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Defects in insulin-receptor function have been
associated with insulin-resistant states such as obesity
and non-insulin-dependent diabetes mellitus (NIDDM).
Several types of mutations in the insulin-receptor gene
have been identified in patients with genetic syndromes
of extreme insulin resistance. In some patients, insulin
resistance results from a decrease in the number of
insulin receptors on the cell surface. In one patient with
leprechaunism (leprechaun/Minn-1), there is >90%
decrease in the levels of insulin-receptor mRNA. This
patient is a compound heterozygote for two mutations
in the insulin-receptor gene, both of which act in a
cis-dominant fashion to decrease levels of mRNA
transcribed from that allele. In one allele, there is a
nonsense mutation at codon 897. All 22 exons of the
other allele have a normal sequence, so that the
mutation in this allele appears to map outside the
coding sequence of the gene. Impaired insertion in the
plasma membrane also causes insulin resistance. In two
sisters (patients A-5 and A-8) with type A extreme insulin
resistance, there is an 80-90% decrease in the number
of insulin receptors expressed on the surface of their
cells. Both sisters, whose parents are first cousins, are
homozygous for a point mutation in which valine is
substituted for phenylalanine at position 382 in the
a-subunit of the insulin receptor. This mutation retards
the posttranslational processing of the receptor and
impairs the transport of receptors to the cell surface.
Another patient with leprechaunism (leprechaun/Ark-1)
is a compound heterozygote with two different mutant
alleles of the insulin-receptor gene. In the allele derived
from the father, there is a nonsense mutation at codon
672 that truncates the insulin receptor by deleting the
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COOH-terminal of the a-subunit and the entire
B-subunit. This truncated receptor, lacking a
transmembrane domain, appears not to be expressed at
the plasma membrane. In leprechaun/Ark-1, there is a
missense mutation in the allele of the insulin-receptor
gene derived from the mother. This point mutation
results in substitution of glutamic acid for lysine at
position 460 in the COOH-terminal half of the a-
subunit. This mutation increases receptor affinity and
impairs the ability of acid pH to dissociate insulin from
the receptor within the endosome. There is a defect in
recycling the receptor back to the plasma membrane
associated with this defect. This results in an accelerated
rate of receptor degradation and a consequent decrease
in the number of receptors on the cell surface in vivo.
Some patients have a normal number of receptors on
their cell surface, but there is a defect in receptor
function. A mutation has been described in the
tetrabasic amino acid sequence separating the - from
the B-subunit. This mutation, identified in two sisters
from a consanguineous pedigree, inhibits the cleavage
of the receptor precursor into separate subunits. The
uncleaved receptor has a decreased affinity to bind
insulin. An insulin-resistant patient has been identified
in whose insulin receptors there is a defect in tyrosine
kinase activity due to a mutation that substitutes valine
for glycine-1008, the third glycine in the conserved
Gly-X-Gly-X-X-Gly motif in the ATP-binding domain of
the B-subunit of the insulin receptor. The patient is
heterozygous for this mutation. All of the mutations in
the insulin-receptor gene that have been identified so
far have been detected in patiénts with rare clinical
syndromes associated with extreme insulin resistance.
Recent advances in recombinant DNA technology have
greatly simplified the task of detecting mutations. Thus,
it should soon be possible to determine the prevalence
of mutations in the insulin-receptor gene. These studies
will also answer the question of whether mutations in
the insulin-receptor gene contribute to the pathogenesis
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of insulin resistance with common forms of NIDDM.
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nsulin resistance plays a central role in the patho-

genesis of non-insulin-dependent diabetes mellitus

(NIDDM). Furthermore, the predisposition to de-

velop NIDDM appears to be genetically deter-
mined. Thus, it is of interest to determine whether there
are genetic factors that cause insulin resistance. Because
of the key function of the insulin receptor in mediating
the first step in insulin action, a mutation in the insulin-
receptor gene is a plausible candidate to account for
genetic forms of insulin resistance. Over the past two
decades, many patients have been identified with ge-
netic diseases associated with insulin resistance and de-
fects in insulin-receptor function (1-3). Since the clon-
ing of insulin-receptor cDNA in 1985 (4,5), it has been
possible to confirm the hypothesis that many of these
patients have mutations in their insulin-receptor gene
(6—13). In this review, we summarize current under-
standing of the molecular pathogenesis of genetic syn-
dromes associated with insulin resistance. Recent ad-
vances in recombinant DNA technology have simplified
the task of determining the nucleotide sequence of genes.
This will greatly facilitate future studies to determine
whether mutations in the insulin-receptor gene contrib-
ute to the pathogenesis of insulin resistance in the com-
mon forms of NIDDM.

|
GENETIC SYNDROMES OF EXTREME INSULIN RESISTANCE

From the point of view of the clinical investigator, pa-
tients with inborn errors in the pathways of insulin ac-
tion represent intriguing experiments of nature (1-3).
The severity of the insulin resistance has greatly facili-
tated studies into the biochemical and molecular mech-
anisms of insulin resistance. Although these patients
manifest an extreme degree of resistance to the biolog-
ical actions of insulin, many of the patients are not di-
abetic. In some patients, the levels of insulin rise to the
point at which they are sufficiently high (often 10- to
100-fold above the normal range) to maintain normal
glucose tolerance. Nevertheless, some patients, espe-
cially patients with the most severe degree of insulin
resistance, develop fasting hyperglycemia and overt di-
abetes. At least two mechanisms contribute to the de-
velopment of hyperinsulinemia in insulin-resistant pa-
tients. First, as reflected by the increase in the levels of
C-peptide in plasma, the B-cell increases the rate of
insulin secretion. Second, because receptor-mediated
endocytosis is the principal route by which insulin is
cleared from plasma, a decrease in the number of in-
sulin receptors on the cell surface decreases the insulin
clearance rate (14).

Two clinical features are commonly observed in pa-
tients with all of the syndromes of extreme insulin re-
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sistance, regardless of the biochemical mechanism that
causes the insulin resistance:

1. Acanthosis nigricans. This is a hyperkeratotic hy-
perpigmented skin lesion located primarily in skin
folds such as the axillae and antecubital fossae. It
tends to correlate with hyperinsulinemia. In pa-
tients in whom insulin resistance is caused by anti-
receptor autoantibodies, the acanthosis nigricans
waxes and wanes in association with the appear-
ance and disappearance of the insulin resistance.
These observations have led to the hypothesis that
acanthosis nigricans may be caused by a toxic ef-
fect of hyperinsulinemia on the skin (1-3).

2. Hyperandrogenism. Levels of plasma testosterone
are commonly elevated in premenopausal women
with extreme insulin resistance (1-3,15,16). Ele-
vated levels of testosterone result from overprod-
uction of testosterone by the ovaries. As with
acanthosis nigricans, elevated levels of testoster-
one correlate with hyperinsulinemia. Clinically, the
elevated levels of testosterone are manifested as a
syndrome of polycystic ovaries, oligomenorrhea,
and hirsutism.

Although all of the syndromes of extreme insulin re-
sistance share some features in common, multiple dis-
tinct syndromes can be defined based on the presence
or absence of specific clinical features. For example,
type A extreme insulin resistance is defined by the triad
of insulin resistance, acanthosis nigricans, and hyper-
androgenism in the absence of obesity or lipoatrophy
(1). In lipoatrophic diabetes, there is atrophy of subcu-
taneous fat, hypertriglyceridemia, and fatty metamor-
phosis of liver (17). Patients with leprechaunism have
multiple abnormal features, including intrauterine growth
retardation and fasting hypoglycemia (18). Rabson-
Mendenhall syndrome is associated with abnormalities
of the teeth and nails and, reportedly, pineal hyperplasia
(19,20).

. _____________________________________________|
INSULIN RECEPTORS

HUMAN INSULIN-RECEPTOR GENE

The gene encoding the human insulin receptor is com-
posed of 22 exons and spans in excess of 120 kilobase
(kb) on chromosome 19 (21,22). There are multiple start
sites for transcription in the region 300-600 base pair
upstream from the initiator methionine codon (23--25).
Five species of mRNA ranging in size from 5 to 11 kb
have been identified (4,26; Fig. 1). The major variation
in size is due to variable lengths of 3’-untranslated RNA,
presumably resulting from the use of alternate poly-
adenylation signals (25,27). At least one example of al-
ternate splicing has been identified. Exon 11, encoding
amino acids 720-731, can either be included or ex-
cluded from mature mRNA (28,29). In some tissues,
such as the liver, most receptor MRNA contains the nu-
cleotide sequence corresponding to exon 11. Other cell
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FIG. 1. Northern blot analysis of insulin-receptor mRNA levels in cells from patients with decreased numbers of insulin
receptors on cell surface. Polyadenylated RNA from Epstein-Barr virus-transformed lymphoblasts was analyzed by
Northern blotting. Blots were probed with either human insulin-receptor (upper panels) or chicken B-actin (fower
panels) probes (26). A: autoradiograph of lanes 7 and 2 with exposure time reduced from 3 to 1 day to allow for better
visualization of insulin-receptor mRNA bands. B: cells from patients A-5 and A-8 (lanes 3 and 4) had normal levels of
insulin-receptor mRNA. Blots of mRNA from healthy individuals are shown in lanes 1, 2, 5, and 6. C: reduction in
insulin-receptor mRNA in leprechaun/Minn-1 (lane 7) compared with healthy subjects (lanes 8-10).

types (e.g., cultured Epstein-Barr virus [EBV]-trans-
formed lymphoblasts) primarily contain the form lacking
the exon 11 sequence. However, many tissues (e.g.,
placenta) contain both splicing variants of insulin-re-
ceptor mRNA. It has been reported that deletion of the
12 amino acids encoded by exon 11 increases the af-
finity to bind insulin (30), although another laboratory
failed to confirm this observation (P. De Meyts, unpub-
lished observations).

