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Epidermal Growth Factor Receptor Defects in Leprechaunism
A Multiple Growth Factor-resistant Syndrome

S. Sethu-Kumar Reddy and C. Ronald Kahn
Research Division, Joslin Diabetes Center, Department of Medicine, Brigham and Women's Hospital
and Harvard Medical School, Boston, Massachusetts 02215

Abstract

Leprechaunism is a rare genetic disorder characterized by se-

vere growth retardation and insulin resistance. Maximal epi-
dermal growth factor (EGF) binding was reduced in fibroblasts
from three unrelated patients with leprechaunism (Ark-i,
Can-i, and Minn-1) compared with control (0.8-2.2%/mg pro-
tein vs. 5.5%/mg protein). This was due to a decrease in recep-
tor affinity in Ark-i and Can-i and a decrease in receptor
number in Minn-i. In all cell lines, EGF-stimulated receptor
autophosphorylation was also decreased to 18-60% of control,
whereas EGF internalization and degradation was normal.
Sphingosine (40 gM), a protein kinase C inhibitor, increased
EGFreceptor affinity twofold in control cells and six- to nine-
fold in cells of leprechaunism. However, sphingosine did not
enhance EGF-stimulated receptor autophosphorylation in ei-
ther the controls or the patients' cells. By contrast, only one of
the three cell lines of patients with the type A syndrome dem-
onstrated a decrease in EGF binding and all demonstrated
normal or near normal EGF-stimulated receptor autophos-
phorylation. These data indicate that in patients with lepre-
chaunism, there are functional abnormalities of the EGF re-

ceptor, as well as of the insulin receptor, that may contribute to
the severity of the syndrome. These data also suggest a role for
the insulin receptor in maintaining normal EGFreceptor func-
tion in these cells.

Introduction

Leprechaunism is a rare genetic disorder characterized by el-
finlike facies, intrauterine and neonatal growth retardation,
reduced subcutaneous adipose tissue, acanthosis nigricans,
genitomegaly, and death in infancy. Metabolic abnormalities
include insulin resistance with severe hyperinsulinemia, post-
prandial hyperglycemia, and paradoxical fasting hypoglycemia
(1, 2). Weand others have shown defects in insulin binding
and action in cultured, as well as circulating cells of patients
with leprechaunism (2-7). Abnormalities in insulin receptor
binding and in tyrosine kinase activity of partially purified
insulin receptor preparations have been found (8, 9). However,
the broad range of clinical findings and biochemical abnor-
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malities suggest that alterations in other hormones and growth
factors or their receptors could contribute to the pathogenesis
of this disease.

Analogous to the insulin receptor, the epidermal growth
factor (EGF)' receptor is a tyrosine kinase which undergoes
ligand-stimulated autophosphorylation and acts as a phospho-
transferase towards other proteins. The EGFreceptor is a sin-
gle polypeptide of - 170,000 D, having an extracellular EGF-
binding domain, a single transmembrane domain, and an in-
tracellular kinase domain. The tyrosine kinase activity of the
receptor is thought to play a pivotal role in the biological ef-
fects of EGF. EGF binding also initiates rapid receptor-me-
diated endocytosis and subsequent ligand and receptor degra-
dation in lysosomes, but the role of tyrosine phosphorylation
in these processes is debatable (10, 11). EGFreceptor function
has been found to be altered by serine and threonine phos-
phorylation mediated by protein kinase C (12).

In this report, we have evaluated EGFbinding, internaliza-
tion and degradation as well as EGFreceptor autophosphory-
lation in intact fibroblasts of leprechaunism. To examine the
role of protein kinase C in any abnormalities, the effects of
sphingosine, a potent reversible protein kinase C inhibitor
(13), on insulin and EGF binding and EGF receptor phos-
phorylation were studied.

