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Summary

Myotonic dystrophy (DM), an autosomal dominant
neuromuscular disease, is caused by a CTG-repeat
expansion, with affected individuals having :-50 repeats
of this trinucleotide, at the DMPK locus of human chro-
mosome 19q13.3. Severely affected individuals die early
in life; the milder form of this disease reduces reproduc-
tive ability. Alleles in the normal range of CTG repeats
are not as unstable as the (CTG), 50 alleles. In the DM
families, anticipation and parental bias of allelic expan-
sions have been noted. However, data on mechanism of
maintenance of DM in populations are conflicting. We
present a maximum-likelihood model for examining seg-
regation distortion of CTG-repeat alleles in normal fam-
ilies. Analyzing 726 meiotic events in 95 nuclear families
from the CEPH panel pedigrees, we find evidence of
preferential transmission of larger alleles (of size s,29
repeats) from females (the probability of transmission
of larger alleles is .565 ± 0.03, different from .5 at P
- .028). There is no evidence of segregation distortion
during male meiosis. We propose a hypothesis that pref-
erential transmission of larger CTG-repeat alleles during
female meiosis can compensate for mutational contrac-
tion of repeats within the normal allelic size range, and
reduced viability and fertility of affected individuals.
Thus, the pool of premutant alleles at the DM locus can
be maintained in populations, which can subsequently
mutate to the full mutation status to give rise to DM.

Introduction

Myotonic dystrophy (DM), the most common form of
adult muscular dystrophy, is an autosomal dominant
disease characterized by a high degree of clinical hetero-
geneity (Harper 1989). At the molecular level, however,
DM is a homogeneous disease that maps to the protein
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kinase (DMPK) gene locus on chromosome 19q13.3
(Whitehead et al. 1982; Stallings et al. 1988; Brook et
al. 1992; Fu et al. 1992), where in the 3' UTR of the
DMPK gene, CTG-repeat expansions larger than 50 re-
peats occur exclusively in affected individuals (Harley
et al. 1992; Mahadevan et al. 1992; Yamagata et al.
1992; Mulley et al. 1993). Molecular analysis of the
DMPK gene has revealed that the DM-associated ex-
panded CTG-repeats are of Eurasian origin (Harley et
al. 1992; Yamagata et al. 1992; Mahadevan et al.
1993a, b), although a different pathway of the origin of
DM in families of African descent has also been noted
(Krahe et al. 1995).

Epidemiological data on DM occurrences in popula-
tions of different origins show that the current disease
incidence is globally quite variable, with the highest fre-
quency (- 1/8,000) in Western Europe and North Amer-
ican whites (Harper 1989), the lowest (rare) in Africans
(Dada 1973; Krahe et al. 1995), intermediate (1/18,000)
in Japan, and slightly lower in other Southeast Asians
(Ashizawa and Epstein 1991; Davies et al. 1992). While
DM shares the characteristics of anticipation (i.e., in-
creased severity and decreased age at onset in successive
generations in disease-prone families) with other tri-
nucleotide expansion-causing neurological disorders
(e.g., Huntington disease [HD] and fragile X syndrome),
the reduced reproductive fitness within a few genera-
tions is a usual pattern unique to DM- and fragile X
syndrome-prone families (Carey et al. 1994). Thus, in
terms of evolutionary origin ofDM and its maintenance
in populations, it is interesting to ask how DM, in spite
of its reduced fitness in affecteds, can be maintained
for hundreds of generations in human populations. This
question is even more relevant because, in the normal
allele size ranges (i.e., CTG repeats of length -50 re-
peats) at this locus, mutations leading to contraction of
allele sizes have been noted (Zhang et al. 1994), and,
furthermore, most of the presently extant DM chromo-
somes apparently evolved from a small pool of founder
haplotypes (Imbert et al. 1993; Neville et al. 1994;
Krahe et al. 1995). A recent observation that alleles of
CTG-repeat sizes : 19 are preferentially transmitted to
the children by healthy fathers has been suggested as a
possible mechanism of replenishing the premutant DM-
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allele pools in a population (Carey et al. 1994). While
the observation that the DM alleles are preferentially
transmitted to sons in disease-prone families (Gennarelli
et al. 1994) lends further support to the meiotic-drive
hypothesis of Carey et al. (1994), these observations
together do not totally explain how all CTG repeat sizes

