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Article

Butyrate mediates decrease of histone acetylation
centered on transcription start sites
and down-regulation of associated genes
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"Department of Genetics and Pathology, Rudbeck Laboratory, Uppsala University, Uppsala, SE-751 05 Sweden; “Linnaeus Centre
for Bioinformatics, Uppsala University, Uppsala, SE-751 05 Sweden; *Wellcome Trust Sanger Institute, Cambridge, United Kingdom

Butyrate is a histone deacetylase inhibitor (HDACi) with anti-neoplastic properties, which theoretically reactivates
epigenetically silenced genes by increasing global histone acetylation. However, recent studies indicate that a similar
number or even more genes are down-regulated than up-regulated by this drug. We treated hepatocarcinoma HepG2
cells with butyrate and characterized the levels of acetylation at DNA-bound histones H3 and H4 by ChIP-chip along
the ENCODE regions. In contrast to the global increases of histone acetylation, many genomic regions close to
transcription start sites were deacetylated after butyrate exposure. In order to validate these findings, we found that
both butyrate and trichostatin A treatment resulted in histone deacetylation at selected regions, while nucleosome
loss or changes in histone H3 lysine 4 trimethylation (H3K4me3) did not occur in such locations. Furthermore,
similar histone deacetylation events were observed when colon adenocarcinoma HT-29 cells were treated with
butyrate. In addition, genes with deacetylated promoters were down-regulated by butyrate, and this was mediated at
the transcriptional level by affecting RNA polymerase Il (POLR2A) initiation/elongation. Finally, the global increase
in acetylated histones was preferentially localized to the nuclear periphery, indicating that it might not be associated
to euchromatin. Our results are significant for the evaluation of HDACi as anti-tumourogenic drugs, suggesting that
previous models of action might need to be revised, and provides an explanation for the frequently observed
repression of many genes during HDACi treatment.

[Supplemental material is available online at www.genome.org. The microarray data presented in this work have been
submitted to ArrayExpress database, with accession number E-MEXP-693. The processed ChIP-chip data can be

visualized at www.genome.ucsc.edu using the Human May 2004 (hgl7) Assembly.]

Early research efforts on carcinogenesis have focused on genetic
and cytogenetic aspects, but recent years have brought a greater
understanding of the role of epigenetics (Jones and Baylin 2002).
Initial observations showed that DNA hypermethylation at
CpG island promoters of tumor-suppressor genes was a major
epigenetic event associated with neoplasia (Baylin 2005). How-
ever, recent reports have also indicated that the patterns of his-
tone modifications are abnormally altered in tumor cells (Fraga
et al. 2005). The N-terminal tails of H3 and H4 are acetylated at
several lysine residues and these modifications are associated
with the 5’ ends of transcriptionally active genes (Kim et al.
2005b). The acetylation of histones is the result of the net activity
of histone acetyl transferases (HATs) and histone deacetylases
(HDAC:S).

A group of drugs generally known as HDACi have been dem-
onstrated to possess anti-tumourogenic properties including
growth arrest and/or apoptosis in tumor cells (Lindemann et al.
2004). Molecularly, HDACi block the activity of class I and class
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II HDACs and increase global histone acetylation, which theo-
retically should up-regulate many genes. However, HDACi treat-
ment induces significant changes in expression patterns of 5%-
10% of human genes, and surprisingly, approximately equal
numbers of genes are up- and down-regulated (Daly and Shirazi-
Beechey 2006). In addition, it has been reported that an even
larger fraction of the transcriptome is affected by HDACIi, but
most changes in expression are of low magnitude (de Ruijter et al.
2005; Peart et al. 2005), with down-regulation being even more
frequent than up-regulation.

Butyrate is similar in structure and effects to other carbox-
ylic acids like phenyl-butyrate or valproic acid, which are already
used in the treatment of cancer and epilepsy (Villar-Garea and
Esteller 2004). Butyrate has received great attention due to its
anti-neoplastic properties and natural occurrence in our bodies
(Davie 2003). The molecular mechanisms behind the anti-
tumourogenic properties and changes in gene expression exerted
by butyrate are not well understood. Typically, activation of tu-
mor-suppressor genes, like CDKNIA (formerly P21/WAF1), is
claimed to be the major cause of growth arrest and/or apoptosis,
and increased histone acetylation in the promoter of this gene
after butyrate treatment has been reported (Richon et al. 2000).
However, down-regulation of genes with growth-promoting or
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antiapoptotic effects, like MYC (Heruth et al. 1993), cyclin D1
(CCND1) (Lallemand et al. 1996), or SRC (Kostyniuk et al. 2002),
have also been observed in butyrate-treated cells. This has been
associated with the pleiotropic effects of butyrate, which can
affect nonhistone (e.g., transcription factors) and/or noneuchro-
matic targets (e.g., constitutive heterochromatin) (Davie 2003;
Taddei et al. 2005). However, most of the experiments to date
have focused on a few promoters, typically in genes up-regulated
by HDACi (Suzuki et al. 2002), while the common gene-
repression events have frequently been neglected.

Using chromatin immunoprecipitation and microarray hy-
bridization (ChIP-chip) we analyzed the acetylation patterns of
DNA-bound histone H3 and H4 after treatment of HepG2 cells
with butyrate. As expected, global histone acetylation was in-
creased by butyrate treatment. However, by interrogating 1% of
the human genome as defined in the ENCODE Project Consor-
tium (2004), we observed histone deacetylation at many pro-
moter regions. The loss of acetylation affected both H3 and H4,
was shown to be reversible upon withdrawal of the drug, and did
not affect total histone content or H3 lysine 4 trimethylation
(H3K4me3). The deacetylation of promoters was also seen after
treatment with trichostatin A (TSA) and may be a general effect of
HDACI. Furthermore, deacetylation was accompanied by de-
creased expression, reduced RNA polymerase II (POLR2A) initia-
tion, and/or elongation and diminished transcription-factor
binding to regulatory regions. Finally, the global increase in
acetylated histones was mainly localized at the nuclear periph-
ery, possibly affecting heterochromatin or free histones. In sum-
mary, our study provides a mechanistic explanation for the com-
monly observed gene repression under HDACi treatment and
challenges pre-established models of action.

