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Abstract

Talipes equinovarus (clubfoot, TEV) is a congenital rotational foot deformity occurring in 1 per 1000 births with increased
prevalence in males compared with females. The genetic etiology of isolated clubfoot (iTEV) remains unclear. Using a
genome-wide association study, we identified a locus within FSTL5, encoding follistatin-like 5, significantly associated with
iTEV. FSTL5 is an uncharacterized gene whose potential role in embryonic and postnatal development was previously
unstudied. Utilizing multiple model systems, we found that Fstl5 was expressed during later stages of embryonic hindlimb
development, and, in mice, expression was restricted to the condensing cartilage anlage destined to form the limb skeleton.
In the postnatal growth plate, Fstl5 was specifically expressed in prehypertrophic chondrocytes. As Fstl5 knockout rats
displayed no gross malformations, we engineered a conditional transgenic mouse line (Fstl5LSL) to overexpress Fstl5 in
skeletal osteochondroprogenitors. We observed that hindlimbs were slightly shorter and that bone mineral density was
reduced in adult male, but not female, Prrx1-cre;Fstl5LSL mice compared with control. No overt clubfoot-like deformity was
observed in Prrx1-cre;Fstl5LSL mice, suggesting FSTL5 may function in other cell types to contribute to iTEV pathogenesis.
Interrogating published mouse embryonic single-cell expression data showed that Fstl5 was expressed in cell lineage
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subclusters whose transcriptomes were associated with neural system development. Moreover, our results suggest that
lineage-specific expression of the Fstl genes correlates with their divergent roles as modulators of transforming growth
factor beta and bone morphogenetic protein signaling. Results from this study associate FSTL5 with iTEV and suggest a
potential sexually dimorphic role for Fstl5 in vivo.

Introduction
Talipes equinovarus (clubfoot, TEV) is a congenital rotational
foot deformity occurring in ∼1 per 1000 live births and affecting
either or both limbs (1) (Fig. 1A). Infants are often treated with
non-operative methods to gradually manipulate the foot to a
corrected position, though relapse of the deformity may occur
and require surgical intervention (2,3). Syndromic TEV coincides
with other diagnoses, such as cerebral palsy or spina bifida, and
may be caused by single-gene mutations or large chromosomal
abnormalities (1,4). Most often, however, clubfoot is isolated
(iTEV), presenting as a distal limb malformation without signif-
icant co-occurring sequelae. The prenatal developmental etiol-
ogy of iTEV remains poorly understood, though it is generally
accepted that bone, muscle, nerve and tendon may all contribute
to its development.

Mendelian inheritance of iTEV has been described (5–7). Link-
age analysis and resequencing identified a novel dominant-
negative mutation in human paired-like homeodomain 1 (PITX1)
that segregated with clubfoot in a multigenerational family (8).
Subsequent analyses identified rare copy number variations in
chromosomal regions including the PITX1 or human T-box tran-
scription factor 4 genes, among others, in clubfoot (9–12), though
these accounted for only a small fraction of clubfoot cases.
Although PITX1 haploinsufficiency was implicated in clubfoot,
misexpression of PITX1 from deletion or structural rearrange-
ment of the 5′ regulatory region was shown to cause Liebenberg
syndrome, which is characterized by partial arm-to-leg trans-
formation (13). Therefore, alterations in these master regulators
of limb development, through genetic mutation, may lead to
pleiotropic limb malformations.

Genetically engineered mouse models have shown that hap-
loinsufficiency or misexpression of Pitx1 results in phenotypes
resembling clubfoot and Liebenberg syndrome, respectively
(9,13). More recently, a spontaneous mutation in Limk1 was
identified in the ‘pma’ mouse, which developed a fully penetrant
recessive clubfoot-like deformity (14). In homozygous pma/pma
mice, increased embryonic hindlimb expression and activation
of Limk1 were associated with inactivation of Cofilin, leading
to defects in hindlimb muscle innervation. Results from these
and other mouse models (15) suggest multiple developmental
origins of clubfoot.

iTEV is considered a complex genetic disorder likely
impacted by a spectrum of associated genetic loci, and the preva-
lence varies greatly between ethnic populations and between
genders (1,5,16). Here, we report results from a genome-wide
associated study (GWAS) of iTEV, which identified an associated
locus within FSTL5. We show Fstl5 is expressed in the embryonic
hindlimb and the postnatal growth plate, and conditional
overexpression of Fstl5 in osteochondroprogenitors resulted in
sexually dimorphic differences in skeletal development in mice.
Unlike other Fstl genes, our results suggest that Fstl5 likely does
not modulate transforming growth factor beta (TGF-ß) and bone
morphogenetic protein (BMP) signaling. Finally, using results
from publicly available mouse embryonic single-cell expression

profiling, we provide evidence for a neurogenic role of Fstl5 in
clubfoot.

