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Abstract

Background: Genomic imprinting is one of the well-known epigenetic factors causing the association between
traits and genes, and has generally been examined by detecting parent-of-origin effects of alleles. A lot of methods
have been proposed to test for parent-of-origin effects on autosomes based on nuclear families and general
pedigrees. Although these parent-of-origin effects tests on autosomes have been available for more than 15 years,
there has been no statistical test developed to test for parent-of-origin effects on X chromosome, until the
parental-asymmetry test on X chromosome (XPAT) and its extensions were recently proposed. However, these

methods on X chromosome are only applicable to nuclear families and thus are not suitable for general pedigrees.

Results: In this article, we propose the pedigree parental-asymmetry test on X chromosome (XPPAT) statistic to test
for parent-of-origin effects in the presence of association, which can accommodate general pedigrees. When there

are missing genotypes in some pedigrees, we further develop the Monte Carlo pedigree parental-asymmetry test on
X chromosome (XMCPPAT) to test for parent-of-origin effects, by inferring the missing genotypes given the observed
genotypes based on a Monte Carlo estimation. An extensive simulation study has been carried out to investigate the

type | error rates and the powers of the proposed tests. Our simulation results show that the proposed methods
control the size well under the null hypothesis of no parent-of-origin effects. Moreover, XMCPPAT substantially
outperforms the existing tests and has a much higher power than XPPAT which only uses complete nuclear families
(with both parents) from pedigrees. We also apply the proposed methods to analyze rheumatoid arthritis data for

their practical use.

Conclusions: The proposed XPPAT and XMCPPAT test statistics are valid and powerful in detecting parent-of-origin
effects on X chromosome for qualitative traits based on general pedigrees and thus are recommended.

Keywords: Parent-of-origin effects, Imprinting effects, Parental-asymmetry test, X chromosome, Qualitative trait,

Pedigree

Background

Genomic imprinting is one of the well-known epige-
netic factors causing the association between traits and
genes, where the expression level of a gene depends
on its parental origin. Imprints are laid down in the
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parental germ cells, which affect embryonic growth in
the womb and behavior after birth [1]. Aberrant imprint-
ing on autosomes disturbs development and consequently
results in various disease syndromes, such as Beckwith-
Wiedemann, Prader-Willi and Angelman syndromes
[1-4]. On the other hand, the imprinted genes on X chro-
mosome may play a substantial role in Turner’s syndrome
and autism [5, 6].

Therefore, taking information on imprinting effects
into account when conducting association analysis could
improve the test power [7]. On the other hand, genomic
imprinting has been generally examined through testing
for parent-of-origin effects of alleles [8]. A lot of methods
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have been proposed to test for parent-of-origin effects on
autosomes. For a diallelic single nucleotide polymorphism
(SNP) locus and qualitative traits, the parental-asymmetry
test (PAT) was proposed to test for parent-of-origin effects
based on nuclear families with both parents and one
affected child [9]. Then its extensions (1-PAT and C-PAT)
could handle the situation with missing parental geno-
types and more than one affected child [10]. For quan-
titative traits, He et al. [11] developed several PAT-type
parent-of-origin effects tests for such a task. However,
these methods are only applicable to nuclear family data.
As such, Zhou et al. [12] developed the pedigree parental-
asymmetry test (PPAT) for qualitative traits, which can
use all available information from extended pedigrees,
leading to power improvement. He et al. [13] extended
PPAT to accommodate quantitative traits. On the other
hand, although these parent-of-origin effects tests on
autosomes have been available for more than 15 years,
there has been no statistical test developed to test for
parent-of-origin effects on X chromosome, until recently
Zhou et al. [14] proposed the parental-asymmetry test on
X chromosome (XPAT) and its extensions, which can be
used to detect parent-of-origin effects on X chromosome
for qualitative traits. For quantitative traits on X chromo-
some, Yu et al. [15] developed the Q-XPAT method to test
for parent-of-origin effects. However, these methods on
X chromosome are only suitable for nuclear families and
thus do not accommodate general pedigrees.

In this article, inspired by the need to utilize all avail-
able family trios in a general pedigree like PPAT and to
consider X chromosome as well, we propose the pedi-
gree parental-asymmetry test on X chromosome (XPPAT)
statistic to test for parent-of-origin effects in the pres-
ence of association for qualitative traits. When there are
missing genotypes in some pedigrees, we further develop
the Monte Carlo pedigree parental-asymmetry test on X
chromosome (XMCPPAT) by inferring the missing geno-
types given the observed genotypes based on a Monte
Carlo estimation [12, 16], to test for parent-of-origin
effects. We have carried out an extensive simulation study
to investigate the type I error rates and the powers of the
proposed tests. Simulation results show that the proposed
methods control the size well under the null hypothesis
of no parent-of-origin effects. Moreover, XMCPPAT sub-
stantially outperforms the existing tests and has a much
higher power than XPPAT which only uses complete
nuclear families (with both parents) from pedigrees. We
also apply the proposed methods to analyze rheumatoid
arthritis data for their practical use.