Results

Bulk histone acetylation increases upon butyrate treatment

HepG2 cells were treated with butyrate for 12 h, which resulted
in a clear increase in the overall acetylation of H3 and H4 upon
butyrate treatment (Fig. 1). Removal of the drug for 6 h after a
12-h treatment resulted in acetylation returning to basal levels,
indicating that the effects are reversible. Low levels of acetylated
histones were also observed in cytoplasmic extracts. This could
be due to de novo acetylation of histones in the cytoplasm upon
synthesis and inhibition of cytoplasmic HDACs. The specificity
of our results is shown by the analysis of the same extracts with
an antibody against the C-terminal part of H3, which is not
known to be acetylated.

Genome-wide changes in acetylation of DNA-bound histones
upon butyrate treatment

After reproducing the expected increases in global histone acety-
lation, we wanted to identify DNA regions associated with altered
histone acetylation. We performed chromatin immunoprecipita-
tion using antibodies against H3ac and H4ac in untreated HepG2
cells or in cells treated for 12 h with 5 mM Na-Butyrate. This
butyrate concentration is in the same range as naturally occur-
ring levels and was previously used in other studies (Lallemand et
al. 1996; Dashwood et al. 2006). As for the duration of the treat-
ment, we were interested in as long a treatment as possible, with-
out inducing apoptosis in many cells (Emanuele et al. 2004). The
reason for this is that long treatments better reflect the clinical
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Figure 1. Butyrate increases the total levels of H3ac and H4ac. Nuclear

and cytoplasmic protein extracts were prepared from HepG2 cells that
were either untreated (0 h), treated with 5 mM Na-Butyrate for 2 h or 12
h, or treated for 12 h and then kept for 6 h without the drug (12 + 6 h).
The same amount of protein was used in all cases. For H3ac, the same
Western blot is presented with different exposure times.

use of HDACi in cancer therapy, and because changes of higher
magnitude were expected.

We found, as previously reported (Schubeler et al. 2004), a
high correlation between H3ac and H4ac data sets in normal-
growing cells (R = 0.667, Supplemental Fig. 1) and enrichment of
both modifications at TSSs (Fig. 2B). This localization around TSS
was more pronounced for H3ac, while the H4ac signal was also
found in more upstream and downstream regions. After a 12-h
incubation with butyrate, we observed that the signal at 116
regions for H3ac and 124 regions for H4ac was significantly de-
creased or lost (down groups), while the 181 and 119 regions
remained unchanged, respectively (unchanged groups) (Table 1).
In many cases deacetylation affected both H3 and H4 (30% of
H3ac down, 28% of H4ac down), while at regions where only one
histone was deacetylated, the other was generally not acetylated
at 0 h (66% of H3ac down were absent for H4ac, 45% of H4ac
down were absent for H3ac). It was more frequent that when
both histones were acetylated, H4ac suffered butyrate-mediated
deacetylation alone (25% of H4ac down were unchanged for
H3ac; 4% of H3ac down were unchanged for H4ac) (Fig. 2A; Table
1). Globally, the ENCODE arrays contain around 400 genes, de-
pending on the various annotations (e.g., 392 unique Entrez
Gene IDs). Considering the unchanged and down regions (UES
regions) (see Table 1; Supplemental material) described above, we
selected those mapping within 5 kb of TSS of known genes. A
total of 102/116 regions for H3ac and 47/124 regions for H4ac
belonging to down groups were in proximity of TSS, while 80/
181 and 42/119 of the unchanged regions for H3ac and H4ac,
respectively, were in such location. These numbers indicate that
around 25% and 12% of genes in the ENCODE regions could be
deacetylated at H3 and H4, respectively, after butyrate treatment.
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The results for a representative gene, LACEI, are presented
in Figure 2C. The regions deacetylated upon butyrate treatment
were preferentially focused on TSSs compared with the regions
that were unchanged after treatment (Fig. 2B), especially for
H3ac. By plotting the Log2-ratios against the distance to TSS for
both acetylated histones at 0 and 12 h after butyrate treatment,
it was evident that at O h, there was a peak of acetylation imme-
diately downstream or upstream of TSS for H3ac and H4ac, re-
spectively. Butyrate treatment induced a clear decrease in the
intensity of the peaks (Fig. 2D). These results are unexpected, but
previous reports have found deacetylation in promoters of genes
down-regulated by HDACi (Duan et al. 2005; Reid et al. 2005)
and gene repression is commonly observed in HDACi-treated
cells. On the other hand, a limited number of the loci we exam-
ined displayed increases in acetylation levels (Up group), al-
though of low magnitude and mostly for H4ac. The majority of
these changes were located in far upstream or intronic regions
(Fig. 2B).

Time-series verification of butyrate-mediated deacetylation
and effects of TSA

In order to verify the ChIP-chip results, we selected regions with
butyrate-mediated deacetylation (10 loci) or increased acetyla-
tion (two loci). Since we could not find any spot in the proximity
of a TSS with increased acetylation for both histones, we selected
two regions with a trend toward hyperacetylation, although be-
low statistical significance. In addition, we analyzed the pro-
moter regions of genes previously shown to be affected by bu-
tyrate. CDKNIA is up-regulated by butyrate in HepG2 cells
(Hirsch and Bonham 2004), while SRC (Kostyniuk et al. 2002)
and BCL2L1 (formerly BCL-XL) (Ruemmele et al. 2003) are inhib-
ited. As a negative control we selected a region close to a TSS
without enrichment or change for H3ac or H4ac (Supplemental
Table 1).

