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Caution on Pedigree Haplotype Inference with
Software That Assumes Linkage Equilibrium

To the Editor:

For the purpose of gene discovery, haplotypes can pro-
vide significant information. Haplotypes can increase the
information for linkage with a set of markers, each of
which on its own may provide weak information, and
haplotypes can be used to identify genotype errors,
through identification of double recombination over
short chromosomal regions. In addition, the inference
of haplotypes from pedigree data has been advocated as
a method to refine positional cloning of disease genes
(Sobel et al. 1996). Haplotypes can be used to identify
chromosomal regions that are common among affected
persons in isolated populations, because these subjects
may have inherited a conserved chromosomal segment
from a common founder. The implicit basis of fine map-
ping by haplotypes is linkage disequilibrium (LD) be-
tween alleles of the underlying susceptibility locus and
at least one of the marker loci. This is due to the small
number of recombinations of the disease and marker
loci, which preserves the founder haplotype among af-
fected individuals. Although it is possible for the alleles
of different marker loci to be in linkage equilibrium
among themselves yet be in disequilibrium with the dis-
ease locus, this will most likely occur only when the
disease-causing allele is much younger than the origin
of the marker alleles. Hence, if closely spaced markers
are useful for haplotype fine mapping, it is reasonable
to assume that the markers themselves are in LD. How-
ever, most commonly used software packages that can
be used for the inference of haplotypes for pedigree
members assume linkage equilibrium among the mark-
ers. Despite this assumption, it is not unusual for in-
vestigators to proceed with haplotype fine mapping by
inferring haplotypes by the use of software that assumes
no LD. Even the documentation for GENEHUNTER 1.0
states that “Haplotypes can be invaluable tools ... in
searching for shared genomic regions of distantly related
affected individuals and indicating linkage disequilib-
rium between markers....” However, this practice can
be misleading, as we discovered in our analysis of the
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association of prostate cancer (PC) with haplotypes com-
posed of three marker loci within the HPC1 gene. This
example is provided to illustrate the impact that LD can
have on haplotype inference.

The HPC1/RNASEL gene on chromosome 1q25 was
recently identified as a candidate gene for hereditary PC
(Carpten et al. 2002). To test for potential gene asso-
ciations and increased risk for disease, three missense
polymorphisms (Ile97Leu, Arg462Gln, and Glu541Asp)
were genotyped in 432 patients with familial PC and in
470 population-based control subjects (Wang et al.
2002). These three loci, with linear order 97, 462, then
541, are in close proximity (loci 97 and 462 separated
by 1.1 kb; loci 462 and 541 separated by 3.2 kb), so
our intent was to compare the frequencies of haplotypes
composed of these three loci between the patients with
familial PC and the unrelated population-based control
subjects. Haplotype frequencies among the unrelated
control individuals were estimated by an “EM algo-
rithm” (Excoffier and Slatkin 1995; Hawley and Kidd
1995; Long et al. 1995), as implemented in S-PLUS soft-
ware (Schaid et al. 2002), which enumerates all possible
haplotypes for each subject and uses the combined data
from all control subjects (including those with and with-
out haplotype ambiguities) to estimate the haplotype fre-
quencies. This algorithm assumes that the haplotypes
are randomly paired for each subject, which implies
that each of the loci is in Hardy-Weinberg equilib-
rium. Hardy-Weinberg equilibrium was tested for each
of the three loci, among the controls, and only locus 541
suggested some departure (P = .06). This locus tended
to have fewer heterozygotes than expected (44.9% ob-
served vs. 49.2% expected), which does not tend to bias
the EM algorithm for the estimation of haplotype fre-
quencies (Fallin and Schork 2000).

