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We previously reported that the activation of the M promoter of the human choline acetyltransferase (ChAT)
gene by butyrate and trapoxin in transfected CHP126 cells is blocked by PD98059, a specific mitogen-activated
protein kinase kinase (MEK) inhibitor (E. Espinos and M. J. Weber, Mol. Brain Res. 56:118-124, 1998). We
now report that the transcriptional effects of histone deacetylase inhibitors are mediated by an H7-sensitive
serine/threonine protein kinase. Activation of the ChAT promoter by butyrate and trapoxin was blocked by 50
1M H7 in both transient- and stable-transfection assays. Overexpression of p300, a coactivator protein
endowed with histone acetyltransferase activity, stimulated the ChAT promoter and had a synergistic effect on
butyrate treatment. These effects were blocked by H7 and by overexpressed adenovirus E1A 12S protein.
Moreover, both H7 and PD98059 suppressed the activation of the Rous sarcoma virus (RSV) and simian virus
40 promoters by butyrate in transfection experiments. Similarly, the induction of the cellular histone H1° gene
by butyrate in CHP126 cells was blocked by H7 and by PD98059. Previous data (L. Cuisset, L. Tichonicky, P.
Jaffray, and M. Delpech, J. Biol. Chem. 272:24148-24153, 1997) showed that the induction of the H1° gene by
butyrate is blocked by okadaic acid, an inhibitor of protein phosphatases. We now show that the activation of
the ChAT and RSV promoters by butyrate in transfected CHP126 cells is also blocked by 200 nM okadaic acid.
Western blotting and in vivo metabolic labeling experiments showed that butyrate has a biphasic effect on
histone H3 phosphorylation, i.e., depression for up to 16 h followed by stimulation. The data thus strongly
suggest that the transcriptional effects of histone deacetylase inhibitors are mediated through the activation of

MEKI1 and of an H7-sensitive protein kinase in addition to protein phosphatases.

It has long been recognized that transcribed eukaryotic
genes are associated with hyperacetylated histones (4). Our
understanding of the relationship between transcription and
histone acetylation has improved considerably with the purifi-
cation and cloning of proteins endowed with histone acetyl-
transferase (HAT) or histone deacetylase (HDAC) activity
(30, 43, 66). Most of these enzymes were found to be members
of families of already-known transcriptional regulators. The
first HAT was cloned from Tetrahymena thermophila and found
to be highly homologous to the yeast transcriptional activator
Gen5p (14). A surprising variety of HAT proteins have now
been cloned, including additional GenS family members as well
as structurally unrelated proteins such as the CREB-binding
protein (CBP)/p300 coactivators and the general transcription
factor TAF;250 (for reviews, see references 60 and 74). In
contrast, all but one HDAC characterized so far are products
of a single gene family exemplified by yeast 7pd3 and human
HDAC genes (44, 67).

Most importantly, both HAT and HDAC are part of multi-
protein complexes containing coactivator or corepressor pro-
teins that are tethered on promoters by specific interactions
with DNA-bound transcription factors, thus providing a mech-
anism for local modifications at the level of histone acetylation.
On the yeast INOI gene promoter, the recruitment of Rpd3p
HDAC by interaction with the Ume6p repressor has been
shown to lead to the specific hypoacetylation of lysine 5 of
histone H4 on two nucleosomes at most (65). Likewise, the
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recruitment of GenSp on the HIS3 promoter leads to a hyper-
acetylation of lysines 9 and 14 of histone H3 on the gene
promoter but not on adjacent coding sequences (48). Such
highly localized histone hyperacetylation is thought to subtly
alter the structure of positioned nucleosomes and allow the
binding of frans-acting factors. However, the study of point
mutations introduced into HDAC and HAT proteins has re-
vealed that their functional role is not entirely accounted for by
their enzymatic activity. For example, the HAT enzymatic ac-
tivity of CBP, but not that of the p300/CBP-associated factor
(p/CAF), is required for CREB-mediated transcription,
whereas the activity of p/CAF, but not that of CBP, is necessary
for retinoic acid-stimulated transcription (47). Likewise, tran-
scriptional repression caused by the recruitment of HDAC on
transfected templates is either reversed by trichostatin A, a
specific inhibitor of HDAC activity, or unaffected by this com-
pound, depending on the promoter studied (54). Therefore,
both HAT and HDAC proteins can regulate transcription by
mechanisms that do not involve histone acetylation.

Despite this extensive knowledge, the relationship between
histone hyperacetylation and transcriptional activation remains
relatively unclear. It has been estimated that trichostatin A
modulates the expression of only 2% of cellular genes, sug-
gesting that only a small subset of gene promoters are sensitive
to alterations in the levels of histone acetylation (72). More-
over, hyperacetylation can also occur on poised genes and thus
appears to correlate with transcriptional competence rather
than transcription (19, 32, 33). Although a correlation between
transcription and the acetylation of specific lysine residues on
core histones may exist, the available data nevertheless suggest
that histone hyperacetylation is only one component of tran-
scriptional control.
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In previous reports (17, 25), we showed that the M promoter
of the human choline acetyltransferase (ChAT) gene is acti-
vated by butyrate, trichostatin A, and trapoxin A, three inhib-
itors of HDAG:, in transiently and stably transfected human
neuroepithelioma CHP126 cells. This activation does not re-
quire ongoing protein synthesis, suggesting that HDAC inhib-
itors lead to the activation of transcription factors, e.g., by
phosphorylation. We also established that butyrate and trap-
oxin stimulate the phosphorylation of mitogen-activated pro-
tein (MAP) kinases ERK1 and -2 in a rapid and transient
manner. The blocking of the MAP kinase cascade with the
MAP kinase kinase (MEK) inhibitor PD98059 or the overex-
pression of dominant-negative mutants of Ras and ERK2 sup-
pressed the activation of the ChAT promoter by butyrate.
Conversely, constitutive mutants of Ras and MEK1 potenti-
ated the transcriptional effect of butyrate. We now show that
the transcriptional activation of cellular and transfected genes
by HDAC inhibitors is blocked by H7, an inhibitor of serine/
threonine protein kinases. We have also explored the effect of
overexpressed p300 and adenovirus E1A protein on ChAT
promoter activity and have found that the synergistic activation
of the ChAT promoter by butyrate and p300 is blocked by H7.

Interestingly, it was recently reported that the transcrip-
tional effects of butyrate on the cellular H1° and c-myc genes
are blocked by calyculin A and okadaic acid, two inhibitors of
serine/thronine protein phosphatases PP1 and PP2A (20).
These authors also established that butyrate increases protein
phosphatase activity, most probably PP1, by 45% in HTC hep-
atoma cells. To further delineate the role of protein kinases
and phosphatases in the mode of action of butyrate, we studied
the effects of okadaic acid on the activation of the ChAT
promoter and the Rous sarcoma virus RSV long terminal re-
peat (LTR) by butyrate, as well as the effects of H7 on the
transcription of the cellular H1° gene, in CHP126 cells. The
data establish that the transcriptional effects of HDAC inhib-
itors are mediated through the activation of both serine/thre-
onine protein kinases and phosphatases. Accordingly, we re-
port here that the phosphorylation of histone H3 in butyrate-
treated cells is first decreased but is increased upon prolonged
treatment, supporting the hypothesis of a sequential activation
of protein phosphatases and kinases.

