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Abstract 

Dietary fiber intake is linked to a reduced risk of colon cancer. This effect may in part be due to 
butyrate, the fermentation product of fiber in the colon. Butyrate is a short-chain fatty acid that 
acts as a histone deacetylase inhibitor (HDACi). Butyrate induces apoptosis and represses clonal 
growth of colorectal cancer (CRC) cells, in a manner dependent upon the hyperactivation of Wnt 
/beta-catenin signaling. While fiber has been linked to CRC prevention, in vitro studies on the action 
of butyrate have used CRC cell lines, instead of cells representative of earlier stages of colonic 
neoplasia, which are the likely target of butyrate-mediated preventive activity. The LT97 cell line is 
derived from a microadenoma, the earliest stage of colonic neoplasia from which cells can be 
isolated. We characterized LT97 cells with respect to effects of butyrate on Wnt signaling and 
apoptosis, and we determined whether modulation of CREB binding protein (CBP)/p300 activity 
influences the ability of butyrate to induce Wnt activity and apoptosis. We report that in LT97 
cells, butyrate induces apoptosis, strongly upregulates Wnt signaling, and the upregulation of Wnt 
signaling is dependent upon CBP/p300 activity. In addition, findings from overexpression exper-
iments suggest differences between CBP and p300 in their ability to influence Wnt signaling in LT97 
cells; p300, but not CBP, stimulates basal Wnt activity. We also evaluated differences in gene 
expression between early stage LT97 cells and late stage metastatic SW620 CRC cells that exhibit 
markedly different cellular phenotypes. The comparative gene expression analyses revealed dif-
ferences that may impact neoplastic progression and the sensitivity to the effects of butyrate. The 
findings have implications for the prevention of CRC by fiber/butyrate. 
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Introduction 
Epidemiological studies have demonstrated an 

association between a high intake of dietary fiber and 
a reduced risk of colon cancer (1, 2). Butyrate, the 
breakdown product of soluble fiber in the colonic 
lumen, acts as a histone deacetylase inhibitor 
(HDACi) and may contribute to the protective effects 
of fiber (3-7). Butyrate stimulates apoptosis and in-
hibits clonal growth of colorectal cancer (CRC) cells in 
culture (7), and we have provided evidence that these 
effects of butyrate are in part explained by the hy-

peractivation of canonical Wnt transcriptional activity 
by this agent (4-6).  

Canonical Wnt activity results from the accu-
mulation of active beta-catenin, which associates with 
DNA-binding Tcf factors to stimulate transcriptional 
activity from Wnt target genes (8-11). Constitutive 
activation of Wnt signaling, due to mutations in the 
APC and beta-catenin genes (8-11), promotes colonic 
cell proliferation and tumorigenesis. However, ab-
normally high levels of canonical Wnt signaling 
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promote apoptosis (12). Butyrate hyperactivates Wnt 
signaling in CRC cells (4-6), and this activity of bu-
tyrate determines the levels of cellular apoptosis. The 
growth suppressive and apoptotic effects of butyrate 
linearly correlate with the upregulation of Wnt activ-
ity induced by this agent in ten human CRC cell lines 
(5). We have confirmed that the association between 
enhanced Wnt activity and both apoptosis and re-
pressed clonal growth in butyrate-treated CRC cells is 
causative (4-6). 

Butyrate is likely most effective against early 
stage colonic neoplasms (7); thus, intake of dietary 
fiber, a source of colonic butyrate, is linked to CRC 
prevention, and therefore, it must affect the early 
stages of the disease. However, in vitro studies on the 
action of butyrate have typically used fully trans-
formed CRC cells that are not representative of the 
colonic cells targeted by butyrate in vivo. Therefore, it 
would be useful to evaluate the effects of butyrate on 
adenoma, rather than carcinoma, cells. Adenoma cell 
lines are typically difficult to establish and maintain in 
culture; however, the LT97 cell line has been suc-
cessfully isolated from a microadenoma, the earliest 
colonic neoplasm from which cells can be cultured 
(13). This APC mutant cell line was isolated from a 
patient with hereditary familial adenomatous polyposis 
(FAP), and is characterized by the presence of 
C-terminus truncated APC protein and a lack of full 
length, wild-type APC protein (13, 14). Consistent 
with the idea that butyrate is most effective against 
early stage colonic neoplasia, LT97 cells are more 
sensitive to the growth suppressive effects of butyrate 
compared to the CRC cell line HT-29 (14). Microarray 
data comparing LT97 and HT29 cells in the presence 
or absence of butyrate showed upregulation of a 
number of genes by butyrate, particularly those in-
volved with detoxification pathways (e.g., glutathione 
S-transferases) (15). 

The effects of butyrate on Wnt signaling in co-
lonic cells may be influenced by various cotranscrip-
tional factors that associate with beta-catenin-Tcf 
complexes. CREB binding protein (CBP) and p300 are 
histone acetylases (HATs) that associate with be-
ta-catenin and influence Wnt signaling and apopto-
sis/growth of CRC cells (16-25). We have shown that 
modulation of CBP-mediated or p300-mediated Wnt 
signaling affects the ability of butyrate to induce Wnt 
activity and apoptosis in CRC cells, and does so in a 
cell-type specific manner (26,27). These findings cor-
relate with previous studies using the clinically rele-
vant small molecule inhibitor ICG-001, which specif-
ically blocks the association of CBP, but not p300, with 
beta-catenin (16). These studies demonstrated im-
portant differences between the action of CBP and 
p300 on Wnt signaling and cell physiology; thus, 

CBP-mediated Wnt signaling is associated with cell 
proliferation; whereas, p300-mediated Wnt signaling 
is associated with cell differentiation (16-21). 

