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ORIGINAL ARTICLE

A powerful parent-of-origin effects test for qualitative
traits incorporating control children in nuclear families

Ji-Yuan Zhou!, Wei-Gao Mao!, Dan-Ling Li', Yue-Qing Hu?, Fan Xia®> and Wing Kam Fung®

Genomic imprinting is an important epigenetic phenomenon in studying complex traits and has generally been examined by
detecting parent-of-origin effects of alleles. The parental-asymmetry test (PAT) based on nuclear families with both parents and
its extensions to deal with missing parental genotypes is simple and powerful for such a task. However, these methods only use
case (affected) children in nuclear families and thus do not make full use of information on control (unaffected) children, if
available, in these families. In this article, we propose a novel parent-of-origin effects test C-PATu (the combined test of PATu
and 1-PATu) by using both the control and case children in nuclear families with one or both parents. C-PATu is essentially

a weighted framework, in which the test based on all the control children and their parents and that based on all the case
children and their parents are weighted according to the population disease prevalence. Simulation results demonstrate that the
proposed tests control the size well under no parent-of-origin effects and using additional information from control children
improves the power of the tests under the imprinting alternative. Application of C-PATu to a Framingham Heart Study data set

further shows the feasibility in practical application of the test.
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INTRODUCTION

Genomic imprinting is an important epigenetic factor in studying
complex traits, where the expression level of a gene depends on
whether it is paternally or maternally inherited. An imprinted gene
database was constructed,! and 72 imprinted genes in human have
been reported up to date (http://igc.otago.ac.nz). For some complex
diseases, such as Beckwith—-Wiedemann, Prader—Willi and Angelman
syndromes, diabetes and schizophrenia, imprinting effects have been
demonstrated or hypothesized to have an important role.>"'° Further,
incorporating information on imprinting effects into association
analysis could improve the test power.!! On the other hand,
genomic imprinting has been largely examined in analyses of
complex traits through testing for parent-of-origin effects of alleles.!?
For a diallelic marker locus (ML), the parental-asymmetry test (PAT)
based on nuclear families with both parents!'® and its extensions to deal
with missing parental genotypes!# is simple and powerful for such a
task, in the absence of maternally mediated genetic effects. However,
these methods only use case (affected) children in nuclear families and
thus do not make full use of information on control (unaffected)
children, if available, in these families.

Recently, there has been a considerable interest in the incorporation
of information on control children in nuclear families into association
study and detection of parent-of-origin effects. A hybrid design was
proposed to augment a set of affected individuals and their parents
with a set of unaffected, unrelated individuals and their parents,
which can provide more power than either the case—parent approach
or the case—mother/control-mother approach for detecting the
association.!>!® On the other hand, a multinomial modelling
approach was proposed to investigate effects of parent-of-origin,
maternal genotype and maternal-fetal genotype interactions using
either case/mother duos or case/parent trios, which could incorporate
additional types of control sample (such as unrelated controls,
controls and their mothers or both parents of controls) into
analysis.!”” However, it is only suitable for families with a single
child, irrespective of affected or unaffected. Yang and Lin'® developed
a likelihood approach for detecting imprinting and maternal effects
(LIME) using nuclear families with multiple affected and unaffected
children from a prospective study, while they found that the above-
mentioned model-free methods'>!# are more powerful than LIME
when there is no maternal effect.
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In this article, for nuclear families with both parents available, we
firstly propose a novel PAT( by only using control children and their
parents in the presence of association between an allele at the ML
under study and a disease gene. For families with only one parent
available, we develop a 1 —PAT)| test to test for parent-of-origin effects
based on all the control-parent pairs in the sample. For a mixture of
families with both parents and families with only one parent, C-PAT),
(the combined test of PAT, and 1 —PAT)) is suggested. Then, by using
both affected and unaffected children in the sample, C-PATu is
proposed. C-PATu is essentially a weighted framework, in which the
test based on all the control children and their parents and the test
based on all the case children and their parents are weighted
according to the population disease prevalence. Simulation results
demonstrate that the proposed tests control the size well under the
null hypothesis of no parent-of-origin effects and are robust to
population stratification. We compare C-PATu with the existing
method that omits unaffected children in its analysis under four
family samples, four types of parent-of-origin effects models, various
missing father rates and incomplete family rates. The results
demonstrate that using additional information from the control
children in nuclear families improves the power of the tests.
Application of the proposed C-PATu test to a Framingham Heart
Study data set further shows the feasibility in practical application of
the test.

