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ABSTRACT. n-Butyrate inhibits the growth of colon cancer cell lines. In the HCT 116 cell line, butyrate-
induced growth inhibition is almost fully reversible, whereas in the VACO 5 cell line, a subpopulation undergoes
apoptosis within 30 hr of treatment with butyrate. Concurrent treatment of VACO 5 cells with butyrate and the
phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA) accelerates and increases the incidence of cell death
to nearly 100% of the population, whereas HCT 116 cells largely remain alive during treatment with this
combination. The action of butyrate as an inhibitor of histone deacetylase was assessed in these cell lines by
examining extracted core histones for their electrophoretic mobility in Triton/acid/urea gels. The concentrations
of butyrate that were effective for inducing apoptosis were similar to the concentrations that caused hyperacety-
lation of core histones in the VACO 5 cell line. Furthermore, an examination of other carboxylic acids for
induction of apoptosis revealed a rank order that corresponded to the order of potency in causing hyperacety-
lation of core histones. Specifically, the active acids were 3—5 carbons in length and lacked substitution at the
2-position. Isovaleric and propionic acids, in particular, proved to be effective inducers of both hyperacetylation
and apoptosis at 5 mM concentrations, a finding of potential relevance to the unusual pancytopenia occurring
after acidotic episodes in isovaleric and propionic acidemias. The duration of butyrate treatment required for
chromatin fragmentation (10-20 hr) corresponded to the time required for histone H4 to become predominantly
tetraacetylated. Furthermore, trichostatin A, a structurally dissimilar inhibitor of histone deacetylase, mimicked
butyrate-induced apoptosis of VACQO 5 cells and growth inhibition of HCT 116 cells. The dramatic enhance-
ment of VACO 5 cell death by TPA, and the high level resistance of HCT 116 cells to butyrate were not evident
from histone acetylation determinations. Thus, applications of butyrate for cytoreduction therapy will benefit
from pharmacodynamic assessment of histone acetylation, but will require additional work to predict suscepti-
bility to butyrate-induced death. BIOCHEM PHARMACOL 53;9:1357-1368, 1997. © 1997 Elsevier Science Inc.
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Butyrate and other SCFA** induce phenotypic maturation
in many eukaryotic cell types, and have been demonstrated
repeatedly to cause growth arrest and reversal of neoplastic
characteristics in cultured cells [1]. Butyrate has consider-
able appeal for therapy, given the lack of acute cytotoxicity
in normal tissues even at high concentrations. In fact, bu-
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tyrate promotes the survival of normal colonic epithelia, in
culture and in vivo [2—6]. Many cell lines derived from neo-
plastic tissues have also been found to survive butyrate
treatment despite a reversible growth arrest [7-10]. How-
ever, some cell lines, especially several derived from lym-
phoma, ovarian cancer, and adenocarcinoma of prostate,
colon, and breast, have been found to undergo terminal
differentiation and/or apoptosis when treated with milli-
molar concentrations of sodium n-butyrate [9-18].
Butyrate (at 1-10 mM) and the other SCFA (acetate,
propionate, and valerate, at nearly 100 mM in aggregate)
are present within the colonic lumen as a result of bacterial
fermentation of fiber and non-digested starch [19, 20].
These endogenous SCFA are active on colonic mucosal
cells, as evident from analysis of core histone acetylation



1358

[20] (see below). Animals maintained germ-free or on total
parenteral nutrition suffer from atrophy of the intestinal
mucosa, a situation that can be ameliorated by instillation
of butyrate and other SCFA into the colorectum [4]. In
addition, bovine milk fat is approximately 10% butyrate
triglyceride by weight. In humans, sodium butyrate is an
effective therapy for certain types of ulcerative colitis, al-
lowing the healing of mucosal ulcers and promoting the
survival of colonic epithelial cells [2, 3]. In consideration of
the death-inducing actions of SCFA on neoplastic cells,
fermentation-derived SCFA have been suggested to be re-
sponsible for some of the preventive actions of dietary fiber
against colorectal cancer [13, 20]. The mechanisms by
which SCFA might determine this differential mainte-
nance of survival by normal and neoplastic cells are experi-
mentally accessible in cultured cells.

The many actions of fatty acids on cells can be distin-
guished on the basis of structure—activity relationships, in-
dicating independent subcellular targets. Such actions in-
clude alteration of cell volume and intracellular pH [21,
22], modulation of cytoskeletal structures [23], inhibition of
histone deacetylase [24-26], stimulation of phospholipid
synthesis [27], activation of mitochondrial gene expression
[28], and metabolism as acyl-CoA species via numerous
pathways (e.g. beta-oxidation or alkyl chain elongation).
While propionate, n-butyrate, and isobutyrate are roughly
equivalent in several of these respects, n-butyrate is the
most active SCFA in inhibiting the histone deacetylase
[24].