Structure of insulin receptor. The insulin-receptor gene
encodes a single polypeptide that undergoes N-linked
glycosylation to yield a 190,000-M, precursor of the in-
sulin receptor (4,5,31-34). This undergoes additional
posttranslational processing to yield the mature receptor
(Table 1). First, the precursor undergoes proteolytic
cleavage into two separate subunits (32—34). Second,
the high-mannose form of N-linked carbohydrate under-
goes maturation with removal of mannose and glucose
residues and addition of other sugars including sialic
acid (32). Other posttranslational modifications occur,

TABLE 1
Posttranslational medifications of insulin receptor

Proteolytic cleavage into subunits
Glycosylation
N-linked (a- and B-subunits)
O-linked (B-subunit)
Fatty acylation
Amide (a- and B-subunits)
Ester (B-subunit)
Phosphorylation
Tyrosine
Serine/threonine
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including fatty acylation and O-linked glycosylation (35—
37). Thus, the basic structural unit of the mature insulin
receptor is a heterodimer formed by «- and B-subunits.
The a- and B-dimers further dimerize to produce a het-
erotetrameric o, f3, species (Fig. 2).
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FIG. 2. Mutations in insulin-receptor gene in insulin-re-
sistant healthy patients. Structural map of insulin receptor.
Key structural landmarks are identified on /eft. Locations
of all of mutations reported to cause insulin resistance are
noted on right (6-13,65).
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a-Subunit. The a-subunit is extracellular and provides
the binding site for insulin (23,38,39). The binding site
has not been definitively mapped. However, two lines
of evidence suggest that the binding site may be located
in the NH,-terminal portion of the a-subunit. First, when
the receptor is affinity labeled with '#I-labeled insulin,
a point of covalent attachment has been mapped to the
NH,-terminal ~300 amino acids of the a-subunit (40,
40a). Second, substitution of leucine for Phe® or Phe®
by site-directed mutagenesis decreases the receptor’s
binding affinity (41).

Nevertheless, when a deleted cDNA encoding only
the a-subunits was expressed by transfection into 3T3
cells, it was not possible to detect a truncated receptor
with high binding activity, possibly because isolated a-
subunits are unstable (42). In contrast, similar transfec-
tion studies have demonstrated that a truncated receptor
containing the a-subunit plus the extracellular domain
of the B-subunit does retain insulin-binding activity. This
suggests that the receptor’s B-subunit may participate
directly or indirectly in forming the insulin-binding site.
This conclusion is further supported by the observation
that it is possible to affinity label the B-subunit with '%]-
insulin, albeit with 10-fold lower efficiency than the a-
subunit.

When a bivalent cross-linking reagent such as dis-

uccinimidyl suberate is added to the tetrameric receptor,
it is possible to covalently cross-link two a-subunits.
Furthermore, in the native receptor, there appear to be
disulfide bonds between adjacent a-subunits that have
been tentatively mapped to the cysteine residues at po-
sitions 435, 468, and/or 524 (43).
B-Subunit. The B-subunit contains the transmembrane
domain that anchors the receptor in the plasma mem-
brane and possesses enzymatic activity as a tyrosine-
specific protein kinase (44—46; Fig. 2). When insulin
binds to the extracellular domain of the receptor, the
receptor tyrosine kinase activity is activated. Evidence
supports the hypothesis that activation of tyrosine kinase
plays a necessary role in mediating insulin action on the
target cell (46). Site-directed mutagenesis of the insulin
receptor provides some of the most convincing evi-
dence.

The site for binding of the substrate ATP is highly
conserved in all protein kinases. The conserved
ATP-binding motif in the insulin receptor consists of the
Gly'%03.X-Gly'%05-X-X-Gly'%%, . .-Lys'%% sequence (47).
Mutation of Lys'®? abolishes the tyrosine kinase activity
of the receptor. Furthermore, it abolishes the ability of
the receptor to mediate the various biological actions of
insulin (48,49). In addition, another mutation in the ATP
binding site, substitution of valine for Gly'%%, impairs
tyrosine kinase activity and causes insulin resistance in
vivo (8).

Autophosphorylation of tyrosine residues in the re-
ceptor results when insulin binds to the receptor (44—
46). Receptor autophosphorylation stimulates activity of
tyrosine kinase to phosphorylate other protein substrates
(46,50-53). There are at least two clusters of tyrosine
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residues that are autophosphorylated in response to in-
sulin: tyrosine residues 1158, 1162, and 1163 and ty-
rosine residues 1328 and 1334 (54,55). When Tyr''6
and Tyr"'® are replaced with phenylalanine, tyrosine
kinase activity and the ability of the receptor to mediate
insulin action are impaired (56). In addition, another
potential phosphorylation site is located at Tyr¥?, ad-
jacent to an acidic amino acid (Glu®") in a consensus
sequence for a tyrosine phosphorylation site. However,
there is disagreement in the literature regarding whether
Tyr¥? is phosphorylated (54,55). When Tyr¥? is mutated
to phenylalanine, the ability of the receptor to mediate
insulin action is impaired, possibly by impairing phos-
phorylation of substrates by tyrosine kinase (57).

|
MOLECULAR MECHANISMS OF INSULIN RESISTANCE

The mechanism of insulin action involves multiple steps,
many of which have not yet been characterized in de-
tail. Defects in any of these steps may give rise to insulin
resistance. Inasmuch as the insulin receptor is respon-
sible for mediating the first step in insulin action, it is
appropriate that investigations of the mechanisms of in-
sulin resistance have begun with studies of the insulin
receptor (2,3). Over the past several years, there has
been considerable progress in identifying mutations in
the insulin-receptor gene in patients with genetic forms
of insulin resistance. In theory, mutations might occur
in either the domain of the gene encoding the structure
of the insulin receptor or in the regulatory domains that
determine the level of gene expression. However, all of
the reported mutations have been identified in the struc-
tural gene (Fig. 2). These mutations impair insulin action
by several mechanisms (Table 2).

DECREASED NUMBER OF INSULIN RECEPTORS ON
CELL SURFACE

In some patients, insulin resistance results from a de-
crease in the number of insulin receptors on the cell
surface. This type of defect has been observed in pa-
tients with type A extreme insulin resistance (58,59),

TABLE 2
Molecular mechanisms of insulin resistance

Decreased number of insulin receptors on surface of target cells
Decreased levels of insulin-receptor mRNA
Mutations in regulatory regions of gene
Mutations at intron-exon boundaries that impair RNA splicing
Nonsense mutations (most but not all)
Mutations that accelerate rate of mMRNA degradation
Mutations in genes encoding trans-acting transcription factors
Impaired transport of receptors to cell surface
Nonsense mutation
Accelerated receptor degradation (impaired receptor recycling)
Defects in insulin-receptor function
Decreased affinity of receptor to bind insulin
Decreased receptor-associated tyrosine kinase activity
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FIG. 3. Decreased insulin binding to surface of cells from 2 sisters (patients A-5 [@] and patient A-8 [OJ] with type A
extreme insulin resistance. Circulating monocytes (A) and Epstein-Barr virus-transformed lymphoblasts (B) were in-
cubated with "*l-insulin (0.1 ng/ml) plus varying concentrations of unlabeled insulin. Percentage of *I-insulin bound
specifically is plotted as a function of insulin concentration. Cross hatched area is range of binding observed in healthy

subjects (3).

leprechaunism (58), and Rabson-Mendenhall syndrome
(60). The decrease in receptor number was first detected
in circulating monocytes and erythrocytes from patients
with type A extreme insulin resistance. Such a defect
has also been confirmed in subcutaneous adipocytes, a
classic target cell for insulin action (61). With these cell
types, studies were conducted immediately after cells
were obtained from the patient. However, the defect is
preserved in lymphoblastoid cells that have been im-
mortalized by transformation with EBV (58,60; Fig. 3).
Because EBV-transformed lymphoblasts are cultivated in
vitro under standard conditions in the absence of insu-
lin, the decrease in the number of insulin receptors may
be caused by a primary defect intrinsic to the cell. Of
course, the elevated levels of insulin in the plasma of
these insulin-resistant patients may cause downregula-
tion, thereby exacerbating the decrease in the number
of insulin receptors in target cells in vivo.

Despite the common biochemical phenotype ob-
served in this group of patients, at least four different
molecular defects have been responsible for the de-
crease in the number of insulin receptors on the surface
of patients’ cells: 7) decreased levels of insulin-receptor
mRNA, 2) impaired transport of insulin receptors to the
cell surface, 3) nonsense mutations, and 4) accelerated
receptor degradation.

Decreased levels of insulin-receptor mRNA. In stud-
ies of EBV-transformed lymphoblasts from leprechaun/
Minn-1, we demonstrated that the number of insulin
receptors on the cell surface is decreased to <10% of

DIABETES CARE, VOL. 13, NO. 3, MARCH 1990

normal (58). Furthermore, as judged by the rate at which
radioactively labeled amino acids and sugars were in-
corporated into the receptor precursor, the rate of re-
ceptor biosynthesis is decreased sufficiently to account
for the decrease in the number of insulin receptors (Fig.
4). A similar decrease in the rate of receptor biosynthesis
has been observed in a patient with type A extreme
insulin resistance (patient A-1; 62).

