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Abstract Polycystic kidney disease is a disorder marked by
aberrant renal tubular epithelial cell proliferation and transport
abnormalities. Sphingolipids are ubiquitous membrane compo-
nents implicated in several cellular functions including cell
membrane sorting, signaling, growth, ion transport, and ad-
hesion. To investigate a potential pathogenic role for sphingo-
lipids in cystic kidney disease, we studied the sphingolipid con-
tent and associated enzymatic activities of the kidneys from
cpk/cpk mice and their phenotypically normal litter mates. The
neutral glycolipids, including glucosylceramide and lactosyl-
ceramide, displayed a striking increase in 3-week-old cpk/pk
mice as did the acidic lipid, ganglioside GM3. However, a cor-
respondingly significant decrease in sulfoglycolipid and cera-
mide concentration was observed in the c¢pkZpk kidneys.
Glucosylceramide synthase activity was higher in the kidneys of
the cpk/cpk mice than in those of the controls. Kinetic analysis of
the glucosylceramide synthase revealed the presence of an en-
dogenous activator in the cystic kidney. A marked decrease in
sulfotransferase activity was observed in both whole kidney
homogenates and in microsomal preparations that was consis-
tent with the decrement in sulfolipid content. The increase in
GM3, glucosyl- and lactosylceramide may therefore be the result
of impaired sulfolipid synthesis at the 3-week time point. While
sulfolipid and glucosylceramide concentrations are not different
at 1 and 2 weeks of age, ceramide concentrations in cystic kid-
neys are significantly reduced compared to kidneys from pheno-
typically normal mice. ll These results suggest that sphingo-
lipids may play a potential role in the proliferative and transport
abnormalities associated with cystic renal disease and the
development of azotemia.— Deshmukh, G. D., N. S. Radin,
V. H. Gattone II, and J. A. Shayman. Abnormalities of glyco-
sphingolipid, sulfatide, and ceramide in the polycystic (cpk/cpk)
mouse. J. Lipid Res. 1994. 35: 1611-1618.
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Polycystic kidney disease (PKD) is marked by several
abnormalities, including tubular epithelial cell hyperpla-
sia (1), abnormal differentiation (2), and altered tubular
cell transport (3). The ¢pk strain of mice has been used as
a model of autosomal recessive polycystic kidney disease
where the phenotypic expression of cystic renal disease
occurs in the homozygous mice (4).

Sphingolipids, in particular glycosphingolipids (GSLs),

have been implicated as important mediators in a variety
of cellular processes (5). These include growth (6), differ-
entiation (7), interaction with extracellular matrix (8),
and ion transport (9). Recent work has demonstrated a
role for GSLs in growth and signaling events in a renal
epithelial cell line, the Madin-Darby canine kidney cell
(10, 11). MDCK cells have been used as an in vitro model
of cyst formation (12).

The autosomal recessive C57BL/6]J-cpk mouse has been
used as a genetic murine model of human autosomal re-
cessive polycystic kidney disease. Affected animals, the
offspring of obligatory heterozygotes, appear normal at
birth but develop renal failure after 3 to 4 weeks due to
massive enlargement of the kidneys and collecting duct
cyst formation. Although early changes in proximal tub-
ules are observed at birth, the renal enlargement is due
primarily to cystic changes in the collecting tubules (4,
13). The biochemical basis for polycystic kidney disease is
presently undefined. Functionally, two features typify cyst
formation, viz. increased epithelial cell proliferation and
aberrant transtubular fluid transport.

A priori, GSLs might be considered to be important
regulators of the growth response in cystic kidneys for three
major reasons. First, both neutral and acidic glycolipids
have been demonstrated to be important regulators of cell
growth, In MDCK cells, for example, increasing the glu-
cosylceramide content through inhibition of 3-glucosidase
promotes cell proliferation; decreasing glucosylceramide
content through inhibition of glucosylceramide synthase
blocks cell proliferation (10). In other systems, lactosyl-
ceramide (14) and ganglioside GM3 (15) have been re-
ported to exert profound effects on cell growth. Several
mechanisms have been proposed to explain these effects,
including regulation of growth factor-stimulated tyrosine

Abbreviations: PKD, polycystic kidney disease; GSL, glycosphingo-
lipid; MDCK, Madin-Darby canine kidney; EGF, epidermal growth
factor; TLC, thin-layer chromatography.
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kinase activity (16), phosphorylation of the epidermal
growth factor (EGF) receptor (17, 18) through sphingo-
lipid-activated kinases (19), the regulation of phospho-
lipase C (11, 20), the regulation of protein kinase C ac-
tivity through sphingosine or dimethylsphingosine (21), or
through diradylglycerides formed secondary to sphingo-
myelin synthesis (22). More generally, some agents that
induce a cystic phenotype, e.g., glucocorticoids, are as-
sociated with changes in GSL formation (23) and cell
differentiation (24).

