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Linkage Disequilibrium among RFLPs at the Insulin-Receptor
Locus despite Intervening Alu Repeat Sequences
Steven C. Elbein
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Summary

Multiple mutations of the insulin receptor (INSR) gene have been identified in individuals with extreme insulin
resistance. These mutations have included recombination events between Alu repeat units in the tyrosine
kinase-encoding P-chain region of the gene. To evaluate the influence of Alu and dinucleotide repetitive
sequences on recombination events within the insulin receptor gene, I examined the degree of linkage
disequilibrium between RFLP pairs spanning the gene. I established 228 independent haplotypes for seven
RFLPs (two each for PstI, RsaI, and SstI and one for MspI and 172 independent haplotypes which included
an additional RFLP with BgfII) from 19 pedigrees. These RFLPs span >130 kb of this gene, and my colleagues
and I previously demonstrated that multiple Alu sequences separate RFLP pairs. Observed haplotype fre-
quencies deviated significantly from those predicted. Pairwise analysis of RFLP showed high levels of linkage
disequilibrium among RFLP in the j-chain region of the insulin receptor, but not between a-chain RFLPs
and those of the P-chain. Disequilibrium was present among P-chain RFLPs, despite separation by one or

more Alu repeat sequences. The very strong linkage disequilibrium which was present in sizable regions of
the INSR gene despite the presence of both Alu and microsatellite repeats suggested that these regions do not
have a major impact on recombinations at this locus.

Introduction

Although the mode of inheritance for non-insulin-
dependent diabetes mellitus (NIDDM) is uncertain
(Rotter and Rimoin 1981), the disease is clearly inher-
ited. Insulin resistance appears to be central to this
inherited predisposition (DeFronzo et al. 1992), and
the insulin receptor (INSR) gene has thus been a prime
candidate in genetic studies. A large number of RFLPs
have been described in >130 kb of genomic DNA (El-
bein et al. 1986; Cox et al. 1988c; Elbein and Soren-
son 1990; Sten-Linder et al. 1991 b). Furthermore, a
number of INSR gene mutations have been described
in syndromes of extreme insulin resistance, including
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insulin-resistant (type A) diabetes (Taylor et al. 1991).
These mutations have included single nucleotide sub-
stitutions and deletions resulting from recombination
between Alu repeat units in the 0-subunit. However,
neither linkage studies (Elbein et al. 1987, 1988; Cox
et al. 1988b; O'Rahilly et al. 1988; Elbein et al. 1992)
nor direct analysis of the O-chain region (Elbein and
Sorensen 1991; O'Rahilly et al. 1991) have implicated
the INSR mutations in common NIDDM.

Several regions of the INSR gene have physical
properties which suggest that they might promote re-
combination and lead to low levels of linkage disequi-
librium. These sequences include both a large number
of highly homologous Alu repeat units among the in-
trons of the U-chain region of the receptor (Elbein
1989) and at least one long microsatellite (CA repeat)
region upstream of exon 10 (author's unpublished
data). Both regions result in common RFLPs, one of
which results from recombination between Alu units
(Elbein 1989) and a second of which results from vari-
able numbers ofCA repeats. The latter region is highly
unstable in cloning vectors (Seino et al. 1989; author's
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unpublished data), while the Alu repeats have been
responsible for several reported deletions in patients
with extreme insulin resistance (Taylor et al. 1991).

I hypothesized that these two types of repetitive se-

quences represent regions in which recombination
events are markedly more frequent than in the sur-

rounding (nonrepetitive) sequences and, conse-

quently, that markers spanning these regions would
show very little linkage disequilibrium. To address
this hypothesis, I examined 228 independent haplo-
types constructed from marker segregation in 444 in-
dividuals in 19 pedigrees, for seven INSR RFLPs (El-
bein et al. 1992). An additional RFLP was examined
in 172 haplotypes. I compared the observed and ex-

pected frequencies for full haplotypes and calculated
the standardized disequilibrium statistic for each of
the 28 RFLP pairs.