The 435 patients with familial PC came from 178 ped-
igrees (1-7 patients genotyped per pedigree). Haplotype
frequencies among the familial patients were estimated by
first inferring the most likely haplotypes for each pedigree
member and then computing frequencies among the in-
ferred haplotypes. To infer haplotypes, we used the pro-
gram GENEHUNTER (Kruglyak et al. 1996), which is
based on determination of the maximum-likelihood set
of inheritance vectors that explain the data, under the
assumption of linkage equilibrium of the marker loci. The
marker allele frequencies were based on the control in-
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dividuals, although the frequencies of the “1” alleles were
similar between case and control subjects (1.9% vs. 1.3%
for Ile97Leu; 30.6% vs. 37.2% for Arg462Gln; 47.5%
vs. 43.5% for Glu541Asp). We allowed minimal chance
of recombination (recombination fraction = 0.001) be-
tween adjacent markers. The resulting haplotype fre-
quencies are presented in table 1. The most remarkable
difference between GENEHUNTER haplotype frequen-
cies for cases versus those for controls estimated by the
EM algorithm is for haplotype 5, which has a frequency
of 11.8% among cases but did not occur among controls.

Because the method used to estimate haplotype fre-
quencies differed between cases and controls, we re-
peated our analysis but randomly sampled one case per
family, and then used the EM algorithm to compute
haplotype frequencies among the cases. The results from
this analysis (table 1) show that the haplotype frequen-
cies did not differ between cases and controls and that
the main difference is caused by the use of GENE-
HUNTER for pedigrees versus the EM algorithm for a
sample of unrelated cases. Even when we repeated this
analysis, making a new random selection of cases, sim-
ilar results were found. Why would GENEHUNTER,
which uses all the pedigree data, produce such different
haplotype frequencies from those produced by the EM
algorithm, which uses only one random case per family?
Two factors influenced our results. First, the markers are
in strong LD, yet GENEHUNTER assumes that they are
in equilibrium. The EM algorithm does not assume link-
age equilibrium (in fact, LD can be a benefit). The
strength of LD is shown in table 1 by the large discrep-
ancy between estimated haplotype frequencies among
controls when the EM algorithm was used and the es-
timated haplotype frequencies when linkage equilibrium
was assumed. Furthermore, the frequencies of the in-
ferred haplotypes among cases are close to the expected
frequencies among the random sample of cases if there
were no LD (see table 1). Second, the order in which

Table 1
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Table 2

Posterior Probabilities of Haplotype
Pairs for a Patient from Example

Pedigree

Haplotype = Posterior ~ Probability
Pair Probability  if No LD
1 8 .00 25

3 6 1.00 25

2 7 .00 25

4 5 .00 25

the alleles are coded in the input file to GENEHUNTER
can determine the inferred haplotype. A simple example
in our data nicely illustrates the problem. If we consider
an affected pair of brothers who do not have parental
genotypes available and who are both heterozygous for
each of the three loci, there are four possible pairs of
haplotypes per man. These possible haplotype pairs are
listed in table 2, along with the posterior probabilities
of the haplotype pairs. The posterior probability is the
probability of a particular pair of haplotypes, given the
observed marker data, and was computed when the EM
algorithm was applied to the randomly selected sample
of one patient per family. This posterior probability al-
lows for LD, and we also present (table 2) the posterior
probabilities when no LD is assumed (i.e., equal pos-
terior probabilities).

For this example, the EM algorithm indicates that the
only pair of likely haplotypes is 3 and 6. In contrast,
under the assumption of no LD, all pairs of haplotypes
are equally likely. If we code the alleles at the three loci
in the pedigree data file as “12 12 1 2” for both affected
brothers, the inferred haplotypes by GENEHUNTER are
1 and 8. However, if we reverse the order of alleles, the
inferred haplotypes change. For example, reversing the
order for only the first locus (e.g., “2 1”) results in hap-
lotypes 4 and 5; reversing the order for the second locus

Haplotypes and their Frequencies Based on Pedigree Inference and the EM Algorithm Applied to Unrelated Subjects

Locus VARIANT

FREQUENCY OF HAPLOTYPE

HAPLOTYPE 1le97 Arg462  GluS41  Cases Inferred® Cases EM”  Controls EM®  Cases, No LD°  Controls, No LD®
1 1 1 1 .000 .000 .000 .003 .002
2 1 1 2 .000 .000 .000 .003 .003
3 1 2 1 .008 .020 .014 .007 .004
4 1 2 2 .015 .000 .000 .007 .005
S 2 1 1 118 .000 .000 143 157
6 2 1 2 195 .306 .367 158 205
7 2 2 1 .339 455 420 323 271
8 2 2 2 324 219 199 357 353

* Haplotypes inferred by GENEHUNTER.

