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ABSTRACT

Suramin, a polyanionic drug used in the treatment of Rhodesian and
Cambian trypanosomiasis and more recently in the acquired immune
deficiency syndrome, is a potent inhibitor of the constitutive mammalian
DNA polymerases a, ÃŸ,and y and the lymphoid-specific polymerase
terminal deoxynucleotidyl transferase. To define the effect of this inhi
bition on cell proliferation, we studied the effect of suramin on several
cell lines in culture and in mice in vivo. Suramin, at 200 fig/ml (which is
regularly achieved in the plasma of patients), had no effect on the
proliferation of 4 of 5 nonlymphoid cell lines. In contrast, exposure of 10
lymphoid cell lines to 200 fig/ml suramin for 4 days caused significant
growth inhibition in 8 of these 10 lines. Suramin given i.p. to HAI U'
cBYJ mice at clinically relevant doses (15-60 mg/kg) caused profound
and prolonged thymic atrophy within 5-7 days of drug administration
(greater than a 90% weight loss in mice treated with 60 mg/kg). Thymic
sections revealed severe cortical loss, prominence of dendritic cells, and
vacuolated macrophages. Liver, peripheral blood, spleen, kidney, and
total body weights were not affected. The apparent selective lymphocy-
totoxicity of suramin may represent an important property of this drug.
We speculate that this may account for the persistent immune suppres
sion reported in suramin-treated acquired immune deficiency syndrome
patients.

INTRODUCTION

Suramin sodium, the hexasodium salt of 8,8'-jcarbonyl-
bis[imino -3,1- phenylenecarbonylimino(4 - methyl -3,1- phen-
ylene)carbonylimo](bis-l,3,5-naphthalenetrisulfonic acid, has
been used for several decades in the treatment and prophylaxis
of Rhodesian and Cambian trypanosomiasis and for clearing
the adult filariae in onchocerciasis (1-5). It binds strongly to a
variety of proteins and has been shown to inhibit a large number
of enzyme systems. These include urease, hexokinase, succinic
dehydrogenase, acid phosphatase, and several enzymes in the
complement system (1, 2, 6-9). More recently, deClercq (2)
noted that suramin was a competitive inhibitor of reverse tran-
scriptase, the DNA polymerase of retroviruses. This observa
tion prompted us to explore the effect of suramin on the 3
constitutive DNA polymerases of mammalian cells, DNA po
lymerases a, ÃŸ,and 7, and the special DNA polymerase of
primitive lymphoid cells, TdT.1 We report that suramin can

inhibit these 4 cellular DNA synthetic enzymes at levels com
parable to those required to inhibit viral reverse transcriptase.
We also report that multiple cell lines in culture, particularly
lymphoid cells, are growth inhibited upon exposure to suramin.
In addition, we document that in normal mice suramin causes
profound and prolonged thymic atrophy and splenic lympho
cyte depletion.
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MATERIALS AND METHODS

Chemicals. 3H-dNTPs were purchased from DuPont/NEN Products

(Boston, MA). Unlabeled dNTPs were obtained from Sigma Chemical
Co. (St. Louis, MO). Poly(deoxyadenylate-deoxythymidylate) and
oligo(deoxythymidylate) nucleotides were obtained from Collaborative
Research, Inc. (Waltham, MA), oligo(deoxyadenylate) with a chain
length of 50 nucleotides was obtained from Supertechs (Bethesda, MD),
and all other synthetic oligo and polynucleotides were obtained from
Pharmacia Fine Chemicals, Inc. (Piscataway, NJ). Suramin (distributed
by Molesy Chemical Co., New York, NY) was obtained through the
Division of Cancer Treatment, National Cancer Institute (Be
thesda, MD). Other chemicals were reagent grade and were purchased
from standard commercial sources.

DNA Polymerases. DNA polymerase a purified from calf thymus
according to Kornberg (10), and Wahl et al. (11) was purchased from
Pharmacia. We purified DNA polymerase fi from TdT-negative human
leukemic blast cells by a modification of the method of Stalker et al.
(12). DNA polymerase 7, purified from fetal calf liver by a modification
of the method of Matsukage et al. (13), was purchased from Cooper
Biomedicai, Inc. (Malvern, PA). TdT, purified from calf thymus by the
method of BolIuin (14), was purchased from DuPont/NEN. Avian
myeloblastosis virus reverse transcriptase, purified according to the
method of Houts et al. (15), was purchased from Boehringer Mannheim
Biochemicals (Indianapolis, IN). Partially purified HIV reverse tran
scriptase was kindly provided by Drs. P. Sarin and R. C. Gallo of the
Tumor Biology Division, NIH.

