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Overexpression of heat shock factor
1 inhibits butyrate-induced
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Abstract Produced by dietary fiber, butyrate is a potential chemopreventive agent against colon cancer. It stimulates
proliferation of normal colonic epithelial cells but induces growth inhibition, differentiation, apoptosis, or a combination
of effects in colon carcinoma cells. In this study, we used cDNA membrane arrays and real-time reverse transcriptase—
polymerase chain reaction to identify stress genes that were differentially regulated by sodium butyrate (NaB) in HT
29 human colon carcinoma cells. The results indicated that a group of heat shock protein (hsp) genes were upregulated
by 3 mM NaB within the first 24 hours of exposure. Because the transcription of hsp genes is under the control of heat
shock factors (HSFs), we measured the effects of overexpressed HSF-1 on the responses of HT 29 cells to NaB.
Overexpression of HSF-1 inhibited NaB-induced differentiation as measured by alkaline phosphatase activity and car-
cinoembryonic antigen expression. These results suggest that increased expression of HSFs and Hsps might render

colon carcinoma cells resistant to the chemopreventive effects of butyrate.

INTRODUCTION

The development of colon cancer often follows a defined
pattern with a sequence of aberrant crypt cells, epithelial
hyperplasia, adenomatous polyps, carcinoma, and metas-
tasis (Fearon and Vogelstein 1990; Lengauer et al 1998).
Multiple mutations, which either activate oncogenes or in-
activate tumor suppressor genes, are required during
both the initiation and promotion phases. This entire pro-
cess often takes decades before a malignant tumor is fi-
nally formed. Because colon epithelia are directly ex-
posed to dietary compounds, elimination of precancerous
or cancerous cells by nutritional or chemopreventive in-
terventions, or both, represents a promising approach to
the lowering of the incidence of colon cancer (Lipkin et
al 1999; Dove-Edwin and Thomas 2001).
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The normal turnover rate of intestinal epithelia is quite
high, and a complete renewal takes only 5 to 7 days
(Cheng 1974; Barkla and Gibson 1999). New cells are gen-
erated in epithelial crypts and maturation occurs when
newly generated cells move from the bottom of the crypt
toward the top of the villus. Terminally differentiated in-
testinal epithelial cells have a life span of only a few days
and then are sloughed into the lumen of the gut. This
self-renewal process provides an efficient way to elimi-
nate cells carrying genetic mutations that are caused by
exposure to dietary carcinogens and other toxic com-
pounds. However, cells carrying mutations that disrupt
their intrinsic suicide program can escape from the de-
fined life cycle and become potential sources of neoplasia.
Certain dietary compounds, such as butyrate from fiber
and vitamin D, have been shown in cultured cells to se-
lectively promote and restore differentiation in neoplastic
cells and thereby have the potential to eliminate aberrant
cells at an early stage of tumor formation (Lipkin et al
1999; Dove-Edwin and Thomas 2001).

Intestinal microflora can ferment undigested dietary fi-
ber and resistant starch to generate relatively high con-
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centrations of butyric acid and other short-chain fatty ac-
ids (Cummings 1981). Thus, the fecal concentration of bu-
tyrate can range from 5 to 50 mM (Cummings 1981;
Scheppach 1994). Butyrate provides an energy source to
normal colonic epithelial cells (Scheppach 1994) and can
stimulate their proliferation (Gibson et al 1992; Ichikawa
and Sakata 1998). The latter contrasts with its effects on
most cancer cell lines in vitro, in which butyrate has been
shown to induce growth inhibition, differentiation, apo-
ptosis, or a combination of effects at concentrations that
can be readily achieved in vivo (Barnard and Warwick
1993; Velcich et al 1995; Kirlin et al 1999a). The mecha-
nism(s) underlying differential effects on normal and
neoplastic cells remains to be determined.

The differentiation process is often associated with an
increased expression of heat shock proteins (Hsps; Singh
and Yu 1984; Welsh and Gaestel 1998). Hsps constitute a
family of molecular chaperone proteins that are highly
conserved in all living organisms (Morimoto et al 1990;
Kiang and Tsoko 1998). Induction of Hsps is one of the
primary cellular defense mechanisms used by cells in re-
sponse to a variety of stressful conditions. Hsps also
function in normal physiological processes such as em-
bryonic development and cellular differentiation (Pirkkala
et al 2001). For example, hemin-induced differentiation of
erythroid cells is associated with the accumulation of
Hsp70 (Singh and Yu 1984). The level of Hsp27 is also
increased when keratinocytes differentiate in hair follicles
(Hashizume et al 1997). The functions of the upregulated
Hsps in the differentiation process remain to be deter-
mined.

