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ABSTRACT

Suramin, a drug shown to inhibit the growth of some tumor cell types
in vivo and in vitro, was found to strongly inhibit the proliferation of the
human hepatoma cell line, HepG2, grown in either serum-supplemented
medium or a serum-free, hormonally defined medium tailored for
hepatoma cells. In parallel, suramin induced the expression of the 6.0-
kilobasc transcript of insulin-like growth factor II (IGF II) but had no

significant effect on transforming growth factor ÃŸ,mRNA levels in these
cells. The induction in the abundance of IGF II mRNA was posttranscrip-
tionally regulated. The growth-inhibitory effect of suramin was not me

diated through IGF II, since addition of IGF II directly to the medium
mildly stimulated the growth of HepG2 cells in a dose-responsive manner.

Treatment of cells with suramin for 24 h resulted also in increased
albumin mKNA levels in both HepG2 cells and normal rat hepatocytes.
Suramin's effect on albumin occurred only in cells in medium supple

mented with serum and in freshly plated cells, i.e., cells that had not been
in culture long enough to form their own extracellular matrix substratum.
We hypothesize that, as for heparin, suramin can bind serum factor(s),
adversely affecting the stability of albumin mRNA.

Addition of either IGF I or IGF II directly to cells resulted in an
increase in albumin mRNA in HepG2 cells after 4 days in culture, impli
cating a role for these factors in differentiation. Vet they showed no effect
unless the cells were grown for 2 days in serum-supplemented medium and

then switched to a hormonally defined medium. Thus, both mitogenic and
differentiation effects of IGFs were observed, and the qualitative re
sponses of the cells to K.I s were dictated by other variables.

Neither suramin nor Idi II had an effect on total sulfation levels in cells
or medium conditioned by HepG2 cells and rat hepatocytes, suggesting
that they have few, if any, effects on glycosaminoglycan synthesis or the
extent of sulfation. Therefore, at present, suramin's potent biological ef

fects on the growth and differentiation of HepG2 cells and rat hepatocytes
are clearly complex and mediated through as yet unclear mechanisms.

INTRODUCTION

Suramin. a polysulfonuted naphthylurea broadly used in the treat
ment of trypanosomiasis and oncoceriasis since 1920, is currently
being investigated as an antitumor agent for the treatment of advanced
cancer, especially prostate cancer ( 1). The drug exerts a wide variety
of biological effects ( 1). Although its mechanism of action is not fully
understood, current investigations by Stein et al. (2) have found that
its chemical structure and pharmacology have many parallels with
heparins. It is a symmetric molecule composed of two naphthalene
rings and two aromatic rings linked by carbonyl amides with peptide
bonds and replete with O-linked sulfates. There are multiple points in
suramin's structure permitting extensive rotation and therefore allow

ing various conformations potentially conducive to binding to specific
proteins. Suramin has been shown to block the binding of numerous
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growth factors to their receptors, including platelet-derived growth
factor, epidermal growth factor, TGF-ÃŸ,1interleukin 2, and IGF I

(3-7). Suramin is able to block the internal autocrine transformation
and "normalize" the phenotype of .m-transformed cells, as well as that

of basic fibroblast growth factor-transformed cells, by an as yet un

known mechanism (8, 9). Suramin inhibits the activity of a wide
variety of enzymes, including DNA polymerase, reverse transcriptase
(10, II), and enzymes responsible for the degradation of glycosami-

noglycans (12). This last effect is responsible for the bleeding disor
ders in suramin-treated patients, in whom there are high circulating

levels of dermatan and heparan sulfates (2). Suramin inhibits the
growth of many tumor cell lines in vitro ( 1, 13) and is a differentiation
signal for many cells (14, 15).

Insulin-like Growth Factors and Differentiation. IGF I and IGF
II are of great importance for proliferation of a variety of cell types
(16). IGF II is most likely involved in fetal development (16) and in
tumorigenesis (17). Elevated levels have been found in various tu
mors, some of them of fetal origin (17-20). Human hepatocarcinomas

express the fetal transcripts of IGF II. and many tumors that express
IGF II also express early markers such as a-fetoprotein (20-22).