The primary objective of the present study was 
to use LT97 cells to model the response of early stage 
colonic neoplasia to butyrate. In particular, our aims 
were to characterize the response of LT97 cells to bu-
tyrate in terms of (a) the effects of butyrate on Wnt 
activity and apoptosis, and (b) the role of CBP/p300 
activity in these effects. We also evaluated differences 
in gene expression between early stage adenoma LT97 
cells and the late stage carcinoma SW620 cell line, 
which was derived from a lymph node CRC metasta-
sis. 

Here we demonstrate, for the first time, that 
LT97 cells exhibit a marked sensitivity to butyrate 
with respect to the modulation of Wnt signaling, and 
that Wnt signaling hyperactivation in early stage ne-
oplastic cells is dependent upon CBP/p300-mediated 
activity. LT97 cells are also highly sensitive to the 
apoptosis-inducing activity of butyrate; however, the 
combination of butyrate and ICG-001 results in the 
highest levels of LT97 cell apoptosis. We have also 
identified marked changes in gene expression be-
tween LT97 adenoma cells and SW620 metastatic 
cells. These findings have important implications for 
prevention of CRC by fiber/butyrate. 

Materials and Methods 
Cells 

SW620 cells were obtained from ATCC, and 
cultured as previously described (4,5). LT97 cells were 
obtained from Dr. Bridgette Marian (Medical Univer-
sity of Vienna, Austria), and cultured essentially as 
described (13, 14).  

Plasmids, cell lines, transfection, luciferase 
assay 

pTOPFLASH (TOP) and pFOPFLASH (FOP) 
were obtained from Dr. H. Clevers (UMC Utrecht, 
Utrecht, Netherlands). KLF4 expression vector was 
obtained from Dr. Mark Feinberg (Brigham and 
Women’s Hospital, Boston, MA). Expression vectors 
for p300 and CBP were obtained from Addgene. For 
LT97 cells, typically, 10,000 cells were plated per well 
in a 96 well plate and four days later the transfections 
were performed; transfection with lipofectamine 2000 
and luciferase assays were performed as previously 
described (4-6).  

Reagents 
Butyrate was obtained from Sigma, ICG-001 was 

from the Kahn laboratory and Selleckchem; C646 was 
from EMD Millipore Chemicals. 
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Total Human Genome Microarray Analysis  
After treatment with or without 5 mM butyrate 

for 17.5 hr, cells were washed with 1 x PBS, scraped 
into PBS and pelleted; the pellets were snap frozen in 
liquid nitrogen and sent to Genus Biosystems for 
RNA extraction and microarray analyses, utilizing the 
Agilent human whole genome oligo microarray. RNA 
extraction and array analyses were performed by 
Genus as follows. RNA was extracted and purified 
with Ambion Ribopure isolation, with RNA quality 
assessed by an Agilent Bioanalyzer. Following first 
and second strand cDNA synthesis, cRNA target was 
prepared, fragmented to a uniform size, and hybrid-
ized to Agilent Human v2 GE 4x44K arrays. Slides 
were subsequently washed and scanned on an Agilent 
G2565 Microarray Analyzer and the resulting data 
were analyzed with Agilent Feature Extraction and 
GeneSpring GX v7.3.1 software. 

Apoptosis and Proliferation 
Apoptotic analyses were performed using the 

caspase 3/7 glo kit of Promega, as previously de-
scribed (26,27). Assays of cell proliferation/viability 
were performed with the QuickCell Proliferation Kit 
(Biovision). For proliferation assays, cells were plated 
out at 10,000 cells/well in 96-well plates, treated the 
following day and assayed 72 hr later. Data were 
corrected for the background. 

Western blotting  
Western blotting was performed essentially as 

previously described (6). Antibodies were from Santa 
Cruz Biotechnology. Band images were adjusted for 
brightness and contrast to enhance visualization. 

Statistics 
Students T-test was utilized, with statistical sig-

nificance set at P < 0.05. 

Results 
Butyrate markedly upregulates Wnt activity 
and apoptosis in LT97 cells  

We had previously measured the induction of 
Wnt activity by butyrate in ten human CRC cell lines, 
nine of which exhibit constitutive Wnt signaling; in 
these nine cell lines, fold-induction of Wnt activity by 
butyrate ranged from a low of 1.4 (HT-29 cells) to a 
high of 21.8 (HCT-116 cells) (5). However, early stage 
neoplastic cells are likely more representative of the in 
vivo targets of the preventive activity of fiber-derived 
butyrate (7). We therefore evaluated the effects of 
butyrate on Wnt signaling and apoptosis in LT97 mi-
croadenoma cells (13). These early stage colonic neo-
plastic cells were previously shown to be more sensi-
tive to the growth suppressive effects of butyrate 

compared to HT-29 CRC cells (14); however, the ef-
fects of butyrate on Wnt signaling and apoptosis in 
this microadenoma cell line had not previously been 
determined. 

