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ABSTRACT

Transformation is associated with profound structural and quantitative
changes in the cytoskeleton. Herein we report studies using F-actin, a
major cytoskeletal protein, as a quantitative marker for transformation
cells, focusing on separating the effects of the cell cycle, cell differentia
tion, and transformation. The model system for these studies consisted
of three lymphoblastic cell lines, one untransformed line (RPIY1I)and
two transformed lines, one (HL-60) of which can be induced to differen
tiate and the other (Daudi) which cannot. The relation of F-actin levels
to cell cycle was studied by flow cytometry with the use of fluorescein-
phalloidin to label F-actin and propidium iodide to label DNA. F-Actin
levels in transformed Daudi and HL-60 lines were only two-thirds that
of the untransformed RPMI cells. Histograms of the distribution of I -
actin showed that the transformed lines consisted of two cell populations,
one having an F-actin content near that of untransformed cells and the
other having much less. Cell cycle analysis showed that F-actin in
untransformed cells increased 10-15% as cells entered the S compart
ment, remaining approximately constant through G2 + M phases of the
cell cycle, but in transformed cells the major increase in F-actin occurred
during G2 + M phase. Double-label studies with rhodamine-phalloidin
for F-actin and KI-67 monoclonal antibody for dividing cells (cells at late
GI, S, G2, and M ) measured with quantitative fluorescence image analysis
showed that the mean F-actin content of dividing cells was twice that of
nondividing cells. These results suggested that most of the cell division-
related F-actin increase occurred during late <., phase in untransformed
cells. Differentiation of HL-60 cells with dimethyl sulfoxide or retinoic
acid normalized the F-actin content of the nondividing cell population,
but dimethyl sulfoxide and retinoic acid produced no detectable change
in F-actin in the undiflVrentiable Daudi cells. A tumor promoter (12-0-
tetradecanoylphorphol-13-jretate) inhibits differentiation of hemato-
poietic cells, resulted in a 32% decrease in the mean F-actin content of
RPMI cells due to the appearance of a new subpopulation of low F-actin
content. The 12-0-tetradecanoylphorboI-13-acetate-induced changes re
versed slowly after removal of 12-0-tetradecanoylphorbol-13-acetate but
more rapidly in the presence of retinoic acid. These results indicate that
F-actin quantification can serve as a marker for cellular transformation
and provides a tool for studying the mechanisms of cellular differentiation
that may lead to a better understanding of the oncogenic process.

INTRODUCTION

Actin, one of the major components of the cytoskeleton, is a
ubiquitous structural protein in eukaryotic cells. It is important
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in a variety of cell functions, including regulation of cell shape,
motility, secretion, intracellular transport, endocytosis and ex-
ocytosis, and cell division (1, 2). Actin exists in the cytoplasm
as either G-actin monomers, or as reversibly assembled poly
meric F-actin filaments. Fluorescence microscopy, with fluo-
rochrome-labeled phalloidin, a highly specific probe for F-actin
(3), has established that transformed cells, most commonly
fibroblasts, showed profoundly altered patterns of actin fila
ments (3-8), suggesting that quantitative measurements of F-
actin levels might serve as a useful biological marker for trans
formation. Actin levels may reflect cancer-related changes at a
molecular level through several mechanisms: a point mutation
in an actin gene (9-11), altered regulation of F-actin assembly
by pp60'rt or interaction with phosphorylated vinculin (12-16),

alterations in the actin polymerization process (17, 18), or
alterations under the control of other oncogenes (19, 20). For
example, microinjection of a protein with a molecular weight
of 21,000, the gene product of c-Ha-ras oncogene, altered the
amount and pattern of F-actin in NIH 3T3 cells in a dose-
dependent way ( 19). In addition, alterations of the cytoskeleton
induced by tumor promoters appear to facilitate the expression
of DNA-damaging tumor-initiating events (7, 20-21), suggest
ing a relationship between cytoskeleton and cellular mecha
nisms of growth inhibition.

