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A B S T R A C T  

Accumulation of sulfolipids associated with markedly elevated levels of 
glycolipid sulfotransferase activities was previously demonstrated in hu- 
man renal cell carcinoma cells. To explore the regulation mechanisms of 
sulfoglycolipid synthesis in renal cancer, effects of various growth factors 
on the metabolic enzymes of sulfoglycolipids were investigated by using a 
human renal cell carcinoma cell line, SMKT-R3. Among the growth fac- 
tors tested, transforming growth factor a (TGF-a) and epidermal growth 
factor 0EGF) were found to increase the sulfotransferase activity markedly 
(about 300%), but did not change that of arylsulfatase A, which hydro- 
lyzes sulfoglycolipids. The augmented effects of TGF-ot was abolished by 
cycloheximide. 

Since TGF-a is known to bind to the same receptor as EGF, SMKT-R3 
cells were investigated for the EGF receptor by affinity cross-linking with 
IzSI-EGF. A radiolabeled protein with a molecular mass of 175 kDa cor- 
responding to the ligand-receptor complex was immunoprecipitated with 
a monoclonal anti-EGF receptor antibody. When production of the growth 
factors was examined immunochemicaily, the cells were found to secrete 
TGF-a at a low level and retain it in a membrane-bound form, whereas 
EGF was not detected. These observations suggest that the sulfotransfer- 
ase activities are regulated through the autocrine, paracrine, and/or jux- 
tacrine modes of intercellular stimulation by TGF-a in human renal 
cancer cells. 

I N T R O D U C T I O N  

Structural modifications of carbohydrates on cell surface glycolip- 

ids appear to be implicated in the genetically programmed process of 
tissue differentiation and neoplastic transformation (1). Synthesis of 
abnormal glycolipids is due at least in part to aberrant expression of 
the responsible glycosyl transferases. Sulfoglycolipids were found to 
increase in human cancer tissues originating from several organs 
(2-9). In particular, the activity levels of glycolipid sulfotransferases, 
which catalyze the transfer of sulfate from PAPS 2 to galactose on 

GalCer and LacCer (10, 11), were markedly elevated in human renal 

cell carcinoma tissue, resulting in the accumulation of sulfoglycolip- 
ids (8). Furthermore, the levels of sulfotransferase activity were sig- 
nificantly increased in sera from patients with renal cell carcinoma 
compared to that of normal serum (12). In our recent study, a series of 
cell lines established from human renal cell carcinoma was found to 

possess high activity levels of sulfotransferases (13), confirming our 
previous observations on tumor tissues (8). This has enabled us to 
investigate the regulatory mechanism of the sulfotransferase activities 
at the cellular level. 

Various growth factors and growth factor receptors have been im- 
plicated in carcinogenesis of tumor cells (14, 15). TGF-c~ is a secreted 
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polypeptide that interacts with the same receptor as EGF and induces 

a mitogenic response in a wide variety of cells (16, 17). The EGF 
receptor gene, which is a cellular protooncogene c-erbB, encodes a 
170-kDa transmembrane glycoprotein with intracellular tyrosine ki- 

nase activity and an extracellular binding site for EGF and TGF-ot (18, 

19). Increased expression of TGF-a  and the EGF receptor have been 

demonstrated in a variety of human cancer cell lines and tumor speci- 

mens, including renal cell carcinoma (20--29). In addition, it was 

demonstrated that proliferation of human renal cell carcinoma cells 

was regulated by endogenously produced TGF-o~ through the EGF 

receptor (30). These findings suggest that TGF-ot contributes to the 
growth and characteristics of renal cancer cells by an autocrine 
mechanism. Therefore, we attempted to evaluate whether TGF-a  par- 

ticipates in the regulation of glycolipid sulfotransferase activities in 

human renal cancer cells. 