LT97 cells exhibited a markedly greater induc-
tion of Wnt activity by butyrate compared to the ten 
CRC cell lines we have previously analyzed. Thus, 
17.5 hr exposure of LT97 cells to 5 mM butyrate re-
sulted in a 43-fold (P < 0.02) induction of 
Wnt/beta-catenin transcriptional activity (Fig.1A). 
We have previously shown that the ability of butyrate 
to promote CRC cell apoptosis, and repress CRC 
growth, is casually associated with the degree of Wnt 
hyperactivation induced by the agent. Therefore, 
based upon the 43-fold upregulation of Wnt activity 
by butyrate in LT97 cells, we hypothesized that LT97 
cells would exhibit proportionally high fold induction 
of apoptosis upon exposure to butyrate. Measurement 
of caspase 3/7 activation, a hallmark of apoptosis, in 
LT97 cells exposed to 5 mM butyrate revealed a 
5.8-fold induction of enzyme activity (P < 0.005) 
(Fig.1B). In comparison, HCT-116 CRC cells exhibited 
a 2.6-fold induction of caspase 3/7 activity (26). Thus, 
LT97 cells undergo high levels of apoptosis in the 
presence of butyrate, and this sensitivity to the apop-
totic effects of butyrate is consistent with (a) the hy-
peractivation of Wnt/beta-catenin activity in the cells 
(Fig.1A), and (b) the butyrate-mediated growth sup-
pression (14). 

Downregulation of CBP-mediated Wnt 
signaling by ICG-001 in LT97 cells 

The association between beta-catenin and the 
transcriptional coactivators CBP and p300 influences 
Wnt signaling (16-21). The small molecule inhibitor 
ICG-001 binds to CBP but not to p300; treatment of 
CRC cells with ICG-001 interferes with be-
ta-catenin-CBP binding while maintaining, or even 
promoting, the association between beta-catenin and 
p300 (16). ICG-001 results in repressed Wnt activity as 
measured by reporter assays, while elevating caspase 
activity and inhibiting CRC cell growth (16).  

We have previously shown (26) that the upreg-
ulation of Wnt activity in butyrate-treated CRC cells is 
dependent upon CBP-mediated Wnt signaling and 
can be abrogated by ICG-001 (16). Given the marked 
upregulation of Wnt signaling and caspase 3/7 activ-
ity in butyrate-treated LT97 cells, we evaluated 
whether these cells depend upon CBP activity for the 
hyperactivation of Wnt signaling. In the absence of 
ICG-001, a marked enhancement (P < 0.01) of 
Wnt/beta-catenin activity by butyrate was observed. 
However, ICG-001 inhibited butyrate-mediated Wnt 
hyperactivation: in the presence of 75 µM ICG-001 
(26), butyrate treatment of LT97 cells enhanced Wnt 
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activity by only 3.5-fold (P < 0.05) (Fig.2A). Therefore, 
similar to CRC cells, the ability of butyrate to upreg-
ulate Wnt signaling in LT97 microadenoma cells is 
dependent upon CBP activity, and can be repressed 
by ICG-001. We then determined the effects of 
ICG-001 treatment on the ability of butyrate to up-
regulate caspase activity. An efficient upregulation of 
caspase activity occurred in butyrate-treated LT97 
cells (5.4-fold, P < 0.001), and treatment with ICG-001 
alone increased caspase 3/7 activity by 3.0-fold in this 
cell line (P < 0.001) (Fig.2B). Cotreatment with both 
agents resulted in a 6.0-fold increase in caspase activ-
ity compared to mock-treated cells (P < 0.001). How-
ever, there was no statistically significant difference in 
the increase in caspase 3/7 activity between 
ICG-001/butyrate- and butyrate-treated cells.  

CBP-mediated Wnt activity may influence cell 
proliferation, as well as apoptosis (18-21, 26,27). In 
CRC cells, the combined treatment with ICG-001 and 
butyrate had the most profound suppressive effect on 
cell growth (26,27). In LT97 cells, we observed 
(Fig.2C) that butyrate has a marked effect in sup-
pressing cell growth (P < 0.001), confirming previous 
reports (14). ICG-001 resulted in a moderate decrease 
in cell growth (P < 0.03), and the combination of both 
agents led to the lowest levels of LT97 cell prolifera-
tion (P < 0.001). 

 

 
Figure 1. Butyrate upregulates Wnt activity and apoptosis in LT97 mi-
croadenoma cells. (A) LT97 cells were transfected (lipofectamine 2000) with 
TOP/FOPFlash reporter vectors and with pRLTK for normalization of transfection 
efficiency. After 5 hours cells were mock treated (M) or treated with 5 mM butyrate 
for 17.5 hr (B). Wnt signaling measured by the ratio of luciferase expression from 
TOPFlash (T) to FOPFlash (F) is shown. Data are from three separate experiments. 
(B) 10,000 LT97 cells/well were plated into a 96 well plate and allowed to grow for 
four days. Cells were then treated with 5 mM butyrate (B) for 24 hr or mock treated 
(M) and caspase activation was measured with the caspase 3/7 Glo luciferase kit 
(Promega). Background readings from medium alone are subtracted from the 
luciferase readings of the samples. Data are from three separate experiments. Bars, 
SDs. * = statistical significance. 

