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Abstract Purpose: Cytotoxic chemotherapy has been
used to treat patients with metastatic colorectal cancer
with limited success. Therefore novel chemotherapeutic
approaches are needed. Based on encouraging preclini-
cal data, there has been an interest in developing de-
rivatives of butyrate as clinically applicable agents. The
purpose of this study was to investigate the effects of
phenylbutyrate (PB), a butyrate analogue, on the cell
growth and apoptosis in a colon cancer cell model.
Methods: Growth curves, flow cytometric studies,
Western blotting, DNA binding assays and transient
transfection experiments were performed in vitro using
the colon cancer cell line HT-29 after exposure to PB.
Results: Exposure of HT-29 colon cancer cells to PB
resulted in growth inhibition and induction of apoptosis
as measured by annexin V staining. This increase in
apoptosis was associated with a decrease in mitochon-
drial membrane potential, an increase in caspase-3 ac-
tivity and a decrease in intact PARP protein levels. Since
NF-kB plays a pivotal role in the regulation of apop-
tosis, we explored the effects of PB on the DNA binding
and transcriptional activity of this transcription factor.
After PB treatment, NF-xB-DNA binding was markedly
decreased and specifically, this decreased DNA binding
was observed in the p50:p65 heterodimer. The decreased
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NF-xB DNA binding was observed as early as 3 h after
PB treatment, while no apparent changes in annexin V
binding were detected until 12 h after PB treatment.
Untreated HT-29 cells transfected with a xB-luciferase
reporter plasmid demonstrated significant constitutive
activity of the kB binding site, which was markedly de-
creased after treating the cells with PB. Conclusion:
These results suggest that PB-induced apoptosis may be
partly regulated through the inactivation of NF-xB.
PB, an oral butyrate analogue, may have therapeutic
potential in colon cancer.
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Introduction

Epidemiological and experimental studies suggest that
dietary fiber is protective against the development of
colon carcinoma and recently the salutary effects of di-
etary fiber have been attributed in part to the production
of short-chain fatty acids (SCFA) [1]. SCFAs are natural
constituents of the colonic lumen produced during
anaerobic fermentation of dietary fiber by endogenous
intestinal bacteria [2]. Butyrate has been identified as one
such SCFA and has been reported to inhibit prolifera-
tion and stimulate differentiation in multiple cancer cell
lines [3, 4, 5]. Specifically, exposure of colon carcinoma
cells to butyrate results in growth arrest and cellular
differentiation, and increased colonic butyrate levels
have been shown to correlate with reduced colon cancer
cell proliferation in a rodent model [6].

While it has been known for years that butyrate is an
effective differentiation agent in vitro, clinical trials
evaluating sodium butyrate as a therapeutic agent for
malignancy have been disappointing. The lack of a
clinical response is believed to be related to butyrate’s
rapid metabolism and very short plasma half-life
(6 min), leading to the inability to achieve adequate se-
rum concentrations (1-5 mM) [7]. Based on encouraging
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preclinical data, there has been an interest in developing
derivatives of butyrate as clinically applicable differen-
tiating agents [8].

Phenylbutyrate (PB) is an analogue of butyrate,
which is closely related to the aromatic fatty acid,
phenylacetate. PB has been suggested as a more logical
compound clinically, since it is an oral agent that can
achieve millimolar concentrations in humans [9]. PB is
an effective differentiation agent in multiple cell types,
including malignant gliomas, prostate cancer, and mel-
anoma [10, 11, 12, 13] and recent a report suggests that
PB appears to be a promising therapeutic option for
patients with leukemia [12]. Although the biochemical
basis of PB’s antitumor activity is not well established,
there is evidence that changes in lipid metabolism and
cell cycle regulation are important mechanisms [14, 15].
While PB has been shown to induce apoptosis in a
variety of cancer cell lines [13, 16, 17], the mechanism
of this observed programmed cell death has not been
described.

Studies have implicated the transcription factor
NF-kB as a critical regulator of apoptosis and NF-xB
activation can either promote or inhibit apoptosis,
depending on cell type and conditions [18]. NF-xB is a
family of several structurally related proteins, including
p50, p52, p65 (RelA), and RelB, that form homo- and
heterodimers. As dimers, NF-xB proteins bind to a set
of DNA target sites, collectively called xB sites, and
directly regulate expression of genes involved in cell
cycle regulation and apoptosis. Endogenous cytoplasmic
inhibitors, known as IxBs, tightly regulate NF-xB ac-
tivity by complexing with the transcription factor and
trapping it in the cytoplasm. The most characterized IxB
is IxBa, which avidly binds p65. Upon phosphorylation
of IxB’s serine residues, p65 is released allowing nuclear
transmigration. The phosphorylated 1xkB subsequently
undergoes ubiquitination and subsequent degradation
[19].

