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ABSTRACT

All-transretinoic acid (RA) induces various anatomical limb dysmorphologies in mice dependent on
the time of exposure. During early limb development, RA induces forelimb ectrodactyly (digital absence)
with varying susceptibilities for different inbred mouse strains; C57BL/6N are highly susceptible while
SWV are resistant. To isolate the genetic basis of this defect, a full-genome scan was performed in 406
backcross fetuses of F; males to C57BL/6N females. Fetuses were exposed via a maternal injection of 75
mg of RA per kilogram of body weight on gestational day 9.25. The genome-wide analysis revealed
significant linkage to a chromosome 11 locus near D11Mit39 with a maximum LOD score of 9.0 and to
a chromosome 4 locus near D4Mit170. An epistatic interaction was detected between loci on chromosome
11 (D11Mit39) and chromosome 18 (D18Mit64). Linkage to the chromosome 11 locus (D11Mit39) was
confirmed in RA-treated backcross fetuses of F, females to C57BL/6N males. Loci associated with bone
density/mass in both human and mouse were previously detected in the same region, suggesting a
mechanistic linkage with bone homeostasis. The human syntenic region of this locus has been previously
linked to Meckel syndrome; the phenotype includes postaxial polydactyly, an ectopic digital defect hypothe-

sized to be induced by a common molecular pathway with ectrodactyly.

ETINOIDS, vitamin A derivatives, have been effec-
tive medications for diseases such as acne, psoria-

sis, and cancers and are being developed for therapeutic
uses in obesity and type II diabetes (SPORN et al. 1994;
VILLARROYA et al. 2004). However, a major limitation
for the use of these compounds remains teratogenicity,
as numerous human congenital malformations have
been produced by exposure to retinoids during preg-
nancy (LAMMER et al. 1985; DAT et al. 1992). Retinoids
have also been potent teratogens in laboratory animals
(Corrins and Mao 1999). In most systems in rodents,
all-transretinoic acid (RA) has caused congenital mal-
formations that varied in scope and severity with dose
and time of gestational exposure (SHENEFELT 1972;
GEELEN 1979). In this regard, the dose- and time-depen-
dent effects of RA have been studied extensively in devel-
oping limbs (reviewed in LEE et al. 2004). At early stages
of limb bud growth, mouse gestational day (GD) 9.5,
13-cisRA treatment had effects that were primarily re-
stricted to missing digits or ectrodactyly (SuLik and
DenarT 1988). Although 13-cisRA induced predomi-
nantly right-sided, postaxial ectrodactyly (missing digits
on the posterior or ulnar side of the limb), preaxial
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ectrodactyly (missing digits on the anterior or radial
side of the limb) was also induced (SuLik and DEHART
1988). Moreover, inbred strains of mice exhibited differ-
ential sensitivity to RA-induced forelimb ectrodactyly,
demonstrating the importance of genetic background
in sensitivity. When administered at early stages of limb
morphogenesis, the C57BL/6N strain showed high sensi-
tivity while the SWV strain showed complete resistance
(CoLLINS ef al. 2005).

The relative strain difference for the induction of
preferentially right-sided, postaxial forelimb ectrodac-
tyly was demonstrated for other teratogens, including
acetazolamide, cadmium, carbon dioxide, ethanol, and
hyperthermia (although the studies used either C57BL/
6] or C57BL/6N; reviewed in LEE et al. 2004). These
agents are the only compounds known where the two
strains have been compared for this specific limb defect.
This conservation of strain sensitivity to this specific defect
induced by multiple teratogens that are presumed to func-
tion by different mechanisms suggests that a final com-
mon pathway (WiLson 1973) in digital development
is more susceptible in the C57BL/6 than in the SWV
strain.

Previously, a full-genome scan using backcross fetuses
of pooled F, (C57BL/6N female X SWV male or its
reciprocal cross) males to CH7BL/6N females deter-
mined chromosomal regions linked with the sensitivity



346 G. S. Lee et al.

c D

to cadmium-induced forelimb ectrodactyly of the same
two strains (HOvLAND et al. 2000). The analysis identi-
fied significant linkage to a locus at the distal end of
chromosome 6, with suggestive linkage to loci on chro-
mosomes 11 and 13. In this study, a genome-wide link-
age analysis identified loci associated with the same
strain difference in RA-induced forelimb ectrodactyly.
This analysis used the same backcross design to identify
loci contributing to the same differential strain sensitiv-
ity of the comparable limb phenotype produced by RA
and to compare the identified loci with those that were
linked when cadmium was administered.