The transcriptional regulation of different heat shock
protein (hsp) genes is under the control of heat shock fac-
tors (HSFs; Morimoto et al 1990; Pirkkala et al 2001).
Upon stress, HSFs trimerize and bind to heat shock ele-
ments (HSEs) that are located within the promoter re-
gions of the hsp genes. Four different HSFs have been
identified thus far (Pirkkala et al 2001). Knock-out studies
and overexpression of HSF-1 in transgenic mice have
shown that HSF-1 has a critical role in heat shock re-
sponse, as well as in spermatogenesis and embryonic de-
velopment (Christians et al 2000; Nakai et al 2000).

In this report, we measured stress genes that were dif-
ferentially regulated by sodium butyrate (NaB) in HT 29
human colon carcinoma cells. Results indicated that cer-
tain hsp genes were induced after exposure to butyrate.
The finding led to our hypothesis that butyrate-induced
heat shock-like response might regulate the differentia-
tion, cell death processes, or both in HT 29 cells. To test
the hypothesis, we stably overexpressed HSF-1 in HT 29
cells and measured the changes in response to NaB treat-
ment. Overexpression of HSF-1 was found to inhibit bu-
tyrate-induced differentiation without affecting the cell
growth and the cell death produced by this agent. These
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data suggest that HSF-1 can negatively affect the che-
mopreventive effects of butyrate by interfering with the
maturation process of colonic epithelial cells.

MATERIALS AND METHODS
Cell lines and culture

HT 29 colon carcinoma cells were obtained from the
American Type Culture Collection (ATCC, Rockville, MD,
USA) and cultured in McCoy’s 5A medium supplement-
ed with 10% fetal bovine serum (Life Technologies, Grand
Island, NY, USA). For butyrate treatments, cells were
seeded into 60-mm culture dishes at 3 X 105 cells/plate
and treated for up to 3 days. Phoenix amphotropic ret-
roviral packaging cells (derived from 293 cells) were ob-
tained from ATCC upon approval by Dr Gary Nolan
(Stanford University, CA, USA) and were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum.

RNA differential display

After exposure to 3 mM NaB for 48 hours, total RNA was
isolated from HT 29 cells with Trizol reagent (Life Tech-
nologies) and treated with RNase-free DNase (Promega,
Madison, WI, USA) to remove any trace of genomic DNA
contamination. Poly(A)" RNA was enriched with the Oli-
gotex mRNA purification system (Qiagen, Valencia, CA,
USA), labeled with [*?P]-dCTP, and hybridized to the At-
las human stress and toxicology array (Clontech, Palo
Alto, CA, USA) according to the manufacture’s guide. Af-
ter stringent washes, the membranes were developed
with the use of either a phosphoimager (Molecular Dy-
namics, Sunnyvale, CA, USA) or BioMax X-ray films
(Eastman Kodak Company, Rochester, NY, USA) in the
presence of an intensifying screen. Image QuaNT soft-
ware (Molecular Dynamics) was used to draw a 24 X 16
grid to cover the entire array and quantify the intensity
of the spots.

Real-time reverse transcriptase—polymerase chain
reaction

HT 29 cells were treated with 3 or 5 mM NaB for 16 to
72 hours. RNA was isolated, treated with DNase I (Am-
bion, Austin, TX, USA), and reversely transcribed with
random hexamer primers and M-MLV reverse transcrip-
tase (Promega). Real-time polymerase chain reaction
(PCR) was performed in an ABI 7300 system (Applied
Biosystems, Forster City, CA, USA) with primer sets pro-
vided with the TagMan® Gene Expression Assays. Aver-
age threshold cycle (Ct) values were used to determine
the relative differences between control and treated



groups and were normalized to the 18s ribosomal RNA
(Cai et al 2004).

