Butyrate-Induced G./M Block in Caco-2
Colon Cancer Cells is Associated with
Decreased p34°9°2 Activity (sass)

LAWRENCE E. HARRISON,*! QING MEI WANG,* AND GEORGE P. STUDZINSKIT
Departments of *Surgery, {Pathology and Laboratory Medicine, UMDNJ-New Jersey Medical School, Newark, New Jersey 07103

Abstract. Butyrate, a short-chain fatty acid, has been reported to inhibit proliferation
and stimulate differentiation in multiple cancer cell lines. Whereas the effects of bu-
tyrate on cellular differentiation are well documented, the relationship between buty-
rate-induced differentiation and its effect on cell cycle traverse is less well under-
stood. The purpose of this study was to investigate the effects of butyrate on the
regulatory proteins of the G,/M traverse In the Caco-2 colon cancer cell model. We
demonstrated that the Inhibition of proliferation and increased cellular differentiation
after treatment of Caco-2 cells with butyrate were associated with a significant G,/M
cell cycle block. Although protein levels of the major G,/M regulatory protein, p34°9c?,
were unchanged, a decrease in p34°9°? activity was noted. Desplte this decrease in
activity, the inhibitory tyrosine phosphorylation of p34°°° was decreased, suggesting
that other factors are responsible for the decreased kinase activity. The reduced
activity of p34°9°2 provides a possible mechanism for the accumulation of Caco-2
cells in the G,/M cell cycle compartment following exposure to butyrate. This cell
system provides a new model for studies of G,/M cell cycle perturbations.
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any epidemiological and experimental studies
Msuggest that dietary fiber is protective against the

development of colon carcinoma (1). The mecha-
nism by which fiber achieves this protective effect remains
essentially unknown. Recently, the salutary effects of di-
etary fiber have been attributed in part to the production of
short chain fatty acids (SCFA). SCFAs are natural constitu-
ents of the colonic lumen produced during anaerobic fer-
mentation of dietary fiber by endogenous intestinal bacteria
(2). Butyrate has been identified as one such SCFA and has
been reported to inhibit proliferation and stimulate differ-
entiation in multiple cancer cell lines (3, 4). Specifically,
exposure of colon carcinoma cells to butyrate results in
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growth arrest and cellular differentiation as evidenced by
morphologic changes and increased cellular expression of
alkaline phosphatase (5), CEA (6), and villin (7). Further-
more, increased colonic butyrate levels, as a result of dietary
fiber supplementation, correlate with reduced colon cancer
cell proliferation in a rodent model (8).

Although the effects of butyrate on cellular differentia-
tion are well documented, the relationship between buty-
rate-induced differentiation and its effect on cell cycle tra-
verse is less well understood. Various groups have reported
a G,/S and/or a G,/M block associated with butyrate treat-
ment of neoplastic cells (9-11). Whereas a mechanism for
the butyrate-induced G,/S block has been suggested (11,
12), less is known about the G,/M block, also associated
with this SCFA. Entry into M phase for all eukaryotic cells
depends on activation of the protein kinase p34°®2 complex
and its regulatory subunit, cyclin Bl. Additional levels of
regulation of p34°*? activity include: 1) availability of the
G,/M cyclin, cyclin B1; 2) phosphorylation of p34°? ty-
rosine 15 and threonine 14 by the inactivating kinases,
wee-1 and p53/56”" and dephosphorylation by the activat-
ing phosphatase cdc25c; and 3) activating phosphorylation
of threonine 161 by cyclin-activating kinase (CAK), which
consists of two subunits, cyclin H and cdk7 (13).



The purpose of this study was to investigate the effects
of butyrate on the regulatory proteins of the G,/M traverse
in the Caco-2 cell model. We demonstrated that the differ-
entiating and antiproliferative effects of butyrate after ex-
posure to Caco-2 colon cancer cells are associated with a
significant G,/M cell cycle block. We also showed a marked
decrease in p34°®°% kinase activity, despite its protein levels
being unchanged. Whereas the inhibitory tyrosine phos-
phorylation of p34°%? was decreased after butyrate expo-
sure, cyclin B activity may account for the observed de-
crease in p34°®? activity and G,/M arrest.

Materials and Methods

Materials. Unless otherwise indicated, all chemicals
were obtained from Sigma Chemical Co. (St. Louis, MO).
All antibodies were obtained from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA), with the exception of the phos-
photyrosine-p34°9°? specific antibody (New England Bio-
labs, Beverly, MA).