 
Figure 2. ICG-001 abrogates the upregulation of Wnt activity by butyrate in LT97 cells, but allows for butyrate-mediated apoptosis and repression of proliferation. (A) LT97 
cells were transfected and treated as described in Fig 1A, except that cells were also treated with 5 mM butyrate alone (B), 75 µM ICG-001 alone (I), both agents (IB), or mock 
treated (M). Data are from three separate experiments. (B) LT97 cells were treated as described in Fig 1B, except that cells were treated with 5 mM butyrate alone (B), 75 µM 
ICG-001 alone (I), both agents (IB), or mock treated (M). Data are from three separate experiments. (C) LT97 cells have a doubling time of ~72-96 hr, in contrast to the more 
typical ~24 hr doubling time observed in most CRC cell lines (13,14,15). Therefore, for butyrate/ICG-001 treatments, we assayed LT97 cell proliferation/viability 96 hr after 
plating, which is 72 hr after commencement of treatment with butyrate and/or ICG-001. Thus, LT97 cells were treated with butyrate (B), ICG-001 (I), or both agents (IB) as 
described in Fig. 2B and cell viability/proliferation was assayed, after a further 72 hr, as previously described (25,26). Data are from five separate experiments. Bars, SDs. * = 
statistical significance. (D) Representative Western blot data showing expression of survivin and p21 in LT97 cells mock treated (M), treated with 5 mM butyrate (B), 75 µM 
ICG-001 (I), or both agents (IB) for 24 hr. Actin was used as a loading control. 
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In SW620 CRC cells, expression of the an-
ti-apoptotic factor survivin is suppressed by treat-
ment with ICG-001 (26). Further, expression of the cell 
cycle inhibitor p21 is increased by butyrate, and this 
increase is abrogated by cotreatment with ICG-001 
(26). Differences in the patterns of survivin and p21 
expression likely mediate the cell-type specific effects 
of ICG-001/butyrate cotreatment on CRC cell prolif-
eration and apoptosis (26). Thus, we ascertained how 
treatment with butyrate and/or ICG-001 modulates 
survivin and p21 expression in LT97 cells. Survivin 
expression in LT97 cells is decreased by butyrate 
treatment; however, unlike the observations in CRC 
cells (26), is unaffected by treatment with ICG-001 
(Fig.2D). Expression of p21 is upregulated by butyrate 
in LT97 cells and, also unlike what has been observed 
in CRC cells (26), this increase of p21 expression is 
maintained in the presence of ICG-001 (Fig.2D). 

Modulation of CBP/p300-mediated Wnt 
signaling in LT97 cells 

To confirm the role of CBP/p300 activity in bu-
tyrate-mediated Wnt hyperactivation, we utilized a 
genetic modulator of this activity, Kruppel-like factor 
4 (KLF4), as well as an additional pharmacological 
agent (C646). We also performed CBP/p300 overex-
pression experiments, similar to those performed in 
our previous analyses of CRC cells (27).  

 KLF4, which is expressed in the adult intestine 
and promotes intestinal differentiation, downregu-
lates CBP/p300-mediated Wnt activity by inhibiting 

the association of both CBP and p300 to beta-catenin 
(28). KLF4 may interfere with beta-catenin-Tcf com-
plex formation, further repressing Wnt activity (29). 
KLF4 also mediates the control of telomerase subunit 
tert expression in stem cells and cancer cells, influ-
encing cell survival (30).  

In LT97 cells, overexpression of KLF4 completely 
abrogated (P < 0.05) the upregulation of Wnt activity 
by butyrate (Fig.3A), similar to what has been ob-
served in CRC cells (unpublished data). 

C646 is a specific competitive inhibitor of 
CBP/p300 HAT activity (31). In LT97 cells, treatment 
with C646 decreased basal Wnt activity, with this in-
hibition reaching statistical significance at the highest 
concentration utilized (Fig.3B, P < 0.05). In addition, 
20 and 50 µM C646 repressed butyrate-mediated Wnt 
activity in LT97 cells (Fig.3B, P < 0.03). Therefore, the 
results from the overexpression of KLF4 and treat-
ment with C646 indicate a role for CBP/p300 activity 
in the upregulation of Wnt signaling by butyrate in 
colonic microadenoma cells. To further explore this 
role, we decided to modulate the activity and the lev-
els of p300 in LT97 cells. There is currently no specific 
inhibitor for p300-mediated Wnt activity; therefore, as 
an alternative, we have previously successfully uti-
lized siRNA to downregulate p300 expression levels 
in CRC cell lines (27). However, the same siRNA ap-
proach failed to downregulate p300 in LT97 micro-
adenoma cells (data not shown). 

