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Abstract Polycystic kidney disease (PKD) is a common 
genetic disease characterized by the proliferation of epithelial 
cells, formation of cysts, and the progression of renal defi- 
ciency. We have investigated a possible role of glycosphin- 
golipids in the proliferation of human kidney cells in this 
disease. The levels of glucosylceramide and lactosylceramide 
and the activity of glucosylceramide synthase (GlcT-1) and 
lactosylceramide synthase (GalT-2) were elevated 2-fold and 
%fold, respectively, in the PKD tissue compared to control. 
Lactosylceramide, but not glucosylceramide ( 10 PM) derived 
from PKD exerted a 4fold stimulation in the proliferation of 
these cells. However, at a concentration of 40 pM, lactosyl- 
ceramide and glucosylceramide both stimulated cell prolifera- 
tion on the order of 10-fold and 2.5-fold, respectively, as 
compared to control. This phenomenon may be due to the 
enrichment of lactosylceramide containing shorter chain fatty 
acids (C16:0-C18:0). Lactosylceramide, but not glucosyl- 
ceramide exerted a timedependent stimulation in the phos- 
phorylation of mitogen-activated protein kinase (pa MAPK) 
in normal human kidney proximal tubular cells. Moreover, 
the kidneys and cultured cells from the PKD patients con- 
tained higher levels of the p44 MAPK as compared to normal 
human kidneys. I In sum, our studies indicate that iactosyl- 
ceramide present in the PKD kidney may stimulate cell pro- 
liferation via activation of the p" MAF'K, and contribute to 
the pathophysiology in this disease.-Chattejee, S., W. Y. 
Shi, P. Wilson, and A. Mazumdar. Role of lactosylceramide 
and MAP kinase in the proliferation of proximal tubular cells 
in human polycystic kidney disease. J. Lipid Res. 1996. 37: 
1334- 1344. 
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while ADPKD typically affects adults with a prevalence 
of 1:1,000. The locus responsible for more than 85% of 
ADPKD has been localized to human 16p 13.3 (PKD-1; 
European Consortium 1994) and PKD-2 to chromo- 
some 4q (2). Recently, the gene for ARPKD has been 
mapped to human chromosome 6 (3). 

The common feature of various kinds of PKD is the 
formation of cysts. The nature of the biochemical defect, 
which leads to cyst formation and consequent growth, 
and the relationship between extensive cyst formation 
and the development of progressive renal deficiency are 
not understood. There is increasing evidence that the 
primary abnormality is one involving abnormal cell 
growth whereby cyst formation and growth are control- 
led by the combined action of growth-promoting fac- 
tors. Some evidence has suggested that epidermal 
growth factor may initiate cyst formation, and that cyclic 
AMP accelerates fluid secretion and expansion (4,5). 

Because of our recent findings that lactosylceramide 
mediates the proliferation of aortic smooth muscle cells 
(6), we rationalized that perhaps this or  other glyco- 
sphingolipids may also be involved in the proliferation 
of the human kidney tubular epithelial cells in PKD. In 
this report, we present findings on the distribution of 
glycosphingolipids and relevant enzyme activities in nor- 
mal human kidney and of patients with PKD. The effects 
of various glycosphingolipids on the proliferation of 
human kidney cells and the possible role of mitogen-ac- 
tivated protein kinases in the proliferative process is 
described. Our data indicate that there is a marked Autosomal dominant polycystic kidney disease 

(ADPKD) is the most common autosomal genetic dis- 
ease, affecting 500,000 Americans, and 7,000 new pa- 
tients are recognized each year. Two major types of PKD 

____ 

Abbreviations: GlcCer, glucosylceramide; LacCer, lactosylceramide; 
have been recognized' ADPKD, autosomal dominant polycystic kidney disease; ARPKD, 
(ADPKD) and recessive pKD This autosomal recessive polycystic kidney disease; PT, proximal tubular; 
disease ranks first among the inherited and congenital MAPK, mitogen-activated protein kinase; ERK, external 
conditions leading to end-stage rend disease (ESRD). receptor-mediated kinase; GlcT-1, UDP glucose; ceramide p 1 -+ 4 

glucosyltransferase; GalT-2, UDP galactose; GlcCer p 1 -+ 4 
The ARPKD typically affects infants and children at an galactosyltransferase. 
estimated incidence up to one in 20,000 live births (1) 

dominant PKD 
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TABLE 1. Neutral glycosphingolipid composition in normal 
human kidney and polycystic kidney disease 

Glycosphingolipid Normal Human Polycystic Kidney 
Kidney Disease 

nmol/mg protein 

GlcCer 0.29 f 0.01 0.69 f 0.05 

LacCer 0.24 f 0.04 0.73 f 0.05 

GbOsesCer 0.22 f 0.05 0.18 f 0.05 

GbOser Cer 0.02 f 0.01 0.03 f 0.01 

About 1-2 g of kidney tissue was subjected to extraction with 
organic solvents. The total glycosphingolipids were purified and after 
perbenzoylation were subjected to HPLC analysis as described in 
Materials and Methods. The data represent glycosphingolipid levels 
obtained from three normal kidney samples and six polycystic kidney 
disease samples. 

increase in the level of lactosylceramide in patients with 
PKD. Lactosylceramide added to cultured human kid- 
ney cells resulted in marked induction of p44 MAPK and 
cell proliferation. Moreover, the basal levels of p44 
MAPK were markedly elevated in kidney tissue and 
cultured kidney cells derived from patients with PKD 
compared to control. 