M A T E R I A L S  A N D  M E T H O D S  

Materials. [35S]PAPS (1.5 Ci/mmol), and Na125I (17 Ci/mg) were pur- 
chased from New England Nuclear. Unlabeled PAPS and p-nitrocatechol sul- 
fate were from Sigma, DSS was from Pierce, mouse EGF was from Collabo- 
rative Research, a monoclonal anti-human EGF receptor mouse IgG was from 
Amersham, human recombinant TGF-o~ was from GIBCO BRL, human re- 
combinant IL-6 was from Boehringer Mannheim, human recombinant 
PDGF-BB was from Oncogene Science, human recombinant insulin was from 
Shionogi Pharmaceuticals, human recombinant IGF-I was from Genzyme, and 
a monoclonal anti-human TGF-ct mouse IgG and human recombinant IGF-II 
were from Wakunaga Pharmaceuticals. Other reagents were of analytical 
grade. 

Cell Culture. SMKT-R3 cells were established from human renal cell 
carcinoma as described previously (31), and were cultured in Dulbecco's 
modified minimal essential medium supplemented with 10% fetal bovine 
serum. When effects of growth factors were examined, cells grown to subcon- 
fluence were washed 3 times with serum-free Dulbecco's modified minimal 
essential medium containing 0.1% bovine serum albumin, and cultured in the 
same serum-free medium with growth factors for an appropriate period. Cell 
viability was estimated by the trypan blue exclusion test, and was always 
greater than 95%. 

Enzyme Assay of Renal Cell Carcinoma Cells. Activities of glycolipid 
sulfotransferases and arylsulfatase A of SMKT-R3 cells were assayed as de- 
scribed previously (13). Briefly, cell monolayers were washed, harvested, and 
suspended in TBS containing 0.1% Lubrol PX, followed by sonication on ice. 
Glycolipid sulfotransferase activities of the cell homogenate were assayed by 
using GalCer and LacCer individually as substrates according to the previously 
reported method (32). Arylsulfatase A activity of the cell homogenate was 
assayed by using p-nitrocatechol sulfate as a substrate by the method of Baum 
et al. (33). To enable comparisons between the separate experiments, the 
measured enzyme activity was expressed as a percentage of the mean of the 
control value within each experiment. After the incubation of SMKT-R3 cells 
for 12 h under serum-free conditions with neither growth factors nor reagents, 
the specific activities (mean - SD) of glycolipid sulfotransferase toward 
GalCer and LacCer, and arylsulfatase A were 8020 _+ 780 pmol/h/mg protein, 
2960 _ 250 pmol/h/mg protein, and 220 _+ 18 nmol/h/mg protein, respectively. 

Immunohistochemical Staining. SMKT-R3 cells were cultured on Mul- 
titest slides (Flow Laboratories) for 12 h. The slides were immersed in PBS and 
fixed in 100% ethanol for 10 min, rinsed in PBS, and air dried. The cells were 
then reacted with a monoclonal anti-human TGF-a mouse IgG that does not 
react with EGF (34) for 1 h at 37~ After washing with PBS, the cells were 
incubated with a fluorescein isothiocyanate-conjugated F(ab')2 fragment of 
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Fig. 1. Effects of growth factors on glycolipid sulfotransferase and arylsulfatase A 
activities. SMKT-R3 cells grown to confluence were cultured with or without various 
growth factors for 12 h under serum-free conditions, and assayed for sulfotransferase 
activities toward GalCer (1), LacCer (l~), and for arylsulfatase A ([:]) as described in 
"Materials and Methods." The concentrations of growth factors were: IL-6, 500 units/ml; 
insulin, 1/.tM; IGF-I and IGF-II, 75 ng/ml; EGF and TGF-a, 50 ng/ml. Fetal bovine serum 
(FBS) means that the cells were cultured in medium supplemented with 10% fetal bovine 
serum. Data represent the means from three separate experiments performed in triplicate, 
and are expressed as percentages of the enzyme activities in the absence of growth factors. 
Bars, SD of the mean. 

goat anti-mouse IgG (Cappel) for 30 rain, and washed again with PBS. After 
mounting coverslips with 90% glycerol, the cells were examined by epifluo- 
rescence with the use of an Olympus BH2-RFCA microscope. Normal mouse 
IgG was used as a control. 