below the full mutation range (i.e., of sizes ¢50 repeats)
can be maintained in a population. More recently, Hurst
et al. (1995) contested the statistical validity of the mei-
otic-drive hypothesis by claiming that the observed seg-

regation distortion may be an artifact of testing multiple
hypotheses from the same data.
The purpose of this research is to present new data

on this subject and to suggest a simpler procedure for
testing the hypothesis of segregation distortion at the
DM CTG-repeat locus. To address this question, we

investigated CTG-repeat size transmissions to children
in 40 CEPH panel pedigrees by molecular analysis,
which allows us to analyze segregation distortions in a

more detailed manner. In addition to testing whether
the (CTG)_19 alleles are preferentially transmitted dur-
ing male and female meiosis, we asked a more general
question with regard to segregation distortion, namely,
whether the heterozygous parents (of each sex) transmit
their alleles with equal probability. Thus, for all mothers
and fathers, the alleles were scored as long and short,
irrespective of the absolute size of the CTG repeat, so

that the hypothesis of segregation distortion translates
into pf and/or pm (the probability of transmitting the
longer allele from fathers and mothers, respectively) sig-
nificantly different from .5. A maximum-likelihood
method of parameter estimation is suggested from the
entire data, from which the most parsimonious model
was selected by using the Akaike criterion, AIC (Akaike
1974), starting from the most general model (0 S Pm
* pf < 1) to the simplest one (Pm = .5 = pf). Compara-
tive evaluations of the likelihood ratios of these models
indicate that in the CEPH-panel pedigrees, within the
normal size ranges of the CTG alleles at the DMPK
locus, mothers transmit the longer alleles preferentially,
while in paternal transmissions no segregation distortion
is observed. In contrast, these families do not exhibit
any preferential transmission of parental alleles when
the CTG-repeat sizes are classified into classes such as

5, 11-15, <19, and ¢19, as done by Carey et al. (1994).
Finally, we discuss the relevance of our findings in rela-
tion to maintenance of DM in populations, in the light
of worldwide distributions of normal CTG-repeat sizes
reported elsewhere (Deka et al. 1996).

Material and Methods

Data and Laboratory Methods
Transformed DNA cell lines from parents and chil-

dren of 40 CEPH-panel pedigrees (Dausset et al. 1990)
from the repository were utilized in this study. CTG

repeats were determined by amplification of 100 ng of
DNA in a total volume of 25 gI reaction mixture con-
taining standard PCR buffer, 200 gM each dNTP, 1
unit of Taq polymerase. The primer sequences are as
described in Fu et al. (1992). The forward primer was
end-labeled using [y33 P]ATP and polynucleotide kinase
T4. The amplified products were separated on 6% dena-
turing polyacrylamide gels. Following electrophoresis,
the gels were dried, and allelic fragments were visualized
by autoradiography. Repeat sizes were determined by
comparison to an M13 sequence ladder and control
samples. This genotyping procedure yielded data on seg-
regation of CTG-repeat alleles in 367 children from 95
nuclear families from the 40 CEPH-panel pedigrees. Ta-
ble 1 lists the sample sizes for each category (explained
in the next section) of nuclear families, along with the
number of pedigrees contributing from which these fam-
ilies are derived.