Methods
Notations
For a candidate diallelic SNP locus on X chromosome,
suppose that there are two alleles, the deleterious allele
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D and the normal allele d, with frequencies p and 1 — p,
respectively, where we assume that the frequencies of
the same allele in males and females are equal. Next,
the females are typed into four possible genotypes D/D,
D/d, d/D and d/d, where the left allele of the slash is
paternal and the right one is maternal. Let p be the
inbreeding coefficient in females. Then, the frequencies
of genotypes D/D, D/d, d/D and d/d in females are
Pr(D/D) = p* + ppgq, Pr(D/d) = Pr(d/D) = pq(1 — p),
and Pr(d/d) = q* + ppq, respectively. When p = 0,
the Hardy-Weinberg equilibrium (HWE) holds in females.
Also, let fi1, fio, fo1 and fyo be the four penetrances cor-
responding to genotypes D/D, D/d, d/D and d/d, respec-
tively. Suppose that I = (fio — fo1)/2, which is used
to measure the degree of parent-of-origin effects. I =
0 indicates no parent-of-origin effects. Note that males
have only one X chromosome. So, they are not infor-
mative when we calculate the test statistics for testing
parent-of-origin effects. Therefore, we define an infor-
mative family, which has at least one affected heterozy-
gous daughter together with her parents. Further, in this
article, we assume that there is no maternally-mediated
effect.

A general pedigree consists of multiple two-generation
nuclear families. For each nuclear family, we divide it into
multiple parents-child trios, each with a child and his/her
parents. However, only the trios with an affected het-
erozygous daughter and her parents are informative for
parent-of-origin effects. For convenience, in each infor-
mative trio, let F, M and C denote the count of allele
D in the father, the mother and the affected daughter,
respectively. Note that there are only four genetically pos-
sible types of informative family trios FMC: 101, 111, 011
and 021.

XPPAT for general pedigree data

Suppose that we collect N independent pedigrees, and
there are »; family trios in pedigree i,i = 1,..., N. For trio j
in pedigree i, let

Rij = IF,'/ZM,‘}',CijZI - IFij<Mi,Cij=11

i=1,...,N;j = 1,...,n; where I{comparison statement} iS 1
when the “comparison statement” is true and 0 otherwise;
Fjj, M;j and Cj; are the counts of allele D of the father, the
mother and the affected daughter in trio j of pedigree i,
respectively. Note that Ip>M;,C=1 indicates the copies of
allele D in father are more than or equal to those in mother
and their daughter is heterozygous, which means that the
allele D in the daughter is paternal (F;M;;C; = 101 or
111), and vice versa for Irj<mj,ci=1 (FiM;;Cyj = 011 or
021). Therefore, S; = Z}V’;l R;; will provide the informa-
tion on parent-of-origin effects. Under the null hypothesis
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of no parent-of-origin effects, from Zhou et al. [14], we
have E(S;) = 0and E (1), i) = 0. So,

N N N
Var (Z Si> = Z\/ar (i) = Z E (S7)
i=1 i=1 i=1
N
=E (Z S?)
i=1

N nj

D

i=1 \j=

2

Ry
1

, 2
Therefore, YN | (Zﬁl Rij) is an unbiased estimate of

the variance of "N | ;.

Then we construct the following XPPAT test statistic for
general pedigrees to test for parent-of-origin effects on X
chromosome:

N N
ZS,‘ Z Rij

XPPAT = =L = =21 (1)
N

N [ nj 2
i;l Si2 J ; (; Rij)

When the number of pedigrees is large enough, XPPAT
follows a standard normal distribution approximately.