Dual luciferase reporter assay

The HT 29 cells were seeded into 6-well plates at 2.5 X
10° cells/well and transfected with 1.0 wg of a luciferase
reporter plasmid containing the heat shock response el-
ement (pHSE-Luc; Clontech) with the use of the Fugene
6 Reagent (Roché; Branchburg, NJ, USA). To control for
transfection efficiency, cells were cotransfected with 10 ng
of the pRL-CMV vector (Promega), which contained the
Renilla luciferase gene driven by the constitutive cytomeg-
alovirus promoter. After 6 hours, the transfection reagents
were removed and 3 mM NaB was added in fresh me-
dium to treat the cells for additional time as indicated.
By the end of the treatment, cells were lysed with 500 wL
Passive Lysis Buffer (Promega). The luciferase activities
were measured with the dual luciferase assay kit (Pro-
mega) in a Zylux FB12 luminometer (Pforzheim, Ger-
many). The relative light units per second (RLU/s) were
normalized to the R. luciferase activity and expressed as
folds of control, the ratios between HSE-Luc activities ob-
tained from cells with and without NaB treatment.

Transfection with retroviral vector

Human HSF-1 ¢cDNA, kindly provided by Dr Pradip Roy-
Burman (University of Southern California, Los Angeles,
CA, USA), was subcloned into the pLXIN retroviral ex-
pression vector (Clontech). Viral stock preparation and
infection of HT 29 cells were performed as described pre-
viously (Chen Y et al 2002). Briefly, the pLXIN vector
alone or vector containing the HSF-1 insert were trans-
fected into Phoenix Amphotropic cells with Fugene 6 re-
agent (Roche Biochem, Indianapolis, IN, USA). Two days
after transfection, the culture medium containing repli-
cation-deficient virus was collected, filtered through a
0.45-um filter, and used to infect HT 29 cells in the pres-
ence of 0.5 wg/mL polybrene (Sigma, St. Louis, MO, USA)
for 6 hours. Infected cells were then selected in 800 pg/
mL of geneticin for 2 weeks, and individual clones were
obtained by limiting dilution.

Measurement of carcinoembryonic antigen by flow
cytometry

After treatment with 3 and 5 mM butyrate for 1 to 3 days,
HT29 parental cells, cells transduced with HSF-1, or cells
transduced with the viral vector that did not contain the
HSF-1 ¢cDNA were collected by gentle trypsinization and
washed with a prechilled washing buffer (1X phosphate-
buffered saline [PBS], 1% fetal bovine serum, 0.09% so-
dium azide). Cells were then incubated with 10 wg/mL
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of rabbit anti-human carcinoembryonic antigen (CEA)
antibody (DAKO Corporation, Carpinteria, CA, USA) for
30 minutes on ice. After 2 washes, 10 pg/mL of a fluo-
rescein isothiocyanate—conjugated goat anti-rabbit anti-
body (Jackson Immuno Research Laboratory, West Grove,
PA, USA) was used for an additional 30 minutes of in-
cubation at 4°C. Cells were then washed twice in PBS and
kept on ice until analyzed by flow cytometry (BD Im-
munocytometry Systems, San Jose, CA, USA) as described
previously (Chen Y et al 2002).

Measurement of alkaline phosphatase activity

HT 29 cells were treated with 3 and 5 mM NaB for 2
days. Cell extracts were prepared by 2 cycles of rapid
freezing and thawing in a dry ice-ethanol bath. After cen-
trifugation at 12000 X g for 5 minutes, the supernatant
was used for measurement of alkaline phosphatase (AP)
activity, with p-nitrophenyl phosphate as the substrate
(Kirlin et al 1999b).

Viability assay

After exposure to 3 and 5 mM butyrate for 3 days, float-
ing cells were collected and pooled with attached cells
released by trypsinization. Cells were centrifuged at 3000
X ¢ for 5 minutes, washed once with PBS, and stained
with LIVE/DEAD viability /cytotoxicity kit (Molecular
Probes, Eugene, OR, USA) for 30 minutes at room tem-
perature, followed by flow cytometry (Chen Y et al 2002).

