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Abstract

The nucleotide sequence was determined for all 22 exons of the
insulin receptor gene from three patients with genetic syn-
dromes associated with extreme insulin resistance. In all three
patients, insulin resistance was caused by decreased insulin
binding to the cell surface. The patient with leprechaunism
(leprechaun/Winnipeg) came from a consanguineous pedigree
and was homozygous for a missense mutation substituting argi-
nine for His*” in the a-subunit of the insulin receptor. The
other two patients were both compound heterozygotes with a
nonsense mutation in one allele of the insulin receptor gene,
and a missense mutation in the other allele. In the patient with
the Rabson-Mendenhall syndrome (patient RM-1), the mis-
sense mutation substituted lysine for Asn'® in the a-subunit. In
the patient with type A extreme insulin resistance (patient
A-1), the missense mutation substituted serine for Asn*? in the
a-subunit. Both nonsense mutations markedly reduced the
levels of insulin receptor mRNA transcribed from the alleles
with the nonsense mutation as compared to the transcripts
from the other allele. The reduction in the level of mRNA
would be predicted to greatly reduce the rate at which the
truncated receptors would be synthesized. Furthermore, the
truncated receptors would be severely impaired in their ability
to mediate insulin action. (J. Clin. Invest. 1990. 86:254-264.)
Key words: diabetes mellitus ¢ leprechaunism « Rabson-Men-
denhall syndrome » nonsense mutation

Introduction

The mechanism of insulin action involves multiple steps,
many of which have not been characterized in detail. Defects
in any of these steps may give rise to insulin resistance. In as
much as the insulin receptor is responsible for mediating the
first step in insulin action, the insulin receptor gene is a candi-
date to be the locus for mutations causing insulin resistance.
Indeed, mutations have been identified in the insulin receptor
gene in patients with leprechaunism (1-3) and type A extreme
insulin resistance (4-8).

We have investigated three patients with genetic syn-
dromes associated with extreme insulin resistance, all of whom
have been reported to have a marked (80-90%) decrease in
insulin binding to the cell surface (9-14). One patient was
homozygous for a missense mutation substituting arginine for
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His*® in the a-subunit. The other two patients were com-
pound heterozygotes for one allele with a nonsense mutation
and one allele with a missense mutation. Both of the missense
mutations were also located in the a-subunit: substituting ly-
sine for Asn'® or serine for Asn*?. Like most premature chain
termination mutations in several genes (3, 15-18), the two
nonsense mutations (at codons 133 and 1000) reduced the
level of mRNA transcribed from the mutant allele.

This study supports the growing body of evidence that

" mutations in the insulin receptor gene are the cause of genetic

syndromes associated with extreme insulin resistance such as
leprechaunism, type A extreme insulin resistance, and the
Rabson-Mendenhall syndrome (1-8, 19-21). The application
of the polymerase chain reaction combined with direct se-
quencing of amplified genomic DNA greatly facilitates deter-
minations of nucleotide sequence and identification of muta-
tions (3, 22, 23).

Methods

Patients (Table I). The patient RM-1 has the Rabson-Mendenhall
syndrome, a genetic syndrome associated with extreme insulin resis-
tance, acanthosis nigricans, dental dysplasia, dystrophic nails, and
precocious puberty (12, 24). Patient A-1 has the syndrome of type A
extreme insulin resistance associated with acanthosis nigricans and
hyperandrogenism (25). Leprechaun/Winnipeg (26) and leprechaun/
Minn-1 (9) had the syndrome of leprechaunism. In addition, we have
studied the insulin resistant father of another patient with leprechaun-
ism, leprechaun/Ark-1 (1, 27-29).

Patients A-1 (9), RM-1 (12), and leprechaun/Minn-1 (9) had mark-
edly decreased numbers of insulin receptors on the surface of their
Epstein-Barr! virus (EBV)-transformed lymphocytes (Table I). Lepre-
chaun/Winnipeg (14) has been reported to have decreased insulin
binding to the surface of cultured skin fibroblasts (Table I). The rate of
receptor biosynthesis has been reported to be normal in EBV-trans-
formed lymphoblasts from patient RM-1 (13), but decreased in cells
from patient A-1 (11). Nonsense mutations have been identified in one
allele of the insulin receptor gene in both leprechaun/Minn-1 (3) and
the father of leprechaun/Ark-1 (1). In addition, indirect evidence sug-
gests that there is a mutation in the second allele of the insulin receptor
gene of leprechaun/Minn-1, and that this mutation acts in a cis-domi-
nant fashion to decrease insulin receptor mRNA levels (3, 30).

Genomic cloning. Genomic DNA was isolated from EBV-trans-
formed lymphoblast cell lines using standard procedures (31). A sub-
genomic library was constructed from DNA digested with Nco I. The
digested DNA was size-fractionated on agarose gels and fragments ~ 3
kb in length were ligated into Agt10 (Stratagene, La Jolla, CA). From
this library, we isolated clones containing 5-flanking DNA plus the
portion of exon 1 upstream from the Nco I site.