Cytofluorometric Analysis. Flow cytometry was performed according to 
the methods described previously (13). SMKT-R3 cells were harvested, 
washed, and stained by the indirect immunofluorescence method; the cells 
were reacted for 30 min on ice with a monoclonal anti-human TGF-oe IgG or 
a monoclonal anti-human EGF receptor IgG as the first antibody, and subse- 
quently for 30 min on ice with a fluorescein isothiocyanate-conjugated F(ab')2 
fragment of rabbit anti-mouse immunoglobulins (Dako) as the second 
antibody. Fluorescence profiles were determined with a FACScan (Becton 
Dickinson). 

Measurement of EGF and TGF-oe in Conditioned Media. Conditioned 
media were collected from SMKT-R3 cells, brought to final concentrations of 
5 mM EDTA and 1 mM phenylmethylsulfonyl fluoride, and concentrated 50 
times as described previously (30). According to the manufacturer's instruc- 
tions, concentrated media were separately assayed for EGF and TGF-,~ im- 
munoreactivities, using commercially available ELISA kits (Otsuka Pharma- 
ceuticals) that use specific monoclonal antibodies against human EGF and 
TGF-ct, respectively. Reactivity was specific for each peptide with no cross- 
reactivity of the ELISA kit for TGF-a to EGF and vice versa (data not shown). 
The limit of detection under our conditions was 1 pg/ml of EGF or TGF-a. The 
measurements were carried out in triplicate. 

Affinity Cross-Linking of EGF Receptor. Eighty ~g of SMKT-R3 cell 
membranes were incubated with laSI-EGF prepared by using the chloramine T 
method in the presence or absence of a 500-fold excess of unlabeled EGF for 
2 h at 4~ The reaction mixtures were centrifuged and the pellets were 
suspended with 100/xl of PBS. The cross-linking reaction proceeded at 4~ for 
15 min after 1 /xl of DSS in dimethyl sulfoxide was added to give a final 
concentration of 0.5 mM. The reaction was terminated by dilution with TBS and 
centrifugation. To recover the receptor cross-linked with la5I-EGF, we sepa- 
rately adopted two methods. For the first method, the resulting pellets were 
solubilized directly in 50/zl of SDS-sample buffer (35), boiled for 3 min, and 
centrifuged. The supernatant was separated by SDS-PAGE (7.5% polyacryl- 
amide gel) under reducing conditions. For the second method, the pellets 
prepared above were solubilized with TBS containing 1% Triton X-100, 5 mM 
EDTA, and 1 mM phenylmethylsulfonyl fluoride, and centrifuged. The super- 

natant was reacted with monoclonal anti-EGF receptor antibody at 4~ for 2 h, 
and further incubated at 4~ for 2 h with 30 /~1 of protein A-Sepharose 
(Pharmacia) that had been adsorbed with anti-mouse IgG rabbit antibody 
(Cappel). These beads were separated by centrifugation, washed with TBS, and 
boiled with 60/xl of SDS-sample buffer as above. After centrifugation, aliquots 
(50/xl) of the final supematant were subjected to SDS-PAGE on the same gel. 
After SDS-PAGE of the samples prepared by the two methods, the gel was 
dried and autoradiographed to detect cross-linked materials. 

RESULTS 

Effect of  T G F - a  on Glycolipid Sulfotransferase and Ary l su l f a -  

tase  A Act ivi t ies  in Rena l  Cell  C a r c i n o m a  Cells. In order to eluci- 

date the regulatory mechanisms of  sulfoglycolipid biosynthesis  in 

renal celt carcinoma, we examined the effects of  various growth 

factors on the activity levels o f  the metabolic enzymes  of  sulfogly- 

colipids. When  SMKT-R3 cells were cultured in the presence of  

individual growth factors or fetal bovine serum, exogenous TGF-c~ 

significantly elevated the activity levels o f  the sulfotransferases for 
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Fig. 2. Dose-dependent effect of TGF-oe on glycolipid sulfotransferase and arylsulfa- 
tase A activities. SMKT-R3 cells grown to confluence were incubated with the indicated 
doses of TGF-a for 12 h under serum-free conditions, and assayed for sulfotransferase 
activities toward GalCer (0) and LacCer (1:3), and arylsulfatase A activity (A). Data are the 
means and SD of three different experiments done in triplicate, and are plotted as 
percentages of the enzyme activities in the absence of TGF-a. 
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Fig. 3. Effect of incubation time with TGF-~x on glycolipid sulfotransferase and aryl- 

sulfatase A activities. SMKT-R3 cells were incubated for varying times without (control) 
or with 50 ng/ml TGF-~e, and assayed for enzyme activities. Data represent the means - 
SD of three separate experiments performed in duplicate, and are plotted as percentages 
of the value for control cells. The symbols are the same as in Fig. 2. 
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GalCer and LacCer as substrates among growth factors tested (Fig. 1). 