MATERIALS AND METHODS 

Supplies 

[ L4C]UDP-glucose (specific activity, 9.25 Gbdmmol), 
[ 14C]UDP-galactose (specific activity, 12.2 Gbdmmol), 
and methyl [3H]thymidine (specific activity, 9.25 
Gbq/mmol) were purchased from American Radio- 
chemical Company (St. Louis, MO). Antibodies against 
p42 and p44 MAP& were purchased from United 
Biotechnology Institute (Boston, MA). 

Cell culture media 

Click-RPMI 1640 was from Quality Biologicals (Gaith- 
ersburg, MD); collagen type I was from Becton-Dickin- 
son (Bedford, MA); human transferrin, dexamethasone, 
and triiodothyronine were purchased from Sigma (St. 
Louis, MO); insulin from Gibco (Grand Island, NY) and 
fetal bovine serum (FBS) was supplied by Gemini Bio- 
products (Calabasas, CA). All other chemicals were pur- 
chased from Sigma Chemical Company (St. Louis, MO). 

unsuitable for surgery for technical but not medical 
responses. ADPKD kidneys (n = 7), ranging from 32-57 
yrs, were obtained at surgery from patients undergoing 
nephrectomy. All kidneys were flushed with balanced 
salts and maintained in tissue culture medium over ice 
for no longer than 24 h before use. End-stage ADPKD 
kidney showed 100% cystic involvement with multiple 
cysts throughout the cortex and medulla, no normal 
tubules, and no renal function. 

All kidneys were sliced and rinsed in cold sterile 
Click-RPMI media or phosphate-buffered saline (PBS) 
and used immediately to generate primary cell cultures. 

Cell culture 

The techniques used for primary culture of normal 
human defined renal tubule and ADPKD cyst epithelia 
have been described in detail (7-9). Briefly, individual 
normal renal proximal tubules or ADPKD cysts were 
micro-dissected or finely minced from cortical slices and 
plated onto collagen-coated tissue culture plates. Epi- 
thelial cells were grown to confluence in defined Click- 
RPMI media buffered to pH 7.4 with 10 pM HEPES and 
200 mgo sodium bicarbonate and the addition of 5 
Fg/ml human transferin, 200 U/ml penicillin, and 0.1 
mg/ml streptomycin. Normal and ADPKD epithelia 
were grown in media supplemented with dexametha- 
sone (5 x lO-s~) ,  insulin (5 pg/ml), and triiodothyronine 
( lOl2M).  Fetal bovine serum (1%) was added to the 
media to initiate growth after which it was removed. 

Characteristics of normal and ADPKD epithelia 

Primary cultures of normal human renal tubule and 
ADPKD cyst were shown to retain structural, biochemi- 
cal, and functional characteristics of the epithelia in vivo 
from which they were derived (7,8). Several important 
differences have been identified between normal and 
ADPKD epithelia: notably, abnormal basement mem- 
brane assembly and mispolarization to the apical plasma 
membrane of the membrane proteins NaK-ATPase and 
EGF receptor in ADPKD epithelia (5) .  These abnormali- 
ties have functional consequences of abnormally high 
proliferative potential and basal to apical ion transport 
seen in ADPKD epithelia (4, 5). 

Measurement of GSL, glycosyltransferase and 
glycosidase activity in cultured cells from normal 
and PKD patients 

Source of human kidneys Confluent cultures of cells were incubated for 24 h in 
medium containing lipoprotein deficient serum (1 
mg/protein per ml). Cells were harvested and stored in 
cacodylate buffer as described (9). The activity of UDP- 
Glc: ceramide, p 1 -) 4 glucosyltransferase (GlcT-1) and 
UDP-Gal:GlcCer, p 1 + 4 galactosyltransferase (GalT-2) 

Normal human kidneys (n = 3), age ranging from 
32-55 yrs, were obtained from cadaver nephrectomy 
specimens prepared for transplantation by in situ flush- 
ing with Collins balanced salts solutions and judged 
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was measured using ["GIUDP-glucose and [14C]UDP- 
galactose as nucleotide sugar donors, respectively, as 
described previously (10). The activity of LacCer P-galac- 
tosidase was measured using [SHILacCer as substrate as 
described previously (1 1). 

Incubation of cells with various glycosphingolipids 

Normal human kidney proximal tubular cells (xlO4) 
were seeded in 24-well microtiter plates. On the day of 
the experiment, medium was removed, cells were 
washed with sterile phosphate-buffered saline (PBS), 
and incubated with Ham's F-10 medium containing 
glycosphingolipids for various time periods (6). After 

100- 

- 

incubation, cell proliferation assays were pursued. All 
assays were performed in duplicate or triplicate from 
three separate dishes and results from a typical experi- 
ment are presented. Another set of dishes incubated k 
GSL was harvested in buffer (PBS containing 1 mM 
sodium vanadate), and subjected to immunoblot assays 
for mitogen-activated protein kinase (MAPK) (see be- 
low). 