Amplification of cDNA and genomic DNA by polymerase chain
reaction. The 22 exons of the insulin receptor gene were amplified by
the polymerase chain reaction (PCR) catalyzed by Taq DNA polymer-
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1. Abbreviations used in this paper: EBV, Epstein-Barr virus; PCR,
polymerase chain reaction.
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Table I. Clinical Characteristics of Patients

Fasting Fasting ['**I)Lodoinsulin bound
plasma plasma
Patient insulin glucose EBV-lymphoblasts Monocytes Fibroblasts Reference
wU/mi mg/dl % per 107 cells/ml
A-1 125 200 1.4 0.5 1.6 9,11,25
(normal, 3-11)
Leprechaun/Winnipeg >600 13-92 — — 0.8 26
RM-1 1,150 >200 1.0 — 1.6 12,24
Father 90 71 4 — 27,29
(Leprechaun/Ark-1) (normal, 10-18)
Leprechaun/Minn-1 500 40 1.0 — 1.0 9
Normal range <20 60-105 12-62 (see above) 3-7 —_

ase using the patient’s genomic DNA as template as described pre-
viously (3, 32). Primers were chosen in the introns flanking each exon
(reference 33 and Table II). For exon 1, the method was modified to
minimize technical problems caused by the high GC content of this
exon (34-40). 7-Deaza-dGTP (150 uM) in addition to dGTP (50 uM)
was included in the reaction mixture to amplify this exon (33, 41).

cDNA was synthesized and amplified according to the method of
Frohman et al. (42) as described in more detail elsewhere (3). The
" ¢cDNA was used as template for amplification by PCR as described
above.

Direct sequencing of amplified genomic DNA. The nucleotide se-
quence of amplified genomic DNA was determined directly by the
method of Gibbs et al. (22) as modified by Kadowaki et al. (3), using
appropriate oligonucleotides as sequencing primers. Exons 11 and 22
have regions of DNA with high GC content, and exon 1 has high GC
content throughout its length. Accordingly, we used Taqg DNA poly-
merase rather than T7 DNA polymerase as the enzyme to sequence
these three exons. The use of Taq DNA polymerase allows the se-
quencing reactions to be carried out at high temperatures that mini-
mize the secondary structure of the template. In the case of exon
1,7-deaza-dGTP (150 pM) was included in the sequencing reaction
according to the methods suggested for the TaqTrack Deaza sequenc-
ing kit (Promega Biotec, Madison, WI).

Allele-specific oligonucleotide hybridization. One-tenth of the am-
plified genomic DNA or the amplified cDNA was analyzed by electro-

Table II. Oligonucleotide Primers for Amplification of Exons by PCR

phoresis through a 1.8% agarose gel and transferred to nylon mem-
branes (Schleicher & Schuell, Inc., Keene, NH). The DNA blots were
hybridized with 3?P-labeled synthetic oligonucleotides that were spe-
cific for either the wild-type or mutant sequences (3, 6, 8).

Numbering systems for amino acids and nucleotides. We have
numbered the amino acids of the insulin receptor according to Ebina et
al. (36). The nucleotides in the coding sequence of the gene are num-
bered according to Ullrich et al. (35). Nucleotides in the 5'-flanking
DNA are assigned negative numbers according to their distance from
the translation start site. Nucleotides in introns are numbered accord-
ing to their distance from intron-exon boundaries (33, 34): negative
numbers refer to the distance from the 5-end of the exon; positive
numbers refer to the distance from the 3'-end of the exon.

Resuits

Determination of nucleotide sequences of amplified
fragments of the insulin receptor gene

Using oligonucleotides complementary to introns flanking
each of the exons (Table II), we used the PCR catalyzed by Taq
DNA polymerase to amplify all of the 22 exons of the insulin
receptor gene. Thereafter, the method of direct sequencing (3,
22) was used to determine the nucleotide sequences of the

Exon No. Strand* Oligonucleotide sequence Nucleotide No.
1 S 5-GGGCGTGGAAGAGAAGGACG-3 Exon 1, =119 — —100
1 A S“GATCGATTTTGGCTTGGGTG-3' Intron 1, +74 — +55
4 S 5“GATGTCTGAAGGACCTTGGATACCG-3' Intron 3, -75 - —51
4 A 5“GCTCACAGCTCAGAGGGACATGGAG-3 Intron 4, +64 — +40
5 S '~AGCCTGAGGGTTATCTTCTCACC-3 Intron 4, —90 - —68
5 A '~AATACACGAACTTCCTAGTTAGC-3' Intron 5, +56 — +34
16 S 5-CCTTTCTGCAGAGTCCCATGAG-3% Intron 15, —58 = —37
16 A 5-CAATGGTGAAGGCAAAGGAAGC-3' Intron 16, +68 — +47
21 S S“GTCTAAATGGCTTCTTTGTTACTAC-3 Intron 20, —44 - —20
21 A '“TACCCTTTCAACGAACACCTC-3¥ Intron 21, +49 - +29
22 S 5-GACTCACCCAGGACGTGTCCTTC-3 Intron 21, —33 - —11
22 A 5CTCCAGGTTCACAGTTAAATCC-3 Exon 22, 4369 — 4348

To amplify most of the exons, we used oligonucleotides primers suggested by Seino et al. (33). However, for exons 1, 4, 5, 16, 21, and 22, we

used the oligonucleotides listed below.

* The sense and antisense strands of DNA are indicated by S and A, respectively. To amplify each

exon, two oligonucleotide primers were used: an upstream primer with the sequence derived from the sense strand, and a downstream primer

with the sequence derived from the antisense strand.