The stimulatory effect of EGF on the sulfotransferase activity levels 

was similar to that of TGF-ct. On the other hand, neither of them had 

any effect on the activity level of arylsulfatase A, which catalyzes 
desulfation of sulfoglycolipids. TGF-ct stimulated the sulfotransferase 
activity levels in a dose-dependent manner in the range from 0 to 50 
ng/ml (Fig. 2), and showed similar potency for each sulfotransferase 

activity toward the two substrates. At 50 ng/ml of TGF-c~, approxi- 

mately 3-fold increases in the sulfotransferase activity levels were 
observed as compared to the control in the absence of TGF-o~. A time 

course study of the effect of TGF-c~ is shown in Fig. 3. Elevations of 
the sulfotransferase activity levels were not evident within 4 h after 
the addition of TGF-o~. Significant increases of the sulfotransferase 

activity levels were seen from 8 to 12 h and kept a plateau up 

to 24 h. 
To examine whether protein synthesis of sulfotransferases is in- 

volved in the effect of TGF-a,  we further studied it in the presence of 
a protein synthesis inhibitor. As shown in Fig. 4, cycloheximide abol- 
ished the augmentation effect of TGF-a on sulfotransferase activity 
levels. In contrast, the activity level of arylsulfatase A was not affected 
by the inhibitor, in agreement with an observation that the half-life of 
arylsulfatase A was 65 days in human fibroblasts (36). These experi- 

ments suggest that the elevation of the sulfotransferase activity levels 
by TGF-ct was accompanied by protein synthesis of the enzymes. 

Production of T G F - a  by Renal  Cell Ca rc inoma  Cells. TGF-a  is 
produced by a variety of transformed cells (20). In order to examine 
the production of TGF-c~, SMKT-R3 cells were stained by indirect 

immunofluorescence with the use of a monoclonal anti-TGF-c~ anti- 

body. Diffuse cytoplasmic staining was detected in almost all cells 
(Fig. 5a top) while an irrelevant control antibody did not show such 
cell staining (Fig. 5b). Although the nuclei of the cells seemed to be 
stained, their color was light brown, not immunofluorescent. To ex- 
amine whether TGF-c~ produced by SMKT-R3 cells was secreted into 
the media, the immunoreactivities of TGF-c~ and EGF in the condi- 
tioned media were measured separately by using specific ELISAs for 

EGF and TGF-o~. The concentration of TGF-a  was estimated to be 3.4 
+_ 0.3 pg/ml (SD), and was detected in the conditioned media of 

SMKT-R3 cells, but EGF was not detectable. Fresh medium itself 
contained neither measurable TGF-o~ nor EGE The mature TGF-c~ 
molecule is released from the cell surface by proteolytic cleavage of 
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Fig. 5. Indirect immunofluorescence of SMKT-R3 cells with the use of a monoclonal 
anti-TGF-c~ antibody. Cells were grown and fixed, and immunofluorescence was per- 
formed as described in "Materials and Methods." Cells stained with an monoclonal 
anti-TGF-et antibody (a) or an irrelevant isotype mouse antibody (b) are shown. 
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Fig. 6. Detection of cell surface-bound TGF-ct by flow cytometry. SMKT-R3 cells were 

stained with a monoclonal anti-TGF-ct antibody ( ) or an irrelevant isotype mouse 
antibody ( ..... ), followed by flow cytometry as described in "Materials and Methods�9 

