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ABSTRACT

Multiparameter flow o limit-trie measurements of the \\A-ras oncogene
product, Ha-p21, versus DNA content were used to study the effect of
prednisolone, sodium butyrate, and hyperosmolality on the expression of
this gene during the cell cycle of HT-29, a human colonie carcinoma cell
line. In control cells the expression of Ha-p21 was cell cycle dependent;
it increased during (., and remained approximately constant as cells
traversed the S- and ( .:+M phases. Two compartments of G( cells, one
expressing low ((Â¡,v)and the other (Cm) high levels of Ha-p21 could be
identified. Cells grown with prednisolone (1.4-2.1 UM)expressed higher
Ha-p21 levels than controls. Cell cycle analysis revealed that this effect
was accompanied by a change in the distribution of cells in GÃ¬phase:
whereas the proportion of cells in G)A was reduced, that of cells in GIB
was increased. The steroid had no detectable effect on cells in S and
Gi+M. By contrast, sodium butyrate and hyperosmolaliry caused a
marked decrease in Ha-p21 content. This reduction was not accompanied
by any modification of the proportion of cells in the cell cycle compart
ments. These results would suggest that Ha-p21 is not likely to be a
primary regulator of cell cycle progression in HT-29 cells.

INTRODUCTION

The investigation of modifications of oncogene expression in
response to signals affecting cell proliferation and differentia
tion may yield important information concerning the role of
oncogene products in growth control mechanisms. The most
intensively studied oncogenes thought to play an active role in
the regulation of cell growth are those of the ras family (Ki-ras,
Ha-roj, and N-ras) (1, 2). These genes encode structurally
related proteins of M, 21,000 termed p21 (1). It has been shown,
at least in some cells (3-6), that this membrane-located protein
may represent an important regulatory molecule for cell prolif
eration and thus involved in cell cycle progression.

We report here the results of our study on the modulation of
Ha-ros oncogene product Ha-p21" in HT-29, a human colonie

carcinoma cell line in response to glucocorticoids, hyperosmo
lality, and sodium butyrate, i.e., factors that in appropriate
concentrations enhance expression of specific cell membrane
components and/or induce cell differentiation (7-9). Ha-p21
was quantitated and correlated with the cell cycle using a
multiparameter flow cytometric assay for the simultaneous
measurements of immunofluorescence and DNA content (10).
The procedure generates objective data on the gene product
content in relation to the different cell cycle phases (10).
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MATERIALS AND METHODS

Cell Culture Technique. HT-29 cells (at passage 124) were provided
by the late Dr. J. Fogh (Sloan-Kettering Institute for Cancer Research,
Rye, NY). These cells have normal, but overexpressed Ha-p21 (11-13).
The present experiments were carried out with cells at passages 320 to
330 in our laboratory. Cells were grown in plastic T-80 flasks (A/S
Nunc, Roskilde, Denmark) using Eagle's minimum essential medium

supplemented with 10% fetal bovine serum, penicillin (100 units/ml),
streptomycin (100 Mg/ml), and amphotericin B (0.25 Mg/ml) (GIBCO
Laboratories, Grand Island, NY). Medium was changed routinely three
times a week. After growth for 1 week at 37"C in a humidified atmos

phere of 5% COz in air, the cells were transferred using a mixture of
0.05% trypsin + 0.02% EDTA (9). Where indicated, the osmolality of
the culture medium was increased by the addition of appropriate
amounts of NaCl (from a sterile 3 M stock solution). The effect of low
levels of sodium butyrate (Sigma Chemical Co., St. Louis, MO) was
studied by adding to the cultures appropriate amounts from a filter
ster ili/ed 100 mM stock solution. A stock solution of 100 Â¿tg/mlof
prednisolone (Sigma) was prepared in ethanol and appropriate amounts
of this solution were added to the cultures; ethanol (0.5%) was added
to the controls. The final concentrations of the agents are indicated in
Tables 1-3. AH additions were made 24 h after cell transfer and cells
were harvested 5 days later. No morphological differences were seen
between control cultures and those treated with prednisolone or grown
in hyperosmolar medium. Cells grown with sodium butyrate at the
concentrations tested exhibited signs mimicking differentiation. These
included the formation of glandular structures, numerous mucus con
taining vacuoles and increased cell size, as was evident from the higher
light scatter values observed during flow cytometric measurements. The
number of cells and total protein content, measured according to Lowry
et al. (14) of the control and experimental cultures were similar.
Viability of the harvested cells was greater than 90% as ascertained by
trypan blue exclusion. All experiments were done at least in duplicate.
The experimental cultures and their controls were harvested as indi
cated above and after neutralization of the tryptic action with complete
medium, the sedimented cells were resuspended in medium.