Five Mutant Alleles of the Insulin Receptor Gene 255



Control
GATC

RM-1

Arg' Asn'5 Asn1é
Normal: 5°- CGG - AAC-AAC -3
3-GCC-TT@G-TTG -5
Mutantt 5°- CGG - AAA-AAC -3
3-GCC-TTM-TTG - ¥
Arg™* Lys'® Asn 16
Control Lep/Winnipeg
GATC GATC
His20®  Ser2°
Normal: 57 - CAC-AGC -3
3 - GDG-TCG -5
Mutant: 5’ - CGC-AGC -3
3’-ACG-GOG-TCG -5
Cys2*®  Arg2®  Ser?°

Figure 1. Partial nucleotide sequence of two mutant alleles. Frag-
ments of genomic DNA including exon 2 from patient RM-1 (top)
and exon 3 from leprechaun/Winnipeg (bottom) were amplified by
PCR. Then the sense strands of DNA were amplified, and the nu-
cleotide sequences were determined. These are the portions of the se-

Table I11. Five Mutant Alleles of the Insulin Receptor Gene

Codon Exon
Patient No. No. Wild-Type Mutant
RM-1 15 2 Asn(44AC) Lys(AAA)
1,000 17 Arg(CGA) Opal (TGA)
A-1 133 2 Trp(TGG) Amber (TAG)
462 6 Asn(AAT) Ser (AGT)
Leprechaun/Winnipeg* 209 3 His(CAC) Arg(CGC)

* Leprechaun/Winnipeg was a member of a consanguineous pedigree
and was homozygous for the Arg?® mutation.

amplified genomic DNA (Fig. 1). The method of direct se-
quencing has several advantages, among them the ability to
determine the sequences of both alleles of the insulin receptor
gene simultaneously. At any position where the two alleles
differ, two bands will be visible in the sequencing ladder (Fig.
1, top); each of the two bands will have approximately half of
the normal intensity.

In this study, we have used this approach to identify muta-
tions in the insulin receptor genes from three patients with
genetic forms of insulin resistance. Each patient has two mu-
tant alleles of the insulin receptor gene (Table III, Fig. 2): (a)
Leprechaun/Winnipeg is a member of a consanguineous pedi-
gree (26) and is homozygous for a missense mutation substi-
tuting arginine (CGC) for histidine (CAC) at codon 209 (Fig.
1, bottom). (b) Patient RM-1 (12) is a compound heterozygote.
In one allele, the patient has a nonsense mutation substituting
the opal chain termination codon (7GA) for arginine (CGA) at
codon 1,000. In the other allele, there is a missense mutation
substituting lysine (44A4) for asparagine (44C) at codon 15
(Fig. 1, top). (¢) Patient A-1 (25) is a compound heterozygote.
In one allele, the patient has a nonsense mutation substituting
the amber chain termination codon (TAG) for tryptophan
(TGG) at codon 133. In the other allele, there is a missense
mutation substituting serine (4GT) for asparagine (447) at
codon 462. All five mutations were confirmed by allele-spe-
cific oligonucleotide hybridization. Genomic DNA was am-
plified by PCR a second time, and the amplified DNA was
analyzed by Southern blotting. In each case, the oligonucleo-
tide specific for the mutant sequence hybridized to DNA from
the patient, but not from unrelated individuals. Because lepre-
chaun/Winnipeg is homozygous for the Arg?® mutation, his
amplified genomic DNA was not detected by hybridization
with the oligonucleotide specific for the wild-type sequence
(data not shown). In contrast, with patients A-1 and RM-1,
oligonucleotides specific for the wild-type sequences (Asn'’
and Arg"%® in patient RM-1; Trp'*} and Asn*? in patient A-1)
hybridized to the patient’s amplified DNA. Thus, the ampli-
fied genomic DNA from patients A-1 and RM-1 hybridized to
both wild-type and mutant probes, consistent with the conclu-
sion that these two patients are compound heterozygotes (Figs.
3 and 4). ‘

quencing ladder spanning the mutations at codon 15 (zop) and 209
(bottom). For comparison, sequencing ladders are presented with am-
plified DNA from control subjects who were homozygous for the
wild-type sequences at codons 15 and 462.
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Map of Mutations in Insulin Receptors

o o
Asn'® — Lys'S
Phe-88,89 133
Trp ~ — Stop
Cys-rich His 209 _, Atgm
(155-:312) Leu?R 5 pro?®
382 382
._)
Cys-435 Phe‘so Val
Cys-468 Lys 20 — GIu*®?
Cys-524 Asn‘62 — Ser6?
Gin o2_, Stop
Exon 11 738
Ne-129) Arg Ser™®
Extracellular ' arg®" - stop

(Impaired transport to cell surface)

(Decreased mRNA levels)

(Decreased binding)
(Decreased binding)

(impaired transport to cell surtace)

(Increased binding sffinity;
decreased pH sensitivity)

(Decreased binding)
(Truncated receptor)

(Uncleaved receptor;
decreased binding affinity)

(Decreased mRNA levels)

Tyr-972 Ard
ATP-Binding , 9 e
(1003-1030) ' Gly - Vval
Tyr-1158,1162,1163 :
' Trp‘m—)Sef
Tyr-1328,1334 E
B Bi 1013
Codon 1000
Genomic

DNA

Probe Arg*

Opal

mRNA

(Decreased MRNA levels)
(Decreased tyrosine kinase)

(? Decreased tyrosine kinase)

A (Truncated receptor; fusion protein)

Codon 15

Figure 2. Mutations in the insulin receptor gene in
insulin resistant patients. This is a structural map of
the insulin receptor. Key structural landmarks are
identified in the left half of the drawing of the recep-
tor. Phe®®, Phe®® (64), and the cysteine-rich domain
(35, 38) have all been implicated as playing a role in
the insulin binding domain. Cys**, Cys*®, and
Cys’?* are candidates to contribute sulfhydryl groups
for formation of the disulfide bonds between adjacent
a-subunits (65). Exon 11 is an exon that has been de-
scribed to undergo variable splicing (66, 67). The five
(68) or six (69) tyrosine residues that are sites of auto-
phosphorylation are indicated. The consensus se-
quence for an ATP binding domain is located be-
tween amino acid residues 1,003-1,030 (35, 36).

