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Abstract

Previous studies have shown that suramin is capable of disrupt-
ing autocrine growth involving coexpression of platelet-derived
growth factor and its receptors in a fibroblast model for mesen-
chymal oncogenesis. Suramin is currently in use as an experi-
mental drug for the treatment of patients with epithelial cell
tumors. In the present study, we have investigated the efficacy
of suramin in a carcinoma model system. Our findings demon-
strate that suramin enhances cell surface signaling in A431
cells by activating an autocrine loop involving the receptor for
epidermal growth factor (EGFR). The mechanism of suramin
action was shown to be indirect, not affecting the ability of
ligand to bind and activate the EGFR. Instead, suramin induced
the release of membrane-bound transforming growth factor a,
thereby increasing its potential to activate cell surface EGFRs.
Since suramin potently blocks tyrosine phosphorylation in-
duced by platelet-derived growth factor but can activate the
growth pathway regulated by the EGFR, biological responses
of tumor cells to suramin treatment may differ dramatically. (J.
Clin. Invest. 1992.89:1242-1247.) Key words: epithelial malig-
nancy * suramin * autocrine growth * tyrosine phosphorylation.
transforming growth factor-a

Introduction

Suramin is a polyanionic molecule that has been used for over
60 yr in the treatment of both human and bovine trypanoso-
miasis (1). More recently the drug has been used experimen-
tally in the treatment of cancer patients (2, 3). Although sura-
min has significant antitumor activity (24), its mechanism of
action is not known. Recent in vitro studies have shown that
suramin interacts with the class of growth factors that bind to
heparin (5) and that suramin inhibits growth induced by this
class of factors (5-8). Furthermore, exposure of v-sis/platelet-
derived growth factor (PDGF)'-transformed cells to suramin
causes their reversion to a contact-inhibited state by a mecha-
nism that involves direct inhibition of PDGFbinding to its
receptor (5-8). Such findings have suggested that the antitumor
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activity of suramin may involve a block of growth factor-me-
diated cell proliferation.

Epithelial cells express receptors for epidermal growth fac-
tor (EGFR). Known ligands for EGFRinclude epidermal
growth factor and transforming growth factor a (TGFa) (9),
neither of which are members of the heparin binding class of

-factors. Furthermore, many epithelial cell tumors coexpress
the EGFRand its TGFa ligand (10, 1 1). These findings raise
the possibility that autocrine stimulation may be an important
component of epithelial cell carcinogenesis. In the present
study, we have examined the biochemical and biological effects
of suramin in two cell models for squamous cell carcinoma.

Methods
Cells. The epidermoid squamous cell carcinoma lines A431 (12) and
KB (13) were grown in DMEsupplemented with I10% bovine serum or
10% fetal bovine serum, respectively. A serum-free medium consisting
of DME, 10 nM sodium selenite, and 10 ,g/ml transferrin was also
used (8).

Antibodies and immunodetection assays. Antiphosphotyrosine
mouse monoclonal antibody PY20 was purchased from ICN Biomedi-
cals, Inc. (Costa Mesa, CA), anti-human EGFRrabbit polyclonal anti-
body Ab-4 was purchased from Oncogene Science, Inc. (Manhasset,
NY), and affinity purified rabbit anti-mouse IgG was purchased from
Organon Teknika (West Chester, PA). For immunoblotting assays,
cells were washed with cold phosphate buffered saline and disrupted at
4°C in a buffer containing 50 mMTris-HCl, pH 7.6, 100 mMNaCl, 2
mMEDTA, 1%Nonidet P-40, I mMvanadate, 1 mMphenylmethyl-
sulfonylfluoride, 20 .g/ml aprotinin, and 20 .g/ml leupeptin. Lysates
were clarified by centrifugation at 15,000 g and their protein concen-
trations were determined by the method of Bradford (14) using com-
mercially prepared reagents (Bio-Rad Laboratories, Richmond, CA).
Protein extracts were fractionated by SDS-PAGEon a slab of 8%sepa-
rating and 5%stacking gels. Proteins were transferred to nitrocellulose
filters and incubated overnight in a buffer containing 20 mMTris-HCl,
pH 7.6, 150 mMNaCl, 0.05% Tween 20, and 4%bovine serum albu-
min (protease free). Treated filters were incubated with antibody and
washed as described (15). Rabbit polyclonal anti-human EGFRanti-
body was visualized using '25I-labeled protein A. Whenantiphospho-
tyrosine mouse monoclonal antibody was employed, rabbit anti-
mouse IgG was used to enhance binding of "2'I-labeled protein A.

