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ABSTRACT

Human renal cell carcinoma (RCC) tissue and a cell line derived
therefrom. SMKT-R3, showed markedly increased glycolipid sulfotrans-
ferase [cerebroside Sulfotransferase iCS'l'i: EC 2.8.2.11] activity and ac

cumulated Sulfoglycolipids. Recently, we cloned a human CST cDNA from
a SMKT-R3 cDNA library (K. Honke et al., J. Biol. Chem., 272: 4864-

4868, 1997). In this study, we investigated the expression of the r.S7 gene
in seven human RCC lines (SMKT-R1, SMKT-R2, SMKT-R3, SMKT-R4,
TOS-1, TOS-2, and ACHN) and their normal counterpart, human renal

proximal tubular cells. On Northern blot analysis, a marked increase of
CST mRNA was observed in every RCC line, except for ACHN, as
compared with normal cells. ACHN cells showed a slightly increased level
of CST mRNA. CST activity was correlated with the amount of mRNA.
Sulfoglycolipid analysis revealed that expression of lactosylceramide sul
fate was correlated with the CST level. Furthermore, we examined the
effects of epidermal growth factor (EGF), tetradecanoylphorbol-13-

acetate, and genistein, which are known to regulate CST activity in
SMKT-R3 cells, on CST-gene expression in various RCC cells. On treat
ment with EGF, CST mRNA time-dependently increased in accord with
its activity in SMKT-R3 cells. Yet, augmentation by EGF was only ob
served in SMKT-R3. In contrast, a reduction of CST mRNA and activity
by tetradecanoylphorbol-13-acetate and genistein was observed in all of

the lines examined. Taken together, these findings indicate that in human
RCC cells, the CST gene is generally overexpressed via a signaling path
way involving protein kinase-C and tyrosine kinases.

INTRODUCTION

Qualitative and quantitative alterations of cell-surface glycolipids

occur during neoplastic transformation ( 1). In this process, the syn
thesis of abnormal glycolipids is mainly due to aberrant expression of
the responsible glycosyltransferases and carbohydrate-modifying en

zymes. Sulfoglycolipids are a class of acidic glycolipids containing
sulfate esters on their carbohydrate moiety, which are attached by
glycolipid Sulfotransferase (CST'; EC 2.8.2.11). Sulfoglycolipids are

found to increase in many human cancer tissues (2-9). In particular,
human RCC tissue (8) and a cell line derived therefrom, SMKT-R3

(10), accumulate Sulfoglycolipids secondary to a marked elevation of
CST activity. These findings prompted us to elucidate the underlying
mechanism of the aberrant expression of CST in human RCC cells. In
the course of our studies, we have found that CST activity in
SMKT-R3 cells is enhanced by the actions of EGF (11), transforming
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growth factor-Q (12), and hepatocyte growth factor (13). On the other
hand, tyrosine-kinase inhibitors, PK-C inhibitors, and chronic treat

ment with TPA reduce CST activity (14, 15), and Ras is involved in
the regulatory pathway of EGF-induced CST activity (16) in
SMKT-R3 cells.

Recently, we cloned a human CST cDNA (17) based on the amino
acid sequence of the purified enzyme (18). This enabled us to inves
tigate the control mechanism of the CST expression on a molecular
biological basis. We studied the expression of the CST gene in various
human RCC lines and their normal counterpart, human renal proximal
tubular cells. Furthermore, we examined the effects of EGF, TPA, and
genistein on CST-gene expression in RCC cells.

MATERIALS AND METHODS

Materials. [!5SJ3'-phosphoadenosine-5'-phosphosulfate (72.5 GBq/mmol)

was purchased from New England Nuclear (Boston. MA): unlabeled [35S].V-
phosphoadenosine-5'-phosphosulfate and TPA from Sigma Chemical Corp.

(St. Louis, MO): mouse EGF from Collaborative Research (Bedford, MA);
genistein from Upstate Biotechnology. Inc. (Lake Placid, NY): and DEAE-
Sephadex A-25 from Pharmacia LKB Biotechnology (Bromma, Sweden).