The studies reported here investigate the use of cellular F-
actin levels as a quantitative marker for cellular transformation
in relation to cell differentiation. While conventional biochem
ical studies of F-actin levels in cells yield a mean content per
cell, no information concerning cell population is obtained, and
in order to obtain such information, flow cytometry and QFIA3

cytology were used in this study. To assure accurate measure
ment of F-actin, optimal fixation conditions were identified for
the simultaneous measurement of DNA and F-actin. The effects
of cell cycle and cell division of F-actin levels were determined.
A model of cellular differentiation, the HL-60 cell, which
reversibly assumes a differentiated or undifferentiated pheno-
type (17, 22-26), was characterized concerning the relationship
between F-actin and cellular differentiation. Finally, the effects
of tumor promoters such as TPA on F-actin levels were inves
tigated with the untransformed cell line. These studies were
carried out in hematopoietic cells, which neither form stress
fibers nor attach to a substrate, in order to eliminate differences
in adhesion between transformed and untransformed cells as
factor.

MATERIALS AND METHODS

Materials. Fluorescein-labeled phalloidin was obtained from Molec
ular Probes, Inc., Eugene, OR. and RNase. DMSO, RA, and TPA were
obtained from Sigma Chemical Co., St. Louis. MO. Stock solutions

'The abbreviations used are: QFIA. quantitative fluorescence image analysis:
TPA, 12-O-tetradecanoylphorbol-l.Vacetate; DMSO, dimethyl sulfoxide: RA.
retinoic acid; PBS, phosphate-buffered saline; PF. paraformaldehydc; MCN,
mean channel number; TAS, texture analyzing system; PI. proliferation index.
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F-ACTIN AS A CELLULAR TRANSFORMATION MARKER

were prepared to contain 2.0 mg/ml propidium iodide in 1.12% (w/v)
sodium citrate, RA freshly dissolved in absolute ethanol (23), and 5.0
mg/ml TPA in DMSO (20). The monoclonal mouse antibody to
proliferation antigen KI-67 was from DAKO Corp., Santa Barbara.
CA, and biotinylated goat anti-mouse IgG and streptavidin-fluorescein
were from Bethesda Research Laboratories, Gaithersburg, MD.

Cells and Cell Culture. Untransformed lymphoblasts (RPMI 7666,
ATCC 114-CCL), transformed lymphoblasts(Daudi, ATCC 213-CCL),
and promyelocytic leukemia cells (HL-60, ATCC 240) were all obtained
from American Tissue Culture Collection, Rockville, MD. The RPMI
and Daudi cells were maintained in RPMI 1640 medium at 37Â°Cin a
humidified atmosphere of 5cr CO3 in air supplemented with I0''Â¿fetal

bovine serum, while HL-60 cells were supplemented with 20cc heat-

inactivated fetal bovine serum. Stock cultures were maintained in
exponential growth by subculturing every 4 to 6 days. The cells were
grown at I to 2 x 105/ml in 25-cm: plastic culture flasks before addition

of one of the agents. Cells were treated with DMSO or RA as described
in Tables 4-6. Cells were counted with a hemocytometer, and viability
was determined by trypan blue exclusion.

Fixation and Staining Samples for Flow Cytometry. Cultured cells
were harvested, diluted to 10*cells/ml, washed by two cycles of differ

ential centrifugation at 500 x g. and the final pellet was resuspended
in 0.5 ml PBS to which was added either 3.5 ml PBS. or 0.5 ml 4, 8,

ties to phosphor particle units, an absolute, although arbitrary, unit of
fluorescence.

Flow Cytometric Analysis. An Epics 541 with a single 5 W argon
laser by Coulter Electronics Corp. of Hialeah. FL. was used to measure
simultaneously DNA and F-actin. Optics were aligned by using DNA
beads purchased from Coulter Immunology, Inc. The green signal was
isolated with a 530 nm short pass filter, and the red signal with a 570
nm long interference filter. A 550 nm dichroic mirror was used to split
the signal. Excitation was with the blue (488 nm) laser beam operating
at 200 mW. The cells, double labeled with fluorescein-phalloidin and
propidium iodide, were analyzed at a flow rate of 2000 to 4000 cells/s.

