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Suramin is a polysulphonated naphthylurea currently investigated for the treatment of advanced 
malignancy. In the present study, we have analysed the uptake and the intracellular localisation of 
tritiated suramin in human colon adenocarcinoma cells (HT-29-D4), using quantitative autoradio- 
graphic techniques at the optical and electron microscopy levels. Our results show that the drug is able 
to enter both undifferentiated and differentiated HT-29-D4 cells. The process of suramin uptake is 
time-dependent, and significantly inhibited by the presence of the suramin-binding protein serum 
albumin in the culture medium of HT-29-D4 cells. Autoradiographic analysis revealed two distinct 
patterns of intracellular localisation of tritiated suramin labelling, according to the presence or absence 
of serum albumin. Indeed, in the absence of serum albumin, the labelling of free suramin was 
distributed over the nucleus, the Golgi apparatus and the mitochondria, while it was restricted to the 
lysosomal system when suramin was complexed with albumin. These data show that a serum factor, 
i.e. albumin, influences the biological activity of suramin by determining its intracellular localisation. 
The presence of suramin in a given compartment may account for specific effects of the drug including 
mitochondrial hypertrophy, altered gene expression and lysosomal perturbation. 
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INTRODUCTION evaluate suramin in patients with adrenal cortex carcinoma 
SU~AMM IS a polysulphonated naphthylurea which has been [5]. Seventy years after its synthesis, suramin has thus gained 
used since 1924 for the treatment of some parasitic diseases renewed interest for its anti-tumoral properties [6]. However, 
including trypanosomiasis and onchocerciasis [ 11. In the late the clinical improvement achieved by suramin is still associ- 
197Os, it was discovered that the drug was a potent inhibitor ated with undesirable side-effects. Among these side-effects, 
of reverse transcriptases from several animal retroviruses [2]. suramin elicits in viva and in vitro a marked perturbation of 
Due to this property, suramin was the first molecule evaluated the lysosomal system which is similar to that observed in 
for antiviral therapy in AIDS patients [3]. Unfortunately, patients with inherited mucopolysaccharidosis [7-l 11. Inter- 
despite some clinical response in several patients, the assays estingly, a similar disorder occurred upon treatment of the 
were rapidly abandoned because of adverse side-effects [4]. human colon cancer cell clone HT-29-D4 with suramin in 
Curiously, it is one of these toxic effects at the level of the vitro [12]. Thus, this clonal cell line represents a valuable 
adrenal cortex that gave Myers and associates the idea to model for studying the lysosomotropic effect of suramin in 

tumour cells [13]. The suramin-induced lysosomal storage 
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disorder in these cells depends on the presence of serum 
albumin in the culture medium, and is not observed when the 
cells are grown in serum-free medium [ 141. 
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Plasma binding can be an important determinant of the 
pharmacokinetic behaviour of therapeutic drugs [ 151. In the 
case of most drugs, it is albumin which dominates this binding 
phenomenon. Suramin is known to form stable complexes 
with serum albumin [16-181, and there is no doubt that the 
binding of suramin to this protein is an important factor for 
both the pharmacological effects and the pharmacokinetics of 
the drug [ 181. Among the unsolved questions concerning the 
interaction of suramin with cells is the problem of suramin 
entry. Suramin has long been considered to be an impermeant 
compound, due to its anionic structure and to its analogy with 
trypan blue [ 191. Recent data from our group suggested that 
suramin was able to enter polarised HT-29-D4 cells in the 
presence of serum albumin [20]. In the present report, we 
have studied the time dependency [3H]suramin uptake in both 
undifferentiated and differentiated HT-29-D4 cells in the 
presence or absence of albumin. By using quantitative auto- 
radiographic methods at the optical and electron microscopy 
level, we demonstrate for the first time that suramin does enter 
the cells, and that serum albumin determines the intracellular 
localisation of the drug in HT-29-D4 cells. 

