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The human pseudoautosomal regions: a review for
genetic epidemiologists
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Two intervals of sequence identity at the tips of X and Y chromosomes, the human pseudoautosomal
regions PAR1 and PAR2, have drawn interest from researchers in human genetics, cytogenetics, and
evolutionary biology. However, they have been widely ignored in linkage and association studies. The
pseudoautosomal regions (PARs) pair and recombine during meiosis like autosomes, but the
recombination activity in PAR1 is extremely different between sexes. In men, it exhibits the highest
recombination frequencies of the genome. Conflicting genetic maps of this region have been estimated by
using three-generation pedigrees, sperm typing, and by using haplotypes from single nucleotide
polymorphisms. Male genetic map lengths in the literature vary, and linkage disequilibrium has not been
analyzed in detail. We review existing tools like genetic and physical maps, linkage disequilibrium
methods, linkage and association analysis, implemented statistical methods, and their suitability for PARs.
For multipoint linkage analysis, sex specificity must be indicated twice, first using sex-specific maps, and
second by considering the sex-specific pseudoautosomal inheritance pattern. Currently, microsatellite
panels and single nucleotide polymorphism chips do not contain sufficient numbers of markers in PAR1
and PAR2. The number of markers in PAR1, needed in indirect association studies, should be much larger
than for autosomal regions alike in size, since linkage disequilibrium is very low. For genome-wide studies,
it is essential to include pseudoautosomal markers since such expensive studies cannot afford to oversee
pseudoautosomal linkage or association. This drawback could be solved with a sufficient number of
markers, statistical methods that are adopted for the PARs, and their integration into softwares.
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Introduction

Sex chromosomes have been an issue of interest for
decades because of their distinctive pattern of transmission
and their peculiar structure and function. The human

genetically distinct. In humans, women have both
X chromosomes alike in size and genetic content. Pairing
and recombination can exist along their entire length. Men
have one X and one Y chromosome and only two limited

sex chromosomes, X and Y, are morphologically and
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regions of identical sequence, located at the tips of the
short and long arm of the X and Y chromosomes, as
depicted in Figure 1. Their physical lengths are approxi-
mately 2.7Mb for PAR1 and 0.33Mb for PAR2. During
meiosis, pairing and crossover in men takes place in these
two regions and therefore they have been termed
pseudoautosomal regions or ‘PARs’.""* The pseudoautosomal
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Figure 1 Structure of the human male sex chromosomes and the
localization of the two regions PART and PAR2.

boundaries separate highly recombinant regions from
nonrecombinant regions on the Y and a moderately
recombining region on the X chromosome.

A loss of PAR1 has been observed to be associated with
male sterility leading to the theory that the existence of
PAR1 is necessary for homologous X-Y chromosome
pairing and the proper segregation of gametes.*>* This is
of interest because the region is physically relatively small.
It is estimated that during male meiosis on average at least
one crossover occurs. Crossover activity in PAR1 is much
higher in men than in women and also higher than for
each of the autosomes.>~? As a consequence of the elevated
recombination rate in this region approximately one half
of male children carries a recombinant PAR1 on their
Y chromosome whereas the other half inherits a non-
recombinant PAR1 haplotype from their fathers. The rate
of recombination in PAR2 is much lower than in PAR1 but
still higher than the average rate of the remainder of the
X chromosome.

To date, 24 genes have been reported in PAR1 and
5 genes in PAR2.'® Possible connections with clinical
disorders such as short stature, asthma, psychiatric
disorders, and leukemia have been suggested in the past,
but only one pseudoautosomal gene, SHOX (short stature
homeobox), has been unambiguously associated with
various short stature conditions and disturbed bone
development. The SHOX gene has been correlated to
disease via deletion mapping and its functions have been
recently reviewed.!' However, in systematic genome-wide
linkage analysis, PARs have been largely neglected so far - a
systematic ‘blind spot’ in genome scans.

This review focuses on statistical methods for genetic
map construction, linkage analysis and genetic association
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analysis in the PARs. It summarizes genetic map estimates,
pseudoautosomal markers available on single nucleotide
polymorphism (SNP) chips, and methodological develop-
ments to account for the special characteristics of the PARs
in parametric and nonparametric linkage analysis as well as
genetic association analysis.