MATERIALS AND METHODS

Materials. Trapoxin A was a generous gift from M. Yoshida (Tokyo, Japan).
GF109203X (bisindolylmaleimide) was from Boehringer Mannheim. H7 [1-(5-
isoquinolinylsulfonyl)-2-methylpiperazine], aphidicolin, lovastatin, sodium bu-
tyrate, and okadaic acid were purchased from Sigma. PD98059 [2-(2'-amino-3'-
methoxyphenyl)-oxanaphthalene-4-one] was purchased from New England
Biolabs, and KN-62 [1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl)-4-
phenylpiperazine] was from Research Biochemical International.

Cell culture and transfection. CHP126 cells (a gift from G. M. Lauro, Rome,
Italy) were cultured in RPMI 1640 medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 pg of streptomycin/ml.
For transient-transfection assays, 2 X 10° cells in 400 pl of serum-free medium
were electroporated at 960 pF and 260 V, using a Gene Pulser and Capacitance
Extender apparatus (Bio-Rad). To avoid potential effects on transfection effi-
cacy, the treatment with butyrate or trapoxin was always initiated 14 to 16 h after
transfection. Protein kinase inhibitors were added to cells 1 h before addition of
butyrate or trapoxin. Unless otherwise indicated, enzymatic assays and RNA
extraction were performed 24 h later. Cells were lysed in Reporter Lysis Buffer
(Promega). Luciferase activity was measured with the Luciferase Assay System
(Promega) and was expressed in relative light units (RLU). B-Galactosidase was
measured with a Galacto-Light kit (Tropix) after the cell extract was heated at
48°C for 1 h to denature the endogenous enzyme. Protein concentration was
measured with the Bio-Rad protein assay. Data are given as means and ranges
for duplicate cultures and, for each experiment, are representative of three to
four independent electroporations. Transfection efficacies in duplicate electro-
porations varied by less than 15%.

The ChAT-luciferase construct F contained a ChAT genomic fragment ex-
tending from nucleotide (nt) —2092 to nt +2483 (relative to the cap site of the
alternative first exon M) linked to the luciferase gene in the pGL2basic vector

KINASES REQUIRED FOR GENE INDUCTION BY BUTYRATE 3475

(Promega), as previously described (17). The RSV-driven adenovirus type 5 E1A
12S expression vector (8) was a gift from T. Kouzarides (Cambridge, United
Kingdom). The pCM Vb p300-CHA expression vector (24) was a gift from D. M.
Livingston and S. Bhattacharya (Boston, Mass.). Plasmid pCH110 (simian virus
40 [SV40]-lacZ) was purchased from Pharmacia. pRSV-LacZ was a gift from H.
Prats (Toulouse, France).

Northern blot analysis. A fragment of human histone H1® mRNA (nt 936 to
1519 in GenBank file X03473) was amplified by reverse transcription-PCR from
total RNA of CHP126 cells, using primers 5'-GGGCCGGCAAGAAGAAG-3’
and 5'-TGGGCCCCCACTGCTCA-3' and Tag DNA polymerase. The amplifi-
cation product was cloned into the pCR-Topo vector by the use of a TA cloning
kit (Invitrogen). The insert was sequenced from both ends. To make a riboprobe,
the plasmid was linearized with BamHI and transcribed with T7 RNA polymer-
ase in the presence of [a->?P]dCTP. Total RNA from subconfluent CHP126 cells
was extracted by the guanidinium isothiocyanate method (18), separated on a
0.8% agarose denaturing gel, and transferred to a nylon membrane. Prehybrid-
ization was performed at 42°C for 18 h in 5X SSPE (1Xx SSPE is 0.18 M NaCl,
10 mM NaH,PO,, and 1 mM EDTA [pH 7.7]) 50% formamide, 5X Denhardt’s
solution, 0.5% sodium dodecyl sulfate (SDS), and 20 pg of yeast tRNA/mI.
Hybridization was performed in the same solution at 60°C for at least 12 h. The
last washes were performed in 0.1X SSPE-0.1% SDS for 16 h at 50°C.

Gel analysis of histone acetylation and phosphorylation. After a 30-min pre-
treatment with 50 wM H7 or vehicle (H,0O), confluent CHP126 cell cultures (125
cm?) in RPMI culture medium were provided with 50 pCi of [**P]phosphate
(New England Nuclear)/ml and 5 mM butyrate or buffer. After 8 h of culture, the
cells were washed with phosphate-buffered saline (PBS) supplemented with 5
mM butyrate, 10 mM NaF, 1 mM sodium orthovanadate, 0.1 mM phenylmeth-
ylsulfonyl fluoride, and 0.1 mM benzamidine and scraped with a rubber police-
man into a centrifuge tube. After centrifugation, the cells were further washed
with PBS plus inhibitors and incubated for 10 min on ice in 10 ml of lysis buffer
(50 mM KClI, 15 mM NaCl, 5 mM MgCl,, 250 mM sucrose, 10 mM morpholine-
ethanesulfonic acid [MES] buffer [pH 6.5], 0.5% Triton X-100, and inhibitors as
above). Nuclei were pelleted by centrifugation at 1,500 X g for 10 min, resus-
pended in 0.5 ml of wash buffer (60 mM KCI, 15 mM NaCl, 5 mM MgCl,, 250
mM sucrose, 10 mM MES buffer [pH 6.5], and inhibitors) and layered on a 5-ml
cushion of 30% sucrose in wash buffer. After a 10-min centrifugation at 2,600 X
g, the pellets, containing the nuclei, were resuspended in 1 ml of 0.2 M H,SO,
and incubated overnight at 4°C. After centrifugation, the pellets were extracted
again with 0.2 M H,SO, for 1 h. Protein from the combined supernatants was
precipitated with 20% trichloracetic acid; washed once with cold acetone-0.2 M
HCI, twice with acetone-ethanol-Tris (0.2 M; pH 8) (7:2:1), and once with
acetone; dried; and resuspended in a solution containing 50 wl of 8 M urea, 1 M
acetic acid, 0.5 mg of pyronin Y/ml, and 0.5 mg of methyl green/ml. Acid-
insoluble material was lysed in Laemmli loading buffer containing 5% B-mer-
captoethanol, denatured, and analyzed by SDS-polyacrylamide gel electrophore-
sis and autoradiography. Histone analysis on 0.75-mm-thick gels (16.5 by 26 cm)
acid-urea-Triton X-100 (AUT) gels was performed as described elsewhere (63).
After being stained with Coomassie blue, the gels were dried and subjected to
autoradiography.