Methods

Materials. Na'25I-mouse EGF(153 ,uCi/jug) and [32P]orthophosphate
(3 Ci/mmol) were purchased from Amersham Corp. (Arlington
Heights, IL) and New England Nuclear (Boston, MA), respectively.
Mouse EGFwas from Collaborative Research Inc. (Waltham, MA).
D-Sphingosine was obtained from Sigma Chemical Co. (St. Louis,
MO), and all other chemicals were of best available analytical grade.
Tissue culture plasticware was from Nunc (Copenhagen, Denmark),
Dulbecco's modified Eagle's medium (DME) and Earle's balanced salt
solution (EBSS) from Gibco Laboratories (Grand Island, NY), and
fetal calf serum (FCS) was supplied from Flow Laboratories, Inc.
(McLean, VA).

Skin fibroblasts of Ark-l were courtesy of Dr. J. Elders (Little
Rock, AK); cells of Can-l were the kind gift of the Department of
Genetics, University of Manitoba (Winnipeg, Canada), and those of
Minn- I were obtained from the Mutant Cell Repository, Camden, NJ
(catalogue no. GM5241). Cultured skin fibroblasts of patients with
another insulin resistant condition, the type A syndrome were also
studied. Fibroblasts of patients A-1, A-2, and A-3 (Boston) (14, 15)
have been maintained in our laboratory. Control skin fibroblasts (n
= 6) were obtained from normal volunteers and from American Type
Tissue Culture, Rockville, MD(catalogue no. CRL1537, CRL1506,
CRL1474, and CRL1477). All fibroblasts were maintained in DME
with 10% FCS in humidified atmosphere containing 5%CO2at 37°C.
Cells were maintained by subculturing 1:3 and used for experiments

1. Abbreviations used in this paper: EGF, epidermal growth factor;
IGF, insulin-like growth factor; MSA, multiple stimulating activity.
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2-3 d after reaching confluence; all cells were used between the 5th and
18th passages with little interpassage variation. All cells were fed at the
same time and growth rates were similar.

EGFbinding, internalization, and degradation. The fibroblasts
were plated onto six-well (35-mm) dishes and were allowed to reach
confluence. Before use, the cells were washed twice with chilled phos-
phate-buffered-saline (PBS) at pH 7.4 and once with EBSScontaining
0.1% bovine serum albumin (BSA) and 25 mMHepes at pH 7.4. The
cells were then incubated in the same medium with '25I-EGF (0.2
ng/ml) and various concentrations of unlabeled EGF(0-240 ng/ml) at
4VC. After 3 h the cells were washed twice with chilled PBSand solubi-
lized with 0.5 ml of 0.1% sodium dodecyl sulfate (SDS). The cell lysates
were counted in a gammacounter and protein concentration deter-
mined by the method of Bradford (Bio-Rad Laboratories, Richmond,
CA). Specific binding was calculated as total minus nonspecific cell-
associated radioactivity and all points were determined in duplicate. In
some experiments, the cells were incubated with 40 ,gM sphingosine
for 30 min at 370C in the appropriate medium for binding. Sphingo-
sine was present throughout the assay.

For internalization and degradation studies, steady-state EGF
binding was achieved at 4VC and the cells were then placed in the
incubator at 370C for the indicated time to allow internalization of
tracer. Cell surface bound EGFwas removed by a 10-min acid wash
(0.3 Macetic acid, 0.15 MNaCl, pH 3.0) at 4VC and the remaining
cell-associated insulin was collected by solubilization of the cells with
0.1% SDS. The acid wash (surface bound tracer) and the SDS-lysates
(internalized tracer) were counted in a gammacounter. This acid wash
method removes 95% of cell-associated tracer when binding is per-
formed at 4VC. Degradation of internalized tracer was determined by
gel filtration chromatography on a Sephadex G-50 column as pre-
viously described ( 16).

