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Fibroblast Growth Factor Receptor 1 (FGFR1) Variants and Craniofacial
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Objectives: The polymorphic site rs4647905 of the FGFR1 gene was previously associated with a decrease in ce-
phalic index (CI). Here, we evaluate the relationships between genotypes and cephalometric measurements and indices
in one Mexican Native and two mestizo Mexican populations using two haplotype-tag SNPs (rs4647905 and rs3213849)
that represent >85% of the FGFR1 variability, plus three other SNPs (rs2293971, rs2304000, and rs930828) situated
nearby. In addition, we genotyped five South American natives, two European, one African, and one Siberian popula-
tions to evaluate their intra and intercontinental population diversity.

Methods: The five SNPs were tested and the craniofacial measurements and indices were collected using standar-
dized procedures. Principal Component Analysis was used to verify individual/population comparisons. Associations were
performed through the generalized linear model (GLM), coefficient of determination R2 and linear regression tests.

Results: We found a tendency for a decrease in CI in individuals homozygous for allele rs4647905C, regardless of
the population to which they belong, though the effect is more pronounced in mestizo. When the GLM analyses were
performed using the absolute/linear cephalometric measurements, a statistically significant association was found
between four SNPs and head length in the mestizo population.

Conclusions: FGFR1 polymorphisms, especially rs4647905, can have an important role in the normal human skull
variation, primarily due to their influence in head length, which would affect other cephalometric absolute/linear meas-
ures as well as indices like CI as a result of the pervasive nature of the morphological integration that characterizes the
human skull. Am. J. Hum. Biol. 00:000–000, 2012. ' 2012 Wiley Periodicals, Inc.

The understanding about how the genome contributes
to determine the phenotype of an organism is considered
as one of the most important goals of genetics today (Lee
et al., 2008). This task is particularly difficult when com-
plex traits are the subject of investigation since their
expressions are controlled by genetic, environmental, me-
chanical, and epigenetic factors. Morphological traits
characterizing the human head perfectly fit into this sce-
nario. At the molecular level, Nei (2007) proposed the so-
called ‘‘major gene effect hypothesis,’’ according to which
morphological evolution would occur by the action of a
small number of mutations of large effect on structural or
regulatory genes. Several recent studies have revealed
that this suggestion is tenable (Chouard, 2010). However,
a significant portion of the normal morphological varia-
tion can be attributed to several genes of small effect, as
well as other non-genetic factors as noted above (Lawson
et al., 2006, Roseman et al. 2010). Additionally, genes
could have a significant redundant effect, since mutations
in different genes could often lead to similar phenotypes
(Kim et al., 1998), making the understanding of the geno-
type–phenotype map even more complicated. For
instance, several genes are involved in the development of
human craniofacial morphology (Kim et al., 1998; Szabo-

Rogers et al., 2010; Tapadia et al., 2005), but factually
nothing is known about their roles in the normal variation
found within and between human populations.

Human skull is comprised of two main regions: the neu-
rocranium, formed by the cranial base plus the cranial
vault (calvaria), which encapsulates the brain, and the
face that surrounds the oral cavity. Unlike of the cranial
base development, which is formed by the ossification of a
pre-existing cartilaginous matrix (endochondral ossifica-
tion), vault and face bones are formed by the proliferation
and differentiation of multipotent mesenchymal cells into
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osteoblasts in a process known as intramembranous ossifi-
cation (Mooney et al., 2002; Sperber, 2001, 2002). Particu-
larly important in the skull development is the closing of
the sutures, the fibrous joints that connect the bones of
the vault and face.

Sutures are formed during the embryonic stage at the
sites linking the craniofacial membranous bones, which
act as the main nuclei of bone expansion during the vault
and facial complex pre and postnatal development
(Opperman, 2000). Growth maintenance at the sutures
osteogenic fronts requires a refined balance between
proliferation and differentiation, to ensure appropriate
changes in shape and growth during the skull develop-
ment. Imbalance in these mechanisms result in prema-
ture closing of the sutures, leading to some different
normal patterns (for instance, brachycephaly is character-
ized by the premature fusion of the coronal suture, while
dolichocephaly is due to the premature fusion of the sagit-
tal suture) or pathological conditions known as craniosy-
nostoses (Morriss-Kay and Wilkie 2005; Levi et al. 2012).