Results
FSTL5 is associated with iTEV

To identify novel loci associated with iTEV, we performed a
GWAS with 399 Caucasian iTEV subjects (previously described;
17) and 7820 ethnicity-matched controls from the population-
based Atherosclerosis Risk in Communities study (ARIC; dbGAP:
phs000280.v3.p1) (18) (Supplementary Table 1, Supplementary
Material, Fig. 1A). Following imputation and quality control
filtering, 7 794 536 autosomal variants with overall minor allele
frequency >0.02 and imputation quality (Rsq) > 0.3 were tested
for association with iTEV using logistic regression, adjusting
for gender and 10 principal components. A single locus on
chromosome 4 exceeded genome-wide significance (Fig. 1B,
Supplementary Material, Fig. 1B and C). The top-associated
variant [rs76973778, Rsq = 0.87, P = 1.92 × 10−8; OR = 0.35 (0.26–
0.60)] was located within intron 3 of the Follistatin-like 5
(FSTL5) gene (Fig. 1C). Because clubfoot is twice as frequent
in males compared with females (6), we investigated the
association of FSTL5 with iTEV in males and females sepa-
rately. The FSTL5 association was more strongly evident in
males (P = 4.41 × 10−8, OR = 0.26 [0.19–0.50]) compared with
females (P = 0.02, OR = 0.51 [0.33–0.92]), which was attributed
to reduced statistical power in analyses restricted to females
(Fig. 1D and E; Supplementary Material, Table 2). To confirm
the association with FSTL5, rs76811724, which was in high
linkage-disequilibrium with rs76973778 (R2 = 0.94; D′ = 1), was
genotyped in an independent ethnicity-matched cohort (see
Methods, Supplementary Material, Table 1). The rs76811724
variant showed a highly significant and directionally concordant
association with iTEV in the discovery cohort (Rsq = 0.89,
P = 2.06 × 10−7; OR = 0.39 [0.26–0.58]) and the replication cohort
(P = 2.70 × 10−3, OR = 0.62 [0.44–0.87]). After combining both the
discovery and replication cohorts, the association of rs76811724
exceeded genome-wide significance (P = 2.99 × 10−9; OR = 0.49
[0.38–0.64]) (Fig. 1F, Supplementary Material, Table 3), providing
further evidence for an association of FSTL5 with iTEV.

Embryonic expression of Fstl5

Little is known regarding the expression of Fstl5 in the hindlimb,
and the top-associated rs76973778 was not positioned within an
annotated regulatory element (Supplementary Material, Fig. 2)
and was not previously annotated as an expression quantitative
trait locus in human tissues. Therefore to assess whether
Fstl5 may regulate hindlimb development in vivo, we first
examined Fstl5 expression in multiple diverse species. In the
developing embryonic bat limb, an emerging species to study
conserved regulatory mechanisms of limb development (19),
expression profiling showed Fstl5 was expressed throughout
multiple developmental timepoints, albeit at lower levels
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Figure 1. Fstl5 is associated with isolated clubfoot. (A) Clinical image of an infant with bilateral clubfoot. (B) Manhattan plot of genome-wide association results. Dashed

line represents genome-wide significance (5 × 10−8). Only the Fstl5 locus exceeded genome-wide significance. (C–E) LocusZoom plot showing association of rs76973778

(purple circle) within the FSTL5 locus in (C) the entire cohort, (D) males only, and (E) females only. (F) Variant rs76811724 (purple circle) was genotyped for replication.

This variant exceeded genome-wide significance following meta-analysis combining the original and replication cohorts (purple diamond).

compared with Fstl1 (Fig. 2A). In developing chick embryos,
Fstl5 expression was restricted to the brain early, then was later
evident in the developing limbs (Fig. 2B).

In mice, RNA-seq analysis of embryonic limb buds detected
increasing Fstl5 expression from E12.5 to E13.5 stages of
development (Fig. 2C). We then evaluated expression of multiple
Fstl genes in mouse E15.5 forelimb and hindlimb by reverse
transcription quantitative polymerase chain reaction (RT-qPCR).
Fstl1 had the highest expression; however, only Fstl5 was
differentially expressed between forelimb and hindlimb, with
significantly higher expression in embryonic mouse hindlimb
(Fig. 2D, Supplementary Material, Fig. 3). In all assays, Fstl5
was expressed at lower levels than Fstl1, which is strongly
expressed throughout the entire limb (20). Therefore, we
hypothesized Fstl5 expression may either be expressed at low
levels throughout the entire developing hindlimb or show a
spatially restricted expression pattern, leading to overall low
levels of expression. Fstl5 mRNA expression was detected
by in situ hybridization in multiple tissues of the developing
E15.5 mouse, including the limb, forebrain and heart (Fig. 2E).

Closer examination of the mouse hindlimbs showed Fstl5
was strongly and specifically expressed within the condens-
ing cartilage anlage, the primary source for chondrocytes
during endochondral ossification (Fig. 2F). Together, these
results suggest a potential role for Fstl5 during later stages
of embryonic limb development, following specification and
outgrowth.