EGFreceptor autophosphorylation. Cells were plated onto 150-mm
dishes and allowed to reach confluence. The cells were placed in
serum-free DMEwith 0.1% BSA overnight and labeled for 2 h with
phosphate-free DMEcontaining [32P]orthophosphate (0.4 mCi/ml).
The labeled cells were stimulated with EGF(250 ng/ml) for 5 min after
which the reaction was stopped instantaneously with liquid N2, and the
cells allowed to thaw into chilled solubilizing buffer containing 50 mM
Hepes, 1% Triton X-100, 5 mMEDTA, 100 mMsodium fluoride, 10
mMsodium pyrophosphate, and 2 mMsodium orthovanadate, apro-
tinin (1,000 kallikrein units/ml) and 2 mMphenylmethylsulfonyl fluo-
ride at pH 7.4. The cell lysate was centrifuged at 200,000 g for 60 min
and the supernatant was incubated with rabbit polyclonal anti-phos-
photyrosine antibodies (17). There were 4-4.5 X 106 cells per 150-
mmdisk and the solubilized extracts were normalized for protein
content prior to immunoprecitation. The immune complexes were
precipitated by Protein A (Pansorbin from Calbiochem-Behring Corp.,
San Diego, CA) and then prepared for SDSpolyacrylamide gel electro-
phoresis under reducing conditions (100 mMdithiothreitol) according
to the method of Laemmli ( 18). Autoradiography of the dried gels was
performed and the appropriate areas of the radiographs were quanti-
tated by scanning densitometry. An important aspect of this report is
the use of anti-phosphotyrosine antibodies to immunoprecipitate the
EGF receptor as well as potential substrate phosphoproteins. The
amount of phosphorylation of the EGFreceptor was expressed as the
percentage of control maximum after subtracting the basal value from
each stimulated value. In some phosphorylation experiments, cells
were incubated with 40 tM sphingosine for 30 min at 37°C before
addition of EGF.

Results

EGFbinding. EGFbinding was performed on intact cells at
4°C for 3 h and the specific '25I-EGF binding per milligram of
protein was plotted vs. the concentration of EGF. Control
fibroblasts had a mean specific binding of 5.5%/mg of protein
with the range of 3.0-12.6%/mg. EGFbinding in the three cell
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Figure 1. Specific '25I-EGF binding to fibroblasts of patients with lep-
rechaunism. Confluent monolayers of fibroblasts from controls and
patients with leprechaunism (Ark- 1, Can- 1, and Minn- 1) were incu-
bated with '25l-EGF (0.2 ng/ml) and various amounts of unlabeled
EGF(0-240 ng/ml) at 4VC for 3 h. Unbound EGFwas removed as
described in Methods and the cell-associated counts were deter-
mined. Nonspecific EGFbinding was < 0.1% of total tracer and was
not different between patient and control cell lines. The points repre-
sent the means of four experiments. The shaded region denotes the
absolute control range.

lines of patients with leprechaunism was consistently lower
than that of control cells (Figs. 1 and 2). At tracer concentra-
tions, the percent EGFbound/mg protein was 1% for cells of
Can-l, 2.2% for cells of Ark-l, and 0.8% for the cells of
Minn- 1. Thus, compared with the mean control EGFbinding,
the leprechaun cell lines demonstrated a 60-85% reduction in
maximal EGFbinding.

The EGFconcentration required for half-maximal inhibi-
tion of tracer binding (ED50) was 7-12 ng/ml in control cells.
In cells of Ark- 1 and Can- 1, the ED50 was 30 ng/ml and in the
cells of Minn- 1, it was 15-20 ng/ml. Scatchard analysis re-
vealed normal cells to have - 3.2 X 104 receptors per cell
while cells of Ark- I and Can- I had 2.9 and 2.3 X 104 receptors
per cell respectively and cells of Minn- 1 had only 1.0 X 104
sites per cell. The Scatchard plots yielded single straight lines in
each case, consistent with a single class of binding sites. The
calculated affinity constants (Kd [nanomolar]) were 3.2, 2.9,

10
* CONTROL
o ARK-I

8 A CAN-
0~~~~~~~~~oMINN-1

,6,

10 20 30
BOUND(x 102) ng/mi

Figure 2. Scatchard analyses of EGFbinding in cells of leprechaun-
ism. The data from Fig. 1 are replotted as bound/free (B/F) of EGF
as a function of bound EGF.
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2.3, and 1.0 in control cells and cells of Ark- 1, Can- 1, and
Minn- 1, respectively.

