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ABSTRACT

The expression and phosphotyrosine activity of pp60""* were meas

ured in the B31 avian sarcoma virus-transformed rat cell line by flow
cytometry using monoclonal antibodies against ppftO' '" (EB7) and phos

photyrosine (1G2). Although the immunocytochemical staining was
markedly heterogeneous, binding of both antibodies was significantly
greater to B31 cells than to untransformed Rat 1 cells. Binding of 1G2
to phosphotyrosine residues was specific; it was entirely inhibited by
adding excess phenylphosphate but was not affected by phosphoserine
or phosphothreonine. The relationship between the amount of phosphor-

ylated tyrosine measured by our FCM technique and total cellular phos
photyrosine measured by phosphoamino acid analysis was linear in
vanadate-treated BALB/c 3T3 cells. Treatment of B31 cells for 48 h with

herbimycin A, a benzenoid ansamycin antibiotic, to decrease the expres
sion and tyrosine kinase activity of ppoO'""1'caused reductions of 42% in

:mti-pp60'""v and 58% in anti-phosphotyrosine antibody immunofluores-

cence. DNA staining with the fluorescent dye propidium iodide showed
no cell cycle specificity in the binding of either antibody. Herbimycin A
also caused the transformed cell line to revert to the morphology, actin
configuration, and growth behavior of untransformed cells; these changes
were reversed within 12 h after removal of the drug. Flow cytometric
evaluation of tyrosine kinase expression and activity was fast and easy,
and the results correlated well with other measures of cell phenotype.
This technique can be used to quantitate the effects of drugs on oncogenic
proteins such as ppoO"'"*and their associated tyrosine kinase activity.

INTRODUCTION

Activation and expression of one or more oncogenes are
considered crucial steps in the development and progression of
cancer (1-3). Oncogenes of the PTK4 family, such as v-src and
c-src, are particularly interesting in that their aberrant PTK
activity is necessary for oncogenic transformation of cells by
ASV and other retroviruses (1, 4). This interest has been
heightened by reports that aberrantly active PTKs are associ
ated with many human tumors (2, 3). As a result of the kinase
activity, many cells that express these oncogenic proteins have
grossly elevated levels of proteins that contain phosphotyrosine
(4-6).

Specific PTK inhibitors offer a rational approach for inves
tigating the effects of oncogenic proteins on cellular transfor
mation (7). In the past, the effects of PTK inhibitors have been
monitored by immunoblot assays, protein-kinase assays of im
mune complexes, and estimation of cellular PTYR levels. As
an alternative, we have developed a method of quantitating the
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expression of ppoO'"5" and PTK activity in cultured cells by

FCM analysis. In this report, we describe the technique and the
results of its application to evaluate the effects of herbimycin
A on the expression and function of pp60v""*rin ASV-trans-

formed cells. This antibiotic reportedly induced morphological
reversion and inactivated pp60"r in whole ASV-transformed

cells but did not inactivate the isolated enzyme preparation (8).

MATERIALS AND METHODS

Cell Lines. Rat 1and B31 cells were obtained from Dr. H. E. \ arums,
University of California, San Francisco (9, 10). B31 cells are a clonal
cell line of B77 ASV-transformed Rat 1 cells (F2408 line of Fischer rat
embryo cells). Cells were grown in DMEM supplemented with 5%
FCS, 5% calf serum, and antibiotics and were maintained at 37Â°Cin a

humidified 5% CO: atmosphere.
Drug. For drug studies, herbimycin A was dissolved in a stock

solution of 100% dimethyl sulfoxide at a concentration of 125 Mg/ml
and diluted in culture medium. Herbimycin A was a gift from Mary K.
Wolpert, Drug Evaluation Branch, National Cancer Institute. Sodium
o-vanadate was purchased from Sigma Chemical Co. (St. Louis, MO).

Antibodies. 1G2, a Mab against PTYR, has high admin and speci
ficity for PTYR residues of proteins and does not cross-react with
phosphate-containing molecules other than close PTYR analogues.
Phosphoserine, phosphothreonine, and mono-, di-, and trinucleotides
do not affect its binding to phosphotyrosyl proteins (11). In addition,
we demonstrated that binding of 1G2 was totally inhibited by addition
of 1 mM phenylphosphate to the antibody solution before staining and
was inhibited by 70% after addition of 10 mM 0-phosphotyrosine but
was not affected by addition of 10 mM phosphoserine or 10 mM
phosphothreonine. EB7, a Mab against pp60*"*re(12, 13), was a gift

from J. T. Parsons, University of Virginia School of Medicine, Char-
lottesville, VA.

