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Abstract
Non-syndromic cleft lip with or without cleft palate (NSCLP) results from the complex interaction
between genes and environmental factors. Candidate gene analysis and genome scans have been
employed to identify the genes contributing to NSCLP. In this study, we evaluated the 16q24.1
chromosomal region, which has been identified by multiple genome scans as an NSCLP region of
interest. Two candidate genes were found in the region: interferon regulatory factor 8 (IRF8) and
cysteine-rich secretory protein LCCL domain containing 2 (CRISPLD2). Initially, Caucasian and
Hispanic NSCLP multiplex families and simplex parent–child trios were genotyped for single
nucleotide polymorphisms (SNPs) in both IRF8 and CRISPLD2. CRISPLD2 was subsequently
genotyped in a data set comprised of NSCLP families from Colombia, South America. Linkage
disequilibrium analysis identified a significant association between CRISPLD2 and NSCLP in
both our Caucasian and Hispanic NSCLP cohorts. SNP rs1546124 and haplotypes between
rs1546124 and either rs4783099 or rs16974880 were significant in the Caucasian multiplex
population (P = 0.01, P = 0.002 and P = 0.001, respectively). An altered transmission of
CRISPLD2 SNPs rs8061351 (P = 0.02) and rs2326398 (P = 0.06) was detected in the Hispanic
population. No association was found between CRISPLD2 and our Colombian population or IRF8
and NSCLP. In situ hybridization showed that CRISPLD2 is expressed in the mandible, palate and
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nasopharynx regions during craniofacial development at E13.5–E17.5, respectively. Altogether,
these data suggest that genetic variation in CRISPLD2 has a role in the etiology of NSCLP.

Introduction
Non-syndromic cleft lip with or without cleft palate (NSCLP) is a common birth defect that
has a birth prevalence of 1 in 700 live births and affects 4000 newborns each year in the
United States (1,2). A great deal of information is known about the demography of NSCLP
but little is known about the causes of NSCLP. Numerous studies suggest that NSCLP
results from the complex interaction of both genes and environmental factors. Folic acid
deficiency, maternal smoking and anticonvulsant medications are some of the environmental
influences that have been associated with NSCLP (3–5). Evidence for involvement of genes
in NSCLP comes from family studies which show that: (1) the heritability of NSCLP in a
Caucasian population is approximately 76%, (2) the rate of concordance is higher in
monozygotic (25–40%) than dizygotic (3–6%) twins and (3) there is an increased relative
risk to siblings (λs = 30–40) compared to the general population (1,6). Variation in 2–14
genes is estimated to contribute to NSCLP but this number may underestimate the true
variation because there are a large number of genes contributing to craniofacial
morphogenesis (7).

Although there is a substantial genetic component to NSCLP, identifying the genes that play
an etiological role in NSCLP has been challenging. There are two strategies that have been
utilized to identify NSCLP genes: candidate gene linkage and association testing and
genome-wide scans. Candidate gene analysis targets individual genes that have a biological
basis for causing NSCLP, such as (1) genes involved in craniofacial development pathways
(e.g. BMP4 and FGF8), (2) genes that underlie syndromes associated with clefting (e.g.
IRF6) or (3) animal models with a clefting phenotype (e.g. Egfr, Bmp4, Bmpr1 and Folbp1)
(8–18). Eight genome scans have identified regions that may potentially harbor NSCLP
susceptibility genes (19–25). In 2000, Prescott et al. (26) identified nine chromosomal
regions that are associated with orofacial clefting in their Caucasian NSCLP sib-pair
population. To confirm these findings, 37 short tandem repeat (STR) markers were
genotyped in 65 of our Caucasian multiplex families (27). Linkage disequilibrium (LD)
analysis identified STR marker D16S3037, in the 16q24.1 chromosomal region, that was
significantly associated with NSCLP (P = 0.00063). Results from three other NSCLP
genome scans and one targeted genome scan have also suggested that a NSCLP candidate
gene lies on the long arm of chromosome 16, between 16q21-24, which includes D16S3037
(19,21,25,28).