Brief history

The origin of the human sex chromosomes can be traced in
the past by comparing their sequence, gene content, and
gene function with related species. The topic has been
extensively studied, we refer to some recent reviews. =14 It
was first postulated in 1914 that X and Y chromosomes
evolved from a pair of autosomes and have become
separated in the course of hundreds of millions of years.'*
The evolution of sex chromosomes emerged when one
strand of a pair of autosomes obtained a sex-determining
gene. Over time, additional genes with male-specific
functions accumulated in this sex-determining chromo-
some started losing the ability to recombine with its
counterpart. Subsequently, a degeneration of size started
due to gene inactivation, mutation, deletion, and insertion
of junk. It is still an open question why the Y chromosome
degenerated so quickly and why positive selection of male
advantage genes did not work stronger against it. The
theory that the Y could even disappear is maintained by
comparative studies in other vertebrates. Aitken and
Graves'® predicted a complete loss of the Y chromosome
in about 10 million years. In human, Haldane'’” found
evidence for partial sex linkage in 1936. Later, partial sex
linkage was demonstrated to occur in the short arms of X
and Y chromosomes by studying spermatocytes in meiotic
prophase and during pairing.'®'? About 60 years after the
discovery of PAR1, a second pseudoautosomal region
(PAR2) at the opposite ends of the X and Y chromosomes
(Xq/Yq) was detected.?

Recombination rate estimation and genetic maps
General considerations

A genetic map is a sequence of genetic loci with distances
between adjacent loci reflecting crossover activity. Physical
and genetic maps are essential for linkage and association
studies. Genetic maps are based on the crossover process.
At meiosis, after the duplication of each chromosome, the
two pairs of each autosome form a bundle of four strands
where chiasmata can occur. For modeling purposes, it is
assumed that each chiasma causes two non-sister chroma-
tides to crossover and the pair of strands involved is
randomly selected, a process which is called no chromatid
interference. A genetic measure of distance is defined as the
expected number of crossovers between two loci on a
single chromatid (measured in Morgan, M). Since only
recombinants (uneven number of crossovers) can be



observed, the relation between recombination rate 6 and
genetic distance x has to be specified by so called mapping
functions. In case of complete interference, one chiasma
completely suppresses others on the same chromosome,
and Morgan’s map function®® x=0 is justified. On the
other extreme, complete absence of interference leads to
the Haldane map function.?! Although in human, the
assumption of independent occurrence of crossovers in
adjacent intervals holds approximately, finer analysis
reveals that the presence of one chiasma reduces the
creation of a second one nearby, resulting in positive
interference. Moderate interference is assumed by
Kosambi’s map function.?* For sufficiently long distances
(if 6 tends to 1/2) the interference vanishes, and for very
short segments it increases to 1. It is the most used map
function since it seems to adequately reflect the level of
interference observed in the human and other mammals.
More sophisticated models have been investigated by
several authors.”>~2¢ For example, Sturt developed map-
ping functions with and without considering chromatid
interference under the assumption that at least one
crossover occurs on a chromosome arm.?*2*

Recombination rate estimation in PARs

Three different strategies are used to estimate recombination
rates for the construction of genetic maps: (1) three-
generation families, (2) sperm typing in single men, and
(3) unrelated individuals. In sperm typing studies, only male
recombination rates can be estimated. In three-generation
studies estimations of sex-specific recombination rates are
allowed but only generate maps above the megabase scale.
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Using unrelated individuals, a very fine resolution is
reached but only sex-averaged recombination rates can be
estimated.