Subjects and Methods

Subjects

I used RFLP data from 444 individuals representing
19 pedigrees, to establish 228 independent haplo-
types. In general, these pedigrees contained only two
full generations, and parental haplotypes were in-
ferred by segregation of RFLPs in a large number of
offspring. For each pedigree, up to four parental
(founder) haplotypes were identified. Additional hap-
lotypes were contributed by each second- and third-
generation spouse. Sixteen pedigrees were ascertained
for at least twoNIDDM subjects, as described in detail
elsewhere (Elbein et al. 1991, 1992). An additional
three pedigrees were ascertained for a mixture of type
1 (IDDM) and type 2 diabetes. All pedigree members
and spouses of pedigree members whose children were
sampled were included in the analysis. Since the INSR
locus is not linked to NIDDM, we did not distinguish
between "diabetic" and "normal" haplotypes, for pur-
poses of calculating the linkage disequilibrium sta-
tistic.

DNA Analysis

RFLPs were determined according to a method de-
scribed elsewhere (Elbein et al. 1986, 1992). In brief,
two PstI RFLPs (Cox et al. 1988c), which I have des-
ignated "P1" and "P2," were detected with a 1-kb
a-chain EcoRI fragment of the INSR cDNA (Ullrich
et al. 1985). A RsaI RFLP, which I call "R1" and which
I demonstrated to represent variable numbers of CA
repeats, is located in intron 9. Although I detected this
RFLP with an 800-bp genomic clone which includes

exon 10 and extends -600 bp upstream, it is also
detectable with cDNA clones and enzymes HindIII
and EcoRI (Elbein et al. 1986; Sten-Linder et al.
1991b; author's unpublished data). A second RsaI
polymorphism, which I call "R2," represents a site
mutation in intron 15. I detected R2 with a genomic
fragment containing exon 15 and part of intron 15.
Another insertion/deletion polymorphism is present
in intron 14 and is detectable by multiple enzymes. I
characterize this RFLP, which results from recombina-
tion between Alu sequences and which I call "S1," with
the enzyme SstI and probes from exon 14/intron 14
orexon 15/introns 14 and 15 (Elbein 1989). A second
SstI polymorphism, designated "S2," represents a site
polymorphism in intron 20 (Elbein et al. 1986; Elbein
1989; Sten-Linder et al. 1991b) and, in the present
study, was detected with a 700-bp clone which in-
cluded exon 17 and =500 bp of downstream sequence
(Elbein and Sorensen 1990). A colleague and I used
this same clone to identify, with MspI, a recently de-
scribed RFLP in intron 17 (Elbein and Sorenson
1990). Finally, we detected, with probes for either
exon 14/intron 14 or exon 15/introns 14 and 15, a
BglII site polymorphism in intron 14. In all cases ex-
cept that in which MspI was used, cDNA probes de-
scribed elsewhere (Elbein et al. 1986) detect the same
RFLP. The RFLPs and their frequencies are listed in
table 1, and locations are shown in figure 1; detailed
methods are described elsewhere (Elbein et al. 1992).

For each RFLP, I have designated the smaller allele
as "1" and the larger allele (upper band) as "2." For
each digest, 5 gg ofDNA was digested overnight with
a fivefold excess of restriction buffer according to the

Table I

Allele Frequencies of INSR RFLPs

RFLP Name Minor Allele Minor-Allele Frequency

P1 WsW ...........P 1 .140
P2 (PstI) ........... 2 .224
R1 (RsaI) ........... 1 .421
R2 (RsaI) ........... 2 .197
S1 (SstI) ........... 2 .097
S2 (SstI) ........... 1 .110
M (MspI) .......... 1 .496
B (Bgl2) ........... 1 .250

NOTE.-Frequencies of the less common allele are shown. For
each RFLP, the smaller restriction fragment is labeled 1 (presence
of site, except for R1 and S1 polymorphisms, which are of the
insertion/deletion type). Locations of the RFLPs are shown in
Fig. 1.
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Figure I Location of each RFLP, relative to the genomic structure of the insulin receptor gene. Exons and introns are shown in their
approximate sizes, by scale shown on the upper right. Double slashes represent uncloned regions and unknown distances. RFLPs are

designated as in table 1 and Subjects and Methods: R1 and R2, RsaI; S1 and S2, SstI; P1 and P2, PstI; and M and B, MspI and BgIII,
respectively. For P1 and P2, exact genomic location is unknown, and the arrows denote the range of possible locations.