43 

Measurement of cell proliferation 

Cell proliferation was assessed using [3H]thymidine 
incorporation as described previously (12, 13). 

1o:oi 11:41 13:21 

Retention Time (min) 

loo { ';@) Peak #1:2,3,4,6 - Tetra-0-methylgalactitol 

100 2bo 300 

m/Z 
400 

Peak 

117 

291 

233 1 319 541 
, I , ,  , I , ,  1 1 1 1  1 1 1 1  I I I I  1 1 1 1  1 1 1 1  1 1 1 1 ~ 1 1 1 I  I 1  

100 200 300 40(3 500 6W 

m/Z 

Fig. 1. GC-MS analysis of permethylated alditol acetate derived from sugars from LacCer. A Capillary gas 
chromatograph of permethylated alditol acetate sugars from LacCer derived from polycystic kidney tissue; B: 
mass spectrum of peak #l shown in Fig. 1A; C: mass spectrum of peak #3 shown in Fig. 1A. 
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TABLE 2. Fatty acid composition of LacCer derived from normal 
human kidney and polycystic kidney disease 

5 mM MgC12, pH 9.5), and nitroblue tetrazolium. The 
reaction was terminated by rinsing the membrane with 

Normal Human Polycystic Kidney 

Fatty Acid Kidney Disease 

C16:O 6.8 30.43 

C18:O 4.1 17.72 
C18:l (&ne) ND 34.04 
c19:o 17.7 ND 
c20:o 5.0 ND 

c24:o 16.6 9.53 

C24:l 39.1 8.29 

Othersa 10.3 

W dutributim 

In this experiment, lactosylceramide from PKD tissue was purified 
and then subjected to acid-catalyzed methanolysis. The methyl fatty 
acids were isolated and identified by GC-MS; ND, not determined. 

"Include C14, C15, C16:1, C18:2, C22 and (22:2) (taken from 
Rapport, M. M. et al. 1964. Ayck. Biockm. Biophyx. 105 431-438). 

Western immunoblot assay of MAPK in normal and 
PKD tissue and cultured proximal tubular cells 
derived from normal human kidney and individuals 
afflicted with PKD 

Five hundred micrograms of kidney tissue from nor- 
mal (n = 6) and ADPKD patients (n = 6) was homoge- 
nized in 1 ml of lysis buffer (150 nM NaC1,5 mM EGTA, 
5 nM EDTA, 10 mM NaF, 1 mM NasV04,l nM PMSF, 10 
p u m l  aprotinin, 10 p u m l  leupeptin, 1 mM pepstatin, 
25 mM Tris-HC1, pH 7.4, 1% Triton X-100, and 0.5% 
Nonidet P40. The homogenate was centrifuged (10,000 
rpm for 10 min at 4°C) in a microcentrifuge. The 
supernatant was saved and protein content was meas- 
ured. In one experiment, the cell supernatants (40 
puprotein per well) were subjected to a 12.5% SDS- 
polyacrylamide gel electrophoresis under denaturing 
and reducing conditions along with low molecular 
weight standard markers (14). The sample was then 

distilled water. 
In another experiment, 1 mg of supernatant protein 

was immunoprecipitated overnight at 4°C with an- 
tiphosphotyrosine antibody conjugated with protein 
A/agarose (Transduction Laboratories, Lexington, 
KY). The immunoprecipitates were washed twice with 
25 mM Tris buffer, pH 7.4, containing 2 mM EDTA and 
150 mM NaC1. The immunoprecipitates were solubilized 
in Laemmli sample buffer, rapidly centrifuged, and 
supernatant was subjected to Western immunoblot as- 
says as above using antibody specific for p44 MAPK. 

Isolation and quantitation of glycosphingolipids 
from normal human kidney and kidney from 
patients with polycystic kidney disease 

Normal human kidney was obtained at autopsy and 
stored frozen. Surgical specimens of kidney tissue from 
patients with ADPKD were obtained at nephrectomy 
from National Disease Repository Institute (NDRI; 
Philadelphia, PA). Tissue sections from the affected 
kidneys were sliced and stored frozen until further 
assays were pursued. The tissue was weighed in an 
analytical balance and then subjected to extraction with 
various combinations of organic solvents such as chlo- 
roform-methanol and water (15). After extraction, the 
organic solvent was subjected to partition. The total 
lower phase was dried in nitrogen atmosphere and then 
subjected to silicic acid column (2.5 cm x 100 cm) 
chromatography. The total glycosphingolipid fraction 
was eluted from the column with 300 ml of ace- 
tone-methanol 9: 1 (v/v). Next, the individual GSL were 
separated by silicic acid column chromatography and 
various fractions were then subjected to thin-layer chro- 
matography. Suitable aliquots of total and individual 
glycosphingolipids were also subjected to quantitative 
analysis by HPLC after perbenzoylation (15, 16). 