DNA Polymerase Assays. Enzyme assays were performed at 37"C

under conditions established to be optimal for each assay and over time
periods in which 3H-dNTP incorporation was linear. For TdT assays,

reaction mixtures contained (in 0.1 ml): 0.05 M Tris (pH 8.3), 2 MIM
dithiothreitol, 0.6 MIMMn( U 20 ng oligo(deoxyadenylate) with a chain
length of 50 nucleotides, 0.08 IHM3H-dGTP, (1200 cpm/pm), and 0.5

units of TdT. TdT was also assayed using other initiator/substrate
combinations (as noted on Table 1). For DNA polymerases a and /3,
the assay reaction mixtures contained (in 0.1 ml): 0.05 MTris-HCl (pH
8.3), 4 HIMdithiothreitol, 4 mivi MgCI2, 10 ng poly(deoxyadenylate-
deoxythymidylate), 0.05 HIM3H-dATP, 0.05 mM dTTP, and 0.05 units

of enzyme. For DNA polymerase y reactions, assay mixtures contained
(in 0.1 ml): 0.05 M Tris-HCl (pH 8.3), 6.0 mM dithiothreitol, 1 mM
Mud... 10 Â¿tgpoly(ribosyladenylate), 10 ^g oligo(deoxythymidylate),
0.06 mM 3H-dTTP, (1300 cpm/pm), and 0.2 units of enzyme. For HIV

reverse transcriptase and avian myeloblastosis reverse transcriptase,
assay mixtures contained (in 0.1 ml): 0.05 M Tris-HCl (pH 8.3), 6.0
mM dithiothreitol, 6 mM MgCl2, 0.04 MKCI, 0.05 mM 3H-dTTP (1400

cpm/pm), 10/jg poly(ribosyladeMylatc), 10 /ig oligo(deoxythymidylate)
with a chain length of 14 nucleotides, and 0.025 units of enzyme.

For inhibition studies, the suramin was dissolved in deionized dis
tilled water and added to reaction mixtures at time 0 to give the final
concentrations noted in Figure 1. Degree of inhibition was calculated
from simultaneous control reactions. Mode of inhibition and inhibition
constants were determined using Lineweaver-Burk (16) and Dixon plots

(17).
Reactions were stopped with 0.5 ml cold (4Â°C)0. l M sodium pyro-

phosphate and precipitated with 0.5 ml cold 25% trichloroacetic acid.
Precipitate was centrifuged at 13,000 x g in a microfuge for 1 min,
resolubilized in 0.2 ml 0.3 M NaOH, and then reprecipitated with cold
25% trichloroacetic acid. Following a second 0.3 M NaOH resolubili-
zation, 10 ml Scinti-Verse II (Fischer Scientific Co., Fairlawn, NJ) was
added to each sample for counting in a Beckman (Wakefield, MA) LS
7300 liquid scintillation counter.

Cell Lines. The murine lymphoid cell lines B244 and 298-26 were
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obtained from Dr. N. Rosenberg (Tufts University, Boston, MA) and
grown in RPMI 1640 medium supplemented with 5% fetal calf serum.
The human lymphoid cell line H9 was obtained from Drs. P. Sarin and
R. C. Gallo (Tumor Biology Division, NIH) and maintained in RPMI
1640 supplemented with 20% FCS. The human neuroblastoma cell line
IMR-32 and the human cervical carcinoma line HeLa were obtained
from Dr. D. Cave (Boston University, Boston, MA) and grown in RPMI
1640 supplemented with 20% and 10% PCS, respectively. CV-1, the
monkey kidney cell line, and CHO cells were obtained from Dr. J.
Murphy (Boston University) and grown in Dulbecco's modified mini
mal essential medium supplemented with 10% FCS and a-m ininuil
essential medium supplemented with 10% FCS, respectively. The hu
man leukemia cell lines MOLT-4, NALM-6, and HPB-ALL were
obtained from Dr. M. S. Coleman (University of Kentucky) cultured in
RPMI 1640 supplemented with 10% FCS; the human leukemia line
ML3 was obtained from Dr. G. Roevera (Wistar Institute) and grown
in RPMI 1640 supplemented with 10% FCS; the murine leukemia
LI210 line was obtained from the A. D. Little Co. (Cambridge, MA)
and grown in Fischer's medium supplemented with 10% horse serum;
the human leukemia lines GM363-E and 8402 were cultured in RPMI
1640 with 10% FCS.