We generated ChIP material for H3ac and H4ac after O-h,
15-min, 2-h, 6-h, and 12-h butyrate treatment, and after treat-
ment for 12 h followed by 6 h without butyrate. For the 10
regions where deacetylation was found by ChIP-chip, we con-
cluded that butyrate response was time dependent, with slight
initial increase after 15 min at some of the targets, before deacety-
lation was detected after 2 h and reaching maximum levels al-
ready at 6 h. All of the deacetylations were almost completely
reversed after removal of butyrate (Fig. 3A).

In the two regions with increased acetylation by ChIP-chip,
the results were less clear. The levels of acetylation were much
lower than above, and even after 12 h, the signals compared with
input levels were low (Fig. 3B). This was expected, since in our
ChIP-chip analysis these regions were below our cut-off values.
However, in general, we could detect slight increases in acetyla-
tion that were detectable after a 15-min treatment.

After a short treatment, butyrate provoked a clear increase in
histone acetylation at the CDKNI1A promoter, especially of H3,
that reached a maximum after 15 min and remained high after 2
h. However, longer exposure resulted in deacetylation, and the
levels after 12 h were lower than those before treatment. In the
case of SRC and BCL2L1, the results were similar to the 10
deacetylated targets (Fig. 3B). The specificity of the previous re-
sults was shown by the low and stable levels of H3ac and H4ac in
the negative control region (HBG1/2) (Fig. 3B). Overall, we can
conclude that at very early time points (15 min), there seems to
be a common increase in histone acetylation, which, however, is
transient. Furthermore, histone deacetylation occurred in a de-
layed fashion, since it was not clearly evident until 6 h after
treatment for most regions.

Similar results were obtained in cells before and after treat-
ment with TSA for 12 h, with H3 and H4 deacetylations observed
at the same selected regions, indicating that the deacetylations
are not restricted to butyrate (Fig. 3 ; Supplemental Fig. 2). Fur-
thermore, when treating a different cell line, HT29, derived from
a colon adenocarcinoma with butyrate for 12 h, a similar re-
sponse was observed with clear deacetylations of H3 and H4 at
investigated regions (Supplemental Fig. 3). These results are
highly relevant, due to the natural production of butyrate in the
colon, where it might play a protective role against tumor devel-
opment. Finally, due to the global increase in histone acetylation
provoked by butyrate, it was important to determine that in the
treated cells the antibody against acetylated histones was not a
limiting factor and the reason for the observed decrease in signal
for H3ac and H4ac. ChIP experiments were performed with ~10
times less cells than in ChIP-chip and either 5 pg or 10 ug of
antibody, the latter the amount used in ChIP-chip. When ana-
lyzing the previously selected regions, clear histone deacetylation
was evident for both H3 and H4, irrespective of amount of anti-
body (data not shown). In conclusion, there was no indication of
the amount of antibody being a limiting factor.

Butyrate neither changes nucleosome density nor
H3K4trimetylation

Decreased histone acetylation signal could be the result of
nucleosome loss, perhaps due to further induction of nearby
genes, as has been observed in yeast, where promoters of active
genes have lower nucleosome density (Lee et al. 2004). Using an
antibody against the C-terminal end of H3 that served as a mea-
surement of nucleosome occupancy, we found by ChIP no indi-
cation of nucleosome loss, at least at the resolution we can
achieve, for any of the regions analyzed (Fig. 3D). Furthermore,
H3K4me3 levels did not change upon butyrate treatment. Inter-
estingly, most of the regions with high levels of acetylated his-
tones at 0 h displayed high levels of H3K4me3 as well, in con-
cordance with previous studies (Bernstein et al. 2005). The sta-

Figure 2. Genome-wide changes in acetylation patterns of histone H3 and H4 in 1% of the genome after butyrate treatment. (A) Number of unique
enriched spots (UES, see Supplemental Material and Methods) for H3ac and H4ac, respectively, and overlapping regions at 0 h, 12 h, deacetylated
(down), unchanged (Un), and Up groups. (B) Distribution of the different UES respective to their distance to TSS is presented for the 0 h, 12 h, down,
unchanged (Un), and up groups either for H3 (left) or H4 (right) alone, or for both histones (bottom). Due to multiple TSSs for unique genes, each UES
could map to more than one category, and therefore, total numbers can sum up more than 100%. Distances to TSS or 3’ ends are in Kbp. (1°¢int) First
intron; (Intra) intragenic; (Inter) intergenic. (C) H3ac and H4ac decreased around TSS of LACET, according to our ChIP-chip experiments (top histo-
grams), which was verified when analyzed by PCR in the same region (bottom). The spots presented in the upper part come from one of the biological
replicates in each case, where ChIP DNA was always labeled with Cy5 (red), while input DNA was labeled with Cy3 (green). The log2-ratios in the
histograms represent the ratios between the signals for ChIP DNA labeled with Cy5 and the input DNA labeled with Cy3, which have been transformed
to log2 values. In such histograms, the blue and red bars correspond to untreated (0 h) and treated (12 h) experiments, respectively. (D) Log2-ratios
of acetylated histones and negative control arrays, depicting the spots mapping within 5 kb of Transcription Start Sites (TSS) for UES. For all selected

spots a sequence window of =25 Kb around TSS is presented.
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Table 1. Regions with different histone acetylation patterns before and after butyrate treatment
UES region overlaps H3ac.down H3ac.unchanged H3ac.up H3ac.absent Total
H4ac.down 35 31 0 58 124
H4ac.unchanged 4 35 0 80 119
H4ac.up 0 4 0 15 19
H4ac.absent 77 111 1 RS RS
Total 116 181 1 RS

The numbers represent the overlaps between unique enriched spots (UES) regions as defined in the Supplemental material for the different categories
(up, down, unchanged, or absent) of H3ac vs. H4ac. (RS) Remaining spots in array.

bility of the methylation mark gives a possible explanation for
the reversibility of the butyrate-mediated deacetylations, given
the presumed cross-talk between these modifications (Dou et al.
2005; Pray-Grant et al. 2005) (see Discussion).