MATERIALS AND METHODS

Animals and teratology: C57BL/6NCrIBR (C57) mice were
obtained from Charles River Laboratories (Hollister, CA). The
founder SWV/Fnn (SWV) mice were from Richard Finnell
(Texas A&M University). Pooled F; (C57 female X SWV male
or SWV female X C57 male) males were backcrossed with C57
females to generate BC1 fetuses, and pooled F, females were
backcrossed with C57 males to generate BC2 fetuses. Mice
were kept in a climate-controlled room under an alternating
12-hr light/dark cycle. Timed matings were produced by plac-
ing a male into cages with multiple females for the last 2 hr of
the dark cycle. The time of vaginal plug detection was designated
the start of GD 0. On GD 9.25, RA (Sigma, St. Louis) was dissolved
in 100% ethanol (8% of the dosing solution volume), sus-
pended in soybean oil (92% of the dosing solution volume),
and administered to pregnant mice by intraperitoneal injec-
tion at a dose of 75 mg/kg body weight. All steps involving RA
were performed under dim yellow light to prevent photoisom-
erization. On GD 18, maternal mice were killed, and the num-
bers of implantation and resorption sites, viable fetuses, and
gross malformations were recorded. Each fetus was stained
with alizarin red and alcian blue for skeletal analysis as de-
scribed previously (HovLAND et al. 2000). The litter was consid-
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F1GURE 1.—Forelimb defects in-
duced by RA on GD 9.25. (A) Nor-
mal paw of right limb, score of 1;
(B) right limb ectrodactyly digit 1,
score of 3; (C) rightlimb ectrodac-
tyly digits 4 and 5 and reduction
of ulna, score of 6; and (D) right
limb ectrodactyly digits 3, 4, and
5 and absence of ulna, score of 9.

ered the statistical unit for comparisons of resorption and
malformation rates due to the significant litter effect and
subsequent lack of independence of fetal data. Differences
between crosses in average litter percentages were assessed by
ttest for significance (P < 0.05). Tests for fetal incidence of
forelimb defects in Table 2 were performed using the 2 X 2
x? test of fetal forelimb defects. Statistical significance was
inferred at a Pvalue of 0.05.

A method for determining the relative developmental tim-
ing of the various murine crosses was deemed valuable. Em-
bryos from the parental strains and the two backcrosses, BC1
and BC2, were collected on GD 9.25, and the somites, which
are dorsal segmental mesodermal condensations that develop
one ata time in a craniocaudal direction during early organo-
genesis, were counted as a gross indicator of the embryonic
developmental stage at the time of treatment. The median
somite number of the embryos was the indicator of the devel-
opmental stage of a litter, and a mean for multiple litters
(medians) was calculated.

Phenotyping: Each fetus was phenotyped for forelimb mal-
formations as a binary trait and scored for the severity of the
defect as a semiquantitative trait. Forelimb defects were also
classified by axiality (preaxial or postaxial) and laterality (left
or right). The severity of a forelimb malformation was scored
according to a previously described system (HOVLAND et al.
2000; see Figure 1). The system arbitrarily assigned a normal
pair of forelimbs a score of 1. For each shortened or rudimen-
tary digit or visually significant thinning of a digit, one point
was added to the fetal forelimb score. The total absence of a
single digit added two points to the score, and each additional
missing digit added two more points. A visually significant
reduction in the length of the humerus, radius, or ulna was
given a single point, and the complete absence of any of these
long bones was accorded two points. Fusion of the ulna and
the radius added a point. Thus, scores ranged from 1, for a
fetus with two normal limbs, to 33, for a fetus with bilateral
amelia. To minimize the influence of outliers, a natural log
transformation was applied to the semiquantitative trait prior
to the QTL analysis.

Genotyping: Fetal visceral genomic DNA was isolated by
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TABLE 1

Reproductive and selected-malformation percentages for backcross fetuses treated on GD
9.25 with 75 mg of RA per kilogram of body weight

Total no. of

Mean litter % Mean litter %

Total no. implants/collected Mean litter % forelimb hindlimb Mean litter %
Cross of litters fetuses* of resorptions’ defects’ defects’ cleft palate’
C57%9 X F,d 101 831/419°¢ 49.7 (£3.5) 28.2 (+3.1)¢ 3.2 (£1.8) 27.5 (£3.3)1
F.9 X C573 91 1020,/569° 44.0 (+3.8) 38.5 (+3.7) 0.6 (+£0.4) 37.6 (+2.8)¢

“Collected fetuses included dead fetuses.

! Parenthetical value represents the standard error of the mean.