Table 2

Number of INSR Haplotypes

Total No. Total No.
P1 P2 R1 R2 Si S2 M B Observed Expected

2 1 2 1 1 2 2 2 38 16.4
2 1 1 1 1 2 2 2 16 11.8
2 1 1 2 1 2 1 1 16 1.0
2 1 2 2 1 2 1 1 9 1.3
2 1 2 1 1 2 1 2 8 15.8
2 2 1 1 1 2 2 2 8 3.4
2 1 1 1 2 2 1 2 7 1.2
2 1 2 1 1 1 1 2 6 1.9
2 2 2 1 1 2 2 2 5 4.6
1 1 2 1 1 2 2 2 5 2.7
1 1 1 1 1 2 2 2 5 1.9
2 1 1 1 1 1 1 2 5 1.4
1 2 2 2 1 2 1 1 5 0
2 1 1 1 1 2 1 2 4 11.4
2 1 2 1 2 2 1 2 4 1.8
2 2 2 1 2 2 1 2 3 .5
2 2 2 2 1 2 1 1 3 .4
2 2 1 2 1 2 1 1 3 .3
2 1 1 2 1 2 1 2 2 2.9
1 1 2 1 1 2 1 2 2 2.6
1 2 2 1 1 2 2 2 2 .8
1 2 1 1 1 2 2 2 2 .5
1 1 1 2 1 2 1 1 2 .2
2 2 2 2 1 1 1 1 2 0
2 2 1 1 1 2 1 2 1 3.2
2 1 1 2 1 2 2 1 1 1
2 2 2 1 1 1 1 2 1 .5
2 2 1 1 1 1 1 2 1 .4
2 2 2 1 1 2 2 1 1 .4
1 1 1 1 2 2 1 2 1 .2
1 2 1 1 1 1 1 2 1 .2
1 1 2 2 1 2 1 1 1 .2
1 2 2 1 2 2 1 2 1 0

NOTE. - Haplotypes are for the 33 chromosomes typed at all eight loci. Each RFLP is designated as
in table 1 and Subjects and Methods. The total number of alleles identified was 172; the additional 56
alleles included in the pairwise comparisons were not typed for the B RFLP. To compare the observed
number of haplotypes and the expected number of haplotypes, all haplotypes with an expected number
less than five were pooled. The x2 for this comparison (4 df) was 39.5 (P < .001).
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manufacturer's instructions, was separated on agarose

gels, and was blotted to Nylon 6.6 membrane ac-

cording to a method described elsewhere (Elbein et al.

1986, 1992). Blots were hybridized to the above-
described probes labeled with 32P dCTP by random-
priming, were washed at high stringency, and were

exposed to XAR-5 X-ray film, for 3-7 d, with an

intensifier screen.

Linkage Disequilibrium

To detect deviation from random assortment of
RFLPs, frequencies were calculated for the 33 com-

plete haplotypes (table 2), and were compared with
the frequencies predicted under complete linkage equi-
librium. Pooling of all haplotypes with an expected

number of less than five left five categories for compar-
ison by x2 analysis. For further analysis, the standard-
ized linkage disequilibrium statistic D' was calculated
for each RFLP pair, according to a method described
by Thompson et al. (1988). The D' statistic is more
revealing of the lack of power to detect disequilibrium
between rare haplotypes than are other statistics (Hed-
rick 1987; Thompson et al. 1988), including the "A"
statistic proposed by Chakravarti et al. (1986) and
used in our previous studies (Elbein et al. 1986). I

followed the conventions of Cox et al. (1988a) and
Thompson et al. (1988), such that D' is positive when
the rarer alleles at each locus are associated and is
negative when a common allele is associated with a