Statistical Analysis
For the purpose of estimating preferential transmis-

sion of alleles, we considered a model where a heterozy-
gous parent is labeled having a short and long allele,
when the alleles in the parental genotype showed two
CTG-repeat sizes. Let pf and pm denote the transmission
probabilities for the (comparatively) longer allele from
the father and mother, respectively. With these type of
groupings of genotype data, there are four different
types of nuclear families where (i) only mother is hetero-
zygous, (ii) only father is heterozygous, (iii) both father

Table 1

Distribution of Nuclear Families, by Family Type and Sample Size
for Data Analysis

No. of No. of
Nuclear No. of Pedigrees

Family Types Families Children Found

Both parents genotyped:
Family type i 14 73 13
Family type ii 18 53 16
Family type iii 8 39 8
Family type iv 46 188 28
Both parents homozygous 1 6 1

Genotype of one parent available:
Heterozygous mother 4 4 4
Homozygous mother 0 0 0
Heterozygous father 2 2 2
Homozygous father 2 2 2

Total 95 367 75a

aOf the total 40 pedigrees, several contributed nuclear families to
more than one type; this explains the colunm total >40. The 40
pedigrees have the following structure: 10 with no grandparents typed,
1 with a single grandparent (mother's mother) typed, 4 with 2 grand-
parents typed (both paternal), 6 with 3 grandparents typed, and 19
with all 4 grandparents typed.
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and mother are heterozygous for the same two CTG-
repeat alleles (i.e., mother and father share both alleles),
and (iv) both father and mother are heterozygous with at
least one unshared allele between them. The distinction
between the families of types iii and iv is subtle but
important for determining which children got the longer
allele from the mother as opposed to from the father.
For example, when both parents are heterozygous for
the (CTG)5 and (CTG)15 alleles, we know that both par-
ents transmitted the longer alleles to an offspring of
genotype (CTG)15-(CTG)15. However, in such families
we do not know whether the father or the mother trans-
mitted the longer allele to an offspring of genotype
(CTG)5-(CTG)15. In other words, for nuclear families of
type iii, described above, the transmission of short or
long alleles from each specific parent to heterozygous
children is not unequivocally known. However, barring
the unlikely event of two mutations, such children re-
ceive the shorter allele from one parent and the longer
from the other. For type iv families, all parental trans-
mission of alleles to each offspring are unequivocally
known.
The distribution of nuclear families, shown in table

1, indicates that 86 nuclear families can be classified
into the above four categories, in which we have infor-
mation on transmission of shorter versus longer alleles
in a total of 353 children. In one nuclear family, both
parents were homozygous (for different CTG-repeat al-
leles), and hence, the six children from this family did
not provide any information about the segregation ratio
parameters pf and/or Pm. In addition, we also have data
on eight other nuclear families, in each of which only
one parent's genotype was known. Of these, the parent
genotyped was heterozygous in six families (table 1).
While, in principle, corresponding likelihood functions
can be written for such incomplete data, for our main
analysis, we excluded all such incomplete data (for rea-
sons explained in the Discussion section). However, we
also evaluated the effect of inclusion of such data on the
parameter estimates (see Results).

In table 2 we present the data and notations of fre-
quencies of transmission of shorter and longer alleles
from each parent. The entire sample can then be ana-
lyzed by a single likelihood function in relation to the
two parameters pm and pf, given by

L = Const x pm(1_-pm)nj-
X pm2(1 - pf)n2 m2(pmpf)m31

x [PM (l - pf) + pf(l - Pm)] 32

x [(1 - Pm )(l1 - pf)]n m33 m32(pp)m41 (

x [Pm((l - pf)]m42[pf(j - Pm)]m43
x [(1 - Pm)(1 - p )]n4 41 m42-m43

from which the traditional maximum-likelihood esti-
mates of pm and pf were obtained. For pm and pf within
the interval 0-1, explicit closed form estimators of these
parameters do not exist. However, the likelihood equa-
tions [(9 ln L)/apm] = 0 and [(8 ln L)/pf] = 0 are
biquadratic equations, and hence they were solved itera-
tively to obtain the maximum-likelihood estimates of
pm and pf, without any restrictions imposed on these
segregation ratios. We obtained the standard errors of
the estimates by inverting the information matrix, using
procedures as described in Rao (1973). Under the subhy-
potheses (a) 0 ppm = pf - 1; (b) pm = .5, 0 - pfp,
1; and (c) pf = .5, 0 - pm - 1 the above likelihood
function takes simpler forms for which explicit solutions
of the maximum-likelihood estimates exist. In the ap-
pendix, we present these estimators along with their
standard errors. By using these estimates, the maximum
values of log likelihood were evaluated for each model
for selecting the most parsimonious model using
Akaike's criterion (Akaike 1974). The significance of
deviations of pm and pf from the traditional Mendelian
segregation ratio were tested by the likelihood-ratio test
criterion (Rao 1973).
To examine whether the allelic transmissions of CTG

