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Abstract

Background. Nonsyndromic oral clefts are some of the most common birth defects,
affecting approximately one of every 600 births. Their etiology is not well understood but is
thought to involve both genetic and environmental risk factors. Three studies were
undertaken to explore the contributions of genetic and environmental risk factors and gene-

environment and gene-gene interactions to oral cleft etiology.

Methods. The three studies were: a systematic review of complex segregation analyses of
nonsyndromic oral clefts; systematic reviews and meta-analyses on the role of folate in oral
cleft etiology; and a case-parent triad analysis to investigate gene-environment and gene-

gene interactions.

Results and Conclusions. Genetic and environmental factors were found to be involved in
oral cleft etiology; gene-environment and gene-gene interactions were also found to be
important. Studying interactions in addition to genetic and environmental factors alone may

help to understand the etiology of these complex traits.
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Executive Summary

Chapter 1: A systematic review of complex segregation analyses of nonsyndromic oral clefts

Background. Nonsyndromic oral clefts are complex traits thought to be caused by a
combination of genetic and environmental risk factors. Although oral clefts segregate
within families, there is debate over which mode of inheritance best explains this familial
aggregation. A systematic review of complex segregation analyses of the two most common
types of oral clefts, cleft lip with or without cleft palate (CL/P) and cleft palate only (CPO),

was performed to determine the most likely mode of inheritance.

Methods. Medline, Embase and Science Citation Index were searched between 1970 and
February 2007 for primary research articles where complex segregation analysis was used to

determine the mode of inheritance of nonsyndromic CL/P or CPO.

Results. Fourteen unique complex segregation analyses were found for CL/P and five were
found for CPO. The hypothesis of no genetic transmission was rejected in all but one study.
Most studies detected a major gene effect for CL/P, but it was not possible to determine if a
dominant, recessive or additive model was the best fit based on the available evidence.
Some studies indicated the presence of residual multifactorial components in the model. For
CPO, two studies found a major gene effect and chose a recessive model while the

remaining three were inconclusive.
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Conclusions. The evidence from complex segregation analyses shows that both CL/P and

CPO have a genetic component. There are likely one or more major genes that influence the

risk of CL/P, but the genetic model explaining the transmission of CPO remains unclear.

Chapter 2: Folate intake, biochemical measures of folate status and oral clefts: is the

evidence converging?

Background. The ability of folic acid in the periconceptional period to prevent the
occurrence of neural tube defects has generated tremendous interest in its effects on other
health outcomes. Its possible effect on oral clefts has generated considerable debate. The
purpose of these systematic reviews and meta-analyses was to synthesize evidence on the
role of folate intake in the etiology of cleft lip with or without cleft palate (CL/P) and cleft
palate only (CPO) and to determine if evidence from biochemical and genetic measures of

folate corroborate the evidence from folate intake.

Methods. Medline, PubMed, Embase, Science Citation Index and the HuGE Published
Literature Database were searched to February 2007 for articles related to oral clefts and
folic acid and multivitamin supplementation, dietary folate intake, folic acid fortification,
biochemical markers of folate status, polymorphisms in 5,10-methylenetetrahydrofolate
reductase (MTHFR) and variants in other genes thought to influence the metabolism or
transport of folate and related nutrients. Random effects meta-analysis was used to

synthesize the evidence, when appropriate.
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Results. Maternal use of folic acid supplements and/or multivitamins before or during
pregnancy was inversely associated with CL/P [odds ratio (OR) 0.75, 95% confidence
interval (95% CI) 0.65-0.88] but not CPO (OR 0.88, 95% CI 0.76-1.01). The evidence
suggests that biochemical measures of folate status and polymorphisms in MTHFR are not
associated with oral clefts; there is little evidence for variants in other genes of folate

metabolism and transport being associated with oral clefts.

Conclusions. Difficulty in separating the effects of folic acid from those of other vitamins
and nutrients in studies of folate intake means that no relationship between folic acid intake
and oral clefts can be stated with certainty; however, after incorporating evidence from
biochemical and genetic measures of folate it appears that folate is likely not associated with
oral clefts. Use of multivitamins in early pregnancy may protect against oral clefts,

especially CL/P.

Chapter 3: A case-parent triad analysis of gene-environment and gene-gene interactions in

nonsyndromic oral clefts

Background. Many candidate genes and environmental and lifestyle risk factors have been
studied in association with nonsyndromic cleft lip with or without cleft palate (CL/P) and
cleft palate only (CPO), the most common types of oral clefts. To date, most gene-disease
association studies have uncovered small to moderate effects and results from different
populations have been inconsistent. The purpose of this analysis was to investigate gene-

environment and gene-gene interactions among candidate genes and lifestyle risk factors



already suspected to be involved in the etiology of CL/P and CPO using a large dataset of

case-parent triads.

Methods. Over 1000 case-parent triads recruited at eleven European centres were analyzed
to investigate the effects of nine candidate genes (MTHFR, MTHFD1, TGFA, TGFB3,
MSX1, SATB2, NAT2, CYP1A41 and GSTTI), two lifestyle risk factors (maternal smoking
and folic acid-containing supplement use during pregnancy) and their interactions on the
risk of oral clefts. A log-linear regression model incorporating the expectation-
maximization algorithm to impute missing parental genotype data was used to estimate

relative risks (RR) and 95% confidence intervals (CI).

Results. Infants carrying the homozygous variant MTHFR genotype had a reduced risk of
CPO (RR 0.53,95% CI 0.31-0.92). An increased risk of CL/P was found for mothers with
the variant MSX1/ allele (RR 2.20, 95% CI 1.22-3.98), but only when the affected child was
female; there was no increase in risk for male children. There appeared to be gene-
environment interactions between folic acid and maternal MTHFR and MTHFDI. Gene-
gene interactions were observed between infant’s MTHER and TGFA genotypes for CL/P

and CPO, and between infant’s SATB2 and MSX! genotypes for CL/P.

Conclusions. Although most candidate genes alone were not associated with CL/P or CPO,
there were several gene-environment and gene-gene interactions observed, demonstrating

the importance of such interactions in the etiology of these complex traits.
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Genetic Susceptibility to Orofacial Clefts

Introduction

Worldwide, 2 to 3% of children are born with a birth defect; oral clefts are among
the most common of these birth defects, affecting approximately one in every 600 births."?
Infant mortality is highest among children with birth defects and this is also true for those
with oral clefts.>* However, these effects on health are not restricted to childhood. A
recent study from Denmark revealed that individuals with oral clefts and no other
malformations have higher mortality from all major causes throughout childhood and
throughout adulthood, the reason for which remains unknown.> Although oral clefts are
some of the most common birth defects, their etiology remains poorly understood and for
this reason there is little that can be done to prevent their occurrence. Both genetic and
environmental risk factors are thought to be involved in their etiology, but to date few risk

factors have been consistently found in association with oral clefts.

Types of oral clefts

Oral clefts can be grouped into the broad categories of syndromic and nonsyndromic
clefts, although the distinction between these is not always clear.® There is no single
definition for syndromic clefts but often they are defined as those that occur as a part of a

specific syndrome, meaning that the child has an oral cleft as well as one or more major,



and/or several minor, malformations.® A substantial proportion of children with oral clefts

- . 7-10
have one or more associated malformations.

The two major types of oral clefts are cleft lip with or without cleft palate (CL/P) and
cleft palate only (CPO) which are considered to be etiologically distinct.'! CL/P isa
combined category of cleft lip only (CLO) and cleft lip with cleft palate (CLP), with CLO
occurring less frequently than CLP in most populations.'? CLO and CLP affect the upper lip
and may occur on one side (unilateral clefts) or on both sides (bilateral clefts) of the face; a
6:3:1 left-sided:right-sided:bilateral ratio is commonly quoted.!' Although in most
epidemiologic studies CLO and CLP are combined into one category, CL/P, it has been
suggested that these are also etiologically distinct entities and should be analyzed

separately.'?

CPO is also a phenotypically heterogeneous category and can be separated into two
entities: clefts of the hard palate and clefts of the soft palate.!’ A further subgroup of
individuals with CPO is those with the Robin sequence (also called Pierre Robin sequence)
which is characterized by cleft palate and micrognathia and has a poorly understood
etiology."> Individuals with the Robin sequence are often included in studies of
nonsyndromic CPO since it may be difficult to distinguish between nonsyndromic CPO and

CPO caused by the Robin sequence.'’

Other types of oral clefts exist but are much less common and are considered to be

etiologically distinct from CL/P and CPO. Median oral clefts occur commonly in



holoprosencephaly, a midline defect where the brain hemispheres fail to cleave, resulting in
a wide spectrum of phenotypes ranging from fetal death to mild mental retardation."* Clefts

of the bottom lip are very uncommon and have been described only rarely in the literature.'®

Microforms of oral clefts are not commonly studied and are often not included in
studies of nonsyndromic oral clefts. Microforms of cleft lip include a notch or scar on the
lip where a cleft would be expected to occur and/or flattening of the nose on one side.'®
Cleft uvula, or bifid uvula, is thought to be a microform of CPO where the uvula but not the
palate is cleft.'” Submucous cleft palate is not a full cleft of the palate, but an absence of
muscle above the soft palate and although it can cause problems with speech similar to those

caused by CPO, it often remains undiagnosed.'®

Epidemiology

The two risk factors most consistently associated with oral clefts are sex and
ethnicity. CL/P is approximately twice as common among males as females, while CPO is
slightly more common in females.” The reason for this difference is unknown. It has been
suggested that the sex ratio for CPO is dependent on the presence of other malformations, as
there appears to be an equal proportion of male and female children with CPO and

additional malformations, but a higher proportion of females than males with isolated CPO.’

The prevalence at birth of oral clefts varies widely internationally, with the reported

prevalence of CL/P ranging from 0.2 per 1000 births in hospital-based studies from South



Africa and Nigeria to 3.0 per 1000 births among British Columbia Aboriginal populations in
Canada; the prevalence of CPO ranges from 0.02 per 1000 births in a hospital-based study in
Nigeria to 1.9 per 1000 births in the Maori population of New Zealand.?> Some of this
variability may be due to differences in methods and quality of case ascertainment and not to
true differences in prevalence. For example, inclusion of stillbirths or terminated
pregnancies will result in a higher estimated prevalence since the prevalence of oral clefts
among stillbirths and terminated pregnancies is higher than among livebirths."® Population-
based and hospital-based sources of ascertainment may result in different estimates, as has
been shown in a Norwegian study of CPO which showed that hospital-based sources were
more likely to miss cases who died within the first year of life.” Not all international
variability, however, is explained by differences in ascertainment since studies using the
same or similar methods of ascertainment, for example those using EUROCAT registries,
have detected geographic or ethnic variability as well.*’ Differences in genetic and
environmental risk factors between populations have been proposed to account for these

differences in risk.

Environmental and lifestyle risk factors

Many environmental and lifestyle risk factors for oral clefts have been proposed but
few have shown to be consistently associated with oral clefts. One of the most extensively
studied and consistently identified lifestyle risk factors for oral clefts is maternal smoking
during pregnancy. A meta-analysis of this association showed that maternal smoking during

pregnancy is associated with a moderately increased risk of both CL/P and CPO.”



Folate (folic acid) is another environmental exposure that has been investigated in
association with oral clefts. Animal studies have shown that folate-deficient rats are more
likely to have affected offspring.** Early studies in human populations showing that folic
acid supplement use during pregnancy could prevent oral clefts are difficult to interpret due
to small sample sizes and inadequate statistical analyses.'”” More recent studies have
produced inconsistent results, although two meta-analyses of the association between use of
folic acid-containing multivitamins during early pregnancy and oral clefts found statistically

Lo . ‘o 23,24
significant inverse associations. >

In contrast, a meta-analysis of the association between
oral clefts and polymorphisms in folate metabolism gene 5,10-methylenetetrahydrofolate

reductase (MTHFR), which result in lower folate status, found no association.

Other environmental risk factors for oral clefts have been investigated and have
produced conflicting results. Some studies have detected seasonal variation in the
prevalence at birth of CL/P and CPO, with hypotheses for this variation including
differences in availability of fresh fruits and vegetables (i.e. sources of vitamins and
nutrients) and seasonal variation in exposure to ultraviolet rays and pesticides.”> %
Observations that populations living at higher altitudes generally have a higher prevalence
of oral clefts have generated interest in the adverse effects of maternal hypoxia during
pregnancy.””>?® Differences in the prevalence of oral clefts between individuals of different
socioeconomic status have been observed which suggests that there are other environmental

or lifestyle risk factors for oral clefts yet to be identified.”” *°



Genetic risk factors

In 1989, the first candidate gene for nonsyndromic oral clefts was identified; variants
in the transforming growth factor alpha (TGFA) gene were found more commonly in CL/P
cases than in controls.>' A recent meta-analysis of TGFA-CL/P association studies has
found a small to moderate increase in risk to individuals carrying the variant allele.’ 2
Another meta-analysis showed that gene-environment interactions between 7GFA and
smoking may also be involved in oral cleft etiology.”® Since the identification of TGFA as a
candidate gene for oral clefts, many other candidate genes have been identified such as

TGFB3, MTHFR and MSx1.*

As the genes underlying genetic syndromes have been identified, genes involved in
the etiology of syndromic clefts have been studied in association with nonsyndromic clefts
as well. Van der Woude syndrome is an autosomal dominantly-inherited genetic syndrome
which involves few or no other malformations aside from lower lip pits and CL/P or CPO.*
Van der Woude syndrome is caused by mutations in the coding region of the interferon
regulatory factor-6 (IRF6) gene.3 S This gene has been recently found to be associated with
nonsyndromic oral clefts as well, with authors of one study suggesting that variations in
IRF6 might account for up to 12% of the genetic risk for nonsyndromic oral clefts.”’
Likewise, other candidate genes for nonsyndromic oral clefts have been found by studying
syndromic oral clefts: SATB2 was identified as a candidate gene for nonsyndromic CPO
after two children with CPO and other minor malformations were found to have mutations

in this gene.’® ¥



Introduction to the thesis

Three studies are presented here to explore the role of genetics, environmental and
lifestyle risk factors, gene-environment interactions and gene-gene interactions in oral cleft

etiology.

The first is a systematic review of studies that have used the statistical method of
complex segregation analysis to determine the mode of inheritance that best explains the
occurrence of oral clefts within families. Familial aggregation of oral clefts has been
observed for centuries, but there has been difficulty in determining the mode of inheritance
of this trait, with studies finding conflicting results.** One of the first genetic models
proposed to explain the contribution of genetic and environmental factors to oral cleft
etiology was the multifactorial/threshold model, which hypothesized that genetic and
environmental risk factors exerting small and equal effects would accumulate additively and
eventually reach a threshold after which the child would be affected.*! Statistical methods to
formally test the multifactorial model did not become available until the mid-1970s, when
the mixed model for complex segregation analysis was developed.**** Complex
segregation analysis under the mixed model allowed investigators to test the fit of several
genetic models including the multifactorial model, major gene model, and the hypothesis of

no genetic transmission, against each other.*’

The second study is a systematic review and meta-analysis of one of the most

commonly studied lifestyle risk factors for oral clefts: folic acid. Recent meta-analyses have



shown that use of folic acid-containing multivitamins in early pregnancy is inversely
associated with oral clefts.”>** The evidence for an association between oral clefts and folic
acid-containing multivitamins was considered in this study alongside evidence for
associations between oral clefts and folate intake (through supplements, multivitamins,
natural folate sources and folic acid fortification), biochemical measures of folate status
(plasma and erythrocyte folate levels) and polymorphisms in genes thought to affect
metabolism or transport of folate and related nutrients. The purpose of this study was to
determine if there is a consistent association between folate intake and oral clefts and
whether the evidence from studies of biochemical and genetic measurements of folate status

corroborate this association.

The final study is an analysis of a large dataset of case-parent triads using
information from children affected with CL/P or CPO and their parents. Nine candidate
genes (MTHFR, MTHFD1, TGFA, TGFB3, SATB2, MSX1, NAT2, CYP1AI and GSTTI) and
two lifestyle risk factors (maternal smoking and folic acid use during pregnancy) that have
previously found to be associated with oral clefts in one or more studies were analyzed using
a log-linear regression model to investigate gene-disease associations, gene-environment

interactions and gene-gene interactions.

References

1. World Health Organization. Global Registry and Database on Craniofacial Anomalies:
Report of a WHO Registry Meeting on Craniofacial Anomalies. Geneva: World Health
Organization; 2002.

2. Mossey PA, Little J. Epidemiology of oral clefts: an international perspective. In:
Wyszynski DF, editor. Cleft lip and palate: from origin to treatment. New York: Oxford
University Press; 2002. p. 127-58.



3. Ngai CW, Martin WL, Tonks A, Wyldes MP, Kilby MD. Are isolated facial cleft lip and
palate associated with increased perinatal mortality? A cohort study from the West
Midlands Region, 1995-1997. J Matern Fetal Neonatal Med 2005; 17: 203-6.

4. Hujoel PP, Bollen AM, Mueller BA. First-year mortality among infants with facial clefts.
Cleft Palate Craniofac J 1992; 29: 451-5.

5. Christensen K, Jule K, Herskind AM, Murray JC. Long term follow up study of survival
associated with cleft lip and palate at birth. BM.J 2004; 328: 1405-8.

6. Cohen MMJ. Syndromes with orofacial clefting. In: Wyszynski DF, editor. Cleft lip and
palate: from origin to treatment. New York: Oxford University Press; 2002. p. 53-65.

7. Harville EW, Wilcox AJ, Lie RT, Abyholm F, Vindenes H. Epidemiology of cleft palate
alone and cleft palate with accompanying defects. Eur J Epidemiol 2007; epub May 5.

8. Shaw GM, Carmichael SL, Yang W, Harris JA, Lammer EJ. Congenital malformations in
births with orofacial clefts among 3.6 million California births, 1983-1997. Am J Med Genet
A2004; 125: 250-6.

9. Stoll C, Alembik Y, Dott B, Roth MP. Associated malformations in cases with oral clefts.
Cleft Palate Craniofac J 2000; 37: 41-7.

10. Milerad J, Larson O, Hagberg C, Ideberg M. Associated malformations in infants with
cleft lip and palate: a prospective, population-based study. Pediatrics 1997; 100: 180-6.

11. Saal HM. Classification and description of nonsyndromic clefts. In: Wyszynski DF,
editor. Cleft lip and palate: from origin to treatment. New York: Oxford University Press;
2002. p. 47-52.

12. Harville EW, Wilcox AJ, Lie RT, Vindenes H, Abyholm F. Cleft lip and palate versus
cleft lip only: are they distinct defects? Am J Epidemiol 2005; 162: 1-6.

13. Jakobsen LP, Knudsen MA, Lespinasse J, Garcia Ayuso C, Ramos C, Fryns JP, et al.
The genetic basis of Pierre Robin Sequence. Cleft Palate Craniofac J 2006; 43: 155-9.

14. Cohen MMI. Holoprosencephaly: clinical, anatomic, and molecular dimensions. Birth
Defects Res A Clin Mol Teratol 2006; 76: 658-73.

15. Oostrom CA, Vermeij-Keers C, Gilbert PM, van der Meulen, J.C. Median cleft of the
lower lip and mandible: case reports, a new embryologic hypothesis, and subdivision. Plast
Reconstr Surg 1996; 97: 313-20.

16. Cho BC. New technique for correction of the microform cleft lip using vertical
interdigitation of the orbicularis oris muscle through the intraoral incision. Plast Reconstr
Surg 2004; 114: 1032-41.



17. Wharton P, Mowrer DE. Prevalence of cleft uvula among school children in
kindergarten through grade five. Cleft Palate Craniofac J 1992; 29: 10-4.

18. Lowry RB, Courtemanche AD, MacDonald C. Submucous cleft palate and the general
practitioner. CMAJ 1973; 109: 995-6.

19. World Health Organization. Global strategies to reduce the health-care burden of
craniofacial anomalies: report of WHO meetings on International Collaborative Research on
Craniofacial Anomalies, Geneva, Switzerland, 5-8 November 2000; Park City, Utah, U.S.A.,
24-26 May 2001. Geneva: World Health Organization; 2002.

20. Calzolari E, Pierini A, Astolfi G, Bianchi F, Neville AJ, Rivieri F. Associated anomalies
in multi-malformed infants with cleft lip and palate: an epidemiologic study of nearly 6
million births in 23 EUROCAT registries. Am J Med Genet A 2007; 143: 528-37.

