1, the worm ortholog of p300/CBP, in Caenorhabditis
elegans with three different and complementary approaches.
These include allele-specific RNA-mediated interference
(RNAI), genetic rescue and the use of a specific chemical inhib-
itor of the p300/CBP HAT. Our findings demonstrate that HAT
activity is of primary importance for CBP-1 to regulate tran-
scription and to promote differentiation during C. elegans
embryogenesis.

INTRODUCTION

Histone hyperacetylation is in general correlated with
transcriptional activation (Brownell and Allis, 1996). Recently,
a number of transcriptional coactivators have been identified
and have been shown to possess histone acetyltransferase
(HAT) activity, including the related p300 and CBP proteins
(p300/CBP). p300/CBP have intrinsic as well as associated
HAT activity (Bannister and Kouzarides, 1996; Ogryzko et al.,
1996; Yang et al., 1996). In addition, they contain several tran-
scriptional activation domains, as well as domains for inter-
action with DNA-binding transcription factors (reviewed in
Goodman and Smolik, 2000). Thus, p300/CBP possess multiple

functional domains, each appearing to contribute to transcriptional
activation. However, the relationship between these domains and
their individual contribution to transcriptional activation in vivo
remain unclear.

Several models have been proposed for p300/CBP-mediated
transcriptional activation. They include a direct interaction with
basal transcription factors TFIIB and TBP, and an indirect inter-
action with the RNA polymerase Il holoenzyme complex medi-
ated by RNA helicase A (reviewed in Goodman and Smolik,
2000). In addition, analyses of p300/CBP HAT mutants in cell
culture and in in vitro transcription systems provided evidence
correlating HAT activity with the transcriptional activity of
p300/CBP (Martinez-Balbas et al., 1998; Kraus et al., 1999). In
the case of the IFN-B promoter, virus-induced histone hyper-
acetylation has been correlated with the ability of the activator
to recruit p300 (Parekh and Maniatis, 1999). More recently,
activator-dependent transcription from chromatin templates
in vitro has been shown to involve histone acetylation by p300,
linking p300-mediated transcriptional activation with direct
histone acetylation (Kundu et al., 2000). In addition, the chem-
ical inhibitor Lys-CoA has been shown to selectively inhibit
p300 HAT activity as well as p300 HAT-dependent transcrip-
tional activation in vitro (Lau et al., 2000). However, none of
these studies have addressed the importance of p300/CBP HAT
activity in a developmental context and in a living organism.

Using RNA-mediated interference (RNAI; Fire et al., 1998),
we showed previously that the only Caenorhabditis elegans
p300/CBP ortholog, CBP-1, is essential for differentiation. The
hallmark phenotypes of cbp-1(RNAi) embryos include a
complete lack of differentiation of all but neuronal cells (Shi
and Mello, 1998). In addition, they contain an excess number
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of cells compared with the wild-type embryos at the same
developmental stage, suggesting a suppressive role for CBP-1 in
cell proliferation. These findings thus identify a unique set of
phenotypes associated with the loss of CBP-1 during develop-
ment, and suggest a fundamental role for CBP-1 in differenti-
ation. Here we used genetic and chemical approaches to provide
multiple lines of evidence that demonstrate the importance of
CBP-1 HAT activity for its overall ability to regulate transcription
and to promote differentiation in C. elegans. We isolated a
C. elegans mutant that encodes a truncated CBP-1 with an
internal deletion of the HAT domain (CBP-1A), and showed that
CBP-1A can no longer promote differentiation and appears to
have lost all of its biological activity. We isolated a second,
biochemically null cbp-7 mutant and showed that the wild-type,
but a not a mutant cbp-1 lacking the HAT activity, can rescue its
embryonic lethal phenotype. To complement these genetic
studies, we showed that a p300/CBP HAT-specific chemical
inhibitor could result in inviable embryos with phenotypes and
transcriptional profiles indistinguishable from those of the
cbp-1(RNAi) embryos. Taken together, these findings demon-
strate a pivotal role of HAT activity for CBP-1 to regulate
transcription and differentiation in vivo.