rare allele. In brief, D' is calculated from the disequilib-

Table 3

Pairwise Haplotype Frequencies for INSR RFLPs

No.a

RFLP PAIR 11 12 21 22 Total x2 hrb

P1-P2.......... 19 13 158 38 228 7.2
P1-R1 .......... 13 19 83 113C 228 0
P1-R2 .......... 24 8 159 37 228 .7
P1-Si .......... 29 3 177 19 228 0
P1-S2 .......... 2 30 23 173 228 .8
P1-M.......... 16 16 97 99 228 0
P1-B .......... 8 19 35 110 172 1.5
P2-R1.73 104c 23 28 228 .2
P2-R2 .......... 145 32 38 13 228 1.4
P2-S1 .......... 160 17 46 5 228 0
P2-S2 .......... 17 160 8 43 228 1.4
P2-M.......... 86 91 27 24 228 .3
P2-B .......... 29 104 14 25 172 4.3
Ri-R2.......... 72 24 110 22C 228 2.9
R1-S1 .......... 83 13 122 10C 228 2.8
R1-S2.......... 11 85 14 118C 228 0
Ri-M. 55 41 58 74C 228 3.9
R1-B.......... 22 53 21 76 172 3.2
R2-S1 .......... 161 22 45 0 228 6.0
R2-S2.......... 23 160 2 43 228 2.4
R2-M .......... 69 114 44 1 228 52.4
R2-B .......... 1 127 42 2 172 152
S1-S2 .......... 25 181 0 22 228 3.0
Si-M .91 115 22 0 228 23.9
Si-B .43 113 0 16 172 5.7
S2-M .......... 25 0 88 115 228 27.7
S2-B.......... 2 14 41 115 228 1.9
M-B. 41 47 2 82 172 47.7

a Data are number of alleles containing each pairwise haplotype. Alleles are designated 1 or 2 as per
table 1; the approximate location of each RFLP is shown in fig 1.

b Same as that calculated for the D' values in table 4.
c A single haplotype contained an unusual RFLP at locus R1; this haplotype was included with the

"2" allele for all analyses.
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rium measure D = hi, - pq, where hiI is the frequency
of the haplotype with the rarer allele at each locus,
and where p and q are frequencies of the rarer alleles
at loci 1 and 2, respectively. D' is calculated as DI
Dmax, where Dmax = min[pq, (1 -p)(1 -q)], for D <
0, or min[p(1-q),q(1 -p)], for D > 0. The signifi-
cance of differences of D' from 0 is calculated from D.
as D2N/ [p(1 - p)q(1 - q)], where N is the number of
chromosomes, and where the statistic is distributed as

X2 with 1 df (Cox et al. 1988a; Thompson et al. 1988;
Sten-Linder et al. 1991a). I also examined the devia-
tion from expectation for the data in table 3, by simple
X2 analysis. Since the resulting x2 value was nearly
identical to that calculated from D, I only show the
latter.

Results

Haplotypes were established unambiguously by seg-

regation in large pedigrees ascertained for familial
NIDDM, as described above and in detail elsewhere
(Elbein et al. 1992). I examined eight RFLPs, as de-
scribed in Subjects and Methods: two for PstI (P1 and
P2), two for RsaI (R1 and R2), two for SstI (S1 and
S2), and one each for MspI (M) and BgIII (B). Five of
these (R1, R2, S1, S2, and B) have been described in
a previous, smaller study which included individuals
from a similar but independent population (Elbein et
al. 1986). A number of other RFLPs have been de-
scribed (Xiang et al. 1989; Sten-Linder et al. 1991a,
1991b) but are not included in the present study. Of
256 haplotypes predicted from the eight RFLPs, 33

were observed from the 19 pedigrees examined. Be-
cause of early evidence for nearly complete linkage
disequilibrium between B and R2 RFLPs, not all indi-
viduals were examined with BglII. Thus, analysis of
the complete haplotype was only possible for 172
chromosomes. Among those 56 chromosomes are

typed for BgIII, I noted additional haplotypes which
are not represented in the completely typed chromo-
somes. The frequencies of the 172 complete haplo-
types clearly differed from those expected (table 2),
and this difference was highly significant after pooling
into one group all haplotypes with an expected num-
ber of less than five (P< .001). The four most common
haplotypes (table 2), which would be predicted to ac-

count for <18% of all INSR chromosomes, in fact
accounted for 46% of INSR alleles. Heterozygosity
for this locus was 91.7%.