The output voltage pulse amplification was adjusted such that the
mode of the GÃ¬population of cells from an untransformed cell line fell
into channel 40. Compensation of color cross-over was achieved by
adjusting the red (propidium iodide) or green (fluorescein) compensa
tion voltage to align the G, population to channel 40. Immediately
thereafter the other samples were processed.

The flow cytometry data were analyzed with the Easy 88 system and
GATEWAY software. In order to diminish the influence of cell size
and debris on F-actin quantification, a unique data analysis program
was developed by setting a gate on the histogram of 90-degree light
scattering (granularity) versus forward angle light scattering (cell size).
Another gate was set on the histogram of green (F-actin) versus red

or 16% PF and 3 ml PBS to give final concentrations of 0, 0.5, 1, 2, (DNA). All the subsequent analyses were based on that specific area.
and 4% PF. After 15 min. cells were washed as above and the cell
membranes were permeabilized in 5 ml of either 25, 50, 75, or 95%
ethanol for at least 2 h. Fixed cells were stable for at least 2 weeks at
4Â°C.

For double labeling of F-actin and DNA. a two-step incubation was
used. Cells were pelleted at 500 x g for 5 min and resuspended in 0.5
ml PBS with the addition of 50 ^1 of fluorescein phalloidin. The cells
were equilibrated for 30 min at room temperature in the dark. Cells
were pelleted and treated with 1 ml of 10 mg/ml RNase for 30 min.
followed by 10 /il of propidium iodide stock for 30 min. Cells were kept
on ice in the dark until analysis by flow cytometry.

Double Labeling of F-Actin and KI-67 on Slides. Cells were harvested
and fixed in 2rÂ¿PF as described above. The cells were counted with a
hemocytometer. and 250,000 cells were spun onto special slides (Code-
On slides; Fisher Scientific) using a Cytospin (Shandon; Cytospin 2) at
500 rpm for 10 min. Cells on the slides were then fixed with acetone
(cold, â€”¿�20Â°Cor room temperature) for 3 to 5 min. Drying was pre

vented. After washing with a special buffer (automation buffer. Fisher
Scientific, Code-On series), slides were treated in a computer-controlled
immunology slide stainer (BM30: Fisher Scientific), using the following
sequence: incubation with KI-67 at a 1/10 dilution for 30 min. three
wash cycles, incubation with biotinylated goat anti-mouse IgG at a I/
20 dilution for 30 min, three wash cycles, incubation with fluorescein-
streptavidin at a 1/100 dilution for 30 min, three wash cycles, and a
final incubation with rhodamine-phalloidin at a dilution of 1/10. fol
lowed by a final three wash cycles.

Quantitation of K-Actin Fluorescence Intensity by QFIA. Cells were
labeled for F-actin and KI-67 protein as described above, mounted with
nonfluorescent mounting medium (Aqua-Mount; Lerner Lab.. Stam
ford. CT), and scanned with the TAS using excitation with the Leitz
N2 filter block (Wild Leitz USA, Inc., Rockleigh. NJ). The excitation
wavelength was isolated by using a high-performance interference short
pass filter of 530-560 nm. The dichroic beam-splitting mirror was a
reflection short pass filter of 580 nm. and the emission was isolated
with a long pass 580 nm suppression filter. The TAS scans the slide in
a raster pattern, locates fluorescent objects, applies image analysis
algorithms to identify the cells, and measures F-actin fluorescence
intensity. The scan was halted after detecting 40 objects that meet
specific image criteria for cells. After completion of the scan, the TAS
returned to each object and KI-67 was visually scored positive or
negative after switching the filters to an "12" excitation filter block with

a bandpass of 450-490 nm. dichroic beam-splitting mirror to an
RKP510. and the emission filter to an LP5I5. The F-actin intensities
and KI-67 status were determined for approximately 100 cells/slide.
The intensities were normalized to that of a fluorescent phosphor
particle (NBS 1022). This normalization process converts the intensi-

The MCN has been used to represent the F-actin level of a particular
cellular population.