In this study, we performed candidate gene analysis of two genes within the 16q24.1 region:
interferon regulatory factor 8 (IRF8), which is in the same gene family as IRF6, and
cysteine-rich secretory protein LCCL domain containing 2 (CRISPLD2), a novel gene. In
situ hybridizations were also performed to determine whether or not CRISPLD2 may have a
biological role in craniofacial development.

Results
Microsatellite analysis

In a follow-up study to Prescott et al.'s (26) genome-wide scan, we genotyped 37 STRs in 47
multiplex NSCLP families (27). Re-analysis of the original data stratified by ethnicity with
family based association test (FBAT) showed an additional microsatellite marker,
D16S3037, with significant linkage and association to NSCLP (P = 0.00063). D16S3037
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maps to chromosome 16q24.1. There are 35 known genes in this region based on UniProt,
RefSeq and GenBank mRNA.

Candidate gene testing
IRF8 was chosen as the first candidate gene because IRF8 belongs to the same family as
IRF6, mutations in which are causal for Van der Woude syndrome (VWS) and IRF6 variants
have been shown to play an etiological role in NSCLP (13,14,16,29,30). Also, IRF8 is 1 Mb
downstream of D16S3037. Seven IRF8 single nucleotide polymorphisms (SNPs) (two
flanking and five intragenic) were genotyped in our Caucasian and Hispanic cohorts (Fig.
1A). All SNPs were in Hardy–Weinberg equilibrium (HWE). Two SNPs had significantly
different allele frequencies between the Hispanic and Caucasian populations (Table 1).
Hence, families were stratified by ethnicity for all statistical analyses. There was significant
LD between SNPs within IRF8 (data not shown). No evidence for linkage or association
with NSCLP was found by either parametric or non-parametric linkage analysis. Previous
interrogation of IRF6 in these populations showed an increased transmission of haplotypes
constructed with the major allele rs2013162 (P = 0.009) (13). Using this haplotype and all
IRF8 SNPs, IRF8–IRF6 gene–gene interaction was not detected. The Colombian population
was not genotyped for IRF8.

Further evaluation of the 16q24.1 region for candidate genes revealed the cysteine-rich
secretory protein LCCL domain containing 2 (CRISPLD2) gene, which is 795 bp upstream
of D16S3037. Eighteen CRISPLD2 SNPs (four flanking and 14 intragenic) were genotyped
in the Caucasian and Hispanic multiplex families and simplex parent–child trios (Fig. 1B).
All SNPs were in HWE. Seven of the 18 SNPs had significantly different allele frequencies
between the Caucasian and Hispanic groups with a Bonferroni correction applied and P-
value of 0.0125 used as the criterion for significance (Table 1). Parametric and non-
parametric linkage analysis in the multiplex families did not demonstrate linkage in any of
the ethnic groups. FBAT analysis of the simplex Caucasian trios did not detect any altered
transmission. However, in the Caucasian multiplex families, altered transmission of several
SNPs at the CRISPLD2 locus was noted (Table 2). SNP rs1546124 (P = 0.0006) yielded the
largest P-value; SNPs rs4783099 and rs16974880 also yielded suggestive P-values (P = 0.08
and P = 0.03, respectively). When correcting for multiplex pedigrees, FBAT P-values are
still significant for rs1546124 and suggestive for rs4783099 and rs16974880 (P = 0.01, P =
0.16, P = 0.07, respectively). SNPs rs4783099 and rs16974880 are in strong LD (D′ =
0.869), so haplotypes comprised of rs1546124 with either rs4783099 or rs16974880 were
then tested (Table 3). For the rs1546124–rs4783099 haplotype, an excess transmission of the
1–1 haplotype was detected when correcting for multiplex pedigrees (86 transmitted, 69
expected; P = 0.002) with an overall departure from expected observed (P = 0.01). There
was an over-transmission of the 1–2 haplotype for rs1546124 and rs16974880 (83 observed
versus 66 expected, P = 0.001), and an overall departure from expected for all the
haplotypes (P = 0.01).