Western blot analyses

Cells were disrupted in RIPA buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic
acid, 1% NP-40, 0.25% Na-deoxycholate, 1 mM Na,VO,, 1
mM NaFE and supplemented with a cocktail of protease
inhibitors [Roche Biochem]) and kept on ice for 10 min-
utes. After centrifugation at 12 000 X g for 15 minutes at
4°C, the supernatants were collected and Western blot
analyses were performed as previously described (Samali
et al 1999). Anti-HSF-1 antibody was purchased from
Stressgen (Victoria, British Columbia, Canada). Anti-
Hsp27, anti-Hsp70, and anti-heat shock cognate 70 pro-
tein (Hsc70) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Statistical analyses

Results from experiments that were repeated at least 3
times were averaged and expressed as mean * standard
error of the mean. Statistical analyses were performed
with InStat3 (GraphPad Software Inc, San Diego, CA,
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Fig 1. NaB-induced upregulation of Hsp27 and Hsp70 in HT 29

colon carcinoma cells. (A) Real-time RT-PCR analyses. Cells were
treated with 3 or 5 mM NaB for up to 72 hours. The mRNA levels
of hsp27 and hsp70 were measured by TagMan® Gene Expression
Assays. The differences in the average threshold cycle (ACt) values
were determined and normalized to the expression of 18s rRNA. (B)
Western blot analyses of Hsp27 and Hsp70 expression after expo-
sure to NaB. The anti-Hsc70 antibody, used as a loading control,
does not recognize other Hsp70 family proteins. (C) Quantification
of the data from panel B. The data presented in panels A and C are
the averages of 3 separate experiments (mean = SE). Statistical
differences were determined by 1-way ANOVA. Once significance
was reached, Dunnett’s multiple comparison post hoc test was used
to compare between 0 exposure time and other time points; * P <
0.05; ** P < 0.01.

USA) with 1-way analysis of variance (ANOVAI o = 0.05)
and Dunnett post hoc multiple range tests.

RESULTS
Increased expressions of Hsps in response to butyrate

At physiologically achievable concentrations, butyrate has
multiple anticancer effects in vitro. To gain information
on the mechanisms by which butyrate exerts its effects on
colon carcinoma cells, we used Clontech cDNA mem-
brane arrays to measure genes that were differentially ex-
pressed after exposure of HT 29 cells to butyrate. The
membrane array that we employed measured the expres-
sion of 234 genes that encode proteins with important
functions during cellular stress. The data obtained from
the array assays indicated that cells treated with 3 mM
sodium butyrate for 2 days had increased expression of
several hsps that included both the hsp70 family and small
heat shock proteins such as hsp27 (data not shown).

To confirm the findings from differential display, real-
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Fig 2. NaB-induced activation of HSF. HT 29 cells were transiently
cotransfected with the pHSE-Luc reporter plasmid and the pRL-CMV
plasmid for control of transfection efficiency. After transfection, cells
were further treated with 3 mM NaB for the time indicated. The lu-
ciferase activities resulting from the HSE activation were normalized
and calculated as a ratio with cells that did not received NaB. The
data presented are the averages of 3 separate experiments (mean
+ SE). Statistical differences were determined by 1-way ANOVA.
Once significance was reached, Dunnett’'s multiple comparison post
hoc test was used to compare between 0 exposure time and other
time points; * P < 0.05.
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Fig 3. Overexpression of HSF-1 increased the basal expression of
Hsp27. (A) Western blot analyses were performed with HT 29 cells
overexpressing HSF-1 and treated with NaB as indicated. (B) Quan-
tification data showing the averages of 3 separate experiments
(mean = SE). Statistical differences were determined by 1-way AN-
OVA. Once significance was reached, Dunnett's multiple compari-
son post hoc test was used to compare between the parental HT 29
cells, cells transduced with the retroviral vector, and the cells over-
expressing HSF-1; * P < 0.05.
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Fig 4. Measurement of AP activity in butyrate-treated cells. Cell
lysates were prepared with 2 cycles of rapid freezing and thawing,
and AP activity was measured with the use of p-nitrophenyl phos-
phate as substrate after 2 days of exposure to 3 or 5 mM of NaB.
The data presented are the averages of 3 separate experiments
(mean = SE). For 3 and 5 mM NaB-treated samples, statistical dif-
ferences were determined by 1-way ANOVA. Once significance was
reached, Dunnett’s multiple comparisons test was used to compare
between nontransduced HT 29 parental cells and cells transduced
with either vector alone or with HSF1; * P < 0.05.

time reverse transcriptase (RT)-PCR analyses were per-
formed to measure the changes in the expression of 2
genes—hsp70 and hsp27—after butyrate treatment. Re-
sults (Fig 1A) indicated that both hsps were induced by
3 mM NaB after 24 hours of exposure. Similar upregu-
lation of hsp27 was observed in cells treated with 5 mM
NaB. However, the hsp70 gene was only transiently in-
duced by 5 mM NaB, and its mRNA level returned to
near normal expression after 24 hours.