Fstl5 is expressed in the postnatal growth plate

To evaluate postnatal expression of Fstl5 in vivo, we utilized
Sprague–Dawley rats harboring a beta-galactosidase insertion
(Fstl5βgeo) within intron 3 of Fstl5 that resulted in a premature
truncation and significantly reduced expression (Fig. 3A and B).
Heterozygous Fstl5+/βgeo and knockout Fstl5βgeo/βgeo rats were
born at expected Mendelian (P = 0.38) and male:female (Binomial
P = 0.82) ratios with no obvious skeletal or other developmental
abnormalities (Supplementary Material, Tables 4 and 5). Using
the endogenous Fstl5βgeo reporter, we found β-galactosidase
expression was restricted to the prehypertrophic chondrocytes
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Figure 2. Evolutionarily conserved expression of Fstl5 in the developing limb. (A) Expression of bat Fstl1, Fstl4 and Fstl5 in developing forelimb and hindlimb at embryonic

stages CS15, CS16 and CS17 quantified using RNA-seq. Timepoints correspond to similarly staged mouse limb development shown in (C). (B) Whole-mount in situ

hybridization showing embryonic expression of chick Fstl5. Expression becomes evident during later stages of limb development. (C) Expression of mouse Fstl1, Fstl4

and Fstl5 in developing forelimb and hindlimb at embryonic stages E12, E13 and E13.5 quantified using RNA-seq. Timepoints correspond to similarly staged bat limb

development shown in (A). (D) Differential expression of mouse Fstl5 in E15.5 forelimb and hindlimb measured by RT-qPCR (n = 3 independent biological replicates). Data

represented as mean ± standard error. Statistically significant differences were determined using two-sided t-test. ∗∗∗, P < 0.001. (E) Mouse E15.5 in situ hybridization

showing Fstl5 expression throughout the (i) entire embryo, (ii) forebrain, (iii) heart, and in the hindlimb (arrowhead). (F) In situ hybridization of mouse embryonic E15.5

distal hindlimb showing localized expression of Fstl5 to the condensing cartilage mesenchyme.

of the femur growth plate and, to a lesser extent, in hypertrophic
chondrocytes in 2-week-old rats (Fig. 3C). During endochondral
ossification, the embryonic cartilage condensate gives rise
to chondrocytes whose proliferation and maturation in the
growth plate regulate subsequent bone formation (21,22). Thus,
the restricted expression of Fstl5 in the embryonic cartilage
condensate and postnatal prehypertrophic chondrocytes as well
as the lack of gross skeletal malformations in Fstl5βgeo/βgeo rats
suggest a non-essential role for Fstl5 in chondrocyte maturation
(23).

Sexually dimorphic skeletal development in
Prrx1-cre;Fstl5LSL mice

We sought to test the impact of conditional Fstl5 overexpression
in the osteochondral cell lineage. Conditional overexpression
of Fstl5 was tested in mice for two reasons. First, loss of
Fstl5 expression did not result in any observable skeletal
phenotype in Fstl5βgeo/βgeo rats. Second, the orthologous position
of the clubfoot-associated rs76973778 allele was within a short
segment deleted from the mouse genome, preventing generation
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Figure 3. In vivo characterization of Fstl5. (A) Schematic diagram of Sleeping Beauty insertion of β-galactosidase within intron 3 of rat Fstl5, predicted to result in

premature truncation. (B) Expression of Fstl5 in brain tissue from control (Fstl5+/+), heterozygous (Fstl5+/βgeo) and homozygous (Fstl5βgeo/βgeo) rats (n = 3–5 animals per

genotype). Statistically significant differences were determined by a one-sided t-test. Data represented as mean +/− standard error. (C) Immunohistochemistry showing

β-galactosidase expression in the prehypertrophic chondrocytes of the femur growth plate of 2-week-old Fstl5βgeo rats. Expression diminishes in the hypertrophic

chondrocytes of the growth plate. Similar results were seen in tibia and metatarsal growth plates (data not shown). (D) Schematic diagram of the Fstl5LSL conditional

overexpression cassette within the mouse ROSA locus. (E and F) Confirmation of cre-induced overexpression of Fstl5 in BSCs cultured from Prrx1-cre;Fstl5LSL mice

compared to control by (E) qPCR and (F) western blot. For western blotting, beta-actin (Actin) is shown as loading control. Asterisk indicates background band from Fstl5

antibody. (G, H) Skeletal phenotypes of 3-month-old (G) female and (H) male Prrx1-cre;Fstl5LSL mice (gray) compared with age- and gender-matched littermate controls