Detection and quantitation of TGFa. A43 1 cells were grown to con-
fluence in 10-cm dishes and the medium was replaced with DMEsup-
plemented with 10 nMsodium selenite and 10 gg/ml transferrin, but
not serum (8). After 16 h, suramin (kindly provided by the Cancer
Treatment Evaluation Program, National Cancer Institute) was added
for varying periods of time. Medium thus conditioned was collected,
clarified by centrifugation, dialyzed against 100 vol of 0.1 Macetic
acid, and lyophilyzed. Proteins were reconstituted in 0.15 MNaCl/0. 1
Macetic acid and the pHwas adjusted to 7.2 with 1 MTris. All samples
were assayed using a human TGFa radioimmunoassay kit (Biomed.
Technol., Inc., Stoughton, MA). Epidermal growth factor was pur-
chased from Gibco Laboratories (Grand Island, NY).

Mitogenic assay. Cells were grown to confluence in 24-well plates,
washed twice with DME, and cultured for 24 h in serum-free DMEas
described (8). Cells were labeled with [3H]thymidine (1 ACi/ml) for the
last 6 h of incubation, washed twice with ice-cold phosphate-buffered
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saline, and washed twice with ice-cold 6%(wt/vol) trichloroacetic acid.
DNAwas solubilized in 0.25 MNaOH, and its radioactivity was mea-
sured by liquid-scintillation counting.

Results

Effect of suramin on tyrosine phosphorylation. In fibroblast
models, suramin has been shown to inhibit tyrosine phosphor-
ylation of certain growth factor receptors by interfering with
growth factor receptor binding. Thus, we chose to examine the
effect of suramin on tyrosine phosphorylation in carcinoma
cells before and after treatment. A431 cells, maintained in
serum-free medium, were treated for up to 3 d with concentra-
tions of the drug approximating those used in cancer patients.
Protein extracts were examined by immunoblotting for
changes in cellular tyrosine phosphorylation. As shown in Fig.
1 A, a prominent band of 170 kD was detected in lysates of
A43 1 cells whether treated or not. This band has been shown to
represent a tyrosine phosphorylated form of the EGFR. Anum-
ber of lower molecular weight bands ranging in size from 75 to
170 kD were readily detected in suramin-treated but not un-
treated cells. Maximum intensity of the lower molecular weight
proteins was observed at 72 h of treatment, and by 96 h their
intensities were diminished. These findings suggested an en-
hancement of substrate tyrosine phosphorylation by suramin
treatment.

A43 1 cells are known to express abundant EGFRs. Thus,
we examined possible activation of the EGFRin suramin-
treated cells by immunoblotting with antibody against EGFR.
As shown in Fig. 1 B, at 72 and 96 h the abundance of EGFR
detected in suramin-treated cells was dramatically reduced
compared with that detected in untreated cells. Moreover, we
observed a shift in the mobility of EGFRin lysates of cells
treated for 72 or 96 h. Such shifts are characterized of activated
EGFRs. These findings demonstrated a suramin-induced
down regulation of the EGFRand directly implicated the
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EGFRin the increased tyrosine phosphorylation of lower mo-
lecular weight proteins observed in suramin-treated cells.

The effect of suramin on the EGFRis indirect. To investi-
gate the possibilities that suramin was acting as a ligand for
EGFRor might be promoting its activation by an indirect
mechanism, A43 1 cells were treated with suramin, epidermal
growth factor (EGF), or a combination of both for periods of
time ranging from 5 to 60 min. Cell lysates were examined by
immunoblotting using antiphosphotyrosine antibody. As
shown in Fig. 2, the antibody recognized the EGFRas a 170-
kD protein in untreated cells. The effect of EGFwas character-
ized by increased tyrosine phosphorylation of the EGFRitself
as well as lower molecular weight species. Suramin alone had
little effect on the EGFRor its response to EGFover the 60-
min time course of the experiment. Thus, suramin does not
have EGF-like activity, and the drug does not appreciably in-
terfere with the ability of EGFto bind and activate its receptor.
Weconclude that the relationship between suramin and the
EGFRmust be indirect.