repeats in children of these CEPH-panel pedigrees
support the observation of Carey et al. (1994), we
also pooled the repeat alleles in classes (CTG)5,
(CTG)11 13,15 , (CTG)<19, and (CTG)a19. For the specific
types (as defined by Carey et al. 1994) of heterozygous
parents of each sex, we estimated the probability of
transmission of the larger allele to examine whether it
deviated significantly from the expected 50% ratio. Fol-
lowing the method of Hurst et al. (1995), the goodness-
of-fit X2 statistics were computed for testing the depar-
ture from the expected 1:1 ratio of segregation of smaller
and larger alleles.

Results
Reexamination of the Hypothesis of Carey et al.

In 182 parents and 367 children scored for CTG-
repeat sizes, no allele of size >29 CTG repeats was
observed in these healthy subjects. Of the 726 meioses,
only one mutation, from (CTG)24 to (CTG)25, from a
maternal transmission, was found. This mutation is the
same one observed earlier, and confirmed as a true in
vivo mutation (Weber and Wong 1993). There were 70
fathers and 68 mothers heterozygous for CTG repeats at
this locus. When allelic transmissions from heterozygous
parents were examined by grouping CTG-repeat sizes
(such as heterozygous for (CTG)<19 versus (CTG),19,
(CTG)s versus (CTG)1113,15, and (CTG)5 versus
(CTG)_,19) and by sex of origin of meiosis, we find no
significant segregation distortion for any subdivisions of
the parental allelic types (panels A-C, table 3). In other
words, the present data do not confirm the findings of
Carey et al. (1994).
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Table 2

Frequencies (and Notations) of Transmissions of Longer (L) and Shorter (S) CTG-Repeat Alleles from
Parents in 86 Nuclear Families from 40 CEPH Pedigrees

TYPE OF FAMILY

Only Mother Only Father Mother and Father Mother and Father
Heterozygous Heterozygous Heterozygous for Heterozygous with at Least

(LmSm) (Lf Sf) Same Two Alleles One Unshared Allele

No. of families 14 (N1) 18 (N2) 8 (N3) 46 (N4)
No. of children:

L. 37 (ml)
Sm 36 (n1-m1) ...

Lf ... 26 (m2) ... ...

Sf ... 27 (n2-m22) ... ...

LL ... ... 21 (m31) ...

LS ... ... 13 (M32) ...

SS ... ... 5(n3-m31-m32) ...

LmLf ... ... ... 41 (M41)
LmSf ... ... ... 63 (M42)
SmLf ... ... ... 45 (M43)
SmSf ... ' ' 39 (n4 - i41 M42 -M43)

Total 73 (n1) 53 (n2) 39 (n3) 188 (n4)

NoTE.-In addition, there are four nuclear families where the mothers are heterozygous but fathers are
untyped and two families with heterozygous fathers and untyped mothers. Pooling them in categories i and
ii gives N1 = 18; m1 = 39; n, = 77, and N2 = 20; m2 = 28; n2 = 55, respectively.

Preferential Transmission of Larger CTG Repeats
during Female Meiosis

In contrast, when all heterozygous parents are consid-
ered, and the allelic transmissions during each specific
male and female meiosis were scored as transmission of
shorter (S) and longer (L) alleles (complete data as
shown in table 2), the maximum-likelihood estimators
of pm and pf, their standard errors, and test results based
on the likelihood ratios are shown in table 4. The most
parsimonious model (based on the likelihood ratio as
well as the Akaike's criterion) is when pf is assumed to
be .5 and Pm = .565 ± .030 (see table 4), which is
significantly different from the null model, which is pm
= pf = .5 (P ;- .028). This suggests that in the CEPH
pedigrees the larger CTG-repeat sizes are preferentially
transmitted during female meiosis at the DMPK locus,
and the male meiosis does not indicate any significant
segregation distortion.
As mentioned before, the results shown in table 4 do