RESULTS AND DISCUSSION

Allele-specific RNAi suggests potential
importance of the CBP-1 HAT domain

To explore the role of CBP-1 HAT activity in vivo, we used a
PCR-based screening approach (Jansen et al., 1997; Barstead,
1999) and isolated a cbp-1 mutant with an internal, in-frame
deletion of a region inclusive of the HAT and bromo domains
[Figure 1A, CBP-1A amino acids (aa) 889-1726] (Bannister and
Kouzarides, 1996; Ogryzko et al., 1996). The truncated protein
still contains both the N- and C-terminal activation domains and
is predicted to be 132 kDa in size. Western blotting and
immunostaining with CBP-1 polyclonal antibodies raised
against the N- and C-terminal regions of CBP-1 (see Methods)
showed stable expression of CBP-1A in cbp-1 heterozygous
mutants (Figures 1B, 2B and data not shown). The fact that these
antibodies recognized CBP-1A suggests that the overall CBP-1
structure is not grossly altered by the deletion. The cbp-1
homozygous mutants (bm7) are arrested at an embryonic stage
similar to what is called the ‘two-fold’ stage (Riddle et al., 1997),
characterized by the completion of differentiation and the begin-
ning of body morphogenesis (Figure 1C, panel b). Based on the
recent analysis of a truncated mouse CBP (aa 1-1084), which
acted dominant negatively (Oike et al., 1999), CBP-1A is predi-
cated to function as a dominant negative as well. However, the
cbp-1 heterozygotes are by and large wild type, and the reason
for this is unclear. Taken together, these findings suggest that
while maternally provided CBP-1 is sufficient to support embry-
onic differentiation, zygotic supply of CBP-1 is essential for
continued embryonic development. In addition, they also
suggest that CBP-1A cannot support embryonic development
beyond the ‘two-fold’" stage as does the wild-type CBP-1.
However, it is unclear whether maternally provided CBP-1A can
promote differentiation during early stages of embryogenesis.
We used an allele-specific RNAi approach to determine
whether CBP-1A possesses any transcriptional or biological
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Fig. 1. A cbp-1 deletion mutant displays an embryonic lethal phenotype.
(A) Isolation of a cbp-1 deletion mutant. An internal in-frame deletion mutant
of cbp-1 was isolated from a DEB-mutagenized C. elegans library by PCR.
The cbp-1 gene and the predicted 227 kDa protein are shown schematically.
The HAT and bromo domains and the deleted region (aa 889-1726) in the
mutant are indicated. (B) The truncated CBP-1 is stably expressed in cbp-1
heterozygous mutant animals. The wild-type and the truncated CBP-1
proteins (CBP-1A) are labeled on the right. The genotypes of the animals
analyzed are indicated at the top. (C) Animals homozygous for chp-IA die at the
1.5- to 2-fold stage of C. elegans embryonic development. The Nomarski
images of a wild-type (a) and homozygous mutant animal (b) are shown. The
wt embryo is at the pretzel stage while the cbp-1 mutant embryo died at the
~1.5- to 2-fold stage (b).