Western blot analysis. Confluent CHP12 cells (2 cm?) were pretreated for 30
min with 50 pM H7 or vehicle (H,O) and then with 5 mM butyrate or buffer. At
different time points, cells were washed with PBS plus inhibitors as described
above, scraped into a centrifuge tube, centrifuged, and lysed in 50 pl of Laemmli
loading buffer containing 5% B-mercaptoethanol. Proteins were separated on a
15% acrylamide gel, transferred to a nylon membrane, and subjected to Western
analysis with anti-acetyl H4, anti-acetyl H3, or anti-phospho-H3 antibodies (Up-
state) according to the manufacturer’s instructions.

RESULTS

Cell cycle arrest does not activate the ChAT promoter. To
study the mechanisms of transcriptional regulation by HDAC
inhibitors, human CHP126 neuroepithelioma cells were trans-
fected with ChAT-luciferase construct F, which includes nt
—2092 to +2483 of the human ChAT gene relative to the cap
site of the alternative first exon M. Our previous experiments
have shown that luciferase expression driven by the ChAT
promoter is increased by butyrate, trapoxin A, and trichostatin
A in both transient- and stable-transfection assays (17). To
determine whether activation of the ChAT promoter by HDAC
inhibitors was a consequence of cell cycle arrest, we studied the
effects of other drugs, known to block the cell cycle, on a clone
of CHP126 cells stably transfected with construct F. Luciferase
activity in this clone was stimulated about 20-fold by 5 mM
butyrate (Fig. 1C). As shown in Table 1, both lovastatin, an
inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase,
and aphidicolin, an inhibitor of DNA polymerases «, B, and €,
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FIG. 1. Activation of the ChAT promoter by HDAC inhibitors is blocked by H7. (A) Dose-response curve for the effects of H7. CHP126 cells (8 X 10°) were
transfected with construct F and divided into 36 culture wells. After 16 h, the cultures were treated with the indicated concentrations of H7. After 1 h of incubation
at 37°C, half of the cultures were given 40 nM trapoxin A (closed symbols) and half were given vehicle (open symbols), both in the continued presence of H7. Luciferase
activities were measured after an additional 48 h. (B) Activation of the ChAT promoter by butyrate or trapoxin is blocked by H7. CHP126 cells (4 x 10°) were
transfected with construct F and divided into 18 culture wells. After overnight incubation at 37°C, the cells were treated with 5 mM butyrate (stippled bars) or 40 nM
trapoxin A (closed bars) or left untreated (open bars) in the presence or absence of 40 wM H7, as indicated. Cells were pretreated for 1 h with H7 before the addition
of butyrate, trapoxin, or vehicle. Luciferase activity and total protein concentration were measured after 48 h of incubation. (C) H7 blocks the induction of luciferase
activity by butyrate in stably transfected cells. CHP126 cells were stably transfected with ChAT-luciferase construct F. Cells from clone F11 (17) were seeded into
16-mm-diameter culture wells at a density of 10°/well. After overnight culture, half of the cells were treated with 40 uM H7, as indicated. After 1 h of incubation at
37°C, the culture medium was supplemented with 5 mM butyrate (stippled bars) or vehicle (open bars). Luciferase activity was measured after 24 h of treatment. For
all experiments, the data correspond to the means of values for three cultures = the SEMs and are representative of three to four experiments.

arrested proliferating cells at G,/S but did not affect luciferase
expression. Therefore, activation of the ChAT promoter by
HDAC inhibitors was not triggered by cell cycle arrest. Simi-
larly, it was established that in synchronized cells, gene induc-
tion by butyrate was independent of the progression through
the cell cycle (27, 28).

H7 blocks activation of the ChAT promoter by HDAC in-
hibitors. To study the role of serine/threonine protein kinases
in the activation of the ChAT promoter by HDAC inhibitors,
CHP126 cells were transiently transfected with construct F.
Sixteen hours after transfection, the cells were treated for 1 h
with H7, an inhibitor of serine/threonine kinases (36), and then
with butyrate or trapoxin in the continued presence of H7.
Under these conditions, H7 suppressed the activating effect of
trapoxin, a highly specific HDAC inhibitor (81), in a dose-
dependent manner, whereas the basal activity was maximally
depressed by 30% (Fig. 1A). The effect of trapoxin was totally
suppressed by 50 puM H?7, with the half-maximal effect being
observed at a concentration of 20 to 30 wM. Figure 1B further
shows that H7 suppressed the activation of the ChAT pro-
moter by butyrate. No systematic differences in the potencies
of butyrate and trapoxin were observed (compare Fig. 1B and
3B). When dose-response curves were analyzed, the maximal
effects of both compounds were similar (17). Although the
experiments of Fig. 1A and B were performed with a 2-day
expression period, subsequent experiments revealed that sim-
ilar phenomena were observed after a shorter period of ex-
pression (see below).

To determine the effect of H7 on the ChAT promoter in a
chromatin context, we used CHP126 cells stably transfected
with construct F. In these cells, the increase in luciferase ac-
tivity caused by butyrate was again totally suppressed by 50 uM
H7 (Fig. 1C). Kinetic studies showed that the blocking effect of
50 M H7 was complete as soon as the activation of the ChAT
promoter by butyrate was significant, i.e., after 4 to 6 h of
treatment with the HDAC inhibitor (data not shown).

H7 is a potent inhibitor of protein kinase C (PKC) and
cyclic-nucleotide-dependent kinase activities in vitro (36). The
inhibition of cellular processes by low doses of H7 has been

interpreted as evidence for the involvement of PKC in the
transduction of the stimulus (13, 26, 78). On the other hand,
c-fos induction by phorbolmyristate acetate, a PKC activator, is
insensitive to 50 uM H7 (52), suggesting that H7 does not
inhibit PKC in intact cells. To study the role of PKC in the
activation of the ChAT promoter by butyrate, we used bisin-
doylmaleimide (GF109203X), a compound that inhibits PKC
isoforms at micromolar concentrations (57, 69). This com-
pound also inhibits RSK2 and p70 S6 kinase with potencies
similar to that demonstrated for the PKC isoforms (1). When
CHP126 cells were transfected with construct F, bisindoylma-
leimide (5 pM) increased basal luciferase activity about two-
fold, but the stimulatory effect of butyrate was reduced by only
33% (Table 2). KN62, an inhibitor of calcium/calmodulin-de-
pendent kinases (CaMK) (37), maximally depressed butyrate-
stimulated expression by 30% (Table 2). This suggests that the
action of butyrate is at most partially dependent on conven-
tional and novel PKC isoforms or CaMK activity. Moreover,
dibutyryl cyclic AMP (cAMP) was previously shown to be a
much weaker activator of ChAT promoter than butyrate (17).
It is therefore unlikely that the effect of H7 results from the
inhibition of protein kinase A.