Fluorescent Staining. The resuspended cells were washed three times
with PBS, pH 7.4, fixed in 0.5% (w/v) paraformaldehyde in PBS for
10 min on ice, and permeabili/ed with 0.1% Triton X-100 according
to Clevenger et al. (15). Staining for Ha-p21 was performed by incu
bation of 1 X 10* washed cells for 60 min at room temperature in 200
//I of PBS containing a 1:20 dilution of affinity-purified sheep antibody
to a synthetic peptide composed of 20 amino acids (Val- Arg-Glu-Ile-Arg-
Glu-His-Lys-Leu-Arg-Lys-Leu-Asn-Pro-Pro-Asp-Glu-Ser-Gly-Pro)
from the carboxy terminal end (positions 160-179) of the Ha-p21
molecule (16,17) (Triton Bioscience, Inc., Alameda, CA). This antibody
(IgG2a isotype, Ha-p21Ab) immunoprecipitates p21 from [35S]methi-
onine-labeled NRK-Ha cells and detects Ha-p21 by immunofluores
cence on monolayers of NRK-Ha and Ha-i-o.vtransformed NIH-3T3

cells (17). The antibody, even at high concentrations does not detect
p21 in NRK cells, NRK cells transformed by Kirsten sarcoma virus
(18) or murine sarcoma virus-transformed mouse TB cells, but recog
nizes human .\-ru.v p21. The antibody reacts with normal and mutated
I la p21 (18). Antibody absorption with the synthetic peptide abolishes
Ha-p21 binding as determined by Western blotting (18) and by immu-
nohistochemical staining of experimental animal tissue sections (17)
and of human gastric carcinomas (18).

After incubation with primary antibody, the cells were washed thrice
with PBS and then incubated for 30 min at room temperature in 200
n\ of PBS containing a 1:50 dilution of FITC-labeled goat anti-sheep
IgG (Accurate Chemical and Scientific Corp., Westbury, NY). Cells
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MODIFICATION OF Ha-ras p21 EXPRESSION

incubated with normal sheep serum plus second antibody or the second
antibody only served as controls for background fluorescence. Subse
quently, the cells were washed three times and each sample divided into
two aliquots: one aliquot was used for one-parameter immunofluores-
cence measurements and the other was counterstained for DNA as
previously described (10) and then subjected to two-parameter analysis.
For DNA staining, the cells were preincubated with RNase and then
stained with PI (final concentration, 2.5 ng/ml). Under these condi
tions, the green FITC fluorescence signal was proportional to Ha p21
levels and the red PI fluorescence corresponded to the DNA content
(19).

