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Abstract

Induction of alkaline phosphatase activity has provided a convenient marker for differentiation of colon cancer cells. The degree to which
different histone deacetylase inhibitors induce alkaline phosphatase and dipeptidyl peptidase activities was compared in bladder and
colon cancer cell lines. The objective was to determine whether bladder cancer cell lines that retain activities of the cell surface hydrolases
exhibit regulatory effects similar to those previously observed in colon cancer cells. Effects of histone deacetylase inhibitors on growth
and alkaline phosphatase and dipeptidyl peptidase activities were studied in three human colon cancer cells and three bladder cancer cell
lines. Growth inhibition was observed with all the histone deacetylase inhibitors that were examined. There was variability in the induction
of enzyme activity with different histone deacetylase inhibitors but when induction was observed it was greater for alkaline phosphatase
than for dipeptidyl peptidase. The data suggested that regulation of alkaline phosphatase and dipeptidyl peptidase activities by histone
deacetylase inhibitors can be similar in bladder and colon cancer cells. However, the functional role of the enzyme activities in bladder-

derived cells remains to be established.
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Introduction

Alkaline phosphatase and dipeptidyl peptidase are cell
surface hydrolases that have been extensively studied
as markers of differentiation in colon cancer cells [1-3].
In many colon cancer cell lines differentiation can be
induced by prolonged incubation after confluence or by
treatment with inhibitors of histone deacetylase (HDAC)
activity [4, 5]. Butyrate is a short-chain fatty acid that
acts as a broad spectrum HDAC inhibitor. In some colon
cancer cells, butyrate causes a several-fold induction
of alkaline phosphatase but only modest effects on
dipeptidyl peptidase [4, 5]. A disadvantage of butyric acid
as a potential therapeutic agent is its rapid metabolism.
Another carboxylic acid with inhibitory action on a range
of histone deacetylases is valproic acid [6]. Valproate has
the advantage that it is already approved for some clinical
applications. In addition to some carboxylic acids there
are a variety of structures that are histone deacetylase
inhibitors and these include some naturally occurring
molecules [7, 8]. One objective of the present work was to
compare the action of different structural classes of histone
deacetylase inhibitors as inducers of enzyme activity in
bladder and colon cancer cells. In contrast to the situation
in colon cancer, there is relatively little information on
changes in cell surface hydrolase activity in bladder cancer.
There is evidence for decreased alkaline phosphatase
activity in bladder cancer [9-12]. Based on the studies of

colon cancer, the hypothesis was investigated that there
may be retention of activity of the alkaline phosphatase
and dipeptidyl peptidase activities in more slowly growing
bladder cancer cells and that the activity will be regulated
by histone deacetylase inhibitors.

Materials and methods

Reagents

Histone deacetylase inhibitors were obtained from Sigma-
Aldrich (St. Louis, MO, USA) except entinostat, romidepsin,
and LMK235 that were purchased from Selleck Chemicals,
(Houston, TX, USA) and belinostat which was obtained
from Advanced ChemBlocks, (Burlingame, CA, USA).
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Cells and determination of growth

Human bladder cancer cell lines, namely 5637, HT1197,
HT1376, RT4, T24, TCCSUP and UM-UC-3, and human colon
cancer cells Caco-2, HT29 and SW1116 were obtained from
the American Type Culture Collection (Rockville, MD, USA),
and were incubated at 37°C with 5% carbon dioxide. After
plating 5000 cells in 96 well plates in 0.2 ml RPMI-1640
with 5% fetal calf serum for 24 h, medium was replaced
with either control medium or medium containing HDAC
inhibitors. After a further 72 h incubation cell growth was
determined by the increase in protein using staining with
sulforhodamine B essentially as described by Vichai and
Kirtikara [13]. The medium was aspirated and the cells were
incubated with 0.1 ml 10% trichloracetic acid on ice for 60
min. After removing the 10% trachloroacetic acid, the fixed
cells were washed twice with 0.3 ml water and incubated
with 0.1 ml 0.057% sulforhodamine B in 1% acetic acid for
the 30 min. Unbound dye was removed with two washes
with 0.3 ml 1% acetic acid and the bound dye was eluted
with 0.2 ml 10mM Tris solution (pH 10.5). Absorbance of
the bound dye was measured at 510 nm.