Metastatic potential in a panel of human hepatoma cell lines was
found to be inversely correlated with expression and matrix regulat-
ability of IGF II and TGF-ÃŸ(23). These findings complement many

others that support the hypothesis that hepatomas are transformants of
early progenitor cells in the liver (24).

Despite the apparent importance of IGFs as regulators of growth
and differentiation, little is known about the capacity of distinct
chemotherapeutic drugs to interact with IGF II pathways. The heparin-

like pharmacology of suramin held our attention, as did its docu
mented ability to interfere with growth factors or their receptors. We
questioned whether suramin. like heparins, could directly regulate the
synthesis or abundance of mRNAs encoding growth factors, such as
IGF II and TGF-ÃŸ,and whether its known influence on the growth and

differentiation of cells is mediated via these factors.

MATERIALS AND METHODS

Animals

Rat hepatocytes from Sprague Dawley rats (200-250 g) (purchased from

Taconic Farms (Germantown. NY) were prepared by the standard liver perfu
sion procedures of Berry and Friend (25), using the buffer and perfusion
mixture of Leffert et al. (26).

Cells

Early passage HepG2 cells, derived from a well-differentiated, nonmeta-

static. human hepatocellular carcinoma (27), were obtained from Barbara
Knowles (Wistar Institute. Philadelphia. PA).

Culture Conditions

Substrata. Cells were plated directly onto 100- or 150-mm tissue culture

plastic dishes (Falcon).

'The abbreviations used are: TGF-ÃŸ.transforming growth factor ÃŸ;IGF I and II.
insulin-like growth factor I and II: GAG. glycosoaminoglycan; SSM. serum-supplemented

media: HDM. hormonally defined media: cDNA. complementary DNA.
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Media. The hepatomas and hepatocytes were cultured in RPMI 1640 (Gib-

co. Grand Island, NY) and supplemented with penicillin (I(X) ug/ml) and
streptomycin (100 ug/ml). This medium was further supplemented with l()7r
fetal bovine serum (Gibco) to produce SSM or with a defined mixture of trace
elements, hormones, and growth factors to produce a serum-free HDM. The

HDM used for the hepatomas was designed for the growth of hepatoma cells
on tissue culture plastic and has been described in detail elsewhere (28). The
HDM for hepatocytes has been previously described (29).

Experimental Conditions

HepG2 cells were plated at a density of 6 X lO'VlSO-crrr dish in SSM and

changed after 6 h to the appropriate HDM with or without suramin (Mobay
Corporation, New York. NY) at a concentration of 0.5 HIM.Total RNA was
extracted after the cells were cultured for 24 or 96 h.

For the experiments in which IGF I, IGF II. and TGF-ÃŸeffects were tested.
HepG2 cells were plated on 150-cm2 plates in SSM and changed to the

appropriate condition after 6 h or 2 days. The growth factors were added to
RPMI 1640 supplemented with antibiotics in the following concentrations: IGF
I at 10 ng/ml (Amgen, Thousand Oaks, CA); IGF II at 50 ng/ml (Bachern,
Philadelphia, PA); or TGF-ÃŸat 1 ng/ml (R & D Systems, Minneapolis. MN)
in the absence or presence of 50 ng/ml bovine lung-derived heparin (lot
53F-0532; Sigma, St. Louis, MO).

Hepatocytes were plated at a density of 6 x IO6 cells/ 100-cm2 dish. After

6 h in SSM, the cells were changed to HDM. Suramin was added at a nontoxic
concentration of 0.1 mM. Total RNA was extracted after 24 h.

Growth Curves

Cells were plated in triplicate for each condition at 10s cells/well in 24-well

plates (Costar) in SSM. After 12 h. the plates were rinsed with phosphate-

buffered saline and changed to HDM with or without 0.5 HIMsuramin, IGF II
(1, 10. 50 ng/ml) or TGF-ÃŸ(1 ng/ml). The medium was replaced on the second

day. Cell counts were done using a Coulter counter 2M (Coulter Counter
Electronics, Ltd.).