GalCer and SM4 were purified from bovine brain, and SM3 and SM2 were
purified from human and rat kidney, respectively. An antisulfatide monoclonal
antibody, Sulph 1 (19), was donated by Dr. Pam Fredman (GÃ¶terborg Univer
sity, Sweden). Other reagents were of analytical grade.

Cell Lines and Culture. SMKT-R1. SMKT-R2, SMKT-R3, and
SMKT-R4 were established from primary lesions of human RCC (20. 21).
TOS-1 and TOS-2 were derived from metastatic sites of human RCC (22).

ACHN (purchased from Dainihonseiyaku Co., Tokyo, Japan) was from a
malignant pleural effusion of a man with metastatic RCC. All of the RCC cells
were cultured in DMEM supplemented with 10% fetal bovine serum in a
humidified atmosphere of 5% CO2, at 37Â°C.To examine the effects of EGF.

TPA, and genistein, cells grown to subconfluence were washed three times
with serum-free DMEM, and cultured in the same serum-free medium with the

reagents for an appropriate period.
Normal human renal proximal tubular cells in primary culture were pur

chased from Clonetics Corp. (San Diego, CA) and cultured in CCMD 180
medium (Clonetics Corp.) supplemented with hydrocortisone (500 ng/ml),
EGF (10 ng/ml), 0.5% fetal bovine serum, epinephrine (500 ng/ml). triiodo-

thyronine (6.5 ng/ml). transferrin (10 fig/ml), insulin (5 fig/ml), and 0.1%
GA-1000. All growth medium supplements were obtained from Clonetics

Corp. To examine the effect of EGF, EGF and serum were removed from the
control medium.

Northern Blot Analysis. Total RNA (5 fig) from various cells was dena
tured in 50% (v/v) formamide, 6% (v/v) formaldehyde. 20 mM 3-morpholin-
opropanesulfonic acid (pH 7.0) at 65Â°C,electrophoresed on 1% agarose gel

containing 6% formaldehyde, blotted onto a nylon membrane (Boehringer
Mannheim. Mannheim, Germany), and cross-linked by UV irradiation. A
digoxigenin-labeled RNA probe for human CST was synthesized from the
AVioI-fragment of pBS-hCSTl (17) using a DIG RNA Labeling kit with T7

RNA polymerase (Boehringer Mannheim). An RNA probe for human GAPDH
was generated as described previously (23). The membrane was hybridized
with the RNA probe at 68Â°C.and detection was carried out with a DIG-

Luminescent Detection kit (Boehringer Mannheim), according to the manu
facturer's instructions. For reprobing. the membrane was incubated with

0.1 X SSC, 0.1% SDS at 100Â°Cfor 10 min to remove the preceding probe.
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Fig. I. Levels of CST mRNA and activity in
normal human proximal tubular cells and RCC
cells, a. Northern blot analysis. Tola! RNA sam
ples (5 Â¿xg)from normal human proximal tubular
cells and RCC cells were eleclrophoresed. trans-

blotted onto a nylon membrane, and hybridized
with a digoxigenin-labeled RNA probe of CST. as
described in "Materials and Methods." Ethidium

bromide staining of 18 S and 28 S rRNA in the
samples analyzed above is presented (lower pan
el). N, normal renal proximal tubular cells: Rl.
SMKT-R1: R2. SMKT-R2; R3, SMKT-R3; R-4.
SMKT-R4; Tl, TOS-1; 77, TOS-2; A. ACHN. h.
CST-activity. Values represent mean Â±SD of

three separate experiments performed in dupli
cate.

N R1 R2 R3 R4 T1 T2 A

CST
mRNA

16000
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t3 2000
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CST Activity and Protein Concentration. Cells cultured in a I00-mm

diameter dish were harvested using a scraper and washed three times with PBS.
The cells were resuspended in 300 fil of Tris buffered saline (pH 7.4)
containing O.I9c Triton X-lOO and homogenized by sonication on ice. CST

activity was assayed as described previously (24). Protein concentration was
determined by a bicinchoninic acid assay kit (Pierce Chemical Co., Rockford,
IL), using BSA as the standard.