Three-generation families Genetic maps of three-
generation families allow to locate the order of loci as well
as estimate sex-averaged and sex-specific recombination
rates with linkage analysis, for details we refer to Liu.?” The
first genetic map of the human genome was created in
1987 by the Centre d’Etude du Polymorphisme Humaine
(CEPH), followed by the Marshfield map,?® and the
deCODE map.?° The most recent Rutgers map>® combined
genotypes from 14 759 microsatellite and SNP markers on
CEPH and deCODE pedigrees. Although this last map is
based on 2000 meioses, its resolution is still limited.
Generally, the possible resolution depends on the number
of analyzed meioses. For example, the estimation of a
recombination rate of 0.5% with 95% confidence interval
of width 0.25% requires 12000 informative meioses.
Several attempts have been made to integrate multiple
types of mapping data. Most recently, Duffy®' used
weighted regression to obtain smoothed local recombina-
tion rates to interpolate between markers with known
genetic distances. Mapping studies that focused on PARs
are shown in Table 1.

Single-sperm typing In sperm typing, alleles present on
single haploid cells can be typed and thus haplotypes are
determined without pedigree analysis.>*® The method
allows studying recombination on a fine scale since a large
number of meiosis can be analyzed from a single male.
Multipoint recombination rate estimation modified to take

Table 1 Estimates of genetic map length in male and female human pseudoautosomal regions
No. of markers  Male (cM)  Female (cM)  Mapping function ~ Sample Reference
PAR1 3 50 4 Identity 8 CEPH families Rouyer et aP
PART 5 49.9 418 Identity 44 CEPH families Page et al’
PAR1 11 49 4 Identity 38 CEPH families Henke et a
PAR1 42 38 — Identity 2 sperm donors, 900 sperm Schmitt et al*?
PAR1 9 55.3 — Kosambi 4 sperm donors, 1912 sperm Lien et aP?
PAR1 6 11.7 0.8 Kosambi 40 CEPH and 146 deCODE families Kong et al (Rutgers)>°
PAR1 1400 38° 3.8° None 269 unrelated individuals HapMap>*
PAR2 3 1.6 0 Identity 48 families Kong et al (Rutgers)3°
PAR2 12 2 0 Identity 40 CEPH families Freije et al
PAR2 4 2 0 Identity 40 CEPH families Li et al?®
PAR2 19 0.7 — Kosambi 4 sperm donors, 1912 sperm Lien et aP?
PAR2 19 0.3 — Identity 2 sperm donors, 900 sperm Schmitt et al?
PAR2 140 0.7¢ 0 None 269 unrelated individuals HapMap et a**

Abbreviations: CEPH, Centre d’Etude du Polymorphisme Humaine; PAR, pseudoautosomal region.
In sperm typing studies, female map distance cannot be determined. In Page et al’ one crossover in female was reported among 238 informative

meioses but it could not be confirmed.
@Sex as a marker is not included here but used for map estimation.
PAssuming a male/female ratio of genetic length of PART of 10.

€Our own analysis based on data from the Kong et al study.>° HapMap did not use a mapping function, the method is described online in the

supplementary information.3

9Both studies used the STS/STS pseudogene and marker DXYS154 that are relatively close to the proximal boundary of PAR2.

€Two times the sex-averaged genetic length.
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into account typing errors, contamination rates, and the
occurrence of multiple sperm per sample is generally
used.’”32 Two sperm typing studies in PARs have been
reported®?33 and are depicted in Table 1. It has been shown
both in bovine and human PARs that recombination
exhibits a significant individual Valriability.“"38 Therefore,
ignoring individual variability of recombination rate
estimates including only very few men but many sperms
leads to an underestimation of standard errors. In addition,
genetic maps from sperm typing studies could be biased
since not all sperm represent viable gametes.

Unrelated individuals Haplotypes from unrelated indi-
viduals also bear information on the recombination rates.
They reflect linkage disequilibrium (LD) on the population
level since LD describes the presence of nonrandom
association between two ore more alleles at distinct loci.
The LD is reduced if recombination occurs during trans-
mission into the next generation. Since other evolutionary
forces influence the LD, recombination rate estimations
from haplotypes require some assumptions about the
history like population size, population structure, muta-
tion, and selection. Recent statistical methods, based on
the coalescence theory, have made it feasible to estimate
recombination rates using unrelated individuals.>**° They
enable a very fine resolution in densely typed regions by
taking into account historic recombination events. The
results have been compared with those from pedigrees and
displayed a strong concordance for the majority of the
regions with only some discrepancies at the end of
the chromosomes. The information from previous genera-
tions is very helpful to estimate recombination rates in
regions with low recombination such as PAR2. It has been
applied to HapMap SNP genotypes for the human genome
at the kilobase scale (phase 2, 2005). Two disadvantages are
that (1) a coalescent model of a finite neutrally evolving
population with constant population size is assumed
which cannot be easily validated with empirical data
and (2) only sex-averaged recombination rates can be
estimated.