MATERIALS AND METHODS

Background and notations

Suppose that a ML of interest has two alleles M; and M,. For convenience, let
0, 1 and 2, respectively, represent the marker genotypes M,M,, MM, and
MM, which are the number of copies of allele M in each genotype. For a
child—parents trio, let E M and C denote the genotypes of the father, mother
and child, respectively, and then F, M and C take possible values of 0, 1 or 2.
Consider a disease susceptibility locus (DSL) with mutant allele D and normal
allele d. The four ordered genotypes at the DSL are D/D, D/d, d/D and d/d, and
the corresponding genotype frequencies are P(D/D), P(D/d), P(d/D) and
P(d/d), respectively. Without loss of generality, we assume that the left allele of
the slash is paternal and the right one is maternal. Let ¢p/p, @p/g» @gp and
@4 be the penetrance of genotypes D/D, D/d, d/D and d/d, respectively. Thus, the
degree of imprinting I= (¢ps—@4p)/2 is used to measure parent-of-origin
effects. I =0 suggests no parent-of-origin effects. There are two extreme cases,
one is complete paternal parent-of-origin effect (¢p/g= @44 and ¢ p= @pp)
and the other is complete maternal parent-of-origin effect (@p/s= ¢p;p and
®4p= P4rq)- Let A be the disease indicator for a child. That is, we assume that
‘A=0" and ‘A =1’ denote the events that the child is unaffected and affected,
respectively. Then, the population disease prevalence is ¢= ¢p,pP(D/D)+
@pyaP(DId) + @gpP(d/D) + @g1aP(dld).

Note that there are four haplotypes M;D, Md, M,D and M,d at the ML and
DSL. Let 0 be the recombination fraction between the ML and DSL. To test for
parent-of-origin effects, we assume that the ML and DSL are in linkage
disequilibrium. Just like the literature,'®!* mating symmetry is assumed
throughout this article, that is, P(F=f, M=m)=P(F=m, M=f) for all f,
m=0, 1, 2. We further assume that there are no maternally mediated genetic
effects.

Methods only using unaffected children and their parents

Firstly, we consider the situation where all the families are control-parents trio
with known marker genotypes of an unaffected (control) child and his/her
parents. For control—parents trios, all the genetically possible 15 types of family
and the conditional probabilities (given that the child is a control) t;,t,...,t;5 are
listed in Table 1, whereas the corresponding conditional probabilities for case—
parents trios are termed s,5,,...,515, respectively. It is shown in Supplementary
Information that t3=ty, tg=1fy and t;3=t, under the null hypothesis
of no parent-of-origin effects. So, for 7, independent control-parents
trios, E[E,@ Ir <M= =1k > Mg =1)]=mu[(ta—13) + (to — t5) + (t1a — 113)],

Table 1 Classification of all 15 family types for nuclear families each
with a single unaffected child, together with the notation for the
corresponding conditional probabilities of each trio, given that the
child is a control

Conditional Conditional Conditional
FMC probability FMC probability FMC probability
212 t 111 ts 010 t1
122 t 110 ty 222 tio
211 t3 101 tg 201 t3
121 ta 011 ty 021 tia
112 ts 100 tio 000 tis5

Abbreviation: FMC, the genotypes of father, mother and child, respectively.

which is zero under the null. Here, F;, M; and C; are the genotypes of the father,
mother and unaffected child in the ith family, respectively, i=1,...,n,;
I{comparison statement) 18 1 if the comparison statement holds and is 0 otherwise.
Further, we could obtain that Z?’;l Ir, 4 M, c;=1 is an unbiased estimate of vari-
ance of Y | (I, < M.c;=1 — I, > M;,c,—1) under the null hypothesis (see Supple-
mentary Information). Therefore, we propose PAT to detect parent-of-origin
effects for control-parents trios as PATo = Y " | (I, < myc;=1 — Ir > Mici=1)/
V2o Ik M., =1, which asymptotically follows a standard normal distribu-
tion under the null.