Synergistic effects of p300 and HDAC inhibitors on ChAT
promoter activity in a transient-transfection assay. Because

TABLE 1. Cell cycle arrest does not activate the ChAT promoter?

% of cells in cell cycle Mean luciferase

Treatment phase: activity + SEM
G, S G,+M (RLU/pg of protein, 10%)
None (vehicle only) 53.8 303  15.9 1.43 = 0.04
Lovastatin, 60 pM 804 11.1 8.5 2.12 = 0.01
Aphidicolin, 3 pM 674  26.6 6.0 1.10 = 0.01

@ CHP126 cells (0.6 X 10°/cm?) stably transfected with construct F were
treated for 24 h with lovastatin, aphidicolin, or vehicle, as indicated. Sister
cultures were used for the determination of luciferase activity and the analysis of
the cell cycle by fluorescence-activated cell sorting. A total of 10° cells were
analyzed.
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HDAC inhibitors stimulates ChAT promoter activity, we asked
whether the overexpression of a protein endowed with HAT
activity would lead to further activation. To address this ques-
tion, we cotransfected CHP126 cells with construct F and in-
creasing amounts of an expression vector for full-length p300
protein (5, 6, 24). Figure 2A shows that overexpression of p300
maximally increased luciferase expression 5- to 10-fold by it-
self. The mean stimulation * the standard error of the mean
(SEM) with 7.5 g of p300 was 5.0- = 0.7-fold (n = 6) for cells
cultured in 10% serum. When the cells were serum deprived
(0.5% serum) for 2 days before transfection as well as during
the expression period, the mean stimulation *+ the SEM was
6.6- = 1.4-fold (n = 7), showing that serum mitogenic factors
were not required. Luciferase expression in cells treated with
trapoxin was also increased by p300 in a dose-dependent man-
ner. Remarkably, trapoxin and p300 had synergistic effects on
the ChAT promoter. In the experiment shown in Fig. 2A,
trapoxin alone stimulated the ChAT promoter 8-fold and p300
alone stimulated it 6-fold, whereas a 94-fold activation was
observed in the presence of both trapoxin and p300.

As shown on Fig. 2B, activation of the ChAT promoter by
p300 protein alone was blocked by H7 in a dose-dependent
manner. The effect of p300 was totally suppressed by 50 uM
H7, with 50% inhibition being observed at a concentration of
around 15 pM. Therefore, activation of the ChAT promoter by
overexpressed p300 requires an H7-sensitive serine/threonine
kinase activity, as observed for activation by HDAC inhibitors.
H7 blocked the effects of p300 and of HDAC inhibitors in the
same range of concentration (compare Fig. 1A and 2B). Ac-
cordingly, the synergistic activation of the ChAT promoter
triggered by trapoxin and p300 was suppressed by 50 uM H7
(Fig. 2C). Results similar to those shown in Fig. 2A to C were
also observed by overexpressing full-length CBP (data not
shown), but experiments with other proteins endowed with HAT
activity, like p/CAF and hGCNS, are currently under way.

Adenovirus E1A protein depresses ChAT promoter activa-
tion by HDAC inhibitors. Since HDAC inhibitors and overex-
pressed p300 protein have synergistic effects on the ChAT
promoter, we attempted to delineate the role of endogenous
CBP/p300 protein in the activation by butyrate. As a first ap-
proach, we overexpressed E1A 12S protein, an alternative
splicing product of the adenovirus E1A gene that lacks the
CR3 trans-activating domain and blocks CBP/p300-dependent
transcription at many promoters (5, 8, 62). E1A binds CBP/
p300 at three sites, including the cysteine-histidine-rich region
(C/H3) that also binds pp90’** and numerous transcription
factors (for a review, see reference 39) and a C-terminal site
that also binds the coactivators p300/CBP interacting protein
(p/CIP) and nuclear receptor coactivator (N-CoA) (50). When
CHP126 cells were cotransfected with plasmid F and an E1A
12S expression vector, basal luciferase expression was not sig-
nificantly affected (—=21% = 29%; n = 3), but butyrate-stimu-
lated expression was depressed by 56% = 7% (70% in the
experiment shown in Fig. 3A). When the same type of exper-
iment was repeated in the additional presence of p300, the
synergistic effects between p300 and butyrate or trapoxin were
also suppressed by E1A (Fig. 3B). Therefore, the activation of
the ChAT promoter by HDAC inhibitors is blocked by the
E1A protein, suggesting that CBP/p300 is required for activa-
tion. Moreover, these data establish striking similarities in the
effects of the E1A protein and the protein kinase inhibitor H7
on ChAT promoter activation by HDAC inhibitors and/or
p300 protein.

Role of protein kinases in the activation of viral promoters
by butyrate. The minimal promoter of SV40 and the LTR of RSV
are known to be activated by HDAC inhibitors (10, 29). We thus
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TABLE 2. PKC and CaM kinase have no effect on activation of the
ChAT promoter by sodium butyrate®

Luciferase activity

(RLU/pg of protein, 10°) Fold
Expt Treatment stimulati
Control Butyrate- stimulation
cells treated cells
A None 8323 662 + 63 80
GF, 5 uM 19.8 = 2.1 1,074 = 116 54
None 19.0 = 0.6 483 £ 9 25
KN62, 10 pM 214 = 0.8 311 =8 15

“ CHP126 cells were transfected with construct F and treated for 24 h with 5
mM butyrate. Bisindoylmaleimide (GF 109203X) or KN-62 was added to the
cells 1 h before addition of butyrate. Increasing the concentration of KN62 to 50
1M resulted in the same inhibition as with the 10 WM concentration (data not
shown). The data represent the means of values for three cultures = SEMs.

asked whether activation of these viral promoters by butyrate
would also require protein kinase activity. When CHP126 cells
were transfected with the plasmid pGL2promoter (Promega),
in which the luciferase gene is fused to an SV40 minimal
promoter, or with a pRSV-luciferase construct (11), a three- to
sixfold increase in luciferase activity was observed after a 6-h
treatment with 5 mM butyrate. In both cases, the activation of
promoter activity by butyrate was totally suppressed by 50 uM
H7 (Fig. 4). A similar observation was made with the SV40-
lacZ plasmid pCH110 (data not shown). Moreover, activation
of the RSV promoter by trapoxin was also blocked by H7 (data
not shown). We previously reported that activation of the
ChAT promoter by HDAC inhibitors is blocked by PD98059,
a compound that selectively blocks the activation of MEK1 by
Raf kinases (25). As shown in Fig. 4, activation of the RSV
LTR by butyrate was totally blocked by 80 uM PD59098,
whereas that of the SV40 promoter was depressed about three-
fold. As was already shown for the ChAT promoter, these data
further suggest that the activation of both the SV40 and RSV
promoters by HDAC inhibitors requires the activation of both
MEK]1 and an H7-sensitive protein kinase.