For comparison, EGFbinding was examined in the fibro-
blasts of patients with type A syndrome (A-1, A-2, and A-3
[Boston]), another syndrome of severe insulin resistance with
altered insulin receptor function (Figs. 3 and 4). Previous stud-
ies had revealed that cells of A- 1 and A-2 had reduced insulin
binding, whereas cells of A-3 had normal insulin binding but
reduced insulin receptor kinase activity. Two cell lines (A- 1
and A-3) had maximal EGFbinding within the upper part of
the normal range (10.4%/mg and 9.7%/mg, respectively),
whereas the cells of A-2 had 20% of mean control value. Mar-
ginally increased receptor affinity with an EDM0of 3 ng/ml was
observed in the cells of A-l and A-3 and a reduced receptor
number of 1.0 X I04 per cell in cells of A-2.

EGFinternalization and degradation. EGFinternalization
and degradation were examined at 370C after steady state
binding was achieved at 4VC. Internalization was normalized
for specific binding and per cent internalized tracer was plotted
vs. time (Fig. 5). Internalization was linear over the 25 min at
370C. Of cell-associated tracer, 50%was internalized within 15
min in the control cell lines. Internalization in the cells of the
patients with leprechaunism was within the normal range and
followed a similar linear course.

To assess the amount of degradation of internalized tracer,
internalization was allowed to proceed for 20 min after which
cells were subjected to an acid wash to remove surface-bound
EGFand solubilized. EGFdegradation in the cell lysates was
assessed by gel filtration. At this time point, - 65% of tracer
was internalized in all cell lines studied. The percent EGF
degradation in the cells of Ark- 1, Can- 1, and Minn- I was 16%,
23%, and 21%, respectively, with normal range being 15-22%.
Thus, both internalization and degradation of tracer were not
different from controls.

EGFreceptor autophosphorylation. EGF-stimulated tyro-
sine phosphorylation was examined using intact cells labeled
with 32P and a polyclonal anti-phosphotyrosine antibody (Fig.
6). Since a 5-min stimulation with EGFresulted in linear ki-
netics of receptor autophosphorylation, this point was chosen
for comparison of the different cell lines (19). EGF-stimulated
receptor phosphorylation, represented by a 170-1 80-kD band
on SDS gels of the immunoprecipitates, was decreased in all
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Figure 3. Specific '25I-EGF binding to fibroblasts of patients with
type A syndrome. Details are as for Fig. I except that cells of patients
A-1, A-2, and A-3 (Boston) were used.
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Figure 4. Scatchard analyses of EGFbinding in cells of patients with
type A syndrome. The data from Fig. 2 are replotted as bound/free
(B/F) of EGFas a function of bound EGF.

three leprechaun cell lines. Stimulation was 60% of control in
the cells of Ark-l, 40% in Can-1, and 18% in Minn-1. Con-
sidering the receptor numbers derived from Scatchard analy-
sis, EGFreceptor phosphorylation was reduced in parallel to
reduction in receptor number in cells of Minn- 1, but was re-
duced by a further 25% in cells of Ark-l and Can-l. Basal
levels of phosphorylation in both control and patients' cells
were < 8%of stimulated values. The 32P-labeled EGFreceptor
was of the same molecular mass in both patients and controls
as determined by SDS-polyacrylamide gel electrophoresis.