Now, we extend the PAT; to accommodate more general families with
multiple unaffected children (proof omitted for brevity). Consider n indepen-
dent nuclear families, each with known marker genotypes for the father, mother
and children, and the known affection statuses of the children (affected or
unaffected). Suppose that F; and M; are the genotypes for the father and mother
in the ith family, respectively, i=1,2,...,n. Let ngy; and n;; be the numbers of
control and case children in the ith family, respectively. Cy; denotes the genotype
of the jth control child in the ith family, i=1,2,...,n, j=1,2,...,np;, and Cy;;
represents the genotype of the jth case child in the ith family, i=1,2,...,n,
j=1,2,...,m;. For each nuclear family, let every unaffected child be matched
with both parents and the resulting trio is naturally termed as a control-parents
trio; let every affected child be matched with both parents and the resulting
trio is termed as a case—parents trio. Based on all the control-parents trios
in the sample, PATy = Xo,/+/Yq; is proposed to detect parent-of-origin effects,
where

n o ny

Xop = ZZ(IF,<M,,C“,J:I —1IF; > M Coy=1), (1)

i=1j=1

n Moi
Yo, = Z (Z Ip 2 M co=1+2 Z TF; £ M Coj = 1,Coie = 1) , (2)

i=1 \j=1 j<k

2 i<kl #M Coy=1Cu—1 denotes the total number of paired unaffected
children who are heterozygous in family i in which the parents have different
marker genotypes. The first subscript 0 in Xy, and Yy, denotes the case of
only using unaffected children (A=0), and the second subscript 2 represents
the case based on families with both parents available (complete nuclear
families).

Note that the incorporation of incomplete nuclear families (families in
which not both parents are available) could improve the statistical power
of a test. However, families with no parental genotypes are not informative for
imprinting.!%!'* The incomplete nuclear families hereafter simply refer to
those with only one parent. Suppose that we have n); incomplete nuclear
families in which the fathers are missing (mothers are available) and np
incomplete nuclear families in which the mothers are missing (fathers are
available). So, we have a total of n;=mny;+ np incomplete nuclear families.
For each incomplete nuclear family, let every child be paired with the available
parent and the resulting pair is termed as a child-parent pair. If there
are np; unaffected children in the ith incomplete family, 1<i<n then
we have nocm = Y™, no; control-mother pairs and nocp= /L, | 1oi
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control-father pairs. If there are n; affected children in the ith incomplete
family, 1<i<n;, then we have nicy= Zfﬁl ny; case—mother pairs
and njcp= Z;”:nm 41 Mm; casefather pairs. Based on all the control-
parent pairs in the sample, we propose the statistic 1 — PAT, = Xo1/v/Yo1,
where

Hy - Moi

Xo1 :WOZZ(

i=1j=1

I > Cog o =1 — Ivgy < g Cog = 1)

Moi

g E (Ir, < copCoz=1 = IF > CoynCoy=1),

i=ny+1j=1

Hoi
s {zzwo,,cm,] 23 (e e

i=1[j=1 i<k

17W0

= Ing; < ooy = 1) X (It > oG =1 = Ity < GG =1 )}

i
+(1—w)’? Z |:20:Il- # CojsCoj = 1

i=my+1 [j=1

+2 E (Ir, < ooy =1 = IF > CopuCoy = 1)
j<k

X (IF, < ConsCo =1 — IF; > Co,Con =1 ):l

ny

Mo Z TR VD DR
i=ny+1

+

nocmtoce (Mocnm + Moce )

v Moi

DD

i=1j=1

<

i= n\4+l]71

It > CojuCoj =1 = IM; < CojCoy=1)

Moi

(Ir, < copCos =1 = IF > CoCoy=1)>
and wy = ngcp/ (mocm + noce)- The first subscript 0 in Xy and Yy, denotes the
case of all the involved children being unaffected (A=0) and the second
subscript 1 represents the case based on families with only one parent available.
It is shown in Supplementary Information that 1 —PATj is valid in detecting
parent-of-origin effects.

When we collect n complete nuclear families, 15 incomplete nuclear families
with missing father and np incomplete nuclear families with missing mother,
the combined test statistic C-PAT,, of PAT, and 1 —PAT), is proposed to test for
parent-of-origin effects as C-PAT, = (Xoz + Xo1)/v/Yo2 + Yo1, where Xg, and
Yy, are defined in Equations (1) and (2), and Xy, and Yy, are defined in
Equations (3) and (4), respectively.

