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0-Phospho-L-tyrosine Inhibits Cellular Growth by Activating Protein Tyrosine
Phosphatases1
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ABSTRACT

O-Phospho-i-t\ rosine (P-Tyr), a substrate for a wide range of protein

tyrosine phosphatases, inhibited growth of human renal and breast car
cinoma cells. Growth was blocked in the S phase of the cell cycle. A
decrease in the amount of cyclin proteins A and B was also observed. P-Tyr

incubation led to activation of cellular protein tyrosine phosphatases re
sulting in the inhibition of tyrosine phosphorylation of epidermal growth
factor receptor as well as of p34cdc2. P-Tyr synergistically sensitized the

renal carcinoma ACHN cells to killing by the chemotherapeutic agents
doxorubicin and etoposide. These growth inhibitory properties of P-Tyr in

vitro suggest its possible use as an anticancer agent.

INTRODUCTION

Protein tyrosine phosphorylation, a crucial step in cellular signal
transduction, is actively regulated by PTK3 and PTPases. The latter

enzymes have been found at both cell membrane and cytosolic sites
(2). In addition to modulating the PTK function (3, 4), the PTPases are
also believed to participate in cellular signaling pathways (3, 5, 6).
Although no known ligand for transmembrane PTPases has yet been
identified, evidence suggests that many ligands including cytokines
and growth factors elicit their response by modulating PTPase activ
ity. For example, the proliferative response to interleukin 4 in eryth-
roleukemic TF-1 cells was shown to be due to activation of a PTPase

that dephosphorylates a MT80,000 protein (7). PTPases IB, LAR, and
LRP have been implicated in the modulation of insulin receptor ty
rosine kinase activity in response to insulin action. Similarly, signal
transduction via ligand activation of T-cells (9, 10) and B-cells (11)

has been shown to be mediated, in part, by the PTPase activity of
CD45.

PTPases have been suggested to function as recessive oncogenes or
tumor suppressor genes which, when activated, may inhibit tumor
growth (12). The PTP--y gene, PTPRG, located at chromosome 3p21,

has recently been identified as a tumor suppressor gene (13-15) in

volved in the oncogenesis of lung cancer. The fact that complementary
DNA from lung tumor cell lines was found to code for varying lengths
of PTP--y mRNA suggested the possible tumor suppressor nature of
PTP--y at 3p21 (15). The interest in the cellular role of phosphatases

has resulted in cloning and molecular characterization of many PT
Pases (16-21).

Recent in vitro studies associated PTPase activation with inhibition
of cell growth. High levels of PTPase were found to be present in
Swiss 3T3 cells growth arrested by contact inhibition (22), thus cor
relating elevated PTPase activity with inhibition of cell growth. Sim
ilarly, in vitro studies showed that the growth inhibitory effect of
transforming growth factor ÃŸon human keratinocytes was mediated
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by activation of cellular PTPases (23). Liebow et al. (24) showed that
the somatostatin analogues RC-160 and RC-121, known to possess
antitumorigenic properties in vivo, inhibited the growth of Mia PaCa-2

pancreatic cancer cells via activation of cellular PTPases (24).
PTPases ( 1) are also involved in the regulation of the cell cycle.

cdc25, a tyrosine phosphatase, and a type 2A Ser/Thr protein phos
phatase were shown to control the activity of the cyclin p34cdt'2

complex needed for G2â€”>Mphase transition by regulating the state of
tyrosine phosphorylation of p34cdc2 (25). The inactivation of cdc25
was shown to result in a late G2 cell cycle arrest with p34cdc2 maxi

mally phosphorylated on Tyr-15 (26, 27). Thus the growth inhibitory

function of cellular PTPases could, in part, be due to its action on
crucial cell cycle proteins such as p34cdc2.

The aim of the current investigation was to examine whether incu
bation of cells in culture with P-Tyr could lead to increased PTPase

activity and to test whether the activation of cellular PTPases in turn
could inhibit cell growth. P-Tyr was shown to inhibit the growth of

human breast and renal carcinoma cells and to inhibit EGF receptor
tyrosine phosphorylation.