Fluorescence Measurements. Immunofluorescence and correlated
dual parameter measurements of Ha-p21 versus DNA content were
performed with an EPICS C flow cytometer/cell sorter (Coulter Elec
tronics, Inc., 11Â¡alcali,FL). The excitation source consisted of an argon-
ion laser operated at the 488-nm line with 500 mW output power in
TEMoo mode. To exclude the contribution of DNA fluorescence on
Ha-p2I content, the FITC signal was measured using a 514-nm band
pass filter. A 560-nm filter was used to optically orient the PI red
fluorescence in conjunction with a 610-nm long-pass filter. In both
cases, a 510-nm interference tihcr and a 515-nm long-pass filter were
used to block scattered laser light. The light scatter pulse of intact cells
was used for doublet discrimination. Histograms consisting of a mini
mum of 10,000 cells were analyzed off-line using EPICS C to RSX-
1IM conversion program (EPICOPY) and subsequently analyzed using
ROMP and ROC3D programs (Rochester Mull Â¡parameterData Anal
ysis, J. Leary and R. Robinson, University of Rochester) rewritten for
a DEC 11/73 computer. Log FITC immunofluorescence intensities
were converted to linear scale by the use of look-up tables generated
for the green photomultiplier tube. One-parameter immunofluores
cence measurements yielded identical results to the two-parameter
assays in terms of Ha-p21 staining.

The immunofluorescence of cells incubated with Ha-p21Ab was
higher than that of HI -29 cells incubated with normal sheep serum;
the intensity of the latter was only slightly higher than in cells treated
with the second antibody only. The mean cellular content of Ha-p21
was obtained by subtraction of the background fluorescence and was
expressed as the percentage of ISF above background. Ha-p21 content
in cell cycle compartments was calculated from correlated measure
ments of immunofluorescence versus DNA content. Cell populations
of (>i, S, and G2+M were graphically separated on the basis of their
different DNA contents and ISF was calculated for each cell cycle
compartment. The threshold of the Ha-p21Ab immunofluorescence of
S-phase cells was used to subdivide the G, phase into the G,A and (Ã¬,H
subcompartments. Each sample was measured at least three times with
consistently similar results. The coefficient of variation calculated for
three measurements of the same specimen was less than 2%.

RESULTS

The baseline Ha-p21 content, expressed as ISF, of HT-29
cells was 204.12 Â±18.52 (mean Â±SE). Fig. 1 shows the FITC
immunofluorescence profiles of control cells and of HT-29 cells
exposed to prednisolone (2.1 /Â¿M),sodium butyrate (1.5 HIM).
or hyperosmolar growth conditions (384 mOsm/kg). It can be
seen that steroid treatment caused an increase in the expression
of Ha-p21, while sodium butyrate as well as hyperosmolality
elicited a reduction. The changes in Ha-p21 content were dose-
dependent (Fig. 2). Although some increase was noted with 0.7
/KMprednisolone, maximal effect was obtained with 1.4 and 2.1
//M. With the highest steroid concentration tested no major
change in Ha-p21 was seen.

With 1.0 mM sodium butyrate an approximately 50% reduc
tion in Ha-p21 levels was noted; no further major decrease was
seen at higher concentrations (Fig. 2). Increasing the osmolality
of the medium from 284 mOsm/kg to 344 or 364 mOsm/kg
with 30 or 40 mM NaCl had no major effect on Ha-p21 content.
However, when HT-29 cells were grown in medium with os-
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Fig. 1. Flow cytometric profiles of FITC fluorescence of HT-29 cells exposed

to H;i-p21 Ali and to second antibody only (til). Fluorescence intensity scaled in
channel number using log mode. A, control cells; B, cells treated with prednisolone
(2.1 pM); C, cells treated with sodium butyrate (1.5 mM); and /', cells grown in
hyperosmolar medium (384 mOsm/kg).

molalities of 384 or 404 mOsm/kg, an approximately 50%
decrease in Ha-p21 was observed (Fig. 2). The relatively narrow
ranges of effective concentrations of the external signals were
in keeping with earlier findings on enzyme modulation in HT-
29 and other cells (7-9).

The simultaneous measurements of immunofluorescence
with Ha-p21Ab versus DNA content documented that expres
sion of Ha-p21 in HT-29 cells was cell cycle dependent. Fig.
3/4 shows that Ha-p21 increased in GI and remained relatively
constant during the S- and CÃ¬;+Mphases. It can also be seen
that at the time of entry of cells into S-phase they had attained
a critical Ha-p21 level which was arbitrarily designated as the
threshold level. This level was used to subdivide d into an
early G, phase (G]A) and a late G, phase (GIB) subcompart
ments. When the Ha-p21 content was calculated in those sub-
compartments two populations of GI cells, one expressing low
and the other high levels of Ha-p21 could be identified. The
oncogene product level of G)A cells was approximately one
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Fig. 2. Ha-p21 content of HT-29 cells treated with various concentrations of
prednisolone and sodium butyrate and of cells grown in media with increasing
osmolality. Ha-p21 levels were obtained from flow cytometric measurements and
are expressed as ISF, computed as described in "Materials and Methods."