Cell Culture. Caco-2 cells were maintained in RPMI
1640 supplemented with 10% complement-inactivated bo-
vine calf serum, Three x 10° cells were seeded and treated
with 3 mM butyrate for 0 (controt), 24, and 48 hr. Cells were
harvested and their viability checked by trypan blue (0.25%)
exclusion.

Alkaline Phosphatase Activity. Alkaline phos-
phatase (ALP) activity was measured by a commercially
available kit (Sigma). Briefly, total cellular lysates were
prepared (in the absence of NaF and NaVO,), and aliquots
of 100 pg of protein were assayed for ALP activity by
the addition of P-nitrophenyl phosphate substrate. Follow-
ing incubation at 37°C for 15 min, absorbance was read at
410 nm.

Cell Proliferation Assay. Three x 10% cells were
plated in 96-well plates and treated with 3 mM butyrate for
0, 24, and 48 hr. MTT (0.5 mg/ml) was added to each well,
and cells were incubated for 3 hr at 37°C and 5% CO,.
Formazan crystals were dissolved with DMSO, and color
intensity was measured using an ELISA reader at 570 nm
(reference filter, 690 nm).

Flow Cytometry. For DNA content evaluation, 3 x
10° cells were fixed in 75% ethanol at ~20°C for 24 hr.
After washing in ice-cold PBS, the cells were incubated
with 0.5 ml of propidium iodide stain (10 pg/ml) in the
presence of RNase (500 pg/ml) for 2 hr at 4°C. The DNA
content was determined using the Epics Profile II Flow
cytometer (Coulter, Hialeah, FL), and cell cycle distribution
was analyzed by the Multicycle software package (Phoenix
Flow Systems, San Diego, CA).

For evaluation of bromodeoxyuridine (BrdU) incorpo-
ration, 10° cells were pulsed with BrdU at a final concen-
tration of 10 wM for 3 hr in a 4% CO, incubator at 37°C,
resuspended in fresh medium and cultured for an additional
6 hr. The cells were then centrifuged and fixed in 75%
ethanol at —20°C overnight. To produce the single-stranded
DNA, the cells were incubated with 2 N HCl/Triton X-100

for 30 min at 25°C, and the cell suspension was neutralized
using 0.1 M sodium tetraborate. The cells were incubated
with FITC-conjugated anti-BrdU antibody (Becton Dickin-
son, San Jose, CA) for 30 min, and resuspended in prop-
idium iodide (final concentration: 5 pg/ml). Fluorescence
intensity was determined using a FACScan flow cytometer
(Becton Dickinson) and analyzed by CellQuest software
(Becton Dickinson).

Protein Preparation, Immunoblotting, and Im-
munoprecipitation. 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,, 1 mM DTT, | mM
phenylmethylsulfonyl fluoride, 25 pg/ml leupeptin, 25 pg/
ml aprotinin, 25 pg/ml pepstatin A). Cell debris was re-
moved by centrifugation at 14,000g for 20 min at 4°C, and
the supernatants stored at —80°C.

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, bromophe-
nol 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, electrotransferred to a nitrocellu-
lose membrane (Amersham, Arlington Heights, IL), and
incubated in 5% nonfat milk blocking buffer (Tris-buffered
saline, 5% dry milk, and 0.05% Tween-20) for 1 hr. The
membrane was subjected to immunoblot analysis with the
appropriate antibody, and proteins were visualized by the
chemiluminescence method of detection (Amersham).

For immunoprecipitation, cells were lyzed in lysis
buffer and cell debris removed by centrifugation at 14,000g
for 20 min at 4°C. Five hundred pg of total protein were
incubated with the appropriate antibody for 2 hr at 4°C,
followed by incubation with protein A-G agarose beads for
1 hr. The protein complexes were washed three times with
immunoprecipitation buffer and released from the beads by
boiling in 3X SDS sample buffer for 5 min, and separated
by 13% SDS-PAGE.

Kinase Reaction Assays. Total cellular lysates
were prepared, and p34°“? was immunoprecipitated as de-
scribed above. As a control to establish specificity, a block-
ing peptide to the carboxy terminus of the p34°*? antibody
(Santa Cruz Biotechnology, Inc., 954-P) was first incubated
with the p34°*°® antibody for 1 hr prior to immunoprecipi-
tation. The agarose beads were washed with immunopre-
cipitation buffer and subsequently washed with kinase re-
action buffer (50 mM HEPES, 10 mM MgCl,, 5 mM MnCl,,
I mM DTT, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 10
pg/ml pepstatin A, 0.2 mM NaVO,, 1 mM phenylmethyl-
sulfonyl fluoride and 50 mM NaF). The kinase reaction was
carried out at 37°C for 30 min in 40 pl of kinase reaction
buffer containing 10 pM ATP, 0.4 mCi/ml{y->*P] ATP
(specific activity = 3000 Ci/mmol), and 2 pg of histone
H1. The reaction was stopped by adding 3X SDS sample
buffer, and the supernatant was separated on a 13% SDS-
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PAGE gel. The radioactivity of the 3*P-labeled histone was
detected by autoradiography.