transferred Onto po1Tinylidine fluoride tPVDF) mem- 
TABLE 3, Activity of UDP-g:Cer, p 1 4 glucosyltransferBe brane for 1 h at 50 V and 52 mA per gel at room 

temperature. Next, the membrane was incubated for 1 
h with 3% non-fat dry milk in TBS-T (10 mM Tris-HC1 
and 50 mM NaCl with 0.05% Tween 20, pH 8.0), and 
then incubated overnight at 4'C with the primary anti- 
body (rabbit anti-rat MAPK against 44 MAPK and 42 Kidney GkT-1 GalT-2 PGalactosidase 

MAPK, diluted 1/1000 in 1% non-fat dry milk TBS-T). 
After washing 4 times with TBS-T, the membrane was 0.55 f 0.05 

incubated for 2 h with the secondary antibody (alkaline PKD (n = 4) 0.68 0.31 5.10 * 2.0 0.60 f 0.05 
phosphatase-conjugated anti-rabbit IgC). Next, the 
membrane was washed and incubated in the dark for 
3-6 min the substrate (5~bromo4~ch10ro*~indo1~1~ 
phosphate) AP buffer (100 mM Tris-HC1, 100 mM NaCl, 

(GlcT-1) and UDP-Gal: GlcCer, J3 1 + 4 galactosyltransferase 
(GAT-?) and LacCer bgalactosidase in cultured proximal tubular 
cells from normal kidneys and individuals afflicted with polycystic 

kidney disease 

LacCer 

nmo[/2 h/mgprotecn 

Normal (11 = 3) 0.31 f 0.05 1.70 5 0.3 

In this experiment, proximal tubular cells from normal kidney 
and those from polycystic kidney were grown to confluence. Then the 
cells were harvested and the activities of GlcT-1 and GalT-2 were 
measured as described previously (lo, 1 1  ). 
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TABLE 4. Activity of UDPg, p 1 + 4 glucosyltransferase 
(GlcT-1) and UDP-Gal, B 1 + 4 galactosyltransferase (GalT-2) in 

normal mouse kidnev and Dolvcvstic mouse kidnev 

Kidney GkT-I GalT-2 
nmoV.2 h/mg protein 

Normal .5 f 0.5 .5 f 0.4 

PKD 2.0 f 0.05 3.0 f 0.4 

Kidneys from normal and PKD mice were homogenized in ca- 
codylate buffer. The protein content was measured and the activities 
of ClcT-1 and GalT-2 were measured as described (10, 11). 

Gas-chromatography-mass spectrometric 
characterization of LacCer derived from ADPKD 
tissue 

First LacCer was subjected to acidcatalyzed 
methanolysis (17). The fatty acid methyl esters, methyl 
sphingosines, and methyl sugars were analyzed by gas 
chromatography-mass spectrometry after derivatiza- 
tion by using trimethylchlorosilane reagent. The fatty 
acid methyl esters suspended in hexane were injected 
into a Varian-3400 gas chromatograph (DB-wax capillary 
column) 30 meters; J&W Scientific Company, Rancho 
Cordova, CA) that was attached to a mass spectrometer 
ITD-850, Finnigan ion trap detector. Helium was used 
as a carrier gas. Temperature programming 
(6O0C-25O0C) at 2°C per min was used to separate the 
various fatty acid methyl esters and methylsphingosines. 
The TMSi sugars were separated on a DB-5 column 
using temperature programming from 16OoC-250"C at 
1 "C per min. Data analysis of TMSi sugars was pursued 
by the use of a Compaq Deskpro-2862 computer. 

Second, LacCer was subjected to further structural 
analysis by GC-mass spectrometry after microscale per- 
methylation according to Levery and Hakomori (18). 
The gas chromatography column (DB-5 capillary col- 
umn 0.25 mm x 30 m) was calibrated with authentic 
standard mixtures of partially methylated alditol ace- 
tates (Biocarb. Chemicals, Sweden). Temperature pro- 
gramming was from 16O"C-25O0C at 1°C per min and 
from 25O"C-35O0C at 2°C min. 

Anomeric linkage of the purified LacCer was deter- 
mined by the method of Hakomori (19) using P-galac- 
toside, a-galactosidase, and &glucosidase. An aliquot of 
the purified GSL was incubated with or without P-galac- 
tosidase, a-galactosidase, and Fglucosidase in 0.05 M 
citrate buffer (pH 5.4) containing taurodeoxycholate for 
18 h at 37°C. The reaction was terminated with cholor- 
form-methanol 2: 1 (v/v) and the lower choloroform 
layer was subjected to HPTLC. The plate was developed 
with aniline diphenylanine (DPA) reagent (15). 

RESULTS 

Glycosphingolipid composition of normal human kid- 
ney and patients with polycystic kidney disease 

The major glycosphingolipids present in normal hu- 
man kidney and ADPKD are: glucosylceramide 
(GlcCer), lactosylceramide (LacCer), globotriosyl- 
ceramide (GbOsejCer), and (GbOse4Cer) (Table 1). We 
found that the levels of glucosylceramide, and lactosyl- 
ceramide were elevated about 2-fold and %fold, respec- 
tively, in patients with ADPKD as compared to normal 
human kidney. The levels of globotetraosylceramide 
and globotriosylceramide in ADPKD were within nor- 
mal range. 