Nucleosomal histone acetylation is determined by the
opposing actions of acetyltransferase and deacetylase en-
zymes [24-26]. The charge neutralization of core histones
(H2A, H2B, H3, and H4) and certain high mobility group
proteins, which is effected by lysine-acetylation, is thought
to relax chromatin supercoils and allow access to DNA by
proteins such as transcription factors and DNA repair/
replication enzymes. Physiologically relevant histone acety-
lation may be limited to short-lived, region-specific hyper-
acetylation, superimposed upon low level acetylation of
bulk histones. By inhibiting the deacetylase with butyrate
(or with the antibiotic TsA [29]), the acetyltransferase is
allowed to proceed unopposed, leading to progressive hy-
peracetylation of histones in bulk chromatin. Despite the
profound, global changes in chromatin conformation ac-
companying this non-specific hyperacetylation, most cells
exhibit only a reversible growth inhibition and modest al-
teration of gene expression. However, some cell types sur-
vive with a differentiated phenotype upon butyrate re-
moval, while others rapidly undergo apoptotic cell death.

As an initial investigation into the mechanism by which
butyrate causes death in certain colon cancer cell lines, we
examined acetylation of core histones after treating cells
with a series of SCFA species. These results, and others
characteriziiig histone acetylation as an indicator of buty-
rate action, point to this chromatin modification as a cen-
tral element of the mechanism of apoptosis-inducing activ-

ity of SCFA.
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MATERIALS AND METHODS
Materials

Organic acids were purchased from the Aldrich Chemical
Co., Milwaukee, WI. Sodium salts of each were prepared by
neutralizing aqueous solutions with NaOH. TPA was pur-
chased from LC Services, Inc., Woburn, MA, dissolved in
95% ethanol, and stored at —20° for up to 3 years without
loss of biological activity. TsA was obtained from Dr. Mi-
noru Yoshida, Faculty of Agriculture, University of Tokyo,
and was dissolved in 95% ethanol and stored at —20°. Pro-
teinase K and Triton X-100 were purchased from Boeh-
ringer Mannheim, Indianapolis, IN. Triton X-114 and soy-
bean trypsin inhibitor were purchased from the Fluka
Chemical Corp., Ronkonkoma, NY. Protamine sulfate, his-
tone III-S, and cytochrome ¢ were purchased from the
Sigma Chemical Co., St. Louis, MO.

Cell Culture

The VACO 5 colon cancer cell line was established from
the primary tumor of a patient with Duke’s stage D colon
adenocarcinoma [30]. The HCT 116 cell line was obtained
from the American Type Culture Collection, Rockville,
MD. Both cell lines were grown in DMEM with 2% fetal
bovine serum (GIBCQO, Inc., Grand Island, NY). Cells were
disaggregated for passage by incubating in calcium-free me-
dium (S-MEM) for 1-6 hr, then shaking the cells loose, and
scraping adherent cells from the flask. For the seeding of
multiwell dishes, cell suspensions were additionally sieved
through 42 pm Nitex (Tetko, Elmsford, NY). Cultures for
assay were typically set up at 2-5 x 10° cells/1.5 mL in 10
em? wells and grown for 2—4 days before use. Incubations
were usually initiated by adding the indicated agents as a
4-fold concentrated solution.

Cell Number Determination

Both floating and adherent cells were rinsed and incubated
for 1 hr in S-MEM to loosen cell aggregates, and then
treated with trypsin [final concentrations-0.1% trypsin (1:
200 strength, GIBCO), 0.01% ethylene glycol O,0’ bis
(2-aminoethyl) N,N,N’ N’ tetraacetic acid, and 0.01%
dextran sulfate 8000] for 30 min to dissociate residual cell
clusters, and to discriminate viable cells from debris and
damaged cells. Trypsin action was terminated by adding
soybean trypsin inhibitor (final concentration 100 pg/mL
plus calf serum at 5% and trypan blue at 200 pg/mL). The
cell suspensions were kept on ice for 1-5 hr until counting
by a hemocytometer. Cells were distinguished from apop-
totic fragments by being larger than ~10 wm in diameter,
and distinguished from debris and necrotic cells by phase
brightness, resistance to trypsin [31], and trypan blue ex-
clusion. In experiments to assess the growth abilities of cells
that had been treated for defined periods of time, the non-
adherent cells were collected by centrifugation (500 g, 10
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min, 4°), rinsed with complete culture medium to remove
the indicated agents, and added back to dishes containing
adherent cells in fresh culture medium.

Statistical analyses for treatment differences were done
with Instat statistical software (version 2.0.3 for Macintosh,
GraphPad Software, San Diego, CA). All P values were
two-tailed and calculated using Student’s t-test.