RESULTS

Determination of Optimal Fixation Condition. Fig. 1 illustrates
the effect of different fixation conditions on the measurement
of F-actin in RPMI cells. Similar data (not shown) were also
obtained from transformed cells. Optimal values of F-actin
(MCN) were achieved with at least 0.5% PF following fixation
with 25-50% ethanol, or with 25% ethanol alone. Higher
concentrations of ethanol led to a progressive loss in the F-
aciin labeled phalloidin signal.

Fig. 2 illustrates the effect of ethanol and PF fixation on
measurement of DNA content. PF fixation severely degraded
DNA histograms, regardless of the ethanol concentration. The
coefficient of variation of the G(1+ GÃ¬peak increased from 4.5-
7% in the absence of PF to 17-28% with 4% PF, with a dramatic
change in the histogram shape. Therefore we chose overnight
fixation in 25% ethanol alone as the optimal fixation condition
for both DNA and F-actin.

F-Actin in Untransformed and Transformed Cell Lines. Table
1 shows the mean actin content per cell in each of the three cell

F-ACTIN (MCN)
200 T

150--

100--

50--

25% 50%

% ETOH

75% 95%

â€¢¿�NOPF ESS 0.5%PF 1H]4%PF
Fig. 1. Effect of fixation on mean F-actin content (MCN) on the simultaneous

determination of DNA and F-actin of RPMI cells. Columns, mean of three
independent experiments: bars. SD. F.TOll. ethanol.
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25% ETOH 60% ETOH 95% ETOH

% ETOH

NOPF E33o.5%PF

Fig. 2. Effect of fixation on DNA histogram during simultaneous determina
tion of DNA and F-actin. The listed coefficient of variation is that of the Go +
G, peak in DNA histogram of RPMI cells. Columns, mean of three independent
experiments; bars, SD. ETOH, ethanol.

Table 1 Mean F-actin contenÃof untransfornted and transformed cells
Cells were collected after culture for 3 days, fixed with 25% ethanol at 4"C

overnight, double labeled with fluorescein-phalloidin and propidium iodide, and
analyzed by flow cytometry.

Cell line F-Actin (MCN) P versus RPMI

RPMI
Daudi
HL-60

162 Â±7.4Â°

106 Â±2.3
117 + 6.5

<0.005
<0.005

Â°Mean Â±SD of five independent experiments.

Table 2 Mean Â±SD (4 independent experiments) F-actin content of cells in
different compartments of the cell cycle

Cells and data were collected as described in Table 1. Gates were set on G0 +
GÃ¬,S, and Gj + M areas according to DNA histogram, and data were reanalyzed
to extract the F-actin histograms for cells in each of the three cell-cycle compart
ments.

F-Actin(MCN)Cell

lineRPMI

RPMI + 0.5 Mg/ml TPAGO

+G,ISO
Â±4.5

113Â±2.7S170
Â±3.7Â°

117Â±1.7G,+

M173Â±
3.4Â°

138Â±6.1*-e

Daudi

HL-60
HL-60+ l â€ž¿�MRA

98 Â±2.5 109 Â±4.0 120 Â±3.7*''

110 Â±4.7
153 + 3.7

115 Â±3.2
150Â±3.6

126Â±3.8*'
172Â±2.2*'

Â°P < 0.01 compared with G0 + G, phase cells.
* P < 0.05 compared with G0 + GÃ¬phase cells.
c P < 0.05 compared with S phase cells.

lines. The two transformed lines (Daudi and HL-60) contained
about one-third less F-actin than did the untransformed RPMI
cells. Those differences are highly significant (P < 0.005).
Unlike the other two cell lines, histograms of F-actin content
of HL-60 cells usually display two peaks. One peak is comprised
of about 45 to 60% of the cells and peaks near channel 70,
while the second peak, which consists of the remaining cells,
peaks near channel 155.