For subsequent analyses, 228 chromosomes were

analyzed for all RFLP pairs except those including
the BglII polymorphism, for which 172 pairs were

analyzed. The haplotype data are shown in table 3. I

show the x2 value as calculated from D (see Subjects
and Methods). Disequilibrium statistic D' was calcu-
lated for each pair, as shown above the diagonal in
table 4. Although the D' statistic is relatively indepen-
dent of allele frequencies, disequilibrium is often very
difficult to prove when a rare allele is associated with a
common allele (negative D in the present calculations;
Thompson et al. 1988).
Although the genomic structure of the INSR has

been recently described (Seino et al. 1989), and al-
though a number of the INSR RFLPs have been accu-

Table 4

Pairwise Distance and Standardized Disequilibrium

P1 P2 R1 Si B R2 M S2

P. .24** 0 0 .13 .07 0 -.42
P2 .... <50 .05 0 .161 .08 0 .12
R1 .... 40-90 40-90 .29 .21 .19 .15* .03
Si .... 60-110 60-110 >22 - 1.00* - 1.00* .98** -1.00
B .... 60-110 60-110 >25 3.3 .97** .90* * - .54
R2 .... 63-113 63-113 >25 3.6 3.3 .96** -.58
M .... 67-117 67-117 >29 6.5 5.6 2.3 - 1.00**
S2 .... 72-122 72-122 >34 12 11.8 8.5 6.2

NOTE.-Pairwise comparison of D' is shown above the diagonal, and estimated distances between
RFLP pairs are shown below the diagonal. D' values which are significantly different from zero are noted.
Where the exact RFLP location is unknown or where gaps exist in the reported sequence of the insulin
receptor gene, distances are estimated.

* P< .05.
** P < .01.
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rately mapped both by my colleagues and I (Elbein
1989; Elbein and Sorenson 1990) and by others (Sten-
Linder et al. 1991a, 1991b), the genomic sequence

contains several gaps of unknown size. These gaps

include (a) regions which separate the P1 and P2 poly-
morphisms from the R1 polymorphism and (b) all
three of the most 5' RFLPs from the polymorphisms
of the tyrosine kinase region (fig. 1). Furthermore,
available data localize the two PstI polymorphisms (P1
and P2) only to a broad region of the a-chain, not to

specific introns. These PstI polymorphisms, which are

in low but significant disequilibrium, may be physi-
cally close. I found very low levels of linkage disequi-
librium between the CA-repeat polymorphism R1 (in-
tron 9) and all other RFLPs. Only the intron 17 MspI
(M) RFLP (>30 kb distant) was in significant linkage
disequilibrium with R1, and even here D' was low
(.15).

Unlike the three 5' RFLPs, the five RFLPs which
span introns 14-21 showed degrees of linkage disequi-
librium which approached the maximum for most

pairs. The notable exception was the most 3' of the
RFLPs tested in the present analysis, S2. Although
disequilibrium between M and S2 was highly signifi-
cant and maximal (- 1.0), I did not find statistically
significant disequilibrium in any other pair involving
S2. The M and S2 polymorphisms are relatively close
(6 kb), but the high minor-allele frequency of the M
RFLP (nearly .5) was a more likely reason for finding
significant disequilibrium in this pair. In contrast, the
other RFLPs in this region have minor-allele frequen-
cies of (.25. The power to demonstrate significant
linkage disequilibrium is low when a rare allele is asso-
ciated with a common allele (Thompson et al. 1988).
To increase the power of the present analysis, I cal-