Histone Acetylation

The extraction and electrophoretic separation of chromatin
proteins were performed by modified versions of the meth-
ods of Loidl and Grobner [32] and Zweidler [33], respec-
tively. Cells were collected by scraping and centrifugation
(500 g, 10 min, 4°), lysed with 0.5% Triton X-100 in NIB
(60 mM KCl, 15 mM NaCl, 3 mM MgCl,, 15 mM MOPS,
0.1 mM phenylmethylsulfonyl fluoride, 0.25 M sucrose, 5
mM n-butyrate), and centrifuged (15,000 g, 5 min, 4°) to
obtain a crude chromatin and cytoskeletal fraction. These
pellets were washed in NIB and stored in 25% glycerol:75%
NIB at —80°. Histones were displaced from DNA using
protamine; pelleted nuclear residues were treated with ap-
proximately 0.2 mg of protamine sulfate per million cells
(estimated by measuring detergent-soluble protein on each
sample and on a known number of cells) after chelating
Mg?* with 10 mM EDTA, and displaced proteins were
collected by adding 8 M urea in 5% acetic acid. An aliquot
of the extract corresponding to approximately 200,000 cells
was electrophoresed immediately on continuous 12% poly-
acrylamide gel (0.32% bis-acrylamide) in Triton/acid/urea
(6 mM Triton X-114, 5% acetic acid, and 8 M urea) using
5% acetic acid as tank buffer. Gels were preelectrophoresed
twice, including a mercaptoethylamine sweep [33]. Pyronin
Y was employed as a marker dye, and cytochrome ¢ (20 pg)
and histone I1I-S (2 pg) were used as migration markers;
when the cytochrome ¢ (naturally brown in color) had
electrophoresed 80% of the way to the bottom, the run was
terminated and proteins were fixed with 25% trichloroace-
tic acid, and stained with 0.1% Coomassie blue R-250.
After destaining in 20% ethanol/5% acetic acid, the gel was
impregnated with 5% glycerol in 5% acetic acid and dried
between cellophane sheets.

DNA fragmentation

Apoptotic cleavage of DNA was assessed by agarose gel
electrophoresis as previously described [34]. Briefly, adher-
ent cells were scraped from the dish and together with
previously detached cells were collected from the culture
medium by centrifugation (500 g, 10 min, 4°) and then
counted. One million cells each were placed in sample slots
of a 2% agarose gel, where they were lysed and digested
with SDS, proteinase K, and ribonuclease A. After electro-
phoresis in 40 mM Tris-acetate with 2 mM EDTA, at 2
V/cm for 18 hr, DNA was stained with ethidium bromide
and photographed under UV light.
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RESULTS
Inhibition of Growth and
Induction of Apoptosis by SCFA

The VACO 5 cell line grows as poorly differentiated round
cells with a doubling time of approximately 35 hr. This cell
line was assessed for growth inhibition and death during
continuous exposure to butyrate (Fig. 1). n-Butyrate caused
a combination of growth arrest and cell loss over the first 48
hr, but continuing butyrate treatment beyond 48 hr led to
little additional reduction in cell survival. Cultures treated
with butyrate for the first 24 hr and then refed with buty-
rate-free medium also exhibited high rates of cell death
during the subsequent 24 hr, indicating that events relevant
to cell death were instated in a large proportion of cells
during the initial 24-hr period. Cells that survived butyrate
exposure resumed growth after butyrate removal, as indi-
cated by the increase in cell number after 48 hr.

n-Butyrate and a series of other 2, 4, or 6 carbon fatty
acids (SCFA) were tested for effects upon growth and sur-
vival. Figure 2 demonstrates that n-butyrate was the only
acid in this series that completely blocked cell replication;
furthermore, the final cell yield after 4 days of growth in 5
mM butyrate was 65% of the starting cell number, indicat-
ing the death of = 35% of the cells. Among the other
SCFA, only caproate treatment decreased the cell yield, but
such cells nonetheless exhibited substantial growth despite
the continued presence of this 6-carbon fatty acid.

The combination of n-butyrate and TPA can lead to the
death of nearly 100% of cells in certain colon cancer lines,
accelerating and increasing the incidence of butyrate-
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FIG. 1. Effect of butyrate on growth and survival of VACO
5 cells. Sodium n-butyrate was added to logarithmically
growing VACO 5 cells for a final concentration of 5 mM.
After 24 hr, some dishes were washed and refed with buty-
rate-free culture medium and reincubated. Cells were
counted at the indicated time. The average cell number and
range (bars) for two dishes each are presented.
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FIG. 2. Structure-activity relationship of SCFA for growth
and death of VACO 5 cells. Cultures were treated with so-
dium salts of each fatty acid (5 mM each) in the absence
(stippled bars) or in the presence (cross-hatched bars) of 100
nM TPA. Cells were counted after 4 days of continuous
treatment. i-Butyrate-iso-butyrate. Data are the average and
standard deviation of the ratio of the final cell number rela-
tive to the starting cell number (200,000/per 10 cm? dish)
for three dishes. Significant differences were found by Stu-
dents t-test (two-tailed) between final control cell number
and final cell number for cells treated with n-butyrate (P <
0.0001), caproate (P < 0.0001), and iso-butyrate (0.025 < P
< 0.05). n-Butyrate also effected a significant loss of cells
relative to the starting number (P < 0.02), especially in the
presence of TPA (P < 0.0001).

induced apoptosis [10]. To determine whether any of the
other SCFA which had proven inactive in growth suppre-
sion could nonetheless induce cell death in the presence of
TPA, cultures were treated concurrently with 5 mM of each
neutralized acid and 100 nM TPA (Fig. 2). Although TPA
by itself had little effect on cell yield, the combined pres-
ence of n-butyrate and TPA decreased the cell number by
97% within 4 days. In the presence of the other SCFA,
TPA decreased cell yields by substantially less: cell yields
were reduced by 30-40% relative to cultures treated with
each SCFA alone, including caproate. Thus, within this
limited series, n-butyrate was again the only SCFA that
caused appreciable levels of cell death, despite additional
treatment with TPA.