Statistics. All experiments were run in triplicate.
Densitometric quantitation (NIH-Image, (Scion, Frederick,
MD)) of protein immunoblotting and kinase assays were
expressed as mean £+ SEM. Comparison between groups
were determined by ANOVA and Bonferroni post hoc
analysis. A P-value < 0.05 was defined as significant.

Results

Butyrate-Induced Differentiation of Caco-2 Cells
Is Associated with a G, Cell Cycle Block. Initial
experiments were performed to confirm the antiproliferative
and differentiating effects of butyrate. Butyrate treatment
resulted in a significant decrease in cell proliferation, as
measured by MTT uptake (Fig. 1A). A 36% = 5% (P <
0.01) and a 67% + 8% (P < 0.001) decrease in proliferation
was noted at 24 and 48 hr, respectively, after exposure to 3
mM butyrate. In addition, a significant increase in cellular
differentiation, as measured by increased ALP activity was
also noted by 48 hr (a 4.5-fold increase, P < 0.001; Fig. 1B).
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Figure 1. The effect of butyrate on Caco-2 cell proliferation and
differentiation. (A) Three x 10* cells were plated in 96-well plates and
after 24 hr, treated cells were exposed to 3 mM butyrate for 24 and
48 hr. Cells grown for the entire 72 hr in the absence of butyrate
constitute the control cells. Butyrate treatment resuited in a signifi-
cant decrease in cell proliferation, as measured by MTT uptake. (B)
For ALP activity, 100 pg of protein lysate were added to the sub-
strate, P-nitrophenyl. A significant increase in cellular differentiation
as measured by a 4.5-fold increase in ALP activity was noted after
exposure to butyrate after 48 hr.
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The effect of butyrate on cell cycle traverse was ana-
lyzed by flow cytometry of propidium iodide—stained
Caco-2 cells (Fig. 2A). A marked G,/M block was apparent,
with an increase in the proportion of cells in the G,/M
compartment and a concomitant decrease in the proportion
of cells in the G; compartment in cultures treated with 3
mM butyrate for 24 and 48 hr (P < 0.01). We confirmed this
isolated G,/M block by BrdU pulse-chase experiments. Bu-
tyrate exposure resulted in a higher percentage of cells in
G,/M (Region 5, 9.9% vs 16.4%) and a lower percentage in
G, (Region 4, 34.1% vs 24%) as compared to control cells
(Fig. 2B, 3 hr pulse). The absence of a G, block is also
further demonstrated here (Region 4, Fig. 2B)

Butyrate Decreases p34°?°2 Kinase Activity. To
initiate a study of the mechanisms of the G,/M block, pro-
tein levels and kinase activity of p34°®? were examined.
Immunoprecipitated p34°i“? was analyzed for kinase activ-
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Figure 2. The effect of butyrate on cell cycle distribution of Caco-2
cells. (A) An example of the effect of butyrate on cell cycle distribu-
tion of Caco-2 cells as determined by DNA content. Caco-2 cells
were treated with 3 mM butyrate for 24 and 48 hr, and a significant
G,/M block is evident after treatment at each time point (P = 0.001).
(B) Pulse-Chase BrdU labeling: Caco-2 cells treated for 48 hr with 3
mM butyrate or equivalent volume of the vehicle were pulsed with
bromodeoxyuridine (BrdU), washed, and cultured for an additional 3
hr (chase). Cell populations in Panels R1, R2, and R3 represent
BrdU-positive cells in early S, mid-S, and late S phases, respectively.
Panels R4 and R5 represents cells in Gy and G,/M, respectively.
Butyrate exposure resuited in a higher percentage of cells in G,/M
(Region 5, 9.9% vs 16.4%) and lower percentage in G, (Region 4,
34.1% vs 24%) as compared to control cells. The repopulation of
Panel R1 in the control cells after 3 hr chase shows normal traverse
of G,/M.
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ity using histone H1 as a substrate. Butyrate-treated cells
exhibited decreased p34°%°? kinase activity compared to un-
treated controls. However, treatment of Caco-2 cells with
butyrate did not change the protein levels of p34°** (Fig.
3A). Equal loading of protein on the gel was documented by
Ponceau red staining (not shown). The ratios of kinase ac-
tivity and protein levels were calculated following densi-
tometry measurements and are shown in Figure 3B. A sig-
nificant decrease in specific activity of p34°9°? was detected
after 48 hr of exposure to butyrate (P = 0.04).
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Figure 3. The effect of butyrate on p34°°2, (A) The
p34°°°2 kinase activity was decreased after exposure
to 3 mM butyrate for 24 and 48 hr. Total cellular lysates
were prepared, and p34°®°2 was immunoprecipitated.
The kinase reaction was carried out at 37°C for 30 min
in 40 pl of kinase reaction buffer containing 10 pM ATP,
0.4 mCi/mi[y->*P] ATP, and 2 ug of histone H1i. The
supernatant was separated on a 13% SDS-PAGE gel,
and the radioactivity of the 32P-labeled histone was
detected by autoradiography. Immunoblot analysis of
Caco-2 cells for p34°°*2 demonstrates a major band at
34 kDa and a minor band at 36 kDa. There was no
difference in p34°“°2 protein levels after butyrate treat-
ment. (B) Densitometric quantitation of p34°“2 protein
levels and kinase activity is expressed as an activity-
:protein ratio. There is a greater than two-fold decrease
in the specific activity after 48 hr of exposure to buty-
rate (P < 0.01).

