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Abstract

Background—Cleft lip only (CLO) and cleft lip and palate (CLP) are commonly regarded as
variants of the same defect and traditionally combined to form the single group of cleft lip with or
without cleft palate (CL/P) prior to analysis. However, recent data have suggested that at least a
subgroup of isolated CLO may be etiologically distinct from isolated CLP.

Methods—To explore fetal genetic risk of isolated CLO separately from isolated CLP, we
performed a sub-phenotype analysis using two population-based studies of clefts in Scandinavia.
One hundred and twenty-one isolated CLO, 190 isolated CLP, and 592 control triads were
available from Norway(1996-2001), and a further 76 isolated CLO and 107 isolated CLP triads
were available from Denmark (1991-2001). Genotypes for 1315 SNPs in 334 autosomal cleft
candidate genes were analyzed using two complementary statistical methods, TRIMM and
HAPLIN, to look for genetic associations across the two national samples.

Results—Both TRIMM and HAPLIN identified strong associations between FGF12and isolated
CLO in both populations. In addition, only TRIMM identified associations with /RF6and VCL,
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and only HAPLIN found an association with CX4.3. When analyses were repeated on the larger
sample of isolated CLP, no significant associations were found with FGF12, IRF6, VCL or CX43.

Conclusions—Despite some inconsistency in the pattern of associations across the two
populations, the associations themselves were phenotype-specific. While both /RF6and FGF12
have previously shown strong associations with isolated CL/P, the associations with VCL and
CX43are novel and warrant further investigation in other isolated CLO samples.
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INTRODUCTION

Cleft lip defects comprising CLO and CLP are usually considered variants of the same
defect, with bilateral CLP representing the most severe form. They are therefore routinely
lumped together to form the single group of CL/P prior to analysis (Mitchell et al., 2002).
Cleft palate (CP), on the other hand, is well established as a separate entity from cleft lip
defects based on embryological and epidemiological evidence (Marazita, 2002; Mossey and
Little, 2002).

One of the ways to determine whether CLO and CLP have different underlying genetic
predispositions is to compare the strength of the recurrence relative risk of CLO with that of
CLP in first-degree relatives. The recurrence relative risk for CLO is the risk of CLO in
those with a sibling (or parent) with the defect divided by the risk of CLO in those without a
sibling (or parent) with the defect. The cross-over recurrence relative risk is the risk of CLO
given a family member with CLP divided by the risk of CLO without a family member with
CLP. If the data suggest a higher recurrence relative risk of the same defect compared with
the risk of the alternate defect (the cross-over risk), then this would suggest non-identical
genetic etiologies for CLP and CLO. In a Norwegian study (Sivertsen et al., 2008), no
statistical difference in these two relative risks was observed, which may be due to the small
number of recurrent cases available for comparisons and a lack of statistical power to
identify a true difference. By contrast, a Danish cohort study approximately three times the
size of the Norwegian studyuncovered important differences between CLO and CLP
(Grosen et al., 2009). The sibling-sibling recurrence risk of isolated CLO (given isolated
CLO) was 1.4 (95% confidence interval: 1.0-1.9) compared with the cross-over recurrence
risk of CLP of 1.0 (95% ClI: 0.6-1.4). The corresponding recurrence risk of isolated CLP
(given isolated CLP) was 2.9 (95% CI: 2.4-3.6) compared with 0.7 (95% CI: 0.5-1.1) for
the crossover recurrence risk of isolated CLO.

Another study to systematically examine CLO as a separate entity from CLP was a
population-based assessment of the distribution of these two cleft types by parental age,
baby’s sex, hospital characteristics, region, and mother’s marital status (Harville et al.,
2005). When hospital and national birth registry data were combined, 17% of CLP infants
were found to have at least one other non-cleft defect compared with only9% of CLO
infants. This difference is consistent with the notion that CLP represents a more severe form
of CLO. However, the data also highlighted several qualitative differences between CLO
and CLP which are not easily explained bydisease severity alone. There was, for instance, a
stronger male predominance among CLP infants compared with CLO infants, and the risk of
CLO but not CLP was increased for twins and infants whose parents were first cousins.
Furthermore, in a large study of anomalies associated with clefting (Genisca et al., 2009),
other major malformations were found far more commonly in CLP cases than in CLO cases,
suggesting either a greater load of genetic factors, some of which might also influence other
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developmental processes, or that at least subsets of CLP and CLO cases have separable
etiologies.