Several investigations on animal models, as well as
medical, evolutionary and in vitro research have revealed
the role of FGF/FGFR genes in vertebrate development
(Bobick et al., 2007; Eames and Schneider, 2008; Muenke
et al, 1994; Rice et al., 2003; Tapadia et al., 2005; Wilkie,
1997). The importance of FGF/FGFR signaling in human
craniofacial development has also been suggested after
identification of mutations in FGFR genes in patients
with craniosynostosis syndromes, some of them involving
multiple sutures (Cooper, 1999). A large number of muta-
tions have been related to other pathologies associated to
closure/fusion suture patterns, leading to a wide range of
abnormal craniofacial morphologies. Recently, Martinez-
Abadı́as et al. (2011) studied the FGFR2 gene using mouse
models affected by a craniosynostosis (Apert syndrome),
and proposed that cell communication and cell interac-
tions that are influenced by FGF/FGFR signaling underlie
basic developmental processes coordinating head morpho-
genesis and contribute to the coordinated growth and
development of a functional and operational head.

The influence of FGFR mutations on normal craniofa-
cial variation was studied only once in humans. Coussens
and Dall (2005) sequenced the entire FGFR1 gene in
healthy individuals from four human groups: African-
American, Asian, Caucasian, and Australian Aborigines.
A total of 17 SNPs were identified, but only eight of them
showed high variation between the four investigated
populations. Nine common haplotypes could be inferred
from these eight SNPs, three being the most common in
all populations. Coussens and Dall (2005) also identified
two haplotype tag SNPs (rs4647905 and rs3213849) re-
sponsible for >85% of the diversity in each population,
concluding that these two SNPs could be very useful for
population and association studies. They also showed that
the rs4647905C allele is associated to a decrease in the ce-
phalic index (CI; the ratio, in percentage, of the maximum
breadth to the maximum length of a skull). Note that CI >
81 are normally associated to brachycephalous skulls, and
CI < 75.9 with dolicocephalic forms (Coussens and Van
Daal, 2005; and references therein).

Allele frequencies can significantly vary among human
populations. For instance, a genetic variant present in
Asians may be absent in their derived populations such as
Native Americans or vice-versa (Acuña-Alonzo et al.,
2010; Hünemeier et al., 2012a; Schroeder et al., 2009).
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Furthermore, linkage disequilibrium (LD; a condition in
which the haplotype frequencies in a population deviate
from the values they would have if the allele at each locus
were combined at random) levels found in one population
cannot be extrapolated to others.

Africans generally have lower LD levels (Lonjou et al.,
2003), whereas Native Americans have high LD values.
This happens for several reasons related to the evolution-
ary history of each population (Amorim et al., 2011). On
the other hand, the gene pool of mestizo Latin Americans
is characterized by different levels of contribution of their
continental ancestral groups, Native American, European
and African (Salzano and Bortolini, 2002), resulting in
diverse LD patterns (Amorim et al., 2011). Furthermore it
is important to emphasize that a SNP variant could be
associated with a phenotype not because it is biologically
functional, but because it is in LD with the causal allele.
Based on these characteristics, LD patterns should be
always considered in association studies.

The main objective of our work is to evaluate the contri-
bution of the FGFR1 polymorphisms to normal craniofacial
morphology variation. More specifically we aim to test if
the instigating Coussens and Dall’s (2005) findings are
observable on other human populations as well. We first
studied the FGFR1 alleles/haplotypes distributions in 136
Native American and Mexican mestizo individuals, to
detect possible associations between FGFR1 variants and
craniofacial measurements or indices. Additionally, FGFR1
was studied in 197 other native peoples from different con-
tinents (Africa, Asia, Europe, and America) to expand our
knowledge about its distribution. The present investigation
is related to a long-range project of our group which investi-
gates the relationships between genetic variants and mor-
phological traits (Hünemeier et al., 2009, 2010, 2012b;
Paixão-Côrtes et al., 2011; Pereira et al., 2006).