(black). Data represented as mean ± standard error. Statistically significant differences were determined using two-sided t-tests. ∗, P < 0.05; ∗∗, P < 0.01.
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of allele-specific knock-in mice (Supplementary Material, Fig. 2).
Therefore, we engineered Fstl5LSL mice with the Fstl5 coding
sequence under the control of a CAG promoter flanked by LoxP
sites (Fig. 3D). The Fstl5LSL expression cassette was introduced
into the ROSA locus using CRISPR/Cas9, and resultant founders
were out-crossed and subsequently inter-crossed with Prrx1-
cre mice to generate heterozygous Prrx1-cre;Fstl5+/LSL breeders.
Heterozygous mice were crossed to produce control (without
Prrx1-cre or Fstl5+/+), heterozygous, and homozygous (Prrx1-
cre;Fstl5LSL/LSL) mice. To confirm Cre-dependent overexpression
of Fstl5, bone marrow from 5-month-old mice were flushed,
and plastic-adherent bone stromal cells (BSCs) were expanded
in culture and tested for Cre-dependent Fstl5 expression. Fstl5
was not detected in control BSCs; however, Cre-dependent Fstl5
was robustly expressed in BSCs from Prrx1-cre;Fstl5LSL mice
(Fig. 3E and F; Supplementary Material, Fig. 4). Prrx1-cre;Fstl5LSL

mice showed no overt malformations and were visually indis-
tinguishable from littermate control mice. We evaluated skeletal
development using X-ray and dual-energy X-ray absorptiometry
imaging. No differences in tibia and femur length or bone
mineral density (BMD) were evident in 3-month-old female
Prrx1-Fstl5LSL mice compared to control (Fig. 3G). In contrast,
tibia and femur lengths were slightly, though significantly,
reduced in 3-month-old male Prrx1-cre;Fstl5LSL mice compared
to control (Fig. 3H). Additionally, both tibia and femur BMD were
significantly reduced in male Prrx1-cre;Fstl5LSL mice compared
to control (Fig. 3H).

Fstl5-expressing cell lineages are enriched in
neuropathic gene signatures

As no overt limb malformations were evident in Fstl5βgeo knock-
out rats or in Prrx1-cre;Fstl5LSL conditional overexpression mice,
we sought putative functional pathways through which Fstl5
may influence hindlimb morphogenesis and development.
For this, we evaluated Fstl5 expression using available mouse
embryonic single-cell transcriptomes (24) (Fig. 4A). Consistent
with our in situ expression results (Fig. 2E), the highest levels
of Fstl5 expression were evident in neuronal cell lineages, with
lower expression in skeletal lineages, such as ‘Limb Mesenchyme’,
‘Osteoblast’, ‘Chondrocyte Progenitor’ and ‘Chondrocyte/Osteoblast’
(Supplementary Material, Fig. 5). For each skeletal lineage,
expression of Fstl5 was significantly enriched in a single
subcluster of cells (Fig. 4A). As the transcriptional landscape of
lineage subclusters may help to broadly inform future cell fates
(25), we extracted all genes with significantly enriched expres-
sion within Fstl5-expressing subclusters and performed path-
way analyses. Fstl5-expressing subclusters were significantly
enriched for genes involved in neural development and synaptic
transmission (Fig. 4B). Neural system genes were significantly
enriched in the Fstl5-expressing subclusters of the Chondrocyte
progenitor (P = 6.60e−8), Chondrocyte and Osteoblast (P = 3.46e−10)
and Osteoblast (P = 1.71e−11) cell lineages. These results implicate
a potential role for Fstl5 in the neuropathogenesis of iTEV.

Lineage-specific gene expression suggests functional
differences in Fstl proteins

Fstl proteins were originally named for having follistatin-like
domains, suggesting potential roles in regulating TGF-ß and
BMP signaling, as has been described for Fstl1 (26–28). However,
other Fstl family members are less well characterized. Prior
phylogenetic protein analyses identified sequence similarities
between Fstl4 and Fstl5, which clustered most closely with Fstl1,

whereas Fstl3 and Follistatin (Fst) were both unique (20,29,30).
We queried expression of Fst and Fstl genes across the 38 mouse
embryonic cell lineages defined by single-cell sequencing of
mouse embryos (24). Surprisingly, hierarchical clustering distin-
guished patterns of expression between Fstl genes that resem-
bled phylogenetic analyses based on protein structure (20,30)
(Fig. 4C). Both Fstl4 and Fstl5 clustered together with the high-
est expression in neural cell lineages. Consistent with skeletal
abnormalities in Fstl1 knockout mice (27), Fstl1 expression was
highest in mesenchymal and skeletal cell lineages. Fstl3 showed
the highest expression in the cardiac cell lineage, among others,
and mice lacking Fstl3 were previously shown to develop cardiac
abnormalities resulting in hypertension (31). These results sug-
gest lineage-specific embryonic expression of Fstl genes in mice
correlates with proposed functional differences among the Fstl
family of proteins.

Discussion
We identified a locus within a previously uncharacterized gene,
FSTL5, associated with isolated clubfoot. Analysis of Fstl5 in
multiple vertebrate embryos identified conserved expression
in the embryonic hindlimb mesenchyme and neural tissues.
Conditional overexpression of Fstl5 in the embryonic limb mes-
enchyme (using Prrx1-cre) resulted in reduced BMD in male, but
not female, mice, though no gross malformations were evident.
Finally, we show that evolutionary divergence in the essential
roles of Fstl proteins resembles differences in their lineage-
specific expression in developing mouse embryos (24).