Molecular data also support etiologic differences between a subset of CLO and CLP. We
have recentlyidentified a common SNP (rs642961) within a highly conserved enhancer
element for the interferon regulatory factor 6 (/RF6) gene that is strongly associated with
isolated CL/P (Rahimov et al., 2008). In that study, there was a clear separation of risk and
transmission pattern with this SNP for isolated CLO compared with isolated CLP. Results
for rs642961 were most significant for families in which affected individuals had isolated
CLO, although at least one additional still unidentified variant is likely present in at least
Asian populations (Rahimov et al., 2008), as would be supported by the recent modeling
studies of Dickson and colleagues (Dickson et al., 2010). Finally, a similar sub-phenotypic
specificity was apparent in our recent genome-wide linkage scan (Marazita et al., 2009),
where results for the /RF6 region were most significant for isolated CLO.

Although the strong association of /RF6 with isolated CL/P is now well established
(Jugessur et al., 2008; Rahimov et al., 2008), only a handful of studies have examined the
effects of /RF6 variants on the risk of isolated CLO. In addition to the widespread practice
of combining CLO with CLP prior to analysis, this may be due to the disincentive caused by
the loss of statistical power in splitting CL/P into two smaller subgroups and the ensuing
need to correct for multiple testing in yet another cleft subgroup. However, to confirm that
observed differences between CLO and CLP are the result of distinct genetic predispositions
rather than chance, more studies are needed that target isolated CLO specifically.

We screened for genetic associations among a custom panel of 1315 SNPs in 334 autosomal
candidate genes for clefting using case-parent triads of isolated CLO from two nationwide
case-control studies of orofacial clefts in Scandinavia (Norway and Denmark). To verify that
any detected association is specific for isolated CLO, we repeated the analyses in the larger
sample of isolated CLP triads from each of these two populations.

METHODS
Study populations

One hundred and twenty-one isolated CLO, 190 isolated CLP, and 592 control offspring-
parent triads were available for analysis from a population-based case-control study of
orofacial clefts carried out in Norway (1996-2001). In addition, 76 isolated CLO and 107
isolated CLP triads were available from a population-based study of orofacial clefts in
Denmark (1991-2001). The patients from Norway were examined by a plastic surgical team
using a classification system based on a modification of the “striped-Y of Kernahan”
(Kernahan, 1971. Plast. Reconstr. Surg. 47(5): 469) and the RPL numerical coding by
Schwartz (Schwartz et al. 1993. Cleft Palate Craniofac. J. 30(3):330). Details on study
design and participants have been given elsewhere (Bille et al., 2005; Wilcox et al., 2007).
Of the 121 Norwegian isolated CLO triads, 13 had at least one missing family member,
bringing the number of complete triads to 108. Of the 190 Norwegian isolated CLP triads,
140 were complete. For the same reason, only 55 of the original 76 Danish isolated CLO
triads and 95 of the original 107 Danish isolated CLP triads were complete.