Cloning Efficiency Assay. B31 cells were preincubated with or without
herbimycin A, 0.1 to 0.5 Mg/ml, for 48 h. Fifteen, 30, 60, and 120 cells
were plated into 35-mm plastic Petri dishes containing 2.5 ml of
DMEM supplemented with 5% calf serum and 5% FCS and kept for
14 days at 37Â°Cin a 5% COj atmosphere. The cells were fixed with

methanol and stained with 2% Giemsa stain. Colonies containing more
than 128 cells were counted, and cloning efficiency was determined as
the percentage of plated cells that formed colonies (14). Cellular mor
phology was evaluated by phase contrast microscopy.

Flow Cytometric Analysis. Cells were prepared for FCM analysis of
DNA, PTYR, and pp60" "* as follows. B31 cells were preincubated with

or without herbimycin A, 0.25 Â¿ig/ml,for 48 h. The resulting monolayer
cultures were reduced to a single-cell suspension by treatment with
0.05% trypsin, 0.02% EDTA, and 0.89% NaCl for 7 min at room
temperature and fixed in 70% ethanol overnight at 4Â°C.Approximately
2 x 10' cells were incubated with 0.5 ml of Mab-PTYR or Mab-
pp60""r, 50 Â¿ig/mlin PBS with 1% bovine serum albumin, for 45 min

at room temperature. The cells were washed twice in PBS and reacted
with 0.5 ml of fluorescein isothiocyanate-conjugated sheep anti-mouse
IgG (Amersham International), diluted 1:40 in PBS, for 30 min at
room temperature. After two washes with PBS, the cells were resus-
pended in 1.0 ml of RNase (10 Mg/ml) in PBS at 37'C for 10 min,

washed again, and resuspended in 1.0 ml of propidium iodide (10 Â¿ig/
ml) in PBS for 30 to 60 min.

Stained cells were analyzed with a Becton Dickensen FACS II flow
cytometer using an argon laser at 488 nm and 250 mW. Red fluores
cence from propidium iodide was collected through a 600-nm longpass
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niter and recorded on linear scale as a measure of the total DNA
content. Green fluorescence from fluorescein was collected through a
530/30-nm bandpass filter and recorded after logarithmic amplification
as a measure of antibody binding. The data were accumulated in list
mode in combination with forward angle light scatter and presented as
contour profiles with 20% of cells between contour lines. At least
10,000 cells were collected for each sample. The mean intensity of
green fluorescence was measured by gating subpopulations within red
fluorescence intensity limits (to define GÃ¬,S, and d cell cycle com
partments) before integration.

Immunocytochemistry and Actin Staining. These studies were done
on untreated B31 cells, B31 cells preincubated for 48 h with herbimycin
A (0.25 Mg/ml), and Rat 1 cells. To localize cellular PTYR proteins
and pp60""*, cells were grown on glass coverslips, fixed in 70% ethanol
at 4"C overnight, and reacted with Mab-PTYR or Mab-ppoO'"*", as

described above. Rhodamine phalloidin staining to demonstrate actin
filaments was performed as described by Wulf et al. (15). Briefly, cells
were grown on glass coverslips, rinsed twice in PBS, fixed for 10 min
in 3.7% formaldehyde in PBS, and dehydrated in absolute acetone at
â€”20Â°Cfor 4 min. The cells were air dried, immersed for 20 min in 10

//I of rhodamine phalloidin (1 Mg/ml; Molecular Probes, Inc.; Eugene,
OR), washed three times in PBS, and mounted for viewing under an
Olympus IMT 2 microscope with a xlOO fluorescence objective.

Phosphoamino Acid and Flow Cytometric Analyses of Vanadate-
trcatcd Cells. To determine the significance of cellular fluorescence
seen by staining with Mab-PTYR, we correlated this with an independ
ent and generally accepted measure of cellular PTYR. For this purpose,
log-phase BALB/c 3T3 cells grown in RPMI 1640 medium supple
mented with 10% PCS were dislodged by trypsinization and seeded
into T75 tissue culture flasks and into six-well plates at a density of 3
x IO5cells per 10 cm2. After 2 days of culture at 37Â°Cin 5% CO2, the

cells were rinsed with warm, phosphate-free DMEM. The T75 flasks
were incubated for 12 h in phosphate-free DMEM containing 4% PCS;
the six-well plates were incubated in identical medium containing '-'I',.