not include data on nuclear families where the genotype
of one parent was unknown. When the parent genotyped
was heterozygous, we may assume that the unknown
parent's genotype does not provide any information re-
garding the parameter pm or pf, so that such families
may be pooled with type i or type ii families. While this
strategy is not totally justifiable (explained below), with
inclusion of such families, there is virtually no change in
the conclusions that can be derived from the parameters
obtained in table 4. For example, the most parsimonious
model still gives parameter estimates Pm = .564 ± .029

when pf is assumed to be .5. Merging of such incom-
pletely typed families with the more complete data did
not pose any problem in our sample, since there was no
nuclear family where the typed parent and the child were
both heterozygous for the same two CTG-repeat alleles.
A further comment regarding the preferential trans-

mission of larger alleles from the mothers (but not from
fathers) is also relevant in this context. It is apparent
from the data in table 2 that the segregation patterns
appear somewhat different for families of types i and ii
from those of types iii and iv, since the pm and pf esti-
mates are indistinguishably different from .5, when data
from only type i and type ii families are used. In contrast,
when only type iii and iv families are used, the most
general model yields parameter estimates p, = .584
± .034, and pf = .495 ± .035 with -In L = 302.62,
not significantly different from the parsimonious model
pm = .584 ± .034, pf = .5 with - In L = 302.64.
We may also note that of the 40 pedigrees, the nuclear
families contributing to data on type iii and type iv fami-
lies come from 33 different pedigrees. Some of these
two-generation pedigrees also contribute to several nu-
clear families of types i and ii. When data from the
remaining seven pedigrees (contributing to family types i
and ii only) are excluded, the segregation ratio estimates
from type i and type ii families become pm = 30/54
= .556, and jf = 15/31 = .484, respectively, which are
statistically indistinguishable from the respective esti-
mates from the type iii and type iv families derived from
the same 33 pedigrees. From these, we may conclude
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Table 3

Transmission of CTG Alleles at the DM Locus, Classified by Allele Size of Parents

Sex of Origin of Meiosis LAS, SASb Total % LAS 2 P-Value

A. Parent Heterozygous for (CTG)<,9
and (CTG)19 Alleles:

Female meiosis 30 28 58 51.7 .07 .791
Male meiosis 16 20 36 44.4 .44 .509

Total 46 48 94 48.9 .04 .841
B. Parent Heterozygous for (CTG)s

and (CTG)11 13,15 Alleles:
Female meiosis 58 51 109 53.2 .45 .503
Male meiosis 56 48 104 53.8 .62 .431
Unknown sex 15 15 30 50.0 .0 w1.0

Total 129 114 243 53.1 .93 .335
C. Parent Heterozygous for (CTG)5

and (CTG).19 Alleles:
Female meiosis 18 19 37 48.6 .03 .862
Male meiosis 2 3 5 40.0 .20 .655

Total 20 22 42 47.6 .10 .752

a SAS = number of smalier-size alleles segregating.
b LAS = number of larger-size alleles segregating.

that the preferential transmission of larger alleles during
female meiosis, as observed in the present sample, is
observed in a great majority of the pedigrees (33 of 40
analyzed), and in these pedigrees there is no heterogene-
ity of parameter estimates in families of types i and ii
versus iii and iv.

Discussion and Conclusion

The above observations are different from the ones by
Carey et al. (1994). The smaller sample size of our data
may have contributed to this difference of conclusions.
Nevertheless, our method of testing for sex-of-origin-
specific segregation distortion is not compromised by the
statistical artifact of multiple testing, noted by Hurst et
al. (1995). Several implications of the present findings are

noteworthy in relation to the question of maintenance of
the expanded CTG repeats in populations.