Second, GSLs have been implicated as important regu-
lators of ion transport. The addition of specific lipids to
transporting epithelia, for example, increases sodium
transport as measured by short circuit current or dome
formation (9, 25). Sulfolipids have been implicated in the
regulation of Na-K ATPase activity (26). Na-K ATPase
expression and localization appear to be abnormal in the
cystic epithelia of the ¢pk/Zpk mouse (27). Transporting
epithelia are polarized with respect to their apical and
membrane lipids. GSLs are highly enriched in the outer
leaflet of apical membranes (28). These lipids are sorted
intracellularly in concert with membrane proteins and
have been postulated to regulate protein sorting (although
evidence in support of this latter point is limited), and
membrane protein sorting appears to be abnormally
regulated in polycystic kidney disease (3). In addition, the
tight junction provides a barrier to the diffusion of GSLs
between apical and basolateral surfaces (29, 30).

Third, GSLs are important determinants of cell-cell
and cell-matrix interactions (6, 31). The binding of extra-
cellular matrix proteins such as fibronectin and laminin
to integrins may be regulated in part by GSLs (8, 32).
Cells derived from polycystic kidneys appear to have al-
tered cell matrix interactions (33). In addition, sulfolipids
have been identified as potential receptors for the heparin
binding domain of thrombospondin (34). A recent paper
has reported the increased expression of a differentiation
antigen representing a complex glycosphingolipid in auto-
somal dominant polycystic kidney disease raising the pos-
sibility that other abnormalities in sphingolipid metabo-
lism may be found in polycystic kidney (2).

In the present study sphingolipid content and metabo-
lism were studied in the kidneys of cpk/spk mice and com-
pared to those of the phenotypically normal litter mates.

METHODS

Materials

UDP-D-[1-3H]glucose (7.8 Ci/mmol) and phospho-
adenosine [**S]sulfate (PAP3°S, 2.5 Ci/mmol) were from
DuPont Company (Boston, MA). Galactosylceramide
from bovine brain was from Serdary (Port Huron, MI).
Ganglioside standards were from Matreya, Inc. (Pleasant
Gap, PA). Other reagents, including ganglioside GM3,
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were from Sigma Chemical (St. Louis, MO). GlcCer was
prepared from the spleen of a Gaucher patient (35).

Animals

Kidneys were obtained from a colony of C57BL/6]-cpk
mice maintained at the University of Kansas Medical
Center. This colony was established from mice originally
obtained from the Jackson Laboratory, Bar Harbor, ME.
Kidneys were obtained from the offspring of heterozygous
male and female breeders, killed at 1, 2, or 3 weeks of age.
Cystic kidneys from the affected animals were compared
to phenotypically normal kidneys of litter mates. Mice
were anesthetized with sodium pentobarbital (65 mg/kg,
intraperitoneally) prior to killing following institutional
guidelines consistent with National Institutes of Health
policy. The kidneys were frozen in liquid nitrogen and
stored at —70°C until processed. For some analyses, kid-
neys from three mice were dissected into cortex and
medulla (inner stripe of outer medulla and inner medulla).

Sphingolipid analyses

The kidneys were weighed and homogenized in 10 vol
of chloroform-methanol 1:1 using a Polytron (Brinkmann
Instruments). The homogenate was filtered through a sin-
tered glass funnel. The pellet was extracted twice with
10 ml of chloroform-methanol 1:2. The remaining pellet
was dried and weighed. The pooled extracts were evapo-
rated to dryness under a stream of nitrogen and redis-
solved in chloroform-methanol-water 30:60:8. The lipid
extract was applied to a 10 x 1 ¢cm column of DEAE-
Sephadex (acetate form) that was preequilibrated with
chloroform-methanol-water 30:60:8. Neutral lipids were
eluted with 30 ml of the same solvent, and the acidic lipids
were eluted with 30 ml of chloroform-methanol-0.3 M
NaOAc 30:60:8. The cluates were evaporated to complete
dryness.

The neutral fraction was subjected to alkaline meth-
anolysis by addition of 12 ml chloroform and 6 ml 0.21 N
methanolic NaOH. The tubes were vortexed and left at
room temperature for 60 min. Acetic acid (4.5 ml,
0.34 M) was added. The tubes were vortexed and then
centrifuged at 1000 ¢ for 5 min to effect phase separation.
The lower layer was evaporated to dryness, suspended in
1 ml of chloroform-methanol 98:2, and subjected to silicic
acid chromatography using 0.5 g Unisil (200-325 mesh).
Ceramides were eluted with 35 ml chloroform-methanol
98:2 and cerebrosides were eluted with 35 ml of chloro-
form-methanol 80:20.