SUBJECTS AND METHODS

Populations

Craniofacial and FGFR1 data were obtained from 136
individuals from a Native American Totonaco population
of Sierra Norte de Puebla (n 5 83), as well as mestizo indi-
viduals from Mexico City (n 5 41) and Tepango (n 5 12).
To evaluate the FGFR1 haplotype distributions in other
human populations, genetic data were also obtained from
107 Native Americans of five populations (Kayapo, Kain-
gang, Xavante, Yanomama, and Baniwa), 39 Europeans
(Spaniards), 26 South Saharan Africans, and 25 Siberian
Eskimo, based on samples already collected by our team
and collaborators.

All Mexican subjects provided written informed consent
and the study was approved by the Faculty of Medicine
Research and Ethics Committee of the National Autono-
mous University of Mexico (Project number 008-2010).
Local authorities gave their approval for the study, and a
translator was used as needed. Additional ethical ap-
proval was also provided by the Brazilian National Ethics
Commission (CONEP Resolution no. 123/98) for the Bra-
zilian and Siberian Eskimo samples, as well as by the
ethics committees of: (a) Hôpital Robert Debré, Paris,
France (African samples); and (b) Universidad de Antio-
quia, Medellin, Colombia (European samples). For illiter-
ate volunteers, individual and tribal informed oral con-
sents were obtained according to the Helsinki Declaration.
The ethics committees approved both, oral and written
informed consent procedures as well as the use of these
samples in population and evolutionary studies.

Laboratory tests

Two SNPs (rs4647905G/C and rs3213849C/T) which
represent >85% of the FGFR1 gene haplotype variability

Fig. 1. First two principal components depicting the variation in the sex and size standardized cephalometric variables (cumulative varian-
ces: PC1 5 46.75%; PC2 5 11.8%). PC1 is mainly explained by variation on head breadth, head length, head height, and bizygomatic breadth;
PC2 is mainly explained by changes on facial length and nose breadth. Populations are identified by symbols and genotypes by colors: unfilled
correspond to homozygotes from the ancestral allele, heterozygotes are in gray and filled black symbols correspond to the homozygotes from the
derived allele.
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found by Coussens and van Daals (2005), plus three other
SNPs (rs2293971G/A, rs2304000G/C, and rs930828A/G)
situated nearby were investigated using TaqMan assays
(which use probes designed to anneal within a DNA region
amplified by a specific set of primers; Applied Biosystems).
Haplotype phases, which indicate the allele combination
of different loci in the same chromosome, were inferred
with BEAGLE 3.3.2 (Browning and Browning, 2007) and
linkage disequilibrium (LD) analysis was performed with
the Haploview 4.1 software (Barrett et al., 2005).

Craniofacial measurements and indices

Nine craniofacial absolute/linear measures (head length,
head breadth, head height, minimum frontal breadth, bizy-
gomatic breadth, bigonial breadth, nose length, nose
breadth, and facial length) were obtained using sliding and
spreading calipers. To minimize errors, these anthropomet-
ric measurements were obtained according to international
standards and by one researcher only (JAGV). Based on
these absolute/linear measurements, ten standard craniofa-
cial indices were calculated, as indicated by Comas (1983)
(Supporting Information Table 1). All measurement values
were standardized to account for sex and size differences
following the procedures described in Ackerman et al.
(2006) and Jungers, et al. (1995), respectively.