activity. Double-stranded (ds) RNA corresponding to the HAT
region that is absent from the mutant cbp-1 allele was used for
RNAIi. As shown in Figure 2A, the ds ‘'HAT RNA' is predicted to
inhibit expression only from the wild-type but not the mutant
cbp-1 allele in the heterozygous mothers. As shown in Figure
2B, the ds HAT RNA inhibited wild-type CBP-1 expression in
wild-type C. elegans embryos (panel b), resulting in embryos
that displayed phenotypes characteristic of cbp-1(RNAI)
embryos (panel a; Shi and Mello, 1998). The affected embryos
derived from the cbp-1 heterozygous mothers continued to
express the HAT-less CBP-1A protein, as shown by immuno-
staining using CBP-1 polyclonal antibodies (Figure 2B, panel d),
but nevertheless displayed phenotypes indistinguishable from
those of the cbp-1(RNAI) embryos (Shi and Mello, 1998)
(Figure 2B, compare panel c with a). These include an excess
number of cells as well as a complete lack of differentiation of all
non-neuronal lineage analyzed by Nomarski microscopy
(Figure 2B, panels a and c; data not shown). Another hallmark of
the cbp-1(RNAI) embryos is the presence of an excess number of
cells that display features of neuronal differentiation (Shi and
Mello, 1998). Using immunostaining, we found that about twice
the normal complement of cells in the above embryos expressed
the neuron-specific protein MEC-7 (Hamelin et al., 1992), as
described previously for the cbp-1(RNAi) embryos (Shi and
Mello, 1998; data not shown). Taken together, these findings
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Fig. 2. Allele-specific RNAIi. (A) Schematic diagram of the allele-specific
RNAi approach. HAT dsRNA is predicted to interfere only with the
expression from the wt but not the mutant cbp-1 allele. (B) CBP-1A lacking
the HAT domain is incapable of promoting differentiation. dsRNA
corresponding to the HAT domain deleted in the cbp-1A was injected into wt
(cbp-1 +/+) and heterozygous mutant animals (cbp-1 +/A). Nomarski analysis
shows identical RNAi phenotypes (a and c). Wild-type CBP-1 expression was
abrogated in wt (b) and cbp-1 heterozygous (d) animals by HAT dsRNA,
while the expression of CBP-1A is unaffected (compare d with b).

suggest that CBP-1A is functionally null and that the HAT region
may be essential for CBP-1 function.

A wild-type, but not a mutant cbp-1 gene
carrying a HAT point mutation, rescues
cbp-1 embryonic phenotypes

A recent study shows that although the bromo domain of p300,
the mammalian homolog of CBP-1, is not sufficient to mediate
chromatin binding, it nevertheless plays an important role in the
efficiency with which p300 is able to access chromatin
(Manning et al., 2001). Since the deletion in CBP-1A includes
both the HAT and the bromo domain, the allele-specific RNAi
experiment described above cannot rule out the possibility that
the observed defects are in part due to a compromised ability of
CBP-1A to bind chromatin. To investigate further the require-
ment of CBP-1 HAT activity in development, we isolated a
second cbp-T1 deletion mutant (YS4), which carries a deletion
spanning part of its promoter and the first four exons [nucleo-
tides (nt) —805 to +1665]. Immunostaining showed that CBP-1
proteins are absent in the homozygous animals, suggesting that
this deletion mutation abolished cbp-1 expression (data not
shown). The homozygous animals are arrested at similar stages
of embryonic development to the animals (YS2) carrying the
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internal deletion of cbp-1 (bm1) described above. We used
heterozygous YS4 animals for genetic rescue with either a wild-
type or a mutant cbp-1 gene encoding a HAT-defective CBP-1
protein (see below).

The putative HAT region of CBP-1 is highly homologous to
that of mammalian p300 and CBP (Shi and Mello, 1998). Amino
acids that have been shown to be critical for the p300 and CBP
HAT activity (Bannister and Kouzarides, 1996; Kraus et al.,
1999) are all conserved in CBP-1. Although the activity was
weaker than that of human p300 assayed under the same condi-
tions, GST-CBP-1 HAT (aa 803-1620) displayed significant HAT
activity and acetylated all four histones in vitro (Figure 3B,
lane 2). As a control, we found GST alone had no HAT activity
(Figure 3B, lane 1). Previously, a point mutation of F to A at posi-
tion 1541 of human CBP was shown to abrogate its HAT activity
(Martinez-Balbas et al., 1998). We generated the same mutation
in CBP-1 (Figure 3A) and found that it also abolished CBP-1 HAT
activity (Figure 3B, lane 3). Furthermore, this HAT-defective
mutant failed to rescue in all 16 transgenic lines assayed while
the wild-type cbp-71 gene reproducibly rescued the zygotic
lethality of cbp-1 (YS4) homozygotes (see Methods). Immuno-
staining with CBP-1 antibodies indicated that the mutant CBP-1
protein was expressed in the non-rescued lines (data not shown).
Taken together, these findings strongly suggest that the HAT
activity is critical for the biological functions of CBP-1 during
C. elegans development.