The acidic fraction was subjected to alkaline methano-
lysis by addition of 3 ml of methanolic NaOH (0.5 N) and
heating for 60 min at 40°C. Freshly prepared methanolic
acetic acid (0.5 N) was then added to neutralize the sam-
ple. Samples were evaporated under nitrogen and sus-
pended in tap water by sonication. This fraction was dia-
lyzed against tap water for 24 h at 4°C and dried in vacuo
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using a rotary evaporator. The lipids were redissolved in
chloroform-methanol 1:2.

Samples were analyzed by high performance thin-layer
chromatography (TLC). Only bands migrating with Ry
values of known standards were quantified. Galactosylcer-
amide, glucosylceramide, and lactosylceramide were sep-
arated on plates that were pretreated with 2.5% borax in
methanol-water 1:1 and air-dried. The solvent system
consisted of chloroform:methanol-water 65:25:4. The
acidic GSLs, including galactosylceramide sulfate, were
separated with chloroform-methanol-0.2% CaCl,-H,O
60:40:9. Ceramide was developed with hexane-chloroform
1:1 followed by chloroform-methanol-acetic acid 91:2:3.
Lipids were visualized by charring using a copper sulfate-
phosphoric acid reagent. Lipid quantitation used a Bio-
Rad 620 videodensitometer and 2-D Analyst software.

Enzyme assays

Ceramide:UDP-Glc glucosyltransferase (EC 2.4.1.80)
was assayed with an improved method using NAD to pro-
tect the nucleotide sugar against pyrophosphatase (36).

Sulfotransferase activity was measured using a modifi-
cation of the method of Farrell and McKhann (37) as de-
scribed by Lingwood et al. (38). In brief, GSL substrate,
8 nmol galactosylceramide, was dissolved in 25 ul of chlo-
roform-methanol 2:1 containing 1 mg Triton X-100. The
solution was evaporated to dryness and resuspended in
0.1 ml of 100 mM imidazole buffer (pH 7.0) containing
20 mM MgCl,, 4 mM dithiothreitol, 10 mM ATP, 52 mM
PAP3%S, and 25 pl of kidney homogenate (~10 mg pro-
tein/ml). The mixture was incubated for 30 min at 37°C.
The lipids were partitioned by the addition of 0.5 ml chlo-
roform-methanol 2:1 and 0.5 ml of 0.88% KCI. The lipids
in the lower phase were separated by TLC with chloro-

-GalCerS0Og4

- GM3 Fig. 1. HPTLC of neutral (A) and acidic (B) GSLs
of kidneys from cpk/cpk and phenotypically normal
mice. Lipids were extracted and isolated as described

in Methods.

form-methanol-acetone-acetic acid-water 8:2:4:2:1. The
radiolabeled products were identified by autofluorogra-
phy, scraped, and quantified by liquid scintillation.

RESULTS

In 3-week-old mice the wet weights of the cystic kidneys
(662 + 84.6 mg) were significantly greater with those of
the normal kidneys (71.6 + 2.65 mg, P < 0.005). These
changes were consistent with those previously reported in
this model of cystic kidney disease (4). Analyses of neutral
and acidic glycosphingolipids (Figs. 1A and B) revealed
significant differences between the ¢pk/cpk and phenotypi-
cally normal kidneys. When neutral lipids were separated
by TLC on a borate-impregnated plate, several bands
were resolved. The analysis of sphingolipid content re-
vealed significant increases in glucosylceramide, lactosyl-
ceramide, and ganglioside GM3 in the cystic kidneys for

TABLE 1. Sphingolipid content in normal versus cystic kidneys
from 3-week-old mice

Control (n = 6) Cystic (n = 7)
Glucosylceramide 195 + 8 337 + 5°
Lactosylceramide 765 + 121 1380 + 74°
Ganglioside GM3 262 + 12 323 + 9°
Sulfolipid 2320 + 598 909 + 381°
Ceramide 1750 + 184 334 + 62°

The data are expressed as mg/g dry pellet weight + SE. Protein con-
centrations in control versus cystic kidneys were 115 + 3.0 and
21.5 + 1.6 mg/g wet weight and 621 + 23.7 versus 604 + 31.5 mg/g
dry pellet weight, respectively.

“Denotes P < 0.05 by unpaired ¢ test.
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TABLE 2. Sphingolipid content in cortex and medulla of normal
and cystic kidneys from 3-week-old mice

Control Cystic
Cortical glucosylceramide 105 + 3.4 251 + 19.4°
Medullary glucosylceramide 147 + 6.0 182
Cortical GM3 206 + 16.4 401 + 29.9
Medullary GM3 196 + 35.5 360
Cortical sulfatide 1895 + 131 919 + 75°
Medullary sulfatide 4745 + 607 1501

The data are expressed as mg/g dry pellet weight + SE; n = 8 for
control cortical samples; n = 3 for cystic cortical samples; and n = 3
(litters, pooled) for cystic medullary samples. The small tissue mass for
cystic medullary samples required pooling samples from three kidneys.