Follistatin-like 5—the protein encoded by FSTL5—is a mem-
ber of the secreted protein acidic rich in cysteines family of
proteins (30). Follistatin is a secreted TGF-ß and BMP antagonist,
and because Fstl1 harbors a domain with modest sequence
homology to Follistatin, Fstl proteins were hypothesized to also
regulate TGF-ß and BMP signaling (20,32,33). Consistent with
this, Fstl1 knockout mice developed lung and skeletal defects
and died shortly after birth from respiratory insufficiency (26,27).
Skeletal abnormalities included defects in axial skeleton pat-
terning, long bone dysplasia and a hindfoot rotational deformity
caused by malposition of the distal fibula (27). Moreover, Fstl1
was shown to promote chondrogenic lineage differentiation of
mesenchymal stromal cells ex vivo (34). However, functional
similarities between Fstl1 and other Fstl proteins, such as Fstl5,
were unclear.

Although the function of FSTL5 was largely unstudied, its
mouse homolog (Fstl5) shared highest sequence similarity
to Fstl4, another uncharacterized protein, and Fstl1 (20).
Fstl4 expression was localized to neural tissues, and though
neurologic differences were observed in Fstl4 knockout mice, a
lack of gross developmental deformities suggested Fstl4 likely
does not regulate BMP signaling (35,36). Like Fstl4, Fstl5 was
expressed more highly in neural tissues, and rats lacking Fstl5
showed no gross developmental malformations. Our results
suggest that Fstl5, like Fstl4, does not modulate TGF-ß and
BMP signaling and is not essential for embryonic skeletal
development, unlike Fst and Fstl1 (26–28,37). Moreover, lineage-
specific expression of Fstl genes in mouse embryos is supported
by the functional differences between Fstl proteins and
differences in developmental phenotypes among genetically
engineered mouse models. Expression levels of both Fstl4 and
Fstl5 were highest in neural tissues, whereas Fstl3 and Fstl1
were expressed highest in cardiac and osteochondroprogenitor
lineages, respectively.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa236#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa236#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa236#supplementary-data


Human Molecular Genetics, 2020, Vol. 29, No. 22 3723

Figure 4. Analyses of mouse embryonic single-cell gene expression. (A) Schematic of Fstl5 expression analyses using publicly available results from mouse embryonic

scRNAseq (ref. 24). (B) Enrichment of Reactome pathways for Fstl5-expressing subclusters. (C) Bi-clustering of Fstl genes and their expression across the various cell

lineages.

Here, the identification of human FSTL5 associated with iTEV
by GWAS, together with comparative analyses of Fstl5 across
diverse genetic models (rodents, birds and bats), point to a neu-
rogenic mechanism and potential sexually dimorphic role for
FSTL5 in iTEV pathophysiology. A neuropathologic mechanism

for clubfoot development is further supported by the recent char-
acterization of a mouse model of peroneal muscular atrophy (14).
Additional experiments are now required to understand what
role Fstl5 plays in the nervous system and how alterations in
Fstl5 expression/function may contribute to limb deformity. The
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conditional transgenic mouse model, Fstl5LSL, reported here now
opens the door to more in depth analyses of how Fstl5 expression
in distinct cell lineages can impact limb development. As condi-
tional overexpression in skeletal progenitor cells did not result
in significant limb deformity, the impact on limb development
following overexpression in neuro-lineage cells remains to be
tested. Finally, analysis of FSTL5 expression in human nervous
system tissues is warranted; however, the correlation to clubfoot
pathogenesis may be limited since infants with isolated clubfoot
mostly undergo non-operative treatments. Our results implicate
a neurogenetic pathology to clubfoot pathogenesis.

Materials and Methods
Cohort descriptions

For the discovery cohort analyses, non-Hispanic white clubfoot
subjects were recruited from St Louis Children’s Hospital and St
Louis Shriners Hospital. The study protocol was approved by the
Institutional Review Board, and all subjects and/or parents gave
informed consent. Patients were diagnosed at infancy with TEV
(clubfoot) based on the physical examination findings by a single
orthopedic surgeon. Exclusion criteria included additional con-
genital anomalies, developmental delay or known underlying
etiologies such as arthrogryposis, myelomeningocele or myopa-
thy. Control subjects consisted of an ethnicity-matched subset of
the ARIC (18). The ARIC cohort is a prospective community-based
recruitment study focused primarily on atherosclerosis and car-
diovascular outcomes. Ethnicity was confirmed for both cohorts
by principal component analysis compared with HapMap popu-
lations (Supplementary Material, Fig. 1A).