DNA fragmentation analysis can be used as a sensitive
qualitative screening method for determining the relative

J. A. McBain et al.

activity among agents for induction of apoptotic cell death
{34]. Expanding on the findings in Fig. 2, a larger series of
short, medium, and branched chain-carboxylic acids was
assessed to establish a rank-ordered structure—activity rela-
tionship for VACO 5 cell death. For each of the SCFA, a
5 mM concentration was applied for 18 or 30 hr, alone or
in the additional presence of 20 nM TPA. Cells were then
harvested, lysed, and analyzed electrophoretically for DNA
integrity. The results shown in Fig. 3 demonstrate that n-
butyrate was the only acid that as a single agent yielded
prominent internucleosomal fragmentation. In the addi-
tional presence of TPA, apoptotic DNA cleavage and loss
of high molecular weight genomic DNA were pronounced,
even at concentrations of 1.6 mM n-butyrate. In the pres-
ence of TPA, several other short- and branched-chain acids
(valeric, isovaleric, and propionic acids) also induced DNA
fragmentation. Caproic acid and those SCFA with methyl
substitution at the 2-position (isobutyric, pivalic, and
2-methylbutyric acids) yielded little increase in DNA frag-
mentation at 5 mM.

Histone Acetylation after Treatment with SCFA
The aforegoing studies indicated that butyrate was nearly
unique among carboxylic acids in its ability to induce ap-
optosis. Even then, treatment for extended periods of time
and/or concurrent treatment with TPA was required to ob-
tain high levels of apoptosis. One target of SCFA action
which has been reported to have a corresponding specificity
for n-butyrate is inhibition of histone deacetylase. Accord-
ingly, we compared the relative ability of each of the SCFA
to cause histone hyperacetylation in VACO 5 cells. His-
tones were extracted from cells and separated on TAU gels
to resolve core histone acetylforms (Fig. 4). Histone H4 and
its acetylforms have been used as indicators of histone
acetylation in general, as these proteins manifest acetyla-
tion-dependent charge variation characteristic of the entire
family of nucleosomal core histones, and can be separated
readily as a family from other chromatin proteins [33]. In
the absence of butyrate, the majority of H4 from VACO 5
cells was present as nonacetylated and the mono-acetylated
species. After treatment with butyrate at concentrations of
5 mM for 24 hr, tetraacetylated H4 was the major isoform
among the H4 species (Fig. 4a); concentrations as low as
0.5 mM n-butyrate also caused increased H4 tetraacetyla-
tion within 24 hr. The time—course for hyperacetylation
was also examined during treatment with 5 mM butyrate
(Fig. 4b). Tetraacetylated H4 species became faintly visible
after 30 min, prominent after 90 min, and predominant
after 24 hr of treatment with 5 mM n-butyrate. Upon re-
moval of butyrate, the rate of deacetylation was extremely
rapid, leading to predominantly singly-acetylated H4
within 30 min and non-acetylated H4 within 90 min. Simi-
lar concentration—response and time—course characteristics
were evident for H3, H2B, and H2A.

This sensitive measure of n-butyrate response was used to
compare the other SCFA for their relative abilities to in-
duce histone hyperacetylation. VACQO 5 cells were treated
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FIG. 4. Concentration and time relationship of butyrate treatment on histone acetylation and deacetylation in
VACO 5 cells. (a) Cultures were treated with 0-16 mM n-butyrate for 24 hr. Cells were harvested for histone
extraction, and analyzed for histone by Triton-acetic acid-urea gel electrophoresis as detailed in Materials and
Methods. Superimposable concentration-response curves were obtained in three other experiments. Migration
positions of the major histone classes are indicated. (b) Cultures were treated with 5 mM butyrate for the
indicated periods of time. Some cultures treated for 24 hr were washed and reincubated in the absence of
butyrate for 0.5 or 1.5 hr before harvest. Time-course results for acetylation onset and decay are typical of two

and three experiments, respectively.

for 24 hr with 0.5 and 5 mM concentrations of each of the
acids examined previously for apoptosis-inducing ability.
Cells were extracted and the histone protein fractions elec-
trophoresed on TAU gels; regions corresponding to H4 are
indicated (Fig. 5). As was shown for chromatin degrada-
tion, n-butyrate was the most active of these acids at in-
ducing histone hyperacetylation, with substantial accumu-
lation of hyperacetylated species evident at both 5 and 0.5
mM. Isovalerate, valerate, and propionate were also active
at 5 mM. SCFA that were substituted at the 2-position
(2-methylbutyrate, isobutyrate, or pivalate) caused little or
no increase in histone hyperacetylation. Thus, those SCFA
that induced apoptosis were capable of causing hyperacety-
lation of core histones; furthermore, the extent of hyper-
acetylation following treatment with 5 mM SCFA was pro-
portional to the extent of DNA cleavage shown in Fig. 3.