Data analysis

Mahalanobis squared distances were used to estimate
morphological differences among samples coming from
the Totonaco, Mexico City, and Tepango populations. In
addition, cephalometric variation among individuals/pop-
ulations was explored using principal component analysis
(PCA) based on the above indicated nine absolute/linear
measurements previously standardized to remove sex and
size effects. PCA allows the reduction of the metric data to
a smaller number of dimensions and the correlation of
each original variable on the successive principal compo-
nents can provide clues regarding regional differences
between cranial (facial and vault) modules. Furthermore,
standardized variables were employed to build cephalo-
metric indices and to perform multivariate and associa-
tion analysis. Association between common SNPs and cra-
niofacial phenotypes was also tested using a generalized
linear model (GLM), assuming an additive model, sepa-
rately by population data and considering overall groups.
The F statistics, which determines the likelihood ratio of
the explained variance by the residual sum of squares was
also calculated. The GLM analysis was performed inde-
pendently on the set of nine craniofacial absolute/linear
measurements and on the set of ten craniofacial indices
generated from them (Supporting Information Table 1).
These ten indices depict general aspects of head shape as
well as some specific facial and vault structures. The pro-
portion of variability due to SNP variation on the cranio-
metric indices was tested by the coefficient of determina-
tion R2. Finally, bar and regression graphics representing
population mean indices values were obtained. All the sta-
tistical analysis was carried out using SPSS (v. 17.0)
(www.spss.com).

RESULTS

Table 1 presents the FGFR1 haplotype frequencies in
African, European, Eskimo, South and Mesoamerican
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Native populations, as well as in two Mexican mestizo
populations. Fifteen haplotypes were found, and four of
them (h1, h3, h4, and h6) exhibited general prevalences of
3–55%, while the remaining eleven displayed frequencies
�1.2%. The most frequent haplotype, h1 was present in
all samples. South Amerindians had an average number
of h1 (67%) practically identical to that of Africans and
Eskimo. However, one Native Mexican population (Toto-
naco) showed a much lower frequency (47%), similar to
that of Tepango (46%), while Mexicans from Mexico City
and Europeans showed values of 34 and 54%, respectively.
The second and third most frequent haplotypes (h3 and
h4) also do not show very distinctive interethnic differen-
ces, but h6 is only found in Eskimos, Amerindians or the
mestizos from Tepango. Haplotypes h11, h12, h14; h15 are
observed only among the Totonaco; and h7 is detected only
on two South Amerindian tribes (Xavante, Baniwa).

When Europeans, Native Americans, Eskimos, Afri-
cans, and mestizo populations were compared for LD pat-
terns, the two previously LD blocks found by Coussens
and van Daal (2005) were detected in Europeans and in

all Mexican populations. South Amerindians, on the other
hand, show just one LD block, while Africans do not
present a clear pattern (Supporting Information Fig. 1),
as expected due to the particular and distinct demo-
graphic and evolutionary history of these groups (Amorim
et al., 2011). When only the Mexicans are considered, two
similar LD blocks are observed in both, natives (Totonaco)
and mestizos (Mexico City and Tepango), corroborating
the suggestion that rs4647905 and rs3113849 are two
haplotype-tag SNPs (Coussens and van Daals, 2005).

The squared Mahalanobis distances computed on the
full space of variation evidenced a significant craniofacial
difference (P < 0.05) between mestizo Mexicans (Mexico
city and Tepango) and Totonaco, while no significant dis-
tance was obtained between the two mestizo groups. We
therefore performed the following analyses considering
just two population sets, mestizo (composed by Tepango
plus Mexico City) and natives (Totonaco).

Figure 1 show that the first two principal component
account for �59% of the total variation on the sex and size
standardized cephalometric measurements, and that only

Fig. 2. A. Linear regression between rs4647905 and rs3213849 genotypes and CI considering
Totonaco and mestizo together. B. Bar graphs showing the relationship between rs4647905 and
rs3213849 genotypes and CI by population.

5FGFR1 SNPS AND NORMAL CRANIOFACIAL VARIATION
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six of them (head breadth, head length, head height, bizy-
gomatic breadth, facial length, and nose breadth) are cor-
related to these first two PCs. No clear pattern, however,
was found between these traits and the populations or
genotypes tested.