“Denotes P < 0.01 cystic versus control by unpaired ¢ test.

GSL species migrating with R; values comparable to
those of authentic standards (Table 1). A fast-moving
band corresponding to GalCer was also increased in the
cpk/cpk kidneys; however, a more slowly moving band
perhaps representing a more polar species of GalCer was
increased in the control kidneys. By contrast, ceramide
and galactosylceramide sulfate levels were distinctly lower
in the cystic kidneys (Fig. 1B and Table 1). A band was
present in the neutral lipids from the ¢pk/cpk mice that was
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not seen in the control samples with an Ry value that was
slightly greater than the GlcCer standard. In addition, a
least one neutral compound of higher polarity was
markedly increased in the cpk/cpk samples.

At 3 weeks of age, the changes in the cpk mouse kidney
are reported to be due to cystic enlargement of the collect-
ing ducts. In order to ascertain whether the observed
differences of Table 1 could be accounted for by this en-
largement, we analyzed the cortex and medulla separately
(Table 2). Both sections exhibited markedly higher con-
tents of GlcCer and ganglioside GM3 and lower concen-
trations of sulfatide.

Between 0.5 and 1.0 ml of cyst fluid was removed from
the kidneys of three separate animals. Sphingolipids could
not be detected in these samples. The protein concentra-
tion of the cyst fluid was 205 pg/ml, representing less than
2.5% of the total kidney protein. The differences in sphin-
golipid content between normal and cystic kidneys was
therefore not simply the result of the presence or absence
of cyst fluid. In addition, the contribution of the cyst fluid
to total protein was insufficient to account for the differ-
ences in sphingolipid content.

The time-dependent expressions of glucosylceramide,
cerebroside sulfate, and ceramide were measured in kid-
neys from 1-, 2-, and 3-week-old mice (Figs. 2a-c).
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Fig. 2. Renal sphingolipid content as a function of age in normal (®)
and cystic kidneys (O). A: glucosylceramide; B: cerebroside sulfate;
C: ceramide. *Denotes P < 0.05 by unpaired ¢ test.
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Although glucosylceramide and cerebroside sulfate levels
were significantly different at 3 weeks, no significant
differences were observed at the earlier time points. Cera-
mide content, however, was significantly lower at 2 and 3
weeks of age in the kidneys from the cystic mice.

In an attempt to ascertain the basis for the differences
in GSL content between the control and cystic kidneys,
we measured glucosylceramide synthase and sulfotrans-
ferase activities in the cystic and phenotypically normal
kidneys (Table 3). The sulfotransferase activity was sig-
nificantly lower (40%) in the cystic kidneys.

In contrast, glucosylceramide synthase activity was
significantly higher in the cystic kidney. When the syn-
thase activity was measured as a function of protein con-
centration, it was found that the specific activity rose as
higher tissue concentrations were used (Fig. 3). For ex-
ample, the specific activity of the GlcCer synthase was
1472 pmol/h per mg protein when 338 pg of tissue protein
was used in the assay and 2102 pmol/h per mg when
675 pg of tissue protein was used. This relationship is
consistent with the presence of an endogenous activator of
the synthase. In order to determine whether this may be
the result of a stimulatory factor in the cystic fluid, the
cerebroside synthase activity was measured in a 100,000 ¢
pellet from homogenates of normal and cystic kidney. The
enzyme activity was consistently lower in the control kid-
ney homogenates than in the cystic homogenates. The
presence of the putative activator in the cystic kidney was
confirmed by sonication in water of the pellet resulting
from the 100,000 g centrifugation for 1 h at 0°C. When
the sonicate was repelleted at 100,000 g the stimulatory
activity was detected in the supernatant from cystic kid-
ney and not the pellet (Table 4).

DISCUSSION

The present study revealed abnormalities in the GSL
content and synthase activities in the cystic kidney. First,
the glucosphingolipids, glucosylceramide, lactosylcera-
mide, and ganglioside GM3, are increased in the cystic
compared to normal kidneys. Second, levels of sulfatide
are markedly lower in the cystic compared to normal kid-
neys. These changes are opposite to what one would pre-
dict based on the known distribution of GSLs within the

TABLE 3. Glycosphingolipid synthase activities in normal versus
cystic kidneys

Control Cystic
Glucosylceramide synthase 1220 + 45 1860 + 136*
Sulfotransferase 182 + 27.3 109 + 33*