21. Little J, Cardy A, Munger RG. Tobacco smoking and oral clefts: a meta-analysis. Bull
World Health Organ 2004; 82: 213-8.

22. Munger RG. Maternal nutrition and oral clefts. In: Wyszynski DF, editor. Cleft lip and
palate: from origin to treatment. New York: Oxford University Press; 2002. p. 170-92.

23. Goh Y1, Bollan E, Einarson TR, Koren G. Prenatal multivitamin supplementation and
rates of congenital anomalies: a meta-analysis. J Obstet Gynaecol Can 2006; 28: 680-9.

24, Badovinac RL, Werler MM, Williams PL, Kelsey KT, Hayes C. Folic acid-containing
supplement consumption during pregnancy and risk for oral clefts: a meta-analysis. Birth
Defects Res A Clin Mol Teratol 2007; 79: 8-15.

25. Krost B, Schubert J. Influence of season on prevalence of cleft lip and palate. Int J Oral
Maxillofac Surg 2006; 35: 215-8.

26. Fraser FC, Gwyn A. Seasonal variation in birth date of children with cleft lip. Teratology
1998; 57: 93-5.

27. Castilla EE, Lopez-Camelo JS, Campana H. Altitude as a risk factor for congenital
anomalies. Am J Med Genet 1999; 86: 9-14.

28. Webster WS, Howe AM, Abela D, Oakes DJ. The relationship between cleft lip,
maxillary hypoplasia, hypoxia and phenytoin. Curr Pharm Des 2006; 12: 1431-48.

29. Durning P, Chestnutt IG, Morgan MZ. The relationship between orofacial clefts and
material deprivation in Wales. Cleft Palate Craniofac J 2007; 44: 203-7.

30. Clark JD, Mossey PA, Sharp L, Little J. Socioeconomic status and orofacial clefts in
Scotland, 1989 to 1998. Cleft Palate Craniofac J2003; 40: 481-5.

10



31. Ardinger HH, Buetow KH, Bell GI, Bardach J, van Demark DR, Murray JC. Association
of genetic variation of the transforming growth factor-alpha gene with cleft lip and palate.
Am J Hum Genet 1989; 45: 348-53.

32. Vieira AR. Association between the transforming growth factor alpha gene and
nonsyndromic oral clefts: a HuGE review. Am J Epidemiol 2006; 163: 790-810.

33. Zeiger JS, Beaty TH, Liang KY. Oral clefts, maternal smoking, and TGFA: a meta-
analysis of gene-environment interaction. Cleft Palate Craniofac J 2005; 42: 58-63.

34. Jugessur A, Murray JC. Orofacial clefting: recent insights into a complex trait. Curr
Opin Genet Dev 2005; 15: 270-8.

35. Ziai MN, Benson AG, Djalilian HR. Congenital lip pits and van der Woude syndrome. J
Craniofac Surg 2005; 16: 930-2.

36. Kondo S, Schutte BC, Richardson RJ, Bjork BC, Knight AS, Watanabe Y, et al.
Mutations in IRF6 cause Van der Woude and popliteal pterygium syndromes. Nat Genet
2002; 32: 285-9.

37. Zucchero TM, Cooper ME, Maher BS, Daack-Hirsch S, Nepomuceno B, Ribetro L, et
al. Interferon regulatory factor 6 (IRF6) gene variants and the risk of isolated cleft lip or
palate. N Engl J Med 2004; 351: 769-80.

38. Brewer CM, Leek JP, Green AJ, Holloway S, Bonthron DT, Markham AF, et al. A locus
for isolated cleft palate, located on human chromosome 2q32. Am J Hum Genet 1999; 65:
387-96.

39. FitzPatrick DR, Carr IM, McLaren L, Leek JP, Wightman P, Williamson K, et al.
Identification of SATB?2 as the cleft palate gene on 2q32-q33. Hum Mol Genet 2003; 12:
2491-501.

40. Marazita ML. Segregation analyses. In: Wyszynski DF, editor. Cleft lip and palate: from
origin to treatment. New York: Oxford University Press; 2002. p. 222-33.

41. Mendell NR, Spence MA, Gladstien K, Brunette J, Stevens A, Clifford E, et al.
Multifactorial/threshold models and their application to cleft lip and cleft palate. Prog Clin
Biol Res 1980; 46: 387-406.

42. Morton NE, MacLean CJ. Analysis of family resemblance. III. Complex segregation of
quantitative traits. Am J Hum Genet 1974; 26: 489-503.

11



Chapter 1

A systematic review of complex segregation analyses of nonsyndromic oral clefts

Introduction

Complex segregation analysis is a statistical technique used to determine the mode of
inheritance of complex traits using pedigrees as the source of data.""? Estimation of
parameters such as allele frequency and transmission probability is also possible and makes
complex segregation analysis particularly useful for providing the information required prior
to undertaking parametric linkage analysis.]’ 3 Whileit is possible to perform linkage
analysis without specifying a mode of inheritance, it is believed that parametric linkage
analysis, where a model is specified, is more powerful than nonparametric methods.*
Parameters and modes of inheritance obtained from complex segregation analysis are also

useful for exploring etiologic heterogeneity between population subgroups.’?

Nonsyndromic oral clefts are examples of complex traits, as they are believed to be
caused by a combination of both genetic and environmental factors.” Since familial
aggregation of oral clefts is consistently observed, there has been interest in using complex
segregation analysis to determine the mode of inheritance that best fits this trait.’ In the
1960s and 1970s, the multifactorial model of inheritance was suggested to be the best-fitting
model.®> This model assumes that small effects of many genes and environmental factors act
together in an additive manner to increase risk up to a threshold point; when this threshold is

exceeded, the individual is affected.® It was only after methods for complex segregation

12



analysis were developed in the mid-1970s that this hypothesis could be formally tested

against alternative models, such as that of a major gene effect.’

In some families, the mode of inheritance of oral clefts has been determined; for
example, X-linked cleft palate has been found in families from several different
populations.g'10 In most families with oral clefts, however, the mode of inheritance remains
unknown. Many complex segregation analyses have been conducted to determine the
genetic model best fitting the pattern of familial aggregation for oral clefts. Although

several of these studies have rejected the multifactorial model in favour of a major gene

11-13 3,14

effect, there is still no consensus on the true mode of inheritance.
The purpose of this systematic review is to identify and review studies where

complex segregation analysis was used on families segregating the two most common types

of nonsyndromic oral clefts, cleft lip with or without cleft palate (CL/P) and cleft palate only

(CPO), to determine the most likely mode of inheritance of these traits.
Methods

OVID Medline, OVID Embase and ISI Science Citation Index were searched from
1970 to February 2007 using the search terms shown in Table 1.1 to locate studiés where
complex segregation analysis was used to determine the mode of inheritance of
nonsyndromic CL/P or CPO. Included studies were published articles with a primary

purpose of performing either complex segregation analysis or parametric linkage analysis.
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Table 1.1. Search strategy for identifying complex segregation analyses of oral clefts showing OVID Medline
search terms

OVID Medline search terms

Cleft lip/ exp Inheritance Patterns/

Cleft palate/ exp “Linkage (Genetics)”/

cleft$.mp Models, Genetic/
Pedigree/

segregat$.mp
limit to 1970-2007, limit to humans

Animal studies, review articles, abstracts and meeting proceedings were excluded.
Additionally, studies were excluded if they determined the mode of inheritance of oral clefts
using methods other than complex segregation analysis, included known syndromic oral
cleft cases, or investigated oral clefts within a single family or an isolated population (i.e.
those with a small population size, little immigration or emigration, and high consanguinity

between members).

The genetic model chosen by the authors of each study as the one best fitting the data
was the outcome of interest. In addition, data extracted from the articles included details of
the source and selection of cases, number of pedigrees included, proportion of multiplex
pedigrees, computer program and mathematical model used for analysis and estimates of the
allele frequency of the causative allele for those studies where a major gene effect was

found.

Results

Twenty-four complex segregation analyses were located for nonsyndromic CL/P,
representing studies in Europe, North America, Asia and South America. For CPO, six

complex segregation analyses from Europe, North America and South America were
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located. Characteristics of included studies are shown in Table 1.2. Most cases were
ascertained through surgical centres. The majority of studies used the unified mixed model
for complex segregation analysis implemented through the computer program POINTER.
The studies included a mixture of simplex and multiplex pedigrees; most studies did not
report the proportion of multiplex pedigrees, but some studies included only multiplex
families, while others excluded them. The size of the pedigrees was infrequently reported

and was most often described as “multigenerational”.

Many included studies of CL/P were reanalyses of the same dataset. Reanalyses

using the same computer program resulted in similar results to the original analysis."> '®

When a different computer program was used for reanalyses, a different model was often

17-20

chosen as the best-fitting although this was not always the case.?’ There were several

studies that appeared to sample cases from overlapping populations.'>**%

The results for CL/P presented below exclude the results of initial analyses that were
subsequently repeated and also exclude all but the largest of studies sampling from
overlapping populations. For studies where two different computer programs were used on

the same dataset, the study which gave the most specific genetic model was included.

There were fourteen unique complex segregation analyses of CL/P; only one did not

1

reject the model of no genetic transmission.’' Of the thirteen studies finding evidence of

11-13, 16-19, 21, 30

genetic transmission, ten found a major locus effect, two found no major locus

effect,'”?* and one returned inconclusive results.'® Among the ten studies finding a
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1 13,18,19,21,30 11,17
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major locus effect, five found a dominant mode two chose recessive, and

12, 15, 16

three were inconclusive. Some studies finding a dominant model noted that there was

reduced penetrance.”’*°

Two studies finding inconclusive major locus effects and one
choosing a recessive model found that adding a multifactorial component to the model
resulted in a better fit.'>!” Studies of CL/P identifying dominant or recessive as the best-
fitting mode of transmission found the frequency of the causative allele to be less than 5% in
all cases. The two studies finding a recessive model had the highest allele frequencies, at

3.5% and 5%, while studies finding a dominant model reported allele frequencies between

0.04% and 0.6%.

Among studies of CPO, there was one study where the same dataset was reanalyzed
using a different computer program, which was able to specify a genetic model where the
first could not.”® Excluding this initial analysis, there were five unique complex segregation
analyses of CPO found in the systematic review, all five of which rejected the model of no

20, 25,28, 30,32

genetic transmission. Two studies were able to tell if there was a major gene

20, 32

effect and chose a recessive model as the best-fitting, while the other three were

inconclusive.”>***® The two studies of CPO choosing recessive inheritance found allele
frequencies of 2% and 80%.

Discussion

The results from complex segregation analyses of nonsyndromic CL/P and CPO

suggest that although a single best-fitting genetic model cannot be identified for these traits,

20



both CL/P and CPO have a genetic component, with all but one study rejecting the
hypothesis of no genetic transmission. Most published complex segregation analyses of
CL/P have identified a major gene effect as the model best fitting the inheritance of this trait,
but the results were inconclusive regarding the best-fitting specific genetic model (i.e.
dominant, recessive, additive). The majority of complex segregation analyses that have
been performed for CPO could not determine if there was a major gene effect, but the two
that detected a major gene effect chose recessive inheritance. CL/P and CPO are considered
rare disorders as they affect only a small percentage of the population, approximately one in
every 600 births.” The low allele frequencies found in the complex segregation analyses of
CL/P, under 5% for recessive models and under 1% for dominant models, is consistent with
this low population prevalence. One of the two studies of CPO finding a recessive model,
however, reported an allele frequency of 80%, which appears high given the infrequency of

oral clefts.

Among studies of CL/P that were able to distinguish between competing models,
some chose a dominant model, others a recessive model and some found that the model of
no major gene was the best fit. There are several reasons why these studies might have
found different results. A first reason is true etiologic heterogeneity between populations,
with each population having a different set of genetic risk factors.” The prevalence of oral
clefts varies widely by geographic region and ethnicity, with migrants tending to retain the

same level of risk as in their homeland, suggesting genetic involvement.*?
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Low power may be another reason some analyses returned inconclusive or
inconsistent results. In complex segregation analysis, power depends not only on the
number of individuals in the analysis but also on the family structure of the pedigrees,
meaning that there is no single sample size calculation that can be used to determine how

many family members or pedigrees should be recruited to achieve adequate power.!

A third reason for variability in genetic models chosen may be differences in the
methods used for complex segregation analysis. Three of the methods used in the located
studies were the mixed model** used in computer programs POINTER and PAP, the
regression model used in SAGE® and the two-locus model implemented in COMDS.* The
mixed and regression models are similar as they test the fit of a major gene (single-locus)
model against other hypotheses such as that of multifactorial inheritance. The two-locus
model allows specification of a major locus and a second modifying locus and permits
comparison of this model to the fit of the single-locus model, although it cannot test the
hypothesis of multifactorial inheritance.” **> Complex segregation analysis using the mixed
or regression models would not be able to detect the presence of multiple loci, and COMDS

could not detect multifactorial inheritance, even if these were the true modes of inheritance.

There are other statistical methods that can be used to determine the mode of
inheritance of a trait. Classical segregation analysis, which assumes a major gene effect,
involves comparing the observed segregation ratios to theoretical Mendelian ratios and has
been used for determining whether a dominant or recessive model would be the best-fitting

major locus model. Classical segregation analyses of CL/P in Danish and Chinese
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populations have chosen a recessive model as the most likely, while one in a Chilean
population chose a dominant model.*****7 A study of CL/P in British Columbia Aboriginal
populations rejected both the dominant and recessive models in favour of a multifactorial
model.*® Recurrence pattern analysis is another method used to determine mode of
inheritance, but it is commonly used to estimate the number of interacting loci involved in
disease etiology.” Most recurrence pattern analyses have found that an oligogenic model
with several interacting loci provides the best fit for oral clefts.”** This is consistent with
the two complex segregation analyses located in the systematic review that implemented a
two-locus model; these studies found that the two-locus model, with one major locus and

one modifying locus, fit the data better than a single-locus mode]. 22!

Many methods used for finding genes involved in oral cleft etiology assume the
existence of a major gene, including association studies and parametric linkage analysis.
These methods have been used to identify candidate genes for oral clefts such as TGFA,
MTHFR, IRF6 and others.***° Results from several complex segregation analyses included
in this review have been subsequently used for parametric linkage analysis, resulting in the

identification of new putative loci for oral clefts.*”™

This systematic review shows that published complex segregation analyses point
toward the existence of a major gene for oral clefts, at least for CL/P, although to date there
has been difficulty in identifying genes accounting for a high degree of risk for

nonsyndromic oral clefts. Most complex segregation analyses, however, cannot detect the
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existence of more than a single locus and evidence from other methods suggests that there

may be more than one gene involved.
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Chapter 2

Section 1: Rationale for Chapter 2

In the systematic review of complex segregation analyses of nonsyndromic CL/P and
CPO (Chapter 1), all but one study of CL/P and all studies of CPO rejected the hypothesis of
no genetic transmission, making it likely that genetic factors are involved. However, no
genetic model could be identified as the best-fitting in the systematic review. There were
some included studies that either identified a multifactorial model as the best fit, or chose a
major gene effect with a residual multifactorial component, suggesting that environmental as
well as genetic risk factors may be important. Several environmental and lifestyle risk
factors for oral clefts have been identified; for example maternal smoking and use of

anticonvulsants during pregnancy have been shown to increase the risk of CL/P and CPO."?

One of the most commonly studied lifestyle risk factors for oral clefts is maternal
folate intake. Folate is an essential nutrient found naturally in green leafy vegetables; its
oxidized form, used in supplements and multivitamins, is called folic acid.>»* Once
ingested, folate metabolites are involved in carbon-transfer reactions and nucleotide and

amino acid biosynthesis.*

Folic acid intake in the periconceptional period has been associated with a reduced
risk for several birth defects’ but its role in the prevention of neural tube defects in particular
has the strongest supporting evidence. Although observational studies had suggested that

folic acid was effective in neural tube defect prevention, it was not until the early 1990s that
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randomized controlled trials confirmed that folic acid supplementation could prevent over
half of recurrent or occurrent cases of neural tube defects.”” In an attempt to increase folate
levels in all women, folic acid fortification of grain products was implemented in several
countries such as the United States, Canada and Chile in the late 1990s.* However, the
biological mechanism whereby folic acid prevents neural tube defects is still not completely

8,9
understood.

Once folic acid was shown to prevent neural tube defects, there was renewed interest
in the possibility that folic acid could prevent other birth defects such as oral clefts. Animal
experiments in the 1940s and 1950s had suggested that low maternal folate intake could
cause oral clefts.'” In the late 1950s, several studies in human populations were conducted
which suggested that supplementing pregnant women with folic acid or folic acid-containing
multivitamins reduced the risk of having an affected child,'' ™" although often these studies
were poorly reported and lacked statistical analyses.'> More recently, some studies have
found an inverse association between folic acid or folic acid-containing multivitamins and

14-1
oral clefts,'*!°

while others have not.”*** Two recent meta-analyses have suggested that
women taking folic acid-containing multivitamins during pregnancy are less likely to have a
child with CL/P or CPO.>?* Now that folic acid fortification has been introduced in several
countries for almost a decade, studies are being conducted to determine whether the
prevalence at birth of oral clefts has declined since the implementation of folic acid

fortification.?®!
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Recently, there has been interest in whether polymorphisms in folate metabolism
genes might also be associated with oral clefts since these polymorphisms could lead to
impaired folate metabolism and result in low folate status. The C677T variant of the gene
coding for 5,10-methylenetetrahydrofolate reductase (MTHFR) was the first genetic
polymorphism influencing folate metabolism to be investigated in relation to oral clefts.
Since then several studies of the C677T and A1298C variants, the two most common
MTHFR variants, have been conducted, many of which were included in a recent meta-
analysis of MTHFR-CL/P association studies.*” In the last few years, other genes of the
folate metabolism pathway and genes related to metabolism and transport of folate and

related nutrients have been investigated in association with oral clefts.***

The purpose of the following study was to collect and synthesize the available
evidence on one of the most commonly studied putative risk factors for oral clefts, folic
acid, using a series of systematic reviews and meta-analyses, and to determine whether the
evidence for an association between folate and oral clefts from studies of folate intake is

corroborated by the evidence on biochemical and genetic markers of folate status.
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Section 2: Folate intake, markers of folate status and oral clefts: is the evidence

converging?

Introduction

Oral clefts are some of the most common birth defects, affecting an estimated one of
every 600 births worldwide.! Animal studies in the first half of the twentieth century
demonstrated that vitamin deficiencies, including folate deficiency, could cause oral clefts.
Folate, a naturally occurring B-vitamin, and folic acid, its oxidized and more bioavailable
form found in multivitamins and food supplements, play important roles in the synthesis of

DNA and proteins where they are used as coenzymes for carbon transfer reactions.’

Many studies have been performed in an attempt to determine the role of folate in the
etiology of the two most common types of oral clefts: cleft lip with or without cleft palate
(CL/P) and cleft palate only (CPO). A num‘ber of intervention studies suggesting a
protective effect of folic acid on the recurrence of oral clefts have been performed.*® Since
these intervention studies were not randomized and the effects of folic acid could not be
separated from the effects of other vitamins in the intervention, the results of these studies
are difficult to evaluate.” One randomized controlled trial for the prevention of a first
occurrence of oral clefts where the effect of a folic acid-containing multivitamin was
compared to the effect of a trace element-containing supplement did not find a significant
difference between groups.® A cohort study using the same vitamin found similar results.’

However, both the trial and cohort study were not adequately powered to detect a difference.
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Several case-control studies have been undertaken to investigate the use of folic
acid-containing multivitamins during pregnancy, but results have been variable.'”'* Two
recent meta-analyses of folic acid-containing multivitamin use and oral clefts have shown

that women taking these multivitamins during pregnancy have a significantly decreased risk

of both CL/P and CPO.!%V

In view of the difficulties in investigating the specific effects of folate separate from
the effects of other vitamins found in supplements or multivitamins, attention has also been
given to the effects of polymorphisms in genes involved in folate metabolism. One of the
first folate metabolism genes studied in association with oral clefts was 5,10-
methylenetetrahydrofolate reductase (MTHFR; EC 1.5.1.20; 1p36.3). MTHFR catalyzes the
creation of 5-methyltetrahydrofolate from 5,10-methylenetetrahydrofolate, which is then

combined with homocysteine to synthesize methionine.'®

Rare mutations in MTHFR causing severe enzyme deficiency result in
hyperhomocysteinemia, hyperhomocystinuria, mental retardation, seizures and thrombosis."”
To date over sixty single nucleotide polymorphisms (SNPs) have been identified in MTHFR,
with most functional amino acid changes leading to reduced enzyme activity.'® MTHFR
polymorphisms found at high frequencies in the population, C677T and A1298C, were first
investigated in cardiovascular disease etiology because of their impact on homocysteine
metabolism, the impaired enzyme leading to increased homocysteine levels when folate

availability is low."*?!
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Since the first report in 1998 that the MTHFR C677T variant genotype was found
more commonly among CL/P cases than controls,” population-based and family-based
studies have been undertaken to determine the role of this gene in the etiology of CL/P and
CPO, which have produced variable results.”> % A recent meta-analysis of population-
based studies of the association between MTHFR and CL/P has shown that likely no

association exists.?