In the type A patients' cell lines, EGFreceptor phosphory-
lation ranged from 80% to 120% of control maximal levels
(Fig. 7). Although cells of A-2 had estimated reduced EGF
receptor number (25%), the levels of EGFreceptor autophos-
phorylation were observed at essentially normal values. Pa-
tient A-3 is a patient whose cells demonstrated normal insulin
binding and reduced insulin receptor phosphorylation pre-
viously. Again, there were no differences in basal levels of
receptor phosphorylation between type A cells and controls.

Using anti-phosphotyrosine antibodies to immunoprecip-
itate the 32P-labeled proteins, several other phosphoproteins
were detected in EGF-stimulated cells (Fig. 6). These have
sizes of 120, 98, 40, and 35 kD and are believed to represent
endogenous substrates for the EGF receptor. The 120- and
35-kD phosphoproteins have been previously reported in
other cell lines. 32P incorporation into these proteins was sig-
nificantly decreased in the cells of Ark-l and Minn-1. In the
cells of Can- 1 there was increased basal levels of phosphoryla-
tion that reduced the amount of EGFstimulation observed.
An increase in basal phosphorylation of the insulin receptor
was also evident in wheat germ-purified preparation of cells of
Can- 1. It is not clear if this increase in basal phosphorylation
was due to the EGF or insulin receptors, or to some other
kinases. Substrate proteins, which are minimally tyrosine-
phosphorylated, may be immunoprecipitated by the anti-
phosphotyrosine antibody. In cells of Ark-1, phosphorylation
of these presumed substrates was, decreased even relative to
receptor phosphorylation (85% vs. 40% decrease). In cells of
Minn-1, stimulation of substrate phosphorylation paralleled
the decreased receptor phosphorylation.

Sphingosine effects. The presence of decreased EGFbind-
ing and kinase activity, as well as our previous observation of
decreased insulin receptor autophosphorylation and kinase ac-
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tivity suggested the possible presence of an alteration in a
commonregulator of these receptors such as protein kinase C.
Thus, the effects of sphingosine, a potent protein kinase C
inhibitor, on EGFreceptor function were examined in intact
cells.

The fibroblasts were incubated with 40 ,M sphingosine at
370C for 30 min to allow interaction/incorporation into the
cells before the binding and receptor phosphorylation assays.
The binding studies were performed at 40C to minimize inter-
nalization and were only of 3 h in duration (Fig. 8). In the
control cells (n = 4), specific maximal EGFbinding increased
from 4%to 9.5%/mg protein. The levels of nonspecific binding
were not affected. Scatchard analysis revealed that the increase

Figure 5. EGFinternalization and degradation in fibro-
blasts of leprechaunism. Steady-state EGFbinding was
achieved at 4VC and the cells were then placed at 370C.
Up to 25 min, a linear time course of EGFinternaliza-
tion, as determined by the acid wash technique, was evi-
dent in both control (.) and patients' cell lines (left
panel). (Right panel) The degree of degradation of inter-
nalized tracer at 20 min in the patients' cells is shown
with the normal range indicated by the dashed lines.

in binding was due to an increase in affinity of the receptors
with little change in receptor number. Similar effects were
observed in the two leprechaun cell lines studied. In cells of
Can-1 which normally express a decrease in receptor affinity
rather than receptor number, sphingosine increased specific
EGF binding from 2% to 18%/mg protein with a major in-
crease in receptor affinity. In cells of Minn-1 which exhibit a
defect in receptor number, sphingosine also increased EGF
binding from 0.8% to 5%/mg protein owing to an increase in
receptor affinity. Similar results were obtained after protein
kinase C down regulation with 48 h of incubation with 1 gM
phorbol 12,13-dibutyrate (data not shown). Sphingosine treat-
ment did not have an effect on insulin binding.
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Figure 6. EGFstimulation of protein phosphorylation in intact fibroblasts of leprechaunism. 32P-labeled cells were stimulated with 500 ng/ml
of EGFfor 5 min at 370C; Triton X-100 cell extracts were prepared and incubated with polyclonal anti-phosphotyrosine antibody. The im-

munoprecipitates were separated by a 7.5% SDS-PAGEand analyzed by autoradiography. The phosphorylated EGFreceptor and several pre-
sumed substrates (in kilodaltons) are denoted.
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Figure 7. EGFreceptor autophosphorylation in fibroblasts of lepre-
chaunism and type A syndrome. Summary of scanning densitometry
data of basal and stimulated EGFreceptor phosphorylation in the
patient cell lines. Data from three to five experiments per patient are

graphed as a percentage±SEM of control maximum.