Sulfoglycolipid Analysis. The cell monolayers were washed with PBS and
harvested by scraping with a rubber policeman. Glycolipids were extracted
from the cells with chloroform/methanol/water (30:60:8, v/v/v) followed by
chloroform/methanol (2:1, v/v). The extracts were combined and applied onto
a DEAE Sephadex A-25 (acetate form) column. After washing with chloro

form/methanol/water (30:60:8, v/v/v) and methanol. acidic glycolipids were
eluted with 200 mM ammonium acetate in methanol. The eluate was desalted
with a SepPak CIS cartridge (Waters, Milford, MA). The desalted glycolipids
were applied to a TLC plate and developed with chloroform/methanol/0.2%
CaCl2 (60:35:7, v/v/v). TLC-immunostaining was performed using an antisul-
fatide monoclonal antibody. Sulph 1. and peroxidase-conjugated sheep anti-

mouse IgG (Cappel, Durham, NC) as described previously (25).

RESULTS

Levels of CST mRNA and Activity in Normal Human Renal
Proximal Tubular Cells and RCC Cells. In our previous study,
CST activity was found to be very high in the RCC line, SMKT-R3

(10). In this study, we investigated whether the elevated CST activity
is due to high expression of its gene and whether increased CST
expression is a common phenomenon in RCC cells. Because RCC is
considered to be of proximal tubular origin (26, 27), we used human
renal proximal tubular cells in primary culture as normal control in the

following experiments. First, we examined expression of the CST
gene in terms of CST-mRNA and activity in seven human RCC cell
lines (SMKT-R1, SMKT-R2, SMKT-R3, SMKT-R4, TOS-1, TOS-2,

and ACHN) and normal proximal tubular cells. On Northern blot
analysis, every RCC line except for ACHN showed much higher
expression of CST mRNA than normal cells (Fig. la). ACHN cells
showed a slightly increased level of CST mRNA. CST activity was
also much higher in every RCC line, except for ACHN, than normal
cells (Fig. le). CST activity in ACHN cells was a little higher than
that in normal control. These observations indicate that the amount of
mRNA and enzyme activity were closely correlated, suggesting that
the greatly increased CST activity in RCC cells is regulated at the
transcription level. In addition, high expression of the CST"gene seems

to be common in RCC cells.
Expression of Sulfoglycolipids in Normal Human Renal Prox

imal Tubular Cells and RCC Cells. CST purified from SMKT-R3
cells is able to synthesize not only SM4 but also SM3 and sulfogly-
colipids with a ganglio-series backbone ( 18). To investigate whether

there is a correlation between expression of Sulfoglycolipids and CST
level, we performed TLC-immunostaining analysis of acidic glyco

lipids in RCC and normal proximal tubular cells using an antisulfatide
monoclonal antibody, Sulph 1 (19). Sulph 1 only reacts with SM4 and
SM3 among Sulfoglycolipids, and the reactivity to SM4 is stronger
than that to SM3 (10, 19). Orcinol-sulfuric acid staining patterns are

shown in Fig. 2a. An intense band corresponding to SM3 was ob
served in every RCC line except for ACHN. ACHN cells showed a
slightly increased concentration of the band as compared with normal
cells. On TLC-immunostaining analysis (Fig. 2h), SM3 was detected

a

SM4
g SM3

SM2

S M 3

123456789

Fig. 2. Sulfoglycolipids in normal human proximal
tubular cells and RCC cells. Acidic glycolipids,
corresponding to 0.5 mg of protein, were applied
onto a ^"^ P'ate- developed, and stained with or-
cinol-sulfuric acid (a) or an antisulfalide mono
clonal antibody. Sulph I (b) as described in "Mate
rials and Methods." Lane I . normal human proximal

tubular cells; Lane 2, SMKT-R1: Lane 3. SMKT-
R2; Lane 4, SMKT-R3: Lane 5. SMKT-R4: Lane 6,
TOS-1; Lane 7. TOS-2: Lane S. ACHN; Lane 9.