With conflicting evidence on the role of folate in oral cleft etiology, the purpose of
the present systematic review and meta-analysis is to synthesize evidence from studies of
associations between CL/P and CPO and dietary and supplemental folate intake,
biochemical markers of folate status and genetic variants thought to influence the
metabolism and transport of folate and related nutrients to determine if the evidence is

converging.

Methods

Search strategy

The main databases used for locating studies were OVID Medline (1950-), PubMed
(1950-), OVID Embase (1980-) and ISI Science Citation Index (1970-), which were
searched to the end of February 2007 using the search terms shown in Table 2.1. Reference
lists from included articles were searched for additional articles. For reviews of genetic
variants, the HuGE Published Literature Database®® was searched to the end of February

2007 for “cleft lip with cleft palate”, “cleft lip without cleft palate”, “cleft palate” and “oral
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Table 2.1. Search strategies used to identify relevant articles, showing OVID Medline search terms.

Supplements and clefts

Cleft lip/

Cleft palate/
cleft$.mp

AND

exp Folic acid/
exp Vitamins/
exp Dietary supplements/
folic$.mp
folate$.mp
vitamin$.mp
multivitamin$.mp

Fortification and clefts (search restricted to 1995 and later)

exp “Congenital, hereditary, and neonatal diseases and abnormalities/”
Cleft lip/

Cleft palate/
cleft$.mp
AND

Folic acid/
folic$.mp
folate$.mp
AND

Food, fortified/
fortif$.mp

MTHFR and clefts (search restricted to 1995 and later)

Cleft lip/

Cleft palate/

cleft$.mp

“Methylenetetrahydrofolate reductase (NADPH2)”/

“5, 10-methylenetetrahydrofolate reductase (FADH2)”/
mthfr$.mp

Other folate genes (search restricted to 1995 and later)

Cleft lip/

Cleft palate/

cleft$.mp

[full gene name] as MeSH term (if available)

[abbreviation of gene name] as MeSH term (if available) and text term

[alternate forms of gene name, as appropriate] as MeSH (if available) and text term
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clefts”. Full texts were retrieved and articles were included if the authors indicated that the
gene under investigation was involved in folate metabolism or transport. Reference lists
from these studies were used to identify additional articles. The gene names identified using
this search were used for a more in-depth search in the main databases using the strategy

outlined in Table 2.1.

Inclusion/exclusion criteria

To be included in the review, studies were required to have information on CL/P,
CPO or both types of clefts combined. There was no restriction by language. Animal
studies, review articles, case reports, case series, abstracts and meeting proceedings were
excluded. When two studies sampled from the same population during the same time
period, the study with the most relevant primary outcome was included; if there was more
than one, the study with the largest sample size or the most recent was included. Each
review topic, listed below, had specific inclusion/exclusion criteria and subgroup analyses.
Articles could appear in more than one review topic, and inclusion/exclusion of the article

was assessed independently for each topic.

Supplement use: observational studies. Included studies were case-control, case-cohort or
cohort studies where women who took folic acid supplements at any time during the three
months prior to pregnancy to the end of her pregnancy were compared to women who did
not. Since folic acid is often consumed as a part of a multivitamin instead of as a folic acid

supplement alone, women taking multivitamins were also included. Subgroup analyses
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were undertaken to separate the effects of folic acid from the effects of other components of
the multivitamin. Studies specifically mentioning use of folic acid supplements or folic
acid-containing multivitamins were classified as “folic acid use” and studies mentioning
multivitamin use were labelled “multivitamin use”; these two categories are not mutually
exclusive. Subgroup analyses were also conducted to investigate the effect of timing of
supplement or multivitamin use: the first restricted to women who had started
supplementation prior to conception and had continued throughout at least the first two
months of pregnancy, and the second restricted to women who started supplementation after
the etiologically relevant time period. The etiologically relevant time period was defined as
pre-conception to the end of the third month for CL/P, and pre-conception to the end of the

fourth month for CPO, as has been defined in other studies®"*2.

Supplement use: randomized controlled trials. Only interventions of folic acid
supplements or folic acid-containing multivitamins with true randomization of participants
were included; trials without randomization were classified as observational studies or

recurrence studies, as appropriate.

Supplement use: recurrence studies. Studies were included if the investigators attempted
to prevent the recurrence of oral clefts by giving folic acid supplements or folic acid-
containing multivitamins to mothers planning a pregnancy in instances where either or both
of the parents were themselves born with a cleft, or where the mother had previously given
birth to an affected child. In the included studies, a group of mothers receiving folic acid-

containing prophylaxis was compared to a group of women not receiving folic acid.
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Narrative studies without sufficient quantitative data for meta-analysis were excluded from

this analysis.

Dietary folate. Any study attempting to quantify maternal folate intake during pregnancy
from dietary sources aside from supplements or multivitamins and to compare these values
in mothers of children with oral clefts to mothers of non-cases was included. Studies which
included folate from supplements and multivitamins in addition to other sources of folate in
the estimate of dietary intake were also included. The highest quantile of maternal folate
intake was compared to the lowest quantile to estimate risk using quantiles defined by the
author of each study. P-values for tests for trend and for differences in mean dietary folate

intake between case and control mothers were also noted.

Folic acid fortification. Included studies were those reporting prevalence ratios (PR) and
95% confidence intervals (CI) for the prevalence of oral clefts after, compared to before,
implementation of folic acid fortification. For studies sampling from overlapping
populations, national studies were included over regional studies. Studies were grouped

based on whether the fortification was compulsory or optional for that country.

Biochemical markers of folate status. Observational studies where investigators compared
the plasma (serum) or erythrocyte (red cell) folate levels of mothers of children with oral
clefts to mothers of unaffected children were included. Comparisons were made between

the highest and lowest quantiles of folate, as defined by the author of each study, to estimate
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risk. P-values from dose-response relationships were noted, as were p-values for differences

between mean levels of folate between case and control mothers.

MTHFR C677T, A1298C, haplotypes and haplogenotypes. Studies were included if
MTHEFR genotype, haplotype or haplogenotype (i.e. the combination of haplotypes inherited
from the mother and father) frequencies in cases, case mothers and case fathers were
compared to frequencies in controls or their parents. For studies of MTHFR polymorphisms,
homozygous wildtype individuals were chosen as the reference group. For the review of

haplotypes, only studies of the MTHFR C677T-MTHFR A1298C haplotype were included.

Transmission disequilibrium tests (TDT). Articles reporting results from TDT for
MTHFR C677T, A1298C or haplotypes were included. P-values for differences in
transmission were extracted from the studies. Studies reporting parent-of-origin effects

were considered separately.

Gene-environment interactions. Included studies were those where interactions between
MTHFR and folate were investigated. Studies were grouped by polymorphism (C677T,
A1298C), individual genotyped (infant, mother, father) and exposure (dietary folate intake,

folic acid-containing supplements).

Other genes related to folate metabolism or transport. The same methods were used as

for the MTHFR association and TDT reviews.
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Meta-analysis

Separate analyses were performed for CL/P, CPO and OFC (orofacial clefts; only
including studies not differentiating between CL/P and CPO). The authors (C.Y.J and J.L.)
independently abstracted data from articles and resolved differences by consensus. Adjusted
odds ratios (OR) were extracted from included studies if available; if not, crude estimates
were used. If odds ratios were not provided, they were calculated from data available in the
article. Relative risks were assumed to be equivalent to odds ratios since oral clefts have a
low population prevalence. For review topics where odds ratios were inappropriate, p-
values were extracted from the articles when possible, again using adjusted estimates if
available. Random effects meta-analysis was used to determine summary odds ratios and
95% confidence intervals for each association, if applicable, and random effects cumulative
meta-analysis was used to show time trends in the association. Between-study heterogeneity
was detected using Cochran’s Q-test and the I° statistic with 95% uncertainty interval (UI).*?
Publication bias was assessed using Egger’s test. In all analyses, a level of a = 0.05 was

used to denote statistical significance. All calculations were performed in Stata 8.

Results

The characteristics of studies included in the systematic review and meta-analyses

are shown in Table 2.2. Most studies were conducted in Europe and the United States.

There were few studies from South America, Australia and Asia, and none from Africa.
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Table 2.3. Results of meta-analyses of observational studies of supplement use and oral clefs.

Meta-analysis Number OR (95% CI) CochranQ  I*(95% UI)  Egger’s test
of studies p-value p-value
CL/p

Any supplement use 22 0.75 (0.65-0.88) <0.01 56 (29-73) 0.38
Multivitamin use® 18 0.77 (0.66-0.90) <0.01 59 (30-75) 0.53
Folic acid use” 13 0.82 (0.70-0.97) 0.02 49 (4-73) 0.99
Started supplements 9 0.65 (0.50-0.86) 0.07 45 (0-74) 0.98
preconceptionally

Started supplements 2 1.11 (0.65-1.92) 0.07 69 (0-93) --

after the etiologically
relevant time period®

CPO
Any supplement use 21 0.88 (0.76-1.01) 0.13 26 (0-57) 0.81
Multivitamin use 17 0.88 (0.74-1.04) 0.11 31 (0-62) 0.98
Folic acid use 12 0.95(0.79-1.14) 0.13 32 (0-66) 0.37
Started supplements 8 0.70 (0.51-0.98) 0.26 21 (0-64) 0.72
preconceptionally
Started supplements 1 0.99 (0.71-1.38) -- -- -

after the etiologically
relevant time period’

OFC
Any supplement use 6 0.88 (0.55-1.40) <0.01 76 (46-89) 0.91
Any supplement use® 5 1.05 (0.85-1.30) 0.49 0 (0-76) 0.42
Multivitamin use® 2 0.85(0.51-1.44) 0.69 0 --
Folic acid use 4 1.18 (0.91-1.52) 0.84 0 (0-46) 0.31

“Use of multivitamins, regardless of folic acid content

®Use of folic acid supplements or folic acid-containing multivitamins
°After the third month of pregnancy

A fier the fourth month of pregnancy

¢ Elahi et al.”* removed

Supplement use: observational studies

9, 11-14, 31, 32, 34-48 9, 11-14, 31, 32, 34-46, 48

Twenty-two and twenty-one studies were included
in the meta-analyses for CL/P and CPO, respectively; the predominant study type was case-
control, but each meta-analysis also included one cohort’ and one case-cohort'? study. All
articles except one were found using the search strategy; one paper in press was known to
the authors and was included.*® The majority of studies included women taking

multivitamin supplements during the periconceptional period, continuing through the first

trimester of pregnancy. Often the folic acid content of multivitamins was not reported.
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Results of the meta-analyses are shown in Table 2.3. Use of any supplements before
or during pregnancy was associated with a significantly decreased risk of CL/P (OR 0.75,
95% CI 0.65-0.88; Figure 2.1) but not CPO (OR 0.88, 95% CI1 0.76-1.01; Figure 2.2).
Significant between-study heterogeneity was detected for the analysis of CL/P using the
Cochran Q and I statistics, while the analysis for CPO had low to moderate heterogeneity.
Cumulative meta-analysis for CL/P showed a consistent inverse association, with statistical
significance achieved over the past thirteen studies (Figure 2.3). Although the association
between CPO and supplement use was not statistically significant in the meta-analysis
presented above, cumulative meta-analysis showed that the effect has been moving
consistently toward an inverse association, reaching statistical significance between the
years 1999 and 2006 (span of twelve studies);’the effect at its farthest from the null is almost
identical to that seen for CL/P (CPO OR 0.78, 95% C1 0.67-0.90). Only since 2007 (span of

four studies) has the association regressed towards the null (Figure 2.4).

Restricting the analysis to those studies specifically mentioning use of folic acid® '
14,32,36,37, 42,4348 attenuated the association for both CL/P (OR 0.82, 95% CI 0.70-0.97) and
CPO (OR 0.95, 95% CI 0.79-1.14); cumulative meta-analysis for CPO showed the same
pattern as for all supplement use, with a span of five studies between 1999 and 2006
showing a statistically significant decrease in risk. For the analysis restricted to
multivitamin use, the effect estimates for CL/P and CPO were no different from those in the

unrestricted analysis.

51



Fraser 1964 —| P T
Saxen 1975 - e
Shaw 1995 - SN - SO
Hayes 1996 — — g —
Romitti 1998 —| Y~ SO
Czeizel 1999 — A
Werler 1999 — — ..,4‘.4:::7 ,,,,,,
Beaty 2001 —-{ 77,737711‘”
tikala 2001 — e
Loffredo 2001 R < T
de Walle 2003 —| (SRR S
Hozyasz 2003 - —— — — "
Mitchell 2003 - JRS - RO
Czeizel 2004 — — PE— o ‘ e G
Bower 2006 — S T -
Krapels 2006 -—| ,,,,H,“;
Pei 2006 - [
Shaw 2006 — ! g
Bille 2007 —| - S
Chevrier 2007 | .
Wileox 2007 — P ,,4‘ T S
Littte (in press) —] %EH;_M_W,.
|
Combined —| P
o : [ [
5 1 2
OR

Figure 2.1. Random effects meta-analysis for studies of the association between supplement use before or
during pregnancy and the risk of CL/P showing OR and 95% CI.

Timing of supplement use affected the risk of CL/P and CPO. For women starting

9,31,37,39,40,42,45-47
L/P and

supplementation prior to conception, nine studies were found for C
eight for CPQ.”*!>37-3%40.42.43.96 These women had a lower risk of having a child with

CL/P (OR 0.65, 95% CI 0.50-0.86) and CPO (OR 0.70, 95% CI 0.51-0.98). There were two
studies for CL/P***7 and one for CPO’* where information was collected on the risk of clefts

to women starting supplementation after the etiologically relevant time period; none of these

studies found an association with all effect estimates close to unity.

There were six studies where results were presented for all clefts combined.**>* All
were found through the search strategy except one that was known to the authors and was

included.’" Overall these studies found no association between supplement use and risk of
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Figure 2.2. Random effects meta-analysis for studies of the association between supplement use before or
during pregnancy and the risk of CPO showing OR and 95% CI.

clefts (OR 0.88, 95% CI 0.55-1.40) although this meta-analysis had marked heterogeneity.
Exclusion of the study by Elahi et al.,>* which included interventions of other nutritional
supplements besides multivitamins, produced a more homogeneous analysis and raised the
effect estimate (OR 1.05, 95% CI 0.85-1.30). While restricting the analysis to the four

studies specifically mentioning folate™ *'->>

resulted in an increased risk of clefts (OR 1.18,
95% CI 0.91-1.52), restricting to the two studies of multivitamin use*” *° showed the
opposite effect (OR 0.85, 95% CI 0.63-1.13) although neither was statistically significant.

There was an insufficient number of studies to determine the effects of timing of supplement

use for all clefis.
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Figure 2.3. Random effects cumulative meta-analysis showing the association between supplement use before
or during pregnancy and the risk of CL/P over time as OR and 95% CI.

Supplement use: randomized controlled trials

One randomized controlled trial®** was conducted where women planning a
pregnancy were randomized to receive folic acid-containing multivitamins
periconceptionally, but oral clefts were not the primary outcome of interest and the study
was not adequately powered to detect an association. The authors found an increased risk of
CL/P and a decreased risk of CPO, with wide confidence intervals (OR 1.94, 95% CI 0.41-
9.09 and OR 0.19, 95% CI 0.01-4.03, respectively). There were four cases among the

supplemented women and two in the unsupplemented group.

One other randomized controlled trial was located where women choosing to take

folic acid supplements prior to or during pregnancy were randomized to receive either high
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Figure 2.4. Random effects cumulative meta-analysis showing the association between supplement use before
or during pregnancy and the risk of CPO over time as OR and 95% CL

dose (2.5 mg) or low dose (1.0 mg) folic acid.”® At the end of the trial, the prevalence of
oral clefts was highest in the high-dose group, lowest in the low-dose group and
intermediate among the unsupplemented women. None of the associations was statistically

significant; there were less than 30 cases that occurred during the trial.

Supplement use: recurrence studies

Three recurrence studies*® were included in the meta-analysis (Table 2.4, Figure
2.5). In all three, authors included women who had previously given birth to a child with a
cleft. In one study, the authors also included families where one or both of the parents had
themselves been born with a cleft.® All studies compared women receiving a folic acid-

containing multivitamin and mineral supplement to women receiving no supplement. The
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Table 2.4. Results of recurrence studies using multivitamin and mineral prophylaxis that included folic acid.

Study Eligible women Intervention CL/P CPO
RR (95% CI) RR (95% CI)
Conway 1958* Previous child affected Multivitamin with 0.26 2
0.5 mg folic acid (0.03-2.19)
Briggs 1976 Previous child affected Multivitamin with 0.34 1.70
5 mg folic acid (0.10-1.16) 0.47-6.11)
Tolarova 1995°  Previous child or either parent Multivitamin with 0.35 --
affected, no other family 10 mg folic acid (0.11-1.09)
history of clefts

®No cases were observed in the intervention or control groups

Conway 1958 —

;

|

b

i

)

1

;

h
Briggs 1976 — )

Totarova 1995 -

Combined —| e —

Figure 2.5. Random effects meta-analysis for recurrence studies of CL/P showing RR and 95% CI.

composition of supplements differed between studies; for example, folic acid content of the
supplements ranged from 0.5 to 10 mg. Despite the range of folate dosages, the effect
estimates were similar between studies. The meta-analysis had low heterogeneity and

showed a significantly decreased risk of CL/P (RR 0.33, 95% CI 0.15-0.73). Only one study
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Table 2.5. Risk of oral clefts by quantiles of maternal dietary folate intake, as defined in each study.

Study N Quantile definition CL/P CPO
(ng/day) OR® p for p for OR* p for
Highest Lowest (95%CI)  trend difference” (95% CI) trend
Hayes 1996°" 3 0.9
(0.5-1.6)°
van Rooij 2004 5 mean mean 0.54 0.06 <0.001¢
242 152 (0.27-1.05)
Bower 2006* 2 above below 1.56 2.07
326 326 (0.67-3.63) (0.42-10.16)
Shaw 2006 4 above  below 136 0.37
705 32945  (0.46-4.02) (0.07-1.88)
Chevrier 2007" 3 above  below 0.64 0.03¢ 0.70
314 230 (0.4-1.1) (0.3-14)
Wilcox 2007 4 above  below 0.80 0.21
265 171 (0.52-1.24)
Little (in press)*® 4 median  median 0.9 0.53 1.0 0.93
775 269 (0.44-2.03) (0.43-2.36)

N, number of quantiles

? Odds ratio for highest versus lowest quantile of folate intake

® p-value for difference in mean folate intake between cases and controls
¢ Combined estimate for OFC (CL/P and CPO together)

¢ Higher folate intake among controls

presented results for CPO, which showed a nonsignificant increase in risk (RR 1.70, 95% CI

0.47-6.11).