® Haplotype frequencies estimated by EM algorithm for case subjects; one affected member of each family was randomly selected

for inclusion in the analysis.

¢ Haplotype frequencies for no LD were estimated by the product of allele frequencies.
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results in haplotypes 3 and 6; reversing the order of the
third locus results in haplotypes 2 and 7. Apparently,
when all pairs of haplotypes are considered to be equally
likely (because linkage equilibrium is assumed), haplo-
types are determined by GENEHUNTER according to
the order of alleles in the input file. This feature, com-
bined with the assumption of linkage equilibrium, can
grossly mislead investigators who assume the inferred
haplotypes are correct. For this example pedigree, we
also used SIMWALK2 to infer haplotypes (Sobel and
Lange 1996). For our original order of alleles, “1 2 1 2
1 2,” the inferred haplotypes were 4 and 5. As with
GENEHUNTER, reversing the order of alleles changed
the inferred haplotypes. Furthermore, SIMWALK?2 uses
Markov-chain Monte Carlo and simulated annealing al-
gorithms, which depend on initial values for random
seeds; changing these initial seed values can change the
inferred haplotypes.

Both GENEHUNTER and SIMWALK?2 assume no
LD, making it possible to compute either exact (GENE-
HUNTER) or simulated approximate (SIMWALK2)
multipoint linkage statistics, and these programs have
proved to be highly effective for these types of analyses.
However, users should be cautious about blind use of
the inferred haplotypes from this software as if they were
directly measured haplotypes. Inferring haplotypes by
software that assumes no LD—and then using the in-
ferred haplotypes to measure LD (Abecasis and Cookson
2000)—may be particularly hazardous. Although our
example may be extreme, because of small pedigrees
with few founders (i.e., little pedigree information from
which to infer haplotypes) and because of the large de-
gree of LD among the markers, current evidence points
to a frequent occurrence of strong LD among markers
spanning short chromosomal regions (Reich et al. 2001).

Rather than inferring the most likely haplotypes under
the assumption of no LD and then using these most likely
haplotypes as if they were observed, we can establish a
better method of analysis by allowing for LD when we
estimate haplotype frequencies with pedigree data and
then considering all possible haplotype configurations,
as was recently implemented for nuclear families (Rohde
and Fuerst 2001). The advantage of this approach is
that each possible haplotype configuration is weighted
according to its likelihood, and likelihood-ratio tests that
compare haplotype frequencies between cases and con-
trols would implicitly take into account the increased
variance of the haplotype frequency estimates due to
linkage-phase ambiguity. However, this approach is
computationally intensive for larger pedigrees, because
the number of pedigree haplotype configurations is ex-
tremely large. For this situation, sensitivity analysis may
help to evaluate the reliability of haplotypes inferred
from GENEHUNTER or SIMWALK?2. If a large number
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of pedigrees are available, one way to evaluate whether
the inferred haplotypes are reasonable would be to com-
pare frequencies of inferred haplotypes with haplotype
frequencies based on application of the EM algorithm
to pedigree founders or to a random sample of one sub-
ject per pedigree, if founders are not available. For large
samples, these two procedures should provide similar
haplotype frequencies. In addition, one should estimate
pairwise LD among the markers, to determine whether
any markers are in strong LD, in which case one should
be cautious about using software that assumes no LD
to infer haplotypes.