Results for the pseudoautosomal regions
Genetic features of the PARs are summarized in Table 2.
Both regions, although very small in size, display a higher
gene density than the X chromosome and the average of
seven genes per Mb on autosomes. The male recombina-
tion activity in PAR1 is much higher than in the
autosomes. The female recombination activity is within
the autosomal range for PAR1 and probably also for PAR2.
In 493 female meiosis, no recombinant has been observed
in PAR2 (based on 48 families from the Kong et al study>°
data not shown). The approximate 95% confidence
interval*® extends from 0.0000 to 0.0093 for the female
recombination rate corresponding to an estimated recom-
bination activity of 0-2.8 cM/Mb. The sequence of PAR2 is
completely known, however in PAR1 six gaps with an
estimated combined size of 370 kb could not be filled up to
HOW.11’43’44

Physical locations of loci within PAR1 from different
available SNP chips and genetic mapping projects are
shown in Figure 2. In some studies markers sets are sparse
and do not offer a good coverage of the telomeric region. In
Figure 2 one can notice some larger regions that are not
covered by SNPs, and these regions correspond to the
sequence gaps. Estimated genetic map lengths in men vary
in different studies between 12 and 55cM in PAR1 and
between 0.3 and 1.6cM in PAR2 (Table 1). The very small
value of PAR1 in the Rutgers map is because the most
telomeric marker is still approximately 900kb off the
telomere. The ratio of male to female total map length in
PAR1 is approximately 10, varying in single studies
between 2.8 and 14.6. The deCODE map is not included
because the PARs are not covered. The Marshfield map
harbors few markers in PAR1 and one in PAR2 but at the
time of map estimation the order of the markers was not
well determined and, therefore, the map was omitted.

Figure 3 illustrates three selected male genetic maps in
PAR1 in more detail: the Duffy map*® (sperm typing), the
HapMap®* map (unrelated individuals), and the map
created by Henke et al® (CEPH three-generation families).
The sex-averaged estimate from HapMap was converted to

Table 2 Features of the pseudoautosomal regions in comparison to the sex chromosomes and the autosomal range

Genetic Physical length ~ Known protein coding ~ Male recombination ~ Female recombination ~ Male/female quotient of
region (Mb) genes (Mb) activity (cM/Mb) activity (cM/Mb) genetic length
PAR1 2.7 10 4.33-20.48 0.30-1.55 2.8-14.6

PAR2 0.33 15 6.06 — —

X-specific 165 6 — 1.21 —

Y-specific 60 3 — — —
Autosomal range 46-245 3-23 0.80-2.40 1.40-2.80 0.57-0.85

Abbreviation: PAR, pseudoautosomal region.

Physical map lengths and known protein coding genes are taken from the Ensembl database,*’ genetic map lengths for autosomes from the Rutgers

map.3° For genetic lengths of PARs see Table 1.
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Figure 2 Physical location (build 35.1) for genetic markers in PART from different mapping projects. Affymetrix and lllumina are represented by the
Genome-Wide Human SNP Array 5.0 and Humhap550, respectively. Single nucleotide polymorphisms (SNPs) are shown as triangles with peak up and
short tandem repeats (STRs) as triangles with peak down, squares indicate markers within the genes CSF2RA and MIC2.
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Figure 3 Three different genetic maps for the men. The Duf‘/fg/
map,** the HapMap map,*® and the map created by Henke et al®;

HapMap estimated sex-averaged map distances, male distances were
obtained using a male/female map ratio of 10:1.

a male map by using a male/female map ratio of 10:1. All
maps are well in concordance for the first 750 kb whereas
for the last 750kb the HapMap estimate is much lower.
This could indicate a systematic map estimation bias, a

varying male/female map ratio, data errors, or random
differences.