Cell Culture Growth Inhibition Studies. Cells in exponential growth
phase were exposed to suratnin at concentrations of 100 ng or 200 ^g/
ml continuously over a 96-h period. Cells were counted at 24, 48, 72,
and 96 h. Viability was determined using the trypan blue dye exclusion
method. Degree of growth inhibition was calculated for untreated
controls.

Animals. Five-week-old male BALB/cBYJ mice (Jackson Laborato
ries, Jackson, MA) were used throughout. Mice were housed 12/cage
in isolated rooms maintained at 26.5'C with a 12-h light cycle. Clear

plastic cages were covered with fiberglass filters, and all manipulations
were performed under laminar flow hoods. Under these conditions mice
were maintained in excellent condition for longer than 3 months.

Animal Studies. The mice were given a S-day period to acclimate to
the laboratory environment before manipulation. Multiple groups of
12 mice were randomly placed in either control (noninjected), sham-
treated (phosphate-buffered saline-injected), or suramin-t rcated groups.
Injected mice (all injections were i.p.) were treated either daily for 4
days or weekly for 4 weeks. Groups of animals were sacrificed in a dry
ice chamber 4, 7, 13, 20, and 24 days after suramin exposure. All
animals were autopsied with body weight and organ weight recorded
(liver, spleen, kidney, and thymus). All tissues were fixed in neutral
buffered 10% formalin for 48 h and embedded in paraffin. Routine
histolÃ³gica!sections of multiple tissues were prepared and stained with
hematoxylin and eosin and periodic acid Schiffs reagent. Groups of 4
mice were also randomized and treated as described above for hema-
tological studies. Suramin-treated and sham-injected mice were sacri
ficed on days 7, 13, and 23. Blood was extracted via cardiac puncture,
placed into EDTA-coated tubes, and evaluated for complete blood
counts. Bilateral femurs were dissected, flushed with a phosphate-
buffered saline/heparin solution (20 units/ml), and evaluated for total
marrow cellularity by hemocytometer counts (via trypan blue dye exclu
sion).

RESULTS

The inhibition of various DNA polymerases by suramin is
presented in Figure 1. As shown, suramin inhibits all DNA
polymerases tested. The mechanism of inhibition was uncom-
petitive with respect to substrate, as determined by Lineweaver-
Burk plots for AMV-RT, TdT, and a polymerase (Fig. 1). For
TdT the inhibition was independent of the initiator/substrate
combination used to assay TdT (Table 1). Similar reactions
performed with activated DNA resulted in equimolar inhibition
by suramin (data not shown). The suramin inhibitor constants
for AMV-RT, TdT, and a polymerase were 1.5, 2.5, and 2.5
fig/ml, respectively (Table 1).

Growth Inhibition Studies. The effects of suramin on the
proliferation of the 15 cell lines studied are presented in Table

HTLV III Reverse
TranscriptÂ«sa Alpha Polymerase

TdT (Terminal
DeoÂ»ynucleotidyl

Transferabel

0 4 40 400

Suramin (pg/ml|

Beta PolyrrmraÂ« Gamma PolymerasÂ«
100

M

Suramin [,.g ml) Suramin Ug mil

Fig. 1. Effect of suramin on DNA polymerases a, 0, y, TdT, RT. Suramin
(/ig/ml) expressed logarithmically was incubated with each enzyme for a period
of time during which 3H-dNTP incorporation was linear in a control reaction.

Suramin concentration points, mean of triplicate samples expressed as a percent
age of simultaneously run control reactions.

Table 1 The effects of initiator/substrate variation on TdT inhibition by suramin
Enzyme activity in the presence of suramin (10 fig/ml) is expressed as a

percentage of control reactions. Assay conditions were as previously described
(19).

Initiator (%)

SubstratedATP

dCTP
dGTP
dTTPOligo

dA62

5686

79Oligo

dCND*

ND
78
NDOligo

dG37

ND
73
NDOligo

dTND

29
64ND

* ND, not determined.