The possibility that TPA caused increases in cell death
by increasing the extent or rate of hyperacetylation was
tested. As shown in Fig. 6, the pattern of core histones
resolved by TAU-PAGE indicated that TPA had little
effect on histone acetylation, either in the presence or ab-
sence of butyrate. These results were obtained ar 11 hr of

treatment, prior to the period when extensive apoptotic
chromatin fragmentation could potentially skew the results.
TPA also had no notable effect on the level of butyrate-
induced hyperacetylation at shorter (2 or 6 hr) or longer
(24 hr) treatment periods, and failed to alter histone acety-
lation patterns of cells treated with lower concentrations of
butyrate (data not shown). Thus, TPA treatment increased
the extent of apoptosis without increasing the extent of
hyperacetylation, reducing the concentration of butyrate at
which H4 tetraacetylation became prominent, or shorten-
ing the duration of butyrate treatment required for cells to
display maximally acetylated core histones.

Inhibition of Growth and

Induction of Apoptosis after Treatment with TsA

Since the action of butyrate as an inhibitor of histone
deacetylase appeared to be necessary, if not sufficient for
butyrate-induced apoptosis, TsA, a structurally distinct in-
hibitor of the deacetylase, was compared with butyrate for
its growth-modulating activities on VACO 5 cells. As
shown in Fig. 7 (top panel), cells treated with 1 pM TsA
were growth-inhibited to an extent similar to that of buty-
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FIG. 5. Structure-activity relationship for SCFA on histone
acetylation in VACO 5 cells. Cultures were treated for 24 hr
and then harvested for histone extraction. Gel electropho-
resis of histones was performed as in Fig. 4, except that only
the H4 region of the Triton-acetic acid-urea gel are indi-
cated. Results are typical of at least two experiments for
each acid.

rate-treated cells. In this experiment, TsA caused a net
35% reduction in cell number. Upon removal of either
agent, surviving cells resumed replication. If instead, cells
were treated with either butyrate or TsA in the presence of
TPA, then, respectively, a 76 or 91% reduction in cell
number was obtained after the 42-hr treatment period. Fur-
thermore, cell death continued after removing these agents
from the culture medium: after 3 additional days of culture
in the absence of TsA or TPA, cell yields were 0.3% of the
starting cell numbers. VACO 5 cultures treated for 18 hr
with TsA in the absence or presence of TPA exhibited
signs of apoptosis: cell detachment, shrinkage, and inter-

nucleosomal DNA cleavage with prominent loss of high M,
DNA (Fig. 8).

Butyrate and TsA Responsiveness of HCT 116 Cells

We next considered the possibility that resistance of some
cell lines to butyrate-induced death may be reflected in a
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FIG. 6. Effect of TPA on butyrate-induced and basal histone
acetylation in VACO 5 cells. Cultures were treated for 11 hr
with 0 or 5 mM n-butyrate and 0 or 20 nM TPA. Extracted
chromatin proteins were analyzed by TAU gel electropho-
resis. Key: C, no treatment; T, TPA alone; nB, n-butyrate
alone; and TnB, TPA/n-butyrate combination. Results are
typical of three experiments spanning the time from 2 to 24 hr.

lower degree of core histone acetylation during butyrate
treatment. In contrast to VACO 5 cells, HCT 116 under-
goes reversible growth arrest but little cell death in 5 mM
butyrate even after TPA addition (Fig. 7, bottom panel, and
[10]). Treatment of HCT 116 cultures with TsA gave re-
sults comparable to those seen following butyrate treat-
ment, i.e. growth was inhibited in the presence of the
deacetylase inhibitor, but resumed upon removal of the
agent. TPA caused insignificant changes in cell number.
TPA in conjunction with either butyrate or TsA treatment
led to decreased cell yields after subsequent culture when
compared with cultures treated with the deacetylase inhibi-
tors alone (Fig. 7). However, DNA fragmentation at 24 hr
of treatment was minimal compared with that of VACO 5
cells (Fig. 8), and such cultures instead exhibited morpho-
logical indications of intercellular contact-inhibited
growth* [10]. As shown in Fig. 9, core histone acetylation
in HCT 116 cells was, in fact, strongly accentuated by

* McBain JA, unpublished results.
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FIG. 7. Reversible growth arrest or cell death in VACO 5
and HCT 116 cultures induced by n-butyrate (nBA) or
trichostatin A (TsA). Cell cultures were treated with 0 or 5
mM n-butyrate, or 1 uM TsA, for 42 hr in the continuous
presence of 20 nM TPA and/or 0.025% ethanol (vehicle).
Cells were then washed, refed with drug-free culture me-
dium, and either counted or recultured for an additional 74
hr, after which they were again counted. Data are the av-
erage number of cells + SD. The solid line represents incu-
bation in the continuous presence of the agent(s), during
which time nBA or TsA effected a highly significant loss of
VACO 5 cells (0.001 > P > 0.0001), but a non-significant
loss of HCT 116 cells (P > 0.4). The combination of either
nBA or TsA with TPA effected an extremely significant loss
of VACO 5 cells (P < 0.0001), but a non-significant loss of
HCT 116 cells (P > 0.1). The difference between cell num-
bers in cultures treated with vehicle alone and with TPA
was slightly significant for VACO 5 cells (P = 0.024), but not
for HCT 116 (P > 0.4) in which the growth curves are
essentially superimposed. The dashed line represents the
subsequent growth of cells in culture medium alone. Closed
symbols, 20 nM TPA; open symbols, absence of TPA.
Circles and triangles, 0 and 5 mM nBA, respectively;
squares, 1 pM TsA.

butyrate. In HCT 116 cells treated with 5 mM butyrate,
tetraacetylated H4 accumulated to a proportionately
greater extent in comparison with that seen in VACO 5
cells. Hence, histone hyperacetylation alone is insufficient
to precipitate apoptosis despite auxiliary treatment with TPA.