MATERIALS AND METHODS

Materials. All cell lines were purchased from the American Type Culture
Collection (Rockville, MD). The L-15 medium was purchased from Gibco

Laboratories (Gaithersburg, MD). Fetal bovine serum was from Intergen Co.
(Purchase, NY). The Western blotting reagents and horseradish peroxidase
coupled anti-mouse goat antibody were from Bio-Rad Life Science Products
(Richmond, CA). Anti-phosphotyrosine antibody (PY69) was from ICN (Costa
Mesa, CA). EGF was from Sigma Chemical Co. (St. Louis. MO). p43v'aW,

Raytideâ„¢, and antibodies to cyclins A, B, and p34cdc2 were purchased from

Oncogene Science (MineÃ³la, NY). The ECL kit was from Amersham Corp.
(Arlington Heights, IL). [7-'2P]ATP was supplied by Du Pont-New England

Nuclear (Cambridge, MA).
Cell Culture. The human renal carcinoma cell lines ACHN. Cakill, A704,

and A498 were grown in RPMI 1640, 10% fetal calf serum, 10 units/ml
penicillin, and 10 ug/ml streptomycin in 5% CO2 at 37Â°Cin a humidified

atmosphere. The culture medium for A498 and A704 cells was supplemented
with 1 ITIMsodium pyruvate. The human breast carcinoma cells MDA-MB 468
were grown in L-15 medium supplemented with 10% fetal calf serum, 10
units/ml penicillin, and 10 (ig/ml streptomycin at 37Â°Cwithout CO2. For the
cell growth inhibition assay, the cells were washed in Dulbecco's phosphate

buffered saline, trypsinized, and counted in a Coulter Counter in a final volume
of 10 ml.

Assay for Total Cellular PTPases. Replicate semiconfluent ACHN cells
were incubated with 5X concentration of P-Tyr, pH 7.4, where x represents

the concentration of tyrosine in culture medium (1.67 rriM) for 6 days. After
P-Tyr incubation, the cells were washed in Hanks' balanced salt solution and

scraped in 1 ml of buffer A |50 HIM3-(iV-morpholino)propanesulfonic acid (pH
6.0)-1 mg/ml bovine serum albumin- 0.5 ITIMdithiothreitol-0.002% phenyl-
methylsulfonyl fluoride-2 ug/ml leupeptin-0.1 % Triton X-IOO-0.01% l-[(3-
cholamidopropyl)dimethylamino)-l-propanesulfonate]. The cells were resus-
pended to remove clumps and the clarified supernatant was kept at -20Â°Cprior

to assaying for protein tyrosine phosphatase activity.
Cell lysates were tested for PTPase activities by monitoring their ability to

dephosphorylate tyrosine phosphorylated immunoprecipitated EGFR.
MDA-MB 468 cells were incubated with EGF (50 ng/ml for 20 min), and lysed
in immunoprecipitation buffer containing 100 UM o-vanadate (100 ml IX
phosphate buffered saline, 1% Triton X-IOO, 0.5 g sodium deoxycholate, O.I g

SDS, 0.002% phenylmethylsulfonyl fluoride, 2 jig/ml leupeptin, and 100 UM
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Fig. I. Effect of P-Tyr on growth of renal and breast carcinoma cells. In a, the human renal carcinoma cells ACHN, Cakill, A704. and A498 and the human breast carcinoma
MDA-MB 468 cells were treated with 0. 0.1 X, l.OX, and 10.0X P-Tyr (pH 7.4) for 6 days, where X denotes the concentration of Tyr in L-15 medium (-1.67 mM). Cell numbers
are mean Â±SD (hars} of three replicate readings. Similar results were obtained in three separate experiments. In b. ACHN cells were incubated in 0. 0.1 X, IX, and 3x P-Tyr, P-Ser.
P-Thr. or tyrosine and cell growth was assessed as described. Each point represents mean of triplicate cultures. Errors were <0.5%.