As the Hispanic sample is small, FBAT analysis was performed on the combined simplex
and multiplex families. A slightly altered transmission of SNPs rs8061351 (P = 0.03) and
rs2326398 (P = 0.05) was noted (Table 2). When correcting for multiplex pedigrees, FBAT
P-values remain significant for rs8061351 (P = 0.02) and become suggestive for rs2326398
(P = 0.06). There was no evidence for altered transmission of a haplotype consisting of
either these two SNPs or the SNPs identified in the Caucasian multiplex sample.

A third NSCLP population consisting of Colombian multiplex families and simplex parent–
child trios was tested. Twelve CRISPLD2 SNPs that were informative in the Caucasian and
Hispanic populations were run on the Colombian NSCLP population (Table 1). In a
comparison between the Hispanic and Colombian families, two SNPs (rs4572384 and
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rs1874015) had significantly different allele frequencies (Table 1). Interestingly, the
Colombian sample generally had frequencies between the Caucasian and Hispanic samples.
Neither did the parametric and non-parametric linkage analysis show any evidence for
linkage with NSCLP nor was there evidence for altered transmission in the Colombian
multiplex and simplex families.

There was significant LD between SNPs genotyped in each population (Supplementary
Material, Table S1). Both Caucasian (Supplementary Material, Fig. S1) and Hispanic
(Supplementary Material, Fig. S2) populations contain an LD block encompassing the
region spanning rs2641670–rs16974880. While they both also exhibit strong LD in the
region defined by rs2326398–rs767050, this region is divided into two LD blocks in the
Hispanics. In addition, the Hispanics have an additional LD block consisting of rs1546124
and rs1874015. A formal comparison of the LD between the Hispanics and the Caucasians
detected significant differences based on D′ and r (P < 0.0001 for both). Because the
Colombian sample was not genotyped for all of the SNPs, a statistical comparison between
the LD patterns of the Colombians with either the Hispanic or the Caucasian populations
was not performed. However, a visual inspection of the Colombian LD blocks found by
Haploview (Supplementary Material, Fig. S3) reveals a pattern similar to that of the
Hispanics.

Expression study
CRISPLD2 in situ hybridizations were performed on E12.5–E17.5 mouse sagittal and
coronal sections to determine the CRISPLD2 expression in the developing embryo.
CRISPLD2 was expressed in the developing oropharynx and nasopharynx at E13.5 (Fig.
2A), the mandible at E14.5 (Fig. 2B) and the cartilage primordia of the nasal bones, palate
and tooth germs at E17.5 (Fig. 2C). CRISPLD2 is expressed in the liver at E14.5 and all
time points examined (Fig. 2D). No other organ systems showed significant levels of
expression.

Discussion
In this study, we evaluated the chromosome 16q24.1 region for a NSCLP genetic locus. This
region was first identified by Prescott et al. in a genome scan of Caucasian NSCLP sib pairs,
and subsequently in four other genome scans of different NSCLP populations
(19,21,25,26,28). Analysis of STR D16S3037 in our dataset provided evidence for an
association with NSCLP (P = 0.00063). Two candidate genes, IRF8 and CRISPLD2, were
found in close proximity to this STR. IRF8 was initially evaluated because it is 1 Mb
downstream of D16S3037 and because it belongs to the same gene family as IRF6.
Mutations in IRF6 cause VWS (OMIM:119300), which is characterized by lower lip pits,
CLP, CP or hypodontia (29). In addition, genetic variation in IRF6 has recently been shown
to play an etiological role in the development of NSCLP (13–16). No association was found
for IRF8 and no interaction with IRF6 was detected in our dataset.