The purpose of this study was to investigate the
pathway of PB-induced apoptosis and PB’s effect on
NF-kB activity in a colon cancer cell system. We report
that exposure of HT-29 colon cancer cells to PB resulted
in a time- and dose-dependent growth inhibition and
apoptosis. This increase in apoptosis was associated with
a decrease in mitochondrial membrane potential and an
increase in caspase-3 activity. Decreased p65-pS0 hete-
rodimer DNA binding was observed as early as 3 h after
PB treatment, while no apparent changes in annexin V
binding were detected until 12 h after PB treatment.
These results suggest that PB-induced apoptosis may be
regulated in part through inactivation of NF-«kB.

Materials and methods

Materials and cell culture

Unless otherwise indicated, all chemicals were obtained from Sigma
Chemical Co. (St. Louis, Mo.). All antibodies were obtained from

Santa Cruz Biotechnology (Santa Cruz, Calif.). PB was a kind gift
from Dr. Hokan Cederberg (Triple Crown America, Philadelphia,
Pa.). HT-29 cells were maintained in McCoy’s supplemented with
10% complement-inactivated bovine calf serum.

MTT assay

Cell mass was determined by a standard MTT assay. Specifically,
3x10% cells were plated in 96-well plates and treatment with PB
was initiated 24 h afterwards. At the completion of treatment,
MTT (0.5 mg/ml) was added to each well and cells were
incubated for 3 h at 37°C in an atmosphere containing 5%
CO,. Formazan crystals were dissolved with DMSO and the
color intensity was measured using an ELISA reader at 570 nm
(reference filter 690 nm).

Flow cytometry

For annexin V staining, FITC-conjugated annexin and propidium
iodide were added to 3 x 10° cells and the fluorescence intensity
was determined using a FACScan flow cytometer (Becton Dick-
inson, San Jose, Calif.) and analyzed by CellQuest software (Bec-
ton Dickinson). Mitochondrial membrane potential (A, was
determined by flow cytometry using the dye JC-1 (5,5,6,6"-tetra-
chloro-1,1",3,3’-tetraethylbenzimadazolcarbocyanine iodide; Mo-
lecular Probes, Eugene, Ore.). Briefly, cells were harvested, washed
with PBS, and incubated with 10 pM JC-1 at 37°C for 15 min.
Fluorescence intensity was determined using a FACScan flow cy-
tometer (Becton Dickinson) and analyzed by CellQuest software
(Becton Dickinson).

Whole-cell, nuclear and cytoplasmic extracts

Whole-cell extracts were prepared by lysing cell pellets with a
Dounce microtip homogenizer in lysis buffer (50 mM Tris-HCl,
150 mM Nacl, 0.5% NP40, 50 mM NaF, 0.2 mM NaVO,, | mM
DTT, 1 mM phenylmethylsulfonyl fluoride, 25 pg/ml leupeptin,
25 pg/ml aprotinin, 25 pg/ml pepstatin A). For nuclear extracts,
cells were harvested, washed with PBS and resuspended in cyto-
plasmic extraction buffer (10 mM HEPES, 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM DTT) for 15 min. After Dounce homogenization, the
cytoplasmic fraction was separated by centrifugation (14,000 g for
S min at 4°C). The pellet was resuspended in nuclear extraction
buffer (20 mM HEPES, 1.5 mM MgCl,, 25% glycerol, 420 mM
NaCl, 0.2 mM EDTA, 0.5 mM DTT) for 30 min on ice and
centrifuged (14,000 g for 10 min at 4°C).

Western blot analysis

Samples for immunoblotting were prepared by mixing aliquots of
the protein extracts with 3x SDS sample buffer (150 mM Tris, pH
6.8, 30% glycerol, 3% SDS, bromophenol blue dye 1.5 pg/100 ml,
100 mM DTT) and denatured by heating to 100°C for 4 min.
Protein samples were then separated by SDS-PAGE, electrotrans-
ferred to a nitrocellulose membrane (Amersham, Arlington
Heights, I11.). The membrane was subjected to immunoblot analysis
and proteins were visualized by the enhanced chemiluminescence
method (Amersham).

Caspase-3 activity

Caspase-3 activity was assayed by cleavage of DEVD-pNA using a
commercially available kit (Clontech, Palo Alto, Calif.). Briefly,
cells were treated in the presence or absence of PB, and then 2 x 10°
cells were incubated with DEVD-pNA in the presence of DTT for
60 min at 37°C. Color intensity was measured using an ELISA
reader at 405 nm.



Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) were performed as
follows. A reaction mixture of binding buffer (50 mM KCI, 20 mM
HEPES-KOH, pH 7.5, 10 mM MgCl,, 10% glycerol, 0.5 mM
DTT, 1% NP40), 0.5 ng of 3*P-labeled oligonucleotide probe,
10 pg sonicated salmon sperm DNA, 2 pg poly(di-DC) (Pharmacia
Biotech, Piscataway, N.J.) and 10 pg nuclear protein were incu-
bated at 25°C for 10 min and the reaction products separated on a
4% polyacrylamide gel in 0.25x TBE (22.5 mM Tris-borate and
0.5 mM EDTA). For antibody perturbation experiments, 2.5 pg
antibody was added 10 min prior to the addition of the oligonu-
cleotide probe followed by incubation at 25°C. For oligonucleotide
competition experiments, a 50-fold excess of unlabeled competitor
oligonucleotide was added 10 min prior to the addition of the
oligonucleotide probe followed by incubation at 25°C. The double-
stranded DNA oligonucleotide for NF-«xB is commercially avail-
able from Santa Cruz Biotechnology and contains the consensus
binding site for NF-kB (5-TCAAATGTGGGATTTTCCCAT-
GAG-3).

Transfections and luciferase assay

The thymidine kinase-driven luciferase (tk-luc) reporter plasmids
with or without three copies of the consensus kB site were kindly
provided by J. Cleveland (St Judes Children’s Hospital, Mem-
phis, Tenn.). The CMV-p65 and CMV-p50 plasmids were kindly
provided by A. Baldwin (University of North Carolina). The
IxBo. dominant negative vector was purchased from Clontech
(Palo Alto, Calif.). For transient transfections, HT-29 cells were
grown in six-well plates to 60-80% confluency. To each well was
added 1 pg plasmid with 4 pl Lipofectamine 2000 (Life Tech-
nologies, Rockville, Md.) under serum-free conditions and after a
5-h incubation, complete medium was added. After transfection,
cells were allowed to recover for 12 h and were then treated with
PB (3 mM) for an additional 18 h. Cells were harvested, lysed
and assayed for luciferase activity (Luciferase Assay System,
Promega, Madison, Wis.). Luciferase activity was normalized
according to protein content.
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Results

PB induces apoptosis through activating the caspase-3
pathway

Initial experiments were designed to determine the
growth-inhibitory activity of PB in a colon cancer cell
model. HT-29 cells were not exposed to PB (control) or
treated with 0.5, 1, 3 and 5 mAM PB for 24, 48 and 72 h
and viable cell mass was measured by the MTT assay.
Exposure of PB to HT-29 colon cancer cells resulted
in a significant decrease in viable cells in a time- and
dose-dependent fashion (Fig. 1A). This decrease in cell
mass was associated with cellular phenotypic changes,
including a decrease in the cytoplasmic to nuclear
ratio (Fig. 1B).

To determine whether an increase in apoptosis was
associated with the observed decrease in cell number
after PB treatment, HT-29 cells were not exposed to PB
(control) or treated with 0.5, 1, 3 and 5 mM PB for 48 h
or with 3 mM PB for 3, 6, 12, 24, 48 and 72 h, and
annexin V staining was performed (Fig. 2A). Cells
staining positive for annexin only (Fig. 2A, lower right
panel) represent early apoptosis, while those cells stain-
ing positive for both annexin and propidium iodide
represent cells in late apoptosis (upper right panel).
Exposure to PB resulted in an increase in the number of
apoptotic cells in a time-dependent fashion. While no
significant increase in annexin V binding was identified
by 3 h (8.3%) or 6 h (4.3%) of treatment as compared to
control cells (9.8%), a significant increase in apoptosis
was detected after 12 h exposure (21.7%), which further
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Fig. 2A—-C Exposure of HT-29 cells to PB induces apoptosis. A
HT-29 cells were treated with PB (3 mM) for 3, 6, 12, 24, 48 and
72 h and apoptosis was determined by annexin V binding. Cells
staining positive for annexin only (lower right panel) represent
early apoptosis, while those cells staining positive for both annexin
and propidium iodide (PI) represent cells in late apoptosis. B HT-
29 cells treated for 48 h with increasing concentrations of PB
showed a dose-dependent increase in the number of apoptotic cells
as measured by annexin V staining. C Mitochondrial membrane
potential (Ay,) was measured in HT-29 cells treated with PB
(3 mM for 48 h). At high Ay, the JC-1 dye forms J-aggregates,
which emit at 590 nm (orange range of visible light). However, at
low Ay, JC-1 exists as a monomer, emitting at 527 nm (green
range). A marked increase in the cell population emitting at 527 nm
(low Ayr) occurs after exposure to PB

increased to 49.6% after 72 h of PB treatment (Fig. 2A).
Similarly, a dose-dependent increase in the number of
apoptotic cells was observed in cells treated for 48 h
(Fig. 2B). Similar growth-inhibitory and proapoptotic
effects of PB were also been observed in the colon cancer
cell line Caco-2 (data not shown).