culated the disequilibrium statistics for pooled haplo-
types among the RFLPs shared with both the Cauca-
sian sample of an earlier study by my colleagues and
I (Elbein et al. 1986) and the sample in a recent study
by Sten-Linder et al. (1991a). Since the Utah Cauca-
sian population of the present study is generally repre-
sentative of the northern European population, it
should be similar to the Scandinavian population stud-
ied by Sten-Linder et al. I pooled data for the four
RFLPs studied by both Sten-Linder et al. (P2, R1, S1,
and S2 in the present study's nomenclature) and an

earlier study by my colleagues and I (R1, R2, S1, and
S2; Elbein et al. 1986). I did not distinguish between
"diabetic" chromosomes and normal chromosomes in

pooling these data, since linkage studies (Cox et al.

1988b; Elbein et al. 1992) and association studies by

Table 5

Linkage Disequilibrium from Published Caucasian
Data

RFLP No. of
Pair Alleles Scored D' x2 (1 df)

P2R1 ..... 398 .08 .9
P2S1 .....

402 .13 3.5
P2S2

.....
402 .05 .4

R1R2
.....

317 .21 4.2*
R1S1 ..... 478 .33 9.6***
R1S2 ..... 478 .18 2.4
R2S1 ..... 314 -.85 6.8
R2S2 ..... 273 -.393 1.0
S1S2 ..... 508 - 1.0 8.56***

NOTE. - Analysis of pooled data from three published Caucasian
studies. For pairs involving R1, four alleles containing R1 polymor-
phisms of sizes different than 6.3 kb (allele 1) and 6.8 kb (allele 2)
were discarded from analysis. Both normal and NIDDM alleles
were pooled from all studies.

* P< .05.
** P < .01.
* P < .005.

Sten-Linder et al. (1 99la, i 991 b) suggested no differ-
ences between NIDDM and nondiabetic haplotypes.
Scoring of haplotypes was converted to the present
study's nomenclature (e.g., the smaller allele was
termed "1"). The results are shown in table 5. Signifi-
cant (P < .05) linkage disequilibrium was evident in
pairs R1-R2, Rl-Sl, and S1-S2, although levels for
pairs involving R1 were very low. Each of these pairs
showed a trend toward significant disequilibrium in
the present study's population, but D' was not statisti-
cally different from zero. On the other hand, the trend
toward linkage disequilibrium between R2 and S2 was
lessened with the addition of data from the earlier
study by my colleagues and I.

Discussion

In a previous study (Elbein et al. 1986) my col-
leagues and I were unable to find evidence for linkage
disequilibrium among insulin receptor RFLPs in Cau-
casians, except for RsaI (R2) and BglII (B) polymor-
phisms. I still find nearly complete linkage disequilib-
rium between the rare alleles for these two loci but, in
addition, now find substantial linkage disequilibrium
among the five RFLPs of the insulin receptor ,B-chain
in the region of exons 13-22. The most likely explana-
tion for this discrepancy is the difference in sample size
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between these studies. The earlier study probably did
not have the power to detect significant disequilib-
rium. In the present study, I also added three RFLPs
which permit more thorough analysis of this region.
The results of the present study are similar to those
obtained by Sten-Linder et al. (1 991a) using a different
set of RFLPs and a similar population.
Although both the present study and that of Sten-

Linder et al. (1991a) show very high levels of linkage
disequilibrium in the region of the 1-chain exons, dis-
equilibrium outside this region is less certain. Sten-
Linder et al. demonstrated significant and maximal
disequilibrium between a common XbaI RFLP in the
region of exons 4-7 and the PstI RFLP which I have
called "P2." The distance between these RFLPs is un-
known. My laboratory has not evaluated any RFLP in
the region of exons 4-8. I also found low levels of
disequilibrium between the two PstI RFLPs of the
a-chain region. Again, the precise distance between
these RFLPs is unknown. In contrast, both the studies
and the combined data failed to demonstrate signifi-
cant disequilibrium between the RsaI RFLP in intron
9 and either upstream or downstream RFLPs. A single
exception was the finding of disequilibrium between
Ri and S1 (present study's nomenclature) in the dia-
betic subgroup of Sten-Linder et al.'s study (D' = .65).
In contrast, pooled data suggest significant but low
levels of disequilibrium for Ri-Si and Rl-R2 pairs.