standard Sulfoglycolipids. SM4. SM3. and SM2.
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Fig. 3. Effect of incubation lime with EOF on CST niRNA and activity in SMKT-R3 cells, a. Northern Mot analyses of CST and GAPDH mRNA. Tolal RNA samples (5 u.g) of
SMKT-R3 cells treated with EOF ( UK)ng/ml) for the indicated periods were electrophoresed. h, quantitation of CST mRNA levels shown in (/. The intensity of CST mRNA. measured
hy densitometry, was normalised with respect to that of cognate GAPDH mRNA. The ratio of CST to GAPDH at 0 time was defined as 1.0. r, CST activity. SMKT-R3 cells were
incubated with (â€¢)or without (O) 100 ng/ml EGF for the indicated periods and assayed for CST activity. The ratio (X| of the activity with EOF to that without EOF is shown on
the righi axis. Values represent the mean of duplicate experiments.

in all RCC lines but not in normal cells, in reasonable agreement with
the result with orcinol staining. No clear band corresponding to SM4
was detected in any cell lines with orcinol staining (Fig. 2a). How
ever, SM4 was strongly observed in all cell lines including normal
cells with immunostaining (Fig. 2b). Although the intensity of SM4
was greater than that of SM3 with immunostaining, in view of the
result with orcinol staining and the property of Sulph l, SM3 rather
than SM4 was considered the major sullbglycolipid in RCC cells. In
SMKT-R3. SMKT-R4, TOS-1, and TOS-2 cells, a double band cor

responding to SM2 was detected with orcinol staining (Fig. 2Â«).The
glycolipid comigrating with SM2 in SMKT-R3 cells reacted with
azure A and was metabolically labeled with '1sS-sulfate in our previ

ous study ( 10).
Effect of EGF on Levels of CST mRNA and Activity in Human

RCC Cells. CST activity is up-regulated by the action of EGF in
SMKT-R3 cells ( 11). To investigate whether the augmentation of CST

activity by EGF is driven by transcription, we examined the effects of
incubation time with EGF on CST mRNA and activity in SMKT-R3

cells. On incubation with 100 ng/ml EGF. CST mRNA and activity
increased in parallel in a time-dependent manner in SMKT-R3 cells

(Fig. 3). CST activity also slightly increased with time in untreated
cells (Fig. 3Â«').Next, to elucidate whether the up-regulation by EGF is

a general phenomenon in RCC cells or not, we examined the effect of
EGF on the levels of CST mRNA and activity in other RCC lines.
Unexpectedly, the up-regulation of CST mRNA and activity in
SMKT-R3 cells was unique (Fig. 4). On the contrary, CST-mRNA

and activity were reduced in SMKT-R2 cells, and the other cells did

not show a significant change. EGF did not enhance CST activity in
normal renal proximal tubular cells, either (data not shown).

Effect of TPA on Levels of CST mRNA and Activity in Human
RCC Cells. TPA enhances PK-C activity in the short term, but its
chronic treatment down-regulates the kinase (28). Several PK-C in

hibitors and chronic treatment with TPA attenuate CST activity in
SMKT-R3 cells, suggesting that PK-C is needed to maintain the CST
level in SMKT-R3 cells (15). Now that we have cloned CST cDNA
(17), we are able to examine the time-dependent change of CST

mRNA on incubation with TPA. As shown in Fig. 5, CST mRNA
increased up to 1 h after the addition of TPA and then decreased over
the course of a 12-h incubation. This result indicates that TPA

activates expression of the CST gene at first, and then reduces it as
PK-C is down-regulated, supporting the hypothesis that PK-C is
involved in the regulation of CST expression in SMKT-R3 cells (15).
Next, to investigate whether PK-C regulates CST expression in RCC

cells in general, we examined the effects of TPA in other RCC cells.
When cells were incubated with 10 nMTPA for 12 h, CST mRNA and
activity were markedly reduced in all of the RCC lines (Fig. 6, a and
b). These observations suggest that PK-C commonly regulates the

expression of the CST gene in RCC cells.
Effect of Tyrosine-Kinase Inhibitor on Levels of CST mRNA

and Activity in Human RCC Cells. The tyrosine-kinase inhibitors,

genistein and tyrphostin, not only cancel the effect of EGF on CST
activity but also strongly inhibit endogenous CST activity in