Suramin increases the availability of ligandfor the EGFR.
TGFa, like EGF, is an activating ligand for the EGFR(9, 16-
18) and expression of its mRNAhas been detected in A431
cells (10, 11). The TGFatranslational product is a membrane-
spanning precursor molecule with a cytoplasmic component
and an extracellular domain containing mature TGFa as well
as flanking regions at both termini (9). Thus, proteolytic activ-
ity is required to liberate the mature form of TGFa from the
cell surface. Previous studies of PDGFB chain have shown that
this molecule is tightly associated with the extracellular surface
of fibroblasts (19) and that suramin interrupts this association,
inducing the accumulation of PDGFmolecules in the extracel-
lular fluid (20). The mechanism of suramin action involves
proteolytic removal of a PDGFB domain that anchors the
molecule to the cell surface (20).

We reasoned that the delayed effect of suramin on the
EGFRwas consistent with a mechanism whereby the drug facil-

Figure 1. Tyrosine phos-
phorylation of cellular
proteins after treatment
with suramin. A431 cells

2 hours 96 hours B 48 hours 72 hours 96 hours were grown to confluence,
- .r- . r - i or - r---, -- .and culture fluids were

replaced with serum-free
medium. After 16 h, cells
were incubated, for the

i _* * ** 5^^ _iF * time increments shown,
* ok w- . hi -.sin the absence of suramin
* _ r w : Oror in the presence of 100
* : or 300 IAM suramin. Cells

4 ,is were lysed, and extracts,
normalized by protein
concentration, were frac-
tionated by SDS-PAGE.
Proteins were transferred
to nitrocellulose filters,
incubated with antiphos-
photyrosine PY20 (A) or
anti-EGFR antibodies
(B), and subsequently
treated with '251I-labeled

_+ + t + + protein A. Proteins were
_L+-_+__+ +-- _ + visualized by autoradiog-
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Figure 2. Acute treatment
ofA431 cells with EGF
and suramin, alone or in
combination. A43 1 cells
were grown to confluence,
and culture fluids were

J replaced with serum-free
medium. After 16 h, cul-
ture medium was supple-
mented with EGFor sur-
amin as indicated. After

,....... treatment, cells were
lysed, and protein extracts
were examined by immu-
noblotting using anti-
phosphotyrosine anti-

- + - + body, PY20. Bands were
visualized by autoradiog-

- - + + raphy.

itated excision of TGFa from its precursor and thereby in-
creased its availability for activating EGFRs. To test this hy-
pothesis, we assayed for TGFa in medium conditioned by
A431 cells treated with suramin for varying lengths of time. As
shown in Fig. 3, no TGFa was detectably released from un-
treated A43 1 cells cultured for up to 3 d. In contrast, by 72 h, 3
ng TGFa was detected in medium conditioned by A43 1 cells
treated with 100 ,uM suramin. Moreover, by 3 d, a time at
which suramin-mediated down regulation of the EGFreceptor
was observed (Fig. 1 B), > 12 ng TGFa was detected in me-
dium of cells treated with suramin at the higher dose. These
concentrations (1-2 ng/ml) approximate the half-maximal ef-
fective dose for TGFa-induced mitogenesis in typical epithelial
cells (21). Weconclude that suramin mediates the accumula-
tion of TGFa in culture fluids of A43 1 cells.

Inhibition ofA431 growth by suramin treatment. Previous
work has documented the growth inhibitory effect of EGFon
A43 1 cells (22). To determine whether suramin-mediated ac-
cumulation of TGFa had a similar biological effect on A43 1
cells, suramin-treated cultures were examined for their ability
to incorporate [3H]thymidine into high molecular weight
DNA. As shown in Fig. 4, DNAsynthesis decreased as a func-
tion of suramin concentration at 24, 48, and 72 h of exposure
to the drug. However, treated cells continued to incorporate
[3H]thymidine even after 72 h of exposure. Parallel cultures
were examined microscopically. As shown in Fig. 5, suramin
treatment had a dramatic effect on the morphological appear-
ance of A43 1 cells. This morphologic effect was reversed when
cultures treated with the drug for 72 h were subsequently incu-
bated in the absence of suramin (data not shown). Thus, sura-
min reduced the growth rate of A431 cells and altered their
morphological appearance as well.