The effect of sphingosine on EGFreceptor autophosphor-
ylation in control and patient cell lines is shown in Fig. 9. With
the increased receptor affinity, one would expect to observe an

increased sensitivity to EGFstimulation. However, at all doses
of EGF, receptor autophosphorylation was not improved by
sphingosine pretreatment. In fact, EGFreceptor phosphoryla-
tion was slightly reduced when compared with control levels at
the higher concentration of EGF. Similar results were obtained
with the patient cell lines.

Discussion

Our objective was to examine EGF receptor function in cul-
tured fibroblasts of patients with leprechaunism, Ark- 1, Can- 1,
and Minn- 1. These cell lines were derived from three unrelated
patients born with typical features of leprechaunism. Weand
others have previously shown that these cells are abnormal
with respect to insulin receptor function. All three patient cell
lines demonstrated insulin binding < 15% of control. When
normalized for insulin binding capacity, in vitro insulin re-

ceptor autophosphorylation was reduced in cells of Ark-I and
Minn-1, and the insulin receptor tyrosine kinase activity on
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Figure 8. Effect of sphingosine on EGFbinding in two fibroblast cell
lines of leprechaunism (Can- 1 and Minn- 1). Scatchard analyses of
EGFbinding with (dashed lines) and without (solid lines) incubation
with sphingosine are depicted for control cells, cells of Can- 1, and
cells of Minn- 1 in the three panels.
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Figure 9. Effect of sphingosine on EGFreceptor phosphorylation in
fibroblasts of leprechaunism. Dose-response curves of EGFstimu-
lated receptor phosphorylation (determined by scanning densitome-
try of autoradiograms) were generated in control cell lines (circles)
and cells of leprechaunism (squares), with (dashed lines) and without
(solid lines) sphingosine incubation.

exogenous substrates was found to be reduced in all three cell
lines (8).

Up to the present, there have been limited studies of other
tyrosine kinase linked growth factors, such as insulin-like
growth factor I (IGF-I), multiple stimulating activity (MSA),
and EGF, in fibroblasts of patients with leprechaunism (5,
20-22). Recently, there has been a report of elevated levels of
EGF in the urine of one patient with leprechaunism (Ark-i)
(22). The cells of Ark-I have been reported to have reduced
binding and actions of MSA, whereas cells of Can-I had re-

duced binding of IGF- 1 and MSAbut apparently normal EGF
binding (20, 21). The latter data are discordant with the results
of the present study and may be due to the fact that, in the
previous study, the EGFbinding was performed at 370C where
internalization can account for much of the cell-associated
hormone. The cells of NC- 1 (another patient with leprechaun-
ism) had reduced biological effects of insulin, IGF-I and EGF
but their binding parameters were normal (5). Whenstudying
skin fibroblasts, there is always a question of the overlapping
specificity of insulin and IGF-I receptors, and their effects on

data interpretation. Thus there is suggestion of a defect in
signal transduction of several growth factors.

The present study shows that cells from three patients with
leprechaunism all exhibit abnormal EGF receptor function.
The cells of Minn- 1 have a severe reduction of EGFreceptors
(25% of control) and a parallel decrease in EGFreceptor auto-
phosphorylation. The cells of Ark- I and Can- 1 exhibit a mod-
est reduction in receptor number, as well as in affinity, accom-

panied by EGFreceptor autophosphorylation reduced to more
than expected levels.