DISCUSSION

The data presented in this paper indicate that butyrate-
induced apoptosis in the VACO 5 colon cancer cell line
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VACO 5 HCT116
none nBA TsA none nBA TsA
- TPA - TPA - TPA - TPA - TPA - TPA

FIG. 8. Comparison of n-butyrate (nBA) and trichostatin A
(TsA) for induction of DNA cleavage in VACO 5 and HCT
116 cell cultures. Cultures were treated with 5 mM nBA or
1 pM TsA, either in the absence or presence of 20 nM TPA.
At 24 hr, cells were harvested and analyzed for DNA frag-
mentation. Results are typical of two experiments.

requires nearly maximal levels of acetylation of core his-
tones. In addition to dependence on millimolar n-butyrate
concentrations, a lag period is evident during treatment in
which little cell death occurs and during which histone
acetylation progressively increases. In contrast to this cor-
relation of histone hyperacetylation and apoptosis, the ac-
companying inhibition of growth is often tolerated by the
cells. In VACO 5 and several other adenocarcinoma cell
lines, the incidence of death during an initial exposure to
butyrate typically remains below 50%, but can be increased
to nearly 100% by concurrent treatment with a PKC ago-
nist, TPA [10]. In spite of this, several poorly differentiated
adenocarcinoma cell lines (e.g. HCT 116) are nearly fully
resistant to butyrate-induced death even if TPA is included
during treatment. In such cell lines, core histones become
hyperacetylated and growth ceases during butyrate treat-
ment, indicating butyrate responsiveness. These findings
indicate that sensitivity or resistance to butyrate-induced
death in adenocarcinoma cells is determined by factors be-
yond the overall balance of histone acetylating and
deacetylating enzymes. Nonetheless, structure/activity rela-
tionships among SCFA, the coordinate timing of hyper-
acetylation and death, and the ability to mimic butyrate
effects with TsA suggest that histone hyperacetylation (to a
level equivalent to tetraacetylation of histone H4) is a criti-
cal factor in the induction of apoptosis by butyrate.
n-Butyrate appears to be universally active as a growth
inhibitor for naturally occurring vertebrate cell types. Pri-
mary cultures, cultivated cell strains, and non-selected cell



Butyrate-Induced Apoptosis and Histone Acetylation

0 05 S5 0O 05 5
n-butyrate (mM)
HCT116 YACOS

FIG. 9. Comparison of acetylation pattern and histone H1
species in VACO 5 and HCT 116 cells after incubation with
butyrate. HCT 116 and VACO 5 were treated for 24 hr with
0, 0.5, or 5 mM n-butyrate and then analyzed for histone
acetylation. Results are typical of two comparison gels.

lines typically hyperacetylate core histones and undergo
growth arrest in the presence of millimolar concentrations
of butyrate. Resistance to both the growth inhibition and
histone hyperacetylation, however, is seen in certain em-
bryonic cell types [35]. Cell lines that fail to hyperacetylate
histones have been obtained by repetitively selecting for
growth in high concentrations of butyrate [36, 37]. A simi-
lar phenotype has been obtained through selection for re-
sistance to TsA [29]. SCFA other than butyrate have been
less well studied as growth inhibitors, but our limited as-
sessment suggests that relative deacetylase inhibition with
these agents correlates with either growth inhibition, ap-
optosis, or differentiation of cells, depending upon the cell
type.