Interaction of transcription factors (TF)s, HATs, and HDACs
with deacetylated regions

The acetylation status of histones depends on HDACs and HATs,
which do not have histones as their only substrates. Western
blotting demonstrated that HDAC1 was not detectable and that
SIRT1 was mainly cytoplasmic in HepG2 extracts. Hence, it was
not surprising that we could not detect, by ChIP, binding of these
proteins at any of the analyzed targets (data not shown). Estab-
lishment of HDACs’ role in butyrate-mediated histone deacety-
lation will require systematic screening of all HDACi-sensitive
(e.g., HDAC1) and HDACi-insensitive HDACs (e.g., SIRT1).

CBP is a HAT whose binding has been reported to be reduced
in the BCL2 promoter upon TSA treatment, accompanied by his-
tone deacetylation (Duan et al. 2005). TFs are known to interact
with HATs and/or HDACs, and they can also be substrates of such
enzymes, e.g., SP1 (Davie 2003), YY1 (Yao et al. 2001), and
HNF4A (Soutoglou et al. 2000). Both HNF4A and CBP bindings
were reduced by butyrate at 3/10 and 5/10 targets, respectively.
Neither YY1 nor SP1 bindings were affected by butyrate (Fig. 4A).
HNF4A is known to interact with distal-regulatory elements
(Rada-Iglesias et al. 2005), and two of such regions (3 kb down-
stream from ENPPI [stSG626337] and 15 kb upstream from
APOAS [stSG601791]), plus a strongly bound promoter (2.5 kb
upstream from APOC3 [stSG601807]) were investigated for
HNF4A and CBP (Fig. 4B). Some decrease in binding was ob-
served, although the bindings to distal regions seemed less af-
fected by butyrate.

Butyrate-mediated histone deacetylation results in decreased
gene expression

H3ac and H4ac are usually located in the proximity of TSS and
are hallmarks of transcriptionally active chromatin, so decreased
expression was expected for genes close to deacetylated regions.
All of the selected genes with histone deacetylation around the
TSS were down-regulated by butyrate (Fig. SA). Furthermore,
EEF1A1 and BIRC4 were previously shown to be down-regulated
by butyrate (Goncalves et al. 2005; Kim et al. 2005a), while
RBM39 and RPL10 are inhibited under other HDACi treatments
(de Ruijter et al. 2005; Gialitakis et al. 2006). For the two genes
with increased acetylation close to the TSSs, the overall expres-
sion levels were low, but increased expression after treatment was
observed (Fig. 5B). The results for our control genes were in con-
cordance with previous reports. CDKNIA expression was in-
creased, while SRC and BCL2L1 levels were diminished. The con-
trol GAPDH remained constant after butyrate treatment (Fig. 5B).

The decrease in expression occurs at the transcriptional level:
Butyrate effects on POLR2A occupancy

It has been previously suggested that histone acetylation around
TSS might facilitate POLR2A preinitiation, initiation, and/or
elongation steps (Struhl 1998; Kristjuhan and Svejstrup 2004;
Zhao et al. 2005). We investigated POLR2A occupancy by ChIP of
untreated cells and cells treated with butyrate for 12 h and ana-
lyzed regions close to TSS (Supplemental Table 1) and some
downstream intragenic regions. We analyzed eight of 10 deacety-
lated regions from Supplemental Table 1 and targets at some
distance upstream from TSS showed no changes in POLR2A oc-
cupancy (e.g., RBM39, EEF1A1.5', ITSN1), while regions very
close to TSS or intragenic showed decreased POLR2A binding
(e.g., LACE1, HOXA4, RADS0, etc). In all downstream intragenic
regions, decreased POLR2ZA occupancy was observed, including
EEF1A1.3" and SRC.3', where no changes in the 5'regions were
found (Fig. 5C).

For the two genes with increased acetylation and expres-
sion, very low levels of POLR2A were detected and no detectable
changes in POLR2A occupancy were induced by butyrate (Fig.
5D). CDKN1A showed increased POLR2A occupancy close to TSS,
which was more evident further downstream in the gene. For
SRC, the deacetylated region was located immediately upstream
of a tissue-specific TSS, but more than 1 Kb upstream from a
second ubiquitous TSS (Kostyniuk et al. 2002). The POLR2A oc-
cupancy was not affected in the upstream region, but when ana-
lyzing an intragenic area, reduction in POLR2A binding was me-
diated by butyrate. POLR2A binding at the BCL2L1 gene was
reduced when analyzing an intragenic region close to the TSS
(Fig. 5D).