Data analysis

The specific protocol used for the selection of candidate genes and SNPs has been detailed
in (Jugessur et al., 2009b). Briefly, a custom panel of 1536 SNPs in 357 candidate genes for
orofacial clefts was designed by Illumina (http://www.illumina.com; San Diego, CA) and
genotyped by the Center for Inherited Disease Research (CIDR; http://www.cidr.jhmi.edu)
at the Johns Hopkins University (Baltimore, Maryland). After data-cleaning, genotypes for
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1315 SNPs in 334 autosomal genes were available for the current analysis. We used two
complementary statistical methods, Triad Multi-Marker (TRIMM) (Shi et al., 2007) and
HAPLIN (Gjessing and Lie, 2006), to screen for genetic associations across the Norwegian
and Danish isolated CLO and isolated CLP samples, respectively. Both methods were
designed to detect multi-marker transmission distortion in offspring-parent triads, but they
accomplish this in different ways. For instance, TRIMM is non-parametric and resists bias
due to population structure. It can handle deviation from Hardy-Weinberg equilibrium
(HWE), multiple SNPs, missing SNPs, and non-negligible recombination rates. Since
TRIMM does not attempt to infer haplotypes, it is computationally efficient. When applied
to a set of SNPs within a gene, TRIMM accounts for within-gene SNP correlations by
permuting alleles at all SNPs simultaneously(i.e., by permuting the case and complement
labels). HAPLIN, in contrast, is parametric and estimates the full haplotype distribution over
a set of SNPs and also estimates relative risks associated with each haplotype. By using a
rich maximum likelihood model, it produces a complete description of the “risk structure”
over the set of haplotypes in a region. HAPLIN requires HWE, assumes no recombination,
and is computationally more demanding. In the current analyses, we used only three SNPs in
HAPLIN for a sliding-window haplotype analysis because of the small size of the isolated
CLO and isolated CLP samples. Longer window-lengths require accounting for many rare

haplotypes.

Although the Norwegian and Danish populations are both geographically and ancestrally
closely related to one another, as recently confirmed through principal component analysis
of 3000 European individuals (Novembre et al., 2008), we nevertheless chose to perform
TRIMM and HAPLIN analyses separately on the Norwegian and Danish isolated CLO
samples, because our previous analysis of fetal gene effects in the same two populations
revealed evidence of across-population differences (Jugessur et al., 2009b). P-values from
these analyses were displayed using a Schweder-Spjgtvoll plot (Schweder and Spjgtvoll,
1982), which is a simple graphical procedure for the simultaneous evaluation of many tests.
If none of the genes is truly associated with disease, p-values would fall along a sloping line
that represents the expected uniform distribution under the null (of no association); they
would otherwise tend to fall below the sloping line for genes that are truly associated with
disease.

To visually inspect whether the TRIMM and HAPLIN analyses generated more significant
results than expected by chance, we generated quantile-quantile (QQ) plots using p-values
from the Norwegian and Danish analyses after they were combined using Fisher’s method
(Fisher, 1958). If the distribution of p-values follows the null (uniform) distribution, points
in the QQ plot would be close to the diagonal line. Conversely, large-effect susceptibility
loci would fall above the line representing the uniform distribution, at the highly significant
end of the distribution.

To estimate the relative risk associated with a candidate risk haplotype, we used TRIMM to
identify risk haplotype-tagging alleles with a p-value cutoff of 0.1. That is, we nominate the
risk haplotype-tagging alleles using SNPs with a p-value less than 0.1 based on individual Z-
scores. We then used TRIMMest (Shi et al., 2009b), a statistical method tailored for family-
based association analysis, to estimate the relative risk of the identified risk haplotypes.
TRIMMest fits log-linear models to estimate risk associated with a candidate risk haplotype
relative to the aggregate of other haplotypes. We fit a log-additive risk model without any
assumption on the parental mating type distribution, a procedure that resists bias due to
population stratification.
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Finally, to verify that the associations detected are specific for isolated CLO, TRIMM and
HAPLIN analyses were repeated on the larger samples of isolated CLP from the two
populations.

Software for implementing TRIMM, HAPLIN and TRIMMest are available for the R
computing environment (R Development Core Team, 2006) from our web sites (TRIMM
and TRIMMest:
http://www.niehs.nih.gov/research/atniehs/labs/bb/staff/weinberg/index.cfm#downloads;
HAPLIN: http://www.uib.no/smis/gjessing/genetics/software/haplin).

Study approval

RESULTS

Approval for this study was obtained from the Norwegian Data Inspectorate, the Regional
Committee on Research Ethics for Western Norway, and the respective Institutional Review
Boards of the US National Institute of Environmental Health Sciences (NIH/NIEHS) and the
University of lowa. For the Danish orofacial clefts study, approval was obtained from the
Danish National Committee on Biomedical Research Ethics. Clinicopathological
information from all participating families and biologic specimens for DNA extraction were
obtained with the written informed consent of the mothers and fathers. All aspects of this
research were in compliance with the tenets of the Declaration of Helsinki for human
research (http://www.wma.net).