MATERIALS AND METHODS 
Cell culture 

HT-29-D4 cells were obtained by cloning the parental HT- 
29 cell line (ATCC HTB38) by limit dilution techniques 
[2 1,221. HT-29-D4 cells were routinely grown in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 25 mM glu- 
cose and 10% fetal calf serum (FCS). The cells grown under 
these conditions were undifferentiated [21] and are referred 
to as HT-29-D4/Glu cells throughout this study. To induce 
differentiation, HT-29-D4/Glu cells were changed to glucose- 
free DMEM containing 5 mM galactose and 10% dialysed 
FCS as previously described [22]. After 12 days of culture in 
this medium, the cells (referred to as HT-29-D4iGal cells) 
formed an epithelial monolayer possessing electrophysiolog- 
ical properties (transepithelial resistance of 200- 

400 ohm cm’) [ 121. 

Incubation of HT-29-D4 cells with [‘Hlsuramin 
HT-29-D4/Glu or Gal cells were cultured in their respective 

medium for 12 days, then incubated with 20pCi/ml of uni- 
formly labelled [‘Hlsuramin (Moravek Biochemicals, Inc., 
9 Ciimmol) in serum-free DMEM containing 20 pgiml cold 
suramin for 6 days. The suramin-containing medium was 
changed daily. Under these conditions, suramin inhibited the 
growth of HT-29-D4 cells by 37% as assessed by counting the 
cells at the end of suramin incubation. In some experiments, 
bovine serum albumin (BSA, Sigma, Cell Culture Grade 
endotoxin-free) was added to the serum-free DMEM at a 
concentration of 1%. At the end of incubation, cells were 
processed for light and electron microscopy. For the uptake 
studies, the cells were incubated with [3H]suramin as 
described above. At different times (i.e. after 1, 24, 48 and 
96 h) the cells were lysed in 0.1 M NaOH and the radioactivity 
determined in a Beckman B counter. 

[3H]suramin specificity 

The purity of [3H]suramin was assessed by high perform- 
ance liquid chromatography as previously described [23], and 
was found greater than 99%. A 250 X 4.6 mm Spherisorb 
C 18 0DS2 column (Interchim, Montlucon, France) was used 
throughout. The mobile phase consisted of a mixture of 46% 

methanol, 5% acetonitrile and 49% of tetrabutylammonium 
phosphate 5 mM. Binding of [3H]suramin to BSA immobi- 
lised on 96-multiwell plates was performed according to Yahi 
and associates [24]. [3H]suramin binding was specifically 
displaced by increasing concentrations of unlabelled suramin, 
with a K0.5 of 7.8 FM. 

Light microscopy 

The cells were fixed in situ with 2.5% glutaraldehyde in 
0.1 M phosphate buffer (pH 7.3) for 1 h at 2O”C, washed for 
10 min in the same buffer with 6.84% saccharose and post- 
fixed for 1 h at room temperature in 2% osmium tetroxide. 
After extensive rinses (six times/l h) in 0.05 M maleate buffer 
(pH 5.2), the cells were “block stained” with 1.8% uranyl 
acetate in 0.05 M maleate buffer (pH 4.45) for 1 h at 4°C. 
Finally, blocks were dehydrated and embedded in Epon. 
Semi-thin sections were cut perpendicularly to the monolayer 
at 10 successive levels separated by approximately 20 km. 
Sections for each level were collected on to the same slide. 
These were dipped into Kodak NTB2 emulsion, exposed for 
2 months, and developed in Kodak D19b. Sections were 
stained with toluidine blue prior to examiantion. 

Quantitative analysis was performed by visual counting 
using X 100 objective. The cellular layer was divided into five 
compartments. The volume density of each compartment was 
evaluated by stereology using a double square lattice test 
system C 64 [25] superimposed on the microscope field, and 
the grain number falling on each compartment was recorded. 
Microscope fields (one by section; one section by slide; 20 
slides) were chosen by systematic sampling along the cellular 
layer. Compartment volume densities were calculated accord- 
ing to Weibel [25]. The standard deviation attached to each 
grain density was calculated with the Williams formula [26]. 

Electron microscopy 

The fixation protocol was the same as for light microscopy. 
Ultrathin vertical sections were collected on collodion-coated 
slides, and autoradiograms were performed according to Larra 
and Droz [27], using Ilford L4TM emulsion and Kodak 
Microdol XTM development after 5 months of exposure. Sec- 
tions were observed and photographed with a CM 10 PHIL- 
IPS electron microscope operated at 80 kV. 