XMCPPAT when the genotypes of some individuals are
missing

When there are missing genotypes for some individuals
in some pedigrees, XPPAT only uses the informative fam-
ily trios without missing genotypes from each pedigree,
and simply ignores other family trios with missing data,
which may cause the loss in power. Thus, to improve the
test power, we extend XPPAT to XMCPPAT which can
handle this situation. Specifically, a Monte Carlo (MC)
sampling procedure is used to infer the missing genotypes
G, given the observed genotypes G, in each pedigree. Let
S be the contribution of a pedigree to the statistic XPPAT
in Eq. (1), and Syc denotes the conditional expectation
of S given the observed genotypes G,. Here, for simplic-
ity, the subscripts are suppressed without causing ambi-

guity. So,
Smc = E[S|G,] = E[S(G, Go, A)|Go ], (2)

where S(G,,;, Gy, A) depends on the missing genotypes
(Gyy), the observed genotypes (G,) and the collection of
the observed phenotypes of all the individuals in the pedi-
gree (A). Note that to calculate Spic, it is computationally
intensive and time consuming due to the huge amounts
over all possible missing genotypes G,, given G,. So, we
follow Zhou et al. [12] and Ding et al. [16] by taking the
following MC simulation scheme to estimate Spc. Firstly,
we generate K independent samples G, k = 1,...,K
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from Pr(G,,|G,) by using the SLINK software based on
the peeling algorithm of Weeks et al. [17]. Then, take the
arithmetic mean of all the S(G,x, G,,A)’s as the estimate
of Syrc,

K

1
Sme ~ 2 k; S(Gut> Goy A).

To this end, we calculate the statistic XPPAT in Eq. (1)
by replacing each S by Sjyic and obtain the following
XMCPPAT test

N
2 Suci
XMCPPAT = =_——

X 2
> Sha

Under the null hypothesis of no parent-of-origin effects,
we have E(Sa;c) = 0 [see Appendix A of Additional file 1].
Note that Pr(G,,|G,) may be different from Pr(G,,|G,, A).
So, we treat A as random and the minimal ascertainment
criterion used is that only pedigrees with at least one
affected daughter can be included, just like Zhou et al. [12]
and Ding et al. [16].

Simulation settings

To evaluate the performance of the proposed XPPAT and
its extension XMCPPAT, we conduct a simulation study
to compare them with the existing XPAT. We consider
three different pedigree structures respectively including
two, three and four generations as shown in Fig. 1. Note
that the squares and the circles indicate male founders
and female founders in the first generations, respectively.
Meanwhile, all the nonfounders as well as their hetero-
sexual mates are represented by rhombuses, which means
that the gender of each nonfounder could be male or
female. The sexual proportion is fixed at 1 : 1 in our
simulation study. When a person has “/” on his or her pat-
tern, his or her genotype is set to be missing. For example,
the genotypes of the first, third and fourth members of
the three-generation pedigree in Fig. 1b are missing. The
number N of pedigrees is taken as 150 and 300 with the
ratio of the three structures being 1 : 1 : 1.

The frequency p of allele D is fixed to be 0.1 and
0.3. The inbreeding coefficient p in females is taken
as -0.05, 0 and 0.05. We choose five parent-of-origin
effect models: (fi1,f10,f01,/00) = (0.30,0.21,0.21,0.12)
with fip = for being assigned for simulating the
type I error rates of the proposed tests, while S1:
(i fiofor,.foo) = (0.30,0.30,0.12,0.12) (complete
maternal parent-of-origin effect), S2: (11,f10,/01,/00) =
(0.30,0.12,0.30,0.12) (complete paternal parent-of-origin
effect), S3: (fin,fiofoL.foo) = (0.30,0.26,0.16,0.12)
(incomplete maternal parent-of-origin effect) and
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Fig. 1 Three pedigree structures used for the simulation study. The (a), (b) and (c) parts represent two-, three- and four-generation pedigrees,
respectively. The squares are males, and the circles are females. The rhombus could be any gender. “/” denotes that the genotype of the individual

S4: (fu,flo,f()l,foo) = (0.30,0.16,0.26,0.12) (incom-
plete paternal parent-of-origin effect) for the power
investigation.

We use the nominal significance levels « = 5% and
1% for the type I error rate assessment and set « = 5%
for the power investigation. The simulated type I error
rates and powers are based on 10,000 replications. For
each replication, 50 Monte Carlo samples of missing geno-
types are generated by using the SLINK software [17].
We consider the following seven test statistics (four ver-
sions of XMCPPAT, two versions of XPPAT and one
version of XPAT). Note that the allele frequencies are
needed in the MC sampling procedure. So, we consider
the following four versions of XMCPPAT: XMCPPAT,,
XMCPPAT;, XMCPPAT,, and XMCPPAT,,, which are
based on the true allele frequencies, those estimated from
female founders, male founders and both female and male
founders, respectively. Further, XPPAT,; denotes the test
for complete data without any missing data (assuming
that the genotypes of individual 1 in two-generation fam-
ilies, individuals 1, 3 and 4 in three-generation pedigrees,
and individuals 1 and 5 in four-generation pedigrees are
available), which can be considered as the gold stan-
dard. XPPAT deals with pedigrees after removing missing
data without using the MC procedure. That is, XPPAT
only uses individuals 4, 6, 9, 10, 11 and 12 in four-
generation pedigrees. As for XPAT, we use the youngest
two-generation nuclear families in four-generation pedi-
grees having individuals 9, 10, 11 and 12.