“Thirteen of 419 fetuses were not genotyped due to the poor quality of isolated DNA.
¢Mean percentage significantly different between crosses, ttest, P < 0.05.
* Twenty-four of 569 fetuses were not genotyped due to the poor quality of isolated DNA.

phenol/chloroform extraction. From 419 collected BC1 fe-
tuses, 13 fetuses were not genotyped due to poor quality of
isolated DNA. Similarly, 24 of 569 collected BC2 fetuses were
not genotyped. Some of these fetuses that were not genotyped
had forelimb defects. Thus, the numbers of affected and non-
affected fetuses that were used for QTL analyses were slightly
different from the numbers of fetuses that were analyzed for
teratology results in Tables 1 and 2. Initially, 406 fetuses from
BC1 were genotyped by the Center for Inherited Disease Re-
search (CIDR; Johns Hopkins University, Baltimore). Microsa-
tellite markers were screened for polymorphisms between C57
and SWV, and 86 markers spanned the entire genome excluding
the Y chromosome. The genotyping was performed by the CIDR
PCR protocol (http:/www.cidr.jhmi.edu/mouse/protocol.html).
The missing data rate was 4.7%, and quality control included
20 blind duplicates. The average spacing between markers
was 15.4 cM, with no gaps >34 cM. Subsequently, 3 additional
markers on chromosome 11, 1 marker on chromosome 4, and
1 marker on chromosome 6 were genotyped using PCR with
5’-end-labeled forward primers according to procedures from
a previous study (HovLAND et al. 2000). The additional marker
on chromosome 6 that was subsequently genotyped was a
marker close to the QTL peak for cadmium-induced forelimb
defects in the HOVLAND et al. (2000) study. Replication of BC1
loci was done with 545 BC2 fetuses that were genotyped for
3 markers on chromosome 4 and 9 markers on chromosome
11. The missing data rate for the nonautomated genotyping
was 1.9%.

Linkage analyses and epistatic interactions: The linkage map
was constructed using the MAPMAKER/EXP V3.0b (LANDER
et al. 1987) and Map Manager QTXb19 (MANLY et al. 2001)
software packages using the Kosambi map function. For au-
tosomal linkage, single-marker analysis, interval mapping, and
composite interval mapping were performed using the QTL
Cartographer V2.0 (WANG et al. 2005) software package. To

assess whether different anatomical forelimb defects were
linked to the same loci, each binary trait was analyzed sepa-
rately. That is, linkage analysis for the preaxial defect was
performed on the progeny with only preaxial and pre- and
postaxial defects classified as “affected” and all others as “unaf-
fected.” Furthermore, the permutation features of Map Man-
ager QTX and QTL Cartographer were used to establish the
genome-wide thresholds for suggestive (a = 0.63), significant
(o = 0.05), and highly significant (o = 0.001) linkage with
10,000 and 1000 iterations, respectively. The BC2 fetuses were
evaluated for linkage with the entire chromosome 11 and a
specific region of chromosome 4. Since the number of markers
examined in the BC2 verification was relatively small when
compared with the whole-genome scan, the issue of multiple
comparisons was reduced, permitting a higher Pvalue for
significance. For this purpose, the Pvalue <0.01 was suggested
by LANDER and KRUGLYAK (1995). Although the genome-wide
P-value of 0.05 was designated as significant, this equates to
a Pwvalue of <0.001 at each individual marker; hence the
P-value of <0.01 represents a reduction in stringency. Signifi-
cant threshold levels from the BCI fetuses were also used for
linkage analyses in BC2 fetuses. Searches for pairwise epistatic
interactions between loci were performed using Map Manager
QTX and verified using the SAS V8 software (SAS Institute,
Cary, NC) for a logistic regression procedure and two-way
analyses of variance (ANOVA).

RESULTS

Phenotypes of RA-induced forelimb malformations:
Relevant reproductive and developmental parameters
in the two backcrosses have been summarized in Tables
1 and 2, with specific details regarding the limb malfor-

TABLE 2

Forelimb defect percentages for backcross fetuses treated on GD 9.25 with 75 mg of RA per kilogram of body weight

Laterality of limb defects (no. of fetuses)

Axiality of paw defects (no. of fetuses) Unilateral
Cross Preaxial Postaxial Pre- and postaxial Right Left Bilateral
C572 X F & 27.7% (26)" 40.4% (38)" 30.9% (29) 62.8% (59) 5.3% (5) 31.9% (30)
F,® X C5738 67.7% (130)° 11.5% (22)° 20.8% (40) 52.6% (101) 8.9% (17) 38.5% (74)

“One fetus was not included in axiality of paw defects because this fetus had absence of digit 3.