Quantitative analysis 

Autoradiograms were anlaysed by the circle method [26], 
which compares localisation of two sets of circles, one centred 
on actual silver grains (further denoted as “grains”), the other 
systematically positioned on micrographs (further denoted as 
“circles”), the latter corresponding to a hypothetical grain set 
randomly distributed. Circles diameter is adjusted for 50% 
probability of the source falling within the circle (“HR circle”), 
0.56 p,rn in the present study. Eighteen micrographs 
(magnification X 9800) per experimental conditions were 
sytematically sampled at each crossing of the cellular layer 
with the supporting grid. The cellular layer was divided into 
seven primary compartments (i.e. nucleus, nucleolus, lyso- 
somes, Golgi apparatus, mitochondria, cytoplasm and extra- 
cellular space). All organelles which were not considered as 
primary compartments were included into the compartment 
“cytoplasm”. This procedure generated in practice 13 junc- 
tional compartments (i.e. compartments due to the circle 
falling on the limit between two or three primary 
compartments). The compartment “cell membrane” was the 
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result of the junction between “cytoplasm” and “extracellular 
space”. Overlays printed with 72 systematically arranged 
circles, and circles of same size centred to each actual grain, 
were used to attribute circles and grains, respectively, to the 
defined compartments. Crude specific activities and attached 
errors were calculated by the Williams method [26], after 
grouping compartments in order to obtain grain and normal- 
ised circle data >5 which is the minimal value needed to 
perform the chi-square test [26]. For the grouping process, 
primary compartments were grouped preferably with attached 
junctional compartments. However, junctional compartments 
including more than two primary compartments were regro- 
uped in the compartment “cytoplasm + various organelles”. 
A chi-square test between real grains and systematic circles 
distribution was performed. Results stand between 464 and 
1884 (df 8) for all conditions showing clearly a non-random 
distribution of real grains. In some cases (less than 5%), real 
grains overlapped, and centres of individual grains could not 
be easily identified. These figures were considered as simple 
grains, and the circle was centred on the compound image. 

Cell image processing 

This method was used to determine the mean spherical 
volume of mitochondria. Two groups of micrographs corre- 
sponding to cells incubated with or without serum albumin 
were analysed. The negative was placed on the “negatoscope” 
under a black and white CCD video camera (Panasonic 
BL 200). The video camera was connected to the black and 
white screen and simultaneously to the PC computer. The 
signals generated by the video camera were digitised and the 
numerical images represent 5 12 lines by 5 12 points on 256 
pixels. These converted images were analysed using an orig- 
inal computer programme (prepared by Mr C. Gril, Labora- 
toire de Microscopic Electronique, Universite Montpellier II). 
This programme permitted the application of mathematical 
algorithms necessary for the extraction of the objects on the 
plane and the calculation of the sterological parameters. The 
originality of this programme is that one can use the computer 
mouse to trace around the object appearing on the screen (in \ 
this case, the mitochondria), which allows measurement of 

Figure 2. Semi-thin sections of HT-29-D4 cells showing the 
distribution of silver grains over the cellular layers. HT-29- 
D4/Gal cells were incubated with [3H]suramin in serum-free 
DMEM in the absence (a) or presence (b) of serum albumin. 
Arrow, grains in the apical cell region; av, apical vacuoles; 
nl, nuclear labelling. Other abbreviations correspond to the 
cellular layer division into compartments for the quantitative 
analysis of labelling: bs, basal space (embedding medium 
under the basal side of the cells); as, apical space (culture 
medium replaced by the embedding medium); is, intercellular 

space; c, cytoplasm; n, nucleus. Scale bars, 10 pm. 
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Figure 1. Uptake of [3H]suramin by HT-29-D4/Glu (0, n ) and 
Gal cells (0, l ) in the presence (W, l ) or absence (0, o) of 
1% serum albumin in serum-free DMEM. Suramin uptake is 
expressed as cpm/lO’ cells. The cell number was determined 
by counting the cells of triplicate wells in a Malassez chamber. 
Values are the mean of two experiments performed in tripli- 

cate. Standard errors were always below 5% of mean values. 
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Figure 3. Grain densities of [3H]suramin in the different cellu- 
lar compartments of HT-29-D4/Gal and HT-29-D4/Glu cells. 
Grain densities are the ratio of real grain on systematic points 
falling on each compartment. The densities in apical and basal 

spaces are very low and correspond to the background. 
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the periphery and the surface. The computer then calculates 
the original dimensions and the volume adapted to the chosen 
model (here, spherical volume). The stored data from the 
computer were then subjected to the statistical analysis applied 
in this study. 