The extent of tyrosine phosphorylation of p34°%? ip
control and butyrate-treated cells was determined by immu-
noblotting with a phosphotyrosine p34°¥“2specific antibody
(Fig. 4A). These results were confirmed by immunoprecipi-
tating p34°“2 followed by immunoblotting with a phospho-
tyrosine-specific antibody (Fig. 4B). Both methods revealed
a decrease in p34°®°? tyrosine phosphorylation. Membranes
were re-probed for total p34°9°?, demonstrating equal
amounts of overall p34°®> protein levels in control and
butyrate-treated cells (Figs. 4A and 4B).

Butyrate

Flgure 4. The effect of butyrate on p34°®2 tyrosine
phosphorylation. Caco-2 cells were treated with 3
mM butyrate for 48 hr. (A) Immunoblotting with a
phosphotyrosine p34° °"’-Cgeciﬂc antibody re-
vealed a decrease in p34°“* tyrosine phosphory-
lation. (B) This was confirmed by immunoprecipi-
tating p34°?° and immunoblotting with a phospho-
tyrosine-specific antibody. Reprobing both
membranes for total p34°*2 demonstrates equal
amounts of overali p34°“e? protein,

BP
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Butyrate's Effect on the Regulators of
p34°9°2 Activity. The effects of butyrate on protein levels
of the regulators of p34°°* activity, and therefore of the
G,/M traverse, were also studied. While butyrate had no
effect on the protein levels of the protein kinase wee-1, it
increased the protein expression of the inhibitory tyrosine
kinase p53/56"™ and decreased the levels of the activating
phosphatase, cdc25c. The subunits of CAK, cyclin H and
cdk 7, were unaffected by butyrate exposure (Fig. 5A).
Whereas overall protein expression of cyclin B1 was unaf-
fected, exposure to butyrate resulted in reduced intensity of
the retarded cyclin B1 band, consistent with a decrease in
cyclin B1 phosphorylation (Fig. 5B). Interestingly, the cy-
clin-dependent kinase inhibitors, p21 and p27, were in-
creased after exposure to butyrate (Fig. 5C).

Discussion

Butyrate, a four-carbon fatty acid produced by colonic
fermentation of fiber, has been shown to inhibit cell prolif-
eration, induce apoptosis, and promote differentiation of
multiple cancer cell lines (3, 5, 12, 14). Although the effects
of butyrate on cell differentiation are well documented, the
relationship between butyrate-induced differentiation and
butyrate’s effect on cell cycle traverse is less well under-
stood. Various groups have reported a G,/S and/or a G,/M
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block associated with butyrate treatment of neoplastic cells.
Siavoshian et al. reported that butyrate inhibits cellular pro-
liferation by blocking HT-29 colon cancer cells in G,. This
G,/S block was associated with increased protein expres-
sion of the cyclin-dependent kinase inhibitor (CDKI),
p21WaCiPl and decreased levels of CDK2 (10). Similar in-
creases in p21V27CiP! and p27%P! have also been reported
using the butyrate/Caco-2 cell model (12). Others have re-
ported blocks at both the G,/S and G,/M checkpoints after
butyrate exposure to colon cancer cell lines (7, 11). In this
study, we observed that the principal cell cycle effect of
treatment of Caco-2 colon cancer cells with butyrate is a
G,/M block. Although these cells do undergo differentiation
after butyrate exposure, we did not detect the G,/S block
previously reported in other colon cancer cell lines by either
propidium iodide staining or BrdU incorporation (Figs. 2A
and 2B). This lack of a detectable G,/S block may be the
result of either unique laboratory conditions or the use of a
Caco-2 subclone. Therefore, our Caco-2/butyrate system
provides an excellent model to investigate the effects of this
differentiating compound on the G,/M traverse without a
confounding G,/S block observed in other cell lines.