 
Figure 3. CBP/p300 activity influences Wnt signaling in LT97 cells. (A) LT97 cells were transfected as described in Fig. 1A, except that KLF4 (K4) was cotransfected. 
Cells were treated with butyrate (B) or mock treated (M) and analyzed as described in Fig. 1. Data are from seven separate experiments. (B) LT97 cells were transfected as in 
Fig. 1A; after 5 hours cells were mock untreated (M) or treated (17.5 hr) with 5 mM butyrate (B), or 10 mM, 20 mM, or 50 mM C646 (10C6, 20C6, or 50C6, respectively), or 
combinations of butyrate with those concentrations of C646. Data are from four separate experiments. (C) LT97 cells were transfected as in Fig. 1A and cotransfected with 
pcDNA3.1 (Ctl) or p300 or CBP expression vectors. After 5 hours cells were left untreated (Ctl) or treated with 5 mM butyrate for 17 hr (B), or mock treated (M). Data are 
from six separate experiments. Bars, SDs. * = statistical significance. 
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Downregulation of CBP or CBP/p300 activity 
interferes with the ability of butyrate to induce Wnt 
signaling in LT97 cells (Figs.2, 3), and overexpression 
of p300, but not CBP, upregulated basal and butyr-
ate-induced Wnt activity in CRC cells (27). Therefore, 
we investigated how CBP/p300 overexpression in-
fluences butyrate-mediated Wnt hyperactivation in 
the LT97 cell line. In LT97 cells, overexpression of 
both p300 and CBP influenced the ability of the 
HDACi butyrate to modulate Wnt signaling (Fig.3C). 
In the absence of butyrate treatment, overexpression 
of p300, but not CBP, resulted in a low upregulation of 
Wnt signaling (P < 0.04). In the presence of 5 mM bu-
tyrate, overexpression of p300 resulted in a more than 
two-fold enhancement of Wnt activity compared to 
butyrate treatment alone (P < 0.02), while overex-
pression of CBP coupled with butyrate treatment re-
sulted in a four-fold (P < 0.03) increase in Wnt activity 
compared to butyrate treatment alone.  

Gene expression analysis of adenoma LT97 
and carcinoma SW620 cells 

Alteration of cell signaling pathways, leading to 
changes in gene expression, can significantly modify 
cellular phenotypes and influence neoplastic progres-
sion (32,33, and refs. therein). We therefore decided to 
compare changes in gene expression between the 
LT97 adenoma cell line and the SW620 CRC cell line. 

In a previous survey of ten CRC cell lines, we 
observed that SW620 cells exhibit a moderate upreg-
ulation of Wnt activity and apoptosis by butyrate (5). 
There are three reasons for choosing SW620 cells, 
from this group of ten cell lines, to represent CRC cells 
in the current paper. First, a previous study (13) spe-
cifically compared SW620 cells to LT97 cells, demon-
strating that the SW620 CRC cell line, but not the LT97 
adenoma cell line, exhibits anchorage-independent 
growth. Second, SW620 metastatic CRC cells are 
commonly used for in vivo tumorigenesis experiments 
(e.g., mouse xenograft studies) and it is therefore par-
ticularly important to understand how butyrate in-
fluences gene expression in this cell line. Third, and 
most importantly, LT97 and SW620 cells represent the 
extremes of colonic neoplastic progression. LT97 cells, 
derived from a microadenoma, represent the earliest 
stage of neoplasia, while SW620 cells, derived from a 
lymph node metastasis of a colonic tumor, represent 
late stage disease (13 and refs. therein). We reasoned 
that a microarray comparison of these two cell lines 
would identify gene targets responsible for both the 
adenoma to carcinoma progression and the develop-
ment of metastasis, as well as responsiveness to bu-
tyrate. The genes identified by this comparative study 
may therefore represent potential therapeutic targets. 

We evaluated gene expression in these two cell 

lines via microarray analysis, to identify differences in 
basal and butyrate-modulated gene expression. A 
screening experiment consisting of a single replicate 
of a full human genome microarray analysis was 
performed to identify genes for subsequent validation 
by western blot analyses.  

Figure 4 summarizes the differences in gene ex-
pression observed “within treatments” (comparing 
LT97 vs. SW620 cells for both mock and butyrate 
treatment, Fig.4A) and “within cell lines” (comparing 
mock- to butyrate-treated samples for each cell line, 
Fig.4B). For the “within treatment” analysis, 3512 
genes exhibited a greater than three-fold difference in 
expression comparing mock-treated LT97 and SW620 
cells, 2800 genes exhibited three-fold difference in 
butyrate-treated LT97 and SW620 cells, and 2784 
genes exhibited three-fold difference with both mock 
and butyrate treatment (Fig.4A). There were also sig-
nificant differences in gene expression observed in the 
“within cell line” analysis. 

Thus, in LT97 cells, 3177 genes exhibited a 
greater than three-fold difference in expression com-
paring mock and butyrate treatment, and in SW620 
cells, 3007 genes exhibited that pattern. In addition, 
there were a total of 2151 genes that exhibited a 
greater than three-fold difference in expression upon 
butyrate treatment in both cell lines tested (Fig.4B). 
Relative expression levels of a number of selected 
genes that influence or are influenced by Wnt signal-
ing, and/or which may mediate neoplastic progres-
sion, are shown in Table 1. We subsequently utilized 
western blot analyses to evaluate the expression of 
selected relevant genes at the protein level.  

 
 
 

Table 1. Differential expression of selected genes in un-
treated and butyrate treated LT97 and SW620 cells. Several 
gene targets are shown, with the fold-change in expression between 
cell lines in the absence or presence of 5 mM butyrate. These data 
include changes in expression of both less than, and greater than, the 
three-fold change level required for inclusion in the Venn diagram (Fig. 
5). A, absent (below level of detection). 