Activities are expressed as pmol/h/mg protein + SE; n = 3.
“Denotes P < 0.05 by unpaired ¢ test.
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Fig. 3. Glucosylceramide synthase activity versus protein concentra-
tion. The activity of glucosylceramide synthase in a 100,000 g pellet from
cpk/cpk kidney homogenate was assayed as a function of protein concen-
tration. A nonlinear association was observed, with higher activities at
higher protein concentrations. The pattern of enzyme activity is consis-
tent with the presence of an activator of the cerebroside synthase.

kidney. Both sulfatide content and sulfotransferase activi-
ties are elevated in medullary compared to cortical
regions in normal kidney (39, 40) a finding confirmed in
this study for the mouse kidney. Antisulfatide antibody
staining identifies only collecting tubule epithelia (41).
Thus, if the GSL content were simply a reflection of in-
creased collecting tubule mass, then the sulfolipid and
sulfotransferase activity should be higher, not lower, in
the cystic kidneys. Changes in glucosylceramide synthase
and sulfotransferase activities were noted to be in concert
with these changes in glycolipid content. In only one other
study has the expression of a GSL been evaluated in cystic
kidney disease. Klingel et al. (2) observed that the expres-
sion of the differentiation antigen Exo-1 was expressed on
up to 80% of cyst lining epithelial cells in autosomal
dominant polyeystic kidney disease but was not expressed

TABLE 4. Glucosylceramide synthase activator properties

Control Activity cpk/cpk Activity

100,000 g Pellet 100 100
Control supernatant 14 + 2.5

cpk/cpk Supernatant 5.7 £ 09
Pellet + control supernatant 101 + 1.2 117 + 3.2
Pellet + cpk/cpk supernatant 184 + 3.4 164 + 15.3

Evidence for the presence of an endogenous stimulator of glucosyl-
ceramide synthase activity in ¢pk/cpk kidneys. Kidneys were homogenized
in 9 vol of water. The homogenate was centrifuged at 100,000 g for { h
at 0°C. The pellet was resuspended in enough water to restore the origi-
nal volume and used as the enzyme source. A portion of the enzyme was
sonicated for 30 min at 37°C and centrifuged at 100,000 ¢ for 1 h at 0°C.
The supernatant was saved and assayed alone or in the presence of the
first pellet. The second pellet had no stimulatory activity (data not shown).
The data are expressed as percent of the specific activity of the 100,000 g
pellet. The data represent the mean + SE of three determinations.
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on normal renal epithelia. Exo-1 represents an uncharac-
terized neutral glycolipid that is very highly glycosylated
(42).

Changes in sulfotransferase activity alone might be
sufficient to account for the altered content of the glyco-
lipids (Fig. 4). Two major sulfosphingolipids are present
in kidney. These include galactosylceramide sulfate and
lactosylceramide sulfate (43). In addition, glucosylcera-
mide sulfate (44) and more complex sulfoglycosphingo-
lipids have been found. Lower activity of the sulfotrans-
ferase, by slowing the utilization of GSLs, would be
expected to cause the observed increases in the GSLs, Yet
it is not clear why the slowing in sulfation would increase
the activity of GlcCer synthase. The observed increases’in
the glucosphingolipids, GlcCer, lactosylceramide, and
ganglioside GM3, are more readily explained by the in-
crease in GlcCer synthase.

An unexpected and potentially significant finding in
this study was the presence of an acttvator for the gluco-
sylceramide synthase in the cystic kidneys. This activating
factor was easily obtained from the sonicates of the
100,000 g pellet of the cystic kidneys. It stimulated the
glucosylceramide synthase from both the phenotypically
normal and cystic kidneys. The existence of activators for
glycosidases has been known for many years (45). Defi-

CHa-{GHoh1z CHz0H

ciencies in these cohydrolases can result in variants of
sphingolipidoses in which the hydrolase is normal. Inhibi-
tors of glycosyltransferases have also been identified (46).
However, activators of glycosyltransferases have not previ-
ously been described. To the best of our knowledge, these
data provide the first evidence for the existence of an acti-
vator of a glycosyltransferase.

The evaluation of the time-dependent changes in sphin-
golipid content revealed that only ceramide levels were
significantly lower in cystic kidneys prior to 3 weeks of
age, a time when cystic changes were fully apparent.
Thus, although changes in glucosylceramide, ganglioside
GM3, or cerebroside sulfate levels may be useful markers
of the severe cystic phenotype, they are unlikely to be
causal factors in cyst development. Ceramide has recently
been identified as a potentially important regulator of cel-
lular growth and differentiation (47). In several hemato-
poetic cell lines, including the HL-60 cell line, ceramide
levels increase in response to agonists such as TNF-«,
y-interferon, and vitamin Ds;. Proposed mechanisms for
these changes include the activation of the nuclear tran-
scription factor NF-xB (48), stimulation of a mitogen-
activated protein kinase (49), activation of a ceramide-
dependent protein kinase (50), and activation of a
ceramide-dependent, okadaic acid-sensitive protein phos-
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phatase (51). Ceramide has also been identified as a
potential mediator of programmed cell death (52). The
growing list of potentially important biological activities
regulated by ceramide, therefore, raises the interesting
possibility that ceramide or ceramide metabolites may be
causative factors in disorders of aberrant differentiation.
In the present model, decreased levels of ceramide may
result in a delayed differentiation response in the cystic
epithelia. Discerning whether or not there is a causal as-
sociation between ceramide metabolism and renal cyst
development will require further investigation.