DNA-
Fig. 3. Two-parameter scattergrams showing Ha-p21 distribution in relation

to the cell cycle of control HT-29 cells (it and cells incubated with 2.1 *IM
prednisotone (B). Continuous vertical lines separate cell cycle compartments on
the basis of their differences in DNA content. Dashed horizontal lines, S-phase
threshold of Ha-p21 levels separating dA and GIB subcompartments. It is shown
that in control HT-29 cells Ha-p21 increases during (,, and remains constant as
cells progress through S and G2+M. It is evident that after exposure to prednis
olone (B) the proportion of cells with low Ha-p21 content in (.,, is markedly
decreased.

tenth that of GIB, S, and ( â€¢-+ M cells, indicating that a striking
decline in Ha-p21 must have occurred during or after mitosis
prior to the initiation of cell cycle events.

In order to determine the relationship of increased or reduced
levels of Ha-p21 and cell cycle events, HT-29 cells exposed to
prednisolone, sodium butyrate, or hyperosmolality were also
subjected to multiparameter flow cytometric analysis. The over
all distribution of cells in the main cell cycle compartments
remained similar to controls, regardless of treatment. With
respect to HT-29 cells grown with prednisolone and exhibiting
a higher ISF, the mean Ha-p21 levels were approximately the
same in each cell cycle compartment. However, there was a
change in the distribution of cells within the ( â€¢,phase (Fig. 3B).
The proportion of cells with low Ha-p21 content in the GIA
subcompartment was reduced in favor of cells in the GIB sub-

compartment expressing high Ha-p21 levels. This change was
evident with 1.4 and 2.1 fiM of prednisolone and was absent in
cells treated with 2.8 MM(Table 1). In HT-29 cells exposed to
sodium butyrate (1.5-2.0 mM) or grown in hyperosmolar me
dium (384 or 404 mOsm/kg) this shift of cells from GJAto G]B
did not take place (Tables 2 and 3). Under these conditions the
levels of Ha-p21 were reduced in all cell cycle compartments,
except GIÃ€where it was similar to controls.

DISCUSSION

Cell cycle related expression has been reported for several
oncogenes and for many nontransforming genes (20-28). In
reference to ras it has been shown that Ha-ros and Ki-ras mRNA
transcripts are elevated when cells proliferate rapidly during
liver regeneration (21, 22). In synchronized cultured rodent
fibroblasts Ki-ros and Ha-ras mRNA were shown to increase in
mid GÃ¬(23). It has been reported that microinjection of p21
causes rapid proliferation of quiescent cells and loss of normal
growth control, whereas the intracci Iular injection of anti-p21
antibody results in a transient reversion of ros-transformed cells
to normal phenotype (3, 29, 30). Studies with NIH-3T3 cells
indicate that ras gene product is required for initiation of S-
phase (4). These experiments on rodent fibroblasts suggest that
p21 may be an important signal transducing molecule in the
regulation of proliferation of these cells. On the other hand,
the role of p21 may vary in different systems and it may be
involved in some hormone-mediated responses different from
cell proliferation (31). Immunochemical studies with specific
antibodies have shown that p21 expression is heterogeneous in
some human tumors, there always being some malignant cells
without detectable p21 (32-35). These data suggest that expres
sion of p21 may not be necessary to maintain abnormal growth
of tumor cells.