Interference

In the first genetic studies no apparent double crossover
events in male meioses were observed and the question was
raised whether multiple crossover events can occur at all
within human PAR1.”? In larger studies however, male
double recombinants were found: 1 in 330 meiosis by
Rappold et al,*® 3 among 555 single sperms by Schmitt
et al,** and 21 among 1912 single sperms by Lien et al.*
The expected number under the assumption of no
interference was 12, 15, and 177, respectively. Under
Kosambi’s assumption about interference, nearly 96 double
recombinants would have been expected in Lien’s data,
significantly more than the observed number. We conclude
that the absence of interference (I=0) can be rejected.
Kosambi'’s assumption does not fit well in PAR1 and on the
other hand there is no complete interference (I=1) since
double recombinants have been observed. The estimated
interference, I=0.96 (calculated from Lien’s data) is very
close to 1 indicating that the identity (1% recombination
rate corresponds to 1cM) might be the most suitable
mapping function for PAR1.

775

European Journal of Human Genetics



Human pseudoautosomal regions
A Flaquer et al

776

Using one polymorphic marker in PAR2 and sex it has
been shown that crossover events in PAR2 are possible and
occur in about 2% of male meioses,? no recombinants have
been observed for PAR2 in women. In PAR2, male
recombination rate is higher than in female and higher
than the autosomal average but lower than in PAR1
(Table 1). This has been confirmed by other groups.3*°

Linkage disequilibrium

In PAR1, LD and the corresponding block structures have
not been analyzed in detail. Cox et al*” explored the LD in
PAR1 and the remainder of the X chromosome with only
seven SNPs in PAR1 and found a significant difference in
LD decay. May et al*® analyzed an interval of 43 kb around
the SHOX gene. Using 61 SNPs they found a rapid decline
of LD, markers displaying only very low pairwise LD, and
the largest block of high LD, D’ >0.8, being only about 3 kb
long.

In PAR2, LD has been studied with tree markers that
show high allelic association between each other but not
with sex-specific loci on X and Y.3® Given the male
recombination rate of about 2%, this result is surprising
since LD is reduced exponentially with the number of
generations.

The obligate crossover
In 1982, Burgoyne' proposed that in analogy to the
autosomes a mechanism exists that ensures at least one
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chiasma per bivalent in PAR1, and the small size of PAR1
should prevent the formation of more than one chiasma.
Later, this was referred to as ‘The theory of the
single obligatory crossover in PAR1’. Since double recom-
binants - although very few - have been observed in
different independent studies, therefore the term
‘single obligatory’ is not appropriate in general anymore.
For a chromosomal region, the existence of an obligate
crossover is postulated if the estimated recombination rate
is 50%, meaning that there is at least one crossover. Most
mapping studies are in support for this for PAR1 but not for
PAR2.

It is important to keep in mind that crossing over takes
place in the four chromatid bundles. If there is indepen-
dent segregation, each of the four resulting chromatides
has the probability 0.25 to be transmitted to an offspring.
Since we can assume that in the majority of cases exactly
one crossover occurs in PAR1, on average nearly 50% of the
sons inherit the Y PAR1 haplotype from their fathers as a
whole without recombinations.

Statistical gene localization methods

Pedigree patterns and the mode of inheritance for auto-
somal and X-linked Mendelian diseases can be estimated
by classical segregation analysis with a large sample of
families. However, the segregation pattern of loci in the
PARs depends on their location relative to the pseudoau-
tosomal boundary (PAB). Two extreme situations for an
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Figure 4 Pseudoautosomal segregation for a dominant disease depending on the localization of the disease gene I: near the pseudoautosomal
boundary of PAR1, and II: at the telomere of PAR1. Dotted line indicates a disease allele.
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Table 3 Available SNP chips and the number of loci
contained in PART and PAR2