The locations of all of the mutations reported to
cause insulin resistance (1-8; also, this report) are
noted in the right half of the drawing of the receptor.

Figure 3. Allele-specific oligonucle-
otide hybridization of amplified

Asn*

* Wild Type sequence

cDNA from patient RM-1. Geno-
mic DNA including exons 2 and 17
of the insulin receptor gene was am-
plified by PCR. Fragments of
cDNA were amplified from total
cellular RNA by RT-PCR with ap-
propriate oligonucleotide primers:
-TGTGTCCCGGCATGGATA-
TC-3' (nt. 149—> 168, sense strand)
plus 5~ACGGAATCCAGGATA-
CGGGAC-3' (nt. 548—528, anti-
sense strand) to amplify the region
spanning codon 15; and 5-TAC-
AGCGTGCGAATCCGGG-3' (nt.
27732791, sense strand) plus 5'-
TCGGAGACTGGCTGACTCGT-
" 3'(nt. 32103191, antisense
strand) to amplify the region span-
ning codon 1,000. Thereafter, am-
plified genomic DNA (50 ng DNA;
top sections) and amplified cDNA
(40 ng; bottom sections) were ana-
lyzed by Southern blotting. Allele-
specific oligonucleotides with the

Lys

following specificities were used to probe the Southern blots: Arg"°® or Opal'®® (lefi sections); Asn'® or Lys'® (right sections). The autoradio-
graphs were exposed for 2 h. Based on densitometric scanning of the autoradiographs, we estimate that levels of mRNA transcribed from the
Opal"®® allele are reduced by ~ 95% relative to the Arg"°® allele; transcripts from the Asn'® allele are reduced by ~ 90% relative to the Lys'’
allele. These estimates are based upon the assumption that the levels of mRNA are directly proportional to the intensity of the bands on the au-

toradiogram.

Five Mutant Alleles of the Insulin Receptor Gene
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Codon 133

Genomic
DNA

Amber

Trp*

Probe

mRNA

* wild Type sequence

Codon 462

Figure 4. Allele-specific oligonucle-
otide hybridization of amplified

Asn*

cDNA from patient A-1. Genomic
DNA including exons 2 and 6 of
the insulin receptor gene was ampli-
fied by PCR. Fragments of cDNA
were amplified from total cellular
RNA (5 ug) by RT-PCR with ap-
propriate oligonucleotide primers:
-TGTGTCCCGGCATGGATA-
TC-3' (nt. 149168, sense strand)
plus 5~ACGGAATCCAGGATA-
CGGGAC-3' (nt. 548528, anti-
sense strand) to amplify the region
spanning codon 133; and 5'-AAG-
AAGTTTCAGGAACCAAG-3' (nt.
14571476, sense strand) plus 5'-
TTCACAAAGATGGCATACTG-3'
(nt. 18291810, antisense strand)
to amplify the region spanning
codon 462. Thereafter, amplified
genomic DNA (20 ng DNA; top sec-
tions) and amplified cDNA (50 ng;
bottom sections) were analyzed by
Southern blotting as described in
the legend to Fig. 8. Allele-specific

oligonucleotides with the following specificities were used to probe the Southern blots: Trp'** or Amber'? (leff sections); Asn*$? or Ser*?? (right
sections). The autoradiographs were exposed for 3 h. Based on densitometric scanning of the autoradiographs, we estimate that levels of mRNA
transcribed from the Amber'*? allele are reduced by ~ 90% relative to the Trp'* allele; transcripts from the Asn*? allele are reduced by ~ 80%
relative to the Ser*? allele. These estimates are based upon the assumption that the levels of mRNA are directly proportional to the intensity of

the bands on the autoradiogram.

In addition to the three patients noted above, we have also
determined the nucleotide sequence of both alleles of the in-
sulin receptor gene of the father of another patient with lepre-
chaunism (leprechaun/Ark-1). Based on previous studies in
which insulin receptor cDNA was cloned from leprechaun/
Ark-1 (1), we had concluded that the father had one allele with
a nonsense mutation at codon 672. Inasmuch as the father was
hyperinsulinemic and insulin resistant (30, 32), we wished to
determine whether heterozygosity for a single mutant allele
was sufficient to cause insulin resistance. Therefore, we used
the approach of PCR plus direct sequencing to determine
whether the father’s second allele had a normal sequence. We
confirmed our previous conclusion that the father is heterozy-
gous for the nonsense mutation (1, 29). In addition, the re-
mainder of the sequence determined by this approach was
entirely consistent with that which we had determined pre-

viously by cDNA cloning (1). Furthermore, we have con-’

firmed that the father’s second allele encodes an insulin recep-
tor with a normal amino acid sequence (Table IV). Thus, the
father is a compound heterozygote having one normal allele
and one allele with a nonsense mutation.