Since the dissipation of Ay, has been linked to the
initiation of some apoptotic cascades, Ay, was mea-
sured in HT-29 cells treated with PB (3 mM for 48 h).
At high Ay, the JC-1 dye forms J-aggregates, which
emit at 590 nm (orange range of visible light). However,
at low Ay, JC-1 exists as a monomer, emitting at
527 nm (green range). Figure 2C demonstrates an in-
crease in the cell populations emitting at 527 nm (low
Ay, after exposure to PB, suggesting that PB decreases
mitochondrial membrane potential.

To investigate the apoptotic cascade initiated by PB,
HT-29 cells were exposed to PB (3 mM for 24 and 48 h)
and caspase-3 protein and activity levels were measured.
PB exposure resulted in a decrease in the 32 kDa inac-
tive precursor of caspase-3, with a concomitant increase
in the 21 kDa active form. The increase in the active
form of caspase-3 protein levels was associated with a
significant increase in caspase-3 activity. Lysates equal-
ized for protein from cells treated with PB (3 mM) for 24
and 48 h were assayed for in vitro caspase-3 activity

using DEVD-pNA as a substrate. PB exposure signifi-
cantly increased caspase-3 activity, which could be par-
tially reversed by the addition of the caspase-3 inhibitor,
Ac-DEVD-CHO. Associated with the increase in
caspase-3 activity after PB exposure, protein analysis
of PARP, a target of caspase-3, demonstrated a loss of
intensity of its 112 kDa band after 24 and 48 h of ex-
posure, suggesting cleavage by caspase-3 (Fig. 3A, B).

Loss of NF-xB DNA binding is an early event
in PB-induced apoptosis

Since PB treatment induced apoptosis in HT-29 colon
cancer cells and NF-xB is an important regulator of
programmed cell death, we next investigated the effects
of PB on NF-xB DNA binding. HT-29 cells were treated
in the presence or absence of PB (3 mM) for 48 h. Cells
were harvested, nuclear extracts prepared and EMSA
performed using an oligonucleotide containing the
consensus binding site for kB. In untreated cells, two
major complexes were identified and based on supershift
experiments. The faster migrating band was determined
to represent the p50:p50 homodimer and the slower
migrating band, the p65:p50 heterodimer. Treatment
with PB resulted in a decrease in the p65:p50 heterodi-
mer DNA binding with a modest increase of the p50:p50
homodimer (Fig. 4A). To determine whether the
inhibition of p65:p50 binding after PB exposure was a
primary event leading to apoptosis, or a late event
secondary to apoptotic cleavage, a time course investi-
gation was performed. As compared to untreated con-
trols, treatment with PB inhibited NF-xB DNA binding
as early as 3 h after the start of exposure, which
persisted throughout the time course (Fig. 4B).

To establish whether the decrease in NF-xB DNA
binding correlated with in vivo xB transcriptional
activity, HT-29 cells were transiently transfected with a
kB-luciferase reporter plasmid. After 18 h, cells were
treated or not treated with PB (3 mM) for and
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Fig. 3A, B PB exposure increases caspase-3 activity. A PB expo-
sure (3 mM) resulted in a decrease in the 32 kDa inactive precursor
of caspase-3, with a concomitant increase in the 21 kDa active
form. Associated with the increase in caspase-3 activity after PB
exposure, protein analysis of PARP, a target of caspase-3,
demonstrated a loss of intensity of its 112 kDa band after 24 and
48 h exposure, suggesting cleavage by caspase-3. B Whole-cell
lysates from cells treated with PB (3 mM/) for 24 and 48 h were
assayed for in vitro caspase-3 activity using DEVD-pNA as a
substrate. PB exposure significantly increased caspase-3 activity,
which could be partially reversed by the addition of the caspase-3
inhibitor, Ac-DEVD-CHO

additional 24 h. Transfections with the control plasmid
(tk-luc) demonstrated negligible luciferase activity in
both control and PB-treated cells. Untreated HT-29 cells
transfected with the complete xB-luc reporter demon-
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strated constitutive activity of the B binding site, which
was significantly decreased after treating the cells with
PB (Fig. 5A), suggesting that PB decreases both p65:p50
DNA binding and transcriptional activity.