First, limited data that currently exist suggest the
possibility of mutations of CTG repeats at the DM
locus being allele size-dependent within the normal
size ranges of CTG alleles (Zhang et al. 1994). If the
rate of mutation increases with repeat size and con-

tractions outnumber the expansions in mutations
within the normal allele size range, a preferential
transmission of larger alleles can maintain disease fre-
quency of DM. The equilibrium-frequency distribu-
tion of allele sizes within the normal size range, will
of course, depend on the magnitude of segregation
distortion as well as the extent of contraction bias of
mutations. The dynamics of effects of these compensa-
tory factors is somewhat complex and will be reported

Table 4

Maximum-Likelihood Estimates of Segregation Ratio (pm and pf) under Different Models

PARAMETER ESTIMATES ± SE

MODEL pm Pf -In L X2 AIC

H1: 0 pP,, pf G 1 .565 ± .030 .495 ± .030 390.61 ... 785.22
Ho,: 0 pPm S 1; pf = .5 .565 ± .030 .5 390.62 .02 783.24
H02: 0 S pf > 1; pm = .5 .5 .498 ± .031 393.01 4.80* 788.02
H03: 0 s pf = pm S 1 .531 ± .021 .531 ± .021 391.10 .98 784.20
H04: Pm = Pf = .5 .5 .5 393.01 4.80* 786.02

NOTE. X2 = -2(In Lo, - In L1) where Lo, is the likelihood under the ith null, and L1 is the likelihood
under unrestricted model; AIC = -2[ln LH - number of parameters estimated].

* P < .05.
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elsewhere. However, it has implicit implications for
analyzing the incomplete family data for detecting seg-

regation distortion. For example, consider a family
where the father is heterozygous for CTG repeats 12
and 14. Suppose that a child of this family has geno-

type (CTG)12-(CTG)16. Without data on any further
children from this family, we only know that the
mother with unknown genotype has at least one copy

of the CTG16 allele. Conditioned on the three possi-
ble maternal genotypes ([CTG]16-[CTG]16, [CTG]16-
[CTG],16, and [CTG]16-[CTG] 16), under the present
formulation, the likelihood functions for this incom-
plete family data become (1 - pf), prn(1 - pf), and (1
- p.)(1 - pf), respectively. To incorporate this family
in our estimation procedure, we must multiply these
conditional probabilities by maternal genotype fre-
quencies, which, in turn, would depend on the fre-
quencies of (CTG)16, (CTG) 16, and (CTG),16 alleles
in the population. We cannot substitute arbitrary al-
lele frequencies, since the allele frequencies in a popu-

lation, under the presence of segregation distortions,
are actually dependent on the parameters pm and pf
as well. An empirical solution to get around this would
be to substitute genotype frequencies for the unknown
parents by their Hardy-Weinberg expectations (HWE)
based on population-allele frequencies. Of course,
data on adherence with HWE, based on samples from
the same population, are needed before evaluating
such likelihood functions empirically. From our geno-
typing efforts in the present sample, we had 127 unre-

lated individuals typed, in which the observed geno-

type frequencies of CTG repeats are shown in table

5. The gene count estimates of CTG-repeat alleles
from this data is shown in figure 1. The likelihood
ratio for testing concordance with HWE from this
data becomes 87.03, for which the permutation-based
(Chakraborty et al. 1994) empirical probability is
.229, indicating that the assumption of HWE for
CTG-repeat genotypes is valid for the present sample.
We, therefore, examined whether our initial parame-

ter estimates were substantially altered, when the in-
complete family data are incorporated with such em-

pirical evaluation of the likelihood function for the
entire data. The results are virtually indistinguishable
from the ones shown in table 4, which suggests that
our observation on preferential transmission of larger
alleles during female meiosis is consistent with the
implication that, together with such segregation dis-
tortion, there must be one or more compensatory fac-
tor (such as contraction bias of mutation and/or selec-
tive disadvantage of genotypes with full mutation)
acting at the DMPK locus, keeping the normal size
allele frequencies at equilibrium in the population.
Second, recent observations by others (Krahe et al.
1995; Zerylnick et al. 1995), as well as our own study
in worldwide populations (Deka et al. 1996), suggest
that there could have been more than a single pathway
of generating higher repeat sizes within the normal
size range of alleles at this locus. In particular, our

analysis (Deka et al. 1996) indicates that a gradual
increase of CTG-repeat sizes within the normal size
range, as opposed to few sudden jumps from (CTG)_5
to (CTG)_19 under the Alu-insertion background (as
proposed by Imbert et al. 1993) is supported better