The sample distribution according to cleft type, gender, and population is provided in Table
1. Figure 1 shows Schweder-Spjatvoll plots for all genes that had p-values < 0.1 from the
TRIMM and HAPLIN analyses of the Norwegian and Danish isolated CLO samples,
respectively. Detailed results for all 334 genes are summarized in Supplementary Tables 1
and 2. Of the 334 candidate genes examined in this study, 17 false positives were expected
in each population due to chance alone. We observed exactly 17 genes with p-values < 0.05
in the Danish sample by TRIMM and 20 genes by HAPLIN, while there were 24 and 27
such genes by the two methods in the Norwegian sample (Figure 1).

To differentiate between chance associations and those that are more likely linked with risk
of isolated CLO, we looked for genes that showed a consistent pattern of association across
both populations and analytic methods. Overall, TRIMM and HAPLIN both identified
FGFI12among genes that were strongly associated with isolated CLO (with results
replicated in both populations), but only TRIMM identified /RF6and VCL (with replication
in both populations). In contrast, only HAPLIN identified an association with CX43in both
populations. With TRIMM, CX43was strongly identified in Denmark but just missed the
criterion in Norway. When the distribution of the observed Fisher-combined p-values from
the TRIMM and HAPLIN analyses was contrasted with the null distribution, three genes in
particular—/RF6, FGF12 and CX43—showed marked deviations at the significant end of
the distributions in the QQ plots (Figure 2).

Table 2 provides relative risk estimates and 95% confidence intervals for each candidate risk
haplotype in each population. Because several of the risk haplotypes had low frequencies
and the sample size of each population was relatively small, homozygotes were too rare to
estimate R, reliably (R, being the relative risk parameter for offspring carrying two copies
of the risk haplotype versus offspring carrying none). Hence, we enforced a log-additive risk
structure to simplify the model and thereby approximate R»as R;Z. With the exception of
FGF12in the Danish isolated CLO sample, the estimated proportion carrying one copy of
the candidate risk haplotype was above 20%, allowing reliable estimation of /;. For the
CX43markers, opposite risk haplotypes were identified in Norway and Denmark, despite
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the two genotyped SNPs having very similar minor allele frequencies in the two
populations. In the Danish sample, the relative risk of 5.49 was deemed implausible because
of the wide confidence interval and the exceedingly low frequency of the FGF12 A-G-G
candidate risk haplotype (2%). Overall, R; ranged from 1.46 to 2.53 for fetuses inheriting
one copy of the risk haplotype in the four genes tested.

Lastly, to verify that the above associations were specific for isolated CLO, we repeated the
analyses on the larger samples of isolated CLP from the two populations. Remarkably, the
associations with FGF12, IRF6, VVCL and CX43were no longer statistically significant
(Supplementary Tables 3 and 4).

DISCUSSION

Given preliminary evidence that at least a subset of CLO may be etiologically distinct from
CLP, and the growing realization that a more refined phenotype is paramount to the success
of any gene-mapping effort (Jugessur et al., 2009a; Marazita, 2007; Marazita and Mooney,
2004; Morris et al., 2009; Weinberg et al., 2008; Weinberg et al., 2006), our objective was to
evaluate fetal genetic risk of isolated CLO separately from isolated CLP. Two population-
based samples of offspring-parent triads from Norway and Denmark were used to search for
multi-marker transmission distortions among 334 autosomal candidate genes for orofacial
clefts.

One way to assess replication in our data is to see whether more genes than expected by
chance have p-values < 0.1 in both Norway and Denmark. Given that 334 tests were
performed, if those genes were all unlinked, one would expect about three genes (0.1 x 0.1 x
334) to “replicate” in this sense; i.e. having a line connecting them in Figure 1A or Figure
1B. For TRIMM, there are seven genes that replicate in this manner. For HAPLIN, there are
12 such genes—about nine more than expected. Overall, five genes (FGF12, IRF6, PVRL],
CX43and VCL) appeared on both lists.