Based on the observation that PB exposure resulted
in a significant decrease in p65:p50 DNA binding with
an increase in the p50:p50 homodimer and since it has
been suggested that the p65:p50 activates kB transcrip-
tional activity while the p50:pS0 homodimer is inhibi-
tory, cotransfections with the xB-luc reporter plasmid
and p50 and p65 expression vectors were performed.
While HT-29 cells overexpressing pS50 demonstrated a
significant decrease in luciferase activity as compared to
an empty vector control, cells overexpressing p65 dem-
onstrated a significant increase in kB binding. This in-
crease in NF-xB transcriptional activity after p65
overexpression was partially abrogated by cotransfec-
tion with the p50 vector, suggesting competition for the
kB DNA binding site (Fig. 5B).

To provide additional evidence that NF-xB partici-
pates in PB-induced apoptosis, we transiently trans-
fected HT-29 cells with an NF-xkB dominant-negative
plasmid. The NF-xB dominant-negative model utilizes a
super-repressor IxkBa constitutive repressor expression
plasmid. The IxBo mutant contains mutations at resi-
dues 32 and 36 (the two inducible phosphorylation sites)
which disrupt phosphorylation and subsequent protea-

Fig. 4A, B p65:p50 heterodimer DNA binding is decreased after
PB exposure. A EMSA was performed using an oligonucleotide
containing the consensus binding site for kB. Two major bands are
identified as the p65:50 heterodimer (slower migrating band) and
the p50:p50 homodimer (faster migrating band). The p65:p50
heterodimer DNA binding was decreased after PB exposure (3 mM
for 48 h), with a modest increase in the p50:p50 homodimer-DNA
binding. B Cells were treated or not treated with PB (3 mM) and
harvested at 3, 6, 12, 24 and 48 h after treatment. Treatment with
PB inhibited p50:p65 DNA binding as early as 3 h after the start of
exposure, which persisted throughout the time course. A modest
increase in the p50:p50 homodimer DNA binding was also detected
after 6 h of PB exposure (C control, PB phenylbutyrate, P probe
alone)
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some-mediated degradation [20]. The super-repressor
IxBo mutant is still capable of binding NF-xB and in-
hibiting DNA binding and kB transcriptional activity
[21]. PB treatment (3 mM for 24 h) increased the num-
ber of apoptotic cells in non-transfected HT-29 cells
(6.6% vs 15.3%) and empty vector transfectants (19.8%
vs 26.0%). In comparison, annexin V staining of NF-xB
dominant-negative cells treated with PB showed a dra-
matic increase in the number of apoptotic cells (22.9%
vs 53.3%; Fig. 6).

Discussion

Each year approximately 150,000 new cases of colorectal
cancer are diagnosed in the United States, making it the
third leading cause of cancer death [22]. Approximately
30% of patients present with advanced tumors and an
additional 45% of patients with regional lymph node
disease will eventual develop distant metastases. Cyto-
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Fig. SA, B PB inhibits xB-dependent transcriptional activity.
A Transient transfections with a kB reporter gene were performed
in the absence or presence of PB (3 mM). Transfections with a
plasmid containing only the tk promoter without the xB sites
demonstrated minimal luciferase activity, which was unaffected by
exposure to PB (18 h). In contrast, untreated HT-29 cells
transfected with the complete xB-luc reporter demonstrated
significant constitutive activity of the xB binding site, which was
significantly decreased after treating the cells with PB. B HT-29
cells were transiently transfected with the kB reporter gene and
cotransfected with either p-CMV-50 or p-CMV-65. While overex-
pression of p65 increased xB-dependent transcriptional activity,
p50 decreased constitutive activity

toxic chemotherapy has been used to treat patients with
metastatic colorectal cancer with limited success, pro-
viding only 15-25% response rates with few 5-year
survivors. Therefore novel chemotherapeutic approach-
es are needed. One novel approach is the use of differ-
entiation agents, which use existing cellular systems to
induce the cell to regain a normal phenotype and/or to
cause growth arrest with subsequent apoptosis. The ar-
omatic fatty acid PB has been shown to be an effective
differentiation agent and inducer of apoptosis in a va-
riety of cancer cell types [13, 17, 23]. The mechanism of
PB’s proapoptotic affect, however, has not been well
studied. This is the first study examining the mechanism
of PB-induced apoptosis. We demonstrated in a colon
cancer model that PB induces apoptosis through
activation of caspsase-3 which appears to be regulated
by inhibiting the NF-xB pathway.