Table 5

Observed CTG Genotype Frequencies in 127 Unrelated Individuals from 40 CEPH-Panel Pedigrees

CTG REPEAT

CTG-REPEAT 5 8 10 11 12 13 14 16 22

5 18
8 ... ...

10 1 ... 1
11 17 ... ... 1
12 11 1 1 3 2
13 15 ... 1 6 3 3
14 2 2 1 ... 2 1 ...

16 7 ... ... 2 1

1 2 ... ... 1 ... ... ... ...

18 ... ... ... ... .. ... ... 1
20 2 ... . ... 1 .. ..2 ...

21 2 ... .. 1 1 2 ... ..
22 1 .. 1 ... ... ... ... ...

23 1 .. .. 1 ... ... .. .. ..
24 2 ... ... ..... .. .. ..
25 ... ... ... .. .. .. ..
28 .. .. .. 1 ... ... .. ... ...

29 1 ... .. .. ... ... ... ... ...............
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of CTG-repeat alleles at the DMPK locus in 127 unrelated individuals from the CEPH-panel

with worldwide molecular data on the haplotype dis-
tributions at the DMPK gene region. Should this be
the case, a general meiotic drive toward preferential
transmission and/or differential survival of larger-size
alleles may be required to counter the opposing force
of contracting mutations in the normal size range for
generating premutant CTG-repeat sizes. From the
above findings we conclude that segregation distortion
for larger CTG-repeat alleles over the entire normal
range of allele sizes can explain the present data, and
that this preferential transmission can maintain DM
disease frequency in populations, particularly when
the smaller-size alleles are constantly being replen-
ished by contraction mutations occurring at higher
rates for large-size alleles. A technical comment on

the analysis of Carey et al. (1994) is also worthwhile
to note here. They reported 24 transmitted alleles
from parents of unknown phase (see table 1 of Carey
et al. 1994). Since this refers to families where both
parents are heterozygous for the same two alleles and
the children are heterozygous, unequal transmissions
of large and small alleles cannot be detected where
the sex of origin of transmitted alleles is not known.
They report 11 small alleles and 13 large alleles from
these subgroup of parents, which contradicts the
above logic.

Finally, we must recall that analyses such as the ones
conducted here cannot determine whether the segrega-
tion distortion for larger alleles is due to pre- or postzy-
gotic selection. Our data is also at variance with in-
creased male-to-male transmission of larger-size DM
alleles (Gennarelli et al. 1994; Wieringa 1994), found
in DM patients. Of course, it is quite possible that the
allele-transmission pattern and its mechanism may be
different in the normal, premutation, and full-mutation
sizes of repeat alleles (Ashizawa et al. 1994; Monckton
et al. 1995). Nevertheless, data from other families, par-
ticularly in which the haplotypic associations of CTG-
repeat alleles are different, are needed for fully charac-
terizing the detailed nature of meiotic drive at this locus,
if it truly exists.
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Appendix
Maximum-Likelihood Estimation for Segregation
Distortion Models

The General Model

Define alleles as short (S) and long (L) for any individ-
ual heterozygous for the CTG-repeat alleles. Note that
the alleles labeled in this manner are only comparative,
and, thus, S and L do not refer to the absolute size of
CTG-repeat alleles. Let pm and pf denote the probability
of transmitting L from a mother and a father, respec-
tively. For nuclear family data from four types of fami-
lies as represented in table 2, the logarithm of the likeli-
hood function for parameters (pm and pf) of the general
model (O - Pm p f* < 1) may be simplified as

In L = Co + C1 ln(pm) + C2 ln(l - pm)

of multinomial variates; therefore, by following the
method of Rao (1973), the sampling variances of these
maximum likelihood estimators may be written as