Suramin enhances growth of carcinoma cells expressing
TGFa and normal levels of EGFR. In contrast to its effect on
A431 cells, EGF acts as a proliferative stimulus for normal
epithelial cells. Thus, we sought to test the effect of suramin on

carcinoma cells coexpressing TGFa and normal levels of
EGFRs. KB was identified as a carcinoma cell line that ex-
pressed TGFa (10) but did not overexpress EGFRas deter-
mined by immunoblotting (data not shown). WhenKB cells
were treated with suramin, enhanced tyrosine phosphorylation
of a 170-kD protein, as well as several lower molecular weight
species, were observed (Fig. 6). The tyrosine phosphorylation
response was both time and concentration dependent. Thus,
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Figure 3. Detection of TGFa in medium conditioned by A43 1 cells
treated with suramin. A431 cells (- *) were treated with 100
(A- A) or 300 (o-o) ,M suramin for the time increments shown.
Medium conditioned by treated cells was clarified by centrifugation,
dialyzed against 100 vol of 0.1 Macetic acid, and lyophilyzed. Pro-
teins were reconstituted in 0.15 MNaCI/0. 1 Macetic acid and the
pH was adjusted to 7.2 with 1 MTris. All samples were assayed using
a human TGFa radioimmunoassay kit (Biomed. Technol., Inc.,
Stoughton, MA). Recoveries of TGFawere between 50 and 60%. The
experiment shown is representative of three independent trials. Values
obtained for duplicate samples varied by < 10%.
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Figure 4. DNAsynthesis in A43 1 cells treated with suramin. A43 1
cells were grown in 24-well plates, washed twice with DME, and cul-
tured in the presence of suramin at the concentrations indicated for
48 (o-o), 72 (n-o), or 96 (A a) h. Uptake of ['Hjthymidine
was measured as described in the methods.

68-

Suramin 1 00 ,iM +

Suramin 300 pM

0O..*

I L+1I +l

Xe

IM

set >

"Oki
^ X

Figure S. Morphologic appearance of A43 1 cells. (A) Untreated A43 1
cells or (B) cultures treated for 24 h with 300 MMsuramin were pho-
tographed at a magnification of x 100.

Figure 6. Tyrosine phosphorylation of KB cell proteins after treat-
ment with suramin. KB cells were grown to confluence, and culture
fluids were replaced with serum-free medium. After 16 h, cells were
incubated for the time increments shown in the presence or absence
of suramin as indicated. Cells were lysed, and extracts, normalized
by protein concentration, were fractionated by SDS-PAGE. Proteins
were transferred to nitrocellulose filters, incubated with anti phos-
photyrosine antibody, PY20, and subsequently treated with '251-la-
beled protein A. Proteins were visualized by autoradiography.

suramin induces enhanced tyrosine phosphorylation in set-
tings where TGFa is coexpressed with normal levels of EGFR.

To investigate the biological response of KB cells to sura-

min treatment, subconfluent cultures were maintained for up

to 48 h in serum-free conditions with or without suramin. As
shown in Fig. 7, KB cells did not grow well in the absence of
serum. By 48 h, their appearance had become rounded and
some cells had detached from the culture dish (Fig. 7 C). In
contrast, when supplemented with suramin alone, cells were
confluent at 24 h (Fig. 7 B) and by 48 h had continued to grow,

piling up in several areas (Fig. 7 D). From these findings, we

conclude that suramin is able to sustain the growth of KBcarci-
noma cells cultured under serum-free conditions.