Gene Control 
SW620/LT97 

Butyrate 
SW620/LT97 

LT97 
Butyrate/ 
Control 

SW620 
Butyrate/ 
Control 

 CCND2 0.07  1.13 0.86 14.52 
CDH1 
CREBBP 

0.06 
0.13 

0.27 
A 

1.39 
0.11 

6.42 
A 

EP300 2.08 0.55 1.92 0.51 
KLF4 1.97 0.64 2.76 0.89 
MYC 5.49 68.53 0.04 0.52 
SP5 155.42 120.39 2.6 1.97 
TLE1 0.27 0.15 1.67 0.57 
VIM 2685.45 73.21 38.16 1.04 
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Reporter data demonstrated the importance of 
CBP/p300-mediated Wnt activity, in colonic cells, 
including the LT97 line [Figs.2, 3. refs. (25,26)]. Our 
microarray data indicated that CBP is expressed at 
higher levels in mock-treated LT97 cells than in 
mock-treated SW620 cells, and this difference was 
confirmed by western blot analyses. The array find-
ings also indicated that butyrate treatment of LT97 
cells decreases CBP expression; however, this was not 
confirmed at the protein level (Fig.5A). Changes in 

CBP expression after butyrate treatment in SW620 
cells could not be quantitatively measured in the array 
analysis due to the very low CBP mRNA expression; 
however, we consistently observed increased CBP 
expression at the protein level in butyrate-treated 
SW620 cells. Microarray data indicated minimal var-
iation in p300 levels between the two cell lines, which 
was confirmed at the protein level, particularly in the 
presence of butyrate (Fig.5B).  

 

 
Figure 4. Venn diagrams of microarray data. (A) Venn diagram for “within treatment” comparison of differentially expressed genes in mock or butyrate treatments across 
cell lines (>3Fold, 9,096 probes). 99 intersection probes are differentially expressed in opposite directions. 2,685 intersection probes are differentially expressed in the same 
direction. (B) Venn diagram for “within cell lines” comparison of differentially expressed genes in mock treated control (Ctrl) vs. butyrate (NaB) treatments of two cell lines 
(>3Fold, 8,335 probes). 165 intersection probes are differentially expressed in opposite directions. 1,986 intersection probes are differentially expressed in the same direction. 

 
 

 
Figure 5. Western blot analysis of selected genes in LT97 and SW620 cells. LT97 or SW620 cells were mock treated (-) or treated with 5 mM butyrate (+) for 17.5 
hr and then total protein was isolated. Western blot analysis was performed with the appropriate antibodies as described in Materials and Methods; the proteins analyzed are CBP 
(A), p300 (B), KLF4 (C), E-cadherin (D), c-myc (E), and vimentin (F). Actin was used as a loading control. Representative data are shown. 
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The microarray data further indicated that basal 
expression of KLF4 was lower in LT97 cells compared 
to SW620 cells; however, butyrate treatment increased 
KLF4 expression in LT97 cells to levels higher than 
that observed in mock- or butyrate-treated SW620 
cells. On the other hand, butyrate treatment did not 
increase KLF4 expression in SW620 cells. At the pro-
tein level, KLF4 expression was higher in LT97 cells 
compared to SW620 cells, both in the presence or ab-
sence of butyrate. Contrary to the array data, levels of 
KLF4 protein were increased in SW620 cells after bu-
tyrate treatment. Exposure of LT97 cells to butyrate 
resulted in expression of KLF4 protein levels ap-
proximately equal to these in mock-treated cells 
(Fig.5C).  

Basal Wnt activity was lower in LT97 cells com-
pared to CRC cells such as SW620; therefore, we hy-
pothesized that factors that downregulate Wnt activ-
ity would be found at higher levels in LT97 compared 
to SW620 cells. Our array data revealed that two Wnt 
activity inhibitors, TLE1 (34) and E-cadherin (re-
viewed in ref. 35) were expressed at higher levels in 
LT97 cells, and that levels of E-cadherin were sharply 
upregulated in SW620 but not LT97 cells after expo-
sure to butyrate. At the protein level, we observed 
that TLE1 expression levels were approximately 
equivalent in LT97 and SW620 cells (data not shown). 
On the other hand, we consistently observed higher 
basal expression of E-cadherin protein in LT97 com-
pared to SW620 cells. Western blot analysis also 
showed enhanced expression of E-cadherin in SW620 
cells after exposure to butyrate, while E-cadherin 
protein levels in LT97 cells were unchanged after ex-
posure to this agent (Fig. 5D). 

C-myc is a Wnt signaling-targeted gene, the 
product of which in part mediates the 
pro-proliferative action of constitutively activated 
Wnt signaling. Butyrate influences c-myc expression 
at several levels, resulting in a net downregulation of 
c-myc levels (36). Our array data indicated that c-myc 
is expressed at higher levels in SW620 cells than in 
LT97 cells, and is downregulated by butyrate in LT97 
cells. Western blot analyses confirmed a marked 
downregulation of c-myc expression in butyr-
ate-treated LT97 cells (Fig.5E). However, we did not 
observe significantly higher levels of c-myc protein in 
mock-treated SW620 compared to LT97 cells.  