No association between rs4647905 and the cephalic
index (CI) was found, in opposition to the results reported
by Coussens and van Daal (2005), (Table 2). However,
there is a tendency in both populations for a decrease in
cephalic index in individuals homozygous for allele C (Fig.
2A, B). The only association found considering rs4647905
(as well as the two other polymorphisms in LD with it,
rs2304000 and rs2293971) was with the vertical cephalic
index (VCI) in the mestizo group (Table 2). Polymor-
phisms rs3213849 and rs930828, on the other hand,
showed a statistically significant association with the
transversal cephalic index (TCI) in the mestizo popula-
tion. The above-described association between the
rs4647905 and VCI is maintained when both groups are
analyzed together, which is not true for the two others
and TCI. Interestingly, when the two populations are con-
sidered together, we found a statistically significant asso-
ciation between rs3213849 and CI (lower CI values in the
presence of the T allele; Table 2; Fig. 2A, B). Note that no
association was found in the Totonaco native population.

When the GLM analyses were performed using the nine
absolute/linear cephalometric measurements, a statisti-
cally significant association was found between four
(rs4647905, rs2304000, rs3213849, and rs930828) of the
five polymorphisms tested and head length in the mestizo
population, as well as an association between two markers
(rs3213849 and rs930828) and head height in the same
population (Table 3). The association between head length
and the four first above-mentioned polymorphisms is kept
when the two groups (mestizo plus natives) are evaluated
together. Again, no association was found in the Totonaco
Native American population. Furthermore, the coefficient
of determination (R2 values) indicates a high contribution
of rs4647905 (15%), rs2304000 (15%), rs3213849 (9%), and
rs930828 (9%) SNPs on the determination of head length
in mestizos.

DISCUSSION

Because FGFs/FGFRs have a crucial role in the develop-
ment of the craniofacial structures, it is valid to suppose
that some variants in these genes can be associated to the
normal variation found in human populations. As already
mentioned, Coussens and van Daal (2005) performed the
first study searching for such putative associations, and
reported that in European and Asian individuals the
rs4647905C allele was associated with a decrease of the ce-
phalic index. Although our results showed no significant
association between CI and the rs4647905 SNP, we noted a
reduction of the cephalic index in homozygote individuals
carrying this allele. Moreover, it seems that there is a tend-
ency for rs4647905CC subjects to present a transversely
narrow and elongated antero-posterior head (dolicoce-
phaly). This effect is seen in the mestizo group, while in the
indigenous Totonaco this trend is less pronounced. These
results are further corroborated by the association analy-
ses, which shows that in the mestizo group the association
between rs4647905 and length of the head was highly sig-
nificant (P 5 0.007). These results suggest that the effect of
this SNP in the morphogenesis of the head is related
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mainly to the length of the cranial vault since individuals
carrying the CC genotype have a head length dramatically
increased in the antero-posterior way (Fig. 3). Moreover,
we can see that the rs3213849 SNP also present an effect
on the cephalic index, CI decreases with the presence of the
rs3213849T allele, probably also related to its influence in
the absolute length of the head (Figs. 2 and 3). Based on
these results it is possible to suggest that this allelic combi-
nation promote a premature closure of the sagittal suture.

In conclusion, we observed that the common FGFR1
polymorphisms studied here can have an important role
in the normal human skull morphological variation, pri-
marily due to their influence in head length, which would
affect other cephalometric absolute/linear measures as
well as indices like CI as a result of the pervasive nature
of the skull’s morphological integration (Martı́nez-Abadias
et al., 2011). Our data revealed that some FGFR1 var-
iants, especially rs4647905, can have a major effect on
normal human morphological variation corroborating
Nei’s (2007) proposition. However, only functional studies
may reveal whether the SNPs studied here are causal or if
they are in LD with unknown, true causal variants. The
importance of considering population parameters in stud-
ies of this nature is clear, due to the differences found
between the Mestizo and Native American populations, as

well as those studied by Coussens and van Daal (2005).
Although some of these populations present the same two
LD blocks and other similarities considering the FGFR1
SNPs studied here, we cannot rule out that variants in
other genes associated with craniofacial development may
affect the results, since other differences in the genetic
backgrounds of Mestizo and Native continental popula-
tions are expected.
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