o-vanadate). Immunoprecipitation of the EGFR was performed using a mouse lated EGFR with an appropriate dilution of cell lysates. The reaction was
monoclonal antibody (528; Oncogene Science) and protein A-Sepharose. The

immunoprecipitale was washed in 10 changes of PTPase assay buffer [50 m.w
4-morpholinepropanesulfonic acid. pH 6.0-1 mg/ml bovine serum albumin-0.5
mM dithiothreitol-0.01% I-[(3-cholamidopropyl)dimethylamino]-l-propane-
sulfonatej to remove all traces of o-vanadate, resuspended in 100 ul of PTPase
assay buffer, and kept at 4Â°C.The measurement of PTPase activity in cell

lysates was performed by incubating an equal amount of tyrosine phosphory-

performed in PTPase assay buffer for IO min and was stopped by adding
Laemmli's buffer containing 100 UMo-vanadate. Western blotting was per

formed on the reaction mixture to determine residual tyrosine phosphorylated
EGFR as described below.

Measurement of EGFR Tyrosine Phosphorylation. To determine
whether induction of cellular PTPases with P-Tyr could modulate EOF induced
EGFR tyrosine phosphorylation. ACHN cells (IO4 cells/ml in 5 ml of medium)

558

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/3/557/2452758/cr0530030557.pdf by guest on 19 M

ay 2023



30000

Contro)
P-Tyr(O.IX)
P-Tyr (1.OX)
P-Tyr (3.0X)

P-Tyr INHIBITION OF CELL GROWTH

30000

4 20000

X

a

10000

Control
Tyr(O.IX)
Tyr(I.OX)
Tyr (3.0X)

Dayi

0 I 2 3 4

Days

K

ft

30000

20000

10000

Control
P-SÂ«r(0.1X)
P-Str(I.OX)
P-SÂ«r(3.0X)

30000

1

X

a

20000

T 10000
O

Control
P-Thr(O.IX)
P-Thrd.OX)
P-Thr (3.0X

Days

2 3
Days

Fig. I ft.

in 25-cm2 flasks were incubated with 5.0X P-Tyr forÃ² days. At the end of each

day. the control and P-Tyr incubated cells were treated with EOF (50 ng/ml for
20 min). Replicates of control and P-Tyr treated samples were preincubated
with o-vanadate (100 UMfor 4 h) prior to EGF incubation. At the end of the

EOF incubation, the culture medium was removed and the cells were washed
with sterile Hanks' balanced salt solution and subsequently were lysed with 1
ml of Laemmli's buffer. The samples were briefly sonicated and stored at

-20Â°C prior to determination of EGF induced EGFR tyrosine phosphorylation

by Western blotting.
The EGFR tyrosine phosphorylation was analyzed by Western blotting

using a monoclonal anti-phosphotyrosine antibody and horseradish peroxidase
anti-mouse IgG second antibody using an ECL kit. Ten ul of Laemmli's lysate

were resolved in a 7.5% SDS-polyacrylamide gel. The gels were washed
extensively to remove residual P-Tyr. Because SDS-polyacrylamide gel elec-

trophoresis separates proteins on the basis of molecular weight, no residual free
P-Tyr could be expected to comigrate with the M, 170,000 EGFR band. The

gels were blotted at 40 V for 8 h onto nitrocellulose filters. The filters were
washed extensively with phosphate buffered saline with 0.05% Tween 20
blocked in 5% milk in phosphate buffered saline with 0.05% Tween 20, and
incubated with anti-phosphotyrosine antibody and horse radish peroxidase
coupled anti-mouse IgG!. The blots were developed using an ECL Western
blotting kit per manufacturer's directions. Analysis of proteins was performed

by using a micro-BCA protein determination kit (Pierce Chemical Co., Rock-

ford, ID.
Analysis of Cell Cycle Proteins. ACHN cells (IO4 cells/ml in 5 ml of

medium) in 25-cm2 flasks were incubated with 0 and 5.Ox P-Tyr for 3 days.

At the end of each day of incubation, equal numbers of control and P-Tyr
incubated ACHN cells were lysed in Laemmli's buffer and analyzed for

p34cdc2 CyC|jn A. and cyclin B by Western blotting. The blots were washed 10

times in phosphate buffered saline with 0.29e Tween to remove sodium azide

that could inhibit the horseradish peroxidase reaction. The second antibody for
all blots was horseradish peroxidase anti-rabbit IgG. The luminographs were

developed using an ECL kit.
â€¢¿�fyrosinePhosphorylation of pM"1'2. ACHN cells (IO4 cells/ml in 5 ml of

medium) in 25-cm2 flasks were incubated with 0 and 5.0X P-Tyr for 3 days.