Company  Chips PART  PAR2

Affymetrix Genome-wide human SNP array 6.0 391 32
Genome-wide human SNP array 5.0 155 0
Mapping 500K array set 262 0
Human mapping 100K set 19 0
Mapping 10K 2.0 array 5 0

lllumina Human1M 258 42
Humanhap550 10 4
Humanhap300-duo 2 0
Humanhap240S 9 4
Linkage V (6k) 18 5

Abbreviations: PAR, pseudoautosomal region; SNP, single nucleotide
polymorphism.

affected father are depicted in Figure 4. In situation I, the
gene is close to the PAB and no recombination occurs
between the gene and the sex-specific region. In II, the
gene is at the telomere of PAR1 and recombines indepen-
dently with a locus at the PAB. The dotted line indicates a
disease mutation that could be at (1) Y-PAR1 or (2) X-PARI.
In situation I, all sons are affected if the disease mutation is
on the Y-PAR1 and all daughters if the mutation is on the
X-PART1. Situation II results in pedigree patterns as for any
autosomal-dominant disease. Dominant diseases caused by
other PAR1 loci behave in-between these two extreme
situations and loci in PAR2 behave rather as in situation I.
Tests for pseudoautosomal segregation require large data
sets particularly in case of the existence of phenocopies
and reduced penetrance.

Two strategies exist to determine the approximate
chromosomal location for susceptibility genes, namely
linkage analysis and genetic association analysis. Linkage
analysis relies on the cosegregation of stretches of DNA
in families broken by recombination events. It is performed
by looking for cosegregation of loci with an unknown
disease locus that has influenced the pattern of
affected and nonaffected relatives. Association studies
do not need families and aim to detect association
between a marker allele and an unknown disease suscepti-
bility allele and are often based on the comparison of
unrelated cases and controls.*”*® These statistical ap-
proaches have been implemented in several computer
programs and can be used for analysis of autosomal and X-
linked markers.>!

Linkage analyses can be performed by using panels of
microsatellites marker with different densities of 2 (2000
markers), 4 (1000 markers), or 8 cM (500 markers), usually
pseudoautosomal markers are not included.>> Nowadays,
genome-wide linkage and association analysis are carried
out with SNPs. Table 3 shows the number of loci in PARs
available on SNP chips, Affymetrix 10k and [llumina V are
designed for linkage analyses.

Human pseudoautosomal regions
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Linkage analysis

Linkage methods are divided into so-called parametric
methods for which a genetic model is assumed and
nonparametric methods without assumption of a genetic
model. Parametric linkage methods have been very
successful for monogenic diseases and complex diseases
with major genes but they require the specification of a
mode of inheritance. However, for complex genetic
diseases presumably caused by multiple genetic and
environmental factors, the genetic model is unknown
and nonparametric methods are desirable. They focus on
the number of alleles shared between pairs of affected
relatives. When affected relatives share more alleles
identity by descent than expected by chance, this may
indicate the presence of a susceptibility gene. The so-called
multipoint linkage analysis uses all available markers on a
chromosome and needs to assume a genetic map. Genetic
distances are converted into recombination probabilities to
estimate haplotypes, to find whether a disease locus
cosegregates in a family.

Ott>® proposed to perform parametric linkage analysis
for loci within PAR1 as in autosomes using sex-specific
maps, and for sex-specific and pseudoautosomal loci
together different penetrances have to be formulated
according to sex and region. It can be performed with
every linkage program able to handle sex-specific genetic
maps. Strauch et al®*>° suggested a recording scheme in an
autosomal setting that uses codominant loci and a diallelic
trait. It can be used for X-specific loci only or combined
X-specific and PAR1 loci, but it requires software that
offers modeling for imprinting. Both methods consider
loci in PAR1, but they could also be applied to loci in
PAR2.