Molecular Hybridization Assays

Nuclear transcript run-on assays and Northern blots (see below) were used
to determine the synthesis and abundance of tnRNA encoding IGF II, TGF-ÃŸ,

or albumin. Internal controls included hybridizations for genes that proved
constitutive under the experimental conditions. In the nuclear transcript run-

ons, dihydrofolate reducÃasewas used: for the Northern blots, 18S ribosomal
RNA was used. The absorbance was measured on a Quantimat densitometer
(model 920: Manufacturer's Cambridge Instrument) for each autocrine growth

factor gene or for albumin. The absorbance for these genes was divided by that
for dihydrofolate reducÃase (nuclear transcript runons) or by that for 18S
(Northern blots), which were used as internal controls.

Northern Blots

Total RNA was extracted using the guanidinium isothiocyanate method, as
described by Chomc/ynski and Sacchi (30). RNA samples were resolved by
electrophoresis through l"7r agarose formaldehyde gels in 3-(A/-morpholino)-

propanesulfonic acid buffer (31). RNA was transferred to Gene Screen (New
England Nuclear. Boston, MA), and the RNA-containing filters were prehy-

bridi/ed and then hybridi/.ed with the appropriate probes. The cDNA clones
complementary to specific mRNAs (listed below) were radioactively labeled
by primer extension with [12P]dCTP as described by Feinberg and Vogelstein

(32). The cDNAs used in hybridi/.ation were the human prepro-IGF II cDNA
(33), the human TGF-ÃŸ, cDNA obtained from the American Type Culture
Collection (34), human albumin cDNA (a kind gift of Richard Lawn. Genen-

tech), and rat albumin (a kind gift of Mark Zern. Brown University, Provi
dence. RI), a rat cDNA for the IGF II receptor (American Type Culture
Collection), a hamster probe for dihydrofolate reducÃase(obtained from Peter
Melera, Sloan Kettering Cancer Institute, New York, NY), and a mouse probe
for 18S (obtained from James Darnell. Rockefeller University, New York. NY).

Nuclear Transcript Run-on Assays

The method is a modification of the Clayton and Darnell procedure and is
described in detail elsewhere (23).

Measurement of GAG Sulfation

HepG2 cells and hepatocytes were plated onto 35-cm: dishes at a density of
10" and 6 X IO5 cells/dish, respectively. HepG2 cells were plated in SSM for

2 days and the hepatocytes for 6 h. HepG2 cells were then changed to serum-

free RPMI 1640 containing antibiotics and either 10 ug/ml insulin. 50 ng/ml
IGF II. or 10 ug/ml insulin Â±0.5 imi suramin. The hepatocytes were changed
to HDM designed for hepatocytes (29) Â±0.1 mM suramin or HDM supple
mented with 50 ng/ml IGF II Â±0.1 mM suramin. One hundred uCi/plate of
H,35SO4 (New England Nuclear. Boston. MA) was added for 18 h to the cells.

After IX h. both media and the total cellular proteins, obtained by extraction of
the cell layer with phosphate-buffered saline and 0.5% Nonidet P-40. were
collected. GAGs were precipitated overnight at 4Â°Cwith 0.3 Msodium acetate

and 3 volumes of ethanol. The next day, the GAGs were precipitated by
centrifugation at 3(XK)rpm for 30 min in a Sorvall preparation centrifuge. The
incorporated counts were read using a Beekman beta scintillation counter.

RESULTS

Suramin's Influence on the Synthesis and Abundance of

mRNAs Encoding Growth Factors. Our prior studies (23) indicated
that heparins cooperate with specific peptide hormones to regulate the
synthesis and abundance of mRNAs for all of the known fetal tran
scripts of IGF II, as well as TGF-ÃŸ,,in the minimally deviant tumor
cell line HepG2. Since suramin has a heparin-like pharmacology, it

was logical to suppose that it might also affect the expression of IGFs
and TGF-ÃŸ,in HepG2. Indeed, as shown in Fig. 1, 0.5 m\i suramin
induced a 6- and 8-fold increase in the mRNA abundance of the
6.0-kilobase transcript species of IGF II in HepG2 cells grown in SSM

and HDM. respectively. However, unlike heparins. suramin had no
effect on the lower-molecular-weight transcripts (4.5 and 3.7

kilobases) of IGF II. After 4 days of exposure to suramin in SSM.
HepG2 cells showed only a 3-fold increase in the 6.0-kilobase tran

script of IGF II. Also distinct from heparins. suramin showed no effect
on TGF-ÃŸ,mRNA expression after either 24 h or 4 days of treatment.