GC-mass spectrometry of acid methanolyzed 
product of LacCer derived from PKD tissue after 
trimet hysilyl derivat ization 

GC-mass spectrometry revealed that LacCer in 
ADPKD tissue is composed of galactose and glucose 

12 1 4 1  

10 20 30 40 50 0 

Glycosphingolipid Concentration (pM) 
Fig. 2. Effects of various glycosphingolipids on the incorporation of 
13H]thymidine in normal human kidney proximal tubular cells. Glu- 
cosylceramide and lactosylceramide from polycystic kidney were puri- 
fied and characterized, and cells were incubated with these glycosphin- 
golipids along with steroyl lactercerobroside, porcine 
lactosylceramide, and bovine lactosylceramide. After incubation for 
24 h at 37'C, [3H]thymidine (5  pCi/ml) was added to each well. After 
incubation for 2 additional h, the medium was removed, and the 
incorporation of [3H]thymidine was measured as described previously 
(11); H, control; m, steroyl LacCer; W, PKD LacCer; [fl, porcine 
LacCer; 0, bovine LacCer; and tB, PKD GlcCer. 
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Fatty acid composition of lactosylceramide in 
normal and ADPKD kidneys - p44MAPK 

-tW = The LacCer derived from PKD tissue was subjected 

1 2 3 . 4  

Fig. 3. Western immunoblot analysis of mitogen-activated protein 
kinase (MAPK) in normal and polycystic human kidney. Approxi- 
mately 40 pg of solubilized protein (see Materials and Methods for 
details) from normal and polycystic kidney disease was subjected to 
Western immunoblot assay using antibody against mitogen-activated 
protein kinases (42 MAPK and 44 MAPK). 

having a molar ratio of 1.0:0.94. Galactose resolved into 
four peaks; glucose resolved into three peaks and their 
retention times agreed well with TMSi-galactose and 
TMSi-glucose (data not shown). 

Gas chromatography-mass spectrometry of 
permethylated-alditol acetates of LacCer 

In order to determine the linkage between the sugar 
components present in LacCer derived from PKD tis- 
sue, we pursued GC-MS analysis of permethylated aldi- 
to1 acetates (Fig. 1A-C). As shown in Fig. lA, the gas 
chromatograph revealed three major peaks: the first, 
peak #1 had a retention time of 11.2 min and co-chro- 
matographed with 2, 3, 4, 6 tetra-0-methyl-galactitol; 
peak #2 had a retention time of 13.4 min and co-chro- 
matographed with 2, 3, 6 triomethylgalactitol. Peak #3 
had a retention time of 14 min and co-chromatographed 
with 2, 3, 6-tri-0-methylglucitol. The molar ratio of the 
galactitols and glucitol was 1.0:0.88. In Figs. 1B and lC, 
mass chromatograms for peak #1 and peak #3 are 
shown. Based upon these analyses, the molecular weight 
of peak #1 (2, 3, 4, 6 tetra-0-methyl alditol acetate) is 
235 and the molecular weight of peak #2 is 222. Taken 
together, these studies reveal that the linkage between 
the two sugar residues in LacCer derived from ADPKD 
tissue is Gal 1 + 4 Glc. 

Determination of anomeric linkage in LacCer from 
PKD tissue 

Suitable aliquots of the LacCer were subjected to 
digestion in buffer alone containing P-galactosidase and 
a-galactosidase. Only @galactosidase hydrolyzed the 
LacCer derived from PKD kidney to glucosylceramide 
(data not shown). Thus, the LacCer in PKD tissue most 
probably has the following structure: Cer Glc 4 + 1 
P-Gal. 

to acid-catalyzed methanolysis. The GSL methyl esters 
were subjected to TMSi derivatization and capillary 
GC-MS analyses (Table 2). Major fatty acids present in 
lactosylceramide in normal human kidney (reported 
previously) include C16:0, C18:0, C19:0, C19:1, C20:O. 
C24:0, and C24:l (Table 2). The absence of C:18:1 in 
LacCer in normal kidney has been reported previously. 
In comparison, lactosylceramide derived from ADPKD 
has a highly enriched level of C16:0, C18:0, and C18:l 
fatty acids. LacCer from ADPKD was devoid of C19:O 
and C20:O fatty acids. Finally, the levels of C24:O fatty 
acids as well as C24:l fatty acid were decreased on the 
order of about 2- to 4-fold compared to normal human 
kidney. 

Sphingosine composition of LacCer derived from 
ADPKD 

Using GC-mass spectrometry, we found that C18- 
sphingosine (4,knine) and C22-sphingosine ( 4 , k n -  
ine) represented 97.4% and 2.54%, respectively, of the 
sphingosines present in LacCer in ADPKD. A very small 
amount of C18:2 sphingosine was also found. 