F-Actin Changes during Cell Division. Dual-label flow cytom
etry for DNA and actin with windows set according to the DNA
histogram was used to determine the F-actin distributions of
cells in the G0 + G, phase, S phase, and G? + M phase,
respectively, with results as shown in Table 2. In RPMI cells,
significantly (P < 0.01) more F-actin was found in S and G2 +
M cells than in G0 + G, cells. The difference (170 versus 173)
between S and G2 + M was not significant. In both transformed
cell lines, the actin content of G2 + M cells was significantly
higher (P < 0.05) than that of G,, + G, or S phase cells. In
contrast to RPMI cells, transformed cells in S phase had F-

actin levels more like those of the Go + GÃ¬cells than the G2 +
M cells. When HL-60 cells were induced to differentiate with
1 fiM RA for 6 days (see "Correlation of F-Actin with HL-60
Cell Differentiation"), while the total mean actin content was

increased to untransformed levels, the pattern of change with
respect to cell cycle was identical to that of transformed cells
and unlike that of the untransformed cells. When RPMI cells
were treated with 0.5 ÃŸg/m\TPA for 6 days (see below), the
total mean actin content dropped to levels equivalent to those
found in the transformed cells, and the pattern of change with
respect to the cell cycle became that of transformed cells.

If F-actin content is to be useful as a marker for transformed
cells, then there should be minimal overlap between the F-actin
content of dividing transformed cells and nondividing untrans
formed cells. If each distribution is characterized as a mean Â±
2 SD, Table 2 also shows there was minimal overlap between
the F-actin content of S and G2 + M cells of transformed cell
lines with the actin content of G0 + G, cells of the untrans
formed RPMI (/><0.01).

Because flow cytometry does not distinguish G0 from G,
cells, indirect Â¡mmunofluorescence for the KI-67 antigen, a
protein found only in dividing cells (late G,, S, G2, and M), and
QFIA for F-actin, was used to quantify F-actin in Gu and early
G, cells. Results are shown in Table 3. In all three cell lines,
dividing cells contained twice as much F-actin as did resting
(G0 and early G,) cells. Also, in concordance with the flow
cytometry results (Table 1), F-actin levels in RPMI cells were
significantly higher (P < 0.01) than in the other two cell lines.

Correlation of F-Actin with HL-60 Cell Differentiation. Table
4 shows the effect on mean F-actin content of a 6-day incubation
of HL-60 cells with various concentrations of the differentia
tion-inducing agents DMSO and RA. The F-actin content
increased from the characteristic control level of MCN =118
Â±7.2 to 151 Â±1.3 in cells treated with 1.25% DMSO and to
166 Â±6.3 in cells treated with 1.0 f/M RA (P < 0.02). These
values are similar to the levels observed in untransformed RPMI
cells. The response of F-actin to RA is dose dependent between
0.1 and 1.0 MM.At 4 //M RA, the F-actin value decreased to
151 Â±3.8, possibly reflecting toxicity. As shown in Fig. 3 the
percentage of cells in the low F-actin population decreased
significantly from 36 Â±2.5 in control cells to 10 Â±4.3 in 1.25%
DMSO-treated cells and 12 Â±2.4 in 1.0 Â¿Â¿MRA treated-cells,
values that are similar to those observed with RPMI cells.

Table 3 F-Actin levels (mean Â±SD) measured by QFIA in dividing (Kl-f>7
positive) and nondividing (KI-67 negative) cells compared to unselected cells from

the whole population
Cells were collected after culture for 3 days, fixed in 2% PF for 20 min. and

pcrmcabilized with acetone for 3 to 5 min. Cells were then labeled with KI-67
monoclonal antibody and rhodamine-phalloidin. and F-actin was quantified by
QFIA.

CelllineRPMIF-ActinÂ°WHL-60F-ActinA/DaudiF-actinA'Wholepopulation0.80

Â±0.431550.27

+0.10"'660.33

Â±0.27Â°'63KI-67positive1.00

+0.581410.48

Â±0.26''410.44

Â±0.21''150KI-67

negative0.52

Â±0.37*1300.29

Â±0.10*â€¢¿�*860.27

+0.12*-''62%of

positive523275

" Mean Â±SD of F-actin fluorescence intensity (phosphor particle units) meas

ured by QFIA based on 3 independent experiments.
*/â€¢<0.01 compared with KI-67 positive.
f N, number of cells measured.
Â°><0.01 compared with RPMI cells.
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Table 4 F-Actin levels in HL-60 cells as a function of cell differentiation induced
by DMSO or RA

Exponentially growing cells were seeded at 1 or 2 x 10' cells/ml in the presence
of the indicated concentrations of RA and DMSO or the ethanol solvent. Cells
were collected after culture for 6 days. The low F-actin population consisted of
those cells with F-actin channel numbers below 120. The PI was the proportion
of cells located in S and G2 + M compartments.