RESULTS 
Kinetics of suramin uptake by HT-29-D4 cells 

The pharmacokinetics of suramin uptake in HT-29-D4 
cells was studied using [‘Hlsuramin. The results showed that 
the drug was able to enter similarly undifferentiated and 
differentiated HT-29-D4 cells (Figure 1). In both cases, the 
process of suramin uptake was time-dependent and it was 
markedly decreased in the presence of serum albumin. 

Light microscopy 

Undifferentiated (HT-29-D4iGlu) or terminally differen- 
tiated cells (HT-29-D4/Gal) were incubated with [3H]sura- 
min in the presence or absence of serum albumin in serum- 
free medium. After 96 h, the cells were fixed and processed 
for autoradiography. In the presence of serum albumin, the 
labelling was mainly observed in the cytoplasm of both cell 
types. The grains were generally found within vacuoles or in 
the vicinity of these vacuoles (Figure 2b). In contrast, when 
serum albumin was not added to the culture medium, the 
labelling was mostly observed over the nucleus (Figure 2a). A 
quantitative analysis of the distribution of grains in these 
experiments is presented in Figure 3. This quantitation con- 
firmed that the labelling was mainly cytoplasmic in the pres- 

Figure 4. (a-c). 
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Figure 4. Electron microscopic autoradiographs of HT-29-D4/Glu (a, b) and Gal cells (c, d, e) fixed 6 days after the beginning of 
incubation with [‘H]suramin in serum-free DMEM. Most grains are located directly over the nucleus (b, c), the nucleolus (c), 
the mitochondria (a, d) and the Golgi apparatus (e). In mitochondria, the labelling was found in the matrix and in the membrane 
(a, d). Note that the presence of grains in the mitochondria is associated with a hypertrophy of this organelle (a, d). In addition, 
some mitochondria present electron dense granules (arrows) in the matrix. m, mitochondria; n, nucleus; nu, nucleolus; g, Golgi 
apparatus; er, endoplasmic reticulum; is, intercellular space; as, apical space; sb, striated border. Scale bars: 0.5 pm (a, b, d), 

0.3 pm (c), 0.2 urn (e). 

ence of serum albumin, and nuclear in its absence. Interest- 
ingly, the state of differentiation of the cells did not 
significantly modify the subcellular distribution of [3H] suram- 
in. 

Electron microscopy 

In the absence of serum albumin, the autoradiographic 
reaction of [‘Hlsuramin was almost exclusively located over 
the nucleus, the nucleolus, the mitochondria and the Golgi 
apparatus (Figure 4). The pattern of [3H]suramin labelling 
was similar in HT-29-D4iGlu and Gal cells. In the case of 
mitochondria, the labelling was not only found over the matrix 
but also over the membranes (Figure 4d). The presence of 
suramin in the nucleolus and chromatin did not induce an 
ultrastructural alteration of these compartments. In contrast, 
its presence in mitochondria was consistently associated with 
mitochondrial hypertrophy (Figure 4a,d). In addition, elec- 
tron-dense granules were frequently observed in these 
organelles (Figure 4d). 

In the presence of serum albumin, the labelling was almost 
exclusively restricted to the lysosomal compartment of both 
HT-29-D4/Glu (Figure 5b,c) and HT-29-D4/Gal cells 
(Figure 5a). More precisely, the grains were found over lyso- 
somes (Figure 5b,c), heterolysosomes (Figure 5e) and lamel- 
lar and multivesicular bodies (Figure 5d). Virtually no label- 
ling was found over any other compartment including the 
nucleus (Figure 5a). The lysosomal accumulation of suramin 
in the presence of serum albumin induced a perturbation of 
the lysosomal system. These ultrastructural alterations con- 
sisted in the occurrence of lamellar bodies otherwise rarely 
found in HT-29-D4/Glu cells and an increase of these struc- 
tures in HT-29-D4/Gal celh. 