Expression of two alleles of insulin receptor gene

Most nonsense mutations are associated with a decrease in the
level of mRNA (3, 15-18). Nevertheless, it is clear that non-
sense mutations can sometimes be associated with normal
levels of mRNA. For example, we have previously identified
two nonsense mutations in the insulin receptor gene of two
patients with leprechaunism: at codons 672 and 897 (1, 3). The
nonsense mutation at codon 672 in the paternal allele of lep-
rechaun/Ark-1 did not appear to decrease the level of insulin

receptor mRNA (1). In contrast, the nonsense mutation at
codon 897 in the paternal allele of leprechaun/Minn-1led to a
90% reduction in the level of insulin receptor mRNA (3).
Thus, it was of interest to determine the level of mRNA tran-
scribed from the two alleles with nonsense mutations at
codons 133 and 1000 in patients A-1 and RM-1, respectively.
To address this question, we synthesized single-stranded insu-
lin receptor cDNA using reverse transcriptase. Thereafter, the
polymerase chain reaction was used to amplify cDNA in the
regions spanning the nonsense mutations (nt. 149-548 in pa-
tient A-1 and nt. 2,773-3,210 in patient RM-1). Hybridization
with allele-specific oligonucleotide probes was used to deter-
mine the level of transcripts from each allele (Fig. 3). When
amplified cDNA from RM-1 was analyzed, both the wild-type
sequence and the sequence with the nonsense mutation were
detected (Fig. 3, lower left sections). However, the intensity of
the band detected by hybridization with the mutant probe is
~ 90% less than that of the band detected with the wild-type
probe (Fig. 3, lower left sections). In contrast, because the two
alleles are present in a 1:1 ratio in genomic DNA, both probes
detect bands of approximately equal intensity in Southern
blots of amplified genomic DNA (Fig. 3, upper left sections). In
similar studies, we analyzed the sequence of mRNA at codon
15. The intensity of the band detected by hybridization with
the wild-type (Asn'®) probe is ~ 90% less than that of the band
detected with the probe specific for the Lys'*-mutation (Fig. 2,

- lower right sections). In contrast, because the two alleles are

present in a 1:1 ratio in genomic DNA, both probes detect
bands of approximately equal intensity in Southern blots of
amplified genomic DNA (Fig. 2, upper right sections). Thus,
one can conclude that the level of mRNA transcribed from the
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allele with the nonsense mutation (haplotype, Asn'>/Opal-*)
is markedly reduced in cells from patient RM-1 relative to the
level of insulin receptor mRNA transcribed from the allele
with the missense mutation (haplotype, Lys'$/Arg"%®), In
other words, the missense mutation (Lys'®) and nonsense mu-
tation (Opal"®®) map to different alleles of the insulin receptor
gene in patient RM-1.

By a similar approach, we demonstrated that the missense
mutation (Ser*?) and nonsense mutation (Amber'**) map to
different alleles of the insulin receptor gene in patient A-1 (Fig.
4, right sections). The allele with the nonsense mutation (hap-
lotype, Amber'33/Asn*%?) is expressed at much lower
level than the allele with the missense mutation (haplotype,
Trpl33 /Ser“z)

Polymorphisms of the insulin receptor gene

Protein coding sequence. There are at least nine examples of
silent polymorphisms in the nucleotide sequence that do not
alter the predicted amino acid sequence of the insulin receptor
protein (Table IV). A polymorphism at codon 838 (Asn-4AC
vs. Asn-AA4T) noted in one allele from patient A-1 has not
been reported previously, but has been detected in a Japanese
patient with extreme insulin resistance (E. Imano, T. Kado-
waki, H. Kadowaki, R. Kawamori, and S. I. Taylor, unpub-
lished observations). The eight other silent polymorphisms
have been reported previously (1-3, 5, 6, 8, 19, 34-36, 41).
5'-Flanking sequence. We have determined the nucleotide
sequence of a fragment of genomic DNA extending from the
Nco I site at the initiator methionine codon in exon 1 to an
Xho I site located 876 bp upstream. The nucleotide sequences
of six independent clones from leprechaun/Minn-1 and one
clone from a normal subject were identical to the sequence
reported by Seino et al. (34) with two exceptions: C instead of
G at position —456 and CC instead of CCC at positions —131
through —129. Our sequences at these two positions were
identical to those reported by other laboratories (6, 37-40).
Four independent clones from patient A-1 differed at two po-

sitions: G instead of A at position —603 and A instead of G at
position —500 (Table V). At both of these positions, the se-
quence determined in the insulin receptor gene from patient
A-1 is identical to that originally reported by Araki et al. (37).
The polymorphism at nucleotide —603 is especially interesting
because it is located at a consensus sequence for binding of the
transcription factor Spl1 (43).

Intervening sequence. We have observed six polymor-
phisms in intervening sequences (Table V). One of the poly-
morphisms, located in the 3'-portion of intron 2, involves a
variable number (10 vs. 11) of TC repeats. The remaining five
polymorphisms are caused by single base pair changes. One of
these polymorphisms, located in the 5'-portion of intron 8§,
alters a recognition site for Eco RI (GAATTC vs. GAATTT).
As a result, the sequence polymorphism can also be detected as
a restriction fragment length polymorphism (RFLP): a 12.0-kb
vs. a 9.4-kb band (data not shown). This same RFLP has also
been noted in a Japanese patient with extreme insulin resis-
tance (E. Imano, T. Kadowaki, H. Kadowaki, R. Kawamori,
and S. L. Taylor, unpublished observations).