DANIEL J. SCHAID,' SHANNON K. MCDONNELL,'
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AND STEPHEN N. THIBODEAU®
Departments of 'Health Sciences Research
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Increased Rate of Twins among Affected Sib Pairs

To the Editor:

Recently, Greenberg et al. (2001) and Betancur et al.
(2002) reported an excess of twin pairs among affected
sib pairs with autism (MIM 209850). Greenberg et al.
(2001) reported an excess of both MZ and DZ pairs,
whereas Betancur et al. (2002) found an excess of MZ
pairs only. Both studies tested the rates of twin pairs
among a sample of affected sib pairs against the pop-
ulation rates. The hypothesis put forward was that being
a twin is in itself a risk factor for autism. The purpose
of this letter is to show that an excess of twin pairs
among affected siblings—in particular, an excess of MZ
pairs—is what would be expected if genetic factors are
implicated in the etiology of a disorder and does not in
itself suggest that being a twin confers a risk. Hence, the
reported results could be a logical consequence of the
affected sibling ascertainment scheme.

The proportion of twin pairs among a random sample
of affected siblings from the population depends on the
population incidence of twinning and on the concor-
dance rate for the disorder. Let p be the incidence of the
disorder in the population; f,, and f, the population
rates of MZ twins and DZ twins, respectively; and 7,
oz, and 7y, be the (casewise) concordance rates (i.e.,
the probability that one sibling is affected, given that
the other sibling is affected) for nontwin siblings, DZ,
and MZ twins, respectively. For each of the three kinds
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of sib pairs, the probability of 0, 1, and 2 affected in-
dividuals is, for r = rg, 75, yizs

P(0 affected) = (1 —p) —p(1 —7)

P(1 affected) = 2p(1 —7)

P(2 affected) = #p .

It follows that the proportion of MZ pairs among all
pairs of affecteds is

f mz'mz
frzrmz + fortvz + (1= foz = fu)?s

fuz =

Note that this proportion is independent of the popu-
lation incidence. For small DZ and MZ population rates,
Fiz = Tuzrmd7s; that is, we would expect an increase in
the rate of MZ twins that is proportional to the increase
in the concordance rate relative to nontwin siblings.
From epidemiological studies, the estimates for the con-
cordance rates for autism in MZ pairs, DZ pairs, and
nontwin siblings are approximately 0.4-0.7, 0.0-0.03,
and 0.03, respectively (see Lauritsen and Ewald [2001]
and Folstein and Rosen-Sheidley [2001] for reviews),
consistent with a very high heritability on a liability scale
and the existence of nonadditive genetic variation for
liability (see, e.g., Smith 1970). These estimates suggest
that the proportion of MZ twin pairs in a random sam-
ple of affected sib pairs is approximately 13-23 times
larger than the population MZ twinning rate. The ob-
served increases in the MZ rate in the Greenberg et al.
(2001) and Betancur et al. (2002) reports are 13 and
16, respectively; they are in accordance with the pub-
lished concordance rates.

Greenberg et al. (2001) also report a significant in-
crease (a nearly fivefold increase) in the proportion of
DZ twins among the affected sib pairs. Estimates of DZ
concordance rates have been similar to or lower than
the rates among nontwin siblings but have been based
on small numbers of observations (Folstein and Rosen-
Sheidley 2001; Lauritsen and Ewald 2001). An increase
in the rate of DZ twins relative to nontwin siblings could
be due to common environmental factors or due to the
“stoppage” phenomenon, in which parents with one af-
fected child choose not to have more children. Lastly,
Greenberg et al. (2001) compare their observed in-
creased rates of autism in affected twin pairs with the
rates for insulin-dependent diabetes mellitus (IDDM).
They found a deficit of DZ twin pairs but an excess of
MZ twin pairs. These results are also consistent with
the genetic epidemiology of IDDM, with reported con-
cordance rates of 0.06, 0.11, and 0.30-0.50 for nontwin
siblings, DZ twins, and MZ twins, respectively (see, e.g.,
Kyvik et al. 1995; Field 2002).
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