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Abstract
Background: Genomic imprinting is a mechanism in which the expression of a gene copy depends
upon the sex of the parent from which it was inherited. This mechanism is now well recognized in
humans, and the deregulation of imprinted genes has been implicated in a number of diseases. In
this study, we performed a genome-wide joint linkage and imprinting scan using two data sets
provided by Genetic Analysis Workshop 15 (GAW15).

Results: The first data set was high-risk rheumatoid arthritis families collected by the North
American Rheumatoid Arthritis Consortium. We used both model-based and model-free methods
of joint linkage and imprinting analyses. Although a genome scan of rheumatoid arthritis families
using GENEHUNTER-MODSCORE suggested regions that might be imprinted, further analyses
using variance-components method failed to obtain significant signals of imprinting. The second data
set was Problem 1 of GAW15, which included single-nucleotide polymorphism genotypes and gene
expression data for Centre d'Etude du Polymorphisme Humain pedigrees. A previous genome-
wide linkage scan identified loci that may be regulators of gene expression: our genome-wide joint
linkage and imprinting scan using a variance-components approach found significant signals for
linkage.

Conclusion: Our linkage scan results suggest that imprinted genes are unlikely to be involved in
susceptibility to rheumatoid arthritis. However, for expression level of TGFBR3 gene, we found a
point-wise p-value of 0.03 for imprinting, but increase in the LOD score did not meet the required
threshold to reliably identify imprinting as the correct mode of inheritance in genome-wide linkage
scans.
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Background
Genomic imprinting is a phenomenon in which the
expression level of a gene is determined by the parental
origin of the chromosome on which it resides. In maternal
imprinting, genes that are on the paternally inherited
chromosome are expressed while their counterparts on
the maternally inherited chromosomes are silenced. Sev-
eral genes that affect development in mammals are
known to be imprinted, and imprinted genes have been
implicated in several human disorders. Currently, only 41
transcriptional units have been identified as imprinted in
humans [1]. However, because Luedi et al. [2] recently
predicted that about 600 genes are imprinted in mice, we
suspect that there are many undiscovered imprinted genes
in the human genome. Incorporating information on
imprinting may improve the power to detect linkage if the
locus of interest is in fact imprinted. In 2002, Shete and
Amos [3] presented a framework allowing parent-of-ori-
gin information in linkage analyses of quantitative traits.

In our analyses of North American Rheumatoid Arthritis
Consortium (NARAC) data, we used measurements of
anti-cyclic citrullinated peptide (CCP) antibody as quan-
titative trait values. Because these quantitative phenotypes
are part of the diagnosis of rheumatoid arthritis, the vari-
ation in these phenotypes should be due to the same
underlying variation in genetic factors as in rheumatoid
arthritis. In the analyses of gene expression data (Problem
1 of GAW15), we used single-nucleotide polymorphism
(SNP) data of 14 Centre d'Etude du Polymorphisme
Humain (CEPH) Utah pedigrees. The expression levels of
60 genes (Additional file 1) in lymphoblastoid cells were
used as quantitative traits. These 60 genes are among the
3554 that have shown greater variation between individu-
als than within the same individual [4]. Fifty-nine of these
genes were selected because they showed linkage signals
for trans-acting regulator loci in a linkage scan [5]. In addi-
tion to these 59 genes, asparagine-linked glycosylation 6
homolog (ALG6) was also included because a trans-acting
regulator of ALG6 was mapped to chromosome 19 in a
previous genome-wide linkage scan [6]. The distributions
of these expression levels were either approximately nor-
mal or were transformed using Box-Cox transformation,
which is a requirement of the maximum-likelihood
method that we used to estimate parameters. In our
genome-wide joint linkage and imprinting scan, likeli-
hood ratio tests were carried out using two models for
each trait, one with imprinting and one without. In the
case of ALG6, we compared results obtained using our
method with the previous linkage scan based on Hase-
man-Elston sib-pair based regression approach [6].

Methods
Parametric imprinting method for rheumatoid arthritis
We used previously developed parametric linkage and
imprinting methods [7,8]. Briefly, at the trait locus, let D
be the deleterious allele and N the normal allele. To
account for imprinting we specify four penetrance values:
P(y|DD), P(y|DN), P(y|ND), and P(y|NN). Here, without
loss of generality, we assume that the first allele is derived
from the father and the second allele is derived from the
mother. The difference in penetrance values P(y|DN) and
P(y|ND) indicates the presence of imprinting. In this
study, we considered a difference greater than 0.9 to be
suggestive of imprinting. We conducted multipoint MOD
score analysis with GENEHUNTER-MODSCORE [9].