We next studied the effects of p300 overexpression on the
SV40 promoter. For a direct comparison, CHP126 cells were
cotransfected with construct F and the SV40-lacZ plasmid in
the presence or absence of E1A and p300 expression vectors.
As expected from our previous results, ChAT-driven luciferase
activity was stimulated by overexpressed p300 protein (Fig.
5A). The activation of the ChAT promoter by p300 was sup-
pressed by E1A protein as well as by H7. It is well established
that the E1A 12S protein represses transcription from the
SV40 early promoter (73). Accordingly, B-galactosidase ex-
pression driven by the SV40 promoter was depressed three- to
fourfold by E1A protein (Fig. 5B). An identical level of tran-
scriptional repression was obtained with 50 uM H7. Moreover,
the SV40 promoter was activated about threefold by p300. As
observed for the ChAT promoter, the activating effect of p300
was largely suppressed by E1A protein or by H7. Taken together,
the data obtained from studies with two unrelated promoters
establish that E1A-sensitive transcriptional activation by the
p300 protein requires an H7-sensitive protein kinase activity.

Induction of the histone H1° gene by butyrate is blocked by
PD98059 and H7. We next asked whether protein kinase in-
hibitors would similarly affect the induction of cellular genes by
butyrate. We selected the histone variant H1° gene because it
is induced by butyrate in many cell types (20, 28, 84). Run-on
experiments have shown that butyrate stimulates H1° gene
transcription (64), and transient-transfection assays have de-
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FIG. 2. Synergistic effects of p300 and HDAC inhibitors on ChAT promoter
activity. (A) p300 potentiates activation of the ChAT promoter by trapoxin.
CHP126 cells were cotransfected with construct F (5 pg), increasing amounts of
a pCMV-p300 expression vector, and compensating amounts of the empty ex-
pression vector. After overnight incubation, the cells were treated with 80 nM
trapoxin A or vehicle (0.25% DMSO). Luciferase activities of duplicate cultures
were measured 24 h later. The data are representative of four experiments. (B)
Activation of the ChAT promoter by p300 is blocked by H7. CHP126 cells (4 X
10°) were cotransfected with construct F (5 ug), SV40-lacZ (5 pg), and 7.5 pg of
pCMV-p300 expression vector or empty expression vector and distributed into
10-mm-diameter culture wells. After overnight culture, the cells were treated
with H7 as indicated. Luciferase activities were measured 24 h later. The data are
means and ranges for duplicate cultures and are representative of three exper-
iments. (C) The synergistic effects of p300 and HDAC inhibitors are suppressed
by H7. CHP126 cells were transfected as described for panel B. The cultures
were pretreated with 50 wM H7 for 1 h or left untreated before the addition of
butyrate (5 mM) or trapoxin (80 nM). The data are representative of three
experiments.
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lineated in the H1° gene promoter two regions essential for
butyrate activation that correspond to elements also required
for basal expression (45). CHP126 cells were treated for 6 h
with 5 mM butyrate in the absence or presence of 50 uM H7
or PD98059. Total RNA was then extracted and analyzed by
Northern blotting with a specific H1° cRNA probe. Figure 6
shows that butyrate increased the level of H1° mRNA about
fivefold. H7 or PD98059 alone had a modest effect on the
mRNA level in the absence of butyrate but totally suppressed
the induction by butyrate. Therefore, the induction of a cellu-
lar gene by butyrate also requires the activities of MEK1 and
an H7-sensitive protein kinase.

Activation of the ChAT promoter and of the RSV LTR by
butyrate is blocked by okadaic acid. A recent report has shown
that the induction of H1° and the repression of c-myc tran-
scription by butyrate in HTC hepatoma cells are blocked by
okadaic acid and calyculin A, two inhibitors of protein phos-
phatases PP1 and PP2A (20). These results thus suggest that
the transcriptional effects of butyrate on cellular genes are
mediated by the activation of protein phosphatases, in an ap-
parent contradiction of our present results. To address this
discrepancy, we compared the effects of H7 and okadaic acid
on transcriptional activation by butyrate in transfection assays.
CHP126 cells were transiently transfected with both construct
F and pRSV-LacZ. After overnight culture, cells were treated
with 200 nM okadaic acid or vehicle (0.2% dimethyl sulfoxide
[DMSO]) for 30 min and then with 5 mM butyrate in the
continued presence of okadaic acid. Since prolonged treatment
(12 h) with okadaic acid induces apoptosis in a variety of cells,
we reduced the length of treatment with butyrate and/or oka-
daic acid to 8 h. Under these conditions, the level of activation
of the ChAT promoter was low but significant (Table 3). Ga-
lactosidase activity driven by the RSV LTR was increased
about fivefold by this short treatment with butyrate. Interest-
ingly, the stimulating effect of butyrate on both the ChAT
promoter and the RSV LTR was totally suppressed by okadaic
acid. Therefore, okadaic acid, an inhibitor of serine/threonine
protein phosphatases, and H7, an inhibitor of serine/threonine
protein kinases, were both able to suppress the transcriptional
effects of butyrate in transfection experiments and to block
induction of the cellular H1° gene.

Effects of butyrate and H7 on histone acetylation and phos-
phorylation. Histone H3 was initially reported to be phosphor-
ylated in butyrate-treated nuclei (75, 76), but the phosphory-
lated histone was later identified as the variant H2AX (15). We
studied the effects of butyrate on histone H3 phosphorylation
by Western blot analysis with an antibody that specifically
recognizes histone H3 phosphorylated on the conserved serine
10 residue. For comparison, the Western analysis was also
performed with an antibody that recognizes histone H3 acety-
lated on lysine 9 and/or 14 and with a third antibody that
recognizes tetraacetylated histone H4 and cross-reacts with
acetylated histone H2B. When CHP126 cells were treated with
5 mM butyrate, acetylation of H3, H4, and H2B was signifi-
cantly increased after 1 h of treatment and was maximal after
8 to 24 h (Fig. 7A). By contrast, phosphorylation of histone H3
progressively decreased up to 10 h but increased between 10
and 24 h. Further kinetics experiments showed that the mini-
mal level of phosphorylation of histone H3 was observed after
16 h of treatment (data not shown). Figure 7B shows that after
8 and 24 h of treatment with butyrate, H7 had no effect on
histone acetylation. This experiment confirmed the biphasic
effect of butyrate on histone H3 phosphorylation and further
showed that H7 blocks the phosphorylation of H3 in both
butyrate-treated and untreated cells. Results similar to those
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FIG. 3. Effects of adenovirus E1A protein on ChAT promoter activity in transfection assays. (A) Activation of the ChAT promoter by butyrate is blocked by E1A.
CHP126 cells were cotransfected with ChAT-luciferase construct F (5 pg) and 5 pg of an E1A 128 expression vector or the empty expression vector. Butyrate (5 mM)
or vehicle (H,O) was given to the cultures for 24 h, starting 16 h after transfection. The data are means and ranges for duplicate cultures and are representative of
three experiments. (B) The synergistic effects of p300 and HDAC inhibitors are blocked by E1A. CHP126 cells were cotransfected with ChAT-luciferase construct F
(5 ng), 7.5 pg of p300 expression vector, and 5 pg of an E1A 128 protein expression vector or an empty vector. The cells were treated with butyrate (5 mM) or trapoxin
(80 nM) as described for panel A. The data are representative of three experiments. The data in panels A and B are from separate experiments, so that a stimulation
factor by p300 alone cannot be derived from a comparison of these data (see text).

shown in Fig. 7 were obtained with a new, highly potent inhib-
itor of HDACs (data not shown).