The circle method [26] was used to more precisely and 
statistically identify the structures associated with the auto- 

radiographic grains. The results obtained are shown in 
Figure 6. From this analysis, it should be noted that, in 
presence of serum albumin, the labelling previously referred 
to as “cytoplasmic” was almost exclusively lysosomal in both 
cell types. In the absence of serum albumin, the cytoplasmic 
labelling could be assigned principally to the Golgi apparatus 
and the mitochondria, while the nuclear labelling was mainly 
nucleolar. 

Mitochondrial hypenrophy estimated by image processing 

A cell imaging method was developed to quantify the mito- 
chondrial hypertrophy induced by free suramin. In both cell 
types (i.e. HT-29-D4/Glu and Gal cells), the mean spherical 
volume of the mitochondria was 3.75&2.79p,m3(n=77) and 
0.07?0.06p_m3(n= 127) in the absence and presence of serum 
albumin, respectively. This corresponded to a 50-fold increase 
of mitochondrial volume in suramin-treated cells. Since the 
standard deviation varied according to the mean, we perfor- 
med a Student t-test on log transformed data using the STAT- 
ISTIX programme. The t-test with equal variance showed 
that the two-sample average values were significantly different 
(P <O.OOOl). We also performed a two-sample t-test directly 
on the original data. As above, the t-test with unequal variance 
showed that the two sample values were significantly different 
(P <O.OOOl). Therefore, the increase ofmitochondrial volume 
observed in cells incubated with free suramin was statistically 
significant. 

Controls 
No detectable radioactivity was present in any of the four 

glutaraldehyde/osmium fixed tissue blocks prepared from both 
HT-29-D4 cells incubated for 6 days with a solution contain- 
ing free 3H. HT-29-D4 cells which were briefly exposed (5 
min) to [3H]suramin, showed no cell-associated radioactivity 
above background. 
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Figure 5. Electron microscopic autoradiographs of HT-29-D4/Glu (b, c, e) and Gal cells (a, d) fixed 6 days after the beginning of 
[3H]suramin incubation in serum-free DMEM containing 1% BSA. nu, nucleolus; er, endoplasmic reticulum; is, intercellular 
space; ly, lysosomes; lb, lamellar bodies; mvb, multivesicular bodies; sb, striated border; bs, basal space; as, apical space; g, 
Golgi apparatus; m, mitochondria; n, nucleus. Arrows show accumulation of silver grams over the lysosomal system. Scale bars: 

3 pm (a), 0.1 pm (b), 0.2 pm (c), 0.5 pm (d), 0.3 pm (e). 

DISCUSSION by the cells [28]. A further assessment of this point is given by 
In this study, we present for the first time morphological experiments showing that the radioactivity extracted from 

evidence of the uptake of [3H]suramin by cultured cells at the HT-29-D4 cells incubated for 96 h with [3H]suramin co- 
ultrastructural level. The radioactivity found in HT-29-D4 eluted with standard suramin in HPLC (data not shown). 
cells following suramin uptake was most likely associated with Based on these data, one can reasonably assume that the 
the drug, since it was previously shown not to be metabolised radioactivity detected in HT-29-D4 cells following incubation 
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Figure 6. Crude specific activity of [3H]suramin in the differ- 
ent cellular compartments of HT-29-D4/Gal and HT-29- 
D4/Glu cells. The crude specific activity in the extracellular 

space corresponds to the background. 

with [3H]suramin is actually associated with tritiated drug. 
Moreover, the tritiated analogue of suramin used throughout 
this study was found to bind to serum albumin with the same 
affinity as unlabelled suramin [ 181. 