Transcriptionally. suramin caused a very minor increase in IGF II
synthesis ( 1.5-fold) and had no effect on TGF-ÃŸmRNA synthesis after

24 h of culture in HDM (Fig. 2). Thus, the increase in abundance of

24h 96h

IGF n

TGFÃŸ

18 S

Suramin: -

â€ž¿�

SSM HDMSSMHDM
Fig. I. Northern blots of total RNA ( 10 ug/sloi) extracted from HepG2 cells cultured

for 24 and % h in the presence or absence of 0.5 mM suramin in SSM or HDM. The same
blot was sequentially probed with "P-labeled probes for IGF [I. TGF-ÃŸ.and 18S.
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Fig. 2. Transcriptional run-ons of HepG2 cells cultured for 24 h Â¡nHDM and HDM
supplemented with 0.5 mu suramin.

the 6.0-kilobase transcript of IGF II was primarily by posttranscrip-

tional mechanisms.
The Effect of Suramin, IGF II, and TGF-ÃŸon the Proliferation

of HepG2 Cells. Suramin is known to inhibit the proliferation of a
variety of cell types ( 1). We wanted to test whether it inhibits the
growth of HepG2 cells and whether this effect could be mimicked by
IGF II on its own. As shown in Fig. 3A, suramin had a strong
antiproliferative effect on HepG2 cells grown in either SSM or in
HDM. IGF II, on the other hand, showed a dose-dependent stimula
tory effect on HepG2 cells; 1 ng/ml IGF II had a modest growth-

stimulatory effect, whereas 50 ng/ml IGF II increased the growth of
HepG2 cells to levels comparable to those of cells in SSM. TGF-ÃŸ( 1

ng/ml) slightly inhibited HepG2 proliferation; this effect showed a lag
of 24 h. We conclude that IGF II, on its own, does not have a
growth-inhibitory effect, and therefore, suramin's effect on growth is

not merely via induction of IGF II expression. Since suramin did not
significantly induce TGF-ÃŸ,transcriptionally or posttranscriptionally,
and since TGF-ÃŸ,showed no significant direct effect on its own on

growth, it has also been eliminated as the mechanism by which
suramin inhibits HepG2 cell growth. There remains the possibility that
suramin, as has been postulated for heparin (23), alters the response of
cells to specific growth factors. This is probable since IGF II on its
own was mitogenic, whereas suramin-treated cells, with a resultant

elevation of IGF II mRNA abundance, are growth inhibited.
The Effect of Suramin and Various Growth Factors on Tissue-

specific Gene Expression in HepG2 Cells and Rat Hepatocytes.
Albumin was selected as a representative differentiation marker in
HepG2 cells and rat hepatocytes. Suramin increased albumin mRNA
abundance 6-fold in HepG2 cells plated for 24 h in SSM followed by

24 h in SSM with 0.5 min suramin but not in cells maintained under
serum-free conditions for the second 24 h or in cells cultured for 4

days in either SSM or HDM (Fig. 4).
We tested whether IGF II, as well as IGF I and TGF-ÃŸ,could affect

albumin expression in HepG2 cells and whether this effect could be
enhanced in the presence of bovine lung heparin. IGF I and IGF II
caused a 6- and 4-fold increase, respectively, in albumin mRNA

abundance in HepG2 cells. This increase was not further augmented
by the presence of bovine lung heparin (Fig. 5A). Interestingly, this
increase in albumin mRNA was observed only if the cells were cul
tured in SSM for 2 days prior to the addition of the growth factors. If
the cells were plated and changed to serum-free medium containing

these growth factors on the same day, no effect of IGF I and IGF II on
albumin mRNA levels was apparent even up to 4 days of treatment
(Fig. 5ÃŸ).Therefore, a period of time in SSM and then a switch to
serum-free conditions proved necessary for the cells to respond to IGF

I and IGF II. It is possible that the serum requirement permitted the
cells to deposit a matrix with which IGF II and IGF I could act
synergistically or bind to and be stabilized. Even though suramin
increases IGF II levels in HepG2 cells cultured in either SSM or HDM
after 24 h, it increased albumin expression only in cells grown in
SSM.