To further analyze the effects of butyrate on histone phos-
phorylation, CHP126 cells were labeled for 8 h with [**P]phos-
phate in the presence or absence of 5 mM butyrate and/or 50
pM H7. Nuclei were then purified, extensively digested with
micrococcal nuclease, and acid extracted. After the acid-insol-
uble protein was submitted to SDS-polyacrylamide gel electro-
phoresis, autoradiography revealed in this fraction a weak la-
beling of histones that was unaffected by treatment with
butyrate and/or H7 (data not shown). Acid-extracted histones
were analyzed on AUT gels and subjected to autoradiography
after being stained with Coomassie blue. The staining of the
AUT gels with Coomassie blue clearly showed that H7 did not
affect histone hyperacetylation induced by butyrate (Fig. 8).
This suggests that H7 blocks the transcriptional effect of bu-
tyrate downstream of histone hyperacetylation. Moreover,
these results establish that bulk histone hyperacetylation in
butyrate-treated cells is not sufficient to activate the ChAT
promoter. They do not, however, exclude the possibility that

H7 selectively affects the acetylation status of histones in bu-
tyrate-sensitive promoter regions.

Autoradiography of the AUT gels showed that phosphory-
lation of histones H4, H2B, H3.2, and H3.3 was very weak or
absent. Phosphorylation of histone H1 was affected little by
treatment with butyrate and was slightly depressed by H7. The
phosphorylation of histones H3.1, H2A.1, and H2A.2 was
clearly depressed in butyrate-treated cells and almost sup-
pressed by H7. Interestingly, the phosphorylation of these hi-
stones mostly resided in the hyperacetylated pools. It is inter-
esting that the sequence surrounding Ser-10 differs in H3.1
(KSTGGK) and H3.3 (KS-GGK). This suggests that different
kinases are implicated in their phosphorylation and may ex-
plain the phosphorylation of H3.1 but not of H3.2 or H3.3 in
the experiment shown in Fig. 8.

DISCUSSION

Transcriptional activation by HDAC inhibitors requires an
H7-sensitive protein kinase activity. We showed in this study
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FIG. 4. H7 and PD98059 block activation of viral promoters by butyrate. CHP126 cells (4 X 10°) were transfected with 10 g of the pGL2promoter (left panel)
or of an RSV-luciferase (luc) plasmid (right panel) and distributed into 16 culture wells. After overnight incubation, the cells were treated for 1 h with 50 uM H7, 80
pM PD98059, or vehicle (0.24% DMSO), as indicated. Half of the cultures were then treated for 6 h with 5 mM butyrate (filled bars) or left untreated (open bars)

in the continued presence of kinase inhibitor.
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that the transcriptional effects of butyrate and trapoxin, two
HDAC inhibitors, are suppressed by the serine/threonine pro-
tein kinase inhibitor H7 and by PD98059, a highly specific
inhibitor of the activation of MEK1 by Raf and MEKKI1 (2).
We presented evidence for this sensitivity to kinase inhibitors
under three sets of experimental conditions in which the chro-
matin structure of the DNA template differed: transient trans-
fection for the M promoter of the human ChAT gene, the
SV40 minimal promoter, and the RSV LTR; stable transfec-
tion for the ChAT promoter; and a natural chromatin envi-
ronment for an endogenous gene, H1°. Although transcrip-
tional activation by butyrate was in some cases found to be
strictly dependent on chromosomal integration (71), several
promoters are activated by butyrate in transient-transfection
assays. Moreover, HDAC targeted to a transfected template by
fusion with heterologous DNA-binding domains represses
transcription in a trichostatin-sensitive manner (79). Since
transfected plasmids do not show a canonical nucleosomal
structure (7, 41), data obtained in transient-transfection assays
have been sometimes interpreted as indicating that relevant
targets of HDAC:s are not histones but rather are nonhistone
nuclear proteins. Alternatively, selective and dynamic changes
in the acetylation of histones may regulate the expression not
only of genes in their chromatin environment but also of trans-
fected templates. In particular, HDAC targeted to transfected
templates through interactions with the retinoblastoma protein
Rb or with the Mad protein has been shown to depress the
acetylation of histone H3 associated with episomal DNA, a
phenomenon correlated with transcriptional repression (54).

We previously showed that PD98059 blocks the activation of
the ChAT promoter by trapoxin or butyrate (25). Two other
previous reports showed that cellular effects of butyrate are
sensitive to a kinase inhibitor. First, the apoptosis of thymo-
cytes induced by butyrate is decreased by H7 (49). Second, the
induction of core 2 acetylglucosaminyltransferase activity in
CHO cells by butyrate is blocked by 50 uM H7 (21). In that
case, butyrate mostly acts by increasing the maximal velocity of
the enzymatic reaction, probably through cAMP-dependent
phosphorylation, but potential effects of butyrate and H7 on
acetylglucosaminyltransferase gene expression were not ex-
plored. Our results, to our knowledge, constitute the first re-
port of suppression of the transcriptional effects of HDAC
inhibitors by protein kinase inhibitors.