Dietary folate intake

11,13, 14, 45,48, 55

Six studies were identified that measured dietary folate intake during

pregnancy among CL/P case and control mothers; four of these also measured dietary folate

) . 11,13, 45, 48
in relation to CPO. > "™

One additional study provided information for all clefts
combined.’” No meta-analysis was performed due to differences in definitions of quantiles
of exposure between studies. There was the suggestion of an inverse association between

folate intake and oral clefts, but overall the results were varied and none was statistically

significant (Table 2.5). Sample sizes were small, creating wide confidence intervals.
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Folic acid fortification

The meta-analysis using data from studies performed in Australia, Canada and the
United States®®*® (Table 2.6) shows that the prevalence of CL/P was lower by a small but
significant margin after fortification was introduced (OR 0.95, 95% CI 0.91-0.99; Figure
2.6). This decline was not seen for CPO (OR 1.01, 95% CI 0.90-1.15; Figure 2.7), although
both the Cochran Q and I” statistics detected significant between-study heterogeneity in this
analysis. Upon separating the countries with optional from those with compulsory
fortification, it appeared that the prevalence of CL/P and CPO remained the same or
increased in Australia where there is optional fortification (ORcpp 1.02, 95% CI1 0.93-1.12
and ORcpo 1.19, 95% CI 1.03-1.38) and decreased in the United States and Canada where
there is compulsory fortification (ORcpp 0.93, 95% CI 0.90-0.98 and ORcpg 0.92, 95% CI
0.85-0.99). In one study of hospital admissions for CL/P and CPO in the United States, no
change in hospitalizations before and after introduction of folic acid fortification was
observed.” This study was not included in the meta-analysis as it measured hospitalizations

for oral clefts and not prevalence at birth.

Table 2.6. Prevalence of oral clefts after, as compared to before, folic acid fortification, by type of fortification
implemented.

Number PR (95% CI) Cochran Q I? (95% UI)  Egger’s test

of studies p-value p-value

CL/P :

Any fortification 7 0.95 (0.91-0.99) 0.46 0 (0-69) 0.88

Compulsory fortification 5 0.93 (0.90-0.98) 0.56 0(0-72) 0.37

Optional fortification 2 1.02(0.93-1.12) 0.79 0 -
CPO

Any fortification 7 1.01 (0.90-1.15) <0.01 75 (46-88) 0.36

Compulsory fortification 5 0.92 (0.85-0.99) 0.32 15 (0-82) 0.48

Optional fortification 2 1.19(1.03-1.38) 0.19 43 -
OFC

Compulsory fortification 2° 0.94 (0.91-0.97) 0.31 2 --

? One study without numerical results was not included in the meta-analysis
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Figure 2.6, Random effects meta-analysis showing the change in the prevalence of CL/P following folic acid
fortification as PR and 95% CIL.

Three studies reported results for all clefts together. One study from the United
States®® found a significant decrease in the prevalence of oral clefts after fortification (OR
0.94, 95% CI 0.92-0.96) while one study from Canada and one from Chile reported no

. 1
decrease in cleft prevalence;®"

the study from Chile did not present numerical results.
Biochemical markers of folate status

Four studies were found where plasma folate and/or erythrocyte folate status were
compared between CL/P case and control mothers (Table 2.7).2> %* There was one study
for CPO® and two for all clefts combined.®® ¢’ No meta-analysis was performed due to
differences in exposure quantile definition between studies. Results were varied, with both

significant increased and decreased risks found for individuals with lower folate status.
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Figure 2.7. Random effects meta-analysis showing the change in the prevalence of CPO following folic acid
fortification as PR and 95% CI.

MTHFR C677T and A1298C

There is no association between infant or maternal MTHFR C677T or A1298C
genotype and CL/P or CPO (Table 2.8, Figures 2.8 and 2.9). The association between infant
MTHFR C677T and CL/P was the most commonly investigated, with thirteen studies
located.'>2**% %7 gtydies were conducted mostly in Europe and Asia, with few studies
from North and South America. No studies were found from Australia and Africa. All but
two studies were found using the search strategy: one submitted for publication was known

to the authors and was included®® and one was found by searching reference lists.”

There was an increased risk of CL/P for fathers with the MTHFR C677T TT

compared to CC genotype (OR 1.63, 95% CI 1.00-2.65, Figure 2.10) based on the results of
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Table 2.7. Risk of oral clefts by quantiles of maternal plasma and erythrocyte folate, as defined in each study.

Definition of quantiles OR (95% CI) for
(nmol/L) highest vs. lowest p for
Highest Lowest quantiles p fortrend  difference’
Plasma folate
CL/P
Niebyl 1985% - - - - NS
Stoll 1999% -- -- - - NS
Munger 2004%%® median 20.6 median 8.3 0.89 (0.40-2.01) 0.99 NS
Munger 20045 median 20.6 median 8.3 2.70 (1.18-6.17) 0.02 <0.05°
OFC
Wong 1999% - - . - <0.01¢
van Rooij 2003% above 7.5 below 7.5 1.2 (0.4-3.2) - -
Erythrocyte folate
CL/P
Niebyl 1985% - - - - NS
Munger 20045 median 1189 median 596 0.46 (0.20-1.09) 0.33 <0.05°
Munger 20045 median 1189  median 596 4.85 (2.24-10.50) <0.001 <0.0014
Little (submitted)® 584102228  103.5t0323.5 0.5(0.18-1.18) - --
(ng/L) (ng/L)
CPO
Little (submitted)”  607.5 to 2228 107 to 355 3.22 (1.14-9.10) - -
(ng/L) (ng/L)
OFC
Wong 1999% - . - - <0.05¢
van Rooij 2003 above 394 below 394 0.9 (0.3-2.3) -- 0.60

NS, no statistically significant difference at a = 0.05

¢ difference in mean folate levels between cases and controls

» Negros Occidental, Philippines

¢ Davao, Philippines

d higher in cases than controls
¢ higher in controls than cases

four studies.® "> ™ Few studies of MTHFR and CPO have been conducted and results

have been heterogeneous. There have been no studies of CPO with paternal MTHFR C677T

or A1298C and only one of CPO with infant and maternal MTHFR A1298C.*®

MTHFR C677T/A1298C haplotypes and haplogenotypes

Three studies of haplotype frequency’" " 7* and none found a significant difference

in haplotype frequencies in case infants, mothers or fathers compared to controls. There

were few studies investigating haplogenotype frequency”” """, but results were too varied
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Table 2.8. Results of meta-analyses of MTHFR polymorphisms and oral clefts.

Meta-analysis Number of Summary Cochran Q I* (95% UI) Egger’s test
studies OR (95% CI) p-value
MTHFR C677T
CL/P
Infants
TT vs CC 13 1.14 (0.88-1.48) 0.16 28 (0-63) 0.53
CT vs CC 12 1.12 (0.90-1.39) 0.01 56 (15-77) 0.04
Mothers
TT vs CC 9 1.19 (0.77-1.82) 0.02 55 (4-79) 0.82
CT vs CC 9 0.95 (0.74-1.20) 0.04 50 (0-77) 0.23
Fathers
TT vs CC 4 1.63 (1.00-2.65) 0.74 0 (0-64) 0.58
CT vs CC 4 0.99 (0.73-1.34) 0.69 0 (0-69) 0.79
CPO
Infants
TT vs CC 5 0.99 (0.45-2.16) 0.01 70 (23-88) 0.98
CT vs CC 4 1.11 (0.71-1.72) 0.07 57 (0-86) 0.72
Mothers
TT vs CC 3 1.03 (0.56-1.89) 0.38 0 (0-89) 0.54
CTvsCC 3 0.78 (0.48-1.27) 0.15 48 (0-85) 0.47
OFC
Infants
TT vs CC 1 0.85 (0.53-1.38) - -- -
CT vs CC 1 0.95 (0.45-1.98) - - -
Mothers
TT vs CC 1 0.9 (0.2-4.0) -- - -
CT vs CC 1 0.8 (0.3-1.9) - — -
MTHFR A1298C
CL/P
Infants
CC vs AA 6 0.94 (0.63-1.39) 0.48 0 (0-72) 0.44
CAvs AA 6 1.12 (0.85-1.48) 0.16 38 (0-75) 0.21
Mothers
CCvs AA 4 0.96 (0.63-1.45) 0.62 0 (0-74) 0.95
CA vs AA 4 0.97 (0.69-1.36) 0.13 47 (0-82) 0.90
Fathers
CCvs AA 3 0.65 (0.28-1.52) 0.20 39 (0-81) 0.56
CAvs AA 3 0.84 (0.62-1.15) 0.88 0 (0-17) 0.15
CPO
Infants
TT vs CC 1 0.30 (0.09-1.04) - - -
CT vs CC 1 1.06 (0.62-1.82) -
Mothers
TT vs CC 1 0.77 (0.33-1.81) - - -
CT vs CC 1 0.65 (0.38-1.10) - - -
OFC
Mothers
TT vs CC 1 1.4 (0.4-5.2) - - -
CTvs CC 1 1.2 (0.5-2.9) - - -
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Figure 2.8. Random effects meta-analysis of the association between infant MTHFR C677T TT versus CC

genotype and CL/P showing OR and 95% CI.

to determine if any haplogenotype was associated with oral clefts.

Transmission disequilibrium tests (TDT)

For MTHFR C677T, twelve studies included results from transmission
disequilibrium tests for CL/P?"+28:6% 71737780 o d three included results for CPO.” % 8!
There was one significant and one borderline significant difference in transmission of the

variant allele found for CL/P.3*# For MTHFR A1298C, four studies were found for

CL/P,”" 777 gne of which found a significant difference in transmission.?” No significant

haplotype overtransmission was found for CL/P or CPO in the four studies where this

information was reported. 277274
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Figure 2.9. Random effects meta-analysis of the association between maternal MTHFR C677T TT versus CC
genotype and CL/P showing OR and 95% CI.

Gene-environment interactions

Six articles described gene-environment interactions between MTHFR and either
supplement use (Table 2.9) or dietary folate intake (Table 2.10).1%2%2%2% 728 Among
these six studies, ten different associations were described: combinations of outcome (CL/P,
CPO), exposure (supplements, dietary folate), genotype (MTHFR C677T, A1298C) and
individual genotyped (infant, mother). No meta-analysis was performed due to small
numbers of studies in most subgroups and differences in the definition of reference groups.
Often the highest risks were found among women who had not taken folic acid supplements
or who had low folate intake, and who themselves or their children carried variant

genotypes.
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Figure 2.10. Random effects meta-analysis of the association between paternal MTHFR C677T TT versus CC
genotype and CL/P showing OR and 95% CL.

Other genes involved in folate metabolism or transport

Genes reported to be involved in folate metabolism or transport, and investigated in
association with oral clefts, aside from MTHFR, were: betaine-homocysteine
methyltransferases (BHMT and BHMT?),? cystathionine beta-synthase (CBS),*** folate
receptors (FOLRI and FOLR?2),* methylenetetrahydrofolate dehydrogenase (MTHFDI),"

87.88 methionine synthase reductase (M’ TRR),88 reduced folate

methionine synthase (MTR),
carrier (RFCI )47’ 79:87.89 and transcobalamins (ZCNI and TCN2).*® Few associations have
been studied in more than one population. RFCI was the gene most often studied, but no
significant association with oral clefts has been found in any of the four studies.*” %% %

Several studies did find statistically significant associations: an inverse association between

CL/P and TCN2,*® a positive association between CL/P and MTR.*" and a difference in
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Table 2.9. Gene-environment interactions between MTHFR and supplement use during pregnancy.

No supplement use

Supplement use

MTHFR C677T T CT cC T CT CC
CL/P
Infant
Wyszynski 3.0 1.7 2.1 0.7 0.8 1.0
2000 (1.2-7.2) (0.9-3.0) (1.2-3.8) (0.4-14)  (0.5-12) (reference)
Jugessur 2003%° 1.44 1.0 431 1.0
(0.73-2.82) (reference) (1.55-12.01) (reference)
van Rooij 2003™ 3.5 1.7 1.7 24 1.3 1.0
(0.3-42.4) (0.7-3.9) (0.8-3.8) (0.5-123)  (0.5-3.1)  (reference)
Maternal
Jugessur 2003 1.44 1.0 0.78 1.0
(0.73-2.82) (reference) (0.33-1.85) (reference)
van Rooij 2003 5.9 1.3 1.7 1.2 0.8 1.0
(1.1-30.9) (0.6-2.5) (0.9-3.2) (0.4-3.7) (0.4-1.8) (reference)
CPO
Infant
Shaw 1999% 0.9 - 1.0 0.4 - 1.0
(0.2-3.3) (reference) (0.2-1.1) (reference)
MTHFR A1298C CcC AC AA cC AC AA
CL/P
Infant
van Rooij 20037 1.7 1.8 1.9 2.7 1.0 1.0
(0.5-5.8) (0.7-4.5) (0.8-4.4) (0.5-14.3)  (0.4-2.6) (reference)
Matemal
van Rooij 2003™ 2.2 1.9 1.7 1.3 0.7 1.0
(0.7-6.5) (0.9-3.9) (0.8-3.4) (0.5-4.5) (0.3-1.7)  (reference)

transmission for CBS (mother’s allele) among CL/P cases.® These results have not yet been

replicated in other populations.

Discussion

When considering the spectrum of evidence for an association between folate and

oral clefts, including environmental, biochemical and genetic measures of exposure, there is

no strong evidence that folate plays an important role in oral cleft etiology. The most

promising evidence for an association comes from studies on supplement and multivitamin

use, but the effects of folic acid cannot be readily separated from the effects of other

nutrients in the multivitamins and supplements. Following folic acid fortification, there
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appeared to be a decrease in the prevalence of both CL/P and CPO in countries with
compulsory folic acid fortification, but a marked decrease in prevalence, like that observed
for neural tube defects after folic acid fortification,® is not seen. Evidence from
biochemical and genetic markers of folate status also show no clear association between

folate and oral clefts.

With the knowledge that folic acid can prevent a substantial proportion of neural
tube defects, conducting a randomized controlled trial to separate the effects of folic acid
from those of multivitamins would be unethical. One trial that has been done did not have
oral clefts as the primary outcome of interest and was not adequately powered to detect an
association between folic acid and oral clefts. Currently, there is an oral cleft recurrence
trial underway in Brazil where high-risk women will be randomized to receive high (4.0 mg)
or low (0.4 mg) dose folic acid supplements which may be able to provide information on

the association between folate and oral clefts, as well as information on potential dose-

response effects (www.clinicaltrials.gov, NCT00098319).

As pregnant women cannot be randomized to receive folic acid-containing
multivitamins, observational studies must be used to investigate an association between folic
acid-containing multivitamins and oral clefts. Evidence from observational studies show
that women taking supplements before or during pregnancy have a reduced risk of CL/P, but
not CPO. It is difficult to determine which component(s) of the supplements is responsible
for this reduction in risk, as the content of the supplements is not often reported. The

attempt made in the meta-analysis to separate the effects of folic acid and multivitamins
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through subgroup analyses was inadequate since the subgroups were not mutually exclusive;
however, it was found that the folic acid subgroup had effect estimates closer to the null than

the estimates for multivitamins for all types of oral clefts.

The subgroup analysis investigating timing of supplement use showed that women
starting supplement use prior to pregnancy and continuing during early pregnancy had a
lower risk of having a child with CL/P and CPO, while there was no change in risk for
women starting supplement use after the etiologic time period. While this suggests that
supplements are able to protect against oral clefts, it is also possible that early supplement
use is a marker of general good health practices, or a marker of pregnancy planning, which

has been shown to be inversely associated with oral clefts.”

The stronger association observed between supplement use and CL/P compared to
CPO suggests that this intervention may not be equally beneficial for both types of clefts. It
is recognized that CL/P and CPO are etiologically distinct entities’® although they share
some risk factors in common, such as in the case of van der Woude syndrome where
mutations in the same gene, IRF6, cause both CL/P and CPO.” Results of the cumulative
meta-analysis, however, suggest that the association between CPO and supplement use is
not yet stable. At one point in time, the association between CPO and supplement use was
nearly identical to the association between CL/P and supplements. Why the association

between supplements and CPO has recently regressed towards the null is unclear.
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There was a significant reduction in the risk of cleft recurrence with folic acid-
containing multivitamin prophylaxis, with a larger effect estimate (i.e. greater protective
effect) found in recurrence studies compared to the observational studies. The results of
recurrence studies are difficult to evaluate, however, because these intervention studies were
not randomized and often presented results narratively and without statistical analysis.” In
addition, recurrence studies are prospective studies and women could be monitored for
compliance with the treatment regimen. In observational studies the frequency and duration
of supplement use was not always reported, and women in these studies may have been
taking supplements more sporadically or for a shorter duration, which would be expected to
result in a smaller effect size assuming the existence of a true association. Recurrence
studies also differed from the observational studies in their target population, since all
eligible participants in recurrence studies had an affected immediate family member,
whereas the family history of individuals in the observational studies was seldom reported.
The recurrence rate for clefts is relatively low, so it would be expected that the proportion of

individuals in the observational studies with a family history would be small.

The manner of recruitment of participants into the recurrence trials may have
introduced bias. Since assignment to the intervention group was by choice, self-selection
bias is possible. Recruitment into the intervention group was done preconceptionally,
meaning that all pregnancies in this group were planned, whereas this was not necessarily

true in the control group.
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Again, the prophylaxis offered to participants in the recurrence studies was a folic
acid-containing multivitamin while the control group received no supplements at all, making
it difficult to determine if folic acid or some other component of the multivitamin was
responsible for the effect. Although the recurrence studies varied widely in the dosage of
folic acid (0.5 to 10 mg), there was no difference in the effect estimates between studies,

suggesting no dose-response effect.

The association between dietary folate intake and oral clefts was difficult to interpret
due to differences in quantile definition between studies and differences in inclusion criteria;
for example, some studies included women taking folic acid-containing supplements or
multivitamins while others excluded them. Overall there was a suggestion of an inverse
association between high folate intake and oral clefts although not all studies found these
results. Most studies had small sample sizes and large confidence intervals around the effect
estimates meaning that chance may be responsible for some of the variability between
studies. An attenuated association would be expected for studies which were conducted in
regions with folic acid fortification. The American study conducted between 1997 and 2000
reported overall higher folate intake compared to other studies and found no association
between dietary folate and oral clefts."! Similarly, no association was found in the
Australian study where optional folic acid fortification is in place, although the levels of

folate intake did not appear to be as high as in the American study.®’

Numerical information on the before-and-after prevalence of oral clefts following

folic acid fortification was available from North America and Australia. Only the studies
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from countries with compulsory fortification (United States and Canada) showed decreases
in the prevalence of oral clefts. Whether the decrease is due to the institution of
compulsory, as opposed to optional, fortification or to other differences between countries,
is not clear. The change in prevalence of oral clefts seen in both analyses may not be due to
fortification, but instead to existing trends in prevalence, or due to other environmental or
lifestyle factors changing over time. For example, the proportion of American women
taking folic acid-containing multivitamins has increased from 28% to 33% in the ten-year
period of 1995 to 2005,%® which is approximately the same timeframe in which these before-

and-after prevalence studies were conducted.

The small reduction in oral cleft prevalence observed following folic acid
fortification of grains in North America suggests that folic acid may only play a minor role,
if any, in oral cleft etiology. Another possibility is that the effect of folic acid is dose-
dependent and the amount of folate ingested through fortification, estimated at 0.1 mg daily
in North America and up to 0.4 mg daily in Chile,” is insufficient to have a major impact on
oral cleft prevalence. Possible dqse-response relationships between folic acid and clefts

12.14.32 and may warrant further attention. In contrast,

have been described in several studies
one study from Denmark where women choosing to take folic acid supplements were
randomized to receive either 1.0 mg or 2.5 mg of folic acid daily found that women
randomized to the higher dose of folic acid were nearly twice as likely to have a child with a

cleft, although the study was underpowered to detect an association.”’ In the review of

recurrence studies, although folic acid dosage varied twenty-fold between studies, there was
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no difference in the effect estimate. Likewise, in the studies of dietary folate intake no dose-

response effect was observed in any study which tested for this effect.

There was marked variability in the results from studies of biochemical markers of
folate status. These biochemical markers, measured as plasma and erythrocyte folate, when
compared between case and control mothers gave inconsistent results. Low folate status
was in some populations associated with a significantly increased risk of oral clefts, and in

others associated with a significantly lower risk.

None of the analyses of genes from the folate metabolism pathway provided
convincing evidence for their importance in oral cleft etiology. Several significant
associations were found for genes involved in folate metabolism and transport, but most
associations have only been performed in a single population and will require confirmation
in further studies. Overall, there was no association between MTHFR C677T and A1298C
and oral clefts. Results from the TDT analyses support this, with little evidence of
significant overtransmission of the variant allele. One exception was a positive association
between the paternal MTHFR C677T TT genotype and CL/P, although this was based on the

results of only four studies.

Several gaps in the evidence became evident from this systematic review. There
were few studies of paternal MTHFR C677T and CL/P; the association was borderline
statistically significant and there is insufficient evidence to determine if this is a true

association or not. The evidence for an association between MTHFR and CPO was sparse,
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with no studies performed for paternal MTHFR C677T and A1298C with CPO. Infant and

maternal MTHFR A1298C has rarely been studied in association with CPO.