We next measured the changes in the protein levels of
Hsp27 and Hsp70 in HT 29 cells treated with NaB. The
results (Fig 1B,C) indicated that both 3 and 5 mM NaB
caused a sustained increase in Hsp27. Consistent with the
data from the real-time RT-PCR analyses, the upregula-
tion of Hsp70 only occurred within the first 24 hours after
exposure to either 3 or 5 mM NaB. Thus, exposure of
cultured HT 29 colon carcinoma cells to butyrate is as-
sociated with stress responses and increased expression
of Hsp27 and Hsp70. The induction of Hsp27 mRNA and
protein was much more sustained than that of HspZ70.

Inhibition of butyrate-induced differentiation by
overexpression of HSF-1

The heat shock response and the expression of the hsps
are under the control of HSFs. By transfecting cells with
the pHSE-Luc reporter plasmid, we measured the activ-
ities of HSFs after exposure to NaB. Results (Fig 2)
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Fig 5. Measurement of carcinoembryonic antigen (CEA) expres-
sion in response to exposure to 3 mM butyrate for various periods
of time. A rabbit anti-human CEA antibody was used to label the
CEA expression on the cell surface. Flow cytometry data showed a
population of cells with lower CEA expression (lower left quadrant)
after butyrate treatment (A) that were considered differentiated cells;
(B) quantification data. The data presented are the average of 3
separate experiments (mean * SE). Statistical differences were de-
termined by 1-way ANOVA. Once significance was reached, Dun-
nett’s multiple comparisons was used to compare between nontrans-
duced HT 29 parental cells and cells transduced with either vector
alone or with HSF1; * P < 0.05.

showed that the luciferase activity driven by the HSE was
increased by the 3 mM NaB treatment at 24 and 48 hours,
indicating the involvement of HSF in the differentiation
process induced by NaB.

To test the hypothesis that the Hsps and the HSFs
might participate in controlling the effects of butyrate on
differentiation and cell death, we overexpressed HSF-1 in
HT 29 cells by infection with a retroviral vector. Two
bands were obtained for HSF-1 on the Western blots (Fig
3A), representing phosphorylated and nonphosphorylat-
ed forms of HSF-1, which correspond to the active and
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Fig 6. Viability of HT 29 cells treated with butyrate for 3 days. (A)
Flow cytometry measurement of cells double-stained with ethidium
homodimer and calcein AM. Left panel represents control untreated
cells, and right panel represents cells treated with 3 mM butyrate.
The live cells (L) and dead cells (D) are indicated on the figure. Cells
in between these 2 populations (A) are likely to be early apoptotic
cells. (B) Quantification of the flow cytometry data. Data presented
are the average of 3 separate experiments (mean + SE). No statis-
tically significant difference was determined by 1-way ANOVA be-
tween HT 29 parental cells, cells transduced with HSF1, or vector
alone under conditions of either 3 or 5 mM NaB treatment.
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Fig 7. Effects of NAC on NaB-induced changes in HSP expression.
Cells were treated with 3 mM NaB and 5 mM NAC for the times
indicated. Western blot analyses were performed to measure the
expressions of Hsp27 and Hsp72. Hsc70 was used as a loading
control. Data presented are representative of 3 separate experi-
ments.
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inactive forms, respectively (Cotto et al 1996; Chu et al
1998; Hoang et al 2000). NaB treatment did not increase
the phosphorylation of HSF-1 (Fig 3A). Hsc70, which is
a constitutively expressed member of the Hsp70 family
of proteins and is not regulated by HSF-1, was used as a
loading control. Cells with increased HSF-1 exhibited
normal morphology and proliferation rates under non-
stressed conditions (data not shown). Overexpression of
HSEF-1 resulted in increased expression of Hsp27 under
nonstressed conditions (Fig 3B). However, after exposure
to NaB for 24 hours, the protein levels of Hsp27 were not
significantly different between cells with and without
HSEF-1 overexpression. Similar changes were observed for
Hsp72 (data not shown). Thus, overexpression of HSF-1
increased the basal expression of the HSPs.