Lys-CoA results in inviable embryos
with phenotypes indistinguishable from
those of cbp-1 null embryos

As a complement to the genetic approaches described above,
we turned to a chemical approach to analyze the requirement
for CBP-1 HAT activity during early embryogenesis. It has been
shown recently that Lys-CoA can selectively inhibit mammalian
p300 HAT activity, while a related compound, H3-CoA-20,
preferentially inhibits P/CAF HAT activity in vitro (Lau et al.,
2000). We first asked whether these chemicals have similar
effects on CBP-1. Consistent with the mammalian data, Lys-CoA,
but not H3-CoA-20, inhibited the ability of CBP-1 HAT to
acetylate histones (Figure 3C, compare lanes 2 and 3).

We next determined the effect of these chemicals on
C. elegans embryonic development. Injection of Lys-CoA but
not H3-CoA-20 into the gonad arms of hermaphrodite mothers
resulted in embryonic arrest of F; animals. Strikingly, ~90% of
the embryos laid during the first 3 h after recovery displayed
phenotypes identical to those of the cbp-1(RNAi) embryos,
including an excess number of cells and a complete lack of
differentiation of all but neuronal cell types (Figure 4A, panel b;
data not shown). This is not due to inhibition of CBP-1 expression
since CBP-1 proteins were readily detectable in the embryos
affected by Lys-CoA (Figure 4A, panel d). For comparison, cbp-
1(RNAi) embryos are also shown (Figure 4A, panels a and c).
After the first 3 h, the injected animals continued to produce
dead embryos for another 6 h, but they displayed a wide range
of phenotypes, including cbp-1 zygotic-like phenotypes (data
not shown). This is probably due to partial inhibition of CBP-1
HAT activity in these embryos as a result of Lys-CoA breakdown
and/or dilution. As a specificity control, we found that the P/CAF
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Fig. 3. Analysis of the effect of Lys-CoA on CBP-1 HAT activity. (A) Partial
HAT domain sequence alignment between human CBP and C. elegans CBP-1.
Partial HAT sequences of human CBP (top) and C. elegans CBP-1 (bottom)
are taken from Martinez-Balbas et al. (1998) and Shi and Mello (1998). The
F residue mutated to A is marked by an asterisk. (B) Wild-type, but not CBP-1
with a point mutation in the HAT domain, acetylates histones. Equal amounts
of purified wild-type and mutant GST-CBP-1 HAT (aa 803-1620) proteins
were assayed for HAT activity using purified histones as substrates. GST-
CBP-1 (lane 2), but not the CBP-1 point mutant (lane 3), acetylated all four
histones. (C) Lys-CoA inhibits CBP-1 HAT activity. Lys-CoA, a CBP/p300-
specific HAT inhibitor, inhibits CBP-1 HAT activity at 10 uM (lane 2). A
P/CAF-specific HAT inhibitor, H3-CoA-20, does not (lane 3).

inhibitor H3-CoA-20 had no effect on worm development (data
not shown). Interestingly, inhibition of Ce-P/CAF (Y47G6A.6)
expression by RNAi also had no effect on C. elegans develop-
ment (M. Victor and Y. Shi, unpublished results), consistent with
the result of the chemical inhibitor experiment. Taken together,
embryos affected by Lys-CoA display cbp-T null phenotypes
without affecting CBP-1 expression. The most likely explanation
is that the observed null phenotype is a result of the inhibition of
CBP-1 HAT activity in vivo.