3-Untranslated sequence. At nucleotide 4,265, we detected
A in one allele of leprechaun/Minn-1. In all other alleles, we
have detected G at that position (Table V).

Discussion

In these investigations, we have identified mutations in the
insulin receptor gene in three patients, each with a distinct
clinical syndrome associated with extreme insulin resistance.
The two patients with the Rabson-Mendenhall syndrome
(RM-1) and type A extreme insulin resistance (A-1) are com-
pound heterozygotes for two different mutant alleles (Table
III) that impair receptor function by different mechanisms.
Thus, these two patients resemble two previously reported pa-
tients with leprechaunism (leprechaun/Ark-1 and leprechaun/
Minn-1) who were also compound heterozygotes. Interest-
ingly, like the present patients (A-1 and RM-1), both of these

Table 1V. Silent Polymorphisms of the Coding Sequence of the Insulin Receptor Gene

Father of
Codon No. Amino acid Codon A-1 RM-1 Lep/Winnipeg Lep/Minn-1 Lep/Ark-1 References
-20 Gly GGG + + + + + 2, 6, 35, 36, 41
GGA - - - - - 34
234 Asp GAC + + + + + 1,2, 6, 34-36, 41
GAT - - - + - 3
276 Gln CAG + + + + + 1,2,6, 35,41
CAA - - - - - 34, 36
519 Asp GAC + + - + + 1,2,6, 35,41
GAT + - + - + 1, 34, 36
523 Ala GCG + + + + + 1, 6, 34, 36, 41
GCA - - - + - 2,35,41
642 Phe TTC + + - + + 1,2, 6, 34-36, 41
TTT - - + - + 1
838 Asn AAC + + + + + 1, 2, 6, 34-36, 41
AAT + - - - -
1,058 His CAC + + + + + 1,2, 6,34-36, 41
CAT + + - - - 5, 8,41
1,062 Leu CTC + + + + + 1,2, 5,6, 34-36, 41
CTT - - - - - 41
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Table V. Polymorphisms of 5'-Flanking DNA, Intervening Sequences, and 3'-Untranslated DNA of the Insulin Receptor Gene

Father of

Intron Location Nucleotide A-1 RM-1 Lep/Winnipeg Lep/Minn-1 Lep/Ark-1 References
"-flanking —-603 A - + 34, 39, 40
G + 37
"-flanking -500 A + - 37
G - + 6, 34, 38, 39, 40
2 -4 (TC)yo + + + + + 33
(TO + - - +
6 +31 C + - + + + 33
T + + - + +
6 +43 G + + - + +
T + - + - + 33
8 +27 C + . + + + + 33
T - - — +
8 —4 A + + + + +
G - - - + - 33,34
8 -20 A + + + + +
G - - = + - 33
3'-flanking 4,265 A - - - + - 35
G + + + + + 34, 36

patients with leprechaunism had one allele with a nonsense
mutation and a second allele with a different type of mutation:
a missense mutation in leprechaun/Ark-1 (1) and a cis-acting
mutation decreasing the level of mRNA in leprechaun/Minn-
1(3).

Leprechaun/Winnipeg was a member of a consanguineous
pedigree and was homozygous for a missense mutation in the
insulin receptor gene (Table III). Previously, three other con-
sanguineous pedigrees have been described in which the af-
fected individuals were homozygous for a mutation in the in-
sulin receptor gene: one kindred with leprechaunism (2) and
two kindreds with type A extreme insulin resistance (4, 6).

Nonsense mutations decrease levels of insulin
receptor mRNA

Two of the patients (A-1 and RM-1) in the present study were
heterozygous for nonsense mutations in the insulin receptor
gene. Previously, we have identified two nonsense mutations
in the insulin receptor genes of two patients with leprechaun-
ism (1, 3). In leprechaun/Minn-1, as with patients A-1 and
RM-1, the nonsense mutation is associated with a marked
decrease in the level of mRNA transcribed from that allele (3).
The present studies demonstrate the advantage of using geno-
mic DNA rather than mRNA as template. In patients A-1 and
RM-1, mRNA transcribed from the alleles with the nonsense
mutations is present in very low level relative to mRNA tran-
scribed from the alleles with the missense mutation. Thus, it is
unlikely that we would have detected the nonsense mutations
if we had used a combination of reverse transcriptase and PCR
to amplify mRNA.

In patient A-1, a nonsense mutation was identified at
codon 133 of exon 2 in one allele of the insulin receptor gene: a
tryptophan codon (7GG) was replaced by an amber stop
codon (TAG). Thus, the truncated receptor is a short fragment
that would not be expected to be functional. In patient RM-1,
a nonsense mutation was identified at codon 1,000 in exon 17
in one allele of the insulin receptor gene: an arginine codon

(CGA) was replaced by an opal stop codon (7GA). This non-
sense mutation truncates the protein just before the ATP bind-
ing site of the tyrosine kinase domain. This truncated protein
retains the extracellular domain as well as the transmembrane
anchor. Thus, one might predict that the truncated receptor
would retain the ability to bind insulin and would be expressed
at the cell surface (44, 45). However, we obtained data that this
nonsense mutation decreases the level of mRNA by ~ 90% so
that little of the truncated receptor is synthesized. These con-
clusions are consistent with our previous investigations of re-
ceptor biosynthesis in both patients’ EBV-transformed lym-
phocytes. In those studies, we did not detect a truncated re-
ceptor molecule (11, 13).