Results

Type | error rates and powers

Table 1 shows the estimated type I error rates of the pro-
posed methods against different « (0.05 and 0.01), N (150

and 300), p (0.1 and 0.3) and p (-0.05, 0 and 0.05) values
under the null hypothesis of no parent-of-origin effects.
It can be seen from the table that XPPAT ¢, XMCPPAT;
and XMCPPAT¢, control the type I error rate well. Most
of the size results of XMCPPAT¢ are quite good, except
for some appearing little conservative. On the other hand,
some of the type I error rates of XMCPPAT,, based on
the estimated allele frequencies from male founders are
inflated. So, we only conduct power comparison based on
the true allele frequencies and those estimated from both
female and male founders later. The size results of XPPAT
and XPAT are also generally close to the nominal level
5% when N = 300. However, other empirical type I error
rates of XPPAT and XPAT are smaller than the respective
nominal significance levels, especially for « = 1%. This
may be because the number of the informative families
for XPPAT and XPAT is small. In addition, it appears that
there is little impact of p on the validity of the proposed
tests.

Figures 2 and 3 plot the estimated powers of the pro-
posed methods and the existing XPAT test under different
parent-of-origin effect models when the inbreeding coef-
ficient p is 0, with N = 150 and 300, respectively. The
corresponding power results for p = —0.05 and 0.05 are
given in Figs. A-D in Additional file 1. Note that the first
four tests in all the figures are the proposed tests, while
the last one is the existing test. From Figs. 2 and 3, the
powers of XMCPPAT; and XMCPPATY;,, are very close
to each other, which are merely a little less than the gold
standard XPPATf,;. This indicates that XMCPPAT, and
XMCPPAT;, can recapture much of missing information.
Further, XMCPPAT; and XMCPPAT,;, are much more
powerful than the proposed XPPAT test and the existing
XPAT test. Since the missing data are omitted, XPPAT,
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Table 1 Empirical size (%) of XPPATgy, XMCPPAT,, XMCPPAT¢, XMCPPAT,, XMCPPAT¢,,, XPPAT and XPAT under the null hypothesis

a N p o XPPAT XMCPPAT, XMCPPAT; XMCPPAT XMCPPAT, XPPAT XPAT

0.05 150 0.1 -0.05 473 464 428 5.0 480 430 439
150 0.1 0 476 493 449 535 488 474 464
150 0.1 005 509 487 452 5.50 512 453 468
150 03 -0.05 467 466 4.10 6.27 5.00 444 452
150 03 0 493 496 453 665 526 5.00 455
150 03 005 491 499 438 6.12 519 457 417
300 0.1 -0.05 476 4.89 470 562 508 5.00 469
300 0.1 0 523 5.00 489 572 5.1 477 450
300 0.1 005 512 4.90 462 555 505 448 478
300 03 -0.05 493 533 476 7.05 545 516 516
300 03 0 498 512 441 6.44 529 538 527
300 03 005 493 507 495 671 563 543 499

001 150 0.1 -0.05 088 069 064 092 073 040 0.18
150 0.1 0 101 0.86 075 099 088 031 0.19
150 0.1 005 097 0.82 077 1.04 083 043 0.26
150 03 -0.05 0.84 092 078 131 097 063 037
150 03 0 099 084 074 145 099 090 081
150 03 005 104 092 073 147 097 0.72 078
300 0.1 -0.05 0.84 093 0.87 097 094 076 062
300 0.1 0 098 1.00 097 121 1.02 075 0.8
300 0.1 005 092 0.99 0.86 121 107 073 066
300 03 -0.05 1.03 1.05 0.89 175 1.10 083 068
300 03 0 096 1.02 085 151 1.08 093 083
300 03 005 1.06 096 0.88 1.55 113 0.80 083

which only uses individuals 4, 6, 9, 10, 11 and 12 in four-
generation pedigrees, suffers from substantial power loss
under all the situations. However, XPPAT still has better
power than XPAT, which only uses individuals 9, 10, 11
and 12 in four-generation pedigrees. The powers of all the
tests under the complete parent-of-origin effect models
(S1 and S2) are much higher than those under the incom-
plete models (S3 and S4). When the frequency p of allele
D increases from 0.1 to 0.3 and p is fixed, the powers of
the proposed tests are higher as the bars in the second row
of both figures are taller than those in the first row. This
is mainly because the number of affected heterozygous
daughters will be larger as the frequency p increasing,
which means that the number of the collected informa-
tive trios under p = 0.3 is bigger than that under p = 0.1.
By comparing Fig. 2 with Fig. 3, we find that the powers
with N = 300 are much larger than those with N = 150.
Finally, by comparing Fig. 2 with Figs. A and C, we also
find that the inbreeding coefficient p has little effect on
the parent-of-origin effects testing when N = 150, similar
to N = 300 by comparing Fig. 3 with Figs. B and D [see
Additional file 1].