I mCi/ml. Sodium 0-vanadate was added from concentrated stock
solutions to flasks and wells to achieve vanadate concentrations of 0,
15, 32, 63, and 250 MM.The cells were incubated for 3 h at 37Â°Cand

harvested by brief trypsinization. Cells from the T75 flasks were col
lected by centrifugation, fixed in ice-cold 70% ethanol, stained by the
indirect immunofluorescence method with Mab-PTYR, and analyzed
by FCM as described above. Cells from the six-well plates were collected
by centrifugation and extracted with ice-cold Triton X-100-based Tris
buffer containing phosphatase, kinase, and protease inhibitors. The
detergent extracts were clarified by centrifugation and processed for
phosphoamino acid analysis both before and in parallel after purifica
tion of the phosphotyrosyl proteins (11, 16). Phosphoamino acids were
resolved from the partial acid hydrolysates by two-dimensional thin-
layer electrophoresis and then quantitated by scintillation spectrometry
and video densitometry of autoradiographs (11, 16).

RESULTS

Cloning Efficiency, Cell Survival, and Morphological Changes
after Herbimycin A Treatment. B31 cells exposed to herbimycin
A did not survive at a drug concentration of 0.5 Mg/ml but grew
normally at 0.1 Mg/ml; at intermediate concentrations, slowing
of growth was noted. After 14 days, the cloning efficiency at
0.25 Mg/ml averaged 103 Â±16% (SD) for Rat 1 cells and 88.5
Â±4% for B31 cells. Morphological changes consisting of flat
tening and enlargement of cells began to occur at a herbimycin
A concentration of 0.15 Mg/ml and were most marked at 0.25
Mg/ml. Therefore, a dose of 0.25 Mg/ml was used for all further
drug studies.

Quantitation of PTYR and ppoO""*"by FCM. Indirect immu-
nofluorescent staining with Mab-pp60v"5/r was 4 to 6 times

greater than background staining in three experiments; staining
with Mab-PTYR was 2 to 3 times greater than background.
Background staining was defined as the fluorescence intensity
of cells when a control antibody was used.

The values for pp6Q"srcand PTYR obtained by FCM corre

lated with cell cycle progression as determined by dual labeling
with propidium iodide. Two-dimensional FCM analysis was
used to select G,-G0 phase cells for their normal 2N DNA

content and to calculate the mean intensity of green fluores
cence (i.e., antibody binding) (Fig. 1). The antibody binding of
Ga-M-phase cells was similarly calculated after selection for
their 4N DNA content; S-phase cells had DNA content between
2N and 4N. The ratio of the mean fluorescence intensities of
G2-M and Gi-Go cells was identical for both background and
immunofluorescent staining. Thus, antibody binding was inde
pendent of the cell cycle.

FCM showed that in B31 cells with herbimycin A, 0.25 Mg/
ml, Mab-pp60'irc binding was reduced to 58% and Mab-PTYR

binding to 42% ofthat in untreated cells (Table 1). The ratio
of antibody binding in G2-M and G]-G0 cells was unchanged
after drug treatment.

Distribution of F-Actin, PTYR, and pp60r 1(r in Treated and

Untreated Cells Evaluated by Fluorescence Microscopy. In the
untreated B31 cells, F-actin filaments appeared disorganized
(Fig. 2Ã„); in cultures of cells treated with 0.25 Mg/ml herbi
mycin A for 48 h, the actin filaments were more numerous and
were organized into parallel bundles (Fig. 2C). Rearrangement
of actin filaments occurred in less than 10% of cells after
incubation with herbimycin A for 8 to 12 h and reached a
maximum of 80% after 48 h. Within 12 h after removal of the
drug, disorganized F-actin filaments typical of the transformed
phenotype were again seen. Although the F-actin cables were
fewer and thinner in B3I cells treated with herbimycin A than
in the unlran stormed Rat 1 cell line (Fig. 2/4), intracellular
actin fibers were well organized in both. Treated B31 cells also
reverted from the more rounded phenotype of transformed cells
to the more flattened phenotype of the untransformed cells. All
changes in cell morphology reversed within 12 h after removal
of the drug.