Enzyme assays

In preliminary studies, enzyme assays were performed
on cell extracts obtained with a non-ionic detergent as
previously described [4, 5]. In the present work, assays
were performed directly on cells incubated in 96 well
plates due to the localization of the enzyme on the plasma
membrane. Medium was removed and the cells were
incubated for 30 min at 37°C with 100 pl containing the
substrate and buffer. Reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA). For the alkaline phosphatase
assays, the substrate and buffer were 5 mM para-
nitrophenyl phosphate and 0.75 M 2-amino-2-methyl-
1-propanol, pH 10.3. The incubation was stopped by the
addition of 100pl 0.5N NaOH. For the dipeptidyl peptidase
assays, the substrate and buffer were 5 mM glycyl-prolyl-
para-nitroanilide and 100 mM Tris, pH 8.0. The incubation
was stopped by the addition of 200 pl 0.5 M acetate buffer,
pH 4.2. The formation of product was monitored by the
absorption of light at 410 nm for alkaline phosphatase
and 405 nm for dipeptidyl peptidase. Enzyme activities per
unit protein were calculated by dividing the absorbance
for the colorimetric enzyme assay by the light absorbance
determined by staining with sulforhodamine B. A unit
protein corresponded to that giving an absorbance of 1.0
at 510 nm.

Statistical evaluation

Data are presented as mean + standard deviation for
three or a greater number of determinations. Statistical
significance of the results was determined by analysis
of variance followed by Dunnett's test for multiple
comparisons or by a two-tailed Student's t-test for
comparison between two groups. A p-value less than 0.05
was considered statistically significant. Statistical analysis
was performed using the InStat program from Graphpad
Software, Inc.

Results

In our preliminary studies, seven human bladder cancer
cell lines (5637, HT1197, HT1376, RT4, T24, TCCSUP and

UM-UC-3) were screened for alkaline phosphatase activity.
Three cell lines with activity comparable to that in more
differentiated colon cancer cell lines were identified.
Subsequent work focused on the three bladder cancer
cell lines, 5637, HT1197 and HT1376. The response to
incubation with the HDAC inhibitors butyrate and valproate
was compared with effects in three colon cancer cell lines
Caco-2, HT29 and SW1116. In all six cell lines there were
growth inhibitory effects that tended to be a little greater
with butyrate than with valproate (Figure 1). Induction
of alkaline phosphatase activity was generally greater
with butyrate than with valproate (Figure 2). There were
larger increases in the alkaline phosphatase activity per
unit protein than for dipeptidyl peptidase activity per unit
protein after treatment with butyrate or valproate (Figures
2 and 3).

Not all HDAC inhibitors induced expression of alkaline
phosphatase. The data in Figure 4 compare the effects
of 3 HDAC inhibitors, butyrate, LKM235, and tubacin, on
cell growth and alkaline phosphatase activity per well
for two bladder cancer cell lines 5637 and HT1197. At
concentrations of the compounds that caused growth
inhibition of similar magnitude, the induction of alkaline
phosphatase activity was greater with butyrate than with
LMK235 or tubacin.

The effects of pyruvate and lactate were studied because
of data indicating that pyruvate could inhibit histone
deacetylase activity under conditions where there was
no inhibition with lactate [14]. Methyl pyruvate was
examined as it was more membrane permeable than
pyruvate and potentially effective at lower concentrations
than pyruvate. The data in Figure 5 indicate that under
conditions in which butyrate caused a large increase in
activity of alkaline phosphatase per unit protein of HT1197
bladder cancer cells, there was no significant effect with an
equal concentration of lactate or pyruvate. Only at a high
concentration of methyl pyruvate was there a significant
increase in alkaline phosphatase activity.

