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Abstract
Rationale: Approximately 25% of the recently classified genetic skeletal disorders were classified as of unknown 

aetiology  [287 Warman, ML (2011)]. Homozygous disruption of Fstl1 in mice results in a multitude of develop-

mental defects, including defects of the skeleton  [177 Sylva, M (2011)].

Objective: We set out to investigate whether defects in FSTL1 occur in patients suffering from skeletal disorders  

similar to those observed in Fstl1 KO mice. 

Results and methods: In 15 patients diagnosed with either Campomelic dysplasia, small patella syndrome or BILU 

syndrome (B cell Immunodeficiency, Limb anomalies, and Urogenital malformations), but without a known ge-

netic cause. The coding sequence of Fstl1 was amplified using PCR. Using Sanger sequencing, no mutations were 

found in the coding sequence of Fstl1. Moreover in none of these 15 patients  copy number variations in Fstl1 were 

identified using qPCR.

Conclusion: We did not identify mutations or genomic imbalances in FSTL1 in the 15 patients with Campomelic 

dysplasia, small patella syndrome or BILU. FSTL1 might be involved, however, in other human skeletal disorders.
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Introduction

Genetic skeletal disorders comprise a large group of disorders that share skeletal mal-
development with various modes of inheritance. Of the recently classified 456 conditions, 316 
were associated with a known genetic defect, thus 25% of the inherited skeletal disorders are 
of unknown aetiology  [287 Warman, ML (2011)].
Follistatin-like 1 (Fstl1) is a gene first identified as a transforming growth factor beta (TGFβ) 
induced factor in an osteoblastic cell line  [110 Shibanuma, M (1993)]. Fstl1 has been implicated 
in the bone morphogenetic protein (BMP) signalling pathway and is expressed during 
embryogenesis in most developing organs, including the developing skeleton  [177 Sylva, M 
(2011)], [119 Adams, D (2007)]. Homozygous disruption of Fstl1 in mice shows a multitude of 
developmental defects, including those of the developing skeleton, ureters, lungs and trachea  

[177 Sylva, M (2011)], [135 Geng, Y (2011)], [203 Xu, J (2012)].

Fstl1 KO mouse defects
We have tabulated the defects observed in Fstl1 KO mice, according to the affected organ system 
(Table 1). The most prominent skeletal defects include bowing of the long bones, abnormal 
spine curvature, displacement of the atlas, absence of the patella, dislocation of the hip, and 
digit malformations such as synostosis and syndactyly of the proximal phalanx  [177 Sylva, M 
(2011)]. The majority of the Fstl1 KO skeletal defects are observed in two different genetic 
backgrounds (FVB and C57BL/6). Digit defects, however, were only found in one of the two 
mouse strains (C57BL/6), which might be the result of differences in the genetic background.
Besides the skeletal phenotype, defects of the respiratory tract are also present in Fstl1 KO mice. 
The cartilage rings of the trachea and bronchi are underdeveloped, resulting in tracheomalacia. 
Moreover, the lungs develop abnormally as the alveolar membranes are hypercellular and 
thick  [135 Geng, Y (2011)]. In addition, defects of the urinary tract are described such as hydro-
ureter, a result of the abnormal development of the uretero-vesical junction  [203 Xu, J (2012)]. 
Our own data, as yet unpublished, show that in addition to those defects, tendon development 
is severely reduced in Fstl1 KO mice.
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Table 1 Similarities between the Fstl1 phenotype and the identified human congenital diseases. 
CD=campomelic dysplasia, SPS= small patella syndrome, BILU= B-cell immunodeficiency, limb anomalies, and urgogential 

malformations.

Campomelic dysplasia is phenotypically similar to loss of Fstl1 in mice
Campomelic Dysplasia (CD) is a congenital disease characterised by several skeletal 
malformations, severe respiratory distress and sex reversal in XY karyotyped patients  [295 
Mansour, S (1995)]. In the majority of the cases a heterozygous abrogation of the SOX9 gene 
is found to be causal for the disease. However in an approximate 5% of the cases of CD, no 
underlying genetic defect has been found  [296 Unger, S (1993)].
In Fstl1 KO mice the long bones of the limbs are bent, the eponymous feature in CD. Also other 
skeletal defects occur in both Fstl1 KO mice and CD, such as hip displacement and patella 
defects (Table1). CD and Fstl1 KO mice share a number of defects