Methods using both unaffected and affected children and their parents
Note that the methods PAT, 1 —PAT and C-PAT proposed by Zhou et al.!* are
suitable for all the case—parents trios and/or case—parent pairs in the sample. To
make full use of available information on unaffected and affected children in
the sample, we combine these methods with PAT,, 1 —PAT, and C-PAT|, in the
following, respectively. Further, it is shown in Supplementary Information
that [(s3 —sy) + (s3 —59) + (513 —=s14)]:[(ts —13) + (g —t5) + (t1a —t13)] = (1 —0):c.
So, we assign the weights 1 —c and ¢ to the contribution from affected and
unaffected children, and propose the following three combined statistics PATu,
1 —PATu and C-PATu to test for parent-of-origin effects by incorporating
unaffected children

PATu: (1 —C)Xlz +CX02

n_ noi M

\/(1C)2Y12 + Vo —2c(1=¢) 30 37 3 In#MCy=1Cu=1

i=lj=1k=1

l—PATu: (17C)X11+CX01

(1 —C)ZY“ + Y —2¢(1—¢)T

where the detailed expressions of Xj,, Y5, X;; and Y}, for case children and
their parents refer to Supplementary Information, and the first subscript 1
denotes the case of only using affected children (A=1) and the second
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subscript 2 (1) represents the case based on families with both parents (only
one parent) available. Further,

1 Ny Moi - M

NoceM1CE IM,%LCOU:LCm:l
i=1j=1k=1

T=
(mocm + noce) (Miem + Micr)
n Moi M
+ tocMMicm E Ik 21.00=1,00=1
i:m,,+1j:1 k=1
Mo;
MicE -
— >< ”0;”11 X (Ir, < Coy.Coj =1 = IF; > CoyuCoy=1)
i=1 i=ny+1j=1
Ny M
X E E (In; < Ciyi=1 = IM; > ¢35 =1)
i=1j=1
nyM_ - Hoi

3 33

i=mny+1 i=1j=1

_ nlCM

Ing, > CognCos =1 — IM; < CojCoy=1)

nicr
nr mij
<Y ks cpcy=1— Ik <cyay=1) |
i=ny+1j=1

(1 —¢)(Xi2 +X11) + c(Xo2 +Xor1)
(1 =)’ (Yia + Yn1) + (Yoo + Yor)

Mo M

n
=2c(1=c) (32 30 > Ingmcy=1.00=1+T)

i=1j=1k=1

C-PATu=

PATu, 1 —PATu and C-PATu have the approximate standard normal distribu-
tions under the null (see Supplementary Information). Note that these three
statistics use the following three types of nuclear families (irrespective of both
parents or only one parent available): (1) nuclear families in which all the
children are affected; (2) nuclear families in which all the children are
unaffected and (3) nuclear families in which some children are affected and
some are unaffected. As such, PATu, 1 —PATu and C-PATu take account of
dependencies among all the children in each family, irrespective of unaffected
or affected.

It should be noted that the population disease prevalence ¢ is included in
C-PATu and then is generally presumed to be known prior to analysis. If it is
unknown, then it is estimated by the ratio of the number of affected children
to the total number of children in the sample.!® This estimate may be biased
because of some reasons, such as the ascertainment scheme that a family to be
included should have at least one affected child. However, this will not affect
the validity of the proposed methods but the test power (see Results).

RESULTS
Settings
In this section, simulations are conducted to check the validity of
PATu, 1 —PATu and C-PATu, and to make the power comparison of
PATu with PAT, 1 —PATu with 1 —PAT and C-PATu with C-PAT.
Consider the population stratification demographic model, which
comprises two different homogeneous subpopulations in the popula-
tion under study. A family came from the first (second) population
with probability 0.7 (0.3) and the frequencies of haplotypes M;D,
Md, M,D and M,d in the first (second) population are taken to be
0.2, 0.15, 0.05 and 0.6 (0.4, 0.1, 0.1 and 0.4), respectively. The
recombination fraction between the ML and DSL is fixed at 0 = 0.001.
To study the size of all the proposed methods, we consider
simulations under a model without parent-of-origin effects
(¢pp="0.6, ¢pja= @4p=0.4 and ¢4,;=0.2). Four parent-of-origin
effects models are utilized in the power comparison of PATu with
PAT: complete paternal parent-of-origin effect (PEM1: @p,p=
@yp=0.6 and @pj=@44=0.2), incomplete paternal parent-of-
origin effect (PEM2: ¢p;p=10.6, ¢pjg=0.25, ¢4p=0.55 and ¢@y4=
0.2; PEM3: (pD/DZO.G, (pD/d:0.3, (pd/D:0.5 and (pd,d:O.Z;
PEM4: ¢p/p=0.6, ¢ps=0.35, ¢4p=0.45 and ¢@4,=0.2), which
corresponds to the degree of imprinting I taking values from —0.20
to —0.05 in increments of 0.05. However, for simplicity, we only



consider the models PEM1 and PEM2 in the simulations for
1 —PATu/1 —PAT and C-PATu/C-PAT.