Application to rheumatoid arthritis data

We apply the proposed methods to a rheumatoid arthri-
tis (RA) data set, which is made available from North
American Rheumatoid Arthritis Consortium of Genetic
Analysis Workshop 15 [18]. There are 293 SNP markers
on X chromosome and 757 pedigrees with 8017 individu-
als, including 3797 males and 4220 females in this data set.
Earlier researchers have found that some SNPs on X chro-
mosome are possibly associated with the risk of develop-
ing RA [19]. Therefore, we wonder if the associated alleles
on these SNPs have parent-of-origin effects.

Before using this data set, we have the following qual-
ity control (QC) rules. All the included pedigrees at least
have one affected daughter. If the genotypes of all the
individuals in a pedigree are unavailable, then we delete
this pedigree. The pedigrees with stepfamilies are also
excluded. Further, it should be noted that too many indi-
viduals’ genotypes are missing in this data set and thus,
for too large pedigrees, it may take much time to calcu-
late the value of XMCPPAT by the Monte Carlo sampling
and estimation scheme. Therefore, we exclude the pedi-
grees with the number of members being bigger than 27.
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Fig. 2 Power comparison of T1: XPPAT,y, T2: XMCPPAT,, T3: XMCPPAT,,, T4: XPPAT and T5: XPAT. The powers are calculated under four different
parent-of»origin effect models of S1: (ﬁ 1 f]o, fo] , foo) = (0.30, 0.30,0.12,0.1 2), S2: (ﬁ 1 f}o, fm , foo) = (0.30, 0.12,0.30,0.1 2), S3:
(f11,fi0,fo1,foo) = (0.30,0.26,0.16,0.12) and S4: (f11, f10, fo1, foo) = (0.30,0.16,0.26,0.12) with N = 150 and p = 0 based on 10,000 replicates at the
significance level of 5%. The first four tests are the proposed tests, while the last one is the existing test. The first row (a), (b), (c) and (d) with p = 0.1,
while the second row (e), (f), (g) and (h) with p = 0.3

However, after filtering the original data set by the above
QC rules, there are still lots of missing genotypes in the
pedigrees. Note that the pedigrees with the genotypes of
more than 50% individuals missing will give large vari-
ability to the analysis. So, we delete these pedigrees. After
that, we ultimately obtain 246 pedigrees with 1109 indi-
viduals, including 407 males and 702 females for analysis.
On the other hand, due to the large proportion of miss-
ingness, to obtain the stable allele frequency estimates,
we use all the female and male founders in the original
data set to estimate the allele frequency. We conduct the
XMCPDT approach [16] to test for association between
genes and RA as a preliminary step because XMCPPAT
is valid only when this association is present. Then, we
use XMCPPAT to detect parent-of-origin effects at these
associated loci on X chromosome. The MC size is set
to be 50. The significance levels for the association test
XMCPDT and the parent-of-origin effects test XMCPPAT
are taken as 5%.

Table 2 summarizes the p-values of XMCPDT and
XMCPPAT at 13 SNPs with p-values of XMCPDT being
less than the 5% level. It is noticed that two SNPs have
p-values of XMCPPAT smaller than 5%. However, after

taking into account multiple testing based on Bonferroni
correction for XMCPDT (¢’ = 0.05/293 = 0.00017),
none of the p-values of XMCPDT is smaller than 0.00017,
and thus there is no statistically significant SNP on X chro-
mosome for the association test XMCPDT. Note that the
parent-of-origin effects test XMCPPAT is valid only in the
presence of association. So, XMCPPAT could not find any
statistically significant SNP.