Because insulin-receptor mRNA is necessary to pro-
vide a template for receptor biosynthesis, we measured
the level of insulin-receptor mRNA in cells from lepre-
chaun/Minn-1. Although all five species of human in-
sulin-receptor mRNA are present in the patient’s cells,
there was a marked decrease in the cellular content of
insulin-receptor mRNA (26; Fig. 1C). Recent studies
confirmed that there is a decrease in the level of insulin-
receptor mRNA (63) and the number of cell surface in-
sulin receptors (64) in cultured fibroblasts from this pa-
tient. A mutation has been identified in the allele of the
insulin-receptor gene inherited from her father: a non-
sense mutation at codon 897 in exon 14 (65). As with
many nonsense mutations in other genes, this nonsense
mutation is associated with a reduction in the level of
mRNA transcribed from that allele. Although we deter-
mined the nucleotide sequence of the protein-coding
regions of all 22 exons together with the intron-exon
junctions of both alleles, we have not identified a mu-
tation in the maternal allele. Nevertheless, indirect evi-
dence strongly suggests that there is a cis-dominant mu-
tation in the maternal allele (65). Studies are underway
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FIG. 4. Decrease in rate of receptor biosynthesis in cells
from leprechaun/Minn-1. Epstein-Barr virus-transformed
lymphoblasts from healthy subject (A) and leprechaun/
Minn-1 (B) were pulse-labeled with [2-*H]mannose (upper
panels) or [®Slmethionine (lower panels). After chase
period of 1.5 or 4 h, receptors were solubilized and
immunoprecipitated and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. +, Immuno-
precipitation with anti-receptor antiserum; -, im-
munoprecipitation with nonimmune human serum (26).

to determine whether this mutation decreases the level
of insulin-receptor mRNA by decreasing the rate of syn-
thesis or accelerating the rate of degradation of the mRNA
encoded by the maternal allele of the insulin-receptor
gene. Leprechaun/Minn-1 appears to be a compound
heterozygote for two different cis-dominant mutations
in the insulin-receptor gene. Although it has not been
possible to investigate the patient’s father, her mother
has a 50% decrease in insulin binding to the surface of
her circulating monocytes. Thus, the decrease in insulin
binding is inherited in a codominant fashion.

Impaired transport of insulin receptors to cell sur-
face. We studied two sisters with type A extreme insulin
resistance (patients A-5 and A-8) in whom there was an
80-90% decrease in the number of insulin receptors on
the cell surface (12; Fig. 3). However, unlike what was
observed in leprechaun/Minn-1, we detected normal
levels of insulin-receptor mRNA in EBV-transformed
lymphoblasts from patients A-5 and A-8 (26; Fig. 1B).
Moreover, the rate of receptor biosynthesis was normal
(62). Why then was the number of receptors on the cell
surface decreased? This does not result from an accel-
erated rate of receptor degradation. When receptors on
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the surface of EBV-transformed lymphoblasts from pa-
tient A-5 were labeled by lactoperoxidase-catalyzed ra-
dioiodination and the rate of receptor degradation was
measured, the half-life of the patient’s receptors was
within normal limits (t;, = 4.8 h, normal range 6.5 *
2.4 h, mean = 25D) (66). This led to the hypothesis that
there is a defect in the transport of insulin receptors to
the plasma membrane. We described a similar bio-
chemical phenotype in an insulin-resistant patient with
Rabson-Mendenhall syndrome (67).

A defect in the transport of receptors to the cell surface
has also been described with low-density lipoprotein
(LDL) receptors in the Watanabe heritable hyperlipi-
demic rabbit and some patients with familial hypercho-
lesterolemia (68,69). In these cases, mutations were de-
tected in the structural gene encoding the LDL receptor.
The mutant LDL receptors were impaired in their ability
to be transported to the cell surface. Based on this anal-
ogy, we cloned insulin-receptor cDNA from patient A-
8 and identified a single amino acid substitution in the
patient’s insulin receptor: substitution of valine for
phenylalanine at position 382 in the a-subunit (12; Fig.
2). Two independent lines of evidence support the con-
clusion that this mutation is the cause of the patients’
disease: genetic linkage and expression of the mutant
insulin receptor by transfection.

The pedigree of Val*® is shown in Fig. 5. The mode
of inheritance of the disease in this kindred is certainly
autosomal recessive, inasmuch as the parents are first
cousins and the phenotype was not observed in earlier
generations. In addition to the two insulin-resistant sis-
ters (patients A-5 and A-8), there are four unaffected
siblings. According to this model of inheritance, three
predictions can be made: 1) the two parents are heter-
ozygous carriers of the mutant allele inherited by de-
scent from a common great-grandparent who was a het-
erozygous carrier of the mutation, 2) the two patients

—0

A/B A/C

A/B A/A A/B A/C A/B A/A

FIG. 5. Pedigree of consanguineous kindred of 2 insulin-
resistant sisters (A-5 and A-8). Parents of patients A-5 and
A-8 are first cousins (12,65). @, Affected sisters; O, unaf-
fected family members. Allele A is allele with Phe** mu-
tation. Alleles B and C are normal alleles observed in father
and mother, respectively.
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are homozygous for the same mutant allele, and 3) each
of the four unaffected siblings is either a heterozygous
carrier of the mutation or homozygous normal.

When the Val*® mutation was used as a marker for
the mutant allele, this was the same inheritance pattern
we observed in the kindred (Fig. 6). Because this pattern
of inheritance is unlikely to have occurred as the result
of random chance (probability ~1/200), this provides
statistical evidence that Val®*®? is genetically linked to the
disease-causing mutation (12,70).

Strictly speaking, this analysis is oversimplified. Be-
cause we have not studied the grandparents and great-
grandparents, we are not certain that the patients are
truly homozygous for an allele that is identical by de-
scent from a single great-grandparent. It is possible that
the two alleles encoding valine at position 382 could
have been inherited from two different great-grandpar-
ents. Thus, statistical analysis must be adjusted for the
degree of confidence that the two mutant alleles are
identical by descent. Lander and Botstein (70) intro-
duced a new technique called homozygosity mapping
to calculate log,, of odds ratio (LOD) scores for genetic
linkage in consanguineous pedigrees. We applied this
technique to study this pedigree (12). Obviously, if the
Val*82-containing allele is a frequent allele in the pop-
ulation, then the parents could have inherited the same
allele by random chance rather than by descent from
the common grandparent. On the other hand, if the
Val*®2-containing allele is rare in the population, then it
is likely that the parents have inherited this allele by
descent from their common ancestor. We obtained data
that strongly supports the conclusion that the allele is
rare. Therefore, it is likely that both parents inherited
the mutant allele by descent from the same great-grand-
parent.

We used allele-specific oligonucleotide hybridization
to search for the Val’®? mutation in healthy individuals,
but did not detect this mutation in any of the 160 alleles
of the insulin-receptor gene in 80 healthy individuals
(Fig. 6). Thus, this mutation is rare in the general pop-
ulation (12).

We investigated restriction-fragment—length polymor-
phisms (RFLPs) of the insulin-receptor gene. As ex-
pected, if the alleles were identical by descent, none of
the seven RFLPs differentiated the Val*®2-containing al-
lele observed in the mother from the Val*®-containing
allele observed in the father (12).

These studies support the conclusion that the two sis-
ters are homozygous for an extremely rare allele of the
insulin-receptor gene. Thus, the patients inherited both
copies of the mutant allele from the same great-grand-
parent (i.e., homozygosity by descent). Thus, the LOD
score in favor of linkage of the disease-causing muta-
tion to the insulin-receptor gene was ~2.2-2.3 (12;
Fig. 7).

To evaluate the significance of the substitution of va-
line for phenylalanine at position 382, the mutant form
of the insulin-receptor cDNA was expressed by trans-
fection in cultured cells. This demonstrated that the Val®®2
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mutation impairs posttranslational processing of the re-
ceptor precursor and decreases the number of receptors
on the cell surface (12).

WT M C
1264 1264 1249
s T ¢
R g .
— = D"—'
s - O
- A O_
FEv D c
o @
— ro— e
; -_— 1
and 2
o — 3
- 4
e 5
- 6
g 7
- e WT cDNA HIR
- - M cDNA HIR

FIG. 6. Inheritance of Val*** mutation as detected by allele-
specific oligonucleotide hybridization of amplified ge-
nomic DNA. One hundred thirty-four base pair fragment
of genomic DNA corresponding to nucleotides 1172-1306
of insulin-receptor cDNA was amplified with Tag DNA
polymerase (12). Thereafter, amplified DNA was applied
to nitrocellulose filter with slot-blot apparatus. Blot was
hybridized to sequence specific oligonucleotides corre-
sponding to nucleotides 1264—1281 of either wild-type se-
quence (WT 1264), mutant sequence (M 1264), or control
sequence (nucleotides 1249-1266) located upstream from
mutation (C 1249). Symbols indicate amplified genomic
DNA from family members in upper 8 rows. Rows 1-7
indicate amplified DNA from 7 representative healthy in-
dividuals. Seventy-three additional healthy individuals were
studied (not shown). As methodological control, hybrid-
ization to clones containing either wild-type (WT) or mu-
tant (M) sequences is shown in bottom 2 rows.
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FIG. 7. Dependence of log,, of odds ratio (LOD) score on
probability of homozygosity. Odds ratio is defined as ratio
of probability of observations assuming that 2 loci are ge-
netically linked divided by the probability of same obser-
vations assuming that loci are unlinked. According to
method of homozygosity mapping, LOD score in consan-
guineous family depends on frequency of haplotype for
which affected individuals are homozygous. For first-cou-
sin marriage, rare disease, and tightly linked restriction-
fragment-length polymorphisms, LOD score is increased
by log, 16/(1 + 15q) where q is frequency of observed
homozygous haplotype. Details of this calculation have
been published elsewhere (12).