Table 2 Effect of continuous 96-h exposure to 200 ng/ml of suramin on cell lines
in culture

Growth inhibition was defined as the ratio of viable cells in the suramin
exposed cultures to control cultures defined by trypan blue staining. Each deter
mination reflects the mean of quadruplicate flasks. TdT status of each cell was
denned as previously described (19).

CelllineLymphoid8402B

244298-26Moll-4NALM-6HPB-ALLH9L1210GM363-EML3NonlymphoidCHOCV-1HeLaIMR-32NEL-M1TdT

statusPositivePositivePositivePositivePositivePositiveNegativeNegativeNegativeNegativeNegativeNegativeNegativeNegativeNegativeGrowthinhibition(%)406595450070555550450000

2. As shown, suramin caused variable degrees of cell growth
inhibition. Where seen, growth inhibition was largely confined
to cells of lymphoid derivation: 8 of 10 lymphoid cell lines were
suramin growth inhibited, whereas only 1 of 5 nonlymphoid
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Suramin
Administration

Fig. 2. Effects of suramin on thymic weight in BALB/cBYJ mice. Suramin
(60 mg/kg) was administered i.p. once daily for 4 days (shaded area) to groups of
BALB/cBYJ mice. Animals were sacrificed and thymuses dissected on days
indicated. Thymic weight at each point is expressed as a percentage of the mean
thymic weight of control groups of 12 mice given injections of phosphate-buffered
saline i.p. daily for 4 days. Points, mean of the group.

glUUO

UÂ£!"3Â¿

20

0Bâ€¢â€¢-^â€”^^^^PBS
is 30 60

injected mg/kg mg/kg mg/kg
Control

Suramin Concentration
Fig. 3. Dose dependency of suramin-induced thymic atrophy. Suramin was

administered i.p. once daily for 4 days to groups of BALB/cBYJ mice (12 mice
per group) at the doses depicted above. Animals were sacrificed and Ihymuses
dissected 24 h after the 4-day treatment period. Thymic weight is expressed as a
percentage of a phosphate-buffered saline (PBS)-treated control group. Points,
mean of the group.

lines was suramin sensitive.
Among the 10 lymphoid cell lines selected for this study,

multiple stages of T- and B-cell differentiation are represented
(18). Included are early thymocyte (8402, Gm363-E), common
thymocyte (MOLT-4, HPB-ALL), mature thymocyte (H9), pre-
B (B-244, 298-26, NALM-6), and B-cell (LI210) equivalents.
We consider the ML-3 line to be of mixed lymphoid-myeloid
derivation. In applying phenotypic data to the cell lines sum
marized on Table 2, no clear composite phenotype defining
suramin sensitivities or resistance can be identified (Table 2).

In Vivo Effects of Suramin. As shown in Figure 2, suramin
given i.p. daily at 60 mg/kg for 4 days caused greater than 90%
thymic weight loss by day 11. This thymic involution was
prolonged beyond day 24. Suramin-induced thymic atrophy
was a dose-dependent phenomenon, as shown in Figure 3 for
doses between 15 and 60 mg/kg (Figs. 2 and 3).

Histologically, thymus architecture following suramin treat
ment showed progressive loss of cortical lymphocytes, promi
nence of dendritic cells, and vacuolated medullary macrophages
(Fig. 4). Suggestions of cortical repopulation in mice given 4-

day exposure to suramin were observed on day 24 (data not
shown). Spleens showed minimal lymphocyte depletion on day
10, which persisted through day 24. Other organs and tissues
(liver, lung, intestine, peripheral blood, marrow cellularity,
kidney, heart) were unaffected by suramin treatment. A dosage
schedule of 60 mg/kg i.p. weekly for 4 weeks produced identical
results (Fig. 4).

DISCUSSION

Suramin has been demonstrated to inhibit a wide variety of
biologic systems (1, 2, 6-9, 20), presumably on the basis of its
ability to form stable complexes with proteins. To the long list
of enzyme systems which are inactivated by suramin we now
add the ubiquitous mammalian cell DNA polymerases a, ÃŸ,and
7 and the unique DNA polymerase of primitive lymphoid cells,
terminal deoxynucleotidyl transferase. As with retroviral re
verse transcriptase (2), suramin inhibits these DNA synthetic
enzymes at concentrations which are regularly achieved in the
plasma of patients receiving suramin for trypanosomiasis and
onchocerciasis (50-400 jig/ml). For DNA polymerase a, the
replicative DNA polymerase of mammalian cells (21, 22), we
calculated a noncompetitive mode of inhibition and an inhibi
tion constant of 2.5 ng/m\ from Lineweaver-Burk plots.