Normalization of enzyme activity on a protein basis can
change the apparent influence of HDAC inhibitors on
enzyme expression. A difficulty that we have encountered
in comparing the effects of butyrate with more potent
HDAC inhibitors, including belinostat, entinostat, LMK235,
RGFP966, romidepsin and tubacin, is that the latter are
more potent inhibitors of growth than butyrate. Thereby,
there effects cannot be compared to the effects of
butyrate at equal concentrations. This is illustrated by
the data in Figure 6 comparing the actions of butyrate
and romidepsin on HT1376 and 5637 bladder cancer
cells. The results in Figure 6a for HT1376 cells suggest
that after incubation with butyrate there was a significant
increase in alkaline phosphatase activity per well with 2
mM butyrate but significant decreases in activity with 2.5-
10 nM romidepsin. However, if the protein levels reflected
by staining with sulforhodamine B in Figure 6b are used
to express the activity of alkaline phosphatase per unit
protein, the data in Figure 6c indicate induction of alkaline
phosphatase activity by both 2 mM butyrate and by much
lower concentrations of romidepsin. Inhibition of growth
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Figure 1 Effects of butyrate and valproate on the growth of cell lines as determined by sulforhodamine B assay after a 72 h incubation: (a) 5637, (b) Caco-2,
(c) HT1197, (d) HT1376, (e) HT29, (f) SW1116. Data are the means + SD of 3 or more determinations. Significantly different from control at *p<0.05 and
#xp<0.01.
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Figure 2 Effects of butyrate and valproate on the activity of alkaline phosphatase per unit protein expressed as a percent of control of cell lines aftera 72 h
incubation: (a) 5637, (b) Caco-2, (c) HT1197, (d) HT1376, (e) HT29, (f) SW1116. Data are the means + SD of 3 or more determinations. Significantly different from
control at *p<0.05 and **p<0.01.
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Figure 3 Effects of butyrate and valproate on the activity of dipeptidyl peptidase per unit protein expressed as a percent of control of cell lines after a 72 h
incubation: (a) 5637, (b) Caco-2, (c) HT1197, (d) HT1376, (e) HT29, (f) SW1116. Data are the means+SD of 3-6 determinations. Significantly different from control
at *p<0.05 and #*<p<0.01.
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Figure 4 Effects of butyrate, LMK235 and tubacin on the growth of cell lines as determined by
sulforhodamine B assay after a 72 h incubation: (a) 5637, (c) HT1197 and on alkaline phosphatase
activity per unit protein: (b) 5637, (d) HT1197. Data are the means + SD of 3-6 determinations.
Significantly different from control at *p<0.05 and *xp<0.01.
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by romidepsin was greater in HT1376 cells (Figure 6b) than
in 5637 cells (Figure 6e) and, consequently, the difference
in profiles between enzyme activity per well and per unit
protein (Figures 6d & f) was less for the 5637 cells.

The response of alkaline phosphatase expression can differ
considerably between different cell lines and between the
effects ofindividual histone deacetylase inhibitors. The data
in Figure 7 show that, when expressed as activity per unit
protein, the alkaline phosphatase activity in the bladder
and colon cancer cell lines can be induced by entinostat
to as great an extent as with butyrate. Results in Figure 8
illustrate the many-fold increase in alkaline phosphatase
activity that can be induced by the histone deacetylase
inhibitors RGFP966 and butyrate. Of the cells examined,
the highest activity was observed with the HT1197 bladder
cancer cell line.

10.0+

%

Alkaline phosphatase per unit protein

Figure 5 Activity of alkaline phosphatase activity per unit protein for HT1197
cells after a 72 h incubation with butyrate, lactate, pyruvate and methyl
pyruvate. Data are the means + SD of 3-6 determinations. Significantly
different from control at *p<0.05 and *+p<0.01.
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Figure 6 Effects of romidepsin and butyrate on HT1376 (a, b and c) and 5637 (d, e and f) cells after a 72 h incubation. Data are for alkaline phosphatase activity
per well (a, d), growth as represented by staining with sulforhodamine B (b, e) and activity of alkaline phosphatase per unit protein (c, f). Data are the means
+ SD of 3-6 determinations. Significantly different from control at *p<0.05 and #*<p<0.01.

Discussion

Greater induction of alkaline phosphatase than dipeptidyl
aminopeptidase activity by butyrate has previously been
reported in the Caco-2, HT29, and SW116 colon cancer cell
lines [15]. We have confirmed that observation (Figures 2
and 3) and found that it also holds for the three bladder
cancer cell lines 5637, HT1197 and HT1376. Induction of
alkaline phosphatase and dipeptidyl peptidase activities
was greater with butyrate than with valproate in both
bladder and colon cancer cell lines.