Table 5 Effect of TPA on untransformed lymphoblasl cells (RPMl)
Exponentially growing cells were seeded at 1 to 2 x 10' cells/ml with the

indicated concentrations of TPA or the DMSO solvent and treated as described
in Table 4.

ControlEthanol

l III>.liDMSO

(% v/v)
O.I

1.25RA

(JIM)
0.1
0.5
1.0
2.0

4.0RPMl

cellsF-Actin

amount
(MCN118

+7.2Â°119

+8.5136

Â±1.3*
151 +1.3e139

+9.5146
+ 7.4*

166 Â±6.3e
155 +2.3e151

Â±3.8*162

+ 7.4Low

F-actin
population
(%)36

Â±2.538

+3.521

Â±1.0e
10 +43e19+

1.9e
15 Â±1.4e
12 Â±2.4e
12 + 2.7e
15 +0.8e7Â±

2.1PI(%)36

+5.334

Â±2.336

+3.017+
1.1*31

+ 1.2
20 Â±3.4*
19 Â±2.0*
16 Â±1.9*
19Â±0.6*18

Â±2.8

TPA (Mg/ml)
None
0.1
0.5

1.0DMSO

only (20 ,1!)F-Actin

(MCN)170

+ 2.7Â°
140 Â±10.1*
116Â± 1.5e
132+13.7*169+

1.6Low

F-actin
population7Â±

1.5
22 Â±6.4
43 + 2.1e
23 Â±2.3'ND*PI18

Â±2.2
25 Â±8.2
21 Â±0.2
21+0.326

Â±1.2
Â°Mean Â±SD of three independent experiments.
* P < 0.05 compared with no TPA-treated cells.
e P < 0.01 compared with no TPA-treated cells.
d ND. not done.

" Mean Â±SD of three independent experiments.
* P < 0.05 compared with control.
e P < 0.01 compared with control.

Fig. 3. Effects of DMSO and RA on F-actin content of HL-60 cells. A. control
(no DMSO or RA); B, 1.25% DMSO; C 0.1 jjM RA; D, 1.0 AIMRA.

The PI, the percentage of cells in S + G2 + M, independently
confirmed the effect of those agents in inducing differentiation.
The PI decreased from 36 Â±5.3 in control cells to 17 Â±1.1 in
1.25% DMSO-treated cells and to 19 Â±2.0 in 1.0 MM RA-
treated cells (P < 0.05). Daudi cells, which cannot be induced
to differentiate by either agent, showed no change in either
actin content or PI after incubation with DMSO and RA (data
not shown).

Effect of TPA on F-Actin Content of RPMl Cells and Coeffect
of TPA and RA. As shown in Table 5, the F-actin decreased
from 170 Â±2.7 in untreated cells to 140 Â±10.1 and 116 Â±1.5
in cells treated with 0.1 and 0.5 Mg/ml TPA, respectively (P <
0.05). Cells treated with 1.0 Mg/ml TPA showed intermediate
values. Toxicity at the higher TPA concentrations is suggested
by a decrease in viability to 70 - 80% at 1.0 MMTPA, as
compared with >95% normally observed. As shown in Fig. 4,
a population of cells with low actin content appeared following
treatment with TPA. However, treatment with TPA did not
alter the DNA histogram. The small amount of DMSO intro-

Fig. 4. Effect of TPA on the F-actin content of untransformed lymphoblast
cells (RPMl). A. control (no TPA or RA); B, 0.1 Â¿iM/mlTPA treated for 6 days;
C 0.5 jig/ml TPA treated for 6 days: D, 0.5 Mg/ml TPA treated for 6 days then
treated with 1.0 /IM RA for another 6 days.