Discussion

The idea of developing new anticancer agents that might inter-
fere with autocrine growth stimulation was given impetus
when growth factors such as PDGF, EGF, and colony-stimulat-
ing factor-l (CSF-1), in cooperation with their receptors, were

recognized as having oncogenic potential. Because the critical
interaction of ligand and receptor appears to occur on the cell
surface, reagents such as antibodies against ligand binding do-
mains or ligands themselves have been evaluated in model sys-
tems with some success in slowing the growth rates of cells
having autocrine loops (7, 8). Another approach has focused on

the idea of engineering mutated ligands that might act as com-

petitive antagonists. A third approach has involved the use of
drugs, such as suramin, to interfere with ligand-induced recep-
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Figure 7. Suramin enhances growth of KB cells in serum-free conditions. KB cells were grown in complete medium to 80% confluence, and
culture fluids were replaced with serum-free medium for 24 (A and B) or 48 (C and D) h. Suramin was added at time 0 (B and D) to a final
concentration of 300 ,M. X50.

tor activation. The efficacy of suramin in the disruption of
autocrine loops involving PDGFand its receptors has provided
an additional rationale for clinical testing of suramin as an
antitumor agent (2, 3).

In fibroblasts expressing PDGFs, suramin inhibits PDGF
binding to its receptor and thereby inhibits PDGF-induced ty-
rosine phosphorylation of the receptor and its substrates (5, 6,
8). In the present study, we have shown that suramin can elicit
a dramatically different biochemical response, namely in-
creased tyrosine phosphorylation, in carcinoma cells express-
ing EGFRand surface bound TGFa ligand. Wepropose that
the mechanisms underlying increased signaling through the
EGFRinvolve release of TGFafrom the surface and the inabil-
ity of the drug to appreciably interfere with the binding of
TGFa to the EGFR.

The A43 1 cell line is well characterized and unique among
carcinoma cells. EGFRexpression is roughly 30-fold higher in
A43 1 cells relative to other epithelial cells whether nontrans-
formed or tumor derived. Unlike typical epithelial cells, which
are stimulated to grow by EGFor TGFa, A43 1 cells are growth
inhibited (22). Thus, our observation that suramin inhibits
growth of A43 1 cells is consistent with the known biological
response of this cell to EGFRactivation. Similarly, the effect of
suramin on KBcells also reflects the known biological response
of these cells to EGF. EGFRexpression is typically unaltered
during the development of epithelial cell malignancies and
coexpression of EGFRand its TGFa ligand is not uncommon

in carcinomas (10, 1 1). Thus, with respect to EGFRexpres-
sion, the KB line is more representative of carcinoma cells than
A43 1. The tyrosine phosphorylation response of both A43 1
and KB cell lines was similar, although its extent was more
muted in KB cells, an observation that likely reflects the num-
ber of EGFRsexpressed on the surface of each. Levels of EGFR
expression may also account for the dramatically different bio-
logical responses of A43 1 and KB cells to suramin treatment.
In any case, our current findings demonstrate that under cer-
tain conditions, suramin can act as a growth-promoting agent
for malignant epithelial cells.

Other studies have shown that the TGFaprecursor is capa-
ble of stimulating EGFRs located on the surface of adjacent
cells (23, 24). Physically limited by the area of cell-to-cell con-
tact, only a portion of a cell's EGFRscould be activated by a
form of TGFa bound to the membrane of another cell. In
contrast, a soluble TGFawould have greater freedom to act as
an autocrine or paracrine factor. The present study shows that
suramin induces an increase in soluble TGFa, dramatically
enhances EGFRautophosphorylation and tyrosine phosphor-
ylation of lower molecular weight proteins, and at the same
time profoundly affects the biology of exposed cells. Although
it is tempting to speculate that TGFa alone might account for
these effects, further study will be required to assess the role of
TGFa in the cellular response to suramin. Factors such as am-
phiregulin, which is also anchored to the cell surface by a trans-
membrane domain (25), or other EGF-related factors may also
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play a role in activating the EGFRand mediating the biological
effects observed. Weare currently testing the hypothesis that
TGFa alone can account for the biochemical and biological
effects of suramin.

Our findings also have implications with regard to the clini-
cal use of suramin as an antitumor agent. For the unusual
tumor that expresses both TGFa and abundant EGFR, sura-
min may be growth inhibitory. However, suramin is likely to
stimulate growth of the more common epithelial cell malig-
nancies that express both TGFa and a normal complement of
EGFR. TGFa also possesses angiogenic activity (21), which
mayenhance vascularization of tumors expressing the factor or
of tumors that might be affected by liberation of TGFa from
natural sources. Thus, information regarding expression of
TGFa and perhaps the EGFRmight be useful in choosing
chemotherapeutic approaches for the treatment of epithelial
malignancies.
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