Taira et al. (7) have described two patients (a mother and
daughter) who are heterozygous for a deletion in the insulin
receptor gene. Based on the nucleotide sequence of genomic
DNA, they predict that the mRNA would encode a fusion
protein that has an open reading frame for an additional 65
amino acids after the deletion break point at codon 1012. Data
were not presented to indicate whether it is possible to detect
mRNA transcribed from this mutant allele or the fusion pro-
tein it would encode. Nevertheless, it is possible that the ab-
normal stop codon introduced by the deletion would result in
a low level of mRNA in much the same way we have observed
with nonsense mutations.

Missense mutations in the insulin receptor gene

Lys* and Arg®® mutations. When the Lys'® and Arg?® mu-
tant receptors were expressed by transfection in NIH-3T3 cells
(T. Kadowaki, H. Kadowaki, and S. I. Taylor, unpublished
observations), both produced phenotypes very similar to that
caused by the Val**? mutation described by Accili et al. (6). All
three mutations impair posttranslational processing of the
high mannose form of N-linked carbohydrate to complex car-
bohydrate. Furthermore, all three mutations impair the trans-
port of the receptor to the cell surface. It seems likely that these
observations can be explained if the mutant receptors are im-
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paired in their ability to be transported through the endoplas-
mic reticulum and Golgi. Presumably, most of the patients’
receptors fail to be transported to the compartment of the
Golgi where the enzymes exist for processing of the N-linked
carbohydrate. It is only a minority of the mutant receptors that
undergo normal maturation of the N-linked oligosaccharide,
and it is only this minority of receptor molecules that are
transported to the cell surface for insertion in the plasma
membrane.

For normal intracellular transport of membrane proteins
such as the insulin receptor to occur, it is necessary that the
protein fold correctly within the rough endoplasmic reticulum
and/or Golgi to form the normal three-dimensional structure.
Mutations that disrupt the normal folding of the receptor can
cause the phenotype of defective posttranslational processing
and impaired intracellular transport, thereby reducing the
number of insulin receptors on the cell surface. In this regard,
it is relevant that Asn'® has been proposed to be the initial
amino acid at the NH, terminus of a predicted a-helical do-
main of the insulin receptor (46). Furthermore, asparagine is
conserved in this position in the IGF-1 receptor (47, 48) and
replaced by serine in the homologous position of the insulin
receptor-related protein (49). As emphasized by Richardson
and Richardson (50), asparagine and serine are the amino
acids that are preferentially selected to be located at the “N-
cap” position; i.e., at the NH,-terminal initiation of an a-heli-
cal domain. In contrast, in as much as lysine is seldom present
at the N-cap of an a-helical domain (50), the Lys'> mutation
might be predicted to disrupt the a-helix.

His?® is located in the cysteine-rich domain (amino acids
155-312) of the insulin receptor a-subunit. Comparison of the
amino acid sequences of the cysteine-rich domains of several
receptors demonstrates that the amino acid residue His?® is
highly conserved. There are seventeen cysteine residues that
are conserved in the cysteine-rich domain of the human insu-
lin receptor as well as the homologous domains of ten other
receptors including the human and rat insulin-like growth fac-
tor-1 receptors (47, 48), the human and guinea pig insulin
receptor-related proteins (49), the human, chicken, and dro-
sophila epidermal growth factor receptors (52-54), the human
and rat c-erb B-2 proteins (55, 56), and the human c-erb B-3
protein (57). Of the remaining 141 amino acids in the cys-
teine-rich domain, there are only two other amino acids that
are identically conserved in all eleven receptors: His*® and
Pro?'’:

Cys-+ + - -Cys-Cys-His-X-X-Cys-X-X-X-Cys-X-X-Pro-- - - -Cys.
155 207 209 212 216 219 312

The perfect conservation of His?®® strongly suggests that it
plays an important role in maintaining normal receptor struc-
ture.

Ser**>-mutation. The amino acid Asn*? is conserved in all
of the known sequences of the insulin receptor (1-3, 6, 16, 19,
33-36, 41, 51) and also in two homologous proteins, the IGF-1
receptor (48) and the insulin-receptor related protein (50).
Moreover, Asn*? is nearby Lys*”, the residue that was the
locus of the missense mutation we have detected previously in
the maternal allele of the insulin receptor gene of leprechaun/
Ark-1 (1). When the Ser*¢? mutant receptor was expressed by
transfection in NIH-3T3 cells (T. Kadowaki, H. Kadowaki,
and S. 1. Taylor, unpublished observations), it produced a phe-

notype very similar to that caused by the Glu*®® mutation
described previously (1). Both mutations (Glu*® and Ser*?)
decrease the sensitivity of the receptor to changes in pH. Thus,
it seems likely that both mutations cause insulin resistance by
similar mechanisms.