To test the hypothesis that increased HSF-1 might in-
terfere with butyrate-induced cellular differentiation, we
measured 2 independent markers of differentiation and
compared the changes among HT 29 parental cells, HT
29 cells transduced with HSF-1, or the viral vector only
that did not contain the HSF-1. First we measured the
activities of AP, one of the brush border enzymes whose
activities increase when HT 29 cells are differentiated by
butyrate (Kim et al 1980). Compared with nontransduced
parental cells and vector-expressing control cells, cells
overexpressing HSF-1 had significantly lower AP activity,
particularly after 3 mM butyrate treatment for 2 days (Fig
4). Cells treated with the higher concentration of 5 mM
butyrate had lower AP activity, which could be artifactual
because of the apoptotic or cytotoxic effects of this higher
concentration of butyrate.

The differentiation of colon carcinoma cells is often as-
sociated with changes in the expression of CEA (Aquino
et al 1998; Cai et al 2004). Flow cytometric analyses after
labeling with anti-CEA antibody showed that butyrate
downregulated CEA in HT 29 cells (Fig 5A). Cells with
overexpressed HSF-1 had a lower percentage of differ-
entiated cells as measured by CEA both before and after
butyrate treatment; at 72 hours, only 32% of transfected
cells were differentiated. In contrast, 75% of the parental
HT 29 cells or the vector-transduced cells exposed to bu-
tyrate were differentiated (Fig 5B). Thus, results from
measurement of AP activities and CEA expression both
demonstrated that increased HSF-1 inhibited NaB-in-
duced differentiation.

Effects of overexpressing HSF-1 on butyrate-induced
cell death

Terminally differentiated colon epithelial cells lose their
potential to divide and eventually undergo a pro-
grammed cell death that involves activation of caspases
(Hall et al 1994; Cai et al 2004). Because overexpression
of HSF-1 inhibited differentiation, we hypothesized that



it might also play a role in controlling butyrate-induced
cell death. Therefore, we measured the percentage of
dead cells after treatment with 3 or 5 mM butyrate in HT
29 cells with a technique involving staining cells with
compromised plasma membranes with an ethidium ho-
modimer (Chen Y et al 2002). Live cells have esterase
activity and convert cell-permeable calcein AM to fluo-
rescent calcein. Data (Fig 6) showed that butyrate caused
about 80% cell death after 3 days of exposure, and this
effect was not modified by overexpression of HSF-1. No
difference was observed between nontransduced parental
HT 29 cells, vector-transduced cells, or cells overexpress-
ing HSF-1.

Effects of N-acetylcysteine on butyrate-induced
upregulation of Hsps

Our previous studies have shown that NaB-treated HT 29
cells exhibit a marked oxidation of the intracellular glu-
tathione pool (Kirlin et al 1999b), and the oxidation oc-
curred with a similar time course as the induction of hsps,
as shown in Figure 1. Therefore, the observed upregula-
tion of hsps may involve a mechanism that is subject to
redox regulation. To test such a hypothesis, we treated
cells with 5 mM N-acetylcysteine (NAC) at the same time
as they were exposed to 3 mM NaB. Results (Fig 7)
showed that the protein levels of Hsp27 and Hsp72 were
not affected by NAC. We also found that NAC did not
affect NaB-induced changes in cell proliferation and AP
activity (data not shown). Thus, NAC did not suppress
butyrate-induced differentiation and upregulation of
Hsps in the HT 29 cells.

DISCUSSION

Increased intake of dietary fiber has been shown to be
associated with a decreased risk of developing colon can-
cer (Burkitt 1971; Howe et al 1992). One possible mech-
anism for the chemopreventive effects of fiber is through
the action of its fermentation product, butyrate. Milli-
molar concentrations of butyrate exert a strong anticancer
effect in vitro. However, in contrast to the promising re-
sults obtained from cultured colon carcinoma cell lines,
the in vivo anticancer effects of fiber and butyrate are less
consistent or effective (Lupton 1995; Hague et al 1997).
Several reasons appear to account for these differences.
Differentiation of colonocytes, either induced by butyrate
or by other conditions, is reversible at early times of ex-
posure. Thus, if a continuous in vivo exposure to high
concentrations of butyrate is not attained, the irreversible
commitment to differentiation might not occur and cells
could return to their normal malignant phenotype and
regain the capacity to proliferate. In addition, an upregu-
lation of cellular proteins that protect the cell against dif-
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ferentiation and apoptosis could also contribute to resis-
tance to the chemopreventive properties of butyrate and
fiber.