The experiments designed to explore the effect of suramin
on cell proliferation were prompted by the observation that it
was a potent inhibitor of DNA polymerase a. Because of the
central role assigned to this polymerase in mammalian cell
replication (21, 22), we predicted that suramin might be gen
erally cytostatic. We further speculated that, in TdT-positive
primitive lymphoid cells, the simultaneous inhibition of TdT
and DNA polymerase a might be reflected by enhanced sura
min-induced cytostasis in such cells. This particular speculation
assumes that TdT mediates important (but presently undefined)
steps of T- and B-cell differentiation. Hence, the simultaneous
inhibition of 2 important target systems in primitive lymphoid
cells might make such cells especially sensitive to growth arrest
by Suramin.

Our data, however, are not directly interpretable in this
manner. As presented in summary form in Table 2, suramin
was not a general cytostatic agent. Among the 15 cell lines
exposed to suramin, 9 were growth inhibited while 6 showed
no change. Of the 9 lines which were growth inhibited, 8 were
of lymphoid derivation. Likewise, in our murine in vivo exper
iments, suramin was not noted to be a general cytostatic agent
but had its major effect on lymphoid cell populations in the
thymus and the spleen (Figs. 2 and 3). However, suramin is not
a panlymphocytostatic agent: of the 6 cell lines which were not
affected by suramin, 2 were of lymphoid derivation. In analyzing
the composite phenotypes of the 8 lymphoid suramin-sensitive
lines and comparing these to the 2 lymphoid suramin insensi
tive lines, we failed to detect a set of characteristics which
defined outcome upon exposure to the drug. We were surprised
to note that TdT status per se had no significance: both of the
suramin-insensitive lymphoid lines are TdT positive (e.g., HPB-
ALL, NALM-6); among the 8 suramin-sensitive lymphoid lines
there are both TdT-positive and TdT-negative lines (e.g., H9,
298-26). Likewise, assignment to stage of differentiation (early
thymocyte, thymocyte, postthymocyte, pre-B, B equivalents)
appears to be nonstratifying, based on the data we present here.

Why suramin should exhibit such apparent selectivity for
lymphoid cells remains unexplained. Our operating hypothesis
was that on the basis of its ability to inhibit DNA polymerase
a suramin would be cytostatic for most cells and tissues. Its
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Fig. 4. Effects of suramin on thymus histology of BALB/cBYJ mice. H & E stained thymic sections from mice 6 days after treatment with either phosphate-

buffered saline (.I and C) or 60 mg/kg suramin (B and D) daily for 4 days. The areas shown in A and B are low-power views, with increased magnification of these
areas in C and /). The suramin-treated thymuses show loss of cortical lymphocytes, loss of a distinct boundary, and prominent dendritic and vacuolated medullary
cells.

relative lymphoid specificity may be related to cell entry. Sur
amin does not enter all cells readily: it does not enter crythro-
cytes and does not cross the brain-cerebrospinal fluid barrier
(1). Intracellular suramin measurements comparing suramin-
sensitive and suramin-resistant cell lines were not performed
by us as part of the present study but will be the subject of
future studies.

These preliminary observations on suramin as a cytostatic
agent may have clinical relevance for physicians using this agent
in the treatment of trypanosomiasis, onchocerciasis, and HI V-
associated syndromes. The profound and prolonged thymic
involution and splenic lymphocyte depletion seen in normal
mice given clinically relevant doses of suramin i.p. suggest that
these effects need to be considered as possible outcomes to the
use of suramin in humans. In particular, these observations in
the mice would suggest caution with regard to the use of
suramin in immunosuppressed individuals. Levine and col
leagues have already reported persistent immune suppression
despite significant viral suppression in one third of 12 AIDS
patients treated with suramin (23).

The cytostatic effects seen in cultured cells and the lympho
cyte depletion seen in both thymus and spleen in normal mice
may be predictive of neoplastic cell growth suppression by
suramin in certain lymphoproliferative diseases. In future stud

ies we will address this question in the setting of murine disease
models.
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