H7 and E1A have similar effects on transcriptional activa-
tion by butyrate and p300. An intriguing aspect of the present
work is the similarity in the effects of adenovirus E1A protein
and H7. Both have a limited effect on ChAT and SV40 pro-
moters in untreated cells but suppress their activation by bu-
tyrate. In agreement with these data, E1A suppresses the ac-
tivation of the hsp70 promoter by trichostatin A (53). In
addition, overexpression of the p300 protein had a relatively
small effect on ChAT promoter activity by itself but strongly
synergized with HDAC inhibitors. As expected, the stimulating
effect of p300 was suppressed by E1A, but, unexpectedly, it was
also blocked by H7. These data suggest, first, that activation of
the ChAT promoter by HDAC inhibitors requires p300/CBP
activity that is blocked by E1A and, second, that p300/CBP
function requires the activity of an H7-sensitive kinase. This

TABLE 3. Okadaic acid blocks the activation of the ChAT promoter and of the RSV LTR by butyrate®

Luciferase activity with ChAT promoter

Concn of okadaic (RLU/pg of protein, 10%)

B-Galactosidase activity with RSV LTR
(RLU/min/pug of protein, 10%)

acid (nM)
— Butyrate + Butyrate — Butyrate + Butyrate
0 4.02 = 0.15 6.75 £ 0.10 1.07 = 0.17 111+ 1.6
200 5.03 £0.36 524 +0.17 0.48 = 0.08 0.93 = 0.38

“ CHP126 cells were cotransfected with construct F and RSV-lacZ (5 pg of each). Sixteen hours after transfection, sister cultures were treated with 200 nM okadaic
acid or vehicle (0.25% DMSO). After a 30-min incubation, cultures were provided with 5 mM butyrate, as indicated, in the continued presence of okadaic acid. The

cells were lysed 8 h later and tested for luciferase and B-galactosidase activities.
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FIG. 6. H7 suppresses induction of the H1” gene by butyrate. (A) CHP126
cells (10 X 10°, in 100-mm-diameter dishes) were treated for 1 h with 50 uM H7
(lanes 3 and 4) or left untreated (lanes 1 and 2) and then were treated for 6 h with
5 mM sodium butyrate (lanes 2 and 4) or vehicle (lanes 1 and 3) in the continued
presence of H7. Total RNA was extracted and analyzed by Northern blotting
with a human H1° cRNA probe. Twenty micrograms of RNA was deposited in
each lane. The exposure time was 4 h at —70°C. (B) The experiment was
repeated with 50 uM PD98059 instead of H7. In both experiments, the upper
panels show quantification of H1° mRNA by autoradiography while the lower
panels are stained with ethidium bromide to verify equal loading of the lanes.
The signal seen above the specific H1° band possibly results from cross-hybrid-
ization with a related gene product.

strongly suggests that derepression by blockage of HDAC ac-
tivity and activation by the recruitment of HATS are not sep-
arable steps in transcriptional regulation. Rather, the effect of
HDAC inhibitors is to unmask the activity of HATSs already
present on the promoter. It has been established that transcrip-
tion factors YY1 (51, 79) and E2F (12, 54, 55, 70) as well as
retinoic acid and thyroid hormone receptors (3, 34, 58) can
interact with both HAT and HDAC complexes. Hormone
binding disrupts interactions between nuclear receptors and
the corepressor NCoR, allowing the release of the HDAC
complex and the recruitment of an activating complex contain-
ing CBP/p300, P/CAF, and coactivators (47, 58). In these cases,
HDAC inhibitors by themselves have little effect on transcrip-
tion but strongly potentiate hormonal induction (27, 40, 58), a
situation different from that of butyrate-inducible genes. What
regulates the recruitment of HAT and HDAC complexes by
YY1 and E2F is less clear. Whereas E2F directly interacts with
p300 (70), its interaction with HDACI is mediated by the Rb
(12, 54, 55). Interestingly, HDACI preferentially interacts with
hypophosphorylated, rather than hyperphosphorylated, Rb
protein (54). Therefore, the cell cycle-regulated phosphoryla-
tion of Rb may lead to a displacement of HDACI1 complexes
and the recruitment of HAT-activating complexes. This sug-
gests that phosphorylation events are involved in regulating the
balance between deacetylase and acetyltransferase activities
that controls transcription.

Both H7 and okadaic acid block transcriptional activation
by butyrate. Our data seem at odds with those of Cuisset et al.
(20), who showed that induction of the H1° gene and repres-
sion of the c-myc gene by butyrate in Morris hepatoma cells are
blocked by okadaic acid and calyculin A, two inhibitors of PP1
and PP2A serine/threonine protein phosphatases. Using the
same protocol with CHP126 cells, we established that the in-
duction of the H1° gene by butyrate is totally blocked by H7 or
PD98059. Furthermore, our transient-transfection assays
showed that activation of both the ChAT promoter and the
RSV LTR by butyrate is blocked by okadaic acid, as it is by the
two kinase inhibitors. For cellular genes and transfected tem-
plates, the transcriptional effect of butyrate thus appears to
require both serine/threonine kinase and phosphatase activi-
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FIG. 7. Western blot analysis of histone acetylation and phosphorylation in
butyrate-treated CHP126 cells. (A) Time course. The culture medium of con-
fluent CHP126 cells was supplemented with 5 mM butyrate. After the indicated
length of culture, nuclei were purified and then extensively digested with micro-
coccal nuclease. Histones were acid extracted, separated on a 15% acrylamide
gel, and subjected to Western analysis with anti-acetyl-H4 (anti-AcH4), anti-
acetyl-H3 (anti-AcH3), and anti-phospho-H3 (anti-PhH3) antibodies, as indi-
cated. Coomassie blue staining of an identical gel verified equal loading of the
lanes. (B) Comparison of the effects of butyrate and H7. CHP126 cells were
pretreated for 30 min with 50 .M H7 or vehicle (control) and then treated (+)
or not treated (—) with 5 mM for 8 or 24 h, as indicated. Western blot analysis
was performed as described for panel A.

ties. This paradoxical result could be explained by assuming
that the effector of HDAC inhibitors is a phosphatase, acti-
vated by the H7-sensitive kinase. This kinase could be located
either downstream of ERK kinases or on an alternative signal-
ing pathway.

Effects of butyrate and H7 on histone H3 phosphorylation.
The phosphorylation of histone H3 on the Ser-10 residue has
been implicated in chromosome condensation at mitosis (35,
42, 68). Moreover, growth factors, phorbol esters, and okadaic
acid trigger H3 phosphorylation (56). Interestingly, mitogen-
stimulated H3 phosphorylation occurs in a hyperacetylated
pool (9), suggesting a possible link with transcription. Indeed,
the phosphorylation of a linker histone in the Tetrahymena
micronucleus was correlated with transcriptional activation
(35). As a first approach in elucidating the role of H3 phos-
phorylation in transcription, we studied the effects of butyrate
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FIG. 8. Effects of butyrate and H7 on histone phosphorylation. CHP126 cells
were cultured for 8 h with [*?P]phosphate in the presence of 50 puM H7 (lane 2),
5 mM butyrate (lane 3), H7 and butyrate (lane 4), or vehicle (lane 1). Histones
were acid extracted from purified nuclei and analyzed on a 12% AUT gel. Left
panel, Coomassie blue staining; right panel, autoradiograph of the gel.

and H7 on that process. Western blot experiments with anti-
phospho-H3 antibodies revealed that butyrate first caused a
decrease in H3 phosphorylation but that after 16 h of treat-
ment an actual increase was observed. In contrast, acetylation
of histones H3, H2A, and H4 slowly increased up to 24 h.
Similar observations were made with a new, highly selective
inhibitor of HDACs (data not shown). Therefore, the effects of
butyrate on H3 phosphorylation do not result from nonspecific
effects unrelated to HDAC inhibition. These data are thus in
agreement with the hypothesis of a sequential activation of
protein phosphatases and kinases by inhibitors of HDAC:s. It
was, however, conceivable that the initial decrease in H3 phos-
phorylation was in fact due to the masking of the epitope by
the acetylation of neighbor lysines, in particular Lys-9. This
appears unlikely, however, since H3 phosphorylation, as re-
vealed by Western blotting, was increased after 24 h of treat-
ment with butyrate, when H3 acetylation was maximal. More-
over, in vivo labeling of histones followed by an
autoradiographic analysis of AUT gels revealed that butyrate
decreased the phosphorylation of H2A and H3.1. In addition,
the phosphorylation of H3.1 resided mostly in the hyperacety-
lated pool. Therefore, the data strongly suggest that the anti-
phospho-H3 antibody can recognize the acetylated forms of
the histone.