An early event in the apoptotic pathway is the dissi-
pation of mitochondrial membrane potential (Ay/,)
with subsequent release of cytochrome ¢ into the cytosol.
Heerdt et al. have suggested that dissipation of Ay, is
an early event in the initiation of apoptosis in both colon
and breast cancer cells treated with the fatty acids bu-
tyrate and tributyrin [24, 25]. Similar to the effects of
these fatty acids, we demonstrated that PB-induced
apoptosis was associated with a decrease in Ay,
(Fig. 2C). Once mitochondrial membrane potential is
decreased and cytochrome c¢ is released, the onset of
apoptosis is associated with the proteolytic activation of
caspases. Caspase-3, the main executioner of apoptosis,
cleaves several important intracellular molecules, lead-
ing to the morphological and biochemical changes as-
sociated with apoptosis. We observed that the decrease
in Ay, after PB exposure was associated with the pro-
teolytic activation of caspase-3 and cleavage of PARP,
its downstream target (Fig. 3A). Activation of caspase-3
has also been observed with the fatty acid, butyrate [26].
These findings suggest that fatty acids, including PB, are
proapoptotic agents and the pathway for programmed
cell death is through activation of caspase-3.

While the downstream effector pathway of fatty acid-
induced programmed cell death is mediated in part
through caspase-3 activation, the proximal signals
leading to the apoptotic cascade are undefined. The
transcription factor NF-xB plays a pivotal role in the
regulation of apoptosis by direct regulation of genes that
inhibit or promote apoptosis, through regulation of the
cell cycle, which sensitizes or desensitizes a cell to
apoptotic signals and lastly, through interactions with
other proteins involved in cell survival [27]. NF-xB is a
family of several structurally related proteins (p50, p52,
p65 and Rel B) that form dimers and subsequently bind
to the kB DNA site. Transcriptional activity is depen-
dent on both DNA binding as well as the constituents of
the NF-xB dimer. In general, the p65 subunit activates
kB transcriptional activity, while p50, which lacks the
acidic transcriptional activation domain, is a weak ac-
tivator and oftentimes acts as a repressor [28]. This is
relevant, since constitutive expression of p65 has been



shown to be important in promoting survival and on-
cogenesis in a variety of cancers [29, 30, 31]. Supporting
the role of p65 as an antiapoptotic factor includes the
fact that NF-xB regulates the expression of multiple
pro-survival Bcl-2 homologues [32] and that mouse p65
knockouts will die by day 10 of embryonic development
and histological evaluation of these mice demonstrates
massive hepatic apoptosis [33]. In addition, cells over-
expressing p65 have been shown to be resistant to
proapoptotic therapy [34]. Since p65 provides a survival
advantage for these malignancies, it may provide a
potential target for antitumor therapy.

We detected both p50:p50 and p65:p50 nuclear
complexes in HT-29 colon cancer cells and demonstrate
that PB treatment resulted in a decrease in the p65:p50
heterodimer DNA binding, with a concomitant increase
in the p50:50 homodimer binding (Fig. 4). This would
suggest that in our model, p65:p50 provides transcrip-
tion of pro-survival genes and that PB, by inhibiting p65
binding and transcriptional activity, allows the cell to
undergo apoptosis. This observed inhibition of NF-xB
by PB may represent an upstream event leading to
apoptosis or conversely, the result of apoptosis and
caspase activation, since p50 and p65 are known prote-
olytic targets of activated caspase-3 [26]. Our findings

Fig. 6 PB-induced apoptosis is
enhanced in a NF-xB domi-
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suggest that the decreased NF-xkB binding and tran-
scriptional activity is an upstream event to caspase-3
activation since the decreased NF-xB DNA binding was
observed as early as 3 h after PB treatment, while no
apparent changes in annexin V binding were detected
until 12 h after PB treatment. A similar early inhibition
of NF-kB which precedes apoptosis in glucocorticoid-
treated multiple myeloma cells has also been reported
[35].

Decreases in NF-xB binding and transcriptional ac-
tivity have also been reported with butyrate-treated HT-
29 cells [36]. However, in contrast to the findings in this
study, Inan et al. have reported that the decrease in NF-
kB binding is manifested by a decrease binding of the
p50:50 homodimer after butyrate exposure. They sug-
gest that since butyrate is a histone deacetylase (HDAC)
inhibitor, p50 binding may be regulated by acetylation.
While, like butyrate, PB is a fatty acid and also a HDAC
inhibitor (data not shown), they are different agents,
which may provide different effects on the same cell line.
This rationale may explain the disparate results observed
regarding their effects on p50 and p65.