For replication analyses, non-Hispanic white clubfoot sub-
jects were recruited from Scottish Rite for Children (Dallas,
TX), Shriners Hospital for Children (Houston, TX), the St. Louis
Children’s Hospital (St. Louis, MO) and St. Louis Shriners Hospital
(St. Louis, MO). All subjects provided written informed consent
approved by their respective Institutional Review Boards. Inclu-
sion and exclusion criteria were the same as for the discovery
cohort. Ethnicity-matched control subjects used for replication
were recruited, in part, from Scottish Rite for Children (Dallas,
TX). Additional control subjects were included from the Dallas
Heart Study (38)—a multiethnic population-based probability
sampling of Dallas County (Dallas, TX)—and from a randomized
trial with work-place recruitment from the Dallas-Fort Worth
metroplex (39). Recruitment was unrelated to clubfoot. The allele
frequency of the rs76811724 variant among control subjects
of the replication cohort was similar to the allele frequency
among non-Hispanic whites from the gnomAD consortium (fre-
quency = 0.08).

Genome-wide imputation and association

Genome-wide genotyping of iTEV subjects was performed using
the Affymetrix 6.0 microarray as previously described (17).
Control subjects available from the population-based Atheroscle-
rosis Risk in Communities were genotyped on the Affymetrix
6.0 microarray, and genotype data were obtained from dbGAP
[dbGAP: phs000280]. Quality-control was performed to exclude
individuals with evidence of chromosomal abnormalities,
gender inconsistencies and excessive genotype missingness.
Case and control datasets were merged and genotypes har-
monized using Plink v1.9 (40). Duplicate and related samples
were identified using a subset of linkage disequilibrium (LD)-
pruned variants, and only unrelated individuals were included

in the imputation. LD-pruned variants were used for principal
component analysis including HapMap Phase 3 samples for
ethnicity verification (Supplementary Material, Fig. 1A). Prior to
imputation, individual single nucleotide polymorphisms (SNPs)
were excluded based on missingness rate (>5%), minor allele
frequency (<0.01), deviation from Hardy–Weinberg equilibrium
(HWE P < 1 × 10−4 in controls), non-variant monomorphic SNPs,
and SNPs with a differential missingness rate between case and
control cohorts. After filtering, 549 589 autosomal SNPs were
available for imputation.

Imputation was performed with MACH v1.0 (41) and Minimac
(42) on the merged case-control cohort following pre-phasing
with the 1000 Genomes Phase 3 reference panel. Imputation
accuracy (Rsq) was investigated for different ranges of allele
frequency, and a marked decline in the percent of high-quality
imputed variants (with Rsq >0.3) was evident for those with
minor allele frequency <2% (Supplementary Material, Table 6,
Supplementary Material, Fig. 1B). As a majority of imputed vari-
ants were rare or monomorphic and thus poorly imputed, only
variants with frequency >2%, Rsq > 0.3, and without significant
HWE deviation were included for association analysis. Following
postimputation filtering, imputed dosages of 7 794 536 variants
were included for logistic regression analysis with Mach2dat,
which included gender and 10 principal components as covari-
ates. Association results were plotted using R and LocusZoom
(43).

Replication genotyping was performed using allele-
discrimination assays (ThermoFisher). The top-associated vari-
ant (rs76973778) was genotyped using a commercially available
assay; however, the commercial assay was unable to accurately
discriminate between genotypes, which was attributed to adja-
cent variants affecting the design specificity. Therefore, a custom
allele-discrimination assay was designed to genotype the highly
correlated rs76811724 (Supplementary Material, Table 7). The
replication cohort consisted of ethnicity-matched subjects with
isolated clubfoot recruited at St. Louis Children’s Hospital,
Shriners Hospital-St. Louis, Scottish Rite for Children and
Shriners Hospital for Children-Houston. All subjects provided
written informed consent approved by the respective Insti-
tutional Review Boards. Genotypes were merged with the
discovery cohort, and association analysis performed using
logistic regression analysis including gender as a covariate.

Production of Fstl5βgeo rats

Generation of Fstl5βgeo rats were previously described (44,45).
Briefly, Sleeping Beauty β-Geo trap transposons (46) were used to
select mutant rat spermatogonial libraries in vitro (44). Spermato-
gonia comprising a selected library were then transplanted into
rat testes for production of mutant spermatozoa (47). Recipient
males were bred with wild-type females to produce a random
panel of donor spermatozoa-derived mutant rat strains enriched
with gene traps in protein coding genes (44). Genomic sites of
transposon integration were defined in the newly generated
mutant rats by splinkerette PCR (44) with sequence analysis
alignment on genome build RGSC v3.4 (Rn4).

For this study, testis cells from a rat harboring a Sleeping
Beauty β-Geo trap transposon in intron 3 of Fstl5 (44) were
thawed from cryopreservation and used to derive a donor
spermatogonial stem cell line that was transplanted into
recipient males, as described (48). Recipient males were bred
with wild-type females to regenerate the Fstl5 mutant rat
strain. Two founders were established from cryopreservation,
both harboring the Fstl5 intron 3 β-Geo trap transposon. Fstl5
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gene-specific PCR primers near Sleeping Beauty integration sites
were used in combination with transposon-specific primers
to genotype progeny (Supplementary Material, Table 8). Fstl5
mutant rats were housed in individually ventilated, Lab Products
2100 cages in a dedicated room with atmosphere controls set to
72◦F, 45–50% humidity during a 12 h light/dark cycle (i.e. Light
cycle = 6:00 a.m.–6:00 p.m., Central Standard Time adjusted for
daylight savings time). Rats were fed Harlan Teklad Irradiated
7912, LM-485 Mouse/Rat Diet, 5% fat Diet with a continuous
supply of reverse osmosis water. All rat protocols were approved
by the University of Texas Southwestern Medical Center.