At the end of each day of incubation, equal numbers of control and P-Tyr

incubated ACHN cells were lysed in immunoprecipitation buffer containing
100 UMo-vanadate (IX phosphate buffered saline, \% Triton X-IOO, 0.5 g
sodium deoxycholate, 0.1 g SDS, and 100 UMo-vanadate in 100 ml of water).
The p34cdc2 was immunoprecipitated using anti-p34cdc2 antibody and protein
A-Sepharose beads per the manufacturer's direction. The immunoprecipitate
was resuspended in Laemmli's buffer and resolved in a 7.5% SDS-polyacry

lamide gel. The Western blotting conditions were identical to those performed
as detailed for EGFR tyrosine phosphorylation studies. Blots were probed with
both anti-P-Tyr and anti-p34cdt2 antibodies.

Analysis of Cell Cycle Parameters. The distribution of cellular DNA was
performed using PI fluorescence as described (28). ACHN cells were cultured
in the presence of 0, 1.Ox, and 5.0X P-Tyr for 3 days. After each day of P-Tyr

incubation, the cells were trypsinized and centrifuged at 150 x g for IO min.
and the pellet was resuspended in hypotonie propidium iodide solution (0.05
mg/ml in 0.1% sodium citrate), and the cells were stained overnight at 4Â°C.

Samples were excited at 488 nm and PI fluorescent emission (for 20.000
nuclei) was measured at the 575 band pass filter in a FACScan 80200
Becton-Dickinson flow cytometer. The data for the cell cycle analysis were

analyzed using a Multicycle Cell Cycle Program (Phoenix Co., San Diego,
CA).
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Fig. 2. Inhibition of tyrosine phosphorylation of EGFR with P-Tyr incubation and its
protection by o-vanadate. a, P-Tyr blot; Lane I, control ACHN lysate; Lane 2, control cells
pretreated with o-vanadate (IOO UMfor 4 h); Lane 3, cells treated with P-Tyr for 4 days;
Lane 4, P-Tyr treated cells treated with o-vanadate ( IOO^IMfor 4 h); Lane 5, control cells
incubated with EOF (50 ng/ml for 20 min); Lane 6, control cells pretreated with o-van
adate prior to EOF incubation; Lane 7, P-Tyr (5X for 4 days) treated cells treated with
EGF; Ltme 8, P-Tyr treated cells incubated with o-vanadate prior to EOF stimulation, b.
EGFR blot; Lane I. control ACHN lysate; Lane 2, lysate of cells treated with P-Tyr for
3 days; Lane -?, control cells incubated with EGF (50 ng/ml for 20 min); Lane 4. control
cells treated with EGF (50 ng/ml for 20 min) preincubated with o-vanadate; Lane 5, P-Tyr
treated (5x for 4 days) cells with EGF; Lane 6, P-Tyr treated (5X for 4 days) cells
incubated with o-vanadate ( IOOUM,4 h) prior to EGF stimulation; arrow at 170 kd, EGFR.

kd, molecular weight in thousands.

induced EGFR tyrosine phosphorylation was inhibited in P-Tyr pre
treated cells. Treatment with o-vanadate (100 JIMfor 4 h) prior to EGF

incubation increased the tyrosine phosphorylation of EGFR and other
protein substrates in control cells. EGF mediated tyrosine phosphor
ylation of EGFR was enhanced to an even greater extent in P-Tyr
pretreated cells when incubated with o-vanadate (100 UM,4 h) prior to

EGF incubation. The amount of EGFR proteins was unaffected by
P-Tyr treatment (Fig. 2b), Thus, the EGFR tyrosine phosphorylation
in response to EGF decreased in P-Tyr incubated cells and increased
in P-Tyr incubated cells that were preincubated with o-vanadate. A
possible explanation of the above results is that P-Tyr incubation led
to activation of cellular PTPases, which in turn rapidly dephosphory-
lated EGFR tyrosine phosphorylation. Preincubation with o-vanadate

inhibited these PTPases, restoring the ability of EGF to phosphorylate
its receptor. Similar results were obtained with MDA-MB-468 cells