In general, linkage disequilibrium will be affected
by several factors. Under the hypothesis of uniform
recombination, the likelihood of recombination will
increase in proportion to physical distance. The num-
ber of recombination events between two RFLPs
should also increase in proportion to RFLP age (num-
ber of generations). Thus, increasing age or distance
should independently decrease the linkage disequilib-
rium between two RFLPs. Finally, recombination is
probably not uniform, and linkage disequilibrium will
be decreased between RFLP which span regions of
increased recombination. Although the general lack
of disequilibrium in the region coding for extracellular
(a-chain) regions of the INSR locus might result from
any of these factors, Sten-Linder et al. (1991a) and I
(unpublished data) have shown the Ri RFLP to result
from an insertion/deletion polymorphism. I have se-

quenced this region and demonstrated a long (>500
bp) region of CA repeats. Both the experience of my
colleagues and I and, apparently, that of Seino et al.
(1989) suggest that this region is highly unstable in
vitro and thus may represent a recombinational hot
spot. On the other hand, the Ri RFLP is separated

from both upstream and downstream RFLPs by gaps
of unknown size in the genomic DNA sequence, and
low levels of linkage disequilibrium may also reflect
age or distance.
My colleagues and I have previously demonstrated

highly homologous Alu repeats, by DNA sequence
analysis in introns 14 and 15 but not in exon 16 (El-
bein 1989) and by hybridization in lambda clones con-
taining exons 17-21. Thus, each of the 1-chain RFLPs
is separated by at least one Alu sequence, and four or
more such sequences separate all pairs except R2 and
M, which are separated by only 1 repeat. In examining
the influence ofAlu repeats on recombination, one can
advance at least three hypotheses: (1) the recombina-
tion rate is uniformly low among nonrepetitive DNA
but is markedly increased in regions of repetitive DNA
(Alu or microsatellite); (2) recombination occurs at
a uniformly low level when viewed over large DNA
regions but occurs mostly or entirely within repetitive
sequences; and (3) repetitive sequences increase re-
combination in some but not all genomic regions.
With hypothesis 2 one might anticipate that recombi-
nation would be proportional to the density of repeti-
tive sequences in any DNA region. The data of the
present study do not fully distinguish between these
hypotheses. Nonetheless, the striking linkage disequi-
librium among 3-chain RFLPs, despite intervening Alu
sequences, suggests that these sequences do not mark-
edly increase recombination in this region of the ge-
nome, either because of markedly increased recombi-
nation at a single Alu sequence or because of the large
number of clustered Alu repeat units. This result is
surprising, since recombination events certainly occur
around exon 17. Both the S1 RFLP (Elbein 1989) and
gene deletions (Taylor et al. 1991) represent such
events. If Alu repeats promote recombination, that
recombination must occur with low frequency, more
in support of hypothesis 2 or 3 than hypothesis 1.
Linkage-disequilibrium measures suggest that the mi-
crosatellite/dinucleotide repeat region in intron 9 may
play a larger role in promoting recombination, but we
cannot be certain about the role of distance between
RFLP pairs spanning that polymorphism.
The combination of the present study's data and

those of Sten-Linder et al. suggests the most informa-
tive combination of RFLPs for future linkage studies.
This combination might include the P1 RFLP, which
shows minimal disequilibrium with other RFLPs, a
recently described microsatellite polymorphism of in-
tron 2 (Xiang et al. 1991), the XbaI RFLP of the exon
4-7 region, the R1 RFLP of intron 9, and either the
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MspI or Dral polymorphisms of exon 17. The re-
maining RFLPs are less informative and demonstrate
significant disequilibrium and should be reserved for
pedigrees which are uninformative with the other
RFLPs. However, with this combination, the hetero-
zygosity for the INSR locus should considerably ex-
ceed the 90% found both in the present study and in
the earlier study by my colleagues and I.
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