? Significantly different between crosses, 2 X 2 x* test, P < 0.05.
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TABLE 3
Embryo somite numbers at GD 9.25

Mean litter

No. of median of
counted embryos  somite no.  Somite
Cross (no. of litters) (£SEM) range
Ch7% X C578 133 (16) 21.9 = 0.3 3-26
SWV? X SWVJ 217 (19) 19.3 £ 0.4 5-23
CH79 X F,& 203 (26) 21.3 £ 0.2 9-26
F, ¢ X C578 370 (35) 21.7 £ 0.3 3-26

“Significantly different from other values using two-tailed
t-test, P < 0.05.

mations. All fetuses exhibited anal atresia and tail agene-
sis, which indicated fetal exposure to RA (COLLINS et
al. 2005). Forelimb defects and cleft palate were the
predominant gross malformations observed among the
backcross fetuses aside from anal and tail agenesis, con-
sistent with a previous study (COLLINS et al. 2005). Fore-
limb defects were noted in 28% (mean litter percent-
age) of BCI fetuses and 39% of BC2 fetuses (Table 1).
Forelimb defects were either unilateral or bilateral; and
among the unilateral, rightsided defects were more com-
mon than left sided (92% wvs. 8% in BC1 fetuses and
86% vs. 14% in BC2 fetuses; Table 2). Moreover, when
the forelimb defects were bilateral, they were more se-
vere on the right than on the left side (60% vs. 17% in
BCl1 fetuses and 58% vs. 20% in BC2 fetuses, with the
remainder being bilaterally equivalent). In affected BC1
fetuses, there were approximately equal numbers of pre-
axial and postaxial defects, whereas in affected BC2 fe-
tuses, preaxial defects predominated. In both groups of
backcross fetuses, hindlimb defects were rarely observed
(Table 1). Additionally, whenever a cross involved F,
mice, the direction of the breeding to produce the F,
(either C57 X SWV or SWV X C57) did not produce a
significant difference in the incidence of forelimb de-
fects (data not shown). More specifically, incidences of
preaxial and postaxial defects were also not significantly

different when the maternal animal was either C57 or
SWV for the F, mice (data not shown).

To assess whether the differences in teratogenic out-
come in reciprocal crosses could be explained by devel-
opmental staging, the somite values were compared. As
shown in Table 3, the somite number of C57 embryos
was greater than that of SWV, indicating that C57 em-
bryos were more developmentally advanced than SWV.
Moreover, the somite numbers of embryos from the
BC1 and BC2 were not significantly different from em-
bryos of the C57 strain, indicating approximate develop-
mental timing equivalence at the time of RA administra-
tion for both crosses.

Whole-genome scan: To identify loci containing genes
that contribute to the differential sensitivity of C57 and
SWV mice to RA-induced forelimb defects, a whole-
genome scan was performed in BCI fetuses on traits
listed in Table 4. Results from the full-genome scans,
based on the 88 markers, revealed highly significant
linkage to a chromosome 11 locus and significant link-
age to a chromosome 4 locus (Figure 2). The trait in
all affected fetuses (All-1) was significantly linked to a
chromosome 11 region near D11Mit39, with a maximum
LOD score of 9.0 (Table 4; Figure 3A). Analyses of
subsets of this binary trait (Pre-1, Post-1, Left-1, and
Right-1) in the same sample population revealed sig-
nificant linkage to the same location on chromosome
11, but with lower LOD scores, presumably due to the
reduced number of affected fetuses (Table 4; Figure
3A). The semiquantitative trait, QT-1, was also signifi-
cantly linked to the same locus on chromosome 11.
Accordingly, this locus was named Rafar (RA-induced
Jorelimb autopod reduction defect). In addition, the
analysis for QT-1 showed significant linkage to a locus
on chromosome 4 at D4Mit170 with a LOD score of 2.7
(which exceeded the experimentwise threshold). This
locus was also detected in the binary trait analyses at
the suggestive level of significance.