To evaluate posttranslational processing of the 190,000
M, precursor to the mature receptor, we conducted ex-
periments with NIH/3T3 cells transfected with cDNA
encoding either normal insulin receptors (WT-8) or in-
sulin receptors with the Val*® mutation (V382-2). The
transfected cells were pulse labeled with [**S]methionine
for 3 h followed by a chase period of 1.5 or 4 h (Fig.
8). These pulse-chase studies provide evidence for a
defect in the posttranslational processing of the mutant
receptor. In the cells transfected with wild-type cDNA,
two bands (M, 130,000 and 100,000) were seen in the
regions of the a- and B-subunits. In the cells transfected
with mutant cDNA, two bands (M, 120,000 and 130,000)
were seen in the region of the a-subunit and two bands
(M, 900) in the region of the B-subunit. Previous studies
had suggested that proteolytic cleavage of the recep-
tor precedes maturation of the N-linked carbohydrate
moieties (32,71). Therefore, it seemed likely that the
low-molecular-weight forms of the a- and B-subunits
represent precursors in which the N-linked oligosaccha-
rides had not undergone final processing in the golgi.
As suggested previously, the kinetics of labeling are con-
sistent with the 90,000- and 120,000-M, bands being
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precursors of the 100,000- and 130,000-M, bands, re-
spectively. Specifically, the ratio of mature a- and B-
subunits (M, 130,000) to the lower-molecular-weight
precursor forms (M, 120,000) increases as a function of
time during the chase period. Thus, posttranslational
processing of the 190,000 M, proreceptor is less efficient
in the cells transfected with mutant cDNA.

Is the defect in posttranslational processing associated

with impaired transport of the mutant receptor to the
cell surface? To address this question, three transfected
cell lines that expressed similar levels of insulin-receptor
mRNA were studied: two cell lines expressing normal
insulin-receptor cDNA (WT-2 and WT-8) and one cell
line expressing Val*® mutant insulin-receptor cDNA
(V382-1). As demonstrated by Scatchard plots of
["®lliodoinsulin binding, cells transfected with wild-type
insulin-receptor cDNA (WT-2 and WT-8) express ~5-
to 10-fold more insulin receptors on their cell surface
than cells transfected with Val*® mutant insulin-receptor
cDNA (V382-1) (12; Fig. 9). We also studied a cell line
(V382-2) transfected with Val®%? mutant insulin-receptor
cDNA that expressed 10-fold higher levels of insulin-
receptor mRNA. These studies showed that this 10-fold
overexpression of mutant insulin-receptor mRNA al-
lowed for expression of as many insulin receptors on
the surface of V382-2 cells as were observed on WT-2
and WT-8 cells.
Nonsense mutation. We studied another patient with
leprechaunism (leprechaun/Ark-1) in whom we identi-
fied two mutant alleles of the insulin-receptor gene (6,72—
75; Fig. 2). In the allele inherited from the father, there
was a nonsense mutation substituting the amber chain
termination codon (UAG) for the CAG codon normally
encoding GIn®2, Frequently, nonsense mutations are as-
sociated with decreased levels of mRNA (65,76-78).
However, this nonsense mutation was associated with
normal levels of mRNA. In fact, approximately half of
the clones in the cDNA library were derived from the
allele of the insulin-receptor gene with the nonsense
mutation. This premature chain termination leads to
deletion of the COOH-terminal of the a-subunit and the
entire B-subunit, including the transmembrane anchor
and the tyrosine kinase domain. Lacking a transmem-
brane anchor, the truncated receptor is not located at
the cell surface (73). In fact, the truncated receptors
have not been identified in the patient’s EBV-trans-
formed lymphoblastoid cells; neither have the truncated
receptors been identified as secretory products in the
culture medium. Accordingly, it is likely that the trun-
cated receptor is rapidly degraded.

In the patient (leprechaun/Ark-1), the allele of the
insulin-receptor gene with the nonsense mutation is paired
with an allele containing a different mutation (6). How-
ever, the patient’s father is heterozygous for the allele
with the nonsense mutation and is also insulin resistant,
although not as severely insulin resistant as his daughter
(6,74). If the father’s second allele of the insulin-recep-
tor gene is normal, then it is possible to conclude that
the phenotype of insulin resistance caused by this non-
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FIG. 8. Val*2 mutation impairs posttranslational processing of insulin receptor. Transfected cells expressing either wild-
type insulin-receptor cDNA (WT8) or mutant receptor cDNA (V382-2) were pulse labeled with [*S]methionine for 3 h
followed by a chase with unlabeled methionine for either 1.5 or 4 h (12). Cells were solublized and receptors immu-
noprecipitated. Fluorographs of the sodium dodecyl sulfate-polyacrylamide gels are shown. Molecular weight of
receptor precursor (190,000 M,) and mature receptor a- and B-subunits (130,000 and 100,000 M,, respectively) together
with molecular-weight size markers are indicated on left of figure. Molecular weights of pre-a- and pre-g-precursor

(120,000 and 90,000 M,, respectively) are indicated on right.

sense mutation is inherited in a codominant manner (6).
Consistent with this conclusion, there is a 60-70% de-
crease in '®l-insulin binding to the father’s circulating
monocytes (Fig. 10). This suggests that the normal allele
of the insulin-receptor gene does not increase the level
of expression to compensate for the nonsense mutation.

05

B/F

Insulin (ng/ml)

FIG. 9. Val*? mutation decreases number of insulin re-
ceptors on cell surface. Scatchard plot of **l-insulin bind-
ing to transfected cells expressing wild-type (2, WT 2; O,
WT 8) or mutant (O, V382-1; @, V382-2) insulin-receptor
¢DNA (12). Three cell lines (», O, and [O) expressed
~2000 insulin-receptor mRNA molecules/cell; one cell
line (®) expressed ~20,000 insulin-receptor mRNA mole-
cules/cell.
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In fact, because the father is hyperinsulinemic with plasma
insulin levels elevated 5- to 10-fold above the normal
range, it is likely that his receptors become downregu-
lated in vivo, thus exacerbating the decrease in the num-
ber of insulin receptors on the surface of his cells (74).
The latter conclusion is supported by the observation
that the number of insulin receptors on the surface of
his EBV-transformed lymphoblasts is in the lower half of
the normal range when the cells are cultivated in the
absence of insulin, thereby eliminating the contribution
due to downregulation (Fig. 10).

Accelerated receptor degradation. In the same patient
with leprechaunism (leprechaun/Ark-1) with the non-
sense mutation described above, there is a second mu-
tant allele containing a missense mutation that encodes
the substitution of glutamic acid for lysine at position
460 in the a-subunit of the insulin receptor (6; Fig. 2).
Insulin resistance caused by the Glu*® mutation is in-
herited in a recessive fashion in that the mother, who is
a heterozygous carrier of this mutation, has normal glu-
cose tolerance and does not appear to be insulin resist-
ant. Before cloning, we identified multiple abnormali-
ties in insulin binding to receptors on the surface of the
patient’s EBV-transformed lymphoblasts, including de-
creased sensitivity to changes in temperature and pH
(72,74,75; Fig. 11). The patient’s receptor had a fivefold
increase in binding affinity at physiological temperature
and pH (37°C, pH 7.4). Furthermore, insulin stimulates
the receptor-associated tyrosine kinase normally in re-
ceptors from the patient's EBV-transformed lympho-
blasts (73).

How does the Glu*? mutation impair receptor func-
tion to cause insulin resistance in vivo? An analogy to
a site-directed mutant of the LDL receptor suggests an
answer to the question (79). A portion of the extracel-
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FIG. 10. Decreased "*l-insulin binding to circulating monocytes of patient with leprechaunism (leprechaun/Ark-1; @)
and her father (»). Circulating monocytes (A) and Epstein-Barr virus—transformed lymphoblasts (B) were incubated
with Zl-insulin (0.1 ng/ml) plus varying concentrations of unlabeled insulin. Percentage of “l-insulin bound specifically
is plotted as function of insulin concentration. Cross hatched area is range of binding observed in healthy subjects

(74).

lular domain of the LDL receptor is homologous to the
epidermal growth factor precursor molecule. To inves-
tigate the function of this domain of the LDL receptor,
a mutant LDL receptor was constructed in which the
domain homologous to the epidermal growth factor pre-
cursor was deleted. This did not interfere with LDL bind-
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FIG. 11. Abnormal pH sensitivity of *“I-insulin binding to
insulin receptors from patient with leprechaunism
(leprechaun/Ark-1). @, pH profile of '*l-insulin binding to
Epstein-Barr virus-transformed lymphoblasts of lepre-
chaun/Ark-1; O, control subjects. Data with control sub-
jects are means + SE (error bars) (72).
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ing but rendered it insensitive to changes in pH. After
the receptors for insulin and LDL (and many other re-
ceptors) bind their ligands, the ligand-receptor complex
is internalized into endocytic vesicles (Fig. 12). These
endocytic vesicles possess proton pumps in their mem-
branes so that they can develop an acidic pH within
their lumens. This acidic pH plays a crucial role in dis-
sociating the ligand from its receptor. Subsequent to in-
ternalization, at least two distinct pathways are available
to the receptor: recycling to the cell surface for reutili-
zation or degradation within the lysosomes. In the case
of the deletion mutant of the LDL receptor, desensiti-
zation to changes in pH was associated with inhibition
of the recycling pathway. This rendered the receptor
hypersensitive to ligand-induced downregulation. After
binding to the receptor at the cell surface, the ligand
was not dissociated from the receptor in the endocytic
vesicle, and the receptor was preferentially targeted for
degradation within the lysosome (79).

The Glu*® mutation renders the insulin receptor less
sensitive to changes in pH (6,72,74; Fig. 13). With nor-
mal insulin receptors (Lys*®), decreasing the pH from
7.8 to 6.0 causes a 10-fold acceleration in the rate at
which '?l-insulin dissociates from its receptor. The ef-
fect of acid pH to accelerate '®l-insulin dissociation is
markedly blunted with the Glu*°® mutant receptor (6;
Fig. 13). Analogous to the mutant form of the LDL re-
ceptor, the Glu*®® mutation in the insulin receptor ap-
pears to inhibit receptor recycling and accelerate the
rate of receptor degradation. According to this hypoth-
esis, the cause of insulin resistance is a decrease in the
number of insulin receptors on the surface of target cells
that results from an accelerated rate of receptor degra-
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FIG. 12. Pathway of receptor-mediated endocytosis and
receptor recycling. After insulin binds to its receptor, hor-
mone-receptor complex undergoes endocytosis. Because
of presence of proton pumps in their membranes, en-
dosomes acquire acidic pH in their lumens. Once within
cell, 2 alternative fates are available to ligand and its re-
ceptor. They can be targeted to lysosome where they will
be degraded. Alternatively, the receptor can be recycled
back to plasma membrane for reutilization. If ligand es-
capes degradation, it can be retroendocytosed intact into
extracellular fluid.

dation. Several observations support this hypothesis: 1)
insulin receptors on the surface of EBV-transformed
lymphoblasts of leprechaun/Ark-1 are degraded almost
twice as fast as receptors on the surface of cells from
healthy individuals (t;, = 3.5 h, healthy individuals
6.5 £ 2.4 h, mean = 2SD) (66); and 2) the number of
insulin receptors on the surface of the patient’s circu-
lating monocytes is decreased by 80-85% below the
normal range (74).