Expression analysis

For analysis of Fstl5βgeo rats, brain tissue was harvested from
3-week-old rats and homogenized in 500 μl TRIzol reagent (Invit-
rogen). Samples were vortexed and incubated at room temper-
ature for 5 min and 100 μl chloroform added. Samples were
vortexed and centrifuged at 12 000×g for 15 min at 4◦C. RNA
was precipitated using 250 μl isopropyl alcohol and incubated
at room temperature for 10 min followed by centrifugation at
12 000×g for 10 min at 4◦C. The RNA pellet was subsequently
washed twice with 500 μl 75% ethanol followed by centrifuga-
tion at 7500×g for 5 min at 4◦C. RNA was rehydrated in 50 μl
nuclease free water and concentrations estimated using a Nan-
odrop spectrophotometer. Fstl5 expression was assayed using
SYBR green qPCR together with Gapdh for normalization. Rel-
ative expression levels were compared using one-sided t-tests
compared with Fstl5+/+ control. Rat qPCR primer sequences are
listed in Supplementary Material, Table 8. Experimental proto-
cols were approved by the University of Texas Southwestern
Medical Center.

For mouse Fstl limb bud expression, forelimb and hindlimb
buds were dissected from E15.5 embryos, RNA extracted using
PureLink RNA Mini kit (Ambion), and samples pooled (1 l
per pool). cDNA was generated using iScript (BioRad) and
qPCR performed using SybrSelect Mastermix (ThermoFisher).
Assays were run in triplicate and expression normalized to
ActinB. Relative expression levels were compared using two-
sided t-tests. Mouse qPCR primer sequences are listed in
Supplementary Material, Table 8. Experimental procedures were
approved by the Otago University Animal Ethics committee.

Immunohistochemistry

Femurs were dissected from 2-week-old Fstl5βgeo rats and fixed
in 10% formalin followed by decalcification in 14% EDTA in PBS
and embedded in paraffin. Four-micron sections were cut and
placed on 3-aminopropyltriethoxysaline (APES)-treated slides.
Slides were dried at 37◦C, deparaffinized, and digested in 0.25%
Trypsin in 1 mm EDTA for 3 min at 37◦C incubator. Endogenous
peroxidase activity was deactivated using 3% hydrogen peroxide
in Methanol for 10 min at room temperature and rinsed in
PBS with 0.1% Tween 20 (PBST). Sections were blocked in 10%
Normal Goat Serum (Dako) for 30 min at room temperature
and incubated overnight at 4◦C with Anti-Beta Galactosidase
Mouse antibody (Promega, 1:500). Following, slides were washed
in PBST 3 times and incubated with HRP-conjugated Goat Anti
Mouse IgG Antibody, (Millipore) for 1.5 h and washed in PBST 3×.
The DAB substrate–chromogen (DAKO) was applied for 10 min,
counterstained in Mayer’s hematoxylin for 2 min, and washed
in distilled water. Sections were dehydrated in alcohol, cleared
in xylene, and mounted with Cytoseal XYL (Thermo Scientific)

prior to imaging with a DP73 Olympus microscope using Cell
Sens software.

In situ hybridization

A 505 bp region of the mouse Fstl5 mRNA was amplified from
embryonic E15.5 hindlimb cDNA using oligonucleotide primers
(Fstl5F:5′-GGAAGGCTAAGCTCTGCATATT-3′, and Fstl5R:5′-
GCACTACAGAGAGTGGTTTCAG-3′). The PCR product was cloned
into pGEMTEasy (Promega) and sequenced to confirm orien-
tation. Dioxigenin (DIG)-labeled probe synthesis (sense and
antisense) was carried out as published previously (49).

Embryos from time-mated mice were removed and frozen in
OCT prior to sectioning (10 μm) for in situ hybridization. Thawed
sections were air-dried and fixed with 4% paraformaldehyde
(PFA)/phosphate buffered saline (PBS) for 10 min, washed with
PBT (PBS with 10% Tween-20) three times before proteinase K
digestion (1 μg/ml for 10 min). Following, sections were re-fixed
with PFA/PBS and acetylated (625 μl acetic anhydride and 295 ml
0.1 M triethanolamine) for 10 min at room temperature. Sec-
tions were washed three times with PBT prior to hybridization
with the appropriate sense or antisense probe in hybridization
buffer (50% formamide, 5× saline sodium citrate buffer (SSC),
5× Denhardts, 250 μg/ml yeast RNA, 500 μg/ml herring sperm
DNA). Slides were incubated overnight at 65◦C in a humidified
chamber. Post-hybridization washes were done at 65◦C with a
series of wash buffers (1xSSC/50% formamide; 2xSSC and 0.2x
SSC (twice)) for 20 min each. Sections were washed twice at
room temperature with maleic acid buffer with Tween 20 (MABT)
before blocking with 20% heat inactivated sheep serum (HISS),
2% Roche blocking powder in MABT. To detect the DIG-probe,
slides were incubated overnight at 4◦C with anti-DIG-alkaline
phosphatase (Roche) diluted 1:2500 in 5% HISS/MABT. Unbound
antibody was removed by washing with MABT, followed by NTM
buffer (100 mm NaCl, 100 mm Tris-HCl (pH 9.5), 50 mm MgCl2) with
nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-
phostphate (BCIP) (Roche) to detect alkaline phosphatase. Fol-
lowing the color reaction, slides were washed and fixed with
4% PFA/PBS before mounting for imaging. Sections were imaged
on an Olympus AX70 light microscope. All mouse experimental
protocols were approved by the Otago University Animal Ethics
committee.