Although our data support the hypothesis that histone
deactylase is the target of n-butyrate with respect to de-
pressed growth and survival, butyrate and other SCFA act
at extranuclear sites such as cytoskeletal structures [23], the
plasma membrane [21-23], and mitochondria [28]. These
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alternative targets are of interest with respect to apoptosis
because of findings that cells undergoing apoptosis exhibit
early changes arttributable to altered cytoskeletal organiza-
tion [38], intracellular pH regulation {39], and mitochon-
drial transmembrane potential [40]. However, the rank or-
der of efficacy of SCFA for action upon each of these po-
tential targets is less consistent with the growth effects than
is histone hyperacetylation. For example, treatment of cells
with SCFA increases the expression of cytochrome oxidase
components by mitochondria, with a rank order: caproate >
valerate > butyrate >> isobutyrate [28]. Conversely, SCFA
treatment stabilizes the neutrophil actin cytoskeleton, in
rank order: propionate > acetate > butyrate > valerate >
isobutyrate > caproate [23]. In the later paper, neutrophils
exhibited a cytoplasmic acidification of up to 0.5 pH unit,
in a rank order: valerate > caproate > butyrate > acetate >
propionate, demonstrating distinct mechanisms for the two
actions. Cytoplasmic acidification of over 0.5 pH unit was
also noted after treatment of colonocytes with 65 mM ac-
etate, n-butyrate, or isobutyrate [22]. The death-inducing
effects of 40 mM acetate found by Hague et al. [14] may
result, in part, from this extranuclear action of high con-
centration SCFA. Similarly, the moderate growth inhibi-
tory effects of caproate on VACO 5 (Fig. 2) may be due to
membrane actions attributable to its amphipathic nature.
Qur finding that growth arrest, TPA-augmented induction
of apoptosis, and histone hyperacetylation were each in-
duced by n-butyrate > propionate = isovalerate = valerate
> caproate >> isobutyrate > methylbutyrate argues for ac-
tions involving chromatin. The nearly indistinguishable ac-
tion of 1 pM TsA toward these growth/survival phenom-
ena, presumably without direct actions on the other targets
of SCFA, is further evidence for the histone deacetylase (or
a highly related enzyme) as the target of relevance to both
growth arrest and apoptosis.

It appears that apoptosis induction requires not inhibi-
tion of the deacetylase per se, nor hyperacetylation of the
rapidly acetylated fraction of nucleosomes, but rather the
hyperacetylation of bulk chromatin. Thus, deacetylase in-
hibition for = 12 hr was required to obtain both a maxi-
mally acetylated chromatin and a substantial frequency of
cell death [10]. The subset of histones which are evident on
Coomassie blue-stained TAU gels are largely the highly
abundant, slowly-acetylated fraction of histones [26]. The
action of the histone acetyltransferase on such bulk chro-
matin is thought to be limited by infrequent exposure of
specific histone domains or some other kinetic barrier in-
volving the acetyltransferase/chromatin complex. We thus
considered the possibility that TPA might be enhancing
apoptosis induction by facilitating acetylation of this frac-
tion of histones. Using bryostatin 1 as an antagonist of TPA
actions, we have shown that such actions are required as
late as 1-3 hr before the times at which apoptosis is de-
tected, i.e. between 12 and 30 hr of TPA/n-butyrate treat-

ment [10]. Contrary to expectation, histones displayed by
TAU-PAGE analyses of such cells were indistinguishable
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from histones of cells treated with butyrate alone. Thus, the
chromatin of butyrate-treated cells became enriched in hy-
peracetylated species at a similar rate in the presence or
absence of TPA. It remains possible that hyperacetylation
of a minor fraction of chromatin, critical for cell survival,
was accelerated by TPA actions. Evidence of this possibility
would require a far more incisive analysis for minor popu-
lations of nucleosomes. In addition, the histone analysis
used herein is limited to proteins that can be recovered
from sedimentable chromatin assemblies, structures that are
rendered non-sedimentable during apoptotic DNA cleav-
age. Therefore, it remains formally possible that cells bear-
ing fully acetylated nucleosomes appeared more frequently
in the presence of TPA, but were subject to immediate
chromatin cleavage, obviating analysis of their histones.

Several specific roles for histone hyperacetylation in
death induction would be consistent with our results. Much
of the existing literature on histone acetylation assumes this
system to have a primary role in facilitating (or silencing)
gene transcription. The phenotypic differentiation that ac-
companies butyrate treatment of many cell types has been
attributed to such altered gene expression [1]. The nature of
genes that could precipitate apoptosis is, however, a matter
of conjecture at this point. Moreover, several of our find-
ings are inconsistent with a transcriptional model. Higher
concentrations of butyrate are needed to induce apoptosis
than are sufficient to effect dramatic stimulation of gene
transcription in many cell types. In murine erythroleukemia
cells, 0.1 to 1 mM n-butyrate stimulated transcription of
globin genes and induced differentiation, while concentra-
tions over 3 mM were required for substantial hyperacety-
lation of bulk chromatin [1, 16, 41]. Changes in gene ex-
pression are thought to result from modest increases in
acetylation of chromatin, possibly localized to promoter/
enhancer regions [25, 26]. Hyperacetylation of bulk chro-
matin, in contrast, may have consequences beyond tran-
scriptional facilitation. It has been suggested that several
other apoptosis inducers directly alter chromatin conforma-
tion as part of their action [42]. Butyrate-induced hyper-
acetylation has long been known to sensitize chromatin to
direct DNase action in vitro [1, 24-26, 43—45], and such
DNase hypersensitivity is seen in silent as well as transcrip-
tionally competent genes [43]. Although it is unclear
whether butyrate could confer similar lability to endog-
enous nucleases, butyrate-treated cells do exhibit increased
sensitivity to the action of introduced, exogenous nucleases
[44]. Finally, apoptosis may follow as a cell type-specific
epiphenomenon to changes such as growth arrest, which
appears to occur as a general, if unexplained response to
chromatin hyperacetylation. However, VACO 5 cells sur-
vived for several days while growth-arrested after withdraw-
ing serum, or during treatment with aphidicolin or high
concentrations of thymidine, even when cultured in the
additional presence of TPA.*