This hypothesis also suggests resolution of a discrep-
ancy in observations with the patient’s EBV-transformed
lymphocytes and cultured skin fibroblasts. The number
of insulin receptors on the surface of the patient’s EBV-
transformed lymphocytes was in the low normal range
(6,74). In contrast, there was a marked decrease in the
number of high-affinity insulin receptors on the surface
of the patient’s skin fibroblasts (80). Previous studies had
shown that the internalization-recycling pathway is in-
active in EBV-transformed lymphocytes (81). Therefore,
inhibition of the recycling pathway would be predicted
to have little impact on the rate of receptor degradation.
If receptor recycling were more active in cultured skin
fibroblasts, then inhibition of receptor recycling would
be predicted to cause a major decrease in the number
of insulin receptors on the cell surface.

The number of insulin receptors on the surface of the
patient’s circulating monocytes was also decreased (74).
At least three factors combined to cause this decreased
number of receptors on the monocytes. First, the pater-
nal allele of the insulin-receptor gene had a nonsense
mutation whereby it encoded a truncated receptor that
was not expressed on the cell surface. Second, the re-
ceptor encoded by the maternal allele had Glu*® sub-
stitution which accelerated receptor degradation. Third,
the patient had markedly elevated levels of insulin in
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her plasma; this hyperinsulinemia would be expected
to decrease the number of insulin receptors on the cell
surface by downregulation.

DEFECTS IN INSULIN-RECEPTOR FUNCTION

In some insulin-resistant patients, there is a normal num-
ber of insulin receptors on the cell surface. However,
the receptors are defective in their function. At least two
activities are necessary for the insulin receptor to per-
form its essential role in mediating insulin action: insulin
binding and tyrosine-specific protein kinase. Mutations
that impair both of these functions have been identified.
Mutations decreasing insulin-binding activity. As
stated previously, the insulin receptor is synthesized as
a single polypeptide precursor that undergoes proteo-
Iytic cleavage into two separate subunits. Two sisters
with type A extreme insulin resistance have been de-
scribed who are homozygous for a mutation substituting
serine for arginine at position 735, the last amino acid
in the tetrabasic amino acid sequence (Arg-Lys-Arg-Arg)
in the proteolytic processing site (Fig. 2). This mutation,
initially reported by Yoshimasa et al. (7) and subse-
quently confirmed by Kobayashi et al. (8), prevents pro-
teolytic processing of the receptor precursor into two
subunits. As shown in studies of patients’ cultured cells,
the uncleaved receptor has a decreased affinity to bind
insulin (82,83). Presumably, it is the failure of cleavage

50
c -
£ 40
ln L
8 30-
°
0 P
©
g 20
n J
2
o )
2 10 1

o L l v l ¥
5 6 7 8

FIG. 13. Glu* mutation decreases sensitivity of insulin re-
ceptors to changes in pH. NIH-3T3 cells transfected with
either wild-type insulin-receptor cDNA (J; Lys*") or mu-
tant insulin receptor (a; Glu*?) cDNA were incubated with
Slinsulin. Thereafter, unbound "“l-insulin was removed
by washing cells at 4°C. Fresh mediums with varying pH
(6.0, 6.8, or 7.8) were added, and rate at which *l-insulin
dissociated was measured (6).
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into subunits that causes the reduction in binding affin-
ity. However, the possibility has not been ruled out that
point mutation causes a decrease in receptor affinity
below that which would be observed with the un-
cleaved precursor having the wild-type sequence.

Recently, another mutation has been identified in the
insulin receptor of leprechaun/Geldermalsen: substitu-
tion of proline for leucine at position 233 in the a-sub-
unit (13). The patient, who is part of a consanguineous
pedigree, is homozygous for the Pro?*3 mutation. The
mutation is associated with a marked decrease in insulin
binding to the surface of the patient’s cultured skin fi-
broblasts. However, when receptors were solubilized in
detergent, the solubilized receptor was stated to bind
insulin normally. It is possible that the Pro®3 mutation
decreases insulin binding by preventing transport of the
receptors to the cell surface (cf, patients A-5 and A-8)
and that detergent increases insulin binding by solubi-
lizing intracellular insulin receptors. Alternatively, it is
possible that the mutation causes a decrease in binding
affinity when the receptor is on the cell surface, but
solubilization with detergent somehow restores the
binding affinity to normal. Expression of the mutant re-
ceptor cDNA should eventually answer these questions.
Mutations decreasing tyrosine kinase activity. There
is evidence that supports the hypothesis that tyrosine-
specific protein kinase is necessary for the insulin re-
ceptor to mediate insulin action (44-46,48,49,56).
Consistent with this hypothesis, several patients have
been described in whom insulin resistance is caused by
defects in the insulin-receptor tyrosine kinase activity
(9,10,84). We cloned insulin-receptor cDNA from one
such patient (10). In that patient, we identified a mis-
sense mutation that encodes substitution of valine for
Gly'%%, the third glycine in the Gly-X-Gly-X-X-Gly motif,
which is part of the putative ATP binding site (Fig. 2).
By transfecting mutant insulin-receptor cDNA into
Chinese hamster ovary cells, we have shown that the
Val'%% mutation abolishes tyrosine kinase activity (10;
Fig. 14). The patient’s other allele of the insulin-receptor
gene had the normal sequence in this region so that the
patient was heterozygous for the Val'®® mutation. Be-
cause the patient’s other allele has not been fully se-
quenced, we do not know whether it is normal or has
a second mutation. Thus, we do not know whether the
Val'% mutation is dominant or recessive.

Moller and Flier (9) described a variant sequence in
which serine is substituted for Trp'2® in the B-subunit.
This mutation is found in only one allele of the patient’s
insulin-receptor gene; the other allele is normal in this
region. Transfection studies have not yet been reported
with the variant form of the insulin receptor containing
the Trp'2% substitution.

Finally, two patients from Japan have been described
who have chromosomal deletions that disrupt the por-
tion of the insulin-receptor gene encoding the B-subunit
(11). Because the deletions have been found in only one
allele, the mutations appear to be dominant. However,
the nucleotide sequence of the second allele has not
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FIG. 14. Expression of normal and mutant human insulin-
receptor cDNA in Chinese hamster ovary (CHO) cells. CHO
cells were stably transfected with either normal insulin-
receptor cDNA or cDNA encoding Gly™-mutant form of
receptor(10). Protein (immunoblot) blotting of partially pu-
rified insulin receptors (left panel). Site-specific antibody
(Ab-IRC) directed against COOH-terminal of human in-
sulin-receptor B-subunit was used to quantitate number
of insulin receptors in cells: nontransfected CHO cells
(lane 1); cells transfected with normal human insulin-re-
ceptor ¢cDNA (Gly"™; Jane 2); two cell lines transfected
with mutant insulin-receptor cDNA (Val'™®; Janes 3 and 4).
Based on insulin-binding studies, we estimate that trans-
fected cell lines have 30,000-50,000 receptors/cell. In
contrast, nontransfected cells have ~1500 receptors cell.
Autophosphorylation (right panel) of partially purified in-
sulin receptors from nontransfected cells, cells transfected
with normal human insulin-receptor cDNA (Gly"®), or cells
transfected with Val'®® mutant insulin-receptor cDNA. CHO
cells were solubilized in presence of Triton X-100, and
receptors were partially purified over wheat germ agglu-
tinin-agarose. After incubation in absence (—) or presence
(+) of 1077 M insulin, partially purified receptors (10
ng/lane) were phosphorylated in presence of 50 pM
[y-*P]JATP and 4 mM MnCl,. After immunoprecipitation
with Ab-IRC, receptors were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis followed by
autoradiography (10).

been determined in these patients. Thus, in addition to
point mutations, deletions of portions of the insulin-re-
ceptor gene can lead to the synthesis of defective insulin
receptors, thereby causing insulin resistance. Of course,
in evaluating the significance of deletions of large por-
tions of the receptor, it must be emphasized that mul-
tiple receptor functions may be compromised in addi-
tion to the defect in tyrosine kinase activity.

]
NIDDM

Insulin resistance contributes greatly to the pathogenesis
of NIDDM (85,86). Furthermore, there is evidence that
genetic factors contribute to the predisposition to de-
velop NIDDM. Because the presence of insulin resist-
ance is among the best predictors of future development
of NIDDM,, it is reasonable to ask whether there is a
genetic etiology for insulin resistance in patients with
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NIDDM. For target cells to respond to insulin requires
the function of many proteins encoded by many genes.
Each of these genes is a candidate to be the locus of a
mutation causing insulin resistance in patients with
NIDDM. In light of the central role of the insulin recep-
tor in mediating the first step in insulin action, it is rea-
sonable to ask whether patients with NIDDM have mu-
tations in the insulin-receptor gene. Supporting this
hypothesis, some patients with extreme insulin resist-
ance have had relatives in whom heterozygosity for mu-
tations in the insulin-receptor gene is associated with a
moderate degree of insulin resistance. For example, the
father of leprechaun/Ark-1, who was heterozygous for
a nonsense mutation in the insulin-receptor gene, had
a moderate degree of insulin resistance comparable to
what is observed in patients with NIDDM (6,74). Fur-
thermore, the mutations detected thus far in the insulin-
receptor gene have all caused major defects in the func-
tion of the insulin receptor. It is possible that patients
with a milder degree of insulin resistance might have
mutations that cause less severe disruption of the func-
tion of the insulin receptor.