(data not shown).
P-Tyr Activates Cellular PTPase Activity. We postulated that the

growth arrest of cells by P-Tyr was via P-Tyr mediated modulation of

Table 1 Effect of P-TYR on cell cycle parameters"

%G,%
S%

G2-MC35.464.60Day

11

X19.165.215.75x56.240.53.3C34.346.219.5Day

21

X29.844.226.05x25.374.70C55.931.812.3Day

31

X68.020.511.55x12.187.90

" ACHN cells were treated with P-Tyr at the concentrations indicated. The percentage

of cells in each phase of the cell cycle was determined as described on 20,000 nuclei. C,
control cells.

days 1 234

(a)

Fig. 3. Modulation of PTPase activity by P-Tyr. In a, ACHN cells were incubated for
1-6 days in the presence ( + ) or absence (-) of 5X P-Tyr. The ability of cell lysates to

dephosphorylate lyrosine phosphorylation of EGFR was assayed as described. Blots have
been immunostained with anti-P-Tyr antibody. Last lane, tyrosine phosphorylated EGFR
that was not incubated with ACHN cell lysates. In b, the blot was reprobed with anti-

EGFR antibody. kdt molecular weight in thousands.

RESULTS AND DISCUSSION

Inhibition of Cell Growth by P-Tyr. We determined the effect of
P-Tyr incubation on the growth of both the human renal carcinoma

cell lines ACHN, Cakill, A704, and A498 and on the human breast
carcinoma MDA-MB468 cell line. P-Tyr inhibited growth of all the

cell lines tested (Fig. la). The renal carcinoma ACHN cells were the
most sensitive to P-Tyr. Cell growth was inhibited in a dose dependent
manner in all cases. Neither P-Thr, P-Ser, nor tyrosine inhibited

growth of ACHN cells (Fig. \b).
Effect of P-Tyr on Modulation of Tyrosine Phosphorylation of

EGFR in Response to EGF. We investigated if the arrest of cell
growth by P-Tyr resulted in modulation of cellular tyrosine phos
phorylation. ACHN cells were incubated without and with 5 X P-Tyr

for 6 days, and the ability of epidermal growth factor (50 ng/ml for 20
min) to induce EGFR tyrosine phosphorylation at the end of each day
was determined. A representative Western blot analysis is shown for
day 4 of the experiment (Fig. la). Results were identical for all 6 days
tested (data not shown). As expected, EGF induced tyrosine phos
phorylation of both EGFR and other proteins in ACHN cells. EGF
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Fig. 4. Effect of P-Tyr on p34cdc2, cyclin A, and cyclin B levels in ACHN cells. Western
blots of total cell lysates were treated with anti-p34cdc2, cyclin A, and cyclin B antibodies.

Lanes 1, 3, and 5 are lysates of control cells at days 1, 2, and 3 of culture. Lanes 2, 4, and
6 are lysates of P-Tyr treated (5 X ) cells at 1, 2, and 3 days in culture, a, effect of P-Tyr
on expression of p34cdc2 protein. Arrow, immunoprecipitated p34cdc2 protein from control
and P-Tyr treated cells, b, effect of P-Tyr on cyclin A protein levels, c. Western blot using
cyclin B, antibodies, d, tyrosine phosphorylation of p34cdc2 with P-Tyr incubation. The
P-Tyr treated ACHN cells were subject to immunoprecipitation with anti-p34cdc2 antibody
and Western blotted with anti-phosphotyrosine antibody (PY69). Arrow, phosphotyrosine
levels of p34cdc2.
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Fig. 5. Effect of VP-16 and doxorubicin in combination with P-Tyr on ACHN cell growth, a. control (C) and VP-I6 ( VI, 500 |JM; V2, 50 JIM;V.Ã•.5 MM)incubated ACHN cells for
4 days inculture, b, control (C) and doxorubicin (1)1. 500 MM:A 50 UM;D3. 5 MM)incubated ACHN cells for 4 days inculture, t, control (C). P-Tyr (0.5x). VP-16(V2. 50 MM),and
P-Tyr + VP-16 treated ACHN cells, d. control (C). P-Tyr (0.5x), doxorubicin (D3, 5 MM),and doxorubicin + P-Tyr treated ACHN cells. Points, mean of four replicate readings, e,
isobologram of doxorubicin with P-Tyr./. Â¡sobologramof VP-16 with P-Tyr. Isobologram analyses (35) were performed around the 50% inhibitory concentration of P-Tyr (0.4X).
doxorubicin (8 MM),and VP-16 (25 M-M)-Points, mean of four readings. Errors were <1%.