Dupuis and Van Eerdewegh®® developed a nonpara-
metric linkage method for loci on the PARs. It uses the
concept of the expected number of alleles shared identity
by decent (IBD) between affected sib pairs dependent on
the sex of the sib pair. For autosomal loci, not linked to a
disease, a sib pair will share O, 1, or 2 alleles IBD with a
probability of 1/4, 1/2, and 1/4, respectively. For loci on the
PARs, a sib pair will always share O or 1 allele IBD from the
maternal side with a probability of 1/2. However, the
probability of sharing O or 1 alleles IBD from the paternal
side depends on the male recombination fraction between
the locus and the X-specific region and on the sex of the sib
pair. For example, if a locus is located close to or right at the
PAB, a pair with same sex shares at least one allele with
probability 1. The probability that a mixed pair shares two
alleles IBD is 0. This method does not use sex-specific maps
and it is not implemented in any of the existing programs
for linkage analysis. It has been shown that not taking into
account the expected increase/decrease in sharing in the
PAR may result in loss of power or increase in type I error
rates, depending on whether there is an excess of
sex-concordant pairs or excess of sex-discordant pairs.>®
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It is known that using sex-averaged maps in regions of
sex differences leads to a reduction of power and an
increase of false-positive results, even more intensively
when the map density is relatively low (<1 marker per
5cM) or the number of informative meiosis is different
between sexes, as it is in the PARs.>”~%° Within the PAR1
these results are particularly important since the male to
female map ratio may even be higher than 10.

In the majority of the genome-wide studies, the PARs are
excluded from the analysis. This may be due to the lack of
reliable genetic maps in PARs, or because the analytical
packages cannot deal with PARs and sex-specific loci
together, or do not support sex-specific maps. Among the
most widely used linkage programs, MERLIN®® and ALLE-
GRO®! are able to use sex-specific genetic maps, and very
recently this feature has been also implemented in the
GENEHUNTER-MODSCORE®? program. For more informa-
tion we refer to the list of genetic analysis programs.>*

Genetic association analysis

In genetic association studies, statistical tests are carried
out to detect a nonrandom association between genetic
polymorphisms and the trait of interest. Besides confound-
ing and bias from several sources (eg population structure
and cryptic relatedness and data errors), statistically
significant genetic association can only be found if the
tested polymorphism has a variant that is causally related
to the disease process or if it is in strong LD with a causal
variant. The latter implicates a very close location in the
genome. Since LD on the population level only operates
over short distances, a dense set of markers within the
region of interest has to be used. As a simple rule at least
one tagSNP every 5kb was recommended to capture most
of the common variation in a European sample.>* This
would result in 540 common (MAF > 5%) SNPs in PAR1 and
60 SNPs in PAR2. However, in PAR1 this might not be
enough since the LD in PAR1 might be lower than in
autosomal regions of the same physical size. Thus, 540
SNPs would constitute a low estimate. Very recently, a
genome-wide significant association of one SNP in PAR1
near the CSF2RA (colony-stimulating factor receptor 2-o)
with schizophrenia was found in a 500kb SNP screen.®?
However, the analysis of the LD structure in the target
region within PAR1 was limited by the poor coverage of the
Affymetrix 500k SNP chip. Haplotype analysis with more
densely spaced SNPs in human PARs will further clarify this
question.

It has not been analyzed so far whether it would be an
advantage to use special analytical methods for pseudoau-
tosomal markers in association analysis. Evidently, false-
positive results could arise if a causal variant is strongly
associated with male sex, and the sex distribution is
different among cases and controls.
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Conclusions

The human PARs have drawn considerable interest from
researchers in cytogenetics, cytology, evolutionary biology,
and developmental genetics. However, they have been
widely ignored in linkage and genetic association studies.
Maybe this is the reason why among the 29 genes known
to date only 1, the SHOX gene, has been clearly correlated
with disease. Recent advances in large-scale LD analysis
and SNP chip technology have forwarded genome-wide
association studies for complex diseases. However, there is
still a paucity of SNPs in the PARs. In addition, the PARs
have been largely neglected in genetic mapping studies
directed toward map construction. The differences be-
tween male and female genetic maps, which are highly
variable in genomic regions, chromosomal position, and
population under study, are a challenge to genetic map
construction in diploid organisms in which sex is deter-
mined by a pair of different sex chromosomes. For genome-
wide studies, it is absolutely necessary to include a
sufficient number of pseudoautosomal markers since such
expensive studies should not fail to screen pseudoautoso-
mal linkage or association. Tailored statistical methods and
their integration in software tools will facilitate this
purpose.
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