Activity of glycosphingolipid glycosyltransferases 
and glycohydrolases in cultured cells from normal 
and ADPKD kidney tissue and normal and cpk 
mouse tissue 

We found that the activity of UDP-glucose: ceramide 
P 1 + 4 glucosyltransferase and UDP-galactose GlcCer 
P 1 + 4 galactosyltransferase in cultured cells from 
ADPKD kidney tissue were about 2-fold and 3-fold 
higher, respectively, than normal, unaffected kidney 
cells (Table 3). In contrast, the activity of LacCer P-galac- 
tosidase in ADPKD kidney cells was similar to control. 

.> - p44MAPK 

1 2 3 4 
Fig. 4. Western immunoblot analysis of the phosphorylated form of 
mitogen-activated protein kinase (p44 MAPK) in polycystic human 
kidney and normal human kidney. Approximately 1 mg of solubilized 
protein (see Materials and Methods for details) from polycystic tissue 
or normal human kidney tissue was subjected to immunoprecipitation 
with antiphosphotyrosine antibodies conjugated to protein 
A/agarose. The immunoprecipitates were subjected to polyacrylamide 
gel electrophoresis. Subsequently, the protein was transferred on a 
PVDF membrane and then subjected to Western immunoblot assays 
using antibodies against p44 MAPK (ERKI) as described previously 
(12). Six normal and six ADPKD tissues were analyzed in this study. 
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Fig. 5. Western immunoblot analysis of mitogen-activated protein 
kinase in cultured cells derived from ADPKD patients and normal 
kidney. In this experiment, both cultured normal human kidney 
proximal tubular cells and cells from polycystic human kidney tissues 
were cultured in defined medium as described in Materials and 
Methods. Subsequently, the cells were lysed in lysis buffer, and 40 pg 
protein of supematant was subjected to Western immunoblot analysis 
for various 44 MAPK and 42 MAPK. Cell pellets from three normal 
individuals and four patients with ADPKD were analyzed in this study. 

Similarly, the activities of GlcT-1 and GalT-2 in cpk 
mouse kidney were elevated on the order of 4fold and 
6-fold, respectively, compared to normal kidney tissue 
(Table 4). 

Effects of glycosphingolipids on the proliferation of 
normal human kidney cells 

MAPK (p44 MAPK) was high (Fig. 3, lanes 3, 4) as 
compared to normal kidney (Fig. 3, lanes 1,2) that did 
not reveal the p44 MAPK. The level of the unphospho- 
rylated form of 44 kDa MAPK (44 MAPK) and 42 kDa 
MAPK (42 MAPK) was similar in normal and ADPKD 
kidney tissues (data not shown). 

Western immunoblot assay of phosphotyrosine 
antibody immunoprecipitate 

Normal human kidney and PKD tissue supernatants 
were immunoprecipitated with antiphosphotyrosine an- 
tibodies, and next subjected to Western immunoblot 
assay against p44 MAPK. As shown in Fig. 4, only PKD 
tissue was found to have p44 MAPK (Fig. 4, lanes 3,4), 
but not the normal kidney tissue (Fig. 4, lanes 1, 2). 

Western immunoblot assay of mitogen-activated 
protein kinase in cells from normal human kidney 
and ADPKD kidney 

In this study, we compared the effects of glucosyl- 
ceramide and lactosylceramide obtained from ADPKD 
kidney, bovine brain, porcine brain, and stearoyl lacto- 
sylceramide on the proliferation of normal human kid- 
ney p~ cells. we found that glucosylceramide (10 JIM) 
derived from ADPKD kidney pig.  2) did not stimulate 
the incorporation of ["]thymidine incorporation into 

P44 MAPK was undetectable in proximal 
~ubular cells from normal human kidney samples* but 
was present in cells derived from ADPKD tissue (Fig. 5). 
The major MAPK in these 
tometric analysis revealed that the level of this protein 
kinase was similar in normal and ADPKD cells (data not 
shown). 

was 44 MAPK- 

Effects of glycosphingolipids on MAP& in cultured 
normal human kidney cells 

human kidney cells as compared to control. In contrast, 
lactosylceramide (obtained from various sources) ex- 
erted a concentrationdependent stimulation of the in- 
corporation of ["Hlthymidine into normal human kid- 
ney cells. Most interestingly, lactosylceramide derived 
from patients with ADPKD exerted a marked concen- 
trationdependent increase in the stimulation of 
["]thymidine incorporation in normal cultured proxi- 
mal tubular cells. At 10 pM, LacCer from ADPKD ex- 
erted a 4fold increase in cell proliferation compared to 

Incubation of cells with glucosylceramide exerted a 
rapid increase in the levels of the unphosphory~ated 
form of42 MAPK and 44 MAPK. Within 5 min, the level 
of44 MAPK ( ~ i ~ .  6A) and 42 MAPK ( ~ i ~ .  6 ~ )  increased 

GlcCer and control. At 40 pM, LacCer from ADPKD @ Laccer 
exerted a 10-fold increase in the proliferation of cells. 
Moreover, at this concentration, LacCer from ADPKD 
was at least 2-fold more effective in stimulating cell 
proliferation than bovine or porcine LacCer (Fig. 2). 
Glucosylceramide (40 pM) also stimulated cell prolifera- 0 5 15 30 60 
tion on the order of 2.5-fold compared to control. 