One of the disadvantages of studies using cultured
cancer cells is the tendency for genetic drift and the loss
of differentiated function. This has been noted in Caco-2
cells with a tendency for decreased alkaline phosphatase
activity and a decreased induction by butyrate with
prolonged passaging of the cells [16]. In our experience
over a number of years, this decline can occur slowly and
progressively, or abruptly. As with bladder cancer cells, we
have seen the loss of induction of alkaline phosphatase
activity by butyrate once with the 5637 cell line and twice
with the HT1197 cells, necessitating a shift to stocks of
frozen cells.
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Even when the cells failed to respond to HDAC inhibitors
with an induction of alkaline phosphatase, there
was continued sensitivity to growth inhibition. These
observations suggest that growth inhibition need not be
attributed to the same mechanisms that underlie enzyme
induction. Colon cancer cell lines differ in their sensitivity to
induction of alkaline phosphatase activity by butyrate [17].
In the case of bladder cancer cells, five of the cell lines that
we examined (RT4, SW780, T24, TCCSUP and UM-UC-3) had
little or no induction of alkaline phosphatase activity when
treated with butyrate. For those cell lines where induction
was observed (5637, HT1197 and HT1376), the levels were
comparable to those seen with responsive colon cancer
cells, but with individual degrees of response. The study of
Highman et al. [18] indicated a progressive loss of alkaline
phosphatase activity in bladders of carcinogen-treated
mice and in transitional cell carcinomas there was no
activity, except focally in a few tumors in 11 of 12 mice with
tumors. It was suggested that loss of alkaline phosphatase
in the bladder epithelium might be a preneoplastic change.
Our data indicate that in some human bladder cancer cells
there may be retention of alkaline phosphatase activity
and responsiveness to induction by HDAC inhibitors.

A study with the JTC-32 human bladder carcinoma cells
revealed less than a doubling of alkaline phosphatase
activity with 1 mM butyrate as a single agent but there
was a synergistic effect with a combination of butyrate,
dibutyryl cyclic AMP, prednisolone and sodium chloride
[19]. The present data show that a several-fold increase in
alkaline phosphatase can be seen with butyrate or other
HDAC inhibitors as single agents in some human bladder
cancer cell lines.

Several types of histone deacetylase inhibitors have been
identified in colon cancer cells [20]. Butyrate, valproate,
and hydroxamates are broad spectrum inhibitors affecting
most histone deacetylases. Tubacin has specificity for
HDAC6. The lack of effect of tubacin on induction of HDAC
activity suggests that enzyme induction is not related to
HDAC6 activity. HDAC3 is more sensitive to RGFP966 and
HDAC4 and HDACS5 are more sensitive to inhibition by
LMK235. Romidepsin is particularly active as an inhibitor of
HDACs 1 and 2 and entinostat has shown some selectivity
for HDAC1 and HDAC3. Induction of alkaline phosphatase
activity was observed with these compounds, suggesting
that inhibition of several HDACs may be related to enzyme
induction. Induction can be observed with different types
of molecules including hydroxamates, a peptide molecule
and a benzamide derivative. Not all compounds reported
as being HDAC inhibitors have been demonstrated to
induce alkaline phosphatase activity in bladder and colon
cancer cells. Examples include pyruvate and carnitine [14,
21 and unpublished date]. This was illustrated for pyruvate
in Figure 5.

The function of alkaline phosphatases appears to vary
in different tissues. The bone enzyme is thought to be
involved in bone calcification and the intestinal activity may
play a role in uptake of molecules [22]. A defined function
does not appear to have been presented for alkaline
phosphatase activity in the bladder. It has been suggested
that alkaline phosphatase activity may control the

availability of some signaling molecules and that inhibitors
of alkaline phosphatase might modulate signaling activity
[23]. At present, histone deacetylase inhibitors have
primarily gained approval in the therapy of hematological
malignancies. However, there is evidence for growth
inhibitory effects on solid tumors, for example breast
cancer cells [24]. The present data indicate that induction
of alkaline phosphatase activity in bladder cancer cells can
be accompanied by inhibition of growth. The therapeutic
potential of epigenetic regulation in bladder cancer has
been considered [25]. HDAC inhibitors may have a part to
play in such therapeutic intervention against bladder and
colon cancer.

Conclusion

This investigation identified three human bladder cancer
cell lines, 5637, HT1376 and HT1197, that retain alkaline
phosphatase activity that can be further induced by
the action of histone deacetylase inhibitors, an action
previously identified in colon cancer cells. Of the three cell
lines, the highest activity has been observed in HT1197
cells. That cell line could be a suitable model for the
characterization of the alkaline phosphatase activity in
bladder cancer cells.
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