TGF.ct / Cycloheximlde 

Fig. 4. Effect of cycloheximide on glycolipid sulfotransferase and arylsulfatase A 
activities. SMKT-R3 cells grown to confuence were treated in the presence or absence of 
TGF-a (50 ng/ml) and with or without cycloheximide (25/xg/ml) for 12 h under serum- 
free conditions and assayed for enzyme activities�9 Data represent the means _ SD from 
three separate experiments performed in triplicate, and are expressed as percentages of the 
enzyme activities with neither TGF-t~ nor cycloheximide. The symbols are the same as in 
Fig. 1. receptors on SMKT-R3 cell membranes was chemically cross-linked 
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the transmembrane TGF-ot precursor, whereas membrane-bound 
TGF-a  forms remain on the cell surface (37). To examine whether a 
membrane-bound TGF-tx form existed on the surface of SMKT-R3 
cells, we investigated the expression of TGF-ct precursors by using 
flow cytometry with a monoclonal anti-TGF-ot antibody. As shown in 
Fig. 6, membrane-bound TGF-o~ forms were certainly expressed on 

the cell surface of SMKT-R3 cells. 
Detection of E G F  Recep tor  on Renal Cell Carcinoma Cells. 

TGF-ot interacts with the EGF receptor to the same extent as EGF 
insofar as binding ability is concerned, and exerts cellular effects 
through the receptor (38, 39). In order to investigate the expression of 
the EGF receptor in renal cell carcinoma cells, EGF bound to the 
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Fig. 7. Affinity cross-linking of EGF receptors. Eighty ~g of SMKT-R3 cell mem- 

branes were incubated with 125I-EGF in the absence (Lanes 1 and 2) or presence (Lanes 
3 and 4) of unlabeled EGF for 2 h at 4~ and affinity cross-linked with DSS. The 
affinity-labeled samples were extracted directly with SDS-sample buffer (Lanes 1 and 3) 
or with TBS containing Triton X-100, followed by immunoprecipitation with the use of 
a monoclonal anti-EGF receptor antibody (Lanes 2 and 4) as described in "Materials and 
Methods." The extracts were subjected to SDS-PAGE and visualized by autoradiography 
of the gel. Asterisk, specifically labeled band. Ordinate, molecular masses of marker 
proteins. 

with DSS. After the membranes were incubated with 12SI-EGF in the 
presence of DSS, the resulting complex was detected by SDS-PAGE 
followed by autoradiography. As shown in Fig. 7, a radiolabeled 
complex with a molecular mass of 175 kDa was observed (Fig. 7, 
Lane 1). Furthermore, the ligand-receptor complex was immunopre- 
cipitated with a monoclonal anti-EGF receptor antibody (Fig. 7, Lane 
2). The binding specificity was confirmed by the observation that the 
cross-linking of ~25I-EGF to the EGF receptor was completely inhib- 
ited in the presence of excess amounts of unlabeled EGF (Fig. 7, 
Lanes 3 and 4). The EGF receptors on the surface of SMKT-R3 cells 
were further characterized by flow cytometry with a monoclonal 
anti-EGF receptor antibody. As shown in Fig. 8, most of the cells 
expressed the EGF receptor on the cell surface. 

Therefore, it is most likely that the activity levels of glycolipid 
sulfotransferases are regulated through the TGF-a autocrine or para- 
crine pathway in SMKT-R3 cells. 

DISCUSSION 

glycolipid sulfotransferase activity in rat oligodendrocytes (42). On 
the other hand, neither the addition of insulin (1 nu-1 ~M) nor PDGF 
(5 ng/ml-50 ng/ml) to the culture medium had significant effects on 
the activities of the sulfotransferases in SMKT-R3 cells (Fig. 1); data 
not shown. Although the reason for this discrepancy is unknown, the 
effects of insulin and PDGF may be dependent on cell types. 