Model-free imprinting method for quantitative traits for 
rheumatoid arthritis and expression data
For gene expression data of CEPH pedigrees, we con-
ducted a genome-wide linkage scan using model-free
methods as described previously [10]. For NARAC data,
only regions showing imprinting in parametric MOD
score linkage analyses were further evaluated. These
model-free methods are variance-components based
approaches that allow for genetic imprinting. We used
Simwalk [11] to obtain estimates of 15 detailed states of
identity-by-descent (IBD) sharing at each marker. We then
calculated parent-specific IBD sharing between pairs of
individuals in a family. The likelihood-ratio test was con-
ducted using a modified version of ACT, which allows
extra parameters to model imprinting.

Rheumatoid arthritis data
To identify imprinted genes that affect the risk for rheu-
matoid arthritis, we used data from 659 Caucasian and 29
Hispanic families provided by NARAC and the Canadian
group [12]. In the Caucasian families, there were a total of
1577 affected persons, of whom a total of 1476 individu-
als had genotypes available. In the Hispanic families, we
had a total of 67 persons affected, with genotypes availa-
ble for 63. We analyzed both qualitative data (affected or
unaffected) and quantitative data (the anti-CCP anti-
body).

Gene expression data
We analyzed SNP data of 14 CEPH Utah pedigrees. A total
of 2819 autosomal SNP markers were typed in 194 indi-
viduals by the SNP Consortium [13]. In our analyses, we
used gene expression levels in lymphoblastoid cells as
quantitative traits. We selected the expression levels of 59
genes that had linkage signals for trans-acting regulators
[5] and ALG6 because a trans-acting regulator of ALG6 was
mapped to chromosome 19 in a previous genome-wide
linkage scan (Additional file 1). Expression data and
marker genotype were available for all parents and an
average of eight offspring per sibship.
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Results and discussion
We used two models in genome scans, one allowing for
imprinting and one without. We obtained multipoint
LOD scores for 22 autosomal chromosomes under both
models. The highest multipoint LOD scores for each gene
were listed in Additional file 1. For testing linkage without
imprinting, the likelihood ratio test (2 × Loge(10) ×
LODReg) asymptotically follows a half-and-half mixture of
χ2 random variable with 1 and 0 degrees of freedom. A
LOD score of 3.0 is considered significant for genome-
wide linkage scan, which gives an asymptotic p-value of
0.0001. For joint testing of linkage and imprinting, the
likelihood ratio test (2 × Loge(10) × LODImp) asymptoti-
cally follows a mixture of χ2 distributions with 0, 1, and 2
degrees of freedom in the proportions of 1/4, 1/2, and 1/
4. Therefore, to achieve an asymptotic p-value of 0.0001,
a LODImp score of 3.4 is needed. Under the no imprinting
variance-components model, expression levels of three
genes had LOD scores greater than 3.0. These LOD scores
were 4.08 on chromosome 2, 4.15 on chromosome 2, and
3.26 on chromosome 20, for transforming growth factor
beta receptor III (TGFBR3), solute carrier family 25 mem-
ber 32 (SLC25A32), and early growth response 2 (EGR2),
respectively. Under the model that allows for imprinting,
we obtained LOD scores of 4.86 on chromosome 2, 4.29
on chromosome 2, and 3.79 on chromosome 20, for
TGFBR3, SLC25A32, and EGR2, respectively. No addi-
tional linkage signals were observed under the imprinting
model. It is important to note that the maximum LOD
scores either obtained by allowing for imprinting or
obtained without allowing for imprinting were at the
same or nearby markers. We used a statistic Δ = 2 ×
Loge(10) × (LODImp-LODReg) to obtain p-values for the
test of imprinting where LODImp and LODReg are LOD
scores using imprinting model and no imprinting model,
respectively. The Δ statistic is a likelihood ratio test that is
asymptotically a mixture of 0 and χ2, with one degree of
freedom in the proportions of 1/2 and 1/2 under the null
hypothesis. For TGFBR3, the difference between LODImp
and LODreg was 0.78 at marker rs117261, where maxi-
mum LOD score was observed under the imprinting
model. Based on Δ statistic, TGFBR3 showed p-value of
0.03 for imprinting. The estimated values of variance
components suggested maternal expression. Greenberg et
al. [14] proposed that a difference of greater than 1.5
between LOD scores is needed to reliably identify the cor-
rect mode of inheritance in genome-wide linkage scans.