STRATEGY TO IDENTIFY PATIENTS WITH MUTATIONS IN
INSULIN-RECEPTOR GENE

Determination of the nucleotide sequence of the insulin-
receptor gene requires an expenditure of manpower as
well as other resources. Accordingly, before embarking
on such a project, there is a strong desire to design a
screening test to identify patients who are likely to have
mutations in their insulin-receptor genes. Several strat-
egies have been used.

Assays of insulin-receptor function. Thus far, all re-
ported mutations in the insulin-receptor gene have been
identified in patients in whom there were identifiable
defects in insulin-receptor function, either abnormal in-
sulin binding or impaired tyrosine kinase activity. How-
ever, even in patients with definite mutations, some of
the functional defects have been subtle. Different lab-
oratories studying the same patients have reached dif-
ferent conclusions. Occasionally, it has been difficult
to reconcile seemingly disparate observations obtained
with different cell types from the same patient (2,58,60,
72,80,87,88). Although decreased insulin binding (89)
and impaired tyrosine kinase activity (90-92) have been
described in patients with NIDDM, most evidence sug-
gests that these defects can be reversed with therapeutic
intervention such as weight reduction (93). It has been
assumed that mutations in the insulin-receptor gene would
cause defects in insulin-receptor function that could not
be reversed by therapeutic intervention. This assump-
tion may not be correct.

Analysis of RFLPs: population studies. The insulin-
receptor gene is a large gene with >100 kb of interven-
ing sequence (22). Accordingly, it is not surprising that
many RFLPs have been identified in the insulin-receptor
gene (94-105; Table 3). Because the probability of in-
tragenic crossovers occurring within the insulin-receptor
gene is estimated as <1%, it is likely that a mutation in
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the insulin-receptor gene might be in linkage disequili-
brium with an RFLP of the gene. If such a mutation
played a role in causing NIDDM, an increased fre-
quency of RFLP in the population with NIDDM can be
expected. However, several factors might make it dif-
ficult for this strategy to succeed in identifying mutant
alleles of the insulin-receptor gene:

1. If the mutation arose a long time ago, then a suf-
ficient number of crossovers might have occurred
to abolish the linkage disequilibrium.

2. It is possible that there are different mutations in
the insulin-receptor gene in different patients. If
each mutation were in linkage disequilibrium with
a different RFLP, then no single RFLP would be-
come common among patients with NIDDM.

3. If it were necessary to have mutations in a second
gene in addition to the insulin-receptor gene to
develop NIDDM, then it is possible that many
people with mutations in the insulin-receptor gene
would not develop diabetes. Consequently, the
mutation in the insulin-receptor gene might be
common in nondiabetic individuals.

4. Because NIDDM has onset late in life, many in-
dividuals who are destined eventually to develop
NIDDM may be misclassified as nondiabetic if
studied before the development of diabetes.

Furthermore, there are several factors that may cause
spurious associations of RFLPs with NIDDM. First and
foremost, if many RFLPs are analyzed, spurious asso-
ciations may arise by random chance. In addition,
NIDDM is increased in prevalence in certain racial and
ethnic groups. Thus, it is difficult to obtain a nondiabetic
control group that is perfectly matched with respect to
racial and ethnic origin. Because RFLPs have different
prevalences in different racial groups (e.g., Pima Indians
vs. Whites), the prevalence of RFLPs may be an indirect
reflection of the racial and ethnic origins of patients with
NIDDM. For example, among Mexican Americans it has
been suggested that the prevalence of NIDDM is highest
among individuals with the greatest contribution of genes
derived from the Indian gene pool (106). Thus, it would
be predicted that patients with NIDDM shouid have a
higher prevalence of RFLPs that are more common in
the Indian gene pool. Such an observation would not
necessarily implicate a mutation in the insulin-receptor
gene as a causal factor in the development of NIDDM.

In light of the complexity of interpreting these asso-
ciation studies, it is not surprising that this approach has
not yielded unequivocal conclusions. Some studies have
detected weak associations with RFLPs of the insulin-
receptor gene with NIDDM in specific racial groups
(107,108). Other studies have failed to detect associa-
tions (94,101,104).

Analysis of RFLPs: family studies. With RFLPs as mark-
ers to identify alleles of the insulin-receptor gene, it is
possible to determine in an individual family whether
diabetes segregates together with a particular allele of
the insulin-receptor gene. Because this is essentially a
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TABLE 3
Restriction-fragment-length polymorphisms (RFLPs) of insulin-receptor gene

Prevalence of polymorphic band in population (%)

Enzyme Prabe Bands (kb) Whites Blacks Pima Indians Japanese Refs.
BamHI* 2742-4341 7.4 88 94,95
6.9 12
Bgl 2742-4341 23 83 94
20.0 + 3.4 17
Dra 1 (D1) 2742-4341 2.9 38 96
1.4 62
Dra | (D2)* 2742-4341 4.1 20 96
3.6 80
EcoRli (E1) 0-1011 22 88 97
20 12
EcoRI (E2) 1926-2476 5.8 56 98
5.5 44
Hindlll (H1) 0-1011 6.5 9 97
1.4 7N
Hindlll (H2) 1599-2961 11.2 61 96
10.4 39
Hindlll (H3)* 1599-2961 or 2742-4341 14.0 18 96
13.5 82
Hindlll (H4) 2742-4341 23 15 96
20 85
Kpn | 2742-4341 15.9 32 99,100
11.2 + 4.7 68
Pst | (P1) 0-1011 2.3 17 97
1.5 83
Pst | (P2) 334-1011 15.2 88 87 99,100
13.7 12 13
Pvu Il 1011-5200 4.4 8 101,102
3.8 92
Rsa | (R1) 1599-2961 6.8 52 28 48 21 94,101,103
6.2 48 67 17 74
6.4 6
3.4 34
Rsa | (R2) 1599-2961 2.4 23 17 17 94
2.2 77 63 63
Rsa | (R3) 1011-5200 3.6 84 101
Not detectedt 16
Rsa | (R4) 2746-4345 1.9 55 56 99,100
0.4 45 44
Rsa | (R5) 334-1011 0.9 87 99,100
0.3 13
Sac 1/5st 1 (S1)* 2742-4341 5.8 12 35 100 1 94,95,104
5.3 88 65 0 89
Sac 1/5st 1 (S2) 2742-4341 9.4 88 98 98 98 94,104
7.0 + 24 12 2 2 2
Sac 1/5st 1 (S3) 1599-2961 4.6 66 105
3.7 4
3.6 30
Stu | 1011-4200 7.2 11 101
6.6 89

*Four RFLPs (BamH1, D2, H3, and S1) are in total linkage disequilibrium with one another.
it seems likely that a band was present, although it was not identified because it probably comigrated with one of the other bands that was
visible in blot. If a shorter cDNA had been used as probe, it is likely that the band could have been detected.
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statistical approach, large pedigrees with multiple af-
fected individuals are ideally suited for analysis with this
approach. The larger the pedigree, the greater the sta-
tistical significance of observing data consistent with
linkage of diabetes to the insulin-receptor locus. It is
possible to pool data from multiple kindreds. However,
below are several of the many factors that may make it
difficult to demonstrate linkage with this approach:

1. If the mutations causing diabetes are common, this
increases the likelihood that both parents may carry
different mutant alleles at the same locus. Thus,
two diabetic offspring may both inherit mutant al-
leles of the same gene, although they do not share
any alleles in common. According to the usual
method of analysis of these data, observation of
two diabetic siblings with no alleles in common
would be used as evidence against linkage to the
insulin-receptor gene. However, in the case where
the two siblings have inherited different mutant
alleles (one from the father and the other from the
mother), this would be the incorrect conclusion.

2. If the mutations causing NIDDM map to different
loci in different families, this makes it more diffi-
cultto analyze data pooled from multiple kindreds.

3. If it were necessary to have mutations in a second
gene in addition to the insulin-receptor gene to
develop NIDDM, then some family members may
inherit mutations in the insulin-receptor gene but
not develop diabetes because they had failed to
inherit a mutant allele at another genetic locus.

4. Because NIDDM has onset late in life, many in-
dividuals who are destined to eventually develop
NIDDM may be misclassified as nondiabetic if
studied before the development of diabetes. When
the age of onset is as old as it is with NIDDM,
there are few pedigrees in which multiple gener-
ations are available for investigation and are also
old enough to have developed NIDDM.

The difficulty in analyzing the inheritance of RFLPs in
families is not cited to discourage the application of this
powerful technique. In fact, many of the analytic prob-
lems can be addressed (109). However, it is important
to recognize that most of the successful applications of
this approach have been to map disease-causing genes
in diseases with simple monogenic inheritance (110).
The complicated genetics of NIDDM makes it more dif-
ficult to map the genes causing the disease. Fortunately,
maturity-onset diabetes of the young (MODY) is a vari-
ant of NIDDM that has simple autosomal-dominant in-
heritance. Nevertheless, available data suggest that nei-
ther MODY nor NIDDM is caused by a mutation in the
insulin-receptor gene, at least in families that have been
analyzed thus far (111-114). To date, the only success-
ful use of RFLPs to map a diabetogenic mutation to the
insulin-receptor locus has been in a consanguineous
pedigree with two sisters with the syndrome of type A
extreme insulin resistance (12; Figs. 5 and 6). A study
conducted in a family with three siblings with lipoa-
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trophic diabetes yielded data that did not support link-
age of the disease to the insulin-receptor locus (115).
RNA heteroduplex mapping. This is a biochemical
technique to screen for variations from a normal se-
quence of the insulin-receptor gene. In this approach,
a radioactively labeled single-stranded RNA probe en-
coding the insulin receptor is hybridized with either
mRNA or genomic DNA from the patient (116-118). If
the nucleotide sequence in the patient’s gene is identical
to that in the cloned DNA from which the RNA probe
is derived, then the probe will form a perfectly double-
stranded complex with the patient’'s mRNA or DNA. If
the sequence of the patient’s gene differs from that of
the cloned DNA, there will be a region in which the
probe does not undergo base pairing. Because RNase A
preferentially cleaves single-stranded RNA, the enzyme
has the potential to cleave the probe at the point of the
mismatch. There are two significant limitations to this
approach:

1. False negatives. Available data suggest that RNase
A will recognize only half of all possible single
base pair mismatches (116,118). Because RNase
A cleaves after pyrimidines, the enzyme is most
likely to recognizes mismatches where the nu-
cleotide in the RNA probe is either C or U at the
position of the mismatch or immediately adjacent
to the mismatch (116). However, this rule of thumb
is not a perfect predictor. Replacement of RNase
A digestion with chemical cleavage techniques has
been reported to eliminate the problem of false
negatives (119).