Functional and structural similarities among genes displaying
histone deacetylation

We investigated whether histone deacetylation around TSS could
be the result of some sequence and/or architecture similarities at
the proximal promoters of affected genes and whether they
might be functionally related. We studied the Gene Ontology
(GO) profiles of genes where histone deacetylation was noted
within 5 kb of TSSs and compared them with the genes with no
changes, using all of the genes contained in the ENCODE regions
as background (Supplemental material). Genes with increased
acetylation were few and not investigated. Among deacetylated
genes, significantly over-represented categories included several
related with cell cycle and proliferation (e.g., M-phase, Meiosis,
purine biosynthesis, etc.) and genes that in general promote cell
proliferation (e.g., YWHAH) (Wanzel et al. 2005), HCFC1 (Piluso
et al. 2002). The other major group of deacetylated genes was
mainly involved in protein biosynthesis, including translation
elongation factors (e.g., EEF1A1, ITGB4BP) and ribosomal pro-
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Figure 3. Validation of ChIP-chip results and effects on nucleosome occupancy and H3K4me3 of
butyrate-mediated histone deacetylation. ChIPs were prepared from cells that were either untreated (0
h) or treated with 5 mM Na-butyrate for 15 min (15”), 2 h, 6 h, or 12 h, and cells were exposed to
butyrate for 12 h and then grown for 6 h without (12 + 6 h) using antibodies against H3ac and H4ac.
ChlIPs were analyzed by amplifying the regions indicated in Supplemental Table 1, which displayed
histone deacetylation (A) or histone hyperacetylation (B) in our ChIP-chip analysis. A negative control
region (HBG1/2) was analyzed together with some gene promoters from the literature (B). ChIPs were
prepared from cells that were either nontreated (0 h) or treated with 100 ng/mL TSA for 12 h, using
antibodies against H3ac and H4ac. Some of the selected targets from A and B were analyzed and
presented here (C) and in Supplemental Figure 2. ChIPs were also prepared from cells that were either
untreated (0 h) or treated with 5 mM Na-butyrate for 12 h using an antibody against H3-cter or against
H3K4me3 (D).

showed no changes in the staining pat-
tern of total histone H3 (Supplemental
Fig. 3).

Discussion

Butyrate frequently provokes histone
deacetylation around the TSS
of active genes

Butyrate and other HDACi are under
clinical trials to evaluate their potential
as anti-tumourogenic drugs (Villar-

teins (e.g., RPL10, MRPL23). Inhibition of translation factors and
ribosomal proteins seems to be a general observation in cells
under stress and slowing of their growth rate (Murray et al. 2004).

We compared the number of CpG islands within 5 kb of
deacetylated regions with that in regions remaining acetylated
after butyrate treatment. CpG islands were significantly more
common in deacetylated areas, especially regarding H3ac (79%
for Down vs. 44% for Unchanged, P = 1.3 x 10~ ?) (Supplemental

Garea and Esteller 2004). However, this evaluation is done with-
out a complete understanding of their molecular mechanisms of
action. We have performed the first large-scale characterization
of the acetylation status of DNA-bound histones after treating
HepG2 cells with butyrate. By interrogating 1% of the human
genome by ChIP-chip, we found that many acetylated regions
were deacetylated after treatment, frequently affecting both H3
and H4 and mapping close to TSSs. The same effect was seen
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Figure 4. Butyrate affects the binding of some transcription factors
bound at deacetylated regions. ChIPs were prepared from cells that were
either untreated (0 h) or treated with 5 mM Na-butyrate for 12 h, using
antibodies against the proteins indicated in the bottom of the pictures. In
A, some of the regions from Supplemental Table 1 were analyzed. In B,
we analyzed some distal elements previously identified as HNF4A targets.
The amplified regions were 3 kb downstream from ENPPT (stSG626337),
15 kb upstream from APOA5 (stSG601791), and 2.5 kb upstream from
APOC3 (stSG601807).

when HepG2 cells were treated with TSA, indicating that the
effect may be general to HDACI. Similar deacetylation was seen
in the colon cancer cell line HT29 after butyrate treatment, so the
effect may be seen in many cell lines. We then demonstrated that
the loss of histone acetylation cannot be explained in terms of
nucleosome density (Lee et al. 2004). Furthermore, H3K4me3,
which is also a hallmark of transcriptionally active genes (Pok-
holok et al. 20035), was unaffected by butyrate, as previously ob-
served under TSA treatment (Hazzalin and Mahadevan 2005).
This observation could be of importance, since it suggests that
the promoters conserve some of their transcriptionally active
“landscape” and might explain why butyrate-mediated deacety-
lation was reversible. Conservation of H3K4me3 and perhaps of
other “active” marks, could help in the recruitment of HATs and
in the restoration of histone acetylation of these promoters after
butyrate withdrawal. Moreover, these stable active marks could
render promoter regions in a sufficiently accessible state, allow-

ing Preinitiation complex (PIC)/POLR2A and some TFs to remain
bound at core promoters.

Histone deacetylation occurs around TSS of genes
down-regulated by butyrate

The observed histone deacetylation around TSSs was accompa-
nied by decreased RNA levels at nearby genes. Furthermore,
POLR2A binding was generally diminished both close to TSS and
further downstream, while it was rather stable where the ana-
lyzed regions were upstream from TSSs. This suggests that his-
tone deacetylation affects transcription initiation and/or elonga-
tion, rather than PIC formation (Kristjuhan and Svejstrup 2004;
Zhao et al. 2005). In the COX2 and MYC genes in particular, buty-
rate was reported to suppress elongation, since POLR2A levels
were not affected at exon 1, but clearly diminished in down-
stream exons (Tong et al. 2005).