IRF6and FGF12were both found to be strongly associated with isolated CL/P in a recent
analysis of the same dataset (Jugessur et al., 2009b). Of the large number of genes reported
to be associated with isolated CL/P in the literature, /RF6is by far the most consistent across
studies. Mutations in /RF6 cause two allelic autosomal dominant clefting disorders, VVan der
Woude syndrome (VWS [MIM 119300]) and popliteal pterygium syndrome (PPS [MIM
119500]), which are characterized by varying degrees of cleft lip defects, lip pits, skin-folds,
syndactyly and intra-oral epithelial adhesions (de Lima et al., 2009; Kondo et al., 2002). The
observation that approximately15% of affected individuals are clinically indistinguishable
from isolated clefts drove researchers to investigate whether variants in /RF6 might also be
involved in the etiology of isolated clefts. This was subsequently demonstrated in multiple
studies (reviewed in (Jugessur et al., 2008)). More recently, the identification of a common
SNP (rs642961) that disrupted the binding site for transcription factor AP-2a. within a
highly conserved /RF6 enhancer element provided new insights into how /RF6 might
influence the risk of isolated CL/P (Rahimov et al., 2008). That IRF6 and AP-2a. are both
implicated in clefting of the lip is all the more striking given an earlier report describing an
essential role for AP-2a in cranial closure and craniofacial development (Schorle et al.,
1996).

With particular relevance to the current analysis, Rahimov and co-workers found the
frequency of the risk-conferring rs642961[A] allele to be significantly higher in cases with
isolated CLO vs. other cleft phenotypes (Rahimov et al., 2008). There was a near doubling
of the risk of isolated CLO with this allele compared with controls. This phenotype-specific
risk for isolated CLO was further confirmed by our recent genome-scan linkage analysis of
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820 multiplex CL/P families (Marazita et al., 2009), where the /RF6 region results were
found to be most significant for families in which affected individuals had CLO alone.

The gene for poliovirus receptor-related 1 (PVRL 1) encodes nectin-1 and is expressed
primarily in the MEE of the palatal shelves, the ectodermal component of tooth buds, the
olfactory epithelium and the skin surface epithelium (Suzuki et al., 2000). Homozygosity for
a common nonsense mutation in this gene (W185X) results in an autosomal recessive
clefting disorder known as CL/P-ectodermal dysplasia syndrome (CLPED1) (Suzuki et al.,
2000). Heterozygosity for W185X has also been suggested to influence the risk of isolated
CL/P (Sozen et al., 2001), with significant associations subsequently reported between
genetic variants in PVRL1 and isolated CL/P (Avila et al., 2006; Neiswanger et al., 2006).
Taken together, these findings indicate that both rare and common variants within PVRL1
may make minor contributions to the cleft lip phenotype.

In contrast with the above genes, FGF12, CX43and VCL represent novel associations with
isolated CLO. FGF12encodes a member of the fibroblast growth factor (FGF) family of
signaling molecules that are highly conserved evolutionarily and play important roles in
craniofacial development (Nie et al., 2006). Several members of the FGF family and their
receptors have previously been implicated in various human disorders, but FGF12has not
been studied. For example, mutations in FGFR1, 2, and 3are associated with
craniosynostosis and other facio-skeletal malformations (Pauws and Stanier, 2007).
Diagnostic sequencing of 12 FGF-related genes in 184 individuals with isolated CL/P
identified seven potential disease-causing mutations, including a nonsense mutation in
FGFR1, a de novo missense mutation in FGF8, and other missense variants in FGFRI,
FGFRZ, and FGFR3 (Riley et al., 2007). FGF12was also found to be associated with
isolated CL/P in our previous analysis of the same dataset, in which no distinctions were
made between CLO and CLP (Jugessur et al., 2009b). In this study, the association of
FGF12with isolated CLO and not with the larger sample of isolated CLP strongly suggests
that the association with FGF12is specific for isolated CLO, highlighting the importance of
careful phenotypic delineation for more targeted gene-mapping.