Chicken Fstl5 was cloned from a cDNA library from day 4
chicken embryos using PCR primers and subcloned into a pBS
vector. In-situ hybridization analysis was carried out using previ-
ously published methods (50,51). Experimental procedures were
performed in accordance with UK Home Office Animal licensing
and in accordance with University of Aberdeen ethical review
committees.

Generation of the Fstl5LSL mouse line

A vector containing the CAG promoter flanked by LoxP
sites upstream of the Fstl5 coding sequence was designed,
produced and purified using VectorBuilder (https://en.vecto
rbuilder.com) and Cyagen US (Santa Clara, CA). Mice were
engineered using CRISPR/Cas9 via pronuclear injection of 1-
cell stage C57BL/6 N embryos. Injections included 25 ng/μl
Cas9 protein (Integrated DNA Technologies), 25 ng/μl crRNA
(5′-CGCCCATCTTCTAGAAAGAC-3′) complexed with tracRNA
scaffold, and 10 ng/μl circular plasmid, diluted in TE buffer.
Following injection, embryos were implanted into pseudo-
pregnant females. Multiple founder lines were established and
maintained by out-crossing to C57BL/6 J mice.
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Fstl5 LSL mice were crossed to Prrx1-cre mice, and result-
ing Prrx1-cre;Fstl5+/LSL mice were crossed to generate control
(no Prrx1-cre or Fstl5+/+), Prrx1-cre;Fstl5+/LSL heterozygous, and
Prrx1-cre;Fstl5LSL/LSL homozygous mice. Cre and Fstl5LSL geno-
typing primer sequences are provided in Supplementary Mate-
rial, Table 8. Cre-induced overexpression was validated by qPCR
and western blotting using cultured BSCs from adults Prrx1-
cre;Fstl5LSL mice compared to control.

Mouse protocols were approved by the UT Southwestern
Medical Center Institutional Animal Care and Use Committee.

Cell culture, expression analysis and western blotting

For ex vivo BSC culture, bone marrow was flushed from adult
mice and cultured in alpha-MEM (Thermofisher Scientific) with
10% FBS (Sigma) and 1% antibiotics (penicillin/streptomycin)
(Thermofisher Scientific) for 5 days at 37◦C and 5% CO2. Follow-
ing, media was refreshed and non-plastic adherent cells washed
away. The cells were then plated in 12-well plates and 100 mm
plates for RNA and protein extraction, respectively and grown to
confluence.

For RNA extraction, the cells were harvested in RLT Plus
buffer with beta-marcaptoethanol (Sigma). The cells were
passed through Qiashredder columns (Qiagen) prior to RNA
extraction. RNeasy Plus Mini Kit (Qiagen) was used to extract
RNA following manufacturer’s recommendations. The samples
were quantified using a Nanodrop1000 spectrophotometer
(Thermofisher Scientific). cDNA synthesis was performed using
the High Capacity RNA to cDNA Kit (Thermofisher Scientific).
The qPCR assays were performed using SYBR Green PCR
Master Mix (Thermofisher Scientific). Protein was extracted
using RIPA buffer with protease inhibitor cocktail (Roche) and
concentration was determined using the Pierce BCA Protein
Assay (Thermofisher Scientific). Approximately 10 μg of protein
was loaded on SDS-PAGE. The antibody detection was performed
using rabbit anti-Fstl5 (1:2000) and rabbit anti-Actb (1:5000) (Cell
Signaling Technologies) in 5% BSA in TBST buffer overnight at
4◦C. After washing, goat anti-rabbit (1:10 000) IRDye secondary
antibody (Licor Biosciences) was incubated in 5% non-fat dry
milk in TBST buffer for 1 h at room temperature in the dark.
Following washing, images were acquired using the Odyssey
CLx system (Licor Biosciences).

Skeletal assessments

For live-animal rodent imaging, mice were anesthetized using
2% inhaled isoflurane. Images were acquired using a Faxitron
UltrafocusDXA. Bone densities and bone lengths were measured
using Faxitron software and compared with littermate controls
using two-sided t-tests.

Supplementary Material
Supplementary Material is available at HMG online.
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