Overall, our data provides a mechanistic explanation for the
frequently observed repression of genes under butyrate and other
HDACI treatments. Among the 10 genes identified in the ChIP-
chip screen, where we validated the butyrate-mediated histone
deacetylation and gene repression, four of them were previously
shown to be down-regulated by butyrate or other HDACIi (de
Ruijter et al. 2005; Goncalves et al. 2005; Kim et al. 2005a; Gi-
alitakis et al. 2006). Furthermore, other genes like STAG2 and
MECP2, where we observed histone deacetylation around TSS,
were also previously found to be down-regulated under HDACi
treatment (de Ruijter et al. 2005; Daly and Shirazi-Beechey 2006).
Finally, our data concerning SRC and BCL2L1 is also in agree-
ment with previous data (Kostyniuk et al. 2002; Ruemmele et al.
2003), demonstrating that gene repression mediated by HDACi
treatment is a common event and that our data can link to
changes in histone acetylation. However, histone deacetylation
could be either the cause or a consequence of genes being si-
lenced. In comparison to the early and constant increase in glo-
bal histone acetylation, as well as the early and transient hyper-
acetylation of some promoters (e.g., CDKN1A), histone deacety-
lation seems to occur in a delayed fashion. This could indicate
that histone deacetylation is a secondary effect due to a “stress-
response” derived from the early events provoked directly by
butyrate. In this respect, butyrate is known to induce growth
arrest and/or apoptosis in HepG2 cells (Donadel et al. 1991;
Emanuele et al. 2004), and it has been previously shown that
histone deacetylation occurs at numerous gene promoters in qui-
escent cells (Rayman et al. 2002; Balciunaite et al. 2005) and cells
undergoing terminal growth arrest and acquiring a senescence-
like phenotype (Jackson and Pereira-Smith 2006). In both cases,
histone deacetylation is accompanied by silencing of the corre-
sponding genes, and E2F/pocket protein complexes bound to
their promoters mediate histone deacetylation through recruit-
ment of HDACs. According to our GO analysis of genes with
deacetylated promoters, there was a clear over-representation of
genes promoting cell proliferation and protein biosynthesis. Si-
lencing of genes belonging to these functional categories could
be the signature of a “stress-response” of HepG2 cells to butyrate,
with subsequent growth arrest and apoptosis if butyrate exposure
is prolonged.

Butyrate-mediated promoter hyperacetylation is an early
and transient event

We detected a few examples of increased acetylation in our ChIP-
chip analysis. Most were restricted to H4 of low magnitude and
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Figure 5. Histone deacetylation at promoter regions results in decreased expression of the associated
genes mediated at the transcriptional level. RNAs were prepared from cells that were either untreated
(0 h) or treated with 5 mM Na-butyrate for 12 h. Total RNA (1 pg) was used for preparing gene-spe-
cific cDNAs using reverse transcriptase (RT), which were analyzed by RT-PCR to investigate the
RNA levels of genes displaying histone deacetylation (A), while genes with increased acetylation,
genes from the literature, and a loading control (GAPDH) are presented in B. Similar results were
obtained in a biological replicate or when cDNAs were obtained using oligo(dT). ChIPs were prepared
from cells that were either nontreated (0 h) or treated with 5 mM Na-butyrate for 12 h using an
antibody against the C-terminal domain of POLR2A. The analyzed regions included most from Supple-
mental Table 1, divided into those with histone deacetylation (C) and with histone hyperacetylation
from previous literature or serving as negative control (HBG1/2) (D). For some genes, two different
genomic regions were analyzed, one close to the TSS (Supplemental Table 1) is indicated by the gene
name, followed by 5’, while an intragenic region was analyzed using the same primers used in A and
B and is indicated by the gene name, followed by 3’. Similar results were obtained in two other

biological replicates.

commonly located in far upstream and intronic regions. This
localization might reflect, in some cases, uncoupled HDAC ac-
tivity at coding regions, which has been suggested to inhibit
spurious transcription-initiation events in connection with
H3K36 methylation (Lieb and Clarke 2005). In the case of
CDKNI1A4, it has previously been suggested that elevated mRNA
levels in HepG?2 cells after butyrate treatment are mainly due to
post-transcriptional events (Hirsch and Bonham 2004) and
mechanisms not related to histone acetylation (Han et al. 2001).
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This can be in agreement with our
observations, as butyrate provokes an
initial increase in histone acetylation,
followed by increased transcription that
at longer times may be accompanied
by post-transcriptional mechanisms
once histone acetylation decreases
to basal. The importance of post-
transcriptional events in HDACi-
mediated gene activation is well illus-
trated by the inhibition of miRNAs by
these drugs (81% of detectable miRNAs
were down-regulated), since it may lead
to mRNA up-regulation (Scott et
al. 2006). Richon et al. (2000) found that
CDKN1A steady-state mRNA levels, tran-
scription rate, and H4ac rapidly
increased after SAHA treatment. How-
ever, mRNA levels decreased after 24 h
and H4ac went back to basal levels.
In summary, the combination of early
and transient increases in histone acety-
lation together with post-transcriptional
mechanisms might explain the up-
regulation of certain genes (e.g.,
CDKN1A), without an evident increase
in histone acetylation after a 12-h buty-
rate treatment, as investigated in our
ChIP-chip study. Similarly, Hazzalin
and Mahadevin (2005) found that upon
TSA treatment, H3ac around TSS of
the inducible proto-oncogenes Fos
and Jun rapidly increased, peaking
at 15 min to 1 h after treatment. How-
ever, after a 2-h treatment, the levels
went back to almost basal and after 4 h,
histone deacetylation compared with
controls could be observed. This is
in agreement with Peart et al. (2005),
who observed that HDACI treatment
resulted in an early response (1-4 h)
involving mainly gene activation, while
gene repression steadily increased
over time, and at 16 h they found
more genes being repressed than acti-
vated. Furthermore, in this study it is
suggested that a large fraction of genes
(40%) are affected by HDACI treatment,
although many changes are of low mag-
nitude. Considering that they found
more genes being down-regulated than
up-regulated, the fraction of known
genes displaying histone deacetylation

close to their TSS in our study (25% for H3ac, 12% for H4ac) and
expected to be down-regulated, is in that same range. In conclu-
sion, we and others have observed that histone hyperacetylation
at gene promoters after HDACI treatment is an early and tran-
sient event, with important implications for a better understand-
ing of the kinetics of histone modifications (see Hazzalin and
Mahadevan 2005 for a detailed study of these early events). How-
ever, HDACI cancer treatment is long term, with patients taking
the drug for days and weeks. Therefore, we consider the long-
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The increase in total histone

acetylation mediated by butyrate
is preferentially localized
to the nuclear periphery