(A9)

and

where

V(AM) = Iff
Imm.ff,- I-f

V(A) = Immlff-Imf (AlO)

1mm
= -E2 In L-Imm=-E 32

+ C3 ln(pf) + C4 In(l -pf)
+ Cs In(pm + pf - 2PmPf) X

where Co is a constant, and

C1 = ml + M31 + M41 + M42,

C2 = (n, - ml) + (n3 - M31 -M32)

+ (n4 - M41 -M42),

C3 = C2 + M31 + M41 + M43 5

C4 = (n2 - M2) + (n3 - M31 -M32)

+ (n4 - M41 -M43),

(Al) _ ni + n4 + pfn3
Pm

+ n1 + n4 + (1 -pf)n3
1 - pm

+ (1 - 2pf)2n3
Pm + pf- 2PmPf

(A2)

(A3)
Iif=~ ds In L

(A4)

(AS)

and

C5 = i32- (A6)

1n + n4 + pmnn3
Pf

+ nf + n4 + (1 -p)n3
1 - pf

+ (1 - 2pm)2fn3
pm + Pf -2PmPf

Thus, the maximum-likelihood estimates of pm and pf
are solutions to the two equations

C1 _ C2 + (1 - 2pf)Cs o
Pm 1 -pm Pm+ pf 2Pmpf

(A7)

and

C3 C4 (1 - 2pm)C5

pf 1 - pf Pm + pf 2PmPf
(A8)

Equations (A7) and (A8) are biquadratic equations with
two unknown parameters (pm and pf). These always
yield one set of solutions satisfying 0 % Pm, 15f > 1,
which can be found by solving the equations iteratively.
The coefficients C1, C2, . . ., C5 are linear combinations

Imf = E 2pmp (A13)
apfapm Pm + Pf pf

Thus, the sampling variances of Am and 5f can be esti-

mated by substituting the parameters with their respec-
tive estimates in equations (All) and (A12).

Model/ 0 Pm = pf < 1

Under this model, when the common values of the
two parameters is denoted by p, the likelihood equation

ln L = 0 (A14)

ap

(All)

(A12)

and
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yields the closed-form solution

A ml + m2 + 2m31 + M32 + 2m41 + M42 + M43
P ni + n2+ 2n3 + 2n4

(A15)

whose sampling variance may be estimated from

V(A5) = p(1 - P) (A16)
n1+ n2+ 2n3+ 2n4

by substituting p (eq. A15) for p.
Models with pm or pf = .5, and the Other Unknown
Under these models, as in the previous models, the

maximum-likelihood estimators have closed form solu-
tions. When Pm or pf is .5, observation of the number
of children with one short and one long allele (M32) in
type iii families does not contribute any information
regarding the unknown parameter (for either pm or pf).
Therefore, when pf = .5, the maximum-likelihood esti-
mator of Pm becomes

=M1 + M31 + M41 + M42PM = (Al17)n1 + (n3 -M32) + n4

whose sampling variance equals

V(A) = 2pmi(1 - Pm)
PlM) -2n1 + n3 + 2n4 (Al8)

Likewise, when Pm = .5, the estimator for pf becomes

iM2 + M31 + M41 + M43
n2 + (n3-iM32) + n4

with a sampling variance

V( -) = 2pf(l _ P) (A20)VPir 2n2 + n3 + 2n4i (A0

The likelihood-ratio test criteria for testing the departure
from any of these hypotheses can be evaluated by com-
puting x2 = -2[In L - In LO], where In L is the evaluated
likelihood function for the general model and In Lo is
computed by substituting the estimated parameters un-
der the specific subhypotheses. The degrees of freedom
for the respective statistics are the differences of the
number of parameters estimated under each subhy-
pothesis from the general model. The model selection is
based on the Akaike's criterion (Akaike 1974)

AIC = -2[In L - number of parameters], (A21)

which attains the minimum value for the most parsimo-
nious model. The results of numerical evaluations based
on these methods for the data shown in table 2 are given
in table 4.
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