We use four types of family samples: FS1: 200 families, each with
three offspring, of which at least one is affected, and 100 control-
parents trios; FS2: 200 families, each with three offspring, of which at
least one is affected; FS3: 100 families, each with three offspring, of
which at least one is affected, and 100 control—parents trios; and FS4:
100 families, each with three offspring, of which at least one is
affected. For each subpopulation, parental haplotypes at the ML and a
DSL are generated according to those four haplotype frequencies.
Then, the haplotypes of the offspring are generated from
their parental haplotypes with the recombination fraction 6. We
assign the affection statuses of the offspring based on their genotypes
at the DSL and four penetrances ¢@pp, @p/s» @4p and @44 For
families with three offsprings, if these families have at least one
affected child, then the families are sampled. Otherwise, they are
ignored. On the other hand, note that the sum of two heterozygous
penetrances is fixed at 0.8. As such, on average, the resulting sample of
200 families with three offspring consists of 121 families with only
one affected child, 64 with two affected and 15 with three affected for
each parent-of-origin effects model. Similarly, there are approximately
61 families with only one affected child, 32 with two affected
and 7 with three affected in the sample of 100 families with three
offspring.

For extensive assessment of the proposed tests (PATu, 1 —PATu and
C-PATu) and for comparison with PAT, 1 —PAT and C-PAT, we
consider the following statistics. Two PATu (1 —PATu or C-PATu)
statistics are based on family sample FS1 for the population (true)
disease prevalence ¢ and the estimated ¢ value, which are denoted as
PATultr (1 —PATuly or C-PATuly) and PATulg (1 —PATulg or
C-PATulg), respectively. Similarly, we obtain the corresponding
notations for PATu, 1 —PATu and C-PATu based on FS2, FS3 and
FS4 for the true and estimated ¢ values (omitted here for brevity).
Note that PAT, 1 —PAT and C-PAT only utilize the case children in the
samples. So, we consider families with at least one affected child and
denote PAT, 1 —PAT and C-PAT based on 200 families each with three
children, of which at least one is affected (FS2) as PAT2, 1 —PAT2 and
C-PAT2, and those based on 100 families, each with three children, of
which at least one is affected (FS4) as PAT4, 1 —PAT4 and C-PAT4,
respectively.

When there are missing data on parental genotypes, the incomplete
family rate 7 is used to determine whether a family is incomplete
(only one parent is available) or complete (both parental genotypes
are available). The incomplete family rate ranges from 0 to 1 in
increments of 0.1. Further, we use the missing father rate (among the
incomplete families) f to determine whether the father or mother is
missing in an incomplete family. In the simulations for 1 —PATu/
1 —PAT, /3 takes values from 0.2 to 0.8 in increments of 0.1, whereas
the simulations for C-PATu/C-PAT are all performed with =0.5 for
brevity. We evaluate the actual size and power based on 10000
replicates and at significance level o = 5%. Other additional simula-
tions with less genotype relative risks are conducted and the results
are shown in Supplementary Table 1.

Size and power of PATu and PAT

Figure 1 displays the size and power of PATu (based on the population
disease prevalence and the estimated prevalence) for family samples
FS1-FS4 and PAT for FS2 and FS4 against the degree of imprinting I.
It is shown in the figure that the actual size of PATu stays at the
nominal 5% level (I=0), regardless of the population/estimated
disease prevalence or the types of family samples, signifying the
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validity of PATu. Further, the PATu by picking up the information on
control children in the sample is indeed more powerful than PAT
excluding all the control children (I0). It should also be noted that
the power of PATu for FS1 and FS3 consisting of 100 additional
control-parents trios on the basis of the population prevalence ¢ and
that on the basis of the estimated ¢ value are almost the same (PATuly
vs PATulg in Figure la and PATu3p vs PATu3g in Figure 1b). However,
for FS2 and FS4, the PATu based on the estimated ¢ value has less
power than that based on the population prevalence, because of the
bias of the estimate of ¢ caused by the ascertainment scheme that the
families with at least one affected child are included in the sample
(PATu2r vs PATu2g in Figure la and PATu4 vs PATu4g in Figure 1b).
By comparing the power of PATu for FS1 (FS3) with that for FS2
(FS4), we find that incorporating additional control-parents trios can
improve the test power (PATuly vs PATu2 or PATulg vs PATu2g in
Figure la and PATu3p vs PATu4ror PATu3g vs PATu4g in Figure 1b).
Finally, the figure shows that the power of PATu and PAT increases
when |I| increases and the power under FS1 (FS2) with larger sample
size is larger than that under FS3 (FS4) with smaller sample size
(Figure la vs b).