Fig. 3. A. growth curve of HepG2 cells grown in SSM or HDM in the absence or
presence of 0.5 imi suramin; B, growth curve of HepG2 cells grown in HDM and HDM
supplemented with various doses of IGF II and TGF-ÃŸ.

24h 96h

ALB

18 S

Suramin: â€”¿�-f - + -
11

SSM HDM SSM HDM
Fig. 4. Northern blots of total RNA ( 10 pg/slot) extracted from HepG2 cells cultured

for 24 and 96 h in SSM or HDM in the absence or presence of 0.5 HIMsuramin.
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Insulin IGF II IGF I TGFÃŸ

alb - 1 alb
Insulin IGF II IGF I

18s

Heparin:
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No heparm
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Fig. 5. A. Northern blot of tola! RNA ( 10 pg/slot) extracted from HepG2 cells grown for 4 days in RPMI 1640 in the presence of one of the following factors, added separately:
1(X)|jg/ml insulin; 10 ng/ml IGF I; 50 ng/ml IGF II: or l ng/ml TGF-ÃŸin the absence or presence of 50 (ig/ml bovine lung heparin. The cells were changed lo these conditions after
they were cultured for 2 days in SSM. ÃŸ,as in A, except that the cells were changed to conditions 6 h after plating in SSM. Belim- each figure is a histogram representing albumin

expression normalized to 18S expression for each condition.

In rat hepatocytes as well (Fig. 6), suramin increases albumin
mRNA expression after 24 h. However, mature rat hepatocytes ex
press IGF I but little or no IGF II. We tested IGF II effects on albumin
expression in the rat hepatocytes and found no effect.

The Effect of Suramin and IGF II on GAG Sulfation in HepG2
Cells and Rat Hepatocytes. Various studies showed that suramin
inhibits enzymes that degrade GAGs and therefore lead to the accu
mulation of GAGs (12). IGF I and IGF II have been shown to cause
the differentiation of chondrocytes by increasing the synthesis and the
sulfation of GAGs in these cells (35). Highly sulfated GAGs were
shown to stop proliferation and cause differentiation in many systems
(36-41). We tested whether the effects of suramin and of IGF II on

differentiation were mediated through increased sulfation levels that
could reflect either increased amounts of GAGs and/or increased
sulfation of the GAGs of both secreted and cell-associated forms in

both rat hepatocytes and HepG2 cells. Table 1 shows representative
data of several experiments providing preliminary evidence that
suramin or IGF II have no effect on the total sulfation levels in the
medium or in the cells of either HepG2 cells or hepatocytes. Similarly,
we found no difference in extent of sulfate incorporation in cells or
medium in the cells treated with IGF II for 1 to 4 days (data not
shown). We conclude that the effects of suramin and IGF II, if any, on
levels of sulfation in cell-associated or secreted components are not

detectable by these assays.

DISCUSSION

We investigated the effect of the drug suramin on proliferation, on
the expression of two autocrine growth factors, and on a marker of
differentiation in the human hepatoma cell line HepG2 and in normal
rat hepatocytes. Suramin's effects on all three biological responses

ALB

18 S

Suramin:
Fig. 6. Northern blot of total RNA ( 10 ug/slot) extracted from rat hepatocytes, cultured

for 24 h in HDM in the absence or presence of O.I m\i suramin.

were dissociable from each other and in each case proved to be
multifactorial. It strongly inhibited the proliferation of HepG2 cells
under all culture conditions, induced IGF II expression under a subset
of the culture conditions, and induced albumin expression in HepG2
and hepatocytes under yet a different subset of culture conditions. The
data suggest multiple, complex mechanisms regulated or influenced
by suramin and indicate many parallels with heparins.