Polymorphisms of the insulin receptor gene

The amino acid sequence of the insulin receptor is conserved
to a remarkable degree. Indeed, there are no confirmed exam-
ples of amino acid sequence polymorphisms in normal insulin
receptors although several variant amino acids have been re-
ported in individual cDNA clones (35, 36). It is possible that
all of the reported amino acid polymorphisms result from
cloning artifacts (19, 33, 34). Nevertheless, a number of silent
polymorphisms have been identified in the protein coding se-
quence as a result of alternate codon use (Table IV) and also in
the sequences of several of the introns (Table V). These poly-
morphisms can be useful as markers to distinguish between the
two alleles in an individual patient, and also as polymorphic
markers for use in genetic linkage studies. In fact, it has been
possible to identify multiple polymorphic markers to differen-
tiate the two alleles of the insulin receptor gene in every patient
we have studied except for those patients from consanguineous
kindreds who are homozygous by descent (1, 3, 6, 8, 41; also,
this report). Furthermore, application of PCR and allele-spe-
cific oligonucleotide hybridization may be a simpler way to
screen large numbers of DNA samples than the conventional
approach of screening for RFLPs by Southern blotting.

One of the polymorphisms that we have identified in the
5'-flanking DNA has the potential to be functionally impor-
tant. That is the A vs. G polymorphism at nucleotide —603 in
the binding site for Spl transcription factor (Table V). It has
been suggested that this Sp1 binding site may be important in
upregulating the expression of the insulin receptor gene (34,
37, 39). Furthermore, Kadonaga et al. (43) have reviewed the
effect of variations in the nucleotide sequence of the cis-acting
element upon the binding affinity of the trans-acting factor
Spl. They concluded that GGGGCGGGGC is a stronger Spl
binding site than the sequence GGGGCGGGAC. If these stud-
ies can be extrapolated to the situation in vivo with the 5'-
flanking DNA of the insulin receptor gene, then it is possible
that the presence of A at nucleotide —603 might be a risk factor
predisposing to the development of insulin resistance. It would
be difficult to investigate this hypothesis directly. Nevertheless,
it might be possible to carry out epidemiologic studies to de-
termine whether the presence of A at nucleotide —603 is asso-
ciated with noninsulin-dependent diabetes mellitus.

Correlation of clinical syndromes with molecular defects

Qur observations support the previously published evidence
(1-8, 19-21) that the syndromes of leprechaunism and type A
insulin resistance are caused by mutations in the insulin re-
ceptor gene. In addition, another syndrome associated with
extreme insulin resistance, the Rabson-Mendenhall syndrome,
appears to be caused by a mutation in the insulin receptor
gene. Defects in the function of IGF-1 receptors (60, 61) and
EGF receptors (62) have also been described in fibroblasts
from some patients with leprechaunism and other genetic
forms of insulin resistance. However, the findings have not
been observed in all patients (60, 62, 63). Furthermore, unlike
the situation with the insulin receptor gene, there is no evi-
dence to document mutations in the genes encoding the re-
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ceptors for these other growth factors. It is possible that the
insulin receptor may regulate the function of the receptors for
IGF-1 or EGF. Mutations in the insulin receptor gene might
indirectly impair the function of receptors for other growth
factors. Thus, there is no need to postulate the existence of
mutations in other genes to explain the pathogenesis of the
syndromes of extreme insulin resistance. Rather, it seems
likely that the mutations in the insulin receptor gene are suffi-
cient to cause these syndromes.

What determines which syndrome a patient will develop?
Because the clinical syndromes do not correlate with the type
of mutation, it seems most likely that it is the severity of insu-
lin resistance that determines the clinical manifestations. For
example, patients with leprechaunism appear to have the most
extreme degree of insulin resistance. All of the patients with
leprechaunism have had two mutant alleles of the insulin re-
ceptor gene; two were compound heterozygotes (1, 3) and two
were homozygotes (2; this report). Some patients with type A
extreme insulin resistance have also been reported to have two
mutant alleles: patient A-1 who is a compound heterozygote as
well as two sisters in each of two consanguineous pedigrees, all
of whom were homozygous for mutations in the insulin recep-
tor gene (4, 6). However, some patients with type A extreme
insulin resistance have appeared to be heterozygous for a single
mutant allele of the insulin receptor gene (5, 7, 8). As exem-
plified by the comparison between leprechaun/Ark-1 and her
father (1), the degree of insulin resistance observed in hetero-
zygotes is less severe than the insulin resistance in homozy-
gotes and compound heterozygotes. As we have shown in the
present work, the father of leprechaun/Ark-1 is heterozygous
for a nonsense mutation in the insulin receptor gene while his
other allele encodes a normal receptor. The presence of a sec-
ond mutant allele in the daughter is the cause of her more
severe degree of insulin resistance in addition to the multiple
phenotypic abnormalities associated with the syndrome of
leprechaunism (1, 30, 32). Similarly, the mother of lepre-
chaun/Winnipeg, an obligate heterozygote for the Arg?”® mu-
tation, is insulin resistant and hyperinsulinemic (29). Thus,
although the phenotype of leprechaunism is recessive, the phe-
notype of insulin resistance caused by the Arg?® mutation is
inherited in a codominant fashion.

In conclusion, at least 13 point mutations have been iden-
tified in the insulin receptor gene (Fig. 2) (1-8, 19-21). These
mutations provide insights into structure-function relation-
ships of the insulin receptor and the molecular pathogenesis of
genetic syndromes associated with extreme insulin resistance.
The application of the polymerase chain reaction combined
with direct sequencing of amplified DNA greatly facilitates
identification of mutations. Thus, it will be possible to investi-
gate a sufficiently large number of patients to estimate the
frequency of mutations in the insulin receptor gene, and to
determine whether mutations in this gene contribute to the
pathogenesis of common diseases such as noninsulin-depen-
dent diabetes mellitus.
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