Size and power of 1 —PATu and 1 —PAT

Table 2 gives the actual size of 1 —PATu for family samples FS1-FS4
based on the population disease prevalence and the estimated ¢ value
against missing father rates. It can be seen that the test is slightly
conservative, irrespective of the population/estimated prevalences,
missing father rates or family sample types.

Figure 2 plots the power of 1 —PATu against different missing
father rates f§ under family samples FS1-FS4, when I takes values of
—0.20 and —0.15. The effect of f on the power of 1 —PATu cannot be
ignored and the maximum power occurs when f=0.5. From the
figure, we also find that the power of 1 —PATu by incorporating all
the additional control-parent pairs into analysis is larger than 1 —PAT
only using case—parent pairs, and the 1 —PATu based on the estimated
¢ value is less powerful than that based on the population prevalence
under the ascertainment scheme with at least one affected child in
each family. These findings are consistent with our observation from
Figure 1. Again, as shown in Figure 2, there is a greater power for
detecting parent-of-origin effects when |I| becomes larger (Figure 2a
vs b or c vs d).

Size and power of C-PATu and C-PAT

Table 3 shows the size of C-PATu for family samples FS1-FS4 and
different incomplete family rates 7, having f = 0.5. The empirical size
all maintains close to the nominal 5% level, which signifies the
validity of C-PATu. Figure 3 shows the power of C-PATu against
different incomplete family rates under family samples FS1 and FS2
(the results for FS3 and FS4 omitted for brevity), when I takes values
of —0.20 and —0.15 and f is fixed at 0.5. It is shown in Figure 3 that
C-PATu by using both the unaffected and affected children in the
sample is more powerful than C-PAT only using affected children. The
figure also shows that the power of C-PATu increases when ||
increases (Figure 3a vs b). The power of C-PATu generally decreases
with 7 increasing. However, it should be noted from the figure that
C-PATu is somewhat less powerful when 7=90% than when
7=100%. This could be because the heterogeneous information on
the mixture of both complete and incomplete families (7 =0.9) may
cause a higher variability than the homogeneous information on only
incomplete families (t=1).
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a 1.0 " " " b 1.0 . . .
—6— PATUl ; —©— PATu3;
—%— PATuUl ¢ —*— PATU3
osl —&— PATU2; | osl —&— PATU4 ;
—&6— PATU2 ¢ —— PATu4 ¢
—A— PAT2 —&— PAT4
0.6} 0.6
& o
0.4Ff 0.4f
02f 02f
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-020 -0.15 -0.10 -0.05 0 -020 -0.15 -0.10 -0.05 0

I /

Figure 1 Power comparison of PATu and PAT against degree of imprinting / based on 10000 replicates. (a) PATulrand PATulg are based on family sample
FS1 (200 families with at least one affected child and 100 control-parents trios) for the true disease prevalence c and the estimated c value, respectively;
PATu2 for FS2 (200 families with at least one affected child) and true c value; PATu2, for FS2 and estimated c value; PAT2 for FS2. (b) PATu37 for FS3
(100 families with at least one affected child and 100 control-parents trios) and true c value; PATu3g for FS3 and estimated c value; PATu4 for FS4 (100
families with at least one affected child) and true c value; PATu4 g for FS4 and estimated c value; PAT4 for FS4.