In summary, we demonstrated that PB-induced apo-
ptosis of HT-29 colon cancer cells is preceded by the
inhibition of NF-xB-DNA binding and transcriptional

Untreated

nant-negative model. Transient
transfections with IxBa constit-
utive repressor expression
plasmid were performed in the
absence or presence of PB

(3 mM for 24 h). After treat-
ment, annexin V staining was

103

Control

Ry

Phenylbutyrate

performed. As compared to PB-
treated empty vector control
(pCMV) and untreated domi-
nant-negative transfectants, g

19!

NF-xB dominant-negative cells
(IkB-D/N) treated with PB

R

showed an increase in the
number of apoptotic cells

IkB-D/N

1
FLI-H



34

activity, suggesting that this represents an early event in
the apoptotic cascade. Despite some concerns about the
ability to achieve and maintain millimolar serum con-
centrations, PB may have therapeutic potential in colon
cancer.

References

1.

10.

11.

12.

13.

14.

15.

16.

Trock B, Lanza E, Greenwald P (1990) Dietary fiber, vegeta-
bles and colon cancer: critical review and meta analysis of the
epidemiological evidence. J Natl Cancer Inst 82:650-661

. Cummings JH (1981) Short-chain fatty acids in the human

colon. Gut 22:763-779

. Heerdt B, Houston M, Augenlicht LH (1994) Potentiation by

specific short-chain fatty acids of differentiation and apoptosis
in human colonic carcinoma cell lines. Cancer Res 54:3288—
3294

. Barnard JA, Warwick G (1994) Butyrate rapidly induces

growth inhibition and differentiation in HT-29 cells. Cell
Growth Differ 4:495-501

. Harrison LE, Wang QM, Studzinski GP (1999) Butyrate-in-

duced G2 block in CaCo-2 colon cancer cells is associated with
decreased p34°4? activity. Proc Soc Exp Biol Med 222:150-156

. Boffa LC, Lupton JR, Mariani M, Ceppi M, Newmark H,

Scalmati A, Lipkin M (1992) Modulation of colonic epithelial
cell proliferation, histone acetylation, and luminal short chain
fatty acids by variation of dietary fiber (wheat bran) in rats.
Cancer Res 52:5906-5912

. Augeron C, Laboisse C (1984) Emergence of permanently

differentiated cell clones in a human colonic cancer cell line in
culture after treatment with sodium butyrate. Cancer Res
44:3961-3969

. Newmark H, Lupton JR, Young CW (1994) Butyrate as a

differentiating agent: pharmacokinetics, analogues and current
status. Cancer Lett 78:1-5

. Gore SD, Carducci MA (2000) Modifying histones to tame

cancer: clinical development of sodium phenylbutyrate and
other histone deacetylase inhibitors. Expert Opin Invest Drugs
9:2923-2934

Gore SD, Samid D, Weng L (1997) Impact of the putative
differentiating agents sodium phenylbutyrate and sodium
phenylacetate on proliferation, differentiation, and apoptosis of
primary neoplastic myeloid cells. Clin Cancer Res 3:1755-1762
Shack S, Miller A, Liu L, Prasanna P, Thibault A, Samid D
(1996) Vulnerability of multidrug-resistant tumor cells to the
aromatic fatty acids phenylacetate and phenylbutyrate. Clin
Cancer Res 2:865-872

Warrell RP, He L, Richon V, Calleja E, Pandolfi P (1998)
Therapeutic targeting of transcription in acute promyelocytic
leukemia by use of an inhibitor of histone deacetylase. J Natl
Cancer Inst 90:1621-1625

Carducci MA, Nelson JB, Chan-Tack KM, Ayyagari SR,
Sweatt WH, Campbell PA, Nelson WG, Simons JW (1996)
Phenylbutyrate induces apoptosis in human prostate cancer
and is more potent than phenylacetate. Clin Cancer Res 2:379—
387

Harrison LE, Wojciechowicz DC, Brennan MF, Paty PB
(1998) Phenylacetate inhibits isoprenoid biosynthesis and sup-
presses growth of human pancreatic carcinoma. Surgery
124:541-550

Wang QM, Feinman R, Kashanchi F, Houghton JM, Stud-
zinski GP, Harrison LE (2000) Changes in E2F binding after
phenylbutyrate-induced differentiation of Caco-2 colon cancer
cells. Clin Cancer Res 6:2951-2958

Melichior SW, Brown LG, Figg WD, Quinn JE, Santucci RA,
Brunner J, Thuroff JW, Lange PH, Vessalla RL (1999) Effects
of phenylbutyrate on proliferation and apoptosis in human
prostate cancer cells in vitro and in vivo. Int J Oncol 14:501—
508

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.
33.