cellular PTPases. Therefore, PTPase activity in control and P-Tyr

treated ACHN cells was determined by measuring dephosphorylation
of immunopurified tyrosine phosphorylated EGFR at days 1-6 as
described. Fig. 3 illustrates that EGFR was more rapidly dephospho-
rylated in the presence of lysates from P-Tyr treated cells than in that

of control cells. The increased PTPase activity was observed at all
time points tested. These findings suggest, but do not formally prove,

that PTPases were directly activated by the presence of high concen
trations of P-Tyr. Alternatively, P-Tyr may have inhibited the binding

of SH2 domain containing putative inhibitors of PTPases to tyrosine
phosphorylated EGFR. This failure may have led to the inability of
these proteins to inhibit endogenous PTPase activity. In addition,
P-Tyr induced changes in kinase activity have not been directly as
sessed. However, the data in Fig. 3 do suggest that lysates of P-Tyr
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treated cells have an enhanced ability to dephosphorylate tyrosine
phosphorylated EGFR.

Further evidence for a P-Tyr mediated increase in PTPase activity
was shown in MDA-MB 468 cells. The increase in cellular PTPase

activity, as measured by a standard radioactive assay, occurred in these
cells within 10 min of P-Tyr incubation, was dependent on time and
concentration of P-Tyr incubation, and was inhibitable by o-vanadate.
P-Tyr incubation resulted in modulation of EGFR associated PTPase
activity as well as EGFR kinase activity.4

P-Tyr Inhibits Growth of ACHN Cells in S Phase. We further
investigated whether the P-Tyr induced cellular growth inhibition was
cell cycle specific. ACHN cells were incubated with 1 or 5X P-Tyr

and DNA analysis was performed using PI fluorescence for 3 days as
described in "Materials and Methods." The cell cycle distribution was

unaffected in cells treated with I X P-Tyr. In the cells treated with 5X
P-Tyr, the percentage of cells in S phase progressively increased from

40.5 to 87.9% (Table 1). Similar results were obtained in three sep
arate experiments. We conclude that P-Tyr incubation resulted in a cell

cycle dependent inhibition of cell growth in the S phase.
Effect of P-Tyr Incubation on Expression and Phosphorylation

of Cell Cycle Associated Proteins. Because growth inhibition of
ACHN cells by P-Tyr was associated with inhibition of cell growth in

S phase, we investigated the role of the cell cycle specific proteins
cyclins A and B and p34cdc2. ACHN cells were incubated for 3 days

with 5X P-Tyr and lysates examined by Western analysis (Fig. 4). The
level of p34cd<:2protein was not changed after 3 days of P-Tyr incu

bation (Fig. 4a). There were significant decreases in the level of type
A cyclins in P-Tyr incubated cells after 3 days in culture (Fig. 4i>).
Similarly, the level of B cyclins were considerably lower in P-Tyr

treated cells (Fig. 4c).
Tyrosine phosphorylation of p34cdc2 plays an important role in

regulation of the cell cycle (25), since p34cdc2 specific tyrosine phos-

phatase, cdc25, regulates the transit of cells to the M phase. We
determined the tyrosine phosphorylation profile of p34cdc2 immuno-
precipitated with anti-p34cdc2 antibody from the lysates of ACHN

cells exposed to 5.0X P-Tyr for up to 3 days. Control ACHN cells
showed considerable tyrosine phosphorylation of p34cdc2 for 1, 2, and
3 days of culture (Fig. 5d). Tyrosine phosphorylation of p34cdc2

decreased gradually for ACHN cells incubated with P-Tyr (5.0X) with

the greatest differences being observed after 3 days of treatment (Fig.
4d). The above results suggest that the incubation of ACHN cells with
P-Tyr resulted in a progressive dephosphorylation of p34cdc2 at ty
rosine residues. Also, because p34cdc2 is specifically dephosphory-

lated at tyrosine residues by cdc25 (25), it is possible that incubation
of P-Tyr resulted in increases in the PTPase activity of cdc25.