2. False positives. There is not a unique normal nu-
cleotide sequence encoding the insulin receptor
but rather a group of polymorphic normal se-
quences (Table 4). Thus, most alleles of the insu-
lin-receptor gene will have nucleotide sequences
that differ from the cloned cDNA. Because most
of the deviations from the sequence of the cloned
cDNA are normal polymorphisms, most of the sin-
gle base pair mismatches detected by RNase pro-
tection assays are normal polymorphisms rather
than mutations.

This approach has been used to screen for mutations
in the insulin-receptor gene (118). In that study, a mu-
tation was detected in the insulin-receptor gene of a
patient with type A extreme insulin resistance, and a
silent polymorphism was detected in a patient with li-
poatrophic diabetes. However, in a patient with lepre-
chaunism (leprechaun/Ark-1), the technique failed to
detect two mutations and several other deviations from
the sequence of the cloned cDNA (118).

DIRECT DEMONSTRATION OF MUTATIONS BY
DETERMINATION OF NUCLEOTIDE SEQUENCE
Multiple strategies have been used to obtain the nu-
cleotide sequence of the insulin-receptor genes of in-
sulin-resistant patients. Questions that must be ad-
dressed in designing an experimental approach are:
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TABLE 4
Sequence polymorphisms in insulin-receptor gene
Amino acid no. Amino acid Codon Refs.
Confirmed polymorphisms that do not alter amino
acid sequence
-20 Gly GGG 4-6,12,13,125,127,a,b,c

Gly GGA 22
234 Asp GAC 4-6,12,13,22,125,127,a,b,c
Asp GAT b
276 Gin CAG 4,6,12,13,118,127,a,b,c
Gln CAA 5,22,118,125
519 Asp GAC 4,6,12,13,125,127,a,b,c
Asp GAT 5,6,22,a
523 Ala GCG 5,6,12,22,125,127,a,b,c
Ala GCA 4,13,127,b
642 Phe TTC 4-6,12,13,22,125,127,a,b,c
Phe T 6
1058 His CAC 4-6,9,10,12,13,22,125,127,a,b,c
His CAT 9,10,127,a,c
1062 Leu CTC 4-6,9,12,13,22,125,127,a,b,c
Leu cTT 127
Unconfirmed polymorphisms that alter predicted
amino acid sequence
144 Tyr TAC 4,12,13,22,125,127,a,b,c
His CAC 5
421 lle ATC 4,6,12,13,22,125,*127,a,b,c
Thr ACC 5
465 Gln CAG 4,6,12,13,22,125,¥127,a,b,c
Lys AAG 5
873 Val GTC 5,6,12,13,22,125,127,a,b,c
Asp GAC 4
874 Ser TCC 5,6,12,13,22,125,127,a,b,c
Thr ACC 4
1251 Lys AAG 5,6,9,12,13,22,125,127,a,b,c
Asn AAC 4
Unconfirmed polymorphisms that do not alter
predicted amino acid sequence
31 Gly GGA 4,5,12,13,22,127,a,b,¢c
Gly GGC 125

Included are lists of all known variants that have been observed in protein-coding nucleotide sequence of insulin-receptor gene. A nucleotide
sequence was considered to be unconfirmed if it was identified in only single clone and if efforts were not described in publication to rule
out possibility of cloning artifacts or sequencing errors. Polymorphic sequences were considered to be confirmed if each nucleotide sequence
was identified in DNA derived from =2 individuals or if data were reported that ruled out cloning artifacts and sequencing errors. References
to literature are listed at right. In addition, we have included unpublished data of T. Kadowaki, H. Kadowaki, and S.I.T.: patient A-1 (1,58),
leprechaun/Minn-1 (58), and patient RM-1 (60). To refer to these unpublished data, we have used letters a, b, and c to represent patients A-
1, leprechaun/Minn-1, and RM-1, respectively. In some cases, data were presented on two alleles from same patient so that same reference
reported two polymorphic nucleotide sequences (6,10,58,60,118,127,a,b,c).

*In ref. 22, it is stated that cDNA cloned by Whittaker et al. (125) confirmed amino acid sequence predicted by Ebina et al. (5) (i.e., Thr?!
and Lys*®) rather than sequence of Ullrich et al. (4) (i.e., lle®?" and GIn*?). However, this statement was apparently erroneous (S. Seino and
G.1. Bell, unpublished observations). In fact, correct sequence of cDNA cloned by Whittaker et al. (125) was identical to that of Ullrich et al.
(5) at these two positions (i.e., ile**" and GIn*).

Which nucleic acid will serve as template, genomic DNA,
or mRNA? How will the template be copied and am-
plified? Which experimental technique will be applied
to determine nucleotide sequence?

Choice of nucleic acid template: genomic DNA ver-
sus mRNA. Because genomic DNA has intervening se-
quences interrupting the coding sequence, the insulin-
receptor gene is longer than the mRNA. Despite this
disadvantage, genomic DNA provides several important
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advantages as a template for genetic investigations. First,
if the mutation is located in an intron or regulatory do-
main of the gene, it may not be possible to identify the
mutation in the mRNA. Second, mRNA molecules en-
coded by two alleles of the insulin-receptor gene may
not be present in equal abundance. For example, many
nonsense mutations are associated with a marked de-
crease in the level of mRNA (65,76—78). If such a mu-
tation were present in a heterozygous state, most of the
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mRNA would be derived from the allele without the
nonsense mutation. Third, the use of reverse transcrip-
tase to synthesize cDNA from mRNA may introduce
cloning artifacts as a result of in vitro errors where the
enzyme introduces the wrong nucleotide into the cDNA
(120). Finally, adequate quantities of genomic DNA can
be obtained from leukocytes present in small samples
of blood. To obtain mRNA, it is necessary to establish
cultured cell lines or obtain larger blood samples.
Despite the many advantages of genomic DNA as
template, most of the published mutations in the insulin-
receptor gene have been identified in cDNA synthesized
from mRNA templates (6,9,10,12,13). In fact, this re-
mains one of the best ways to identify mutations that
alter the amino acid sequence of the receptor protein.
Amplification of DNA: cloning versus polymerase
chain reaction (PCR). Most of the reported mutations
in the insulin-receptor gene have been identified by
cloning either cDNA or genomic DNA. Recently, the
PCR catalyzed by Tag DNA polymerase has enormously
reduced the labor required to amplify regions of either
genomic DNA or cDNA (121). There are two significant
disadvantages of the PCR strategy. First, like reverse
transcriptase, the enzyme Tag DNA polymerase has an
in vitro error rate of ~1 incorrect base/kb (121). Sec-
ond, PCR has been used primarily to amplify short
stretches of DNA. This makes it more difficult to identify
polymorphic sequences to differentiate the patient’s two
alleles of the insulin-receptor gene. Because such poly-
morphic markers are rare, the greatest likelihood of dis-
tinguishing the two alleles occurs if clones are signifi-
cantly in excess of 1 kb in length. Fortunately, both
shortcomings of PCR are overcome to a large extent by
the strategy of directly sequencing amplified DNA with-
out cloning into a vector.
Sequencing strategy: individual clones versus direct
sequencing of amplified DNA. If PCR has been used
to amplify either genomic DNA or cDNA, then there
are two alternative strategies to obtain the nucleotide
sequence. Undoubtedly the best strategy is to directly
sequence the amplified DNA rather than to clone the
amplified DNA into a plasmid or bacteriophage vector
(9,65,122-124). In addition to the fact that direct se-
quencing requires less work, there are substantive ad-
vantages as well. First, the sequence represents the av-
erage sequence of many amplified molecules rather than
the sequence of a single cloned molecule. If cloning
artifacts have been introduced by either reverse tran-
scriptase or Tag DNA polymerase, then it is unlikely
that the same artifactual sequence exists in all of the
molecules. Thus, the average sequence will tend to
eliminate cloning artifacts. Second, it is possible to ob-
tain the sequence of both alleles of the gene in a single
sequencing reaction. If the two alleles have different
sequences, two bands will be seen at the position in the
sequencing ladder where the two alleles differ. Further-
more, if only a single sequence is seen, this suggests
that both alleles have the same sequence. (This assumes
that both alleles have been amplified with equal effi-
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ciency. As discussed earlier, this assumption is likely to
be correct if genomic DNA has been used as the tem-
plate for the amplification. However, even when ge-
nomic DNA is used as the template, variations of the
nucleotide sequence in the region of the oligonucleotide
primers may alter the efficiency of amplification.)