Fig. 4. Effect of EGF on CST mRNA and
activity in RCC cells, a. Northern blot analysis of
CST mRNA. Tolal RNA samples (5 fig) from
RCC cells, treated with ( + ) or without (-) EGF
( KM)ng/ml) for 24 h. were electrophoresed. Ltwi'r

Â¡ninel. ethidium bromide staining. The symbols
arc the same as in Fig. 1. b, CST activity. Cells
were incubated in the presence ( + ) or absence (-)

of 100 ng/ml EGF for 24 h and assayed for CST
activity. Data represent mean + SE of triplicate
experiments and are expressed as the percentages
of the en/yme activity in the absence of EGF.

a
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a

Fig. 5. Effect of incubation time with TPA on
CST mRNA in SMKT-R3 cells, a. Northern blot

analyses of CST and GAPDH mRNA. Total RNA
samples (5 ng) of SMKT-R3 cells treated with 10 nM
TPA for the indicated periods were electrophoresed.
h, Quanlitation of CST mRNA levels in a. Calcula
tion was performed as described in Fig. 3.

Time(h) 0 0.5 1 1.5 2 4 6 12

CSTm mm m m â€¢¿�â€¢_ -

GAPDH

2 4 6 8 10 12
Time (h)

SMKT-R3 cells (14). To elucidate whether a tyrosine-kinase inhibitor
down-regulates transcription of the CST gene and whether the atten

uation occurs in other RCC cells, we examined the effects of genistein
on the levels of CST mRNA and activity in SMKT-R1, SMKT-R2,
SMKT-R3, SMKT-R4. TOS-1, and TOS-2 cells. As shown in Fig. la,

the level of CST mRNA was reduced by genistein in all of the RCC
lines examined. Genistein also decreased CST activity in all of the
lines (Fig. lb}. These observations indicate that the down-regulation

of CST activity by genistein occurs at the transcription level and that
tyrosine kinases are involved in CST-gene expression in RCC cells in

general.

DISCUSSION

In the present study, we demonstrated that all of the seven RCC
lines derived from distinct specimens had increased expression of the
CS7gene as compared with normal control. In particular, six of them
showed markedly increased expression of the CST gene. This result
indicates that increased expression of the CST gene is common in
RCC cells, and agrees with the result of an earlier clinical investiga
tion that 33 of 37 RCC tissues (89.2%) showed higher CST activity
than the cognate uninvolved tissues (8). On the other hand, such high
CST expression was not observed in other types of human cancer cells

a

R1 R2 R4 T1 T2

TPA -

CST
mRNA

150
Fig. 6. Effect of TPA on CST mRNA and activity
in RCC cells, a. Northern blot analysis of CST
mRNA. Total RNA samples (5 fig) from RCC
cells, treated with ( + ) or without (-) 10 nM TPA

for 12 h. were electrophoresed. htwer panel.
ethidium bromide staining. Symbols are the same
as in Fig. 1. h. CST activity. Cells were incubated
in the presence ( + ) or absence ( â€”¿�) of 10 nM TPA

for 24 h and assayed for CST activity. Data rep
resent mean + SE of triplicate experiments, and
are expressed as the percentages of the enzyme
activity in the absence of TPA.

R1 R2 R4 T1 T2

Fig. 7. Effect of genislein on CST mRNA and
activity in RCC cells, ti. Northern blot analysis of
CST mRNA. Total RNA samples (5 fig) from
RCC cells, treated with ( + ) or without (-) 50

fig/ml genistein for 12 h. were electrophoresed.
Lower panel, ethidium bromide staining. Symbols
are the same as in Fig. I. h. CST activity. Cells
were incubated in the presence ( + ) or absence ( â€”¿�)

of 50 /Ag/ml genistein for 24 h and assayed for CST
activity. Data represent mean + SE of triplicate
experiments and are expressed as the percentages
of the enzyme activity in the absence of genistein.
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(10, 17), suggesting that it is unique to RCC. These characteristics of
CST expression might be able to be used as a tumor marker of RCC.
The CST activity level was not significantly different in terms of
malignant grade and stage, although it tended to be higher in grades
3 and 4 than in grades 1 and 2 (8). In the present study, TOS-2, which

originates from skin metastasis, had a higher level of CST expression.
This observation may suggest a possible role of CST in metastatic
potential of RCC. However, the CST expression of ACHN, which
originates from malignant pleural effusion, was remarkably low and
that of TOS 1, derived from a back metastatic site, was not signifi
cantly larger than the other RCC lines. The reason for the discrepancy
between those lines is unclear, but could be explained by differences
in locations of metastasis or properties of those cells. Further studies
are required to clarify these points.