Interaction: Interactions between loci associated with
RA-induced forelimb defects were identified using Map

TABLE 4

Linked loci from interval mapping on chromosome 11 for RA-induced forelimb defects in BC1 fetuses

No. of affected/

Peak position Marker

Trait Abbreviation no. of unaffected (cM) @b nearest peak LOD score’
All affected All-1 93/313 46.3 D11Mit39 9.0
Preaxial Pre-1 55/351 48.7 D11Mit39 4.5
Postaxial Post-1 66,340 46.3 D11Mit39 4.8
Right-sided Right-1 89/317 49.0 D11Mit39 8.6
Left-sided Left-1 34/372 41.0 D11Mit4 3.2
In QT* QT-1 93/313 45.0 D11Mit39 6.2

“Positions were interpolated to distances described in the MGI (http:/www.informatics.jax.org).
’Results were from QTL Cartographer, and identical results were also obtained by MAPMAKER/QTL V1.1b

and Map Manager QTXb19.
“Natural log transformed semiquantitative trait.
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FIGURE 2.—Whole-genome scan of RA-induced forelimb
defects in BC1 fetuses generated by QTL Cartographer. The
solid curve and solid horizontal line show the LOD score and
the 95% LOD score significance threshold, respectively, for
the All-1 trait, whereas the dashed curve and the dashed hori-
zontal line show the LOD score and the 95% LOD score
significance threshold for the QT-1 trait. The thresholds estab-
lished by Map Manager QTX and QTL Cartographer were

similar.

Manager QTX, which reported the positions of inter-
acting loci, the joint LOD score of the interaction, and
a LOD score for the epistatic effect. As shown in Table
5, when the All-1 trait was analyzed, there was an epistatic
component with a LOD score of 2.4 for Rafar and a
locus on chromosome 18 (D18Mit64). Two-way ANOVA
and logistic regression analyses also revealed an epistatic
interaction between the chromosomes 11 and 18 loci
(Table 5). However, no epistatic interaction was ob-
served between the loci on chromosomes 11 and 4 by
two-way ANOVA or logistic regression analysis.

The genotypes of fetuses at three loci, D11Mit39,
D18Mit64, and D4Mitl70, were examined for interac-
tions by stratifying to assess whether the contribution
to the forelimb defect at one locus was independent of
the genotype at another locus (Table 6). Taken individ-
ually, homozygous (CC) and heterozygous (CS) fetuses
at the chromosome 11 locus had 35 and 9% limb malfor-
mations, respectively, whereas at the chromosome 18
locus the CC and CS fetuses had 24 and 21%, respec-
tively, and at the chromosome 4 locus the CC and CS
fetuses had 29 and 31%, respectively. When fetuses were
stratified by their genotypes at the most significantly
linked locus, D11Mit39, 43% of fetuses homozygous at
both D11Mit39 and D18Mit64 had forelimb defects,
while 28% of fetuses that were CC at D11Mit39 and CS
at D18Mit64 were affected. The relative order of the
intensity of the phenotypic effect induced by the chro-
mosome 18 locus was reversed for fetuses that were CS
at D11Mit39, with 4% of D18Mit64 CC fetuses affected
and 13% of CS affected. This indicated that the geno-
type at the chromosome 11 locus altered the effect of
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FIGURE 3.—Chromosome 11 linkage maps of RA-induced
forelimb defects generated by QTL Cartographer (A) in BC1
fetuses and (B) in BC2 fetuses. The marker positions corre-
spond to linkage distances found in the Mouse Genome In-
formatics Database (MGI; http:/www.informatics.jax.org).
The solid horizontal line shows the 95% LOD score signifi-
cance threshold, whereas the dashed horizontal line shows
the 99.9% LOD score significance threshold. According to
the linkage map distance in MGI, D11Mit293 is located at 75
cM, but this marker is located more distally than D11Mit48
according to the physical map distance.

the putative risk gene on chromosome 18. The same
pattern was observed when the data were analyzed as a
quantitative trait (QT), taking the severity of the defects
into account instead of the percentage of affected fe-
tuses (Table 6). However, when analogous comparisons
were performed for D4Mit170, the effects of the chro-
mosome 11 locus were not comparable (Table 6).
Verification of chromosome 11 linkage in backcross
fetuses of F, females to C57 males: To assess whether
the observed QTL on chromosome 11 could be repli-
cated, linkage analysis was performed in BC2 fetuses for
nine markers on chromosome 11. The analysis of the
all affected binary trait (All-2) and semiquantitative trait
(QT-2) using the 545 fetuses of this alternative cross
revealed significant (o = 0.05) linkage to alocation near
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TABLE 5
Loci interaction in RA-induced forelimb defects in BC1 fetuses
Joint  Locus1 Locus2 Epistasis Locusl Locus2 Interaction

Locus 1 Locus 2 Trait LOD* LOD®*® LOD®* LOD* P~value®  Pwvalue® P~alue©
Chrll D11Mit39  Chrl8 D18Mit64  All-1 9.8 7.3 0.1 2.4 <0.0001 NS 0.006

Pre-1 5.7 3.9 0.0 1.7 <0.0001 NS 0.03

Post-1 6.7 4.9 0.1 1.8 <0.0001 NS 0.01

Right-1 10.4 8.0 0.1 2.4 <0.0001 NS 0.003

QT-1 6.7 4.9 0.0 1.7 <0.0001 NS 0.009

“Results are from Map Manager QTX using interaction, x? test, P = 1.0 X 107°.
"Locus 1 and locus 2 LOD scores were calculated by single-marker analysis using additive regression model.
‘Results were generated by SAS program. For binary traits, logistic regression was used; for semiquantitative trait, two-way

ANOVA was used. NS, nonsignificant.