Table 6 Effect ofRA on TPA-treated RPMl cells

After 6 days of incubation of RPMl cells with TPA as described in Table 5,
exponentially growing cells (no TPA and 0.5 Mg/ml TPA-treated cells) were
placed in TPA-free medium and seeded at 1 to 2 x 10' cells/ml in the presence

of 0. 0.1. and 1.0 Â¡i\\RA; cells were again collected after culture for 6 days.

NoTPARA

(MM)
None
0.1
1.0F-Actin

(MCN)172

+ 0.5Â°
ND*

167 Â±1.4PI22+

1.8
ND22

Â±1.8TPA

(0.5Mg/ml)F-Actin

PI(MCN)
(%)130

Â±4.1 33 Â±3.5
140 Â±4.0 28 + 2.8
147 Â±4.0e 27 Â±4.2

" Mean Â±SD of three independent experiments.
* ND, not done.
c P < 0.05 compared with no RA-treated cells.

duced with TPA was without effect, as shown by controls
incubated with 20 M' DMSO. When cells that had been treated
with 0.5 Mg/ml TPA for 6 days were treated with 0, 0.1, or 1.0
MMRA for an additional 6 days, the F-actin content (MCN)
increased from 130 Â±4.1 to 140 Â±4.0 in 0.1 MMRA and 147
Â±4.0 (P< 0.05) in 1.0 MMRA-treated cells (Table 6). Although
the mean F-actin content was still lower than in the control,
the increase in F-actin was manifested by a marked reduction
of the low F-actin cell population (Fig. 4). Simply removing the
cells from TPA led to an increase in F-actin to MCN of 130 Â±
4.1 from 116Â± 1.5 (P < 0.05).
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DISCUSSION

Cancer is a disease in which cells subvert or escape from the
normal controls of cellular growth and differentiation (21, 27,
28). Growth and differentiation are controlled, at least in part,
by endocrine/paracrine mechanisms involving external signals,
usually peptides, binding to cell surface receptors linked to
proteins on the inner cell membrane that, in turn, generate
internal second messenger substances. These second messen
gers induce changes in both the cytoplasm and the nucleus that
lead to cell division. In addition, the level of differentiation and,
hence, morphology, of a cell can also be altered in response to
either external or internal signals resulting from carcinogenesis
(28). Because each particular tissue or cell type has its own
specific rules for regulation of growth and maintenance of
differentiation, there are therefore many different mechanisms
by which cells escape control. However, the biochemical con
sequences of the escape from control seem to have a common
thread in affecting the cellular cytoskeletal elements (7, 21).
This commonality suggests that changes in the cytoskeleton
may well be sensitive markers for transformed phenotypes.

A number of investigators have used semiquantitative tech
niques to demonstrate that transformed cell lines and tumor
cells contain less F-actin compared with normal cell lines and
tissues (3-8, 29. 30). Most investigators, using nonquantitative
immunochemistry and cytochemistry, have studied cytological
structural changes rather than biochemical quantitative
changes. In this study we have focused upon quantitative
changes in actin levels throughout the cell cycle in hemato-
poietic cells and in relation to cell differentiation, using dual
labeling and quantitative flow and image analysis techniques.
Our models consisted of an untransformed cell line (RPMI)
and two transformed cell lines, one of which (HL-60) can be
induced to differentiate and the other (Daudi) which cannot.

Cell cycle-related changes in F-actin were studied by using
both flow cytometry and QFIA (31, 32). The combination of
these two techniques showed that the division-related F-actin
increase occurs in the untransformed cells during the late G,
phase, but in the G2 + M phase in the transformed cells. As
depicted in Fig. 5, flow cytometry divides the cell cycle into
three compartments and does not distinguish G0 and early G,
from late GI, while KI-67 divides the cell cycle into two com
partments and does distinguish late d from G,, and early G,
(33-35). KI-67-positive RPMI cells have twice the F-actin
content of KI-67-negative cells (Table 3), while S and G: + M
cells show a much smaller relative increase (170 versus 150 in
RPMI cells; Table 2). These finding demonstrate the major
increase in F-actin content occurs in late G, stage. Earlier
reports of increased actin mRNA levels in late G, cells in
phytohemagglutinin-stimulated lymphocytes (36) suggested
that G-actin, the precursor of F-actin, was synthesized in late
G, phase.