In untreated B31 cells, compared with Rat 1 cells, fluores
cence associated with proteins containing ppoO"""" (Fig. 2, D

and E) and PTYR (Fig. 2, G and H) was mainly found at cell-
cell contacts, at the plasma membrane, and in the extranuclear
region of the cytoplasm. In B31 cells treated with herbimycin
A, binding of both Mab-pp60'irc (Fig. IF) and Mab-PTYR

(Fig. 21) was greatly reduced at cell-cell contacts and was
concentrated at cell adhesion plaques.

Comparison of Phosphoamino Acid and FCM Analyses of
Vanadate-treated Cells. Phosphoamino acid analyses of cell
extracts and of Mab-purified phosphotyrosyl protein gave well-
resolved phosphoamino acid spots (data not shown) that were
quantitated by scintillation spectrometry and by autoradiogra-
phy and video densitometry. Vanadate caused marked increases
in the total cellular PTYR level in BALB/c 3T3 cells (Fig. 3/4)
and in the amount of PTYR isolated from these cells by anti-
PTYR immunoaffinity chromatography (data not shown).
FCM also showed an increase in detected PTYR with increasing
vanadate concentration (Fig. 3Ã„).In both cases, the data were
best fit by a second-degree polynomial. The amount of cellular
fluorescence after staining with Mab-PTYR correlated linearly
with the total cellular PTYR levels measured by phosphoamino
acid analysis (Fig. 3C). The phosphoamino acid analysis also
demonstrated an increase in the amount of PTYR relative to
the total phosphoamino acid level with increasing vanadate
concentration. Lastly, Fig. 4 shows that the PTYR/total phos
phoamino acid ratio was directly proportional to the intensity
of cellular fluorescence.
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Fig. 1. Dual parameter histograms of B31 cells. DNA content (jr-axis) allows division of cells into G0/G, S, and G2/M phases of the cell cycle, as shown in C.
Indirect antibody labeling (log scale) is on the >'-axis. Controls for nonspecific staining with an irrelevant antibody (F) or no primary antibody (C); staining with Mab-
PTYR (A, B), or Mab-ppoO"" (D. E); untreated cells (A, D) or cells pretreated with herbimycin A, 0.25 jig/ml (B, E).

Table 1 Relative mean fluorescence intensity (arbitrary units) of stained cells
gated for cell cycle compartment in two experiments"

B31 + H
B31

Cell cyclecompartmentStaining
withMab-ppoO*"1"Experiment

1G,G2G2/G,Experiment

2G,G2G2/G,Staining

withMab-PTYRExperiment
1G,G2G2/G,Experiment

2G,G2G2/G,B311.132.572.271.322.331.761.312.221.691.462.541.75B31

+H0.651.462.250.761.431.880.500.881.760.651.071.65(%)5857576138404542

" Background activity has been subtracted from the absolute mean values. H,

herbimycin A.

DISCUSSION

Two independent lines of research have implicated PTKs in
the regulation of the growth, differentiation, and transforma
tion of cells: (a) cellular receptors for several polypeptide growth
factors are PTKs that are activated by the binding of their
respective ligands (17, 18); (e), the transforming proteins of
many retroviruses (e.g., src) are constitutively active PTKs that
phosphorylate themselves and/or various cellular proteins (1,
3, 17, 19). The ability of these viruses to transform cells is
dependent on the continued expression of viral PTKs.

When active pp60 is expressed in v-src-transfected cells over
a certain threshold level (20) and is localized at the inner surface

of the plasma membrane, it induces cellular transformation. If,
as hypothesized, phosphorylation of certain cellular regulatory
proteins is the crucial point in this process, the amount and
subcellular distribution of PTYR and pp6Q"'SKin treated and

untreated cells could provide important information about
changes in the expression and function of tyrosine kinases.

Herbimycin A reportedly reduces intracellular phosphoryla
tion of pp60'src in fibroblasts transformed by a temperature-

sensitive mutant of Rous sarcoma virus and causes morpholog
ical reversion to the untransformed phenotype (13, 21-23).
Current evidence suggests that herbimycin A inactivates pp60i'r

directly or acts through intermediate pathways that affect the
expression or function of ppoO'"1".