Table 2 Empirical size (in %) of 1 —PATu/1 —PAT against different missing father rates f

FSI FS2 FS3 FS4
p 1—PATR 1—PATWP 1—-PATIP 1—PATWP 1—-PAT 1—-PATA 1—PATWP 1—PATR 1—PATWP 1—-PAT
0.2 4.52 4.57 4.31 4.45 4.48 3.99 4.21 3.65 3.70 3.72
0.3 4.74 4.57 4.55 4.43 4.42 4.63 4.57 4.30 4.44 4.21
0.4 4.68 4.68 4.60 4.51 4.66 4.68 4.57 4.38 4.31 4.13
0.5 4.50 4.35 4.51 4.41 4.70 4.82 4.81 4.73 4.71 4.12
0.6 4.66 4.29 4.53 4.59 4.55 4.69 4.60 461 4.62 4.16
0.7 4.51 4.37 4.44 4.53 4.72 4.20 4.14 4.21 4.61 4.12
0.8 4.13 4.07 4.02 4.43 4.37 3.81 3.92 3.71 4.58 4.09

Abbreviations: FS, family sample; FS1, 200 families, each with three offspring, of which at least one is affected, and 100 control—parents trios; FS2, 200 families, each with three offspring, of

which at least one is affected; FS3, 100 families, each with three offspring, of which at least one is affected, and 100 control-parents trios; FS4, 100 families, each with three offspring, of

which at least one is affected; PAT, parental-asymmetry test.
aBased on the population disease prevalence c.
bBased on the estimated c value.

Application to Framingham Heart Study data

We applied C-PATu to the Framingham Heart Study data, which were
made available through the database of Genotypes and Phenotypes
supplied by the Genetic Analysis Workshop 16 (http://www.ncbi.
nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000128.v3.p3).
This data set consists of 1538 pedigrees and 15876 individuals (6210
founders and 9666 nonfounders). However, there are only about 6849
individuals genotyped at 48071 single-nucleotide polymorphism (SNP)
markers over the 22 autosomes.

High blood pressure in an adult is defined as a blood pressure
>140mmHg systolic blood pressure or >90mmHg diastolic
blood pressure (DBP). In the Framingham Heart Study, the systolic
blood pressure and DBP of the original cohort (the first generation)
and their offspring (the second generation) were measured in four
exams and once in the third generation. Based on the highest
measurements among all the available ones for each individual, there
were 1733 individuals having high blood pressure among 6845
individuals with at least one systolic blood pressure/DBP measure-
ment in the data set. Further, Egan et al.?® reported the 28.5% rate of
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hypertension in the US adult population, which is taken as the
population prevalence for systolic blood pressure and DBP in this real
data application.

We only focus on the analysis for DBP in the following for brevity.
Specifically, we use C-PATu to detect parent-of-origin effects in the
presence of association between marker genes and DBP. So, we first
use the pedigree disequilibrium test?! to identify SNPs that are
associated with DBP and then carry out parent-of-origin effects tests
only at those identified SNPs. On the other hand, C-PATu can only
tackle two-generation nuclear families and then we need to cut each
three-generation pedigree into multiple two-generation nuclear
families. We randomly select one nuclear family from each three-
generation pedigree to be included in the analysis, except for the
following constrained conditions: (1) families with both parental
genotypes missing were omitted from our analysis, because they are
not informative for imprinting and (2) families with at least one
affected child are preferentially chosen. This selection process led to
604 nuclear families (comprising 171 families with at least one
affected child and 433 families in which all the children are
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Figure 2 Power comparison of 1 —PATu and 1 —PAT against missing father rate  based on 10000 replicates. Top two subplots (a) /= —0.20 and (b)
/= —0.15: 1 —PATulrand 1 —PATulg are based on family sample FS1 (200 families with at least one affected child and 100 control-parents trios) for the
true disease prevalence ¢ and the estimated c value, respectively; 1 —PATu2t for FS2 (200 families with at least one affected child) and true c value;
1 —PATu2, for FS2 and estimated c value; 1 —PAT2 for FS2. Bottom two subplots (¢) /= —0.20 and (d) /= —0.15: 1 —PATu37 for FS3 (100 families with
at least one affected child and 100 control-parents trios) and true c value; 1 —PATu3g for FS3 and estimated c value; 1 —PATu4t for FS4 (100 families
with at least one affected child) and true c value; 1 —PATu4 for FS4 and estimated c value; 1 —PAT4 for FS4.