CRISPLD2 is the closest gene to D16S3037, mapping 795 bp upstream. While the function
of CRISPLD2 is unknown, it contains a LCCL domain, which is common to other known
genes [i.e. COCH (Coagulation factor C homolog; cochlin), Akhirin and CLCP1 (CUB,
LCCL-homology coagulation factor V/VIII homology domains protein)] (31–34). The
function of the LCCL domain is speculated to be either structural, immunological or
involved in cell motility (32–34). Mutations in the LCCL domain of COCH have been
identified in autosomal dominant non-syndromic sensorineural deafness disorder [DFNA9
(OMIM:601369)] (35). Akhirin, which also contains a LCCL domain in the N-terminus, is
postulated to play a role in chicken retinal development (31). Recent research suggests that
CLCP1 has a role in cellular motility and is regulated by ubiquitination (33). Interestingly, a
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member of the ubiquitin family of genes, SUMO1 (small ubiquitin-like modifier 1), has
been shown to post-translationally modify genes involved in palatal morphogenesis and
haploinsufficiency of SUMO1 has recently been linked to orofacial clefting (36).

FBAT statistical analyses, which were performed without correcting for multiplex
pedigrees, suggested an association with NSCLP in both our Caucasian and Hispanic
populations. After correcting for multiplex pedigrees, CRISPLD2 was only significantly
associated with our Caucasian cohort (Table 2). In the Caucasian population, SNP
rs1546124, which is in exon 2, 51 bp upstream of the ATG start codon, showed significantly
altered transmission (P = 0.01). This sequence change in the putative promoter region could
disrupt different regulatory elements, such as, an RNA polymerase binding or transcription
factor activator/inhibitor binding; either could affect CRISPLD2 protein expression which
would affect the developmental process (37,38). To determine if this is theoretically the
case, two transcription binding site prediction programs, PATCH and AliBaba2, were used
(39,40). Both identified a Sp1 site at rs1546124, which has either a C or G at this location in
the DNA sequence. However, PATCH predicts a Sp1 site when G is present but not with C,
whereas AliBaba2 predicts two Sp1 sites for the G allele and 1 for the C allele. Thus it is
plausible that rs1546124 has an effect on CRISPLD2 expression. Future functional studies
are planned. SNPs rs4783099 and rs16974880 showed suggestive P-values (P = 0.08 and P
= 0.03, respectively) and are in the 3′-UTR region of CRISPLD2 and thus were not
submitted for this type of analysis.

In the Hispanic simplex population, rs8061351 and rs2326398, in exon 4 and intron 8, gave
evidence of association with NSCLP (P = 0.02 and P = 0.06, respectively; Table 2). The
exon 4 SNP is a synonymous change and should not affect the CRISPLD2 protein.
However, synonymous SNPs in the medium-chain acyl-CoA dehydrogenase (MCAD) and
survival of motor neuron (SMN) genes that do not code for an amino acid change in the
protein have been shown to interact with regulatory elements and alter gene function (41).
Also, synonymous changes have been shown to change amino acid translation time,
resulting in altered protein structure and function (42). These studies suggest that rs8061351
may play a functional role and needs to be further investigated. It is unknown whether
rs2326398, which is not a splice site or in a coding region, might cause a functional change
in the protein (43,44). Intronic SNPs have been shown to be associated with other complex
diseases, such as IRF6 with NSCLP, RET (RET proto-oncogene) with Hirschsprung disease
and CFH (complement factor H) with age-related macular degeneration (13,14,16,45–47).
Together, this suggests that common genetic variation in non-coding regions may be
important and should not be overlooked in complex human diseases.

FBAT analysis of our Caucasian multiplex cohort demonstrated an overtransmission of
haplotypes consisting of rs1546124 and either rs4783099 or rs16974880, the latter of which
are in strong LD (D′ = 0.859, P < 0.00000) (Table 3). This suggests that these SNPs may be
disease-causing variants or mutations exist that are in LD with these overtransmitted
haplotypes. Sequencing of the CRISPLD2 gene in affected probands who have received one
of the associated haplotypes is being performed.

The CRISPLD2 SNPs were tested in a secondary population consisting of multiplex families
and simplex parent–child trios from Colombia. The SNP allele frequencies were
significantly different from the original Hispanic population (Table 1). This is not
unexpected, as there is likely less admixture in the Colombian–Hispanic population
compared to the Texas–Hispanic population (48). No association was found in the
Colombian population with CRISPLD2 and NSCLP, in contrast to the Texas–Hispanic
population. This finding supports the theory that NSCLP is an etiologically heterogeneous
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disease and that genetic variation in different genes underlies NSCLP in different
populations (7).