The Western and AUT analyses both revealed that H7
blocks histone H3 phosphorylation. Taken together, our ob-
servations did not unravel a clear relationship between tran-
scriptional activation and H3 phosphorylation. First, during
the initial hours of treatment, butyrate and H7 both decreased
H3 phosphorylation but had opposite effects on transcription.
Second, H3 phosphorylation was first decreased and then in-
creased by butyrate, whereas transcription was increased after
both short (8 h) and long (24 h) treatments with butyrate.
Third, short treatments with H7 and okadaic acid had opposite
effects on H3 phosphorylation (56), whereas both compounds
blocked butyrate-activated transcription.
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Potential role of CBP/p300-associated kinases in transcrip-
tional activation by HDAC inhibitors. Although our data es-
tablish that transcriptional regulation by butyrate and p300 is
sensitive to H7, the nature of the serine/threonine kinase(s)
involved remains unclear. In a previous study (25), we showed
that butyrate and trapoxin transiently stimulate the phosphor-
ylation of ERKI1 and -2 in CHP126 cells and that activation of
the MEK/ERK MAP kinase cascade is required for activation
of the ChAT promoter by HDAC inhibitors. In particular,
ChAT promoter activation is blocked by PD98059, a highly
specific inhibitor of MEK1, and by an ERK2 dominant-nega-
tive mutant. We have now established that activation of two
viral promoters and induction of the H1° gene by butyrate are
also blocked by PD98059.

Several lines of data suggested that members of the pp90*
family of ribosomal S6 protein kinases (RSK) might be in-
volved in transcriptional activation by butyrate. First, among
the different kinases of the MEK/ERK cascade, only RSK is
sensitive to H7 (80). Second, RSK phosphorylated by ERK
binds the C/H3 domain of CBP in mitogen-stimulated cells
(59). E1A and RSK might mutually exclude one another since
their binding domains on CBP/p300 are largely overlapping. If
CBP/p300-associated RSK activity were required for transcrip-
tional activation by HDAC inhibitors, it should be blocked by
H7, which inhibits kinase activity, and by E1A, which antago-
nizes the binding of RSK on CBP/p300. It has been shown that
the binding of RSK on CBP blocks cAMP-stimulated tran-
scription in a manner similar to E1A (59). Since a kinase-
negative RSK mutant is as effective as the wild type, RSK may
simply act by displacing a coactivator like P/CAF, which is
required for CREB-dependent transcription (47). It was sug-
gested, however, that RSK may play a positive role in Ras-
dependent transcription (59). Third, RSK2, and to a lesser
extent RSK3, phosphorylates histone H3 (16, 83). Fourth,
RSK2 phosphorylates and activates protein phosphatase PP-1
(23), in agreement with the hypothesis of a sequential activa-
tion of kinases and phosphatases by butyrate.

However, GF109203X, which inhibits RSK2 as well as PKC
isoforms (1), did not block the activation of the ChAT pro-
moter by butyrate (Table 2). Moreover, overexpression of
dominant-negative mutants of RSK1 or RSK2 in CHP126 cells
did not affect the activation of the ChAT promoter by butyrate
(data not shown). This contrasts with our previous experiments
in which the overexpression of dominant-negative mutants of
Ras or ERK1 suppressed ChAT promoter activation (25).
Therefore, these experiments failed to implicate RSK kinases
in the mode of action of butyrate.

Other possible candidates are the mitogen- and stress-acti-
vated protein kinases MSK1 and MSK2 (22). However, stress-
ful stimuli (e.g., arsenite and p-sorbitol) did not reproduce the
transcriptional effect of butyrate; moreover, SB203580, a spe-
cific inhibitor of SAPK2a/p38 and SAPK2b/p38b that blocks
the activation of MSK by stressful stimuli, has no effect on
butyrate action (25). Nevertheless, a potential role for MSK in
transcriptional regulation by butyrate remains to be studied.

Another kinase associated with p300 is the cyclin-dependent
kinase cdk2, which is implicated in the phosphorylation of p300
during the cell cycle (77) and during the differentiation of F9
cells that is triggered by retinoic acid or E1A (46). The effects
of p300 phosphorylation on transcription remain unclear, how-
ever (39), and relevant targets of p300-associated cdk probably
include several transcription factors. In particular, the p65
(RelA) subunit of NF-kB binds the N-terminal region of p300,
where it is phosphorylated by the cyclin E-CDK complex. The
overexpression of p21 (WAF-1, CIP-1), an inhibitor of all
CDKs, stimulates NF-kB-dependent transcription, most prob-
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ably by preventing RelA phosphorylation (61). We found that
overexpression of p21 in CHP126 cells had no effect on ChAT
promoter activity in the absence or presence of butyrate (data
not shown). It is therefore unlikely that p300-associated CDKs
participate in ChAT promoter activation by HDAC inhibitors.

Potential targets for phosphorylation in transcriptional
control by butyrate. The present and previous data clearly
suggest a necessary role for protein kinases and phosphatases
in the regulation of transcription by inhibitors of HDAC:s (20,
25). Potential targets could be histones, although we found no
clear relationship between H3 phosphorylation and transcrip-
tional activation. This nevertheless evokes the possibility that
efficient transcription requires modifications in both the acet-
ylation status and the phosphorylation status of core histones.
On the other hand, CBP/p300 is also known to acetylate a
growing list of specific transcription factors, including p53,
NF-Y, GATA-1, and EKLF (31, 53, 82) as well as the general
transcription factors TFIIEB and TFIIF (38). It is therefore
conceivable that the activation of the MAP kinase cascade by
butyrate or trapoxin modifies the phosphorylation status of
transcription factors or other, nonhistone chromatin-associ-
ated proteins. This would alter the DNA-binding properties of
transcription factors and/or the recruitment of multiprotein
complexes endowed with HAT or HDAC activity. This raises
the question of whether protein kinases and phosphatases are
members of such complexes and can be coimmunoprecipitated
with CBP/p300 and HDAC.
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