Discussion

In this article, we propose the novel and powerful meth-
ods, XPPAT and XMCPPAT, for testing parent-of-origin
effects on X chromosome in general pedigrees for qual-
itative traits. Our proposed methods not only can take
advantage of nuclear family data, but also can use gen-
eral pedigree data. Simulation study is conducted under
various simulation settings, including two sample sizes,
two groups of allele frequencies, three different values of
inbreeding coefficient, and five different parent-of-origin
effect models. The simulation results show that the type
I error rates of the proposed tests are controlled well.
Moreover, the powers of the proposed tests are much
higher than the existing XPAT. With the MC procedure,
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Fig. 3 Power comparison of T1: XPPATy,, T2: XMCPPAT;, T3: XMCPPAT,, T4: XPPAT and T5: XPAT. The powers are calculated under four different
parentfoﬂorigin effect models of S1: (f1 1, f}o, fm ) foo) = (0.30,0.30,0.12,0.12), S2: (f] 1, f}o, fm , foo) = (0.30,0.12,0.30,0.1 2), S3:

(fi1, fio, fo1, foo) = (0.30,0.26,0.16,0.12) and S4: (f11, fi0, fo1, foo) = (0.30,0.16,0.26,0.12) with N = 300 and p = 0 based on 10,000 replicates at the
significance level of 5%. The first four tests are the proposed tests, while the last one is the existing test. The first row (a), (b), (c) and (d) with p = 0.1,
while the second row (e), (f), (g) and (h) withp = 0.3

Table 2 Application of XMCPDT and XMCPPAT to rheumatoid
arthritis data with p-values of XMCPDT < 5%

p-value
SNP name XMCPDT XMCPPAT
152238907 0.004 0.649
151476468 0.036 0.592
1s916685 0.003 0.862
11479239 0.011 0.853
rs988431 0.013 0.893
rs1264064 0.001 0.408
rs1043034 0.007 0439
rs763183 0.014 0419
rs2005463 0.007 0.626
154462068 0.049 0.264
rs209213 0.035 0.019
rs17407 0.049 0.907
rs644345 0.030 0.027

XMCPPAT also performs well when there are missing
genotypes. Further, in the simulation study, we find that
the proposed XPPAT and XMCPPAT do not depend on
the assumption of HWE in females as the inbreeding coef-
ficient almost has no effect on XPPAT and XMCPPAT.
Note that, for XMCPPAT, which is suitable for missing
data, we have raised four different ways to evaluate the
allele frequencies: true allele frequencies, those estimated
from female founders and male founders, and those esti-
mated from both female and male founders, respectively.
It appears that using the estimated allele frequencies from
both female and male founders, XMCPPAT,, has nearly
the same performance as XPPATy,; based on complete
data without any missing genotypes and XMCPPAT; on
the basis of the true allele frequencies. This indicates
that XMCPPAT; and XMCPPATj,, can recapture much
of missing information. As such, XMCPPAT will be prac-
ticable for real data application. However, the traits we
consider in this article are restricted to be qualitative. So,
our future work may be conducted for quantitative traits.

On the other hand, our current manuscript only focuses
on the parent-of-origin effects test based on SNP data.
However, it should be noted that RNA sequencing (RNA-
seq) data convey more epigenetic information than SNP
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data and RNA-seq data will be more commonly available
with constantly decreasing cost. Thus, the most direct way
to identify imprinted genes is to directly use RNA-seq data
and score the differential allelic expression depending on
the parent-of-origin [20]. So, we will extend our proposed
methods for parent-of-origin effects on X chromosome to
accommodate RNA-seq data in future.

Besides imprinting effects, X chromosome inactivation
(XCI) is another important biological mechanism on X
chromosome [21]. It happens during early embryonic
development in females whose paternal or maternal X
chromosome is silenced to achieve dosage compensation
between two sexes [22]. XCI is generally a random process
where both of the paternal and maternal X chromosomes
have equal chance to be inactived [23]. In this regard,
XClI is easily confounded with imprinting effects. Recent
studies have revealed that skewed XCI is a biological
plausibility, which has been defined as a significant devia-
tion from random XCI [24-26]. A few simulation studies
demonstrate that the proposed methods are still valid for
testing parent-of-origin effects under random XCI and
skewed XCI [see Appendix B of Additional file 1].

Finally, it should be emphasized that it is important to
make a distinction among the terms “imprinting effect’,
“maternal effect” and “parent-of-origin effect” [8, 27].
Parent-of-origin effect assumes that the expression level
of traits in D/d offspring is different from that in d/D
offspring, which is a broader concept than an imprinting
effect and can be caused by genomic imprinting or other
factors. Imprinting effect is the most important form of
parent-of-origin effects [27]. On the other hand, mater-
nal effect refers to genetic contribution of a mother’s
genotype to her offspring via the maternally provided
environment, which is another source of parent-of-origin
effects. A genome scan for quantitative trait loci affecting
growth- and weight-related traits in mice illustrates that
maternal effects can even mimic genomic imprinting to
cause parent-of-origin effects [8]. Therefore, the XMCP-
PAT method proposed in this article is employed as a test
for parent-of-origin effects instead of a test for imprinting
effects.