To evaluate whether CRISPLD2 plays a role in craniofacial development, in situ
hybridization was performed at various stages of development. Mouse embryos from E12.5
to E17.5, which are the critical stages of palatal development, showed that CRISPLD2 is
expressed in the mandible, cartilaginous primordia of the developing nose, palate,
oropharynx and nasopharynx and liver (Fig. 2). Thus, CRISPLD2 is expressed during facial
development.

These results demonstrate that variation in the CRISPLD2 may contribute to the NSCLP
phenotype and that CRISPLD2 is expressed in the craniofacial region during critical time
points of palatal fusion. Variation in CRISPLD2 could affect CRISPLD2 protein levels or
could affect binding sites of other transcription factors that regulate CRISPLD2 expression.
This could lead to a perturbation of normal development and predisposition to orofacial
clefting. These results suggest that CRISPLD2 is a novel NSCLP candidate gene and
additional studies are underway to determine the role that this gene has in orofacial clefting
etiology. Understanding the role of CRISPLD2 will provide additional information needed
to understand the complex development of lip and palate and will help further delineate the
genetic factors contributing to NSCLP.

Materials and Methods
Study population and sample preparation

The study population consisted of 63 multiplex NSCLP families (56 Caucasian and seven
Hispanic) and 287 simplex parent–child NSCLP trios (213 Caucasian and 74 Hispanic) who
were ascertained at either the University of Texas Cranio-facial Clinic, Houston, Texas
Children's Hospital, Houston or Children's Hospital, Boston. An additional study population
consisted of 64 multiplex NSCLP families and 155 simplex parent–child NSCLP trios who
were recruited from the Clinica Noel in Medellín, Colombia as previously described (28).
All cases had isolated clefting and no syndromic cases of CL/P were included. This study
has the approval of the Committee for the Protection of Human Subjects at the University of
Texas Health Science Center at Houston (HSC-MS-03-090), the internal review boards at
the Ohio State University and the University of Iowa (20010904 FWA00003007) and the
scientific committee at the dental school of the University of Antioquia-Colombia.

Blood or saliva samples were obtained after informed consent. DNA was extracted from
blood using the Roche DNA Isolation Kit for Mammalian Blood (Roche, Switzerland) or
from saliva using Oragene Purifier (DNA Genotek Inc., Ontario, Canada) following the
manufacturer's protocol.

Genotyping
Thirty-seven microsatellite markers spanning 10 autosomal regions were selected from
Prescott et al. and genotyped using an ABI Prism 377, as previously described (26,27).
Results for D16S3037 were analyzed using FBAT (49). IRF6 analysis was previously
described (13).

SNPs flanking and within the IRF8 and CRISPLD2 genes were selected based on multiple
criteria (1): the SNP is polymorphic within the population being tested (2), the SNP has a
heterozygosity of at least 0.3 and a minor allele frequency above 0.2 and (3) the average
distance between SNPs is less than 10 kb. TagSNPs were preferentially selected if they met
the above criteria and were genotyped if they did not tag for other genotyped SNPs. TaqMan
assays [Applied Biosystems (ABI); Foster City, CA, USA] were used to genotype SNPs
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following the manufacturer's protocol and detected using ABI 7900HT Sequence Detection
System. The data was exported to SDS Software v2.1 (ABI) for allele calling and then
imported into Progeny Lab (South Bend, IN, USA) for data management and to check for
non-Mendelian inheritance using PedCheck (50).