Regulation of CBP-1 target promoters by Lys-CoA

We next investigated the effect of Lys-CoA on transcription by
analyzing three cell type-specific promoters linked to a green
fluorescent protein (GFP) reporter. RNAI inhibition of CBP-1
induces ectopic expression of HLH-2::GFP in non-neuronal cells
(Figure 4B, compare panels a and b; Shi and Mello, 1998), a
promoter whose activity is restricted to neurons late in C. elegans
embryogenesis (Krause et al.,, 1997). In contrast, inhibition of
CBP-1 by RNAI eliminated the expression of HLH-1::GFP and
ELT2::GFP (Figure 4B, compare panels e and h with d and g),
promoters that are active in muscle and endodermal cells,
respectively (Krause et al., 1990; Fukushige et al., 1998). Signif-
icantly, all these three promoters were affected by Lys-CoA
identically. As shown in Figure 4B, the expression of HLH1::GFP
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Fig. 4. Phenotype and promoter activity analyses of Lys-CoA-affected
embryos. (A) Lys-CoA injection results in a cbp-1(RNAi)-like phenotype.
Injection of wt animals with either cbp-I dsRNA or Lys-CoA results in
identical phenotypes by Nomarski microscopy (compare a and b). In contrast,
unlike the cbp-1(RNAi) embryo (c), the Lys-CoA-affected embryo continued
to express CBP-1 (d). (B) Lys-CoA de-represses a neuronal promoter but
inhibits gut- and muscle-specific promoters. The expression patterns of
hih-2::GFP, hih-1::GFP and elt-2::GFP in wild-type animals are shown in the
left panels (a, d and g). After interference with CBP-1 expression using RNAi
(the middle panels) or inhibition of CBP-1 HAT activity by Lys-CoA (the
right panels), the same surplus number of neuronal cells (hlh-2::GFP
positive) was observed in either cbp-1(RNAi) or Lys-CoA-treated embryos
(b and c). In contrast, the activities of the muscle- and endoderm-specific
promoters, hlh-1::GFP and elt-2::GFP, are completely abrogated in cbp-1(RNAi)
and Lys-CoA-treated embryos (e, f and h, i).

Lys-CoA

and ELT2::GFP is completely abolished in Lys-CoA-affected
embryos displaying cbp-1(RNAi)-like phenotypes (panels f and
i). In addition, Lys-CoA induced ectopic expression of
HLH2::GFP, a phenomenon characteristic of cbp-1(RNAi)
embryos (Figure 4B, panel c). Taking the phenotypic and
promoter analyses together, these findings demonstrate that inhi-
bition of CBP-1 HAT activity is equivalent to the removal of
CBP-1 from the embryos, suggesting that HAT activity of CBP-1
is essential for transcription and all biological functions of CBP-1
during C. elegans embryogenesis. The findings highlight the
primary importance of the HAT activity for CBP-1 to function as
a transcriptional co-factor that promotes differentiation in vivo.
In its absence, CBP-1 is non-functional despite the presence of
all other functional domains. However, our results do not
exclude important roles that other domains may play in CBP-1-
dependent transcription after the HAT activity of CBP-1 is engaged.

In summary, we have provided multiple lines of evidence
demonstrating that CBP-1 HAT activity is crucial for CBP-1
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function in the living organism C. elegans. We have shown by
allele-specific RNAi that CBP-1 lacking the HAT domain is func-
tionally null. We demonstrated that a HAT-defective CBP-1
mutant failed to rescue the zygotic phenotypes of a cbp-1 null
mutant. Finally, we provided evidence that Lys-CoA, which
selectively inhibits CBP-1 HAT activity, also incapacitates the
ability of CBP-1 to regulate transcription and to promote differ-
entiation. Thus, a combined genetic and chemical biology
approach has provided evidence that HAT is indispensable for
every aspect of CBP-1 activity in C. elegans development. At the
molecular level, it is possible that the HAT activity has to be in
place first before other biochemical activities of p300/CBP can
engage in aspects of transcriptional activation. This is likely to be
true for the p300/CBP family proteins in other organisms as well,
i.e. the HAT activity provides a fundamental activity that is
essential for their transcription and biological functions.