This study demonstrated a correlation between the expression of
SM3 and the CST level, and SM3 was not detected in normal
proximal tubular cells in accord with the low CST level. However,
SM4 was observed in normal cells as well as RCC cells on immuno-

staining analysis. The CST level in normal cells may be enough to
induce expression of such an amount of SM4 in vivo. Alternatively,
there is a possibility that another sulfotransferase that cannot be
detected under our assay condition exists. Although purified CST
prefers GalCer to LacCer as a substrate in vitro (18), SM4 was not
increased as compared with normal cells, and its level was much
lower than that of SM3 in RCC cells (this study, and Ref. 10). Human
kidney contains GalCer and GlcCer as monohexosylceramides with a
higher content of GlcCer, and the ratio of GalCer to GlcCer in RCC
tissues is low compared with that in uninvolved tissues (29). There
fore, the availability of precursor glycolipids may regulate the syn
thesis of sulfoglycolipids in vivo. In the present and a previous study
(10), cancer-associated expression of SM2 and sulfoglycolipids with

a longer carbohydrate chain was suggested. Because SM2 is synthe
sized from SM3 by N-acetylgalactosaminyltransferase (30), and CST

can act on gangliotriaosylceramide and gangliotetraosylceramide to
synthesize SM2b and SMlb, respectively (18), the expression of such
sulfoglycolipids may be controlled by CST expression.

Studies on the enhanced CST expression led to characterization of
RCC cells from a signaling aspect. Our observations suggest that
intrinsic PK-C and tyrosine kinases are activated in RCC cells in

general. Of relevance. Pal et al. (31) also demonstrated that the
overexpression of VPF/VEGF in RCC cells is abolished by genistein
and staurosporine, and that introducing the wild-type of the VHL gene

product into RCC cells, where the VHL gene is commonly mutated or
silenced (32), suppresses the expression of VPF/VEGF by blocking
the PK-C pathways. Although whether the same pathway is shared

between the expression of CST and that of VPF/VEGF remains to be
defined, it is of interest whether the VHL gene product is involved in
the regulation of CST expression in RCC cells.

Enhancement of CST expression by EGF was only observed in
SMKT-R3 cells. Because only the SMKT-R3 line is of granular cell

type, the increment by EGF may be related to the cell type. On the
other hand, EGF reduced the CST expression in SMKT-R2 cells. By
flow cytometric analysis using an anti-EGF receptor monoclonal
antibody, at least four RCC lines (SMKT-R1, SMKT-R2, SMKT-R3,
and SMKT-R4) were found to express the EGF receptor on their cell

surface (data not shown). Therefore, it is suggested that the different
responses to EGF are due to variations of the intracellular signal
transduction pathway downstream of the EGF receptor.

Although the bona fide function of sulfoglycolipids in RCC cells
remains unclear, sulfoglycolipids have been found to function as a
ligand for adhesive molecules, such as laminin and selectins (re
viewed in Ref. 33), and as a low-affinity receptor of hepatocyte

growth factor (34). Through these interactions with extracellular ma

trix proteins and growth factors, sulfoglycolipids on the cell surface
may potentiate such aspects of the malignant phenotype of cancer
cells as autonomous proliferation, invasion, and metastasis. Indeed,
sulfoglycolipid-dependent adhesion of human melanoma (35) and

RCC (36) cells has been demonstrated. The present study demon
strated that not SM4 but SM3 is increased in RCC cells. In any future
consideration of the function of sulfoglycolipids in RCC cells, atten
tion should be paid to the difference in reactivity depending on the
structure of sulfoglycolipids.

In conclusion, the glycolipid sulfotransferase is up-regulated at the
transcription level in human RCC cells. Elucidation of the transcrip-

tional regulation of the CST gene is under way.
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