Statistical methods
Families were stratified according to reported ethnicity. In addition, for the association
analyses, families were grouped according to the presence/absence of family history. Allele
frequencies were calculated for the markers for each of the three ethnic groups using SAS. D
′ values were calculated for each ethnic group using GOLD (51) and visually inspected
using the solid spine of LD method in Haploview (52). Parametric and non-parametric
linkage analysis was performed using Simwalk2 and FBAT was used to test for linkage with
association under a variety of models, including implementing the empirical variance option
to correct for the presence of multiple nuclear families from a single pedigree. (49,53–55).
Interactions between IRF8 and IRF6 were investigated using FBAT. Nominal P-values are
reported after Bonferroni correction for multiple testing.

Two transcription binding site prediction programs, PATCH and AliBaba2, were run using
preset parameters defined by these programs to determine if rs1546124 affects a putative
promoter binding site (39,40).

Expression study
RIKEN mouse CRISPLD2 cDNA clone, 3321402M02, extracted from the head of an E17.5
C57BL/6 mouse, was obtained form GeneService (Cambridge, UK). DNA was extracted
using a Qiagen midiprep kit (Valencia, CA, USA). A CRISPLD2-specific 514-bp probe was
generated by PCR amplification using the following murine specific primers: 5′CRISPLD2
(ATGAACGTCTGGGGAGACAC) and 3′ CRISPLD2 (GTACCATCCCATTCCTGGTG).
PCR was performed in a thermal cycler, with 30 cycles of 95°C for 30 s, 54°C for 90 s,
68°C for 90 s. The probe was gel purified (Qiagen) and sequenced for verification (Lone
Star Labs, Houston, TX, USA). PCR products were subcloned into pZErO-2 vector
(Invitrogen, Carlsbad, CA, USA) using manufacturer's protocol. The product was linearized
using NotI and SpeI restriction enzymes and sequenced (Lone Star Labs) to determine sense
versus antisense orientation.

Whole mouse C57/Bl6 embryos (E12.5–E17.5) were fixed in paraffin and sectioned (sagittal
and frontal) 6 μm thick. Sections showing craniofacial structures were used in this study.
Antisense CRISPLD2 clones were labeled with 35S and in situ hybridizations were carried
out using standard protocols to detect CRISPLD2 expression (56). Sense CRISPLD2 clones
were used as a negative control.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SNPs genotyped in candidate genes. (A) IRF8. (B) CRISPLD2. STR D16S3037 is shown at
3′ of the CRISPLD2. Arrows denote transcription start site.
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Figure 2.
CRISPLD2 expression mouse in situ hybridizations show CRISPLD2 expression in (A) the
naso- and oropharynx at E13.5, (B) the mandible at E14.5, (C) the palate and cartilage
primordium of the nasal septum at E17.5 and (D) the liver at all stages tested (E14.5 shown).
Expression is denoted by arrows. T, tongue; Max, maxilla; Mand, mandible; P, palate; TG,
tooth germ; L, liver.
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Table 2
Caucasian and Hispanic CRISPLD2 FBAT results

dbSNP Caucasian Hispanic

Praw Pcorrected Praw Pcorrected

rs4572384 0.83222 0.82495 0.53162 0.54851

rs1874014 0.35645 0.36803 0.85268 0.85268

rs8051428 0.67260 0.68556 0.09345 0.09345

rs1546124 0.00064 0.01236 0.53162 0.53162

rs1874015 0.45468 0.51915 0.46685 0.53162

rs12051468 0.95995 0.96676 0.50499 0.44969

rs8061351 0.69489 0.76134 0.02799 0.02364

rs2646129 0.64587 0.69972 0.22525 0.16552

rs2326398 0.10863 0.18851 0.04819 0.05551

rs721005 0.15880 0.24937 0.08635 0.08635

rs774206 0.48794 0.55750 0.14413 0.11666

rs767050 0.77444 0.77671 0.41108 0.42334

rs2646112 0.17793 0.26233 0.80837 0.80837

rs2641670 0.21527 0.12032 0.46521 0.44969

rs4783099 0.08149 0.16929 0.20590 0.21704

rs16974880 0.03014 0.06766 0.15985 0.18926

rs903194 0.29128 0.35525 0.81855 0.80837

rs2641674 0.93689 0.93669 0.37109 0.31731
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