In the present study we have identified three external signals
that modulate Ha-p21 expression in HT-29 cells. The effect of
the glucocorticoid hormone, prednisolone was to increase the
levels of this protein. The steroid was most effective within a
relatively narrow range of concentrations (1.4-2.1 ^M) and in
similarity to earlier findings on alkaline phosphatase modula
tion (8), 2.8 Â¿IMprednisolone did not affect Ha-p21 levels. The
reason for this is not clear. On further analysis it became evident
that the hormone acted predominantly on the events of (Â¡,
phase, wherein it induced higher levels of Ha-p21 expression.
However, within the range of concentrations used, the agent
had no detectable effect on oncogene expression of cells in S
and G2+M, nor did it affect the proportion of cells in these
phases of the cell cycle. By contrast, both sodium butyrate and
hyperosmolality, under suitable experimental conditions, di
minished the expression of Ha-p21 starting with G,B and this
expression continued at a low level throughout the remainder
of the cell cycle. Neither of the latter two modulatory factors
had a major impact on the proportion of cells in the S- and
G2+M cell cycle compartments. It is thus evident that the level
of Ha-p21 is established during the G, phase of the cell cycle,
that it is not further modified during subsequent cell cycle
events, and that it has no impact on timing of these events.

With respect to oncogene modulation by steroid hormones it
has been shown that glucocorticoids regulate the expression of
Ha-p21 in NIH-3T3 cells transfected with a chimeric DNA
construct containing the Ha-p21 transforming sequence linked
to the mouse mammary tumor virus long terminal repeat which
binds the glucocorticoid-receptor complex (36). In this system,
dibutyryl cyclic AMP antagonizes the steroid effect, suggesting
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MODIFICATION OF Ha-ras p21 EXPRESSION

Table 1 Flow cytometric measurements ofHa-p2I content in relation to cell cycle ofHT-29 cells exposed to prednisolone
Ha-p21 content was obtained from tnultiparameter flow cytometric measurements of immunofluorescence with Ha-p21 Ab versus PI fluorescence and is presented

as ISF calculated as described in "Materials and Methods." Distinction between basic cell cycle compartments and cell cycle distribution analysis was based on
differences in DNA content. S-phase threshold of immunofluorescence with Ha-p21Abwas used to subdivided into G,A and G1Bsubcompartments.

Cell cyclecompartmentsPrednisolone

concentration
(JM)0

0.7
1.42.1

2.8G,%

ofcells66.20

64.72
58.94
59.12
61.89ISF212.14

221.61
297.05
290.32
191.14G1A%

ofcells25.69

21.86
9.75
7.06

22.33ISF21.1824.78

27.44
34.28
23.31G,B%

ofcells40.51

42.86
49.19
52.06
39.56ISF240.61272.48

328.18
320.82
248.68S%

ofcells14.08

13.13
15.56
16.96
16.48ISF251.18

230.95
282.34
240.84
198.84Gz%

ofcells19.72

22.15
25.50
23.92
21.63+

MISF210.38

223.39
267.29
234.71
195.36

Table 2 Ha-p21 content in relation to cell cycle of HT-29 cells exposed to sodium butyrate

Ha-p21 content and cell cycle distribution were obtained as described in Table 1.

Cell cyclecompartmentsSodium

bu
tyrate concen
tration ICUM10

0.5
1.0
1.52.0G,%

ofcells68.34

70.24
69.39
67.55
62.82ISF208.11

213.09
185.32
81.65
88.12G,A%

ofcells21.33

23.53
20.99
19.17
20.52ISF19.0323.70

38.02
17.65
25.33Gii%

ofcells47.01

46.71
48.40
48.38
42.30iISF249.11279.50

169.74
90.62
89.33S%

ofcells14.92

12.37
11.14
11.00
12.86ISF227.07

183.63
214.06

80.36
94.28G3

+%

ofcells16.74

17.39
19.47
21.45
24.32MISF209.32

195.74
205.74

93.92
86.69

Table 3 Ha-p21 content in relation to cell cycle ofHT-29 cells exposed to hyperosmolality

Ha-p21 content and cell cycle distribution were obtained as described in Table 1.