GO+G16-G1II

I-*â€¢S-G2+MKI67-

KI67+
Fig. 5. Cell cycle analysis by flow cylomctry and QFIA. Flow cytometry

divides cell cycle into GO + GI. S. and Gj + M compartments but docs not
differentiate Gâ€ž(G, early) from Gâ€ž(G, late). QFIA with KI-67 divides the cell
cycle into G0 + G,c and G,, + G2 + M compartments.

The HL-60 human promyelocytic leukemia cell line can be
induced to differentiate when treated with RA. dimethylform-
amide, or DMSO (17, 22-26) and has been used to study the
relationship of cell differentiation to oncogene expression (22),
glycosaminoglycan biosynthesis (23), and actin polymerization
(17, 24-26). In our study, differentiation of HL-60 cells in
creased their F-actin content 41 To, approximating the quanti
tative content characteristic of untransformed RPMI cells. The
changes in F-actin did not represent a nonspecific response to
RA or DMSO, since no changes in F-actin levels were seen in
the Daudi cells, which do not differentiate in response to these
agents. A previous study using biochemical analysis rather than
cytometry showed an 86-9690 increase in total actin following

differentiation induced by dimethylformamide (17).
The phorbol ester, TPA, modulates cellular differentiation;

in hematopoietic cells it inhibits differentiation (28). Several
biochemical actions have been specifically identified. TPA ac
tivates protein kinase C which negatively regulates actin polym
erization (14, 37). TPA also alters the morphological distribu
tion of F-actin, causes the disappearance of gap junctions, and
modifies the expression of several oncogenes (20, 27). Treat
ment of untransformed RPMI cells with TPA caused F-actin
levels to decrease to a value characteristic of transformed cells.
This effect reflected cytoplasmic alterations unrelated to prolif
eration since the DNA histogram, as measured by the prolifer
ation index, was unchanged. Thus the changes in F-actin levels
appears to be a specific marker for altered differentiation.
Treatment of TPA-treated cells with RA causes the F-actin
levels to increase, but not to the levels of cells not treated with
TPA. The effect occurs spontaneously in the absence of RA at
a lower rate.

By treating the untransformed cells with TPA and the HL-
60 cells with RA and examining the relationship of the increase
in F-actin with cell cycle, the difference in the timing (i.e.,
relation to cell cycle) of F-actin increases between untrans
formed and transformed cells could be understood. Differentia
tion of the HL-60 cells increased the amount of F-actin to
levels seen in untransformed cells but did not alter the timing
(Table 2), the major increase occurring in G: + M regardless
of whether the cells were differentiated or not. However, treat
ing the RPMI cells with TPA not only decreased the amount
of F-actin to levels characteristic of the transformed cells but
altered the timing to that of the transformed cells as well. This
suggests that the difference in timing may well relate to altered
polymerization of G-actin. Protein kinase C activity is enhanced
by phorbol esters (21, 27), and increased protein kinase C
activity has been reported to decrease actin polymerization (14,
37). Because net synthesis of G-actin peaks during late G, (36),
but as shown here the increase in F-actin does not appear in
transformed or TPA-treated cells until G2 + M, our data suggest
the hypothesis that the increased protein kinase C activity of
transformed or TPA-treated cells may inhibit actin polymeri
zation until the G: + M phase.

In summary, our data show that the F-actin content of
transformed cells (Daudi and HL-60) is approximately two-
thirds that of similar but untransformed cells (RPMI), even
considering that dividing cells contain nearly twice the F-actin
content of resting cells, and transformed cells divide at a higher
rate than do untransformed cells. The identification of cells
with low F-actin content displaying the timing of F-actin ap
pearance in the cell cycle characteristic of transformed cells
may well prove useful in distinguishing cancer-related processes
in cells from benign processes, because cancer-related processes
are much more likely to reflect alterations in cellular differen-
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tiation than are benign processes. Because of the ability of
retinoids and DMSO to correct the cytoskeletal F-actin defect,
quantitative determination of F-actin may serve as an interme
diate end point marker for monitoring chemopreventive ther
apy.
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