In summary, GSL abnormalities exist in the kidneys of
cystic mice and may participate in the pathogenesis of
polycystic kidney disease. Alterations in GSLs may help
interrelate the various abnormalities associated with poly-
cystic kidney disease including epithelial hyperplasia,
altered states of differentiation, abnormal cell sorting of
membrane-associated proteins, and altered cell matrix in-
teractions. Bl

This work is supported by a Merit Review Award from the
Department of Veterans Affairs and RO1DK41487 (to JAS) and
the American Heart Association Kansas Affiliate (to VHG).
James Shayman is an Established Investigator of the American
Heart Association.

Manuscript received 24 November 1993 and in revised form 17 March 1994.

REFERENCES

1. Bernstein, J., A. P. Evan, and K. D. Gardner, Jr. 1987.
Epithelial hyperplasia in human polycystic kidney diseases:
its role in pathogenesis and risk of neoplasia. Am. J. Pathol.
129: 92-101.

2. Klingel, R., W. Dippold, S. Storkel, K. H. Meyer zum
Buschenfelde, and H. Kohler. 1992. Expression of differen-
tiation antigens and growth-related genes in normal kidney,
autosomal dominant polycystic kidney disease, and renal
cell carcinoma. Am. J. Kidney Dis. 19: 22-30.

3. Wilson, P. D, A. C. Sherwood, A. K. Pall, J. Du, R.
Watson, and J. T. Norman. 1991. Reversed polarity of
Na(+)-K(+)-ATPase: mislocation to apical plasma mem-
branes in polycystic kidney disease epithelia. Am. J. Physiol.
260: F420-430.

4. Gattone, V. H., 2nd, J. P. Calvet, B. D. Cowley, Jr., A. P.
Evan, T. S. Shaver, K. Helmstadter, and J. J. Grantham.
1988. Autosomal recessive polycystic kidney disease in a
murine model. A gross and microscopic description. Lab.
Invest. 59: 231-238.

5. Shayman, J. A, and N. S. Radin. 1991. Structure and func-
tion of renal glycosphingolipids [editorial]. Am. J. Phystol.
260: F291-F302.

6. Hakomori, S. 1990. Bifunctional role of glycosphingolipids.
Modulators for transmembrane signaling and mediators
for cellular interactions. J. Biol Chem. 265: 18713-18716.

7. Sariola, H., E. Auferheide, H. Bernhard, S. Henke-Fahle,
W. Dippold, and P. Ekblom. 1988. Antibodies to cell sur-
face ganglioside GD3 perturb inductive epithelial-mesen-
chymal interactions. Cell. 54: 235-245.

8. Cheresh, D. A,, M. D. Pierschbacher, M. A. Herzig, and

K. Mujoo. 1986. Disialogangliosides GD2 and GD3 are in-
volved in the attachment of human melanoma and neuro-
blastoma cells to extracellular matrix proteins. /. Cell Biol.
102: 688-696.

9. Spiegel, S., J. S. Handler, and P. H. Fishman. 1986.
Gangliosides modulate sodium transport in cultured toad
kidney epithelia. J. Biol Chem. 261: 15755-15760.

10. Shayman, J. A., G. D. Deshmukh, S. Mahdiyoun, T. P.
Thomas, D. Wu, F. S. Barcelon, and N. S. Radin. 1991.
Modulation of renal epithelial cell growth by glucosylcera-
mide. Association with protein kinase C, sphingosine, and
diacylglycerol. J. Biol. Chem. 266: 22968-22974.

11. Shayman, J. A, S. Mahdiyoun, G. Deshmukh, F. Barcelon,
J. Inokuchi, and N. S. Radin. 1990. Glucosphingolipid de-
pendence of hormone-stimulated inositol trisphosphate for-
mation. J. Biol. Chem. 265: 12135-12138.

12. Mangoo Karim, R., M. E. Uchic, M. Grant, W. A,
Shumate, J. P. Calvet, C. H. Park, and J. J. Grantham.
1989. Renal epithelial fluid secretion and cyst growth: the
role of cyclic AMP. FASEB j 3: 2629-2632.

13. Fry, J. L., W. E. Koch, J. C. Jennette, E. McFarland, F. A.
Fried, and J. Mandell. 1985. A genetically determined mu-
rine model of infantile polycystic kidney disease. J. Urol.
134: 828-833.