Cell cyclecompartmentsOsmolality

mOsm/kg284"

344
364
384
404G,%

ofcells73.61

73.14
77.05
68.18
67.43ISF198.24

186.20
182.06
103.11
84.01G1A%

ofcells21.83

24.32
20.99
19.80
14.22ISF25.07

32.42
22.04
23.97
24.03G,,%

ofcells51.78

48.71
56.06
48.38
53.21ISF253.37

238.28
242.92
111.06
128.96S%

ofcells9.73

10.60
9.55

13.22
12.17ISF232.18

187.92
262.82
171.81
147.65GÃ•-%

ofcells16.66

16.37
13.38
18.60
20.38hMISF228.12

193.93
210.22
137.20
119.46

* Standard medium.

that cyclic AMP may be an intracellular suppressor acting at
the regulatory locus of the gene (37). On the other hand,
enhanced expression of Ha-p21 has been shown to be associated
with hormone-dependent growth of rat mammary carcinoma
(38). However, the prednisolone-regulated expression of Ha-
p21 in HT-29 cells recorded in our study is probably governed
by a mechanism distinct from growth control. In this regard,
HT-29 cells differ from a mouse lymphoma cell line in which a
glucocorticoid-mediated inhibition of c-Ki-ras expression was
recently reported (39).

It has been suggested that modulation of gene expression by
sodium butyrate may be related to changes in chromatin tran-
scriptional activity (40). At relatively high concentrations, so
dium butyrate reversibly inhibits DNA synthesis causing cells
to accumulate in G, (41), but its effects may vary depending on
the cell line used (9). In reference to ras, it has been shown that
sodium butyrate does not suppress the transformed phenotype
of cells containing the oncogene linked to mouse mammary
tumor long terminal repeat (37). It was also reported that it has
no effect on ras mRNA levels in cultured rat hepatoma cells
(42) and that no foci are formed in butyrate-adapted NIH-3T3

cells infected with Harvey sarcoma virus, but viral replication
and p21 production occurs (43).

Hyperosmolar growth conditions cause induction of in
creased levels of the membrane-associated alkaline phosphatase
in several human cancer cell lines, including HT-29 (7-9) and
differentiation in rat erythroleukemia cells (44). They also
selectively stimulate viral translation in infected cells (45).
Although no unifying mechanism has been postulated for the

effect of hyperosmolality on cultured cells, at tonicity changes
exceeding many times those used in this study, inhibition of
protein synthesis (46) by interference with polypeptide chain
initiation occurs (47). We are not aware that the effect of
hyperosmolality on oncogene expression has been examined
heretofore.

Previous studies have suggested that expression of p21 can
be correlated with tumor differentiation, i.e., less differentiated
and more aggressive tumors expressing the oncogene product
with greater intensity than better differentiated and less aggres
sive tumors (34, 35). The diminished Ha-p21 levels seen in
sodium butyrate-treated HT-29 cells, which exhibited signs of
in vitro differentiation would corroborate these observations.
However, because reduced Ha-p21 levels were also found in
cells grown in hyperosmolar medium, which showed no mor
phological signs of differentiation, such a generalization for
HT-29 colon carcinoma cells might be premature. Nevertheless,
it should be mentioned that in certain cells, hypertonic growth
conditions affect the activity of the cell surface-associated Na+-,
K+-ATPase (48, 49) and that in comparison to their nontrans-
formed counterparts, ras-transformed cells of rodent and hu
man origin are strikingly more sensitive to the toxic effects of
ouabain (50-52), a specific inhibitor of Na+-, K+-ATPase. These

findings would suggest fundamental dissimilarities in ion trans
port mechanisms between normal and transformed cells (51).

The results recorded in this study show that Ha-p21 modu
lation by prednisolone, sodium butyrate, and hyperosmolality
under the conditions tested did not affect cell cycle progression
of HT-29 cells. This suggests that in these cells, Ha-p21 may
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not be a primary regulator of cell proliferation and that the
high baseline levels may not be necessary for HT-29 cells to

progress through the cell cycle.
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