Finally, a major paradox is how the in-

crease in global histone acetylation level
induced by butyrate can correlate with
the observed deacetylation in our ChIP-
chip analysis of 1% of the human ge-
nome. Heterochromatin consists of fac-

ultative heterochromatin, which in-

cludes euchromatic regions silenced in a
particular cellular context, and constitu-
tive heterochromatin, which are large
genomic areas near centromeres and
telomeres, mostly formed by repetitive

sequences silenced in all cell types
(Dimitri et al. 2005). TSA treatment of
human cells lead to accumulation of
H4KSac at the nuclear periphery (Taddei
et al. 2001). This occurred after 2 h of

DAPI FITC Merged
’ ..- :
H3ac
12h
Oh
H4ac
12h
Figure 6. Butyrate-mediated increase in total levels of acetylated histones preferentially occurs at the

nuclear periphery. HepG2 cells were either untreated (0 h) or treated with 5 mM Na-butyrate for 12
h, and immunostaining assays were performed under both conditions using antibodies against H3ac
(top) and H4ac (bottom) and secondary antibody coupled to FITC. From left to right are presented the
staining patterns observed for DAPI in blue, FITC in green, and when both stainings are merged. The
graphs to the right represent the signal quantification obtained for both DAPI and FITC along the red
line drawn in the merged picture. The images represent the overall picture emerging from two

biological replicates (Supplemental Fig. 3).

term effects of HDACi treatment more relevant from a clinical
perspective.

Butyrate-mediated histone deacetylation affects functionally
and structurally related genes

CpG islands were more abundant in deacetylated regions than in
unchanged ones. Similarly, it was recently reported that CpG
island content in promoters positive for TAF1 binding was sig-
nificantly higher than previous estimates (Kim et al. 2005b). Fur-
thermore, initiator sequences recognized by TAF1(Smale and Ka-
donaga 2003), were slightly more abundant in deacetylated core
promoters than in unchanged ones. Interestingly, HDACi-
mediated down-regulation of SRC is TAF1 dependent (Dehm et
al. 2004). TAF1 is a general transcription factor with HAT activity
specific for histones H3 and H4 in vitro (Mizzen et al. 1996).
Disruption of TAF1 HAT activity in mammalian cells results in G,
arrest (Dunphy et al. 2000) and down-regulation of many genes
(O’Brien and Tjian 2000). The effects on cell-cycle progression
and gene expression induced by disrupting TAF1 HAT activity
resemble those observed during butyrate treatment. Therefore,
we speculate that direct or indirect disruption of TAF1 HAT ac-
tivity by butyrate could partly explain the loss of histone acety-
lation at some active promoters, even though inhibition of other
HATs cannot be ruled out. Hazzalin and Mahadevan (2005)
found that prolonged TSA treatment (4 h) results in H3 deacety-
lation around TSS of Fos and Jun, and they suggested that it could
be mediated by HDACi-insensitive HDAC or by histone replace-
ment. Finally, as previously mentioned, HDAC recruitment to
E2F/pocket protein-target genes under HDACi-mediated growth
arrest represents another intriguing possibility requiring further
experimental investigation.

treatment, but up to 5 d were needed in
order to disrupt the pericentric hetero-
chromatin. Similarly, long TSA treat-
ment resulted in accumulation of
H3K9ac at pericentric heterochromatic
minor satellites (Maison et al. 2002) and,
also, butyrate treatment resulted in in-
creased levels of H3K9ac at the nuclear
periphery (Bartova et al. 2005). In agree-
ment with these studies, we have found that treatment of HepG2
cells with Na-butyrate for 12 h resulted in increased levels of
H3ac and H4ac at the nuclear periphery. Perinuclear localization
of chromatin coincides with transcriptional silencing (Andrulis
et al. 1998) and acetylated histones are absent close to the
nuclear envelope (Sadoni et al. 1999), where centromeric regions
are preferentially found in mouse and humans (Weierich et al.
2003). Thus, accumulation of histone acetylation after HDACi
treatment could occur at constitutive heterochromatin. Our pre-
liminary analysis of two heterochromatic repeats (i.e., SAT2 and
NBL2; data not shown) showed no indication of increased H3ac
or H4ac upon butyrate treatment, suggesting that either longer
treatment is needed in order to accumulate acetylated histones at
heterochromatin or that accumulation occurs at other hetero-
chromatic repeats. Another alternative is that the increased
acetylation preferentially affects nuclear histones not bound to
DNA, but located at the nuclear periphery. In this respect, H3/H4
interact in vitro with HP1 and LBR, a component of the inner
nuclear membrane (Polioudaki et al. 2001). Moreover, HDAC3
contacts with another member of the nuclear inner envelope,
LAP2B (Somech et al. 2005). In summary, current data indicate
that most of the increase in histone acetylation caused by HDACi
treatment localizes to the nuclear periphery, and heterochroma-
tin disruption seems to depend on duration of treatment. Per-
haps free histones are acetylated at early times and targeted to the
nuclear periphery before they are incorporated into heterochro-
matin in a cell-cycle dependent manner (Taddei et al. 2005).