14. Chatterjee, S. 1991. Lactosylceramide stimulates aortic
smooth muscle cell proliferation. Biochem. Biophys. Res.
Commun. 181: 554-561.

15.. Bremer, E. G., and S. Hakomori. 1982. GM3 ganglioside
induces hamster fibroblast growth inhibition in chemically
defined medium: ganglioside may regulate growth factor
receptor function. Biochesm. Biophys. Res. Commun. 106:
711-718.

16. Bremer, E. G., J. Schlessinger, and S. Hakomori. 1986.
Ganglioside-mediated modulation of cell growth. Specific
effects of GM3 on tyrosine phosphorylation of the epider-
mal growth factor receptor. J. Biol. Chem. 261: 2434-2440.

17. Bremer, E. G., S. Hakomori, D. F. Bowen-Pope, E. Raines,
and R. Ross. 1984. Ganglioside-mediated modulation of
cell growth, growth factor binding, and receptor phos-
phorylation. [ Biol. Chem. 259: 6818-6825.

18. Igarashi, Y., K. Kitamura, T. Toyokuni, B. Dean, B.
Fenderson, T. Ogawass, and S. Hakomori. 1990. A specific
enhancing effect of N,N-dimethylsphingosine on epidermal
growth factor receptor autophosphorylation. Demonstra-
tion of its endogenous occurrence (and the virtual absence
of unsubstituted sphingosine) in human epidermoid carci-
noma A431 cells. J. Biol. Chem. 265: 5385-5389.

19. McDonald, O. B, Y. A. Hannun, C. H. Reynolds, and N.
Sahyoun. 1991. Activation of casein kinase II by sphingo-
sine. J. Biol. Chem. 266: 21773-21776.

20. Mahdiyoun, S, A. Abe, G. D. Deshmukh, N. S. Radin,
and J. A. Shayman. 1992. Impaired formation of hormone-
stimulated inositol trisphosphate in Madin-Darby canine
kidney cells under conditions of 8-glucosidase inhibition.
Arch. Biochem. Biophys. 292: 506-511.

21. Igarashi, Y., S. Hakomori, T. Toyokuni, B. Dean, S. Fujita,
M. Sugimoto, T. Ogawa, K. El-Ghendy, and E. Racker.
1989. Effect of chemically well-defined sphingosine and its
N-methyl derivatives on protein kinase C and src kinase ac-
tivities. Biochemistry. 28: 6796-6800.

22. Shayman, J. A, D. Sculley, S. Mahdiyoun, C. Lee, A. K.
Hajra, and N. S. Radin. 1992. Sphingomyelin synthesis is
an alternative pathway for diglyceride formation and pro-
tein kinase C activation. Clin. Res. 40: 216A.

23. Dahiya, R., and T. A. Brasitus. 1988. Dexamethasone-
induced alterations in the glycosphingolipids of rat kidney.

Deshmukh et al.  Sphingolipids in the cpk/cpk mouse 1617

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

1618

Lipids. 23: 863-868.

Preston, A. S., J. Muller, and J. S. Handler. 1988. Dexa-
methasone accelerates differentiation of A6 epithelia and
increases response to vasopressin. Am. J. Physiol 255:
C661-C666.

Rodrig, N., T. Osanai, M. Iwamori, and Y. Nagai. 1987.
Gangliosides stimulate dome formation in cultured canine
kidney epithelial cell line (MDCK). FEBS Let 221:
315-319.

Umeda, T., K. Egawa, and Y. Nagai. 1976. Enhancement
of sulphatide metabolism in the hypertrophied kidney of
C3H/He mouse with reference to [Na+,K+]-dependent
ATPase. Jpn. J Exp. Med 46: 87-94.

Avner, E. D, W. E. Sweeney, Jr., and W. J. Nelson. 1992.
Abnormal sodium pump distribution during renal tubulo-
genesis in congenital murine polycystic kidney disease. Proc.
Natl. Acad. Sci. USA. 89: 7447-7451.

Simons, K., and G. Van Meer. 1988. Lipid sorting in epi-
thelial cells. Biochemistry. 27: 6197-6202.

Spiegel, S., R. Blumenthal, P. H. Fishman, and J. S.
Handler. 1985. Gangliosides do not move from apical to
basolateral plasma membrane in cultured epithelial cells.
Biochim. Biophys. Acta. 821: 310-318.

Van Meer, G, and K. Simons. 1988. Lipid polarity and
sorting in epithelial cells. [ Cell. Biochem. 36: 51-58.
Eggens, I, B. A. Fenderson, T. Toyokuni, and S.
Hakomori. 1989. A role of carbohydrate-carbohydrate in-
teraction in the process of specific cell recognition during
embryogenesis and organogenesis: a preliminary note.
Biochem. Biophys. Res. Commun. 158: 913-920.