Intriguingly, opposite directions of association were identified with the same risk haplotypes
in Norway and Denmark for the connexin 43 gene [CX43, a.k.a. gap junction protein alpha 1
(GJAI)], although very similar minor allele frequencies were noted in both populations for
the two genotyped SNPs. A false positive association is a possibility, but the apparent
reversal of genetic effects across the two populations—referred to as a genetic “flip-flop” in
the literature—does not necessarily mean a statistical artifact (Lin et al., 2007; Zaykin and
Shibata, 2008). Multi-marker effects and variation in linkage disequilibrium in the
Norwegian and Danish populations could have caused this apparently contradictory
observation. Despite this inconsistency, the association with this gene is plausible on
biological grounds. CX43encodes a component of gap junctions that mediate the diffusion
of ions and metabolites between the cytoplasm of adjacent cells. Mutations in CX43 cause
both autosomal and recessive forms of oculodentodigital dysplasia [ODDD (MIM 164200)]
that are characterized by developmental abnormalities of the face, eyes, limbs, and dentition
(Paznekas et al., 2003). Anomalies in the craniofacial region include short palpebral fissures,
mandible with wide alveolar ridge, hypoplastic nose, dental anomalies, and inverted palate.
Whole-mount /n situ hybridization shows strong expression of GjaZ in the murine
frontonasal process, developing branchial arches, medial and lateral nasal processes,
mandibular processes, and the shelves of the secondary palate at the time of fusion
(Richardson et al., 2004). Consistent with the expression data, cleft palate has been reported
in a proportion of ODDD patients. The strong expression of GjaZ at the fusion sites between
the lateral nasal, medial nasal and maxillary prominences in E10.5 embryos points to a
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significant role for this gene in upper lip formation. To our knowledge, however, no
associations with CX43 have previously been reported in orofacial clefting.

Vinculin (VCL) has a well-characterized function as a cytoskeletal protein, involved in the
linking of actin filaments to integrins. This process enables cells to attach to each other and
to the extracellular matrix. Overexpression of vinculin results in increased cell adhesion,
whereas cells lacking vinculin are highly metastatic and motile (Ziegler et al., 2006).
Vinculin is also implicated in modulating the signaling pathways involved in apoptosis
(Subauste et al., 2005). The proper formation of the primary palate requires cells to adhere
tightly to one another and to the extracellular matrix, and to undergo apoptosis at specific
stages of development. As VCL is involved in all of these processes, it is plausible that
aberrant function of this gene contributes to the pathogenesis of cleft lip. Like CX43, an
association of VCL with isolated CLO has not been reported previously.

When performing a large number of tests, as in the present study, there is obviously a need
to correct for multiple-testing. Both TRIMM and HAPLIN correct for within-gene multiple
testing. HAPLIN uses 3 SNPs per sliding-window and calculates a score test p-value for
each window, the smallest p-value is chosen. To adjust this p-value for within-gene multiple
testing, we used the principle of “seemingly unrelated estimation” implemented in the Stata
software. Thus, the individual score contributions for each sliding-window is saved and their
between-window correlations is used to correct the p-value. TRIMM on the other hand
achieves a natural correction for multiple testing by treating multiple SNP as a set and
permuting alleles at all SNPs simultaneously to evaluate the test significance. Unfortunately,
no single gene remained significant after the Bonferroni correction for the number of genes
tested. However, it is generally agreed that the Bonferroni requirement of ensuring an
overalltype 1 error rate of below 5% is too strict and may result in too many false negatives
(Rice TK, Schork NJ, Rao DC (2008)), particularly in this study where the selected genes
already had an a priori connection to clefting. As an alternative, we focused here on genes
showing significance in both populations.