Suramin was similar to heparins (23) in its impact on autocrine
growth factors in HepG2 cells. Like heparins, it increased IGF II
mRNA expression when the cells were grown in either SSM or HDM.
However, unlike heparins, suramin did not affect TGF-ÃŸ, mRNA
expression either transcriptionally or posttranscriptionally. Heparin's

effects were observed within 24 h and were sustained for more than 96
h (23), whereas suramin's influence on IGF II expression peaked by
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Table 1 Effect of IGF lÃ¬anil Hiiwnin on the sulfation of GAGs in HepG2 cella ami nit
hcntttocyles

HepG2 cells und rat hepatocytes were plated onto 35-mrrr dishes. HepG2 cells were
grown for 2 days in SSM and rat hepatocytes for 6 h. after which the cells were changed
to HDM (hepatocytes) or RPMI supplemented with insulin, in the presence or absence of
IGF II or suramin (HepG2 cells). Hv5 SOj ( 100 uCi/plate) was added to the culture media.

After 18 h of incubation, media and cell extracts were prepared, the total GAGs were
precipitated with 0.3 M sodium acetate and 3 volumes of ethanol, and the counts incor
porated were read using a beta scintillation counter.

Culture conditions Cell extract Media

Hepatocytes
(epm x l06/6 x IO5 cells)

HDM
HDM + 50 ng/ml IGF II
HDM + O.I mM suramin

1.12 Â±0.08
1.42 Â±0.09
1.38 Â±0.19

3.2 Â±0.42
3.4 Â±I.I
3.7 Â±1.0

HepG2
(cpm x lO'VI.S x IO6 cells)

Insulin. 10 ug/ml
IGF II, 50 ng/ml
Insulin + 0.5 m\i suramin

1.65 Â±0.16
1.49 Â±0.27
1.86 Â±0.27

3.4 Â±0.18
3.3 Â±0.26
3.6 Â±0.22

24 h and then waned. In contrast to heparin, suramin caused an
increase in the 6.0-kilobase IGF II transcript by posttranscriptional

mechanisms only and had no effect on the abundance of the smaller
transcripts.

Also, suramin. like heparins (23), was strongly inhibitory of the
proliferation of HepG2 cells. Its inhibition of cell proliferation was not
mediated via IGF II. since IGF II was mitogenic for HepG2 cells in a
dose-responsive manner. Rather, the possible mechanism(s) related to

its effects on growth are likely to involve binding of growth factors or
growth factor receptors. Suramin has been shown to prevent the
binding of many growth factors such as platelet-derived growth factor,
TGF-ÃŸ,interleukin 2, and epidermal growth factor to their receptors
(3-7) and was recently shown to block the mitogenic effect of IGF I

on a human osteosarcoma cell line (5). IGF II is known to bind to and
stimulate proliferation of cells either through its own receptor, the IGF
II/mannose-6-phosphate receptor, or through the IGF I receptor (42).

Suramin may increase IGF II expression but inhibit this growth factor
binding to the IGF I or IGF II receptors and therefore inhibit cell
proliferation, or. similar to heparin, it could change the receptor num
ber of the IGF. We have found that HepG2 cells showed decreased
IGF II binding after 4 days of culture in the presence of bovine
lung-derived heparin due to a reduction in the number of cell surface

receptors; the addition of heparin directly during the binding assay had
no effect on IGF II binding.4

Our finding that suramin induces albumin expression both in nor
mal rat hepatocytes and in HepG2 corroborates the findings of others
that suramin can have an impact on the expression of tissue-specific

genes (14, 15). Our data are interpreted most readily as an indirect
effect in which suramin is complexing serum factors that adversely
affect the expression of tissue-specific mRNAs. Serum is known to
inhibit mRNA synthesis and to lower the mRNA stability of tissue-

specific mRNAs in hepatocytes and hepatomas (43). The active fac
tors in serum can be neutralized by plating cells on a complex matrix
substratum (28, 44) or by allowing cells to generate a matrix in
culture, requiring 3-4 days in culture in SSM (44). It has been pro

posed that matrix binds the serum factors and therefore diminishes or
eliminates their effects on tissue-specific mRNAs. This hypothesis is

supported by findings that purified matrix components can bind the
serum factors and neutralize their biological effects. Heparins and
carrageenans, sulfated polymers of galactose derived from seaweed
and having heparin-like pharmacology, have been shown to block the