In this study, we used cDNA membrane arrays to de-
lineate differential gene expression patterns induced by
butyrate treatment. In butyrate-treated HT 29 cells, the
most distinctive change among the stress genes was the
upregulation of the hisps. These results were confirmed by
real-time RT-PCR analyses of 2 hsps: hsp70 and hsp27 (Fig
1). We also demonstrated the increased protein expres-
sions of both Hsp27 and Hsp70 by Western blot analyses
(Fig 1B,C). Thus, butyrate caused a stress response, which
occurred in association with the differentiation process.
Similar results indicating the NaB-induced upregulation
of Hsps have been reported from other studies (Maria-
dason et al 2000; Yang et al 2001; Tan et al 2002), includ-
ing the sustained increase in Hsp27 through 72 hours
(Tan et al 2002). However, the magnitude and time course
of the changes differed between Hsp27 and Hsp70. It is
known that Hsp70 protein can serve as a negative regu-
lator of the heat shock response (Morimoto 1998). Tran-
sient overexpression of Hsp70 was shown to inhibit the
transcriptional activation function of HSF-1 (Shi et al
1998). In addition, the different genes encoding Hsp27
and Hsp70 might have unique regulatory mechanisms
and consequently show different responses to butyrate.

Upregulation of the Hsps has been shown to occur dur-
ing the differentiation of many other cell types (Singh and
Yu 1984; Morimoto et al 1990; Hashizume et al 1997; Ki-
ang and Tsoko 1998; Welsh and Gaestel 1998; Pirkkala et
al 2001) and, therefore, could represent a generalized phe-
nomenon. The roles of HSFs and Hsps in the differenti-
ation process of colonic epithelial cells are largely un-
known. In this study, instead of manipulating the Hsps,
we stably overexpressed HSF-1 in HT 29 cells. The in-
creased HSF-1 mimics the stress responses induced by
NaB. By measuring 2 independent markers of differenti-
ation, we observed that cells with higher levels of HSF-1
were less likely to undergo differentiation (Figs 4 and 5).
Thus, cancer cells with aberrantly high expression of
HSEF-1 will be more resistant to NaB and consequently be
less responsive to its chemopreventive effects in vivo.

Butyrate is an inhibitor of histone deacetylase (Sealy
and Chalkley 1978). Histone hyperacetylation results in
increased transcription of a variety of genes (Grunstein
1997) and has been reported to increase the expression
of Hsps in various lower organisms (Chen T et al 2002;
Ovakim and Heikkila 2003; Zhao et al 2005). Whether
similar mechanisms could be applied to the colon cancer
cells remains to be defined. The activation of HSFs might
also be involved in the selective and ordered upregulation
of hsps. It is well known that HSFs can respond to oxi-
dative stress, a process also generated during heat shock
(Kiang and Tsoko 1998). Although our data indicate that
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NAC was not effective in suppressing HSF activation (Fig
7), it does not exclude the possibility that other antioxi-
dant compounds could exert distinct effects from NAC
by interfering with different cellular signaling pathways.
In addition, the levels of ubiquitin mRNA increased dur-
ing HT 29 cell differentiation (data not shown), suggest-
ing a possible effect on the protein degradation pathway.
In support of this possibility, it has been shown that in-
hibition of proteosome function can result in activation of
HSF-1 (Bush et al 1997; Pirkkala et al 2000).

Cancer cells often have increased Hsps (Fuqua et al
1994), which render them more resistant to apoptosis
(Ozoren and El-Deiry 2002; Wang et al 2002; Rashmi et
al 2003). A recent report by Cen et al (2004) showed that
the mRNA levels of hsfl, hsp27, and hsp90 are increased
in sporadic colorectal cancers. Increased expression of
HSFs and Hsps might be a general mechanism employed
by malignant cells to circumvent the terminal differenti-
ation that is involved in prevention therapies. Therefore,
the use of agents that interfere with the functions of the
Hsps (Hostein et al 2001; Munster et al 2001) in combi-
nation with agents that induce differentiation, apoptosis,
or both might result in enhanced therapeutic effects.
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