METHODS

Strains, culture and isolation of two cbp-1 deletion mutants.
N2 wild-type worms were cultured as described previously
(Brenner, 1974). lit-1(t1534) unc-32(e189)/qC1 Ill; him-3(e1147)
IV served as a source for qC1. Transgenic animals carrying
hlh-1::gfp, hlh-2::gfp and elt-2::gfp were gifts from M. Krause
and J. McGhee.

A mutant library representing 1 million genomes was gener-
ated by mutagenesis using 1,2,3,4-diepoxybutane (DEB) (Epstein
and Shakes, 1995) and screened for deletions in cbp-1 by PCR as
described (Jansen et al.,, 1997; Barstead, 1999). bm-1 (LGIII)
carries an internal deletion (nt 3353-5863) while bm-2 (LGIII)
carries a 2470 bp deletion spanning nt -851 to +1665 of the
cbp-1 gene. Strains YS2 and YS4 refer to the two lines of animals
carrying either the internal (YS2) or the N-terminal deletion (YS4)
in the cbp-1 gene that were back-crossed five times and
balanced by qC1. In both cases, the cbp-1 mutant allele is
marked with dpy-18, a nearby recessive genetic marker. The
Dpy phenotype was used as an indicator for homozygosity of the
cbp-1 locus. The Dpy animals are easily identifiable and their
presence indicates a successful rescue.

Antibody production, worm extract preparation and western
blotting. The regions corresponding to aa 133-277 (N-terminal)
and 1775-1942 (C-terminal) of CBP-1 were PCR amplified and
subcloned into pGEX-T2. The resulting purified GST fusion
proteins were used for the generation of polyclonal antibodies in
rabbits. Specificity of the sera was verified by peptide competi-
tion and by RNAI. To prepare worm extracts, worms were resus-
pended in lysis buffer (10 mM sodium phosphate pH 7.4, 8 M
urea, 2 mM EDTA, 1% SDS and 1% B-mercaptoethanol) and
frozen in liquid nitrogen. After thawing, they were sonicated and
the debris removed by centrifugation. Proteins from the crude
worm extracts were separated by electrophoresis and analyzed
with specific antibodies.

RNAi, chemical injection and analysis of resulting embryos.
dsRNAs were synthesized using Bluescript-based DNA
templates and T3 and T7 polymerases (RiboMAX kit, Promega).
Lys-CoA and H3-CoA-20 were injected into the gonads of young
adults, resulting in a final concentration of ~10 uM. After injec-
tion of either the dsRNA or the chemicals, animals were allowed
to recover overnight and eggs laid were analyzed for phenotype
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and/or the presence of GFP signal by fluorescence microscopy.
Immunostaining and Nomarski analysis were carried out as
described (Shi and Mello, 1998).

Generation of a point mutation in the HAT domain and in vitro
HAT assay. Using the Stratagene Site-Directed Mutagenesis Kit,
the conserved F residue at position 1331 in the HAT domain (Shi
and Mello, 1998) was changed to alanine. To generate GST-HAT
fusion proteins, a 2.4 kb Xhol fragment of cbp-1 (aa 803-1620)
containing either the wild-type or the mutant HAT domain was
cloned into a GST vector. GST fusion proteins were purified and
used for histone acetylation assays as described (Gu and Roeder,
1997).

Genetic rescue. A 13.5 kb cbp-T genomic fragment carrying
either the wild-type or the mutant cbp-1 gene (HAT point muta-
tion) was used for genetic rescue as described (Mello et al.,
1991). This genomic fragment includes the entire cbp-1 gene
plus a 4.35 kb promoter and a 1.3 kb 3" sequence beyond the
stop codon. Rescue was scored by the presence of fertile, dumpy
animals (cbp-1; dpy-18 homozygous). Worms transformed with
the wild-type cbp-1 gene exhibited rescue in 10 out of 20 lines
assayed. In most rescued lines, animals reached adulthood but
produced dead embryos that resemble the cbp-1 maternal effect
lethal phenotype (Shi and Mello, 1998). Failure to rescue the
maternal function of CBP-1 was expected and was most likely
due to transgene silencing in the germline, which is common in
C. elegans (Kelly and Fire, 1998).
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