negative effects of serum on the stability of liver-specific mRNAs.5 In

addition, the serum factors adversely affecting liver-specific mRNAs
have been partially purified and found to be inactivated by a sulfate-
containing detergent, sodium dodecyl sulfate.6 With this as back

ground, it is reasonable to hypothesize that suramin. like heparins and
the carrageenans. might bind the factor(s) and, thereby, neutralize
their adverse effects on the stability and abundance of liver-specific

mRNAs. This hypothesis would also explain why suramin had no
effect on albumin mRNA abundance in cultures in HDM (having no
serum) or in 4-day cultures (cultures that would have a matrix sub

stratum to bind the serum factors). It is known from earlier studies
(41) that different media cause the cells to produce distinct extracel
lular matrices and that growth factors affect the cell response differ
ently when presented with a matrix of given chemistry. Therefore, one
can speculate that suramin's action is determined by its interaction

with yet unknown components in the extracellular matrix, which in
return are able to induce tissue-specific gene expression under special

conditions and developing states. The matrix chemistry of a cell plays
a crucial role in drug effects. We found that indeed both IGF I and II
can increase albumin mRNA expression in HepG2 cells, if the cells
were grown in SSM for 2 days, which allowed them to deposit a
matrix with which IGF I and II could act synergistically or bind to and
be stabilized. Our results suggest that suramin's effect on albumin

expression in HepG2 cells is mediated through the neutralization of
negative serum factors. The IGFs have been shown to be both growth
and maturation factors for embryonal tissues (16). If one considers
hepatomas to be transformed liver cell progenitors, one expects IGF II
to be both a growth factor and a differentiation factor for these cells
and to have no effect on mature hepatocytes.

The differentiation and proliferation of various types of cells, in
cluding liver cells, have been shown to be regulated by highly sulfated
GAG species (36-41). Moreover, Ishihara et al. (45) have shown that
growth-arrested hepatocytes produce a highly sulfated, heparin-like

heparan sulfate species, which is secreted, endocytosed, and translo
cated to the nucleus and which is thought to be relevant to the
growth-arrested state of the cells. Studies from our laboratory have

demonstrated that heparins cooperate with various hormones to affect
tissue-specific gene expression in hepatocytes (39^1) and autocrine

growth factor expression in hepatoma cells (23). Which genes are
induced by heparins appears to be dependent on whether the cells are
immature precursors or adult cells. That is. the stage of maturity of the
cells, reflective of their position within the liver lineage, dictates the
repertoire of genes available for regulation (24). Suramin, acting
effectively as a heparinoid molecule, appears to also induce different
genes in hepatomas, transformants of precursor cells, and in hepato
cytes, the mature cells. In hepatomas, suramin regulates early genes
such as IGF II and albumin, whereas in hepatocytes it regulates
adult-specific genes such as connexin 32.

Both suramin and IGF I and IGF II can modulate the amount and
sulfation of cellular GAGs in some systems. Suramin was shown to
cause an accumulation of GAGs, particularly in the liver of the in
jected animals, due to its inhibition of the GAG-degradative enzymes
iduronate sulfatase, ÃŸ-glucuronidase, and hyaluronidase. The main

GAGs that accumulate in these animals are heparan sulfates and
dermatan sulfates ( 12). It was shown many years ago that IGF I and
IGF II increase the production of GAGs in the developing cartilage
(35). We tested whether either IGF II or suramin caused an increase in
the incorporation of sulfate intracellularly or in secreted components
and found no effects, data that are strongly suggestive but inconclu
sive about effects on GAG synthesis or sulfation.

4 I. Zvibel and L. Reid, unpublished data.
5 M. Fujita and L. Reid, unpublished data.
fi D. E. Johnston and D. M. Jefferson, unpublished data.
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SURAMIN REGULATION OF LIVER CELLS

This is the first study in which the effect of the antitumor drug
suramin on the expression of autocrine growth factors has been in
vestigated. It will be interesting to see whether suramin or other
polysulfated heparin-like molecules can affect the production of au

tocrine growth factors in other tumors or in normal precursor cells.
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