Conclusions

The proposed XPPAT and XMCPPAT test statistics are
valid and powerful in detecting parent-of-origin effects
on X chromosome for qualitative traits based on general
pedigrees and thus are recommended.

Additional file

Additional file 1: Appendices and Supplementary figures. Appendix A
Proof of E(Spc) = 0 under the null hypothesis of no parent-of-origin
effects; Appendix B Simulation study for the validity of XPPAT when
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testing parent-of-origin effects under X chromosome inactivation; Figs. A
and B Power comparison of XPPATg,;, XMCPPAT;, XMCPPAT,, XPPAT and
XPAT with N = 150 and 300, respectively. The powers are calculated under
four different parent-of-origin effect models with p = —0.05 based on
10,000 replicates at the significance level of 5%; Figs. C and D Power
comparison of XPPATy,;, XMCPPAT;, XMCPPAT,,, XPPAT and XPAT with

N = 150 and 300, respectively. The powers are calculated under four
different parent-of-origin effect models with p = 0.05 based on 10,000
replicates at the significance level of 5%. (PDF 72 kb)

Abbreviations

MC: Monte Carlo; PAT: The parental-asymmetry test; PPAT: The pedigree
parental-asymmetry test; QC: Quality control; RA: Rheumatoid arthritis;
RNA-seq: RNA sequencing; SNP: Single nucleotide polymorphism; XCl: X
chromosome inactivation; XMCPPAT: The Monte Carlo pedigree
parental-asymmetry test on X chromosome; XPAT: The parental-asymmetry
test on X chromosome; XPPAT: The pedigree parental-asymmetry test on X
chromosome

Acknowledgements

The authors thank the three reviewers for helpful comments that greatly
improve the presentation of the article. The Genetic Analysis Workshops were
supported by the National Institutes of Health grant [RO1 GM031575]. The RA
data were gathered with the support of grants from the National Institutes of
Health [NO1-AR-2-2263, R01-AR-44422], and the National Arthritis Foundation.

Funding

This work was supported by the National Natural Science Foundation of China
[81373098, 81773544, 815732071, Science and Technology Planning Project of
Guangdong Province, China [2013B021800038], and the Hong Kong Research
Grants Council GRF Grant [17301715]. All the funding supporters had no role
in the design of the study and collection, analysis, and interpretation of data
and in writing the manuscript.

Availability of data and materials

The dataset supporting the conclusions of this article is from North American
Rheumatoid Arthritis Consortium, which is made available from Genetic
Analysis Workshop 15 (http://www.gaworkshop.org/) by contacting Ms.
Vanessa Olmo.

Authors’ contributions

QLZ, XPY, JLL, WKF and JYZ all contributed to the study design, analytical
preparation and the writing of the manuscript. QLZ and XPY performed the
simulation studies. QLZ, JLL, WKF and JYZ analyzed the data and revised the
manuscript. All authors read and approved this version of the manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

1State Key Laboratory of Organ Failure Research, Ministry of Education, and
Guangdong Provincial Key Laboratory of Tropical Disease Research,
Department of Biostatistics, School of Public Health, Southern Medical
University, No. 1023, South Shatai Road, Baiyun District, Guangzhou 510515,
China. ?Department of Statistics and Actuarial Science, University of Hong
Kong, Pokfulam Road, Hong Kong, China.

Received: 7 December 2016 Accepted: 18 December 2017
Published online: 05 January 2018



http://dx.doi.org/10.1186/s12859-017-2001-5
http://www.gaworkshop.org/

Zou et al. BMIC Bioinformatics (2018) 19:8

References

1.

2.

20.

21.

22.

23.

24.

25.

Reik W, Walter J. Genomic imprinting: parental influence on the genome.
Nat Rev Genet. 2001;2:21-32.

Falls JG, Pulford DJ, Wylie AA, Jirtle RL. Genomic imprinting: implications
for human disease. Am J Pathol. 1999;154.635-47.

Ziegler A, Konig IR, Pahlke F. A Statistical Approach to Genetic
Epidemiology: Concepts and Applications, 1st ed. Weinheim: Wiley-VCH;
2006.

Chatkupt S, Lucek PR, Koenigsberger MR, Johnson WG. Parental sex
effect in spina bifida: a role for genomic imprinting? Am J Med Genet.
1992;44:508-12.

Skuse DH, James RS, Bishop DVM, Coppin B, Dalton P, Aamodt-Leeper G,
et al. Evidence from Turner's syndrome of an imprinted X-linked locus
affecting cognitive function. Nature. 1997;387:705-8.

Skuse DH. Imprinting, the X-chromosome, and the male brain: explaining
sex differences in the liability to autism. Pediatr Res. 2000;47:9.