Overall, a relatively small number of genes were found to be associated with isolated CLO
among the 334 genes analyzed in this study, despite the particularly strong familial risk of
recurrence for this group of birth defects (Sivertsen et al., 2008). This result may reflect the
relatively small number of SNPs assayed per gene (range 1-12; mean 4), which may have
provided only a partial representation of the genetic architecture of the candidate genes. All
candidate genes in this study were selected a priorifor their potential roles in orofacial
clefting. There are almost definitely other candidate genes and genetic variations not
included in the current selection (Birnbaum et al., 2009; Grant et al., 2009). It is also
becoming increasingly clear that copy number variants due to small insertions and deletions
may contribute to the risk of many human diseases (Cooper et al., 2008; Kidd et al., 2008).
By studying apparent Mendelian inconsistencies between parents and offspring, we have
previously confirmed deletions involving several genes, including both de novo and familial
cases (Shi et al., 2009a). In particular, deletions of SUMO1, TBX1, and TFAP2A were
predicted to be etiologic. Genetic effects might also operate through mechanisms that are
unrelated to differences in linkage disequilibrium, as for example, in the presence of
substantial allelic heterogeneity, where linkage disequilibrium is inoperative or would
require impractical sample sizes to detect. Linkage analysis (used to identify FOXEI for
example (Moreno et al., 2009)) or eventually whole-exome or genome sequencing (Ng et al.,
2009) will be required in this context for allele/gene discovery. Finally, interactions with
environmental teratogens by genetic contributor may require a depth of exposure data not
practical in current studies.
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Although we had nearly 800 case-parent triads to begin with, our focus on isolated CLO (the
smallest cleft subtype) resulted in a smaller sample size. We tried to maximize our chances
of capturing an association signal by looking for replications across the two national
samples. Reanalysis of the larger sample of isolated CLP triads did not replicate any of the
significant associations detected in the isolated CLO triads, providing further support for the
notion that at least a subset of CLO may have a different underlying cause than CLP. In
addition, the strong associations observed with /RF6and FGF12in our previous analysis of
isolated CL/P in the same dataset (Jugessur et al., 2009b) indicate that both TRIMM and
HAPLIN are able to detect these CLO-specific association signals despite a mixture of the
two cleft lip subtypes.

The custom designed panel of candidate genes remains to be a valuable resource for
studying complex disease even after the widespread use of GWAS (Birnbaum et al. 2009;
Grant et al. 2009; Mangold et al. 2010; Beaty et al. 2010). In addition to its cost-efficiency,
the candidate gene based approach reduces the multiple testing problem. For a complex
disease as clefts many genes may affect the risk with each contributing only an incremental
amount. Correcting for the whole GWAS tests may kill any association signals that may
nevertheless be revealed by using the custom designed panel of candidate genes.

In conclusion, our approach replicated previously reported associations of /RF6and FGF12
with orofacial clefts, with evidence that these gene variants may act particularly on isolated
CLO. In addition, we have identified new associations of VCL and CX43with orofacial
clefts—specifically with CLO — and have replicated these associations in two independent
populations. The strength of these associations and the biological plausibility of these genes
in clefting of the lip warrant further studies in other isolated CLO populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schweder-Spjgtvoll plotsof p-values

TRIMM (A) and HAPLIN (B) analyses of the Norwegian and Danish isolated CLO
samples. Genes with p-values < 0.1 are shown on the X-axis and ordered according to their
p-values (Y-axis). Those with p-values < 0.05 are depicted in red. All genes with p-values <
0.1 in both populations are indicated by vertical lines connecting the upper (Norway) and
lower (Denmark) plots.
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Figure 2. Quantile-quantile (QQ) plots of p-values

The QQ plot compares the distribution of the observed Fisher-combined p-values (-log1g
scale) for both populations with an expected uniform distribution under the null (sloping
line). The plots for isolated CLO are provided separately for TRIMM (A) and HAPLIN (B).
Gene labels for the top six most significant genes are displayed in each plot.
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Table 1

Sample distribution of isolated cleft lip only (CLO) and isolated cleft lip and cleft palate (CLP) by population
and gender

Population  Cleft type Gender  Count

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Male 67

Norway CLO
Female 54
Male 135

Norway CLP
Female 55
Male 47

Denmark CLO
Female 29
Male 77

Denmark CLP
Female 30
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