* McBain JA, unpublished results.
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Most cell lines tested for growth effects of n-butyrate
have proven tolerant of the resulting growth inhibition
despite histone hyperacetylation. Indeed, some butyrate-
tolerant cell lines exhibited an even more extensive acety-
lation than did cell lines with susceptibility to butyrate-
induced death (e.g. HCT 116 in comparison with VACO 5,
Fig. 9). Schroter et al. [46] termed the proportional distri-
bution of acetylforms of H4 resulting from 20 hr of culture
in 5 mM butyrate, as the “limit acetylation pattern.” The
pattern shown by the L132 subline of Hela, which was
similar to the limit acetylation pattern we found for HCT
116, was suggested to be characteristic of oncogenically
“transformed” cell lines. The limit acetylation pattern of
H4 in our butyrate-treated cultures of VACO 5 was said to
be characteristic of normal cells, such as diploid human
fibroblasts or lymphocytes [46]. We have, however, seen
this latter acetylation pattern in many cancer-derived cell
lines, irrespective of sensitivity to butyrate-induced death.*
Clearly, the conformation of hyperacetylated chromatin
can be additionally determined by other chromatin struc-
tural proteins, e.g. H1 isotypes {45] which also distinguish
HCT 116 (and several other butyrate-tolerant colon and
breast cell lines) from VACO 5 (Fig. 9) and COLO 201.*
Apart from these chromatin distinctions, and as evident in
the dramatic enhancement of butyrate sensitivity by TPA,
we have postulated [10] that elements of the PKC system
play a determining role in sensitivity to butyrate-induced
death. Other proteins with roles in cell growth and survival
{oncogene products, etc.) are also obvious candidates for
such response determinants. However, several cell lines
that are mutant in the p53 gene have been shown to be
among the most sensitive to butyrate-induced death [9-11,
13, 17, 19]. Thus, cell-specific determinants of butyrate-
responsiveness appear to be multi-fold, and continuing in-
vestigations may point out a number of clinically useful
response predictors.

In several metabolic disorders, specific SCFA accumulate
to millimolar concentrations in plasma. Isovaleric acidemia
is an autosomal recessive disorder caused by a deficiency of
isovaleryl-CoA dehydrogenase, a flavoenzyme of leucine
catabolism. Individuals with this disorder, after ingestion of
high protein meals, suffer from episodes of acute metabolic
acidosis manifested as vomiting and loss of consciousness.
Less explicably, and relatively unique to acidemias of iso-
valeric and propionic acids, are hair loss, pancytopenia, and
thymic involution [47, 48]. Plasma isovaleric acid concen-
trations associated with these severe occurrences remain as
high as 10 mM for many hours, suggesting that the organic
acid itself may be responsible for the cell losses. In similarity
to this disorder, ingestion of hypoglycin, an unusual amino
acid contained in unripe breadfruit (Bligha sapida), can re-
sult in impaired beta-oxidation of SCFA [49]. The active
hypoglycin metabolite, methylenecyclopropylacetyl CoA,
is a suicide substrate of short chain- and isovaleryl-CoA
dehydrogenases [50]. As a consequence, n-butyric and iso-
valeric acids accumulate to millimolar concentrations in
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plasma. As with isovaleric acidemia, hypoglycin ingestion
can lead to thymic and splenic involution, apoptosis of liver
(“piecemeal necrosis”), and hematological disturbances
[49]. Thus, certain SCFA may cause cell type specific ap-
optosis in vivo, as sequelae of genetic or toxicological defi-
ciencies of fatty acid catabolism. Each of these cell loss
phenomena proceed in the apparent absence of an exog-
enous PKC modulator.

Our studies have addressed several issues related to the
requirements for use of butyrate and other histone deacety-
lase inhibitors in cancer therapy. The results presented in
the current report indicate that assessment of core histone
acetylation levels in the tumor, or even in peripheral blood
mononuclear cells, may be a reasonable pharmacodynamic
means for monitoring these therapies. Clinical trials of bu-
tyrate salts and esters have shown these agents to be effec-
tive for instituting butyric acidemia [51-53], and reactivat-
ing fetal hemoglobin production in persons with thallase-
mia [52]. However, plasma butyrate in these trials may not
have reached the sustained, high concentrations required
for cytoreduction therapies, primarily because of metabolic
consumption (plasma half-life of 6 min with butyrate salts
[51]). Our studies on cell lines from colorectal cancer
(herein and Ref. 10) and breast cancer* have indicated that
millimolar concentrations of butyrate must be maintained
continuously for 24-48 hr. Even then, the histone deacety-
lase inhibitor may need to be combined with a PKC modu-
lator to effect a greater than 50% reduction in cell survival.
Considering the potential sequelae of these therapies, akin
to organic acidemias or hypoglycin poisoning (above), such
treatments may best be reserved for tumors with inherent
sensitivity to butyrate-induced apoptosis. Molecular defini-
tion of the factors contributing to the susceptibility of a
particular tumor to butyrate-induced death, currently under
investigation in our laboratories, may thus facilitate the
design of clinical cancer trials of histone deacetylase inhibi-
tors.
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