D11Mit39 with LOD scores of 2.7 and 3.0, respectively
(Figure 3B for All-2; data not shown for QT-2). Thus,
the Rafarlocus was confirmed (LANDER and KRUGLYAK
1995). In addition to Rafar, a separate peak was detected
at the distal end of chromosome 11 (D11Mit48) in BC2
fetuses (for All-2, a LOD score of 2.8). In the BC2 off-
spring, the malformation was predominantly preaxial,
in contrast to the BCI cross. The second locus on chro-
mosome 11 (D11Mit48) remained after conditioning
on D11Mit39 and using composite interval mapping on
the population that included preaxial defects (All-2 and
Pre-2), but not on populations that included exclusively
postaxial defects (Post-2, data not shown). When using
the same procedure but conditioning on D11Mit48, the
Rafarlocus was significant, implying the presence of two
separate loci. In the BC1 cross, the D11Mit48 locus was
identified in the preaxial population (Pre-1), but not
in the other populations (Post-1 and All-1). Thus, the
peak near D11Mit48 was associated with the preaxial
forelimb defect and not with the postaxial defect. Alter-
natively, the D11Mit39 peak was associated with both
the preaxial and the postaxial defects. In addition, three
markers on chromosome 4 in the region of the pre-
viously identified significant locus (D4Mit170) were ge-

notyped in BC2 fetuses; however, unlike chromosome
11, no suggestive or significant linkage was detected.

DISCUSSION

This study describes the use of a genetic approach
to explain a mouse strain difference in a teratogenic
response to RA. Although the somite numbers for the
two parental strains were found to be significantly differ-
ent at the time of RA administration in this study (Table
3), previous experiments have produced evidence to
suggest that the difference in teratogenic response is not
due to this factor (CoLLINS et al. 2005). The described
whole-genome scan using a backcross design (C57 fe-
male X F; male) identified loci on chromosome 11 near
D11Mit39 (Rafar) and chromosome 4 near D4Mitl170
that had significant linkage between the C57 genotype
and forelimb ectrodactyly. An independent sample of
fetuses from the reciprocal cross (F, female X C57 male)
provided replication of the linkage to the Rafar locus.
Further, a second locus on chromosome 11 near
D11Mit48 was linked to preaxial ectrodactyly. Although
preaxial and postaxial phenotypes are anatomically dis-
tinct, the Rafar locus was associated with both pheno-

TABLE 6

Stratification by genotype to assess interactions with D11Mit39

No. of % with

Locus 1 Locus 2 No. of affected forelimb Mean QT

Locus 1 Locus 2 genotype genotype progeny progeny defect (£SEM)
D11Mit39 D18Mit64 CC CC 84 36 42.9 2.9 (*£0.4)
CC CS 106 30 28.3 2.1 (%0.2)

CS CcC 81 3 3.7 1.3 (%0.2)

CS CS 109 14 12.8 1.7 (£0.2)

D11Mit39 D4Mitl170 CC CcC 90 38 42.2 3.1 (*£0.4)
CC CS 105 29 17.6 2.1 (£0.3)

CS CcC 77 11 14.3 2.1 (£0.3)

CS CS 113 8 7.1 1.3 (+0.2)

C, allele for C57; S, allele for SWV.
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types (Table 4). A previous genome scan performed
to examine the same strain difference for the same
malformation after cadmium administration (HovLAND
et al. 2000) identified a linked locus on chromosome
11; however, the loci are separated by 20 cM (D11Mit39
vs. D11Mit24), leading to the supposition that they are
distinct.