Xia F, Zhou JY, Fung WK. A powerful approach for association analysis
incorporating imprinting effects. Bioinformatics. 2011;27:2571-7.

Hager R, Cheverud JM, Wolf JB. Maternal effects as the cause of
parent-of-origin effects that mimic genomic imprinting. Genetics.
2008;178:1755-62.

Weinberg CR. Methods for detection of parent-of-origin effects in genetic
studies of case-parents triads. Am J Hum Genet. 1999;65:229-35.

Zhou JY, Hu YQ, Lin S, Fung WK. Detection of parent-of-origin effects
based on complete and incomplete nuclear families with multiple
affected children. Hum Hered. 2009,67:1-12.

He F, Zhou JY, Hu YQ, SunF, YangJ, Lin S, et al. Detection of
parent-of-origin effects for quantitative traits in complete and incomplete
nuclear families with multiple children. Am J Epidemiol. 2011;174:226-33.
Zhou JY, Ding J, Fung WK, Lin S. Detection of parent-of-origin effects
using general pedigree data. Genet Epidemiol. 2010;34:151-8.

He HQ, Mao WG, Pan D, Zhou JY, Chen PY, Fung WK. Detection of
parent-of-origin effects for quantitative traits using general pedigree data.
J Genet. 2014;93:339-47.

Zhou JY, You XP, Yang R, Fung WK. Detection of imprinting effects for
qualitative traits on X chromosome based on nuclear families. Stat
Methods Med Res. 2016. doi:10.1177/0962280216680243.

Yu K, Zhou JY, Fung WK. Detection of imprinting effects for quantitative
traits on X chromosome using nuclear families with multiple daughters.
Ann Hum Genet. 2017;81:147-60.

Ding J, LinS, Liu'Y. Monte Carlo pedigree disequilibrium test for markers
on the X chromosome. Am J Hum Genet. 2006;79:567-73.

Ott J, Lathrop GM. SLINK: a general simulation program for linkage
analysis. Am J Hum Genet. 1990;47:A204.

Witte JS, Schnell AH, Cordell HJ, Spielman RS, Amos Cl, Miller MB, et al.
Introduction to genetic analysis workshop 15 summaries. Genet
Epidemiol. 2007;31 Suppl 1:51-56.

Eyre S, Bowes J, Diogo D, Lee A, Barton A, Martin P, et al. High-density
genetic mapping identifies new susceptibility loci for rheumatoid
arthritis. Nat Genet. 2012;44:1336-40.

Wang X, Clark AG. Using next-generation RNA sequencing to identify
imprinted genes. Heredity. 2014;113:156-66.

Lyon MF. Gene action in the X-chromosome of the mouse

(Mus musculus L). Nature. 1961;190:372-3.

Chow JC, Yen Z, Ziesche SM, Brown CJ. Silencing of the mammalian X
chromosome. Annu Rev Genomics Hum Genet. 2005;6:69-92.
Amos-Landgraf JM, Cottle A, Plenge RM, Friez M, Schwartz CE,
Longshore J, et al. X chromosome-inactivation patterns of 1,005
phenotypically unaffected females. Am J Hum Genet. 2006;79:493-9.
Minks J, Robinson WP, Brown CJ. A skewed view of X chromosome
inactivation. J Clin Invest. 2008;118:20-3.

Chabchoub G, Uz E, Maalej A, Mustafa CA, Rebai A, Mnif M, et al.
Analysis of skewed X-chromosome inactivation in females with
rheumatoid arthritis and autoimmune thyroid diseases. Arthritis Res Ther.
2009;11:R106.

26.

27.

Page 9 of 9

Renault NKE, Pritchett SM, Howell RE, Greer WL, Sapienza C,
@rstavik KH, et al. Human X-chromosome inactivation pattern
distributions fit a model of genetically influenced choice better than
models of completely random choice. Eur J Hum Genet. 2013;21:
1396-402.

Hu'Y, Rosa GJ, Gianola D. A GWAS assessment of the contribution of
genomic imprinting to the variation of body mass index in mice. BMC
Genomics. 2015;16:576.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

¢ Convenient online submission

® Thorough peer review

¢ Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1177/0962280216680243

	Abstract
	Background
	Results
	Conclusions
	Keywords

	Background
	Methods
	Notations
	XPPAT for general pedigree data
	XMCPPAT when the genotypes of some individuals are missing
	Simulation settings

	Results
	Type I error rates and powers
	Application to rheumatoid arthritis data

	Discussion
	Conclusions
	Additional file
	Additional file 1

	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors' contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher's Note
	Author details
	References