Westem immunoblot assays of mitogen-activated 

ADPKD tissue, and cultured cells derived from 
these tissues 

1y p44 MAPK r=* e---' -- 
Time (min) 

protein kinase in normal human kidney tissue, @ GlcCer 

0 5 15 30 60 We found that normal human kidney contained 42 
and 44 kDa MAPKs (Fig. 3). In contrast, tissues obtained 
from two representative (six normal and six PKD tissues 
were analyzed all together) ADPKD patients revealed 
that the basal level of the phosphorylated form of 44 

Time (min) 
Fig. 6. Densitometric scan of MAP& in cells incubated with and 
without glucosylceramide. A: 44 MMK; B: 42 MMK. 
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Time (mi 
Fig. 7. Effects of time of incubation with glycosphingolipids on mitogen-activated protein kinases in normal human kidney proximal tubular 
cells. In this experiment, normal human kidney proximal tubular cells were grown in P-100 dishes to confluence. Next, the medium was changed 
and lactosylceramide or glucosylceramide (10 pM) was added. At various time points indicated, cells were harvested and solubilized, protein was 
measured and subjected to Western immunoblot assays as described above. Panel A, cells incubated with lactosylceramide. Panel B, cells incubated 
with glucosylceramide. 

4 to 5-fold compared to control as determined by 
densitometric scanning of the gels. This phenomenon 
was sustained 60 min after incubation of cells with 
glucosylceramide. However, GlcCer did not stimulate 
the phosphorylation of 44 MAPK. In contrast, incuba- 
tion of cells with LacCer increased the levels of p44 
MAPK (Fig. 6 and Fig. 8A) as a function of time (0-60 
min). Normal human kidney cells did not contain any 
detectable levels of the p44 MAPK (Figs. 7 and SA). 
Maximum increase in the level of the p44 MAPK oc- 
curred 5-15 min subsequent to incubation with LacCer 
(Figs. 7. and SA) and decreased rapidly thereafter. Like 
GlcCer, LacCer also stimulated the level of the unphos- 
phorylated form of 44 MAPK (Fig. 7), in that after 15 
min of incubation of cells with LacCer, we found a 2- to 
3-fold increase in the levels of the unphosphorylated 
form of 44 MAPK and 42 MAPK, respectively (Fig. 8B, 
8C). The levels of these protein kinases subsided to 
control levels 30-60 min after incubation of cells with 
LacCer (Fig. 8B, 8C). 

DISCUSSION 

The current investigation led to several important 
findings. First, we found increased levels of glucosyl- 
ceramide and lactosylceramide in the kidney of patients 
with ADPKD. Second, the fatty acid composition of 
lactosylceramide derived from patients with ADPKD 
was uniquely different in composition when compared 
with normal human kidney. Third, when normal human 
kidney was incubated with lactosylceramide derived 
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from patients with ADPKD there was a remarkable 
increase in cell proliferation as evidenced by an increase 
in [3H]thymidine incorporation. Fourth, the basal level 
of the phosphorylated form of 44 MAPK (p44 MAPK) 
was markedly elevated in ADPKD kidney tissue and 
cultured cyst epithelial cells derived from the same 
tissue, but not in normal human kidney tissue and 
cultured normal proximal tubular cells. Finally, when 
normal human kidney proximal tubular cells were incu- 
bated with glucosylceramide and lactosylceramide, only 
lactosylceramide was able to stimulate the level of p44 
MAPK. 

We found an increase in the levels of glucosyl- 
ceramide and lactosylceramidein the kidneys of patients 
afflicted with ADPKD. The relative increase in the levels 
of glucosylceramide and lactosylceramide (Ffold and 
%fold, respectively) in human PKD tissue in our study 
was considerably higher compared to the reported 1.5- 
fold to 2-fold increase in glucosylceramide and lactosyl- 
ceramide in autosomal recessive C57-BLGJ-cpk mouse as 
compared to control in another study (20). These inves- 
tigators found that the level of GM3 was moderately 
elevated in cystic kidney whereas, the level of sulfatide 
and ceramide were significantly lower (20). The substan- 
tial increases in the levels of glucosylceramide and lac- 
tosylceramide in our study in human ADPKD were 
substantiated by a marked increase (3-fold) in the level 
of enzyme, GalT-2 involved in the synthesis of lactosyl- 
ceramide compared to control. We made a similar ob- 
servation with GalT-2 activity in cpk mouse kidney com- 
pared to control mice. Moreover, we found that the 
activity of GlcT-1 synthase was only 2-fold higher in the 
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LacCer 

5 15 30 60 

Time (min) 

@ 42MAPK LacCer 

0 5 15 30 

Time (min) 

kidneys of patients afflicted with ADPKD compared to 
control. A similar observation was made in the cpk 
mouse model compared to control by us as well as in the 
report by Desmukh et al. (20). We have taken these 
studies further in that we found that the activity of 
P-galactosidase (lactosylceramide hydrolase) was similar 
in human ADPKD kidney and control. 