34.

35.

36.

. DiGiuseppe JA, Weng L-J, Yu KH, Kastan MB, Gore SD

(1999) Phenylbutyrate-induced G1 arrest and apoptosis in
myeloid leukemia cells: structure-functional analysis. Leukemia
13:1243-1253

. Mayo MW, Baldwin AS (2000) The transcription factor NF-

kB: Control of oncogenesis and cancer therapy resistance.
Biochem Biophys Acta 1470:55-62

. Jobin C, Sartor RB (2000) The I kappa B/NF-kappa B system:

a key determinant of mucosal inflammation and protection.
Am J Physiol Cell Physiol 278:C451-C462

DiDonato J, Mercurio F, Rosette C, Wu-Li J, Suyang H,
Ghosh S, Karin M (1996) Mapping of the inducible IkappaB
phosphorylation sites that signal its ubiquitination and degra-
dation. Mol Cell Biol 16:1295-1304

Wang CY, Mayo MW, Baldwin AS Jr (1996) TNF-KappaB
and cancer therapy-induced apoptosis: potentiation by inhibi-
tion of NF-kappaB. Science 274:784-787

Greenlee RT, Murray T, Bolden S, Wingo PA (2000) Cancer
Statistics, 2000. CA Cancer J Clin 50:7-33

Huang Y, Waxman S (1998) Enhanced growth inhibition and
differentiation of fluorodeoxyuridine-treated human colon
carcinoma cell by phenylbutyrate. Clin Cancer Res 4:2503—
2509

Heerdt BG, Houston MA, Anthony GM, Augenlicht LH
(1999) Initiation of growth arrest and apoptosis of MCF-7
mammary carcinoma cells by tributyrin, a triglyceride analogue
of the short-chain fatty acid butyrate, is associated with mito-
chondrial activity. Cancer Res 59:1584-1591

Heerdt BG, Houston MA, Anthony GM, Augenlicht LH
(1998) Mitochondrial membrane potential (AW, in the coor-
dination of p53-independent proliferation and apoptosis
pathways in human colonic carcinoma cells. Cancer Res
58:2875

Ravi R, Bedi A, Fuchs EJ, Bedi A (1998) CD95 (Fas)-induced
caspase-mediated proteolysis of NF-kappaB. Cancer Res
58:882-886

Barkett M, Gilmore TD (1999) Control of apoptosis by Rel/
NF-«B transcription factors. Oncogene 18:6910-6924

Schmitz ML, Bacuerle PA (1991) The p65 subunit is respon-
sible for the strong transcription activating potential of NF-
kappa B. EMBO J 10:3805-3817

Nakshatri H, Bhat-Nakshatri P, Martin DA, Goulet RJ Jr,
Sledge GW Jr (1997) Constitutive activation of NF-kappaB
during progression of breast cancer to hormone-independent
growth. Mol Cell Biol 17:3629-3639

Bargou RC, Emmerich F, Krappmann D, Bommert K, Ma-
para MY, Arnold W, Royer HD, Grinstein E, Greiner A,
Scheidereit C, Dorken B (1997) Constitutive nuclear factor-
kappaB-RelA activation is required for proliferation and sur-
vival of Hodgkin’s disease tumor cells. J Clin Invest 100:2961—
2969

Visconti R, Cerutti J, Battista S, Fedele M, Trapasso F, Zeki
K, Miano MP, de Nigris F, Casalino L, Curcio F, Santoro M,
Fusco A (1997) Expression of the neoplastic phenotype by
human thyroid carcinoma cell lines requires NFkappaB p65
protein expression. Oncogene 15:1987-1994

Pahl HL (2000) Activators and target genes of Rel/NF-kappaB
transcription factors. Oncogene 18:6853-6866

Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D (1995)
Embryonic lethality and liver degeneration in mice lacking the
RelA component of NF-kappa B. Nature 376:167-170

Anto RJ, Maliekal TT, Karunagaran D (2000) L-929 cells
harboring ectopically expressed RelA resist curcumin-induced
apoptosis. J Biol Chem 275:15601-15604

Feinman R, Koury J, Thames M, Barlogie B, Epstein J, Siegel
DS (1999) Role of NF-kappaB in the rescue of multiple mye-
loma cells from glucocorticoid-induced apoptosis by bcl-2.
Blood 93:3044-3052

Inan MS, Rasoulpour RJ, Yin L, Hubbard AK, Rosenberg
DW, Giardina C (2000) The luminal short-chain fatty acid
butyrate modulates NF-kappaB activity in a human colonic
epithelial cell line. Gastroenterology 118:724-734