The autoradiographic data allowed a quantitative evalu- 
ation of the intracellular distribution of the drug in undifferen- 
tiated and differentiated HT-29-D4 cells, in the presence or 
absence of serum albumin in serum-free culture medium. One 
of the main results of this study is that suramin was indiffer- 
ently taken up by HT-29-D4 cells whatever their differen- 
tiation state. Therefore, the mechanisms of suramin entry into 
these cells are not controlled by cell differentiation. The other 
major point is that the presence of serum albumin determines 
the intracellular localisation of suramin in HT-29-D4 cells. 
Indeed, in the absence of the suramin-binding protein, the 
drug is distributed over the Golgi apparatus, the mitochondria 
and the nucleus. In contrast, when serum albumin is added to 
the culture medium, the drug is mostly found in lysosomes. 
Clearly, the absence of albumin in one of our experimental 
conditions does not reflect a normal physiological environ- 
ment. However, the data obtained do show an interesting 
localisation of suramin, especially in the nucleus. In addition, 
one should note that the drug is usually not totally bound to 
serum albumin during suramin therapy [l]. Therefore, it 
can be speculated that two distinct intracellular pathways of 
suramin uptake may actually co-exist in z&o, depending on 
the degree of complexing of the drug with albumin. 

The presence of suramin in mitochondria is consistent with 
a recent report suggesting that suramin may affect mitochon- 
drial functions [29]. At the molecular level, the drug has been 
shown to inhibit the oxidation of succinate and the synthesis 
of ATP in intact submitochondrial particles [30]. Suramin 

may therefore directly inhibit these enzymatic complexes and 
perturbate the respiratory activity of mitochondria. At the 
ultrastructural level, our observation of suramin-associated 
mitochondrial hypertrophy is in agreement with a recent 
report describing a similar disorder in suramin-treated pati- 
ents [31]. 

The accumulation of suramin in the nucleolus and the 
chromatin of HT-29-D4 cells may be related to another facet 

of suramin activity in tumoral cells [32]. The drug is a potent 
inhibitor of RNA polymerase [l] and DNA topoisomerase II 
[33]. This is compatible with an action of the drug at the level 
of gene expression. 

The concentration of suramin in the lysosomal system of 
HT-29-D4 cells in the presence of serum albumin is not 
surprising. Suramin inhibits the activity of several lysosomal 
hydrolases [34-361. Therefore, the accumulation of [3H] sura- 
min in the lysosomal system of HT-29-D4 cells may account 
for the lysosomal storage disorder induced by the drug in the 
presence of serum albumin. On the basis of the results shown 
in this study and of previous reports by our group 180,371 it is 
possible to draw a sequence of the events leading fo this 
disorder: (i) suramin, complexed with albumin, enters the 
cells by endocytosis; (ii) the drug accumulates in lysosomes, 
and (iii) inhibits the activity of lysosomal enzymes, which 
induces an accumulation of secondary lysosomes and lamellar 
bodies in the cytoplasm of the cells. This sequence may occur 
in every cell type able to endocyte suramin-albumin complex- 
es. 

In conclusion, our data demonstrate that an external factor, 
i.e. serum albumin, is able to influence the activity of a drug 
by determining its intracellular localisation. Suramin exerts a 
wide range of biological effects with certainly several mechan- 
isms of action [38]. In some cellular systems, including the 
HT-29-D4 cell clone, the drug disrupts autocrine loops of 
growth stimulation by interfering with the binding of growth 
factors to their receptors [39-491. This intriguing property of 
suramin is inherent to the presence of sulphonyl groups able 
to interact with basic amino acid residues of several growth 
factors [41]. As a consequence, suramin may be able to control 
the balance between proliferation and differentiation of cancer 
cells by acting at the extracellular level [40,46]. Indeed, under 
our experimental conditions (i.e. a chronic treatment with 
20 ygiml of suramin), the drug inhibited the growth of HT- 
29-D4 cells by 37%. This concentration of suramin was 
also sufficient to induce some morphological alterations in 
mitochondria and lysosomes. The results of the present study 
demonstrate for the first time that suramin is able to enter 
cancer cells by at least two independent mechanisms leading 
to different intracellular localisations. The presence of sur- 
amin in a given intracellular compartment may account for 
specific effects of the drug including mitochondrial hypertro- 
phy, altered gene expression and lysosomal perturbation. 
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