Vimentin is another Wnt signaling-targeted gene, 
and its product influences changes in cell shape and 
motility during the epithelial to mesenchymal transi-
tion that occurs during metastasis (37, 38 and refs. 
therein). Microarray data indicated that vimentin is 
highly overexpressed in SW620 cells compared to 
LT97 cells in the presence and absence of butyrate. 
Western blot data supported this finding: under our 

blotting conditions, we detected vimentin protein in 
SW620, but not in LT97, cells (Fig.5F).  

Discussion 
The preventive role of fiber/butyrate against 

CRC is most likely exerted during early stage disease 
(7). We have reported that the ability of butyrate to 
induce growth arrest and apoptosis in CRC cells is 
associated with the ability of the agent to hyperacti-
vate Wnt/beta-catenin signaling (5). Thus, we evalu-
ated the effects of butyrate on Wnt signaling in LT97 
microadenoma cells, which model early stage colonic 
neoplasia. LT97 cells exhibit a marked upregulation of 
Wnt/beta-catenin activity and apoptosis by butyrate 
(Fig.1). The greater-fold induction of Wnt activity by 
butyrate observed in LT97 cells (Fig.1A) compared to 
CRC cell lines (5) is consistent with the high sensitiv-
ity of LT97 cells to the growth suppressive effects of 
butyrate (14). Similarly, we found that LT97 cells ex-
hibit a marked upregulation of caspase 3/7 activity 
after exposure to butyrate (Fig.1B), consistent with 
our previous observation that CRC cell apoptosis in-
duced by butyrate correlates with the degree of Wnt 
hyperactivation (5). Thus, butyrate treatment of LT97 
cells results in a higher degree of Wnt hyperactivation 
and apoptosis than that observed in CRC cells. 

We have previously observed cell type-specific 
effects of ICG-001 and ICG-001/butyrate cotreatment 
on caspase 3/7 activation in CRC cells (26,27). Thus, of 
four CRC cell lines studied (HCT-116, SW620, HCT-R, 
and HCT-15) only butyrate-resistant HCT-R cells ex-
hibited a significant upregulation of caspase 3/7 ac-
tivity after exposure to ICG-001 alone. In addition, we 
observed a strong interference between ICG-001 and 
butyrate in the ability of these agents to induce 
caspase3/7 activity upon cotreatment of HCT-R and 
SW620 cells. In contrast, LT97 cells exhibited both (a) 
upregulation of caspase 3/7 activity when exposed to 
ICG-001 alone; and (b) no interference between 
ICG-001 and butyrate, as cotreatment with these 
agents resulted in the highest levels of caspase 3/7 
activity (Fig.2B). If LT97 cells are representative of 
early stage colonic neoplasia, these findings suggest 
that ICG-001-like agents promote apoptosis, and 
would be effective in suppressing early stages of co-
lonic tumorigenesis. Furthermore, the lack of inter-
ference between the effects of ICG-001 and butyrate 
on LT97 cell apoptosis suggests that ICG-001-like 
agents can be effective in the context of a high fiber 
diet or therapeutic application of HDACis against 
early stage colonic neoplasia. In contrast, for certain 
established CRCs, ICG-001-like agents would be most 
effective administered alone, and/or in the context of 
fasting or a low fiber diet (26, 27). 

Cotreatment of LT97 cells with butyrate, which 
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upregulates Wnt signaling, and ICG-001, which re-
presses Wnt signaling, led to the highest levels of 
caspase 3/7 activity and lowest levels of cell prolifer-
ation (Figs.2B,C). Why does treatment with agents 
that upregulate (butyrate) and downregulate 
(ICG-001) Wnt activity cooperate to enhance Wnt ac-
tivity-dependent effects on apoptosis and prolifera-
tion? One explanation is that ICG-001 specifically re-
presses CBP-mediated Wnt signaling without affect-
ing p300-mediated Wnt signaling (18-21,26,27). It has 
been reported that CBP-mediated Wnt signaling 
promotes colonic cell proliferation; whereas, 
p300-mediated Wnt signaling promotes differentia-
tion (16-21). Thus, ICG-001 specifically represses the 
CBP-mediated Wnt activity that is required for 
growth; whereas, leaving unaffected the 
p300-mediated Wnt signaling that promotes differen-
tiation and apoptosis. In addition, while ICG-001 re-
presses the overall levels of butyrate-mediated Wnt 
activity in LT97 cells, butyrate still retains the ability 
to induce a fold-increase in Wnt signaling (Fig.2A). 
We have previously demonstrated that the 
fold-change in Wnt activity, rather than the absolute 
level of Wnt activity, correlates with the effects of 
butyrate on apoptosis and proliferation (5). Thus, 
butyrate/ICG-001 cotreatment of LT97 cells represses 
CBP-mediated signaling pathways responsible for cell 
proliferation, while maintaining fold-induction of 
p300-mediated Wnt signaling that leads to reduced 
proliferation and enhanced apoptosis. 

The effects of ICG-001 and butyrate on cell 
physiology may be influenced by differential expres-
sion of factors that affect apoptosis and cell cycle ar-
rest, such as survivin and p21. We have previously 
shown that SW620 cells exhibit a high basal expres-
sion of the anti-apoptotic factor survivin, and survivin 
expression is suppressed by treatment with ICG-001 
in the presence and absence of butyrate (26). Since the 
cotreatment of LT97 cells with ICG-001/butyrate re-
sults in efficient induction of apoptosis (Fig.2B), we 
investigated survivin expression. Unlike what was 
observed in CRC cells, survivin expression in LT97 
cells was unaffected by ICG-001 treatment; however, 
survivin levels were downregulated by butyrate 
(Fig.2D). These findings suggest that approaches to 
downregulate survivin expression in early stage co-
lonic neoplasia may enhance the efficacy of ICG-001 
treatment.  