Despite the reduced EGFreceptor phosphorylation in the
cells of leprechaunism, when corrected for amount of EGF
binding, EGF internalization and degradation proceeded at
normal rates. Similar findings were reported for insulin as well.
Insulin internalization and degradation at 30 min at 370C in
these same cell lines were within the normal range. Livneh et
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al. (23, 24) have recently studied Chinese hamster ovary cells
transfected with cDNA constructs of EGF receptor mutants
lacking tyrosine kinase activity; EGFreceptor internalization
rates and amount of degradation were also normal. Our results
in these cell lines of leprechaunism are consistent with this
finding and suggest that EGFreceptor phosphorylation is not
required for internalization.

There are several possible hypotheses regarding the multi-
ple receptor abnormalities observed in leprechaunism. These
include (a) the presence of isolated defects in several receptors,
(b) the presence of an intracellular enzyme defect or a cell
membrane defect affecting multiple receptors, or (c) insulin
resistance directly or indirectly leading to regulation of other
receptors' function.

Our results with wheat germ-purified preparations of in-
sulin receptor from fibroblasts of leprechaunism (8), as well as
recent sequence data on the insulin receptor cDNA from EB
virus transfected lymphocytes of Ark-1 (25), suggest that the
insulin receptor abnormality in at least some patients is due to
a genetic defect in the insulin receptor. Based on cloning and
sequencing data, Ark-1 is thought to have a paternal allele
coding for a truncated receptor protein (not expressed at the
cell surface) and a maternal allele coding for a single amino
acid change in the a-subunit of the receptor which leads to
subtle insulin binding abnormalities.

In search of possible mechanisms for the altered EGFre-
ceptor function, we have performed studies in which condi-
tioned media from these cell lines are added to control cell
lines, but have not found any secreted inhibitors of EGFbind-
ing (data not shown). It is possible that the insulin resistance
present in leprechaunism may lead to altered plasma mem-
brane composition which in turn may affect multiple recep-
tors. Phosphatase activity may be playing a role also but stud-
ies of cells of Minn-l in the presence of 100 ,uM sodium or-
thovanadate, a potent phosphotyrosine phosphatase inhibitor,
revealed only minimal enhancement of EGF receptor phos-
phorylation.

Protein kinase C has been shown to alter EGF receptor
binding affinity, as well as internalization and kinase activity
of the receptor (12, 26). The insulin receptor kinase is also
regulated by protein kinase C (27, 28). A spectrum of insulin
actions are affected by phorbol esters and by down-regulation
of protein kinase C (28, 29). A synthetic diacylglycerol, 1-
oleol-2-acetyl glycerol, rapidly decreased the affinity of the
EGFreceptors in Swiss 3T3 cells and phorbol esters have been
found to similarly affect EGFreceptor function (26).

To test the possible role of protein kinase C in these multi-
ple receptor abnormalities we have used sphingosine in some
of the binding and phosphorylation experiments. Sphingosine
is the predominant long-chain base in cell membranes and can
be generated from the breakdown of sphingolipids (13).
Sphingosine and some of its analogues have been found to be
potent reversible inhibitors of protein kinase C by blocking
phorbol ester binding and competes with diacylglycerol and
Ca2l for protein kinase C (30-35). Recently, it has been re-
ported that, in WI-38 human fetal lung fibroblasts (35), sphin-
gosine (5 gM) increased EGFreceptor affinity and stimulated
EGFreceptor autophosphorylation and EGFreceptor kinase
activity in the absence of EGF. Different cell lines may re-
spond differently to sphingosine. We therefore attempted to
determine whether the EGFreceptor dysfunction in the cells
of leprechaunism is fixed or reversed by inhibiting protein