We conducted simulation studies to evaluate power to
detect linkage of an imprinted locus using the 14 CEPH
families provided by GAW. We simulated a quantitative
trait that had 20% heritability and was tightly linked to a
marker locus (theta = 0) with eight equally frequent alleles
(to simulate the nearly complete information about segre-
gation provided by the dense SNP scan). The trait locus

had two alleles (allele frequency of A was 0.3) and was
maternally imprinted. The means of trait values were set
at 0.68 for genotypes AA (first allele being the paternally
inherited allele) and Aa, and -0.68 for aA and aa. We also
simulated a separate locus unlinked to the marker to rep-
resent the polygenic component of genetic variance. The
unlinked locus had two equally frequent alleles (B and b)
with means of 1.0 for genotype BB, 0.0 for genotypes Bb
and bB, and -1.0 for genotype bb. The total residual vari-
ance was 1.0. Under these conditions, we observed an
average LOD score of 3.38 from 100 replicates which sug-
gest that an imprinted disease locus with 20% heritability
can be detected using these families.

For ALG6, the highest LOD score of 2.18 was obtained at
rs1019937 on chromosome 19 when imprinting was not
allowed. This LOD score is suggestive for linkage but not
significant in a genome-wide scan. Our result is different
from previous reports by Morley et al. [6], who identified
strong evidence of linkage for a trans-acting regulator of
ALG6 on chromosome 19 (p-value < 10-9). Furthermore,
when we included imprinting in our linkage analyses, we
obtained a LOD score of 2.34 at the same marker location.
The difference in LOD scores, with imprinting and with-
out imprinting, is not significant for concluding that
imprinting is a mode of inheritance.

Linkage analyses of NARAC data was conducted in two
stages. We first performed multipoint MOD score analysis
over the entire genome with GENEHUNTER-MODSCORE
[9]. We then selected SNPs that showed a difference larger
than 0.9 in estimated values of P(y|DN) and P(y|ND) and
a corresponding MOD score that was larger than 1.0.
Then, we used a model-free variance components based
imprinting method using anti-CCP antibody as a quanti-
tative trait at these select loci. Our MOD score analyses did
not reveal any imprinted regions in Caucasian families.
However, two regions showed significant imprinting in
Hispanic families (chromosome 1, 114.48–120.20 Mb
region in Build 36 and chromosome 10, 75.34–80.60 Mb
region in Build 36). We obtained MOD scores of 2.32 on
chromosome 1 and 2.05 on chromosome 10. At both
locations, the estimated values for P(y|DN) and P(y|ND)
were 0.00 and 1.00, respectively. We performed variance
components-based model-free joint linkage and imprint-
ing analyses. Theses analyses did not show significance of
imprinting in these two regions (p-value > 0.5). Our
results suggested that imprinted genes are unlikely to be
involved in susceptibility to rheumatoid arthritis.

In our analyses of NARAC data, we observed differences
between Caucasian and Hispanic families that were pro-
nounced in the distributions of age of onset, anti-CCP
antibody, and other variables. These differences may be
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caused by the distinct genetic backgrounds of the two
groups.

We identified three regulatory loci of gene expression in
our genome scans. We found a point-wise p-value of 0.03
for imprinting for the TGFBR3 gene, which is of interest,
but the increase in the LOD score did not meet the thresh-
old of 1.5 to reliably identify imprinting as the correct
mode of inheritance in genome-wide linkage scans. How-
ever, our search is exploratory and far from exhaustive. We
only included genes that had shown evidence of linkage
in previous studies. With proper transformation, expres-
sion levels of other genes can be analyzed in a similar
fashion. Whether some other regulators of gene expres-
sion may be imprinted is still a question that deserves fur-
ther investigation. Our simulation study indicates that our
method has ample power to detect linkage under imprint-
ing using pedigrees similar in size to the CEPH families.

Our analyses of ALG6 expression data yielded results less
significant than those previously published, perhaps
because of differences in the raw data (SNP density) and
statistical methods that were used. Previous results were
obtained using a modified version of Haseman and Elston
method [15], which is less sensitive to the normality of
distribution of quantitative traits but excludes quantita-
tive phenotypes from parents and grandparents. We did
notice differences in mean levels across generations and
this was not accounted for in our analysis. It is possible
that a true linkage might be overlooked or reduced in sig-
nal, due to these mean shifts across generations. To inves-
tigate this possibility, we re-analyzed the CEPH pedigrees
for ALG6, excluding parents and grandparents. We
obtained much higher maximum LOD scores on chromo-
some 19 (3.61 without imprinting and 3.76 with imprint-
ing), which are significant for linkage, but difference
between the two were not suggestive for imprinting.

Conclusion
Our linkage scan results suggest that imprinted genes are
unlikely to be involved in susceptibility to rheumatoid
arthritis. However, for TGFBR3 gene, we found a point-
wise p-value of 0.03 for imprinting, but the increase in the
LOD score did not meet the required threshold to reliably
identify imprinting as the correct mode of inheritance in
genome-wide linkage scans.
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