To initiate a study of the possible mechanisms of this
G,/M block, the protein levels and kinase activity of p34°4°?
were examined. Although protein levels of the major G,/M
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Figure 5. Immunoblot analysis of the regulatory proteins of G,/M traverse. (A) Caco-2 cells were treated with 3 mM butyrate for 24 and 48
hr. Butyrate increased p53/56"" and decreased cdc25c protein levels. However, protein levels of wee-1, cdk 7, and cyclin H were unaffected
by butyrate treatment. (B) Caco-2 cells were treated with 3 mM butyrate for 48 hr and subjected to western analysis for cyclin B1. Whereas
overall protein expression of cyclin B1 was unaffected, exposure to butyrate resulted in reduced intensity of the retarded cyclin B1 band,
consistent with a decrease in cyclin B1 phosphorylation. (C) The protein levels of the cyclin-dependent kinase inhibitors, p21 and p27, were
Increased with exposure to butyrate. The “ + ” denotes a positive control for p21 (TPA-treated HL60 cells).
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regulatory protein p34°®? were unchanged, a reduction in
p34°4? activity was noted. Although we expected this de-
crease in activity to be associated with an increase in tyro-
sine phosphorylation p34°%° as reported in other models of
chemical or radiation-induced G, arrest (15-19), we ob-
served a decrease in the inhibitory tyrosine phosphorylation
after butyrate exposure. Tyrosine phosphorylation of
p34°°2 is regulated by the activating phosphatase cdc25¢
and the inhibitory kinases, wee-1 and p53/56"". Cdc25¢c
promotes the traverse through G, by cleaving the phosphate
group on tyrosine 15 and threonine 14 residues on p34°d°2,
whereas wee-1 and p53/56"™ are inhibitory by phosphory-
lating these same sites (13). Therefore, to study the mecha-
nism of the decreased tyrosine phosphorylation of p34°42
after butyrate exposure, protein levels of wee-1, p53/56"",
and cdc25c were measured. The decreased tyrosine phos-
phorylation of p34°®2 in our system could not be explained
by changes in protein levels of wee-1, since immunoblot
analysis demonstrated no change after treatment with buty-
rate. Because wee-1 activity is regulated by both protein
amount and the level of an inactivating phosphorylation
(20), it is possible that the activity of wee-1 was decreased
by butyrate exposure in the absence of overall protein
changes. While this is possible, the p98/100-phosphorylated
form of wee-1 was not detected on western blot analysis
(Fig. 5A). On the other hand, our data demonstrated a para-
doxical increase in expression of p53/56"™ and a decrease in
protein levels of cdc25C after butyrate treatment. This pat-
tern of protein expression of these two regulators of p34°4c?
tyrosine phosphorylation could not explain our observed
results, and it is possible that protein levels of these regu-
lators do not directly correlate with their activity.

One rationale for the decreased activity is based on the
increased expression of the cyclin-dependent kinase inhibi-
tors, p21 and p27. Although originally described to regulate
the G,/S traverse, some authors have recently demonstrated
that p21 (21, 22) and p27 (23, 24) also participate in regu-
lating the G,/M checkpoint. Another possibility in explain-
ing this paradox of decreased p34°42 activity in the face of
decreased inhibitory tyrosine phosphorylation, is based on
the regulatory subunit of p34°““, cyclin B1. Whereas we
found no significant change in the overall protein expres-
sion of cyclin B, our results suggested a decrease in the
phosphorylation status of cyclin B1 after butyrate exposure.
It has been reported that cyclin B1 requires phosphorylation
to be active (25, 26), and this decrease in phosphorylated
cyclin B1 after butyrate exposure could account for the
observed decreased p34°? activity, despite the decrease in
tyrosine phosphorylation.

In conclusion, we propose that the G,/M block ob-
served following butyrate treatment of Caco-2 cells is as-
sociated with an inactivation of p34°*°2, The inactivation of
p34°9°2 does not appear to be the result of decreased protein
expression or an increased level of tyrosine phosphorylation
of p34°®2, but potentially the upregulation of the cyclin-

dependent kinase inhibitors, p21 and p27, and/or the inac-
tivation of the regulatory subunit, cyclin B1.
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