kinase C activity. Sphingosine increased EGFbinding in con-
trol cell lines as well as the patients' cell lines by increasing
receptor affinity. However, the fold increase was far greater in
the patients' cell lines. Although sphingosine improved EGF
binding it did not augment EGF receptor autophosphoryla-
tion. In fact, in cells of both normals and patients with lepre-
chaunism, EGFreceptor phosphorylation was lower or similar
to control levels. No shift to the left was evident in dose re-
sponse curves of EGFstimulation of sphingosine-trpated cells.
Theoretically, protein kinase C inhibition should also enhance
EGFreceptor autophosphorylation; but there are some reports
suggesting that sphingosine may not only inhibit protein ki-
nase C but interact with the cell membrane in a less specific
way (36, 37). Regardless of mechanism, it is clear that sphin-
gosine did not correct the major abnormalities in EGFrecep-
tor function. Thus, although protein kinase C activity may be
playing a role in the multiple defects observed, it is not likely to
be the only site of pathology in leprechaunism.

An interesting question raised by these and previous data is
whether insulin resistance can lead to modulation of other
receptors' function. Recently, evidence of EGF receptor ab-
normalities in other models of diabetes has been reported.
Ob/ob and db/db mice were found to have a 70-80% decrease
in EGFbinding in liver membranes, associated with decreased
EGF receptor phosphorylation and decreased EGF receptor
mRNAlevels (38). Restriction fragment length analysis of the
EGFreceptor DNArevealed no abnormalities. Normal EGF
binding was observed in cultured peritoneal fibroblasts from
ob and db mice implying an acquired defect in these mice.
Decreases in liver membrane EGF binding have also been
noted in fa/fa Zucker rats, another animal model of hyperin-
sulinemic obesity. In our own laboratory, EGFbinding and
receptor phosphorylation was observed to be reduced in liver
membranes from streptozotocin-treated diabetic rats (39). In
pregnant, streptozotocin-treated diabetic rats, there was a 30%
reduction in numbers of EGF receptors in placental mem-
branes and a twofold elevation in circulating fetal EGFlevels.

The type A syndrome of insulin resistance and acanthosis
nigricans is known to have a genetic form of insulin resistance.
Stimulation was 60% of control stimulation in the cells of
Ark- 1, 40% in Can- 1, and 18% in Minn- 1. Wehave had the
opportunity to study three such patients (A- 1, A-2, and A-3) in
our laboratory. The erythrocytes of A- I and A-2 had reduced
insulin receptor number and affinity, respectively, whereas the
erythrocytes and cultured fibroblasts of A-3 had normal insu-
lin binding but reduced insulin receptor autophosphorylation.
Our present data from the EGFreceptor studies of the fibro-
blasts of these type A patients suggest that EGFreceptor ab-
normalities are not necessarily due to the insulin resistance.
Patient A-3's fibroblasts have been previously shown to have a
insulin receptor kinase defect but have high normal EGFbind-
ing and normal EGFreceptor phosphorylation. Interestingly,
patient A-2's cells which had low EGFbinding had almost
normal levels of EGF-stimulated receptor phosphorylation. In
view of these data, one must be cautious about a direct corre-
lation between receptor number and receptor autophosphory-
lation. It is possible that there may exist a pool of EGFrecep-
tors which autophosphorylate upon EGFbinding and a pool
which does not, and that these two pools are differentially
regulated. Cells of Minn- 1 which had similar number of EGF
receptors to those of A-2 had only 20% of control EGFrecep-
tor phosphorylation. The above findings suggest that type A
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syndrome is heterogeneous in EGFbinding parameters and
that a defective insulin receptor kinase does not automatically
imply EGFreceptor dysfunction.

In conclusion, we have shown for the first time, abnormali..
ties of two different growth factor receptors tyrosine kinases in
cultured cells of patients with leprechaunism. Thus, regardless.
of the primary genetic lesion, leprechaunism appears to have
more than just an isolated insulin receptor defect. A distin-
guishing feature between leprechaunism and type A syndrome
may be the reduced EGFreceptor autophosphorylation in the
cells of leprechaunism. The results in this report lead us to
propose that a more fundamental defect beyond the insulin
receptor alone, is the probable cause of leprechaunism.
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