Conclusion

Butyrate, in particular, and HDACI, in general, are promising
anti-tumourogenic agents that are already used or in clinical tri-
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als for treatment of cancer. In spite of their medical interest, the
molecular mechanisms of this diverse group of drugs are poorly
understood. The work presented here establishes the first ge-
nomic characterization of the effects of one of these drugs, Na-
Butyrate, on the acetylation status of DNA-bound histones. The
major effect in euchromatin is a histone deacetylation centered
on TSS, which could be mediated by a pleiotropic effect on HATs
and/or HDACs, suggesting that preassumed models for the ac-
tions of these drugs might need to be revised. Finally, treatment
with TSA resulted in similar histone deacetylation in a number of
selected regions, which suggests that such response could be gen-
eral to HDACI treatment and offers an explanation for the com-
monly observed down-regulation of genes under these treat-
ments.

Methods

Cell culture and treatments

HepG2 and HT-29 cells were grown in RPMI-1640 medium
(Sigma-Aldrich) supplemented with 10% FBS (GIBCO, Invitro-
gen), 1% PEST (GIBCO, Invitrogen), and 1% Glutamine (GIBCO,
Invitrogen) at 37°C with 5% CO,. When cells were subconfluent,
medium was changed for both untreated and treated cells. The
treated cells were grown for the indicated period (15 min, 2 h, 6
h, 12 h) in medium supplemented with 5 mM Na-butyrate
(Sigma-Aldrich) or 100 ng/mL TSA. Control cells were grown in
parallel with the treated cells, typically for 12 h, since the ma-
jority of the treatments were performed for those same hours. For
the 12 + 6-h treatment, 12 h after butyrate addition, the medium
was removed, the cells washed with PBS, and fresh medium with-
out butyrate was added and cells maintained in such conditions
for an additional 6 h.

Protein extracts, Western blot, and antibodies

Nuclear and cytoplasmic extracts from HepG2 cells and Western-
blot analysis were performed as described (Rada-Iglesias et al.
2005). Anti-Histone H3 acetyl K9/14 (06-599), anti-Histone H4
acetyl K5/8/12/16 (06-866), anti-SIRT1 (05-707), and normal
rabbit IgG (12-370) were from Upstate. Anti-Histone H3 tri-
methyl K4 (ab8580) and anti-Histone H3 (ab1791) were from
AbCam. Antibodies against HNF4A (sc-6556), SP1 (sc-17824),
CBP (sc-369), HDAC1 (sc-6299), and YY1 (sc-1703) were from
Santa Cruz. Antibody against C-terminal domain (CTD) of
POLR2A (MMS-126R) was from Covance.

Chromatin immunoprecipiation (ChlIPs)
and microarray hybridization

ChIPs were performed as previously described (Rada-Iglesias et al.
2005). Briefly, one 175-cm? cell flask with subconfluent cells was
used per ChIP experiment. Cells were cross-linking with 0.37%
formaldehyde for 10 min. Chromatin was sonicated to a size of
0.5-2 kb, a fraction was kept as input (~15%-20% of total chro-
matin), and the rest was incubated with 10 pg of antibody and
protein G-agarose. ProteinG-agarose pellets were washed and
DNA-protein complexes eluted, treated with RNaseA (Amersham
Bioscience), and cross-links were reversed. Proteins were de-
graded by Proteinase K (Amersham Bioscience) and DNA was
extracted, purified, and resuspended in water. Microarray con-
struction, DNA labeling, and microarray hybridization were ex-
actly as previously described (Rada-Iglesias et al. 2005). Briefly,
for each histone modification and butyrate condition, three
completely independent biological replicates were performed.
The DNA obtained from a single ChlIP reaction was labeled with

Cy5 and a 1/3 of the corresponding input was labeled with Cy3.
For labeling reactions, the Bioprime Labeling system (Invitrogen)
was used. Labeled ChIP/Cy5 and Total input/Cy3 DNAs were
combined and hybridized to the array.

Microarray data analysis, Gene Ontology (GO) categories,
CpG islands content, and Core promoter’s analysis

The computational analysis was divided in various parts, some of
them as previously described (Rada-Iglesias et al. 2005). The LCB-
DataWareHouse was used for analysis of microarray data and GO
categories (Ameur et al. 2006). Extensive description of all the
procedures can be found in the Supplemental material.

RNA preparation and RT-PCR

5-10 x 10° HepG2 cells were treated with 5 mM Na-butyrate for
12 h or grown in parallel without treatment for the same time.
RNA was extracted using 1 mL TRIzol (Invitrogen). Samples were
treated with RNAguard RNAse inhibitor (Amersham) and Turbo
DNA-free DNase I (AmBion). Gene-specific or oligo-dT primed
RT-PCR was performed using 1 pg of RNA and the M-MLV Re-
verse Transcriptase kit (Invitrogen). The resulting cDNAs were
amplified with specific primers for each gene.

Immunostaining, image acquisition, and analysis

HepG2 cells were grown in glass slides, fixed with 4% paraform-
aldehyde, and permeabilized. Slides were treated with Image-iT
FX Signal enhancer (Molecular Probes) and an additional block-
ing step was carried out in a solution containing 2% (w/v) BSA
and 0.1% (v/v) Triton X-100. Slides were incubated with primary
antibodies for 1-2 h, rinsed, and incubated with anti-rabbit FITC
(Jackson Immunoresearch Laboratories) for 1 h. The slides were
rinsed and mounted in ProLong Gold Antifade (Molecular
Probes). Images were acquired using a confocal microscope 510
META (Zeiss), Axiovision LE rel. 4.2 (Axioplan II), and LSM 5
Image browser (510 META). Signal quantification was performed
using Image J software by calculating the signal intensity along a
line crossing one of the nucleus’ axis.
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