QTL replication is a useful tool for assessing the value
of a linkage result in the presence of the stochastic
fluctuation of teratogenic induction. The QTL on chro-
mosome 4 was not replicated in BC2 fetuses, which
might be due to the relatively small percentage of the
variance (2.7%) explained by this locus making it diffi-
cult to repeat or due to a type I statistical error in the
first sample. Significantly, Rafar was replicated in BC2
fetuses. However, in neither cross was the Rafar peak
confined to a narrow chromosomal region. Precision
of QTL location is limited by the number of recombi-
nants in the chromosomal region (Darvasi 1998). Al-
ternatively, the broad peak may have been due to multi-
ple loci on chromosome 11 that contributed to the
strain difference in expression of the phenotype, as
demonstrated in several QTL studies (reviewed in
MooRE and NAGLE 2000). For instance, a genome-wide
QTL analysis for type I diabetes initially identified a
broad peak on murine chromosome 3, designated Idd3
(Tobp et al. 1991), but subsequent congenic strain anal-
yses showed that linkage was due to at least four separate
loci, Idd3, 1dd10, Idd17, and Idd18 (PODOLIN et al. 1997,
1998). Although there are instances of multiple genes
for a single trait mapping to a broad chromosome re-
gion like the one seen here, it is equally likely that the
delineated broad QTL peak is due to the impact of a
single gene.

Generally, interval mapping for fully quantitative
traits is more powerful than the mapping methods for
binary traits (Xu and ATcHLEY 1996). However, in this
study, binary trait analysis resulted in a higher LOD
score than linkage analysis of the semiquantitative trait.
The numerical system for scoring the malformation was
arbitrary and may not have reflected the defect severity
as accurately as a binary model.

Although the analyses detected chromosomal loci
with statistically significant linkage to the strain differ-
ence, the percentage of the variance described by these
loci was modest. The percentage of variance explained
by Rafar was 7.5% and by the chromosome 4 locus was
2.7% for QT-1 (data not shown). Linkage to other loci
may be masked by interactions. A chromosome 18 locus
was found to interact with the Rafarlocus, so that even
though the chromosome 18 locus LOD score individu-
ally was not significant in the full-genome scan, the
combined effect of the chromosome 18 and Rafar loci
had a LOD score that was greater than the sum of the
two LOD scores (Table 5). In fact, the contribution of
the chromosome 18 locus was dependent on having
a specific genotype at the Rafar locus (Table 6). It is

Mouse Human
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32.6 cM =T _|l| p17s1852
(10.7 Mb) \
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Femoral PC-__"_’ Tbx2 i
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goer;aelgtn P Noggin — 38.9 Mb
_y | D11MiE39. || o540
Spinal (49.0 cM) Col1a1
BND. 50.5¢M — |- 453, 45.4 Mb
R — 47.1 Mb
Femoral Hoxb clust I~ 48.7 Mb Wrist
oxb clustér
PBM [ p11mitzes 1l :/ Pl
(55.0cM) FH RARa D175787
7 (53.7 Mb)
57.8 cM—153 5 Mb
— 55.1 Mb
Wnt3, Wnt9b
64.2 cM =T 60-0Mb
i -~ Meckel Syndrome

Linkage Map Distance Physical Map Distance Physical Map Distance

Chromosome 11 Chromosome 17

F1cUure 4.—The two-LOD confidence interval of the Rafar
locus, its syntenic region in humans, and candidate genes in
this region. Linkage map distances in mice were derived from
MGI (http:/www.informatics.jax.org), and physical map dis-
tances were derived from Ensembl Mouse and Human Ge-
nome Database (http:/www.ensembl.org). Identified QTL for
osteoporosis measuring bone mineral density (BMD), peak
bone mass (PBM), periosteal circumference (PC), or bone
size variation (BSV) and for Meckel syndrome are included.

hypothesized that such interactions may substantially
increase the proportion of genetic explanation of the
variation between strains. However, the data summa-
rized in Table 6 are not consistent with the classic defi-
nitions of negative epistasis, as introduced by BATESON
(1909), but are consistent with a lack of additivity, as
introduced by FIsHEr (1918). In a recent analysis of
this poorly defined term, CORDELL (2002) indicates that
epistasis can sometimes be identified statistically, but
not understood mechanistically. Our data fall into the
latter category and await replication to indicate whether
this observation is a type I statistical error or something
to be investigated further.

Interestingly, the human syntenic region to Rafar has
been associated with Meckel syndrome (OMIM 249000;
Paavora et al. 1995). Meckel syndrome is characterized
by cystic kidneys, occipital encephalocele, fibrotic changes
of the liver, and postaxial polydactyly, and patients with
this syndrome die within a few days after birth (JoNEs
1997). Relatively short bowed limbs, syndactyly, simian
crease, clinodactyly, and preaxial polydactyly are occa-
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sionally observed in Meckel syndrome patients (MAjEW-
SKI et al. 1983; JoNEs 1997). The syndrome was originally
mapped to human 17q21-24 in a Finnish population
(Paavora et al. 1995) and was later narrowed to <1 cM
on 17q23 (Paavora et al. 1999). The mouse region
homologous to the human Meckel syndrome region was
identified as a 1-cM interval from 49 to 50 cM on murine
chromosome 11 (HENTGES et al. 2004). This is in the
same location as Rafar (Figure 4). The apparent dis-
cordance of polydactyly in Meckel syndrome patients
vs. ectrodactyly in RA-exposed mice may result from
a common molecular developmental mechanism. The
mechanism was delineated by a progressive reduction
in the dose of Hox gene products, which caused polydac-
tyly at low levels of deficiency and then ectrodactyly and
finally adactyly as the deficiency increased (ZAKANY et
al. 1997).