Our quantitative FCM analysis of changes in the relative
amounts of pp60"'src and PTYR residues demonstrates the po

tential of this technique for studying oncogene proteins and
products in drug-treated cells. The amount of PTYR in B31
cells is less than 0.3% of total phosphoamino acid content and
is up to 10-fold less in untransfected cells (20). Although all
PTYR residues may not be accessible to antibody binding, FCM
measurements of PTYR appeared to correlate with the antici
pated levels of PTK in B31 and Rat 1 cells. Consistent with
this, the anti-PTYR antibody isolates more than 90% of the
PTYR in EGF-stimulated human epidermoid carcinoma cells.5

To further validate the relationship between PTYR and flu
orescence, we compared the total cellular phosphoamino acid
measurements obtained by traditional methods in vanadate-
treated BALB/c 3T3 cells to FCM measurements using Mab-
PTYR. In these studies, we used BALB/c 3T3 cells rather than
in B31 cells treated with herbimycin A for two main reasons,
(a) To validate the FCM quantitation of PTYR it was important
to have cells that expressed wide ranges of cellular PTYR.

' A. R. Frackelton. Jr., unpublished observations.
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Fig. 2. Rat I cells (A, D, G), B31 cells (B, E, //), and B31 cells pretreated with herbimycin A (0.25 tig/mi) (C, F, I), stained with Mab-PTYR (G, H, I), Mab-
ppoO"" (D, E, F) or rhodamine phalloidin (A, B, C). x 1000. To achieve adequate fluorescence in Rat 1 cells required exposure times more than twice as long as that

required for B31 cells and therefore the intensity of fluorescence in the Rat 1 cells is exaggerated.

Drug-treated B31 cells demonstrate only a 2-fold change in
cellular PTYR, whereas quiescent BALB/c 3T3 cells have little
cellular PTYR but can be induced to high PTYR levels by brief
incubation in vanadate (24). (b) Herbimycin A reduces prolif
eration of B31 cells and makes it difficult to normalize PTYR
levels to equal cell numbers and total phosphorylation. The
relationship between PTYR radioactivity and Mab-PTYR flu
orescence was linear over the ranges studied (Fig. 3C).

Treatment of B31 cells with herbimycin A caused a reversion
from the transformed phenotype; treated cells grew more
slowly, were flatter, and had well-organized actin filaments.
This is surprising because the treated cells still expressed large

amounts of pp60v"ircprotein (58% of untreated cells) and be

cause the treated cells still contained grossly elevated levels of
phosphotyrosyl proteins (42% of untreated cells). Uehara et al.
(8) showed that most of the ppoO1"""7proteins in cells should be

inactive as a kinase, at least in vitro. Thus, the remaining cellular
PTYR could be due to residual protein-tyrosine phosphatase
activity. Studies from Varmus's laboratory have shown that
ppoO'"5" activity sufficient to cause only 10% of the tyrosine

phosphorylation found in v-src-transformed rat fibroblasts
(same parent line as B31 cells) still results in cellular transfor
mation (20). Therefore, the reversion of phenotype in B31 cells
treated with herbimycin A may be due to altered phosphoryla-
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Fig. 3. Comparison of the amount of cellular fluorescence produced by im-
munocytochemical staining and the amount of total cellular phosphotyrosine
measured by phosphoamino acid analysis. (A) The amount of protein-phospho-
tyrosine detected by phosphoamino acid analysis in vanadate-treated BALB/c
3T3 cells. (B) The mean intensity of fluorescence from binding of Mab-PTYR in
vanadate-treated BALB/c 3T3 cells. (C) Correlation between the mean fluores
cence intensity and cellular phosphotyrosine measured by phosphoamino acid
analysis.

Fig. 4. Comparison of the PTYR/total phosphoamino acid ratio to the amount
of cellular fluorescence produced by immunocytochemical staining.

tion of a particular cellular substrate that is key for maintaining
transformation. Alternatively, herbimycin A could be exerting
its effects by altering some event distal to PTK signaling.

Neither the reduction of pp60v'src by herbimycin A nor the

apparent decrease of its tyrosine kinase activity was cell cycle
specific, as shown by the constant Ga/d ratio (Table 1). It will
be interesting to determine if reduction of pp60"~srebelow a

threshold level (20) leads to the morphological changes or if
herbimycin A affects different cellular targets and leads to
morphological changes and a reduction of pp60"'srf. Our FCM

method supplements the classic descriptive evaluations of the
transformed phenotype with a quantitative measure of cellular
PTYR proteins and provides information about cell cycle-
dependent variations in the expression and tyrosine kinase
activity of oncogenes. This method could also be used to screen
for agents that alter the gross PTYR content of cells, such as
inhibitors and activators of PTKs or of protein-tyrosine phos-
phatases.
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