Table 3 Empirical size (in %) of C-PATu/C-PAT against different incomplete family rates z, having =0.5

FSI Fs2 FS3 FS4

T C-PATR C-PATu® C-PATiA C-PATu C-PAT C-PATi? C-PATub C-PAT? C-PATUb C-PAT
0.0 4.76 4,57 4.52 4.79 5.11 5.17 5.30 5.12 5.33 4.97
0.1 4.76 4.98 4.88 4.92 4.83 4.75 4.70 4.65 4.65 4.77
0.2 4.85 5.08 4.71 4.80 4.97 4.91 4.90 5.22 4.84 4.79
0.3 5.14 5.10 5.03 5.20 4.86 4.95 4.94 4.94 4.83 5.04
0.4 5.20 5.26 5.03 4.97 5.03 5.01 4.72 4.81 4.47 4.60
0.5 4.97 4.93 5.02 4.55 5.12 4.35 4.41 4.86 4.63 4.92
0.6 4.94 5.04 4.93 5.07 4.90 4.79 4.76 5.00 5.03 4.56
0.7 4.85 4.82 4.91 5.03 5.07 4.62 4.69 4.45 4.72 4.78
0.8 4.56 4.66 4.72 4.44 4.76 4.67 4.78 4.53 4.48 4.76
0.9 4.94 4.90 4.80 4.59 5.30 4.40 4.45 4.25 4.56 4.54
1.0 4.42 4.56 4.56 4.43 4.70 4.24 431 4.44 4.68 4.29

Abbreviations: FS, family sample; FS1, 200 families, each with three offspring, of which at least one is affected, and 100 control-parents trios; FS2, 200 families, each with three offspring, of
which at least one is affected; FS3, 100 families, each with three offspring, of which at least one is affected, and 100 control-parents trios; FS4, 100 families, each with three offspring, of
which at least one is affected; PAT, parental-asymmetry test.

2Based on the population disease prevalence c.

bBased on the estimated c value.

unaffected) with the number of unaffected/affected children in each Totally, 208 SNPs were identified by the pedigree disequilibrium
family ranging 1-7 for each SNP. Our analysis is based on these test at the 0.5% significance level. Note that we regarded the
phenotypic data and the genotypes of these 604 nuclear families. association analysis as a preliminary step. As such, we used a less
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Figure 3 Power comparison of C-PATu and C-PAT against incomplete family rate = based on 10000 replicates, with f=0.5. C-PATulyand C-PATulg are
based on family sample FS1 (200 families with at least one affected child and 100 control-parents trios) for the true disease prevalence ¢ and the
estimated c value, respectively; C-PATu2 for FS2 (200 families with at least one affected child) and true c value; C-PATu2¢ for FS2 and estimated c value;

C-PAT2 for FS2. (a) /= —0.20; (b) /= —0.15.

stringent criterion for reducing the chance of missing any potential
SNPs in the subsequent parent-of-origin effects test. C-PATu identi-
fied five SNPs at the significance level of 0.01 (rs4084639 and
rs4908446 on chromosome 1, 152973566 on chromosome 5,
rs12773723 and rs1463058 on chromosome 10, with P-values being
0.0018, 0.0051, 0.0049, 0.0034 and 0.0039, respectively). However, the
probability that there are five and more significant results for parent-
of-origin effects (P<0.01) among the 208 SNPs is 0.059, which is
small. So, the five identified SNPs displaying significant parent-of-
origin effects are likely to occur by chance. On the other hand, if we
further consider multiple testing issue, then all the results on the five
SNPs are nonsignificant.

DISCUSSION

In this article, we extend the C-PAT' to C-PATu by incorporating
information on unaffected children from nuclear families to test for
parent-of-origin effects in the presence of association. In essence,
C-PATu is a weighted framework of the test Xy, + Xp; based on all the
unaffected children and the test X;, + X;; based on all the affected
children (Equation (5)), which are weighted according to the
population disease prevalence. Our simulation results show that
C-PATu indeed controls the size well under the null hypothesis of
no parent-of-origin effects and is robust to population stratification.
We further compare C-PATu with C-PAT that omits unaffected
children in its analysis under four family samples, four types of
parent-of-origin effects models, various missing father rates and
incomplete family rates. The results demonstrate that using additional
information from unaffected children in nuclear families improves the
power of the tests substantially and C-PATu can have an advantage
over C-PAT only when one of two heterozygous penetrances is large.
Meanwhile, it should be noted that the misspecification of the
population prevalence could reduce the power of C-PATu, although
this will not affect its validity. Finally, we have successfully applied
C-PATu to the Framingham Heart Study data set by using one blood
pressure trait (DBP) and shown the feasibility in practical application
of the test. Our software, C-PATu, implemented in R (http://www.
r-project.org), is freely available at http://www.echobelt.org/web/
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UploadFiles/CPATu.html, which includes the pedigree disequilibrium
test for association, C-PATu and C-PAT for parent-of-origin effects for
the easy use.
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