Several studies have mapped murine bone mass or
density to chromosome 11 regions comparable to Rafar
(Figure 4). Femoral peak bone mass was linked to chro-
mosome 11 region 51.8 cM between DI11Mit90 and
DI11Mit59 in the SAMP6 spontaneous osteoporotic mu-
rine strain (SHIMIZU et al. 1999), a strain with impaired
osteoblastogenesis (JILKA et al. 1996). The chromosome
11 region between 31 and 49 cM was associated with
femoral peak bone mineral density (BEAMER et al. 2001),
spinal peak bone mineral density (BENES et al. 2000),
and periosteal circumference of the femur (MASINDE
et al. 2003). Wrist bone mineral density and bone size
variation in the human was associated with a region on
chromosome 17 syntenic with the Rafar region (DENG
et al. 2002, 2003). Thus, multiple studies have indicated
an association between bone homeostatic mechanisms
and positions on chromosome 11 consistent with the
location of Rafar, and C57BL/6] mice have been shown
to exhibit low bone density in comparison with other
strains (BEAMER et al. 1996).

Multiple candidate genes that are involved in limb
development, including lipoxygenase 12/15 (Alox12/
15), Tbx2, Noggin, procollagen type 1 alpha 1 (CollAl),
Hoxb cluster, RARa, Wnt3, and Wnt9b (also known as
Wntl4b or Wntlb) are within a two-LOD confidence
interval of the Rafar (32.6-64.2 cM; Figure 4). RAR« is
one of three subtypes of the nuclear receptors for RA.
A previous study has shown that an RAR« agonist caused
ectrodactyly in mice, while RARB or RARYy agonists did
not (ELMAZAR et al. 1996). Further, Wnt signaling may
be a good candidate pathway for RA-induced forelimb
defects (as well as osteoporosis). Wnt3 conditional mu-
tant mice and the Wnt coreceptor lipoprotein receptor-
related protein (Lrp) 6 mutant mice exhibited distal
truncations of the limbs similar to RA-induced forelimb
ectrodactyly in this study (PINsoN et al. 2000; BARROW
et al. 2003). In addition, Wnt7a mutant mice also lack
posterior digits (PARR and McManoN 1995), and al-
though this gene is not in the chromosome 11 region
it has been shown that Wntba and Wntbb coordinately

regulate chondrogenesis (YANG et al. 2003), suggesting
the possibility that a Wnt in the chromosome 11 region
could function with a Wnt that is not. Moreover, Lrp,
another Wnt coreceptor, has been shown to regulate
bone density (KATO et al. 2002), and inactivating muta-
tions in the human gene result in osteoporosis-pseu-
doglioma syndrome (GONG et al. 2001). Aspects of chon-
drogenesis, which precede endochondral ossification in
the limb, are dependent on Wnt signaling (DAUMER et
al. 2004). Collectively, these data suggest that the Wnt
signaling pathway may play an important role in fore-
limb reduction defects by alteration of limb patterning
or limb skeletogenesis.

This study has detected and verified a locus on mouse
chromosome 11, Rafar, that is associated with the differ-
ence between C57 and SWV strain susceptibility to RA-
induced preaxial and postaxial forelimb ectrodactyly. A
second locus on the same chromosome was associated
with preaxial ectrodactyly. Future studies will focus on
determining the number of loci on chromosome 11 and
their relative contribution to the trait by the creation of
congenic mice that parse the chromosome 11 regions
of interest. There may be an association between bone
density/mass and susceptibility to this malformation.
Candidate genes for describing the strain difference in
susceptibility include RARa and Wnt3/9b, and interac-
tions between the Wnt and retinoid pathways have not
been well delineated. Furthermore, the human Meckel
syndrome gene is a candidate for the murine phenotypic
difference. Delineation of the mechanisms involved in
this teratogenic gene-environment interaction will facili-
tate an understanding of how multiple factors contrib-
ute to the induction of a congenital malformation.
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