Cheresh, D. A. 1989. Human melanoma cell attachment
involves an Arg-Gly-Asp-directed adhesion receptor and
the disialoganglioside GD2. Prog Clin. Biol. Res. 288: 3-24.
Wilson, P. D., D. Hreniuk, and P. A. Gabow. 1992. Abnor-
mal extracellular matrix and excessive growth of human
adult polycystic kidney disease epithelia. . Cell. Physiol.
150: 360-369.

Roberts, D. D,, and V. Ginsburg. 1988. Sulfated glycolipids
and cell adhesion. Arch. Biochem. Biophys. 267: 405-415.
Radin, N. S. 1976. Preparative isolation of cerebrosides
(galactosyl and glucosyl ceramide). J Lipid Res. 17:
290-293.

Shukla, G. S., and N. S. Radin. 1990. Glucosylceramide
synthase of mouse kidney: characterization and improved
assay method. Arch. Biochem. Biophys. 283: 372-378.
Farrell, D. F, and G. M. McKhann. 1971. Characterization
of cerebroside sulfotransferase from rat brain. /. Biol. Chem.
246: 4694-4702.

Lingwood, C. A., J. Dennis, E. Hsu, D. Sakac, K. Oda, P.
Straberg, T. Taylor, I. Warren, H. Yeger, and R. Baumal.
1986. Regulation of renal sulfoglycolipid biosynthesis.

Journal of Lipid Research Volume 35, 1994

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

Biochim. Biophys. Acta. 877: 246-251.

Karlsson, K. A., B. E. Samuelsson, and G. O. Steen. 1973.
The sphingolipid composition of bovine kidney cortex,
medulla and papilla. Biochim. Biophys. Acta. 316: 317-335.
Samuelsson, B. E. 1982. Regional distribution of glycosyl-
ceramide-sulfates in human kidney. Lipids. 17: 160-165.
Zalc, B., J. J. Helwig, M. S. Ghandour, and L. Sarlieve.
1978. Sulfatide in the kidney: how is this lipid involved in
sodium chloride transport? FEBS Lett. 92: 92-96.
Klingel, R., P. Boukamp, R. Moll, W. Tilgen, N. E.
Fusenig, K. H. Meyer zum Buschenfelde, and W. G.
Dippold. 1990. Expression of epithelial antigens Exo-1 and
EPM-1 in human epidermal keratinocyte maturation and
benign and malignant neoplasia. Cancer Res. 50:
7668-7676.

Sakakibara, N., S. Gasa, K. Kamio, A. Makita, and T.
Koyanagi. 1989. Association of elevated sulfatides and
sulfotransferase activities with human renal cell carcinoma.
Cancer Res. 49: 335-339.

Iida, N., T. Toida, Y. Kushi, S. Handa, P. Fredman, L.
Svennerholm, and L. Ishizuka. 1989. A sulfated glucosylcer-
amide from rat kidney. J. Bl Chem. 264: 5974-5980.
Berent, B. L., and N. S. Radin. 1981. 8-Glucosidase activa-
tor protein from bovine spleen (“coglucosidase”). Arch.
Biochem. Biophys. 208: 248-260.

Duffard, R. O., and R. Caputto. 1972. A natural inhibitor
of sialyl transferase and its possible influence on this en-
zyme activity during brain development. Biochemistry. 11:
1396-1400.

Kim, M., C. Lindaric, L. Obeid, and Y. Hannun. 1991.
Identification of sphingomyelin turnover as an effector
mechanism for the action of tumor necrosis factor « and -
interferon. J. Biol Chem. 266: 484-489.

Schiitze, S., K. Potthoff, T. Machleidt, D. Berkovic, K.
Wiegmann, and M. Kronke. 1992. TNF activates NF-»B
by phosphatidylcholine-specific phospholipase C-induced
“acidic” sphingomyelin breakdown. Cell. 71: 765-776.
Raines, M. A., R. N. Kolesnick, and D. W. Golde. 1993.
Sphingomyelinase and ceramide activate mitogen-activated
protein kinase in myeloid HL-60 cells. J. Biol. Chem. 268:
14572-14575.

Dressler, K. A., S. Mathias, and R. N. Kolesnick. 1992.
Tamor necrosis factor-a activates the sphingomyelin signal
transduction pathway in a cell-free system. Science. 255:
1715-1718.

Dobrowsky, R. T., C. Kamibayashi, M. C. Mumby, and
Y. A. Hannun. 1993. Ceramide activates heterotrimeric
protein phosphatase 2A. J. Biol. Chem. 268: 15523-15530.
Obeid, L. M., C. M. Lindaric, L. A. Karolak, and Y.
Hannun. 1993. Programmed cell death induced by cera-
mide. Science. 259: 1769-1771.

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