Thus the inhibition of transition of ACHN cells to the G2M phase
could have been due to several factors. The decreased tyrosine phos
phorylation of p34cdc2 and synthesis of cyclin B could have resulted
in a decreased accumulation of p34cdc2 + cyclin B complex. Further
more, because cyclin A has recently been implicated in p34cdc2 kinase

activation (29), a decreased synthesis of cyclin A would further inhibit
the formation of mitotic promotion factor. The decreased formation of
mitotic promotion factor could have resulted in failure to progress
beyond the S phase. The P-Tyr mediated inhibition of cell growth
resembles a late S-G2 block as noted for chemotherapeutic drugs like
Adriamycin (30), vincristine (30), cisplatin (31), and VP-16 (32). The
role of cell cycle proteins like the mitotic cyclins and p34cdc2 in

mediating such S-G2 block has been investigated by several groups.

For example, Muschel et al. (33) showed that HeLa cells exhibited a
G2 delay after being exposed to ionizing radiation. This block was
accompanied by decreased cyclin B protein levels. Similarly a G2

4 Submitted for publication.

block accompanied by decreased cdc2 kinase activity was observed by
Lock and Ross (34) in Chinese hamster ovary cells treated with
etoposide. In our system, P-Tyr inhibited growth in the S phase.
Furthermore, a constitutive dephosphorylation of p34cdc2 at tyrosine

residue, via activation of cellular PTPases by P-Tyr, could have hin
dered the formation of the active kinase complex in the S phase. P-Tyr

could also have mediated cell growth inhibition by decreased accu
mulation of cyclin A, thereby inhibiting transition to G2-M phase. The
delineation of a cause and effect relationship between P-Tyr mediated
cell growth inhibition and inhibition of transit into G2-M requires

further investigation.
P-Tyr Sensitizes ACHN Cells to Killing by Chemotherapeutic

Agents Doxorubicin and Etoposide. We determined the possible
interaction of P-Tyr with doxorubicin and etoposide (VP-16) in in
hibiting growth of ACHN cells. The dose-response curves for VP-16

and doxorubicin for ACHN cells are shown in Fig. 5. The 50%
inhibitory concentration for doxorubicin and etoposide for killing of
ACHN cells was determined to be 8 UMand 25 UM,respectively. The
50% inhibitory concentration for P-Tyr at the same times was deter

mined to be 0.4X. The growth curve showing the combined effect of
P-Tyr (0.5X) and VP-16 (50 UM)is shown in Fig. 5c. The combination

regimen resulted in complete inhibition of growth of ACHN cells.
Similar results were obtained for doxorubicin (5 UM)in combination
with P-Tyr (Fig. 5d). To determine the nature of P-Tyr interaction with

these chemotherapeutic drugs, isobologram curves for the combina
tion P-Tyr + doxorubicin and P-Tyr + VP-16 were plotted. P-Tyr

acted synergistically with doxorubicin (Fig. 5e) and additively with
VP-16 (Fig. 5/) in mediating the killing of ACHN renal carcinoma

cells.
We conclude that P-Tyr decreased the growth of renal and breast

carcinoma cells. P-Tyr mediated arrest of ACHN cells in S phase was

associated with a concurrent decreased accumulation of the cyclin
proteins A and B. The antiproliferative action of P-Tyr was accom

panied by an increase in PTPase activity of these cells. The increase
in cellular PTPase activity resulted in the inability of EOF (restorable
by incubation with o-vanadate) to phosphorylate its receptor as well as
the dephosphorylation of the p34cdc2 at tyrosine residues. The asso

ciation of enhanced PTPase activity with the growth arrest of renal
and breast carcinoma cells further highlights the potential tumor sup
pressor function of cellular PTPases. P-Tyr sensitized the ACHN cells
to the cytostatic effect of doxorubicin and VP-16. The biological
effects of the tyrosine analogue P-Tyr highlights its potential role as an

anticancer agent.
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