Our studies on the structural analysis of lactosyl- 
ceramide revealed marked heterogeneity in the fatty 
acid composition of ADPKD kidney lactosylceramide, in 
that the levels of short chain fatty acids (C16:0-C18:0 
and C18:l) were markedly higher in LacCer from 
ADPKD kidney compared to normal human kidney 
lactosylceramide (2 1). Moreover, several other fatty acid 
molecular species (C19:O and C20:O) of LacCer found 
in normal human kidney LacCer were absent in PKD 
LacCer. When we added lactosylceramide derived from 
ADPKD kidney to normal cultured human proximal 
tubular cells, it markedly stimulated cell proliferation as 
compared to lactosylceramide derived from porcine 
kidney or bovine brain as well as from steroyl lactosyl- 

LacCer I 
1.50 

1.00 

m x  c."o 
0.500 

0.00 
5 15 30 60 

Time (min) 

Fig. 8. Densitometric scan of MAPKs in cells incubated with and 
without lactosylceramide. A p44 MAPK B: 44 MAPK and C 42 
MAPK. 

ceramide. One simple explanation for the relatively 
marked increase in the cell proliferation observed with 
ADPKD lactosylceramide might be a relative ease of the 
uptake and transport of LacCer with the shorter chain 
fatty acid compared to long chain fatty acid and the 
subsequent activation of p44 MAPK. These findings are 
consistent with our previous observation with culturcd 
rabbit and human aortic smooth muscle cells (6, 22). 

To understand the biochemical mechanisms involved 
in lactosylceramide-mediated proliferation of normal 
human kidney proximal tubular cells, we investigated 
the effects of lactosylceramide and other glycosphin- 
golipids on the mitogen-activated protein kinase. These 
studies were pursued in view of the recent interest in 
this area implicating an important role of MAP kinases 
in mediating the signal transduction reactions leading 
to cell proliferation via activation of various transcrip 
tional factors (23, 24). Our observations support the 
notion that glycosphingolipids are intimately involved 
in the activation of MAP kinase. First, we found that 
when normal human kidney proximal tubular cells were 
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incubated with lactosylceramide, there was a time-de- 
pendent stimulation of p44 MAPK. In contrast, when 
cells were incubated with glucosylceramide, there was 
no stimulation of p44 MAPK. However, both GlcCer and 
LacCer stimulated the levels of the unphosphorylated 
forms of 44 MAPK and 42 MAPK, but the time kinetics 
were different. For example, GlcCer exerted a 4 to 
5-fold increase, respectively, in the levels of 44 MAPK 
and 42 MAPK within 5 min, and this effect was sustained 
for up to 60 min. In contrast, LacCer-mediated stimula- 
tion of the levels of 44 MAPK and 42 MAPK reached a 
maximum (2-fold increase) at 15 min followed by a sharp 
decline in the level of these MAPKs to basal levels in 30 
min. These findings clearly warrant further studies on 
the mechanism of action of GlcCer and LacCer in kidney 
cells. 

A remarkable observation made in these current stud- 
ies was that the normal human kidney does not contain 
a significant amount of p44 MAPK, whereas the basal 
levels of p44 MAPK in ADPKD kidneys obtained from a 
number of patients were elevated. 

To further characterize the p44 MAPK in PKD kidney 
we used another approach. First, we immunoprecipi- 
tated all phosphotyrosine-containing proteins with an- 
tiphosphotyrosine antibody followed by Western im- 
munoblot assay of immunoprecipitates with antibody 
against the p44 MAPK. Such studies revealed that, in- 
deed, the migration of the phosphotyrosine antibody 
immunoprecitable band (Fig. 4, lanes 3,4) co-migrated 
with the p44 MAPK antibody reactive band (Fig. 3, lanes 
3,4). Taken together, our studies indicate the presence 
of a p44 MAPK in PKD kidney tissue and not in normal 
kidney tissue. However, our studies cannot explain why 
the endogenous level of p44 MAPK was elevated in PKD 
tissue. We can speculate that the high levels of endo- 
genous epidermal growth factor(s) and lactosylceramide 
may possibly contribute to this phenomena. 

As kidney tissue is composed of a variety of cells that 
may contribute to the overall composition of MAPK, we 
pursued another line of investigation to delineate the 
presence of MAPKs in polycystic kidney epithelia. We 
cultured cyst lining epithelial cells from the microdis- 
sected cysts of patients described above. When these 
cells were analyzed for MAPKs using Western im- 
munoblot assays, we again found that without any endo- 
genous stimulation of cells with growth factors, the basal 
level of pM MAPK was elevated in cells derived from 
ADPKD cells compared to normal cells that did not have 
detectable levels of p44 MAPK. We have previously 
shown that the ADPKD cells and tissues have higher 
levels of epidermal growth factor (EGF) and EGF recep- 
tors compared to control (5). EGF directly and/or by 
stimulating lactosylceramide synthesis may stimulate the 
phosphorylation of the 44 MAPK and promote cell 
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proliferation. In this regard, our preliminary data indi- 
cate that inhibitors that inactivate GalT-2 in normal 
human proximal tubular cells and aorta cells (22) can 
impair the proliferation of cells induced by lactosyl- 
ceramide (6). Clearly, further studies will be required to 
delineate the possible role of lactosylceramide and the 
biochemical mechanisms involved in the proliferation 
of proximal tubular cells in A D P K D . I  
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