Both ICG-001 and butyrate repress cell growth of 
LT97, and the combination of the two agents resulted 
in the greatest suppression of proliferation (Fig.2C). 
Expression data for p21, which promotes cell cycle 
arrest, are consistent with these findings. Butyrate 
upregulates p21 expression in LT97 cells, and this 
enhanced expression is maintained in the presence of 

ICG-001 (Fig.2D). This finding contrasts with the ob-
servation that, in metastatic SW620 cells, cotreatment 
with ICG-001 interferes with the ability of butyrate to 
upregulate p21 (26). Thus, high p21 expression in 
LT97 cells cotreated with butyrate/ICG-001 correlates 
with the efficient suppression of cell proliferation. 
These findings suggest that growth arrest is an im-
portant mechanism whereby treatment with ICG-001, 
combined with dietary or pharmacological HDACis,  
can target early stage colonic neoplasia. 

Using microarray analysis, we have identified a 
number of genes differentially expressed in LT97 vs. 
SW620 cells, in the presence or absence of butyrate. 
Some of these genes are involved in Wnt signaling, 
cell proliferation and metastasis (Table 1, Figs.4-6, and 
unpublished data) and may therefore influence neo-
plastic progression. The high CBP expression in LT97 
cells (Fig.5A) is consistent with the marked sensitivity 
of this cell line to the repressive effects of ICG-001 on 
Wnt activity, proliferation and apoptosis (Fig.2). In 
contrast, there is less difference in p300 levels between 
LT97 and SW620 cells (Fig.5B). KLF4 expression was 
higher in LT97 cells (Fig.5C), consistent with the role 
of this transcription factor in repressing Wnt activity 
(basal Wnt activity is low in LT97 cells, Fig.1) and in 
promoting differentiation (LT97 cells being less tu-
morigenic than SW620). The higher levels of 
E-cadherin observed in LT97 cells (Fig.5D) are con-
sistent with the role of the protein in suppressing ba-
sal Wnt activity (35). The reported effects of butyrate 
on c-myc expression in colonic cells are complex. Bu-
tyrate, which enhances Wnt signaling, increases c-myc 
transcriptional initiation; however, butyrate also 
causes a block in c-myc transcriptional elongation, so 
that the net effect on c-myc expression is often nega-
tive (36 and refs. therein). This is consistent with what 
is observed in our western blot analysis (Fig.5E). The 
enhanced vimentin expression in SW620 vs. LT97 cells 
(Fig.5F) was expected, and it correlates with the met-
astatic origin of the SW620 cell line.  

In summary, our findings contribute to a better 
understanding of neoplastic progression. Since levels 
of CBP are higher in LT97 cells compared to SW620 
cells (Fig.5A), one possibility is that a more advanced 
neoplastic phenotype (e.g., the SW620 phenotype) is 
characterized by relatively higher p300-mediated 
Wnt/catenin activity. However, that possibility is 
argued against by the finding that a number of CRC 
cell lines do not express p300 while continuing to ex-
press CBP (27 and references therein), as well as the 
observation that p300-mediated Wnt/catenin signal-
ing is associated with differentiation, while 
CBP-mediated Wnt/catenin signaling is associated 
with CRC cell proliferation (16-21). Our working hy-
pothesis (Fig.6) is that neoplastic progression is driven 
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by a greater activity of CBP-mediated Wnt/catenin 
signaling compared to its p300-mediated counterpart. 
In addition, neoplastic progression is likely charac-
terized by greater basal Wnt activity but less sensitiv-
ity to butyrate, as well as significant differences in 
gene expression (e.g., E-cadherin, vimentin).  

This hypothesis can be evaluated through fur-
ther in vitro cell culture analyses, as well as by ex vivo 
and in vivo studies, to identify changes in CBP/p300 
activity and relevant gene expression that influences 
colonic neoplastic progression. Findings from these 
studies can assist the development of novel preven-
tive and therapeutic approaches against CRC. 

 

 
Fig. 6. Working hypothesis for neoplastic progression based on the LT97 and SW620 cell models. We hypothesize that early stage colonic neoplasia, modeled by 
LT97 cells, is characterized by: relatively higher p300 compared to CBP activity, lower basal Wnt activity but a greater sensitivity to the effects of butyrate on Wnt hyperactivation 
and the induction of apoptosis, and enhanced expression of gene products which suppress basal Wnt activity, such as E-cadherin. In contrast, advanced colonic neoplasia, modeled 
by metastatic SW620 cells, is characterized by relatively higher CBP compared to p300 activity, higher basal Wnt activity but less sensitivity to the effects of butyrate on Wnt 
hyperactivation and the induction of apoptosis, and enhanced expression of gene products which promote metastasis, such as vimentin. Alterations in cell signaling and gene 
expression that can transition more advanced neoplastic cells in the direction of a more LT97-type phenotype may have therapeutic value. 
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