With relatively few studies investigating gene-environment interactions between
MTHFR and folic acid and the large number of possible combinations of outcome,
environmental exposure and genetic exposure categories, it was difficult to determine if
there was any true interaction. Differences in reference group assignment also made
synthesis of evidence difficult. Gene-environment interaction studies require a large sample
size in order to detect significant associations, and the wide confidence intervals seen in
most studies of gene-environment interactions suggest that the power was likely not high
enough to detect an association. However, it appeared that there might be an interaction
between MTHFR and folate, with higher risks among individuals with the variant genotype

and with low folate intake.

Significant between-study heterogeneity was detected in several meta-analyses. By
including adjusted instead of crude estimates in the meta-analysis it was hoped to minimize
the effect of possible confounders, although one would expect differences in the covariates
adjusted for in each study. There were other sources of heterogeneity in these analyses; for
example, in the studies of supplements and multivitamin use the studies differed in study
design, selection of participants, composition of supplements, and timing and duration of

supplement use.
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Using Egger’s test to assess publication bias suggested publication bias for the
recurrence studies (p = 0.02). In the other systematic reviews, there was a variety of studies
reporting significant and nonsignificant results, positive and inverse associations and fairly

small effect sizes, which does not suggest obvious publication bias.

The quality of the included studies was not formally assessed. With most evidence
in these analyses coming from case-control studies, the potential impact of misclassification,

low participation rates and other biases may be important but are difficult to quantify.

There is other evidence, not reviewed here, that also suggests an association between
folic acid and oral clefts. In particular, some studies have shown that women with epilepsy
have an increased risk of having a child with a cleft, which has been attributed to both the
epilepsy itself and the use of antiepileptic drugs during pregnancy, many of which are folic
acid antagonists.””®’ Several studies have shown an approximately two-fold increased risk
to women taking folic acid antagonists during pregnancy.’*®°7 Other evidence for the
involvement of folate in oral cleft occurrence comes from a recent study where it was shown
that case mothers were more likely to have autoantibodies against folate receptors than

control mothers.”®

It has also been suggested that folate may be associated with oral clefts only
indirectly, through its effects on homocysteine metabolism. Folate metabolite 5,10-
methyltetrahydrofolate is combined with homocysteine to produce methionine, meaning that

99

when folate levels are high, homocysteine levels are low.” Elevated homocysteine levels
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have been found in oral cleft case mothers compared to controls in some studies while

other studies have found no association.?> %% ¢

The demonstrated importance of periconceptional folic acid supplementation in the
prevention of neural tube defects means that all women of childbearing age are encouraged
to consume folic acid supplements.'®'® It has been recently proposed that use of folic
acid-containing multivitamins in early pregnancy may also be effective in pre?enting several
other types of congenital anomalies as well as certain childhood cancers.'> '™ Two recent
meta-analyses on the use of folic acid-containing multivitamins and oral clefts have also
produced similar results to the present meta-analysis but found more pronounced effects,'®
> Differences in inclusion/exclusion criteria, years covered in the search and use of crude

instead of adjusted odds ratios may explain this variability.

The present systematic reviews and meta-analyses suggest that although folic acid
may not be strongly associated with oral clefts, multivitamin use in early pregnancy may be
beneficial for reducing the occurrence of oral clefts, particularly CL/P. However, there is
little information on the effects of low participation rates and self-selection on the study
results and whether accounting for these would lead to a different interpretation of results.
Folate was studied here as a single agent for the prevention of oral clefts. Other complex
interventions such as optimization of diet during pregnancy or pregnancy planning, both of
which may include folic acid as interventions directly or indirectly, may be more beneficial

than focusing attention on a single nutrient.
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Chapter 3

Sectionl: Rationale for Chapter 3

The preceding series of systematic reviews and meta-analyses (Chapter 2) suggests
that folate intake is unlikely to be associated with nonsyndromic CL/P or CPO. Likewise,
the analyses show that polymorphisms in the folate metabolism gene 5,10-
methylenetetrahydrofolate reductase (MTHFR) are also likely not associated with oral clefts.
Each of these genetic and environmental risk factors alone was not found to be associated
with oral clefts, but it is possible that gene-environment interactions may be important in
oral cleft etiology. Although the systematic review of MTHFR-folate interactions in oral
clefts was inconclusive, it did appear that women with the variant genotype who either had
low dietary folate intake or who were not taking folic acid supplements had the highest risk

of having a child with CL/P or CPO.

The following study (Chapter 3) was undertaken to further explore gene-
environment and gene-gene interactions in oral cleft etiology using a large dataset of case-
parent triads. In complex, or multifactorial, diseases, where both genetic and environmental
factors are believed to be involved in etiology, gene-environment interactions are of
importance.! When the contribution of genetic risk factors is not taken into account when
studying an association between an environmental exposure and a disease, the effect
estimate is biased towards the null, masking the true association.” An individual’s exposure
to environmental risk factors may alter the gene-disease association, and likewise an

association between the environmental risk factor and the disease may depend on the
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individual’s genotype.3 Similarly, gene-gene interactions can be important if the gene-
disease association is modified by another gene, for example when an individual with
polymorphisms in two different genes has an increased risk compared to an individual with

a polymorphism in only one.*

In case-parent triad analyses, a log-linear regression model is used to determine the
independent effects of the mother’s and child’s genotype on disease risk, as well as the
effects of gene-environment and gene-gene interactions.>® Since the analysis is stratified on
parental mating type, cases are matched exactly on ethnicity and spurious associations that

might arise because of a genetically stratified source population can be avoided.’

The following study is an analysis of a multicentre European population-based case-

parent triad dataset obtained from the EUROCRAN project (www.eurocran.org). With

information from over 1000 triads available, the EUROCRAN dataset is one of the largest
sets of case-parent triads collected for studying candidate genes for oral clefts. Here,
polymorphisms are investigated in genes that have previously been found to be associated
with either CL/P or CPO at least once in the literature, and gene-environment interactions
are investigated with these genes and two of the most commonly studied lifestyle risk
factors for oral clefts: maternal folic acid use and smoking during pregnancy. The purpose
of the following analysis is to investigate gene-environment and gene-gene interactions
between candidate genes and lifestyle risk factors that have each independently been shown

to be likely involved in oral cleft etiology.
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Section 2: A case-parent triad analysis of gene-environment and gene-gene interactions in

the etiology of nonsyndromic oral clefts

Introduction

Familial aggregation of nonsyndromic oral clefts, suggesting the existence of genetic
risk factors, has been observed for hundreds of years.'! Several complex segregation
analyses have found that this aggregation within families can be best explained by the
existence of a major gene conferring risk.”'® Since the identification of the first candidate
gene associated with nonsyndromic oral clefts,'' many gene-disease association studies,
linkage analyses and other study types have identified dozens of candidate genes and loci.*?
Among the genes most commonly investigated in association with oral clefts are folate
metabolism gene MTHFR, growth factors T7GFA and TGFB3, and transcription factor

MSXx1.1316

The two most common forms of nonsyndromic oral clefts, cleft lip with or without
cleft palate (CL/P) and cleft palate only (CPO) are complex traits thought to be caused by a
combination of genetic and environmental risk factors.'” Several environmental and
lifestyle risk factors have been identified for oral clefts. Recent meta-analyses have shown
that maternal smoking during pregnancy results in a moderate increase in the risk of both
CL/P and CPO"® while maternal use of folic acid-containing multivitamins is inversely

associated with oral clefts.!” %’
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Some studies have found gene-environment and gene-gene interactions between
these previously identified candidate genes and lifestyle risk factors that might be important
in oral cleft etiology. Genes involved in detoxification such as NAT2, GSTT1 and CYP1A41
have been investigated with maternal smoking in oral cleft etiology,” and the risk oral clefts
conferred by MTHFR has been suggested to vary by folic acid intake.”>** Case-parent triad
analyses of CL/P and CPO in a Norwegian population have found evidence of gene-gene

interactions between MTHFR and TGFA, and MSXI and TGFA.'%**

The purpose of this study is to investigate gene-environment and gene-gene
interactions among genes and lifestyle risk factors already suspected to be involved in the
etiology of CL/P and CPO. A dataset of over 1000 case-parent triads from the EUROCRAN
initiative, covering eleven centres in Europe, was used to determine the effect of nine
candidate genes MTHFR, MTHFD1, TGFA, TGFB3, MSX1, SATB2, NAT2, CYP1A1 and
GSTTI), two lifestyle risk factors (maternal smoking and folic acid supplement use during

pregnancy) and their interactions on the risk of oral clefis.

Methods

Study population
The dataset for this study was provided by EUROCRAN (European Collaboration on

Craniofacial Anomalies; www.eurocran.org). Briefly, the EUROCRAN study design was as

follows.
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Between 2001 and 2005, consecutive families with infants presenting with
nonsyndromic CL/P or CPO at surgical centres in eleven locations in Europe (Bulgaria,
Denmark, England, Estonia, Hungary, Italy, Netherlands, Scotland, Slovakia, Slovenia and
Spain) were invited to participate in this study. Infants with syndromic clefts or the Robin
Sequence were excluded. Diagnosis was confirmed at the surgical centres. Blood or buccal
cell samples were used to obtain DNA from infants and their parents. Mothers were given
questionnaires to provide pregnancy, lifestyle and demographic information as well as
information on their child’s clinical phenotype. The two lifestyle factors of interest for the
present study were maternal folic acid use and smoking. Folic acid use was defined as
having taken folic acid alone or as a folic acid-containing multivitamins during a six month
periconceptional period (three months before to three months after conception). Smoking
was defined as having smoked at least once a day during the periconceptional period.
Permission to use the dataset for the present analysis was obtained from all participating

centres, and ethics approval was obtained from the Ottawa Hospital Research Ethics Board.

Candidate genes

Genes selected a priori for analysis were those already suspected to be associated
with oral clefts based on published results in the literature. The ten variants from nine genes
were analyzed: MTHFR (C677T), MTHFDI (G1958A), TGFA (Taql), TGFB3 (5°UTR),
SATB2 (IVS4-35G>C), MSX1 (pCA), NAT2 (C282T and T341C), CYPIAI (C2453A [m4])
and GSTT1 (null); these genes are described in Table 3.1. TGFA was analyzed in two

different ways: once separating heterozygote and homozygote variant individuals, and once
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Table 3.1. Functions and descriptions of candidate genes investigated.

Gene Gene Name or Description Locus Gene Product  Function Reference
MTHFR 5,10-methylene- 1p36.3 Enzyme Key enzyme in folate 25
tetrahydrofolate reductase metabolism
MTHFDI  5,10-methylene- 14q24 Enzyme Trifunctional enzyme 26
tetrahydrofolate involved in folate
dehydrogenase; 5,10- metabolism
methenyltetrahydrofolate
cyclohydrolase; 10-formyl-
tetrahydrofolate synthetase
TGFA Transforming growth factor 2pl3 Growth Ligand for epidermal 14
alpha factor growth factor
receptor
TGFB3 Transforming growth factor 1424 Growth Growth factor 27
beta 3 factor involved in
palatogenesis
SATB2 Special AT-rich sequence- 2q32 Transcription  Binds to AT-rich 28-30
binding protein 2 factor nuclear matrix-
attachment regions;
regulation of skeletal
development and
osteoblast
differentiation
MSX! Homolog of Drosophila 4plé6.1 Transcription  Expressed during 31
muscle segment homeobox factor embryogenesis, in
gene neural crest cells
NAT2 N-acetyltransferase 8p22 Enzyme Biotransformation of 32
aromatic amines,
phase II
detoxification
CYPIAI  Cytochrome P450 1A1 15922-24 Enzyme Bioactivation of 33
aromatic
hydrocarbons,
production of toxins
GSTT! Glutathionine s-transferase 22q11.23 Enzyme Phase 11 33

theta 1-1

detoxification

combining these two groups as has often been done in the literature. The heterozygous and

homozygous groups were also combined for TGFB3 and CYP1A! since the prevalence of

the variant allele was low and homozygous variant individuals were rarely found. MSXI is a

multiallelic locus: in this study allele 1 was chosen as the variant allele and the combined

alleles 2, 3 and 4 served as the reference group.
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Gene-environment interactions were chosen based on prior evidence in the literature
or a biologically plausible mechanism. Lifestyle exposures chosen were maternal smoking
and folic acid supplement use during pregnancy, which have both been shown to be
associated with CL/P and CPO."®* Interactions chosen for this analysis were folic acid
with MTHFR and MTHFDI since these genes are involved in folate metabolism, and folic
acid with TGFA. Smoking was investigated for interactions with all candidate genes. Based
on reports in the literature that the effects of MSX7 might differ between male and female

34,35

infants, an interaction was investigated between MSX/ and sex. Gene-gene interactions

chosen were TGFA with MTHFR and MSX], and TGFB3 with MSX1, all of which had

15,16,24

previously been described in the literature. An interaction was investigated between

SATB2 and MSX1 because biological interaction between these two genes has been

previously described in animal studies.”® >’

Statistical analysis

Triads in which the child’s genotype was not available were removed from analysis
since the statistical methods used cannot accommodate triads with missing children. In
addition, triads with discordant genotypes (i.e. the child’s genotype was one that could not
have been inherited from the parents), which might indicate genotyping error or non-
paternity, were removed from each analysis. Effects were estimated for the two cleft
subtypes (CL/P and CPO) separately and also combined (OFC). Al statistical analyses

were performed in Stata 9.
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Effect of mother’s and child’s alleles. A log-linear regression model’® was used to
determine the effects of the mother’s and child’s genotype on the risk of oral clefts. In this
method, the analysis is stratified on parental mating type (i.e. the combination of alleles held
by the mother and father) to protect against population stratification.® The expectation-
maximization (EM) algorithm was implemented within the log-linear framework in order to
include information from triads where parental genotypes were missing’’ as implemented in

the GENECMT command in Stata 9 (www.biostat-resources.com/stata). Relative risks (RR)

and 95% confidence intervals (CI) were calculated using this regression model to estimate
the independent effects of the mother’s and child’s genotype, and p-values were obtained to
determine statistical significance of the effect of the mother’s or child’s alleles at an a = 0.05
level of significance. In addition to performing the analysis under the general model as

described above, the analysis was repeated under dominant and recessive models.

Gene-environment interactions. The same log-linear analysis with the EM algorithm used
to determine the effects of mother’s and child’s alleles was used for detecting gene-
environment interactions. Here, the analysis was stratified on environmental exposure and
the effect estimate was calculated separately for triads where mothers were exposed and for
those who were unexposed. Triads with missing exposure information were removed from

analysis.

Gene-gene interactions. Gene-gene interactions were analyzed in the same way as gene-

environment interactions, with one of the genes dichotomized and used in place of the

environmental exposure. The gene-gene interactions considered were TGFA-MSX1, TGFA-
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MTHFR, TGFA-MSXI and SATB2-MSX1. TGFA and TGFB3 were used as the dichotomous
" exposure variables, with the heterozygous and homozygous variants combined and
compared with the homozygous wildtype variant group. For the interaction between SATB2
and MSX1, SATB2 was used as the exposure variable, comparing the homozygous variant
genotype to the combined homozygous and heterozygous wildtype category. These
dichotomizations were chosen based on previous studies. Both maternal gene-maternal gene
and child’s gene-child’s gene interactions were investigated, except for S47B2-MSX] where
only child’s gene-child’s gene interaction was tested, based on biological mechanisms from

previously published information.

Case-only analysis. For GSTTI, TGFA, TGFB3 and CYP1AI where a dichotomous
genotype was used for analysis (i.e. heterozygous variant and homozygous variant
combined, with homozygous wildtype as the reference group), a case-only analysis was
undertaken to estimate the case-only odds ratio (COR) and 95% confidence interval for
interaction effects between these genes and environmental exposures. The case-only
analysis does not allow estimation of the effects of the genotype or environmental exposure
alone, but instead the COR 1is interpreted as an indication of the strength of departure from
multiplicative interaction, assuming that the genotype and environmental exposure are

independent of one another.*®
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Results

The EUROCRAN dataset contains information on 1096 case-parent triads from
eleven locations in Europe (Table 3.2); most triads come from the Netherlands and Scotland.
Over half of cases are male (58%) and most cases are affected with CL/P (71%). In this
dataset CL/P is more common among males (65% male, 35% female) while CPO is more
common among females (43% male, 57% female). The distribution of maternal smoking
and folic acid use varies between geographic centres. No exposure information was
available for the Danish triads, which make up 8.5% of the total study sample. Prevalence
of smoking during pregnancy ranged from a low of 10% in Italy to nearly 50% in Bulgaria,
while folic acid supplement use was lowest in the Spanish sample with just over 35% of
mothers having taken supplements, and highest in the Netherlands and Scotland, at nearly
80%. Overall in the EUROCRAN sample, just over 20% and 60% of mothers smoked

during pregnancy or took folic acid supplements, respectively.

Table 3.2. Number of triads contributed and distribution of cleft type, maternal smoking and folic acid use
during pregnancy by study centre within EUROCRAN.

Country Triads, n (%) CL/P,% Smoking, % Folic acid, %
N = 1096 N = 1096 N =985 N =969
Bulgaria 46 (4.2) 84.8 47.8%* 54.3%*
Denmark 93 (8.5) 82.8 -~ --
England 71(6.5) 62.0%* 23.9 70.6
Estonia 37(34) 36.1** 22.2 59.5*%
Hungary 93 (8.5) 69.6*% 17.8 66.3*%
Ttaly 98 (8.9) 72.4 10.3** 58.2%%
Netherlands 359 (32.8) 81.2 23.0 77.2
Scotland 157 (14.3) 58.6%* 37.7%* 78.4**
Slovakia 100 (9.1) 50.0** 24.0 58.1%*
Slovenia 31(2.8) 80.6 16.1 58.1*
Spain 11 (1.0) 100.0 45.5 36.4%*
EUROCRAN 1096 71.1 224 61.6%*

*p<0.05 compared to the Netherlands (the country that contributed the most triads)
**p<0.01 compared to the Netherlands
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Frequency of the homozygous variant genotype among cases and their parents and
by study centre is shown in Tables 3.3 and 3.4. England, the Netherlands and Scotland had
genotype data available for all candidate genes. MTHFR, MTHFDI and SATB2 had
genotyping results from the most countries. The distribution of mating types for complete

and incomplete triads for each of the candidate genes is shown in Tables 3.5 and 3.6.

Results from the analyses of effect of mother’s and child’s alleles, for gene-
environment interactions and for gene-gene interactions are shown in Tables 3.7 to 3.15.
The results for the log-linear analysis using the EM algorithm were similar to when the EM

algorithm is not used (data not shown).

MTHFR. A significant reduction in the risk of OFC, CL/P and CPO was found in children
carrying two copies of the variant allele (RR 0.64, 95% CI 0.48-0.86; RR 0.70, 95% CI
0.49-0.99 and RR 0.53, 95% C10.31-0.92 for each phenotype, respectively) under the
general model. Under a recessive model, the estimates for OFC and CPO remained
statistically significant. Homozygous variant mothers taking folic acid supplements
appeared to have a reduced risk of having a child with CL/P, and to a lesser extent, CPO.
Homozygous variant mothers who did not smoke during pregnancy also appeared to have a

decreased risk of a child with CL/P but not CPO.

MTHFDI. There was no association between the mother’s or child’s MTHFD1 genotype

and either type of cleft; however, women homozygous for the variant allele who were taking

folic acid experienced a significant decrease in risk of having a child affected with CPO (RR
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Table 3.3. Frequency of the homozygous variant genotype in cases and their parents.

Cases Mothers Fathers All Parents
MTHFR 0.10 0.11 0.13 0.12
MTHFD] 0.18 0.16 0.18 0.17
TGFA? 0.17 0.17 0.20 0.18
TGFB3? 0.11 0.11 0.10 0.10
SATB2 0.07 0.06 0.06 0.06
MSX] 0.33 0.31 0.29 0.30
NAT2 C282T 0.08 0.09 0.09 0.09
NAT2 T341C 0.07 0.07 0.04 0.06
CYPIAI® 0.50 0.53 0.53 0.53

? Frequency of combined homozygote and heterozygote variants

Table 3.4. Frequency of homozygous variant genotype among cases and number of triads for each
polymorphism contributed by centres within EUROCRAN.