Increased expression of TGF-a mRNA and/or protein production 
have been reported in human renal cell carcinoma tissue and its cell 
lines (26-28). We also confirmed that SMKT-R3 cells endogenously 
produced TGF-ct, and showed that exogenous addition of TGF-a 
elevated the activities of glycolipid sulfotransferases. The measured 
concentration of TGF-a in conditioned media was lower than that of 
the exogenous TGF-a effective for the elevation of enzyme activity, 
although doses of TGF-a were in a similar range in the present and 
previous studies on various biological effects of TGF-a. Some cell 
lines expressed relatively high levels of TGF-a mRNA, but there were 
not detectable amounts of TGF-a in the conditioned media (20). The 
amount of TGF-a secreted into the media is thought to be regulated at 
various stages such as transcription, translation, and posttranslational 
processing, including limited proteolysis of the precursor protein. 
Atlas et aL (30) suggested that most TGF-o~ released from renal cell 
carcinoma cells may be consumed by the EGF receptor on the cell 
surface. SMKT-R3 cells not only secreted TGF-a in the medium but 
also expressed considerable amounts of the membrane-bound forms. 
Since the transmembrane TGF-a precursor is biologically active (45, 
46), the intercellular interaction of the membrane-bound forms (17) 
may play an important role in the regulation of sulfoglycolipid syn- 
thesis as well as in the autocrine mechanism in SMKT-R3 cells. 

Sulfoglycolipids are abundant in kidney as well as in brain (47), and 
glycolipid sulfotransferase activities are also detected in normal hu- 
man kidney. However, the specific activities of the sulfotransferases in 
SMKT-R3 cells were much higher than those in normal human kidney 
tissue and dog and monkey kidney cell lines (13). These observations 
suggest that the basal expression of sulfotransferases is regulated in a 
tissue-specific manner, while the elevation of the enzyme activities is 
associated with the malignant changes of renal cells. Therefore, the 
acquisition of the autocrine loop of TGF-a may contribute to the 
elevation of sulfotransferase activities in renal cell carcinoma ceils. 

The sulfotransferase preparation from SMKT-R3 cells could sulfate 
both GalCer and LacCer. Our results showing that the sulfotransferase 
activity levels toward GalCer and LacCer were similarly affected by 
all used growth factors do not conflict with previous suggestions that 
a single enzyme catalyzes the sulfation of both subtrates (48-50). It is 
not practical at present to determine at transcription process the in- 

In the present study, we demonstrated that exogenous TGF-a en- 
hanced the activity levels of glycolipid sulfotransferases in human 
renal cell carcinoma cells. The control of sulfoglycolipid synthesis or 
sulfotransferase activity by triiodothyronine (40), and insulin (41) has 
been demonstrated in dissociated brain cells from embryonic mice. 
Recently, it was shown that basic fibroblast growth factor and platelet- 
derived growth factor enhance the sulfotransferase activity in rat 
oligodendrocytes (42). However, to our knowledge, nothing is known 
about the regulation of its expression in renal cell carcinoma cells by 
growth factors. 

Growth factors, including EGF, TGF-o~, insulin, IGF-I, and IGF-II, 
are implicated in a variety of renal biological processes (43). IL-6 was 
suggested to function as an autocrine growth factor in renal cell 
carcinoma cells (44). Although SMKT-R3 cells were also found to 
produce IL-6, 3 IL-6 had no significant effect on sulfotransferase ac- 
tivity levels. Both insulin and PDGF have been shown to enhance the 

3 T. Kobayashi et aL, unpublished data. 
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Fig. 8. Detection of cell surface expression of EGF receptors by flow cytometry. 

SMKT-R3 ceils were stained with the use of a monoctonal anti-EGF receptor antibody 
( - - )  or an irrelevant isotype mouse antibody ( ..... ), followed by flow cytometry as 
described in "Materials and Methods." 
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duc t ion  o f  the e n z y m e  protein syn thes i s  by  TGF-c~, s ince c o m p l e m e n -  

tary D N A  of  h u m a n  g lyco l ip id  su l fo t ransfe rase  has not  been  c loned.  

On  the o ther  hand ,  the su l fo t ransferases  in rat b ra in  (51) and testis 

(52) were  sugges ted  to be ac t iva ted  by phosphory la t ion .  Thus ,  the 

ac t iv i ty  o f  su l fo t ransferase  appears  to be regula ted  in a dual  m a n n e r  at 

b iosyn thes i s  level  as wel l  as at pos t t rans la t iona l  level .  
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