EVALUATION OF SIGNIFICANCE OF VARIATIONS IN
NUCLEOTIDE SEQUENCE

It is necessary to first determine whether or not the ob-
served variation in the nucleotide sequence results from
a cloning artifact, e.g., introduction of an incorrect nu-
cleotide due to the intrinsic error rate of reverse tran-
sciptase, or Tag DNA polymerase. In general, the best
approach is to attempt to confirm the variant sequence
in a second independent clone. The presence of the
same sequence in two independent clones greatly re-
duces the likelihood that the sequence is artifactual. Note
that two clones derived from the same PCR may not be
independent, because one clone may have served as
template for the synthesis of the other. Thus, if PCR has
been used, it may be necessary to conduct a second
independent amplification to confirm the variant se-
quence. Once a variant sequence has been preliminarily
identified, several different approaches have been used
to confirm the variant. Of course, it is possible to repeat
the sequencing reactions (6,9,12,65). Alternatively, it is
possible to synthesize allele-specific oligonucleotide
probes (10,12,65). When hybridization is conducted
under selective conditions, each probe will only detect
the sequence that is perfectly complementary, although
even a single base pair mismatch will prevent hybridi-
zation. This approach has the advantage that it facilitates
studying numerous DNA samples and is especially use-
ful to trace the inheritance of the variant allele in the
pedigree. Finally, changes in the nucleotide sequence
can either create or abolish sites for digestion by restric-
tion endonucleases, and these RFLPs can be used as
markers for specific alleles (6).

Normal polymorphisms. Assuming that the nucleotide
sequence has been confirmed to be a bona fide variant
rather than a cloning artifact, it remains to be deter-
mined whether it is a normal polymorphism or a func-
tionally significant mutation. As the nucleotide se-
quences of more alleles of the insulin-receptor gene are
determined, a better understanding of the variant se-
quences that are common in the population is obtained.
Thus far, all of the confirmed polymorphisms in the nu-
cleotide sequence have been silent in the sense that they
do not alter the predicted amino acid sequence of the
receptor protein (Table 4). Furthermore, as originally
suggested by Seino et al. (22), some of the variant se-
quences may have resulted from cloning artifacts.
Genetic linkage and/or epidemiological association
studies. One approach to evaluating the functional sig-
nificance of a variant sequence is to determine whether
it is associated with an altered risk of disease. For ex-
ample, is the variant sequence more or less common in
patients with NIDDM compared with nondiabetic sub-
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jects? Within a family, does the variant sequence se-
greagate together with disease? As described previously,
there are many technical obstacles to interpreting this
type of statistical evidence. Nevertheless, this is a po-
tentially useful approach. In fact, if a mutation were to
cause a subtle alteration in receptor function, this type
of statistical evidence might be more convincing than
data obtained by expression of transfected DNA.
Expression of transfected mutant cDNA. ltis relatively
straightforward to infer the significance of some muta-
tions (e.g., nonsense mutations, deletions, frame shifts).
However, when the amino acid sequence of the recep-
tor is altered, it is important to determine whether the
change in amino acid sequence impairs the function of
the receptor. The most powerful technique for this pur-
pose is to express mutant cDNA by transfection into
cultured cells (6,12,48,49,56,125). This technique al-
lows for the expression of many receptors and facilitates
application of the techniques of cell biology and recep-
tor biochemistry to evaluate receptor function. With this
approach, it has been possible to elucidate the mech-
anisms whereby several missense mutations impair re-
ceptor function: 1) the Val*® mutation impairs transport
of the receptor to the plasma membrane (12); 2) the
Val'%8 mutation inactivates receptor tyrosine kinase ac-
tivity (10); and 3) the Glu*? mutation retards the dis-
sociation of insulin from the receptor within the acidic
environment of the endocytic vesicle and accelerates
the rate of receptor degradation (6).

It is easy to apply this approach based on the expres-
sion of transfected cDNA to study mutations that cause
major defects in receptor function. However, it seems
likely that some patients may have mutations that cause
milder defects in receptor function. It may be more dif-
ficult to use this approach to demonstrate smaller ab-
normalities in receptor function.

ESTIMATE OF PREVALENCE OF MUTATIONS IN
INSULIN-RECEPTOR GENE

Thus far, existing evidence suggests that the syndrome
of leprechaunism is inherited in a recessive fashion
(6,13,74). However, some of the heterozygous carriers
of mutations that can cause leprechaunism can be shown
to be insulin resistant (6,74,126). Thus, the same mu-
tations that cause the phenotype of leprechaunism with
recessive inheritance can cause the phenotype of insulin
resistance with codominant inheritance. These obser-
vations raise the possibility that insulin resistance asso-
ciated with the carrier state for leprechaunism might be
a risk factor that predisposes toward the development of
NIDDM. This hypothesis is analogous to the situation
with familial hypercholesterolemia where homozygosity
for mutations in the LDL-receptor gene is associated with
a severe form of hypercholesterolemia, but heterozy-
gosity is associated with a milder version of a similar
syndrome. Even assuming that it is true that heterozy-
gosity for mutations in the insulin-receptor gene can pre-
dispose to NIDDM, in what fraction of the population
with NIDDM can this pathogenetic mechanism be op-
erative?
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If it is assumed that one child is born with leprechaun-

ism each year in the U.S., then the incidence of lepre-
chaunism is ~1/4,000,000 live births. Furthermore, as-
sume that each child with leprechaunism has two mutant
alleles of the insulin-receptor gene and that a Hardy-
Weinberg equilibrium exists. Then the prevalence of
mutant alleles for leprechaunism can be calculated as
1/2000 genes in the gene pool, and the prevalence of
the carrier state is ~1/1000 individuals. In contrast, ~10%
of individuals in the U.S. are ultimately destined to de-
velop NIDDM when they reach the age of maximum
risk. If the assumptions underlying the simple calcula-
tions were correct, then it can be concluded that the
carrier state for leprechaunism is uncommon when
compared with the prevalence of a genetic predisposi-
tion to NIDDM. However, there are many reasons to
suspect that 1/2000 genes in the gene pool may be a
gross underestimate of the prevalence of mutant alleles
of the insulin-receptor gene.
Homozygosity for some mutant alleles may be lethal
in utero. Some mutations have been identified that
completely inactivate the ability of the insulin receptor
to mediate insulin action. For example, Kadowaki et al.
(6,65) described two nonsense mutations that delete the
transmembrane anchor and the entire tyrosine kinase
domain, and Taira et al. (11) described a deletion that
encoded a fusion protein lacking most of the intracel-
lular portion of the receptor including the tyrosine ki-
nase domain. If an embryo were homozygous for this
type of mutation, it would lack functional insulin recep-
tors altogether. It is possible that insulin receptors are
required at some crucial step in early development so
that homozygosity for this type of devastating mutation
would be lethal in utero. Consistent with this hypothe-
sis, no patient with a total lack of insulin receptors has
ever been reported. In contrast, LDL receptors are not
absolutely required during intrauterine life inasmuch as
some patients with the homozygous form of familial hy-
percholesterolemia are born with a total lack of func-
tional LDL receptors.

Thus, there may be fetuses that are homozygous for
mutations in the insulin-receptor gene but are not rec-
ognized because of spontaneous abortions early in de-
velopment. To the extent that this leads to an underes-
timate of the number of homozygotes, it will also lead
to an underestimate of the frequency of mutant alleles
in the gene pool, especially an underestimate of the
mutations that most severely compromise insulin-recep-
tor function.

Possible underestimate of patients with leprechaun-
ism and other syndromes of extreme insulin resist-
ance. Because leprechaunism is a rare syndrome that is
usually fatal within the st yr of life, it is possible that
many patients are not properly diagnosed (18). Further-
more, there are other clinical syndromes such as type A
extreme insulin resistance and Rabson-Mendenhall syn-
drome that are also associated with mutations in the
insulin-receptor gene. Some of these clinical syndromes
(e.g., type A extreme insulin resistance) appear to be
more common than leprechaunism. Including these other
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syndromes as well as undiagnosed cases of leprechaun-
ism would lead to a higher estimate of the frequency of
mutant alleles of the insulin-receptor gene.

Possible selective disadvantage caused by mutant al-
leles of insulin-receptor gene. One of the assumptions
underlying the Hardy-Weinberg law is that the mutant
allele does not affect fertility or impair reproduction.
However, this may not be true in the case of mutant
alleles of the insulin-receptor gene. For example, it is
possible that in some patients type A extreme insulin
resistance may be caused by heterozygosity for muta-
tions in the insulin-receptor gene (9). Because type A
extreme insulin resistance is associated with hyperan-
drogenism and polycystic ovary disease syndrome,
women who are heterozygous for mutations in the in-
sulin-receptor gene are likely to have a decreased num-
ber of children on average. This, too, would lead to an
underestimate of the frequency of the mutant allele in
the gene pool.

Likelihood that mutations exist that cause less severe
impairment of receptor function. Thus far, all of the
mutations in the insulin-receptor gene that have been
recognized have caused severe defects in receptor func-
tion (6—13). It appears likely that mutations may exist
that lead to less severe impairment in receptor function.
Although these milder mutations may be more difficult
to detect, they may be more common than severe mu-
tations. Several possibilities can be given for this type
of mutation: 1) missense mutations in which the amino
acid causes a slight defect in receptor function (e.g.,
slightly decreased binding affinity or slightly reduced
tyrosine kinase activity); 2) mutations in regulatory do-
mains that reduce the level of insulin-receptor gene
expression; and 3) mutations in exon 11 that would be
expressed in mRNA molecules that contain exon 11 but
not in mRNA molecules that lack exon 11. Such mu-
tations might have more severe impact on tissues (e.g.,
liver) in which the mRNA molecules containing exon
11 predominate (28,29). Exon 11 is the only exon in
the insulin-receptor gene that has been demonstrated to
undergo variable splicing, but it is possible that such a
process may affect other exons as well.

Thus far, there is a paucity of data on the nucleotide
sequences of the insulin-receptor gene in patients with
the common form of NIDDM. However, at least in one
case of an insulin-resistant Pima Indian, the predicted
amino acid sequence of the insulin receptor was normal
(127). As the technology to determine nucleotide se-
quences improves, it is likely that additional data will
become available which will allow for a more definitive
answer to the question ““How common are mutations in
the insulin-receptor gene?”’
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