MTHFR MTHFDI TGFA TGFB3 SATB2 MSXI NAI2 NAT2 CYPIAI
C677T  G1958A  Taql® 5UTR* cIVS4- pCA1 C282T T341C (C2453A°
35G>C  vs234
Bulgaria 0.08 0.13 0.13
(48) (48) (48)
Denmark 0.05 0.12
(1) (93)
England 0.08 0.26 0.29 0.11 0.07 0.28 0.00 0.05 0.00
(80) (82) (82)* (82) (28) (81) (22) (22) (13)**
Estonia 0.08 0.17 0.03
(37 (36) (3%5)
Hungary 0.12 0.16 0.05
(95) (95) (95)
Italy 0.19 0.19 0.11 0.13 0.09 0.39 0.12 0.05
(95)** (93) (96) (96) (96) (%94) (75) (75
Netherlands 0.09 0.17 0.17 0.10 0.08 0.32 0.07 0.07 0.55
(328) (323) (358) (360) (311) (357) (244) 217) (157)
Scotland 0.11 0.22 0.15 0.12 0.00 0.34 0.10 0.07 0.00
(141) (23) (159) (157) (18) (157) (48) (46) 1)
Slovakia 0.07 0.18 0.04
99) 99) (99)
Slovenia 0.17 0.23 0.09
(35) (35) (3%5)
Spain 0.27 0.09 0.09 0.09 0.09 0.27
(an* (1) (1) an a1 (11
EUROCRAN 0.10 0.18 0.17 0.11 0.07 0.33 0.08 0.07 0.50
(1060) (938) (706) (706) (776) (700) (389) (360) (171)

? frequency of combined homozygote and heterozygote variants
*p<0.05 for difference from genotype frequency in the Netherlands
**p<(.01 for difference from genotype frequency in the Netherlands
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Table 3.5. Distribution of mating types in complete triads for nine polymorphisms investigated.

MFC  MTHFR MTHFDI TGFA TGFB3  SATB2  MSXI NAT2 NAT2 CYPIAI
C282T  T341C
222 23 26 0 0 4 49 6 3 0
212 24 30 0 0 6 54 4 5 0
211 21 46 0 0 8 49 8 8 0
122 22 40 1 0 11 60 4 4 0
121 25 36 2 0 i1 43 5 4 0
201 41 45 4 0 24 37 6 5 0
021 51 50 3 2 20 26 16 2 0
112 30 48 4 0 30 44 11 10 0
111 111 113 10 2 60 88 20 36 51
110 50 61 3 1 3i 34 21 39 7
101 76 71 38 32 78 28 29 34 8
100 91 66 44 32 50 32 31 37 8
011 88 67 46 35 59 28 30 33 9
010 102 74 52 24 63 27 36 33 3
000 186 87 420 501 239 18 80 26 53
Total 941 860 627 629 694 617 307 279 139
MFC, number of variant alleles carried by the mother (M), father (F) and child (C)
Table 3.6. Distribution of mating types in incomplete triads for nine polymorphisms investigated.
MFC MTHFR MTHFDI TGFA TGFB3 SATB2 MSXI NAT2 NAT2 CYPIAI
C282T T341C
22 1 0 0 0 0 3 0 0 0
21 2 0 0 0 0 1 1 0 0
12 0 0 0 0 0 2 0 i 0
11 2 1 i 0 i 3 5 5 4
10 3 0 2 1 0 0 3 5 i
.01 i 0 i i i 3 6 6 0
.00 4 1 7 8 3 2 7 5 0
22 1 3 0 0 0 2 1 0 0
2.1 6 i 0 0 0 6 3 i 0
12 2 8 0 0 3 6 3 1 0
1.1 i8 6 2 0 4 7 4 10 5
1.0 i3 8 0 3 2 7 2 3 1
0.1 9 2 4 3 5 4 3 9 1
0.0 13 10 32 33 22 i 17 9 2
.2 3 1 0 0 2 0 1 0 1
.1 7 2 1 0 4 1 6 10 5
0 2 1 1 2 4 0 5 2 3
Total 87 44 51 51 51 48 67 67 23

MFC, number of variant alleles carried by the mother (M), father (F) and child (C); ‘.’ denotes missing

genotype
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0.38, 95% CI 0.18-0.80). There was no apparent interaction between MTHFDI and

smoking.

TGFA and TGFB3. The prevalence of individuals homozygous for the variant allele in the
study sample was low for both of these genes (Table 3.5), resulting in decreased power and
difficulty in calculating estimates for homozygous individuals using the log-linear model.
No association was found between mother’s or child’s alleles and CL/P or CPO, and there
was no interaction between 7GFA and folic acid or smoking, and no interaction between
TGFB3 and smoking. The case-only analyses combining the heterozygous and homozygous
variant genotypes also showed no evidence of departure from a multiplicative interaction

model for any of the gene-environment interactions tested (data not shown).

SATB2. No association or interaction was found for this gene and either CL/P or CPO.
Maternal variant alleles appeared to be associated with a decreased risk of CPO, although

this association was not statistically significant.

MSXI. A significant increase in the risk of CL/P was found for heterozygote mothers (RR
1.47, 95% CI 1.04-2.08). There was no apparent interaction between MSX! and smoking,
but an increased risk of OFC was seen for children who carried two copies of the variant

allele and whose mothers smoked during pregnancy.

When the analysis between MSX/ and CL/P and CPO was stratified by sex of the

affected child, an increased risk of CL/P was observed for mothers with one or two variant
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alleles, but only in triads with female cases. When the analysis was repeated under the
dominant model, the estimates did not change (female case RR 2.20, 95% CI 1.22-3.98,
male case RR 0.95, 95% C1 0.64-1.42). An increased risk of CPO was also apparent for

female children whose mother carried one or more variant alleles.

NAT2 C282T. Approximately 5% of triads were removed because of genotyping error or
non-paternity, giving an estimated error rate of 20%. There was no association between
maternal and child’s alleles and oral clefts, and there was no apparent gene-environment
interaction between NA72 C282T and smoking. Mothers with one or two copies of the
variant allele who did not smoke during pregnancy had a decreased, but not statistically
significant, risk of having a child with CL/P. Heterozygous children had a decreased risk of

CL/P if their mothers smoked during pregnancy (RR 0.43, 95% C1 0.21-0.88).

NAT2 T341C. This polymorphism had the highest proportion of triads excluded prior to
analysis due to suspected genotyping errors or non-paternity (12% of triads) giving an
estimated error rate of around 50%. For this reason the results of this analysis are likely
invalid. The results were as follows. A significant reduction in the risk of CL/P was found
for children carrying two copies of the variant allele (RR 0.36, 95% CI 0.20-0.65). No
strong evidence for a gene-environment interaction with smoking was found; however,
mothers with two variant alleles and who did not smoke during pregnancy had an increased
risk of having a child with CL/P (RR 3.31, 95% CI 1.11-9.82) while children with two
variant alleles and whose mother did not smoke during pregnancy had reduced risks of OFC

and CL/P (RR 0.27, 95% CI 0.14-0.53 and RR 0.37, 95% CI 0.19-0.71, respectively).
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Table 3.7. Effect of mother’s and child’s alleles on the risk of oral clefts.

No variants

One variant allele

Two variant alleles

N RR (95% CI) RR (95% CI) RR (95% CI) p-value®
MTHFR
Mother
OFC 1028 1.0 (reference) 0.90 (0.75-1.09) 0.83 (0.62-1.11) 0.35
CL/P 728 1.0 (reference) 0.90 (0.72-1.12) 0.79 (0.56-1.11) 0.35
CPO 292 1.0 (reference) 0.90 (0.62-1.32) 0.90 (0.52-1.57) 0.86
Child
OFC 1028 1.0 (reference) 0.91 (0.77-1.07) 0.64 (0.48-0.86) 0.01
CL/P 728 1.0 (reference) 0.88 (0.73-1.08) 0.70 (0.49-0.99) 0.11
CPO 292 1.0 (reference) 0.97 (0.71-1.33) 0.53 (0.31-0.92) 0.02
MTHFDI1
Mother
OFC 904 1.0 (reference) 0.97 (0.78-1.19) 0.92 (0.70-1.22) 0.86
CL/P 665 1.0 (reference) 1.03 (0.81-1.31) 0.95 (0.68-1.32) 0.86
CPO 242 1.0 (reference) 0.84 (0.55-1.26) 0.74 (0.44-1.22) 0.46
Child
OFC 904 1.0 (reference) 0.93 (0.78-1.12) 0.83 (0.64-1.09) 0.40
CL/P 665 1.0 (reference) 0.90 (0.73-1.11) 0.83 (0.61-1.12) 0.43
CPO 242 1.0 (reference) 0.99 (0.69-1.42) 0.93 (0.55-1.57) 0.95
TGFA
Mother
OFC 678 1.0 (reference) 0.81 (0.61-1.08) 0.60 (0.17-2.08) 0.28
CL/P 499 1.0 (reference) 0.85(0.61-1.18) 0.64 (0.18-2.25) 0.51
CPO 181 1.0 (reference) 0.72 (0.42-1.23) - 0.27
Child
OFC 678 1.0 (reference) 0.93 (0.71-1.23) 0.74 (0.26-2.10) 0.77
CL/P 499 1.0 (reference) 0.93 (0.67-1.27) 0.72 (0.22-2.32) 0.78
CPO 181 1.0 (reference) 0.96 (0.57-1.62) 0.86 (0.09-8.20) 0.98
TGFB3
Mother
OFC 680 1.0 (reference) - - -
CL/P 500 1.0 (reference) 1.01 (0.67-1.51) -- 0.26
CPO 182 1.0 (reference) 1.06 (0.57-1.98) 1.00 --
Child
OFC 680 1.0 (reference) - - -
CL/P 500 1.0 (reference) 1.08 (0.72-1.61) - 0.38
CPO 182 1.0 (reference) 1.29 (0.68-2.42) 1.06 -
SATB2
Mother
OFC 745 1.0 (reference) 1.06 (0.84-1.34) 0.89 (0.57-1.38) 0.71
CL/P 536 1.0 (reference) 1.20 (0.92-1.57) 1.01 (0.61-1.69) 0.40
CPO 209 1.0 (reference) 0.70 (0.44-1.12) 0.53 (0.22-1.24) 0.19
Child
OFC 745 1.0 (reference) 1.16 (0.94-1.43) 1.14 (0.79-1.66) 0.43
CL/P 536 1.0 (reference) 1.20 (0.92-1.57) 1.01 (0.61-1.69) 0.34
CPO 209 1.0 (reference) 1.06 (0.70-1.60) 1.18 (0.58-2.37) 0.96

(continued)
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(Table 3.7, continued)

No variants

One variant allele

Two variant alleles

N RR (95% CI) RR (35% CI) RR (95% CI) p-value®
MSX1
Mother
OFC 665 1.0 (reference) 1.24 (0.92-1.67) 1.28 (0.93-1.76) 0.29
CL/P 530 1.0 (reference) 1.47 (1.04-2.08) 1.01 (0.70-1.45) 0.01
CPO 180 1.0 (reference) 1.32 (0.75-2.32) 1.32 (0.68-2.53) 0.65
Child
OFC 665 1.0 (reference) 1.24 (0.92-1.67) 1.28 (0.93-1.76) 0.30
CL/P 530 1.0 (reference) 1.08 (0.81-1.44) 0.94 (0.67-1.33) 0.51
CPO 180 1.0 (reference) 1.03 (0.65-1.64) 1.12 (0.64-1.97) 0.91
NAT2 C282T
Mother
OFC 374 1.0 (reference) 0.84 (0.62-1.14) 0.77 (0.44-1.33) 0.45
CL/P 291 1.0 (reference) - - -
CPO 86 1.0 (reference) 1.27 (0.67-2.39) 0.55 (0.15-2.00) 045
Child
OFC 374 1.0 (reference) 0.82 (0.62-1.08) 0.63 (0.37-1.08) 0.17
CL/P 291 1.0 (reference) -- -~ --
CPO 86 1.0 (reference) 0.97 (0.55-1.70) 0.44 (0.13-1.49) 0.25
NAT2 T341C
Mother
OFC 346 1.0 (reference) 1.02 (0.76-1.36) 1.82 (0.87-3.80) 0.30
CL/P 267 1.0 (reference) 1.15(0.82-1.62) 2.35(0.98-5.66) 0.16
CPO 80 1.0 (reference) 0.74 (0.42-1.32) 1.07 (0.29-3.99) 0.58
Child
OFC 346 1.0 (reference) 0.86 (0.67-1.10) 0.41 (0.24-0.68) <0.01
CL/P 267 1.0 (reference) 0.75 (0.57-1.00) 0.36 (0.20-0.65) <0.01
CPO 80 1.0 (reference) 1.36 (0.81-2.29) 0.63 (0.21-1.88) 0.22
CYPIA1
Mother
OFC 162 1.0 (reference) -- -- -
CL/P 132 1.0 (reference) -- - -
CPO 31 1.0 (reference) 2.58 (0.36-18.58) -- 0.67
Child
OFC 162 1.0 (reference) -- -- --
CL/P 132 1.0 (reference) - -- --
CPO 31 1.0 (reference) 1.23 (0.44-3.46) 1.80 0.04

# P-value for significance of maternal or child alleles
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Table 3.8. Gene-environment interactions between maternal genotype and maternal folic acid use during

pregnancy.
No variants One variant allele Two variant alleles

N RR (95% CI) RR (95% CI) RR (95% CI)
MTHFR
OFC
Folate 626 1.0 (reference) 0.84 (0.66-1.06) 0.66 (0.45-0.96)
No Folate 278 1.0 (reference) 1.09 (0.74-1.59) 1.26 (0.74-2.15)
CL/P
Folate 442 1.0 (reference) 0.82 (0.63-1.08) 0.60 (0.38-0.95)
No Folate 193 1.0 (reference) 1.13 (0.55-2.33) 1.31 (0.67-2.55)
CPO
Folate 176 1.0 (reference) 0.86 (0.53-1.41) 0.80 (0.38-1.66)
No Folate 86 1.0 (reference) 1.13 (0.55-2.33) 1.18 (0.49-2.87)
MTHFDI
OFC
Folate 531 1.0 (reference) 0.99 (0.75-1.30) 0.89 (0.62-1.27)
No Folate 250 1.0 (reference) 0.90 (0.61-1.34) 0.79 (0.47-1.34)
CL/P
Folate 389 1.0 (reference) 1.12 (0.81-1.55) 1.14 (0.74-1.74)
No Folate 179 1.0 (reference) 0.78 (0.49-1.25) 0.52 (0.26-1.02)
CPO
Folate 141 1.0 (reference) 0.71 (0.41-1.23) 0.38 (0.18-0.80)
No Folate 72 1.0 (reference) 1.14 (0.54-2.40) 1.55 (0.66-3.67)
TGFA
OFC
Folate 492 1.0 (reference) 0.77 (0.55-1.07) 0.62 (0.10-3.67)
No Folate 179 1.0 (reference) 1.00 (0.57-1.74) 0.63 (0.12-3.50)
CL/P
Folate 368 1.0 (reference) 0.84 (0.57-1.22) 0.65 (0.11-3.86)
No Folate 127 1.0 (reference) 0.89 (0.46-1.71) 0.64 (0.11-3.73)
CPO
Folate 125 1.0 (reference) - --
No Folate 53 1.0 (reference) 1.29 (0.46-3.66) 1.13
SATB2
OFC
Folate 490 1.0 (reference) 1.07 (0.80-1.41) 0.81 (0.47-1.40)
No Folate 228 1.0 (reference) 1.04 (0.68-1.60) 1.58 (0.82-3.03)
CL/P
Folate 360 1.0 (reference) 1.26 (0.91-1.75) 0.91 (0.49-1.69)
No Folate 162 1.0 (reference) 1.06 (0.64-1.77) 1.32 (0.51-3.40)
CPO
Folate 129 1.0 (reference) 0.57 (0.31-1.02) 0.45(0.15-1.40)
No Folate 67 1.0 (reference) 0.95 (0.42-2.12) 0.51 (0.12-2.26)
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Table 3.9. Gene-environment interactions between child’s genotype and maternal folic acid use during

pregnancy.
No variants One variant allele Two variant alleles

N RR (95% CI) RR (95% CI) RR (95% CI)
MTHFR
OFC
Folate 626 1.0 (reference) 0.94 (0.76-1.16) 0.65 (0.45-0.94)
No Folate 278 1.0 (reference) 0.92 (0.66-1.29) 0.72 (0.41-1.24)
CL/P
Folate 442 1.0 (reference) 0.95(0.74-1.22) 0.72 (0.46-1.12)
No Folate 193 1.0 (reference) 0.79 (0.53-1.17) 0.74 (0.39-1.41)
CPO
Folate 176 1.0 (reference) 0.90 (0.60-1.34) 0.52 (0.27-1.02)
No Folate 86 1.0 (reference) 1.39 (0.74-2.61) 0.67 (0.23-1.95)
MTHFDI
OFC
Folate 531 1.0 (reference) 0.91 (0.72-1.15) 0.83 (0.59-1.17)
No Folate 250 1.0 (reference) 1.07 (0.75-1.52) 0.96 (0.58-1.59)
CL/P
Folate 389 1.0 (reference) 0.85 (0.65-1.12) 0.74 (0.50-1.11)
No Folate 179 1.0 (reference) 1.16 (0.77-1.75) 1.15 (0.65-2.04)
CPO
Folate 141 1.0 (reference) 1.02 (0.64-1.63) 1.03 (0.52-2.03)
No Folate 72 1.0 (reference) 0.83 (0.42-1.65) 0.65 (0.24-1.77)
TGFA
OFC
Folate 492 1.0 (reference) 0.96 (0.70-1.31) 0.84 (0.26-2.66)
No Folate 179 1.0 (reference) 0.83 (0.48-1.44) 0.44 (0.04-4.70)
CL/P
Folate 368 1.0 (reference) 1.00 (0.69-1.44) 0.87 (0.23-3.33)
No Folate 127 1.0 (reference) 0.72 (0.37-1.39) 0.38 (0.04-4.19)
CPO
Folate 125 1.0 (reference) -- --
No Folate 53 1.0 (reference) 1.26 (0.44-3.57) 1.22
SATB2
OrcC
Folate 490 1.0 (reference) 1.19 (0.92-1.54) 0.95 (0.59-1.54)
No Folate 228 1.0 (reference) 1.14 (0.77-1.69) 1.58 (0.82-3.03)
CL/P
Folate 360 1.0 (reference) 1.26 (0.93-1.69) 0.92 (0.53-1.62)
No Folate 162 1.0 (reference) 1.21 (0.76-1.93) 1.72 (0.80-3.73)
CPO
Folate 129 1.0 (reference) 1.06 (0.63-1.77) 1.08 (0.44-2.66)
No Folate 67 1.0 (reference) 1.26 (0.38-4.24) 1.26 (0.38-4.24)
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Table 3.10. Gene-environment interactions between maternal genotype and maternal smoking during

pregnancy.

N

No variants
RR (95% CD)

One variant allele

RR (95% CI)

Two variant alleles

RR (95% CI)

MTHFR
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
MTHFDI1
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
TGFA

OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
TGFB3
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking

No Smoking
SATB2
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CcPO
Smoking
No Smoking

227
694

156
484

65
204

178
626

135
443

46
176
169
495

127
363

45
130
168
498

127
365

44
132
163
571

123
407

43
161

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)

0.77 (0.51-1.16)
0.96 (0.77-1.21)

0.85 (0.53-1.36)
0.90 (0.69-1.18)

0.43 (0.17-1.10)
1.16 (0.74-1.81)

0.83 (0.53-1.32)
1.02 (0.79-1.31)

0.89 (0.53-1.49)
1.05 (0.77-1.42)

0.68 (0.25-1.85)
0.88 (0.55-1.43)

0.90 (0.52-1.55)
0.78 (0.56-1.09)

0.82 (0.55-1.20)

0.64 (0.22-1.84)
0.70 (0.37-1.32)

0.85 (0.43-1.65)

0.66 (0.31-1.42)

1.52 (0.38-6.08)
1.04 (0.51-2.14)

1.30 (0.81-2.10)
1.00 (0.79-1.30)

1.45 (0.84-2.49)
1.11 (0.82-1.52)

0.79 (0.30-2.11)
0.70 (0.41-1.19)

1.02 (0.52-1.98)
0.75 (0.53-1.07)

1.48 (0.60-3.68)
0.66 (0.43-0.99)

0.36 (0.11-1.14)
1.19 (0.60-2.34)
0.72 (0.38-1.34)
0.95 (0.69-1.32)

0.83 (0.41-1.70)
0.91 (0.61-1.36)

0.47 (0.12-1.82)
0.80 (0.45-1.41)

0.63 (0.11-3.66)
0.60 (0.10-3.50)

0.64 (0.11-3.85)

0.74

1.28
0.97

0.99 (0.41-2.37)
0.91 (0.54-1.53)

0.95 (0.36-2.50)
1.08 (0.58-2.00)

1.32 (0.15-11.78)
0.48 (0.18-1.28)

(continued)



(Table 3.10, continued)

No variants One variant allele Two variant alleles

N RR (95% CI) RR (95% CI) RR (95% CI)
MSX1
OFC
Smoking 165 1.0 (reference) 0.99 (0.54-1.83) 0.96 (0.49-1.89)
No Smoking 491 1.0 (reference) 1.36 (0.97-1.90) 1.38 (0.96-2.00)
CL/P
Smoking 125 1.0 (reference) 1.01 (0.50-2.05) 1.03 (0.48-2.20)
No Smoking 359 1.0 (reference) 1.35 (0.91-2.01) 1.38 (0.90-2.10)
CPO
Smoking 43 1.0 (reference) 1.11 (0.35-3.55) 1.02 (0.26-4.06)
No Smoking 131 1.0 (reference) 1.39 (0.72-2.66) 1.37 (0.65-2.89)
NAT2 C282T
OFC
Smoking 75 1.0 (reference) 0.86 (0.45-1.63) 0.96 (0.25-3.65)
No Smoking 297 1.0 (reference) 0.80 (0.56-1.13) 0.68 (0.37-1.27)
CL/P
Smoking 63 1.0 (reference) 0.93 (0.46-1.90) 0.91 (0.23-3.64)
No Smoking 227 1.0 (reference) 0.67 (0.44-1.00) 0.65 (0.32-1.28)
CPO
Smoking 15 1.0 (reference) - --
No Smoking 67 1.0 (reference) 1.32 (0.64-2.72) 0.70 (0.17-2.82)
NAT2 T341C
OFC
Smoking 70 1.0 (reference) 1.14 (0.58-2.22) 1.02 (0.26-3.97)
No Smoking 268 1.0 (reference) 1.01 (0.73-1.40) 2.36 (0.96-5.79)
CL/P
Smoking 58 1.0 (reference) 1.25 (0.58-2.68) 1.47 (0.31-7.04)
No Smoking 209 1.0 (reference) 1.16 (0.79-1.69) 3.31(1.11-9.82)
CPO
Smoking 13 1.0 (reference) - -
No Smoking 65 1.0 (reference) 0.74 (0.39-1.41) 1.13 (0.22-5.78)
CYP1A1
OFC
Smoking 33 1.0 (reference) 1.06 (0.29-3.85) 0.99
No Smoking 127 1.0 (reference) - --
CcL/P
Smoking 29 1.0 (reference) 0.85(0.21-3.44) 0.83
No Smoking 101 1.0 (reference) - -
CcPO
Smoking 3 1.0 (reference) - -
No Smoking 26 1.0 (reference) 1.86 (0.21-16.70) 1.39
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Table 3.11. Gene-environment interactions between child’s genotype and maternal smoking during pregnancy.

N

No variants
RR (95% CI)

One variant allele

RR (95% CI)

RR (95% CI)

Two variant alleles

MTHFR
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
MTHFDI1
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
TGFA

OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
TGFB3
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking
SATB2
OFC
Smoking
No Smoking
CL/P
Smoking
No Smoking
CPO
Smoking
No Smoking

227
694

156
484

65
204
178
626

135
443

46
176
169
495

127
363

45
130
168
498

127
365

44
132
163
571

123
407

43
161

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)

0.99 (0.70-1.41)
0.92 (0.75-1.12)

0.96 (0.63-1.46)
0.88 (0.69-1.13)

0.86 (0.44-1.67)
1.05 (0.72-1.53)
0.96 (0.64-1.45)
0.96 (0.77-1.20)

0.97 (0.61-1.54)
0.95 (0.74-1.24)

0.78 (0.35-1.77)
0.99 (0.65-1.53)

0.83 (0.48-1.42)
0.94 (0.68-1.29)
0.98 (0.67-1.42)
1.21 (0.4-3.32)
0.84 (0.45-1.55)

0.91 (0.48-1.73)

0.86 (0.42-1.77)

0.91 (0.24-3.53)
1.56 (0.75-3.27)

1.34 (0.86-2.09)
1.10 (0.87-1.40)

1.53 (0.92-2.53)
1.11 (0.84-1.47)

0.93 (0.36-2.41)
1.09 (0.68-1.73)

0.57 (0.31-1.05)
0.69 (0.49-0.98)

0.78 (0.37-1.65)
0.69 (0.45-1.05)

0.32 (0.10-0.98)
0.69 (0.36-1.31)
0.81 (0.44-1.50)
0.93 (0.68-1.27)

1.09 (0.55-2.15)
0.88 (0.61-1.27)

0.32 (0.09-1.20)
1.14 (0.62-2.10)

0.82 (0.14-4.93)
0.68 (0.18-2.48)

0.27 (0.03-2.21)

1.20(0.11-13.14)

0.97
1.30

1.08 (0.45-2.57)
1.19 (0.79-1.81)

1.02 (0.39-2.70)
1.19 (0.72-1.96)

2.05 (0.24-17.55)
1.19 (0.56-2.55)

(continued)
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(Table 3.11, continued)

No variants One variant allele Two variant alleles

‘ N RR (95% CI) RR (95% CI) RR (95% CI)
MSX1
OFC
Smoking 165 1.0 (reference) 1.48 (0.86-2.54) 1.90 (1.01-3.60)
No Smoking 491 1.0 (reference) 0.96 (0.72-1.27) 1.03 (0.73-1.45)
CL/P
Smoking 125 1.0 (reference) 1.56 (0.83-2.93) 1.96 (0.94-4.10)
No Smoking 359 1.0 (reference) 0.90 (0.65-1.25) 0.97 (0.65-1.45)
CPO
Smoking 43 1.0 (reference) 1.15 (0.42-3.12) 1.64 (0.49-5.47)
No Smoking 131 1.0 (reference) 1.05 (0.61-1.82) 1.08 (0.55-2.10)
NAT2 C282T
OFC
Smoking 75 1.0 (reference) 0.65 (0.36-1.19) 0.80 (0.25-2.60)
No Smoking 297 1.0 (reference) 0.87 (0.64-1.20) 0.63 (0.34-1.14)
CL/P
Smoking 63 1.0 (reference) 0.43 (0.21-0.88) 0.96 (0.26-3.58)
No Smoking 227 1.0 (reference) 0.86 (0.60-1.24) 0.70 (0.36-1.35)
CPO
Smoking 15 1.0 (reference) -- --
No Smoking 67 1.0 (reference) 0.87 (0.45-1.70) 0.40 (0.09-1.77)
NAT2 T341C
OFC
Smoking 70 1.0 (reference) 0.74 (0.42-1.31) 0.44 (0.15-1.31)
No Smoking 268 1.0 (reference) 0.90 (0.68-1.18) 0.27 (0.14-0.53)
CL/P
Smoking 58 1.0 (reference) 0.54 (0.28-1.02) 0.42 (0.14-1.30)
No Smoking 209 1.0 (reference) 0.82 (0.60-1.12) 0.37 (0.19-0.71)
CPO
Smoking 13 1.0 (reference) - -
No Smoking 65 1.0 (reference) 1.30(0.73-2.30) 0.74 (0.24-2.32)
CYPIAl
OFC
Smoking 33 1.0 (reference) 3.01 (1.05-8.64) -
No Smoking 127 1.0 (reference) -- -
CL/P
Smoking 29 1.0 (reference) 3.67 (1.12-11.97) --
No Smoking 101 1.0 (reference) - -
CPO
Smoking 3 1.0 (reference) - --
No Smoking 26 1.0 (reference) 1.20 (0.38-3.77) --
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Table 3.12. Risk of oral clefts by MSX/ genotype, stratified by sex of the affected child.

No variants One variant allele Two variant alleles

N RR (95% CI) RR (95% CI) RR (95% CI)
Mother’s alleles
OFC
Males 388 1.0 (reference) 0.94 (0.64-1.37) 0.99 (0.65-1.49)
Females 275 1.0 (reference) 1.95 (1.21-3.13) 1.95 (1.14-3.31)
CL/P
Males 323 1.0 (reference) 0.93 (0.64-1.43) 0.98 (0.63-1.54)
Females 165 1.0 (reference) 2.20 (1.18-4.10) 2.21 (1.13-4.34)
CPO
Males 66 1.0 (reference) 0.95(0.39-2.33) 1.01 (0.37-2.79)
Females 111 1.0 (reference) 1.66 (0.79-3.48) 1.60 (0.67-3.79)
Child’s alleles
OFC
Males 388 1.0 (reference) 1.01 (0.72-1.39) 0.95 (0.64-1.41)
Females 275 1.0 (reference) 1.07 (0.73-1.58) 1.58 (1.00-2.50)
CL/P
Males 323 1.0 (reference) 1.01 (0.70-1.45) 1.00 (0.64-1.54)
Females 165 1.0 (reference) 1.04 (0.63-1.71) 1.62 (0.90-2.93)
CPO
Males 66 1.0 (reference) 0.87 (0.40-1.87) 0.65 (0.25-1.69)
Females 111 1.0 (reference) 1.07 (0.59-1.94) 1.44 (0.70-2.95)

CYP1A41. Approximately 5% of triads were removed from this analysis due to genotyping
error or non-paternity. The prevalence of the variant allele was low and most estimates for
this gene could not be produced using the log-linear model. Children with the variant allele
and whose mother smoked during pregnancy had an increased risk of CL/P (RR 3.67, 95%
CI11.12-11.97). The case-only analysis found no evidence for departure from multiplicative

interaction (data not shown).

GSTTI and smoking. The case-only analysis found no evidence of departure from

multiplicative interaction. All COR estimates were below the null with wide confidence

intervals.
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Gene-gene interactions. There was no obvious gene-gene interaction between maternal-
maternal 7GFA and MSX1, TGFA and MTHFR or TGFB3 and MSX1; although there were
differences in effect estimates, confidence intervals were wide. Likewise, there did not
appear to be an interaction between child-child TGFA and MSX! or TGFB3 and MSX1. A
suggestive interaction was seen for child-child interactions of MTHFR and TGFA, where
risk of CL/P was increased for children with one variant MTHFR allele and at least one
variant 7GFA allele, whereas those with the wildtype TGFA genotype had a statistically
significant decreased risk. Opposite results were seen for CPO, with increases in risk to

those with the wildtype T7GFA genotype.

There appeared to be an interaction between child’s SA7B2 and child’s MSXI genes,
although the power for this analysis was low. Children with the S47B2 homozygous variant
genotype had an increased risk of CL/P when also homozygous for the variant MSX/ allele
(RR 9.35, 95% CI 0.94-93.15). When combining both CL/P and CPO, this increase in risk
was statistically significant (RR 5.98, 95% CI: 1.05-34.16). No estimate could be calculated

for CPO alone.

Discussion

From the case-parent triad analysis it appears that the single candidate genes

investigated were not associated with either CL/P or CPO. The only exception was MTHFR

C677T, with infants homozygous for the TT genotype having a decreased risk of CPO.

Conversely, there were several interactions observed: possible gene-environment
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Table 3.13. Case-only analysis of interactions between GSTT! and maternal smoking during pregnancy.

No variants Variant allele(s)
N COR (95% CI) COR (95% CI)

OFC
Mother 46 1.0 (reference) 0.50 (0.06-6.56)
Child 52 1.0 (reference) 0.88 (0.13-10.29)
CL/P
Mother 36 1.0 (reference) 0.44 (0.04-6.38)
Child 41 1.0 (reference) 0.69 (0.08-8.96)
CPO
Mother 9 1.0 (reference) -
Child 10 1.0 (reference) -

Table 3.14. Maternal genotype-maternal genotype interactions for MSX1 and TGFA, MTHFR and TGFA, and
MSX! and TGFB3

No variants One variant allele Two variant alleles

N RR (95% CI) RR (95% CI) RR (95% CI)
MSX1
OFC
TGFA (-) 550 1.0 (reference) 1.32 (0.95-1.92) 1.39 (0.97-1.98)
TGFA (+) 108 1.0 (reference) 0.88 (0.41-1.87) 0.77 (0.34-1.77)
CL/P
TGFA (-) 391 1.0 (reference) 1.36 (0.93-2.00) 1.28 (0.85-1.94)
TGFA (+) 79 1.0 (reference) 0.99 (0.41-2.39) 0.83 (0.33-2.08)
CPO
TGFA (-) 150 1.0 (reference) 1.49 (0.80-2.69) 1.43 (0.71-2.86)
TGFA (+) 28 1.0 (reference) 0.67 (0.11-3.99) 0.61 (0.07-5.28)
MTHFR
OFC
TGFA (-) 520 1.0 (reference) 0.85 (0.65-1.11) 0.89 (0.60-1.32)
TGFA (+) 101 1.0 (reference) 1.14 (0.64-2.02) 0.96 (0.36-2.55)
CcL/p
TGFA (-) 381 1.0 (reference) 0.84 (0.62-1.14) 0.74 (0.46-1.20)
TGFA (+) 77 1.0 (reference) 0.82 (0.44-1.53) 0.89 (0.29-2.70)
CPO
TGFA (-) 141 1.0 (reference) 0.84 (0.47-1.52) 1.31 (0.64-2.68)
TGFA (+) 24 1.0 (reference) -- 2.00 (0.18-22.06)
MSX1
OFC
TGFB3 (-) 590 1.0 (reference) 1.20 (0.88-1.65) 1.23 (0.87-1.73)
TGFB3 (+) 69 1.0 (reference) 1.60 (0.67-3.86) 1.67 (0.63-4.42)
CL/P
TGFB3 (-) 435 1.0 (reference) 1.18 (0.82-1.70) 1.25 (0.84-1.86)
TGFB3 (+) 48 1.0 (reference) 1.83 (0.61-5.53) 1.43 (0.45-4.59)
CPO
TGFB3 (-) 158 1.0 (reference) 1.35(0.72-2.52) 1.23 (0.60-2.52)
TGFB3 (+) 19 1.0 (reference) 1.02 (0.23-4.58) 1.78 (0.29-11.01)

(-) homozygous for the wildtype allele; (+) heterozygous or homozygous for the variant allele
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Table 3.15. Child’s genotype-child’s genotype interactions between MSXI and TGFA, MTHFR and TGF4,
MSXI and TGFB3, and MSX! and SATB2.

N

No variants

RR (95% CI)

One variant allele

RR (95% CI)

Two variant alleles

RR (95% CI)

MSX1
OFC
TGFA (-)
TGFA (+)
CL/P
TGFA (-)
TGFA (+)
CPO
TGFA(-)
TGFA (+)
MTHFR
OFC
TGFA ()
TGFA (+)
CL/P
TGFA (-)
TGFA (+)
CPO
TGFA (-)
TGFA (+)
MSX1
OFC
TGFB3 (-)
TGFB3 (+)
CL/P
TGFB3 (-)
TGFB3 (+)
CPO
TGFB3 ()
TGFB3 (+)
MSX1
OFC
SATB2 (-)*
SATB2(+)*
CL/P
SATB2 (-)*
SATB2(+)*
CPO
SATB2 (-)*
SATB2(+)*

547
111

379
86

147
26
499
114

365
86

135
30

588
79

436
55

154
26
403
37

316
30

89

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)
1.0 (reference)

1.0 (reference)

1.0 (reference)
1.0 (reference)

1.0 (reference)
1.0 (reference)

1.10 (0.84-1.46)
0.80(0.44-1.47)

1.53 (1.05-2.22)
0.87 (0.44-1.73)

1.15 (0.69-1.94)
0.70 (0.21-2.37)
0.84 (0.66-1.07)
1.05 (0.62-1.78)

0.72 (0.55-0.96)
1.89 (1.01-3.55)

1.31 (0.81-2.11)
0.17 (0.05-0.61)
1.04 (0.80-1.36)
0.97 (0.50-1.89)

1.04 (0.76-1.41)
0.85 (0.38-1.90)

0.96 (0.58-1.60)
0.90 (0.30-2.67)
0.97 (0.71-1.31)
2.35(0.48-11.51)

0.85 (0.60-1.20)
3.89 (0.46-33.15)

1.31 (0.68-2.53)

1.21(0.87-1.68)
1.28 (0.61-2.65)

1.62 (1.06-2.48)
1.38 (0.60-3.19)

1.23 (0.65-2.31)
1.01 (0.24-4.24)
0.65 (0.43-0.98)
0.76 (0.33-1.79)

0.67 (0.42-1.08)
0.67 (0.20-2.24)

0.65 (0.29-1.44)
0.08 (0.05-0.49)
1.17 (0.85-1.61)
1.43 (0.62-3.30)

1.18 (0.82-1.72)
1.32 (0.49-3.57)

1.05 (0.57-1.93)
1.27 (0.31-5.26)
0.90 (0.62-1.32)
5.98 (1.05-34.16)

0.86 (0.57-1.31)
9.35 (0.94-93.15)

0.92 (0.40-2.12)

(-) homozygous for the wildtype allele; (+) heterozygous or homozygous for the variant allele
* (-) homozygous or heterozygous for the wildtype allele; (+) homozygous for the variant allele
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interactions between MTHFR and MTHFDI and folate, and gene-gene interactions between

infant’s MTHFR and TGFA, and SATB2 and MSX1.

This case-parent triad analysis is one of the largest undertaken for the study of
candidate genes involved in oral clefts, with over 1000 triads enrolled from eleven centres in
Europe. Although the number of participants is high, many triads had to be excluded from
analysis due to genotyping errors, pedigree errors, or incomplete data. For some genes such
as MTHFR, over 1000 triads were included in the analysis, whereas for GSTT/ less than 60
triads could be included, resulting in reduced power. In case-parent triad analyses using log-
linear regression, power is also dependent on the frequency of the causative allele and the

genetic model used in the analysis.”

Two important types of errors in family-based genetic studies are genotyping errors,
where the incorrect genotype is recorded because of a failed assay or human error, and
pedigree errors, where the assumed biological relationships between study subjects are
incorrect, for example with false-paternity or adoption.** These errors can often be detected
by looking for deviations from Mendelian inheritance, that is, when children have genotypes
that could not have been inherited from their parents.**** However, not all genotyping or
pedigree errors result in deviations from Mendelian inheritance, and it has been estimated
that true error rates are up to four times larger than the rate of detected deviations from
Mendelian inheritance.** In this study, triads with such deviations were removed from the
dataset prior to analysis. The detected deviation rate was less than 1% for most

polymorphisms studied, 2% for MSX], approximately 5% for NAT2 C282T and CYPIAI
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and 12% for NAT2 T341C. The estimates of the true error rates for these polymorphisms are
therefore near to 20% for NAT2 C282T and CYPIAI and around 50% for NAT2 T341C.
These high error rates mean that the results of these analyses are likely not valid. The
unexpectedly high error rate for these polymorphisms indicate that genotyping errors, and
not pedigree errors, are responsible for these deviations from Mendelian inheritance since

the error rate for the other polymorphisms was very low.

Frequency of the homozygous variant genotype for each candidate gene varied to
some degree between populations. All centres varied widely in the proportion of enrolled
participants with CL/P and CPO, and in the proportion of mothers who smoked or took folic
acid supplements during pregnancy. Although there were differences between studies, the
combined dataset was analyzed to maximize power, as most countries had an insufficient

number of triads to allow the analysis of each country separately.

Ten variants from nine genes were considered in this analysis. With these ten
variants analyzed in two individuals (mothers and children) for three classes of phenotypes
(OFC, CL/P and CPO), plus similar analyses for gene-environment and gene-gene
interactions, at a significance level of 0.05 it would be expected that several statistically
significant associations would be found in this study by chance. Since many of the
comparisons made in this study are not independent observations — for example the child’s
genotype is dependent on the mother’s and the phenotypic classes of oral clefts are related —
it was decided that no correction for multiple comparisons would be made. Instead, the

results of the analyses are interpreted based on the strength of the association found and the
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volume of previously published evidence that supports the existence of this association.
Biological plausibility was also taken into account in supporting an association; however,

although an association is biologically plausible it does not mean that it is true.

MTHFR is a key enzyme of folate metabolism and two of its most common
polymorphisms, C677T and A1298C, have been studied in association with oral clefts. The
results from association studies have been inconsistent, as reviewed in Chapter 2 of this
thesis, and overall there appears to be no clear association between MTHFR and oral clefts.
The present analysis showed a statistically significant decreased risk of clefts, particularly
CPO, among children with the homozygous variant genotype. Of the five other studies that

43-46
O,

have investigated this polymorphism in association with CP three have also found

decreased risks of CPO for children with the homozygous variant genotype.** 46

Addition of the results from the present study to the meta-analysis of MTHFR C677T
and oral clefts presented in Chapter 2 of this thesis does not change the overall results and
conclusions. Because of its large sample size, the EUROCRAN dataset carries the most
weight in the meta-analysis, and as a result the summary effect estimate is pulled toward the
EUROCRAN estimate. The interpretation of results is unchanged and still shows no
association between MTHFR C677T and CL/P or CPO (Table 3.16); addition of the
EUROCRAN study pulls the combined effect estimates towards the null except for the
association between infant’s MTHFR genotype and CPO, which moves away from the null.
There is a slight increase in between-study heterogeneity for the meta-analysis of mother’s

alleles and CL/P, but the level of heterogeneity in the other analyses remains similar.
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Table 3.16. Random effects meta-analysis for the association between oral clefts and MTHFR C677T (TT
versus CC genotype).

Without present study Present study included
Summary Cochran I’ Summary Cochran I’

OR (95% CI) p-value (95% UI) OR (95% CI) p-value (95% UI)
CL/P
Mother 1.10 (0.70-1.71) 0.03 55 (0-88) 1.03 (0.71-1.49) 0.02 55 (6-79)
Child 1.13 (0.86-1.49) 0.13 33 (0-66) 1.06 (0.81-1.38) 0.05 43 (0-70)
cPO
Mother 1.03 (0.56-1.89) 0.38 0 (0-89) 0.96 (0.63-1.44) 0.57 0 (0-77)
Child 0.99 (0.45-2.17) 0.01 70 (23-88)  0.87 (0.46-1.64) 0.01 69 (26-87)

Table 3.17. Odds ratios for interactions between maternal folic acid use during pregnancy and MTHFR
genotype, and risk of oral clefts.

No supplements Supplements
TT CT CC TT CT CC
CL/P
Child
Wyszynski 20007 3.0* 1.7 2.1% 0.7 0.8 1.0 (reference)
Jugessur 2003% 1.44 1.0 (reference) 431%* 1.0 (reference)
van Rooij 2003% 35 1.7 1.7 24 1.3 1.0 (reference)
Present study 0.74 0.79 1.0 (reference) 0.72 0.95 1.0 (reference)
Mother
Jugessur 2003% 1.44 1.0 (reference) 0.78 1.0 (reference)
van Rooij 2003% 5.9% 1.3 1.7 1.2 0.8 1.0 (reference)
Present study 1.31 1.13 1.0 (reference) 0.60* 0.82 1.0 (reference)
CPO
Child
Shaw 1999* 0.9 - 1.0 (reference) 04 - 1.0 (reference)
Present study 0.67 1.39 1.0 (reference) 0.52 0.90 1.0 (reference)
Mother
Present study 1.18 1.13 1.0 (reference) 0.80 0.86 1.0 (reference)

* Odds ratio does not cross unity

The four previous studies of gene-environment interactions between MTHFR and
folic acid supplement use have shown that the highest risks tended to be observed among
cases whose mothers did not take folic acid during pregnancy, and who themselves or their
mothers carried the homozygous variant genotype.””*** In the present study, women with
the highest risk of having a child with CL/P were also those with the homozygous variant
genotype who were not taking folic acid supplements, but there did not appear to be a
difference between folic acid users and non-users with respect to the child’s genotype.

Table 3.17 shows how the results of the present analysis compare to other studies of
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MTHFR-folate interactions. The present analysis also suggested a difference in risk between
smoking and nonsmoking mothers when the mother was homozygous for the variant
genotype; the mothers who smoked during pregnancy had an increased risk of CL/P but a
decreased risk of CPO. No other studies investigating MTHFR-smoking interactions were

located.

MTHFDI, like MTHFR, is a gene involved in folate metabolism. An association
between MTHFDI and oral clefts has been investigated only once prior to this study, with
no association found between it and CL/P.*’ Similarly, no association between MTHFD1
and oral clefts was found in the present study. Because of its role in folate metabolism, a
gene-environment interaction between MTHFDI and folic acid supplement use was
investigated. It is interesting to note that there appears to be a maternal MTHFD 1-folate
interaction for CL/P and for CPO but in opposite directions: for CL/P the risk is highest
among mothers taking folic acid, and for CPO it is higher for women not taking folic acid.
The reason for this is not clear; chance may play a role as the sample sizes, particularly for
CPO, are not large. This gene-environment interaction has not been previously investigated
in the literature, and independent replication is necessary to determine its validity. The
results of this analysis suggest that while MTHF D1 itself may not be directly involved in
oral cleft etiology, an interaction with folic acid is possible, and because of this gene’s role

in folate metabolism, the interaction is also biologically plausible.

TGFA was the first candidate gene found to be associated with nonsyndromic CL/P

11, 14

and this association has been extensively studied ever since. A meta-analysis of this

118



gene-disease association showed that cases carrying one or more copies of the variant allele
had a statistically significant increase in risk of CL/P (OR 1.43, 95% CI 1.12-1.80) among
white populations, based on the results of seven studies totaling approximately 1500 cases.*®
In the present study, no association was found between either the mother’s or child’s TGFA
genotype and CL/P or CPO in the log-linear analysis, which included approximately 500
cases of CL/P and 180 of CPO. The sample size of the current study is large, approximately
a third of the size of all the studies considered in the meta-analysis. Those studies, however,
were fairly consistent in finding an increased risk associated with the 7GFA variant allele,
with only one small study finding an odds ratio below the null. Similarly, while several

studies have suggested the importance of 7GFA-smoking and TGFA-folic acid/multivitamin

interactions in oral cleft etiology™* **** no such interactions were found in the present study.

TGFB3 has also been investigated in association with oral clefts because of its role
as a growth factor involved in regulation of palatogenesis.”! No association was found
between 7GFB3 and oral clefts in this study; in the literature, most studies also show no
association.” Tt is also unclear if there is an interaction between this gene and maternal

33,54 results from other studies have been inconclusive.

smoking;

The identification of SATB2 as a candidate gene for oral clefts came from evidence
pointing to the involvement of chromosomal region 2q32 in the etiology of nonsyndromic
CPO after two children with CPO and other mild craniofacial abnormalities were found to
have chromosomal disturbances at this locus.”®> Further investigation revealed that SATB2

was the gene located nearest to this locus, and it was most likely responsible for the
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observed phenotype.’® More recently, a 2g32-g33 deletion syndrome has been described
which includes cleft palate as a characteristic malformation.”” In the present study, S47B2
was not found to be associated with CPO, nor was it associated with CL/P. There have been
few published observational studies of S47B2 and oral clefts, the results of which have been

. 30, 58-60
variable.

Animal experiments in the 1990s showed that all mice lacking msx! (hox-7) function
developed CPO, which provided the first evidence that this gene might be involved in cleft
palate etiology.” Subsequent studies in human populations have not been able to
demonstrate with certainty whether or not MSX! polymorphisms are associated with CPO or
with CL/P. MSXI is a multiallelic locus with four variants and studies have differed in their
definition of a reference or wildtype genotype, resulting in additional variability between

studies.

Blanco and colleagues®* have suggested that MSX1 allelic variants might have
different effects in males and females, and have shown that male CL/P cases and controls
differ in the frequency of MSX1 allele 2, while female cases and controls differ with respect
to MSX] allele 1. In the present analysis stratified by sex of the child, the maternal allele 1
genotype was associated with a doubling in risk of CL/P for females, but not for males. The

reason for this difference between males and females is not clear.

NAT?2 is a gene involved in the detoxification of toxic compounds, such as cigarette

smoke. Gene-environment interactions were investigated between this gene and maternal
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smoking during pregnancy. Two polymorphisms in this gene, NAT2 C282T and NAT2
T341C were chosen for this analysis,* although instead of investigating specific
polymorphisms, the inferred phenotype (fast or slow acetylator) is commonly used in case-
control studies; the case-parent triad approach requires use of the genotype and not the
phenotypic data. In the present study, several statistically significant associations were
found between NAT2 T341C and CL/P, but because genotyping error for this polymorphism
is estimated to be near to 50%, these associations are likely spurious. The same is likely true
for NAT2 C282T where the error rate was estimated at 20%. Whether the genotyping error
for this polymorphism is randomly distributed across the dataset is unclear and if not, the

error may either attenuate or exaggerate the true association.

CYPIAI is a gene involved in production of toxic metabolites; polymorphisms result
in increased activity and increased production, and so an interaction was investigated
between it and maternal smoking during pregnancy. Although a three-fold increase in risk
was found for mothers with one copy of the variant allele who smoked during pregnancy,
the estimated error rate for this polymorphism was 20%, meaning that this association may
be spurious. There is little evidence in the literature for an interaction between CYPIA1 and
maternal smoking; one other study found no interaction although it was likely

underpowered.

Another detoxification gene that has been investigated in association with oral clefts

is GSTT1. The case-only analysis of GST71 and smoking in this study was underpowered,

with genotyping results from only approximately fifty cases available for analysis. In three
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previous studies of GSTT1-smoking interactions and oral clefts, suggestive increases in risk
were found for mothers who smoked during pregnancy, dependent on GSTT! genotype.*"**
%3 This interaction between GSTT/ and smoking may warrant further study, as results from

previous studies have been promising and it is biologically plausible that GSTT! could be

involved in detoxification of harmful chemicals.

Gene-gene interaction, or epistasis, occurs when the gene-disease (or gene-
phenotype) association is modified by the effects of a second gene.** % Gene-gene
interactions can be thought of in two ways: in the statistical sense, or in the biological sense
(i.e. when the products of two genes physically interact with each other in the cellular
environment).*> Biological interaction does not always imply statistical interaction, and vice
versa.”® In this study, gene-gene interactions were chosen to investigate statistical
interaction. S47B2 and MSX1, two genes investigated for gene-gene interactions in this

analysis, are also believed to interact biologically.?® %

Few gene-gene interactions were detected in this analysis, partly because the power
of the analyses was low, as evidenced by the wide confidence intervals surrounding the
estimates. Many of the analyses of CPO included less than 30 triads. However, a gene-gene
interaction was found between child’s MTHFR and child’s TGFA alleles. A gene-gene
interaction between child’s alleles for MTHFR and TGFA has been previously suggested by
Jugessur and colleagues in a Norwegian population, who found an increase in risk of CPO
for children with at least one copy of each variant allele.** In a separate report, Jugessur and

colleagues described an interaction between child’s MSX/ and TGFA alleles which resulted
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in a nearly ten-fold increase in the risk of CPO,'® but this interaction was not observed in the
present study. In both the Norwegian study and the present study the analyses had small
sample sizes. In addition, a different reference group for MSX/ was used in the present
study and information necessary to recode the groups was not available, which might

explain why this strong association was not replicated here.

A statistical interaction between SATB2 and MSX! was also found, with the case-
only odds ratio showing departure from multiplicative interaction for CL/P (COR 2.88, 95%
CI1.26-6.69). Animal experiments have shown that S4TB2 is able to alter transcription of
MSX1, which is seen when the individual has null mutations in both SATB2 alleles.?® %
Although SATB2 did not appear to be associated with oral clefts in the analysis of child’s
genes, the results show that its interactions with other genes may be important in oral cleft
etiology. It has been suggested, however, that stratifying a case-parent triad analysis by

genotype may result in loss of protection against population stratification, meaning that

spurious results are possible. ®

The results of every analysis in the present study were compared between three
phenotypic categories: OFC, CL/P and CPO. Based on the observed differences in results
between CL/P and CPO, the results from the combined category OFC are not discussed in
detail, even though they may be statistically significant. Since over 70% of cases were
affected with CL/P, the OFC category mainly reflects the effect estimates for CL/P. By
combining the two classes of oral clefts, CL/P and CPO, the category of OFC would be

expected to have a higher power than a single cleft phenotype alone; however, CL/P and
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CPO are believed to be genetically etiologically distinct,’” and combining the two types of
clefts may be inappropriate. In the present study, often the effect estimates were similar
between CL/P and CPO, and other times effects were observed in one cleft type but not the

other.

However, although they are believed to be etiologically distinct, CL/P and CPO have
genetic and environmental risk factors in common. For example, mutations in the [RF6
gene that cause the clefting syndrome van der Woude syndrome can result in either CL/P or
CPO.® Certain genes, including some of the candidate genes investigated in this analysis,
have been found in previous studies to be associated with both types of clefts.
Environmental and lifestyle factors such as maternal smoking, multivitamin use, and
anticonvulsant use during pregnancy have all been shown to be associated with both CL/P

and CPOQ.'%%0-¢

The analyses presented here provide some evidence for the role of gene-environment
and gene-gene interactions in oral cleft etiology, but there are further analyses that could be
performed using this dataset. Since this was a large multicentre study recruiting patients
from eleven centres in Europe, an analysis stratified by centre might provide information on
whether there are geographic differences in the gene-disease association that reflect
biological differences in oral cleft etiology between populations. However, such a stratified
analysis would be restricted in its utility by small sample sizes in each subgroup and by

unavailability of genotype or exposure information from certain countries.
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Another analysis that might be considered in the future is one for detecting
epigenetic effects, such as parent-of-origin effects, which have been suggested to be
involved in the etiology of complex diseases and have already been shown to cause several
genetic syndromes.”® Parent-of-origin effects occur when expression of a gene depends on
the parent from which it was inherited, meaning that the copy of the gene inherited from one
parent may be expressed, while the copy from the other parent is silenced.”’ A method to
detect parent-of-origin effects using an extension of the log-linear model and implementing

the EM algorithm has already been developed.”

Overall, the results from the analysis of the EUROCRAN dataset show that few
candidate genes alone are involved in the etiology of oral clefts but instead suggest the

importance of gene-environment and gene-gene interactions.
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Discussion and Conclusions

Three studies have been presented to explore the role of genetic and environmental
risk factors and gene-environment and gene-gene interactions in the etiology of
nonsyndromic CL/P and CPO: a systematic review of complex segregation analyses to
determine the best-fitting mode of inheritance; a series of systematic reviews and meta-
analyses on the role of a specific lifestyle risk factor, folate; and a case-parent triad analysis

to investigate gene-environment and gene-gene interactions.

The evidence from complex segregation analyses shows that both CL/P and CPO
have a genetic component, with all but one of the nineteen analyses rejecting the hypothesis
of no genetic transmission. Most studies of CL/P chose a major gene model as the best-
fitting, although a specific genetic model could not be determined based on the available
evidence. There were few studies of CPO and the evidence was insufficient to determine if
there was a major gene effect; three of the five studies were inconclusive while the other two

chose a major gene effect with recessive inheritance.

Based on the results of complex segregation analyses, it appears that on or more
major genes may account for a substantial proportion of risk for oral clefts, in particular
CL/P. However, it is known that environmental risk factors for oral clefts exist. Some
complex segregation analyses included in the systematic review found that addition of a
multifactorial component to the model improved the fit of the data, which would allow a

role for both genetic and environmental factors in disease risk.
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Although folate (folic acid) is one of the most commonly studied lifestyle risk factors
for oral clefts, the systematic reviews and meta-analyses of folate intake and biochemical
measures of folate status show that folate is likely not associated with CL/P or CPO.

Dietary folate intake, biochemical measures of folate status and polymorphisms in the folate
metabolism gene MTHER were not found to be associated with oral clefts, and there was
insufficient evidence to determine if an association existed with variants in other genes
involved in the metabolism or transport of folate and other related nutrients. A decrease in
the prevalence of CL/P was observed in North America after folic acid fortification was
introduced in the late 1990s, but the decrease was small and might be attributable to other
factors such as preexisting time trends, such as an increase in use of multivitamins in early

pregnancy or other unmeasured confounders.

Use of multivitamins and/or folic acid supplements in early pregnancy was inversely
associated with oral clefts, which is similar to the results of two recent meta-analyses finding
an inverse association between folic acid-containing multivitamins and oral clefts."?
Whether this inverse association is attributable to folic acid or some other component of the
multivitamins or supplements is unclear; however, considering that folate does not appear
to be associated with oral clefts based on the results of the other systematic reviews and
meta-analyses of folate, it is likely that the inverse association may be driven by another
component of the multivitamin or other unmeasured factors. Considering folate in isolation
as opposed to as a member of multi-agent preventive measures may overlook the benefits of

folate that exist only when in combination with other vitamins and nutrients.’
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Even though folic acid and MTHFR variants alone were not found to be associated
with oral clefts in the systematic reviews and meta-analyses, it appeared that there might be
an interaction between these two risk factors; women with the variant genotype and not
taking folic acid during pregnancy appeared to have the highest risk of having a child with

CL/P or CPO. Gene-environment interactions like this one may be important in etiology.

The case-parent triad analysis of gene-environment and gene-gene interactions
between nine candidate genes, two lifestyle risk factors and oral clefts showed that few of
the genes alone were associated with oral clefts; however, there were several gene-
environment and gene-gene interactions observed. There appeared to be interactions
between two folate metabolism genes, MTHFR and MTHFD1, and folic acid use during
pregnancy for CL/P and CPO. Gene-gene interactions were observed between MTHFR and

TGFA for CL/P and CPO and between SATB2 and MSX! for CL/P.

In these three studies, CL/P and CPO were analyzed separately because these two
traits are believed to be etiologically distinct.” Supporting this, different results were found
for CL/P and CPO in all three studies. As a consequence, the estimates for CPO were often
less precise than CL/P; because CL/P is more prevalent than CPO in most populations,’

studies of CL/P usually have higher sample sizes and higher statistical power.
In addition to studies of CPO being smaller than those of CL/P, there have been

fewer studies of CPO etiology, particularly for those of genetic risk factors. This leaves

several gaps in the evidence. For complex segregation analyses of CPO, only two studies

134



have been able to specify a best-fitting genetic model. There have also been few studies of
the association between MTHFR polymorphisms, gene-environment interactions and
biochemical measures of folate status and CPO. There are fewer gaps in the evidence for
CL/P, although there is insufficient evidence to determine the validity of a possible
association between paternal MTHFR C677T and CL/P. For all studies of oral clefts, the
majority of studies have come from Europe and North America; there are few studies from

South America, the Middle East and parts of Asia, and no studies from Africa.

Inconsistency of results between studies and between populations was observed in
the systematic reviews and meta-analyses, not only for genetic association studies which
have been criticized for their difficulty to be replicated,’ but also for the complex
segregation analyses and the studies of environmental exposures, for example the
inconsistent results for associations between multivitamin use or plasma and erythrocyte
folate levels and oral clefts. Differences in results for MTHFR and TGFA between the case-
parent triad analysis of the EUROCRAN data and the results of previous meta-analyses were
also observed. These inconsistencies between studies may be explained by differences in
methods or selection of participants, low power in many analyses, or true biological
differences between populations. Etiologic heterogeneity between and within populations
may also contribute to inconsistency of results. Many genetic and environmental risk
factors have been identified for oral clefts and each may be responsible for causing a portion
of cases, meaning that depending on the distribution of these risk factors between
populations, different associations may be found. In addition to etiologic heterogeneity, the

classification of oral clefts as CL/P and CPO creates phenotypically heterogeneous
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categories. With some studies suggesting different etiologies for subgroups such as CLO
and CLP, clefts of the hard and soft palate, and oral clefts associated with malformations and
those without other malformations, different inclusion and exclusion criteria and differences
in the proportion of each cleft subtype in each study may make it difficult to replicate

studies between populations.

Overall, the three studies presented here highlight the roles of both genetic and
environmental exposures and the importance of considering gene-environment and gene-
gene interactions when studying oral cleft etiology. The existence of a major gene effect for
CL/P and possibly CPO plus addition of a multifactorial component or second modifier
locus is consistent with the existence of gene-environment and gene-gene interactions like
those seen in the systematic review of MTHFR-folic acid interactions and in the case-parent
triad analysis. Studying the interactions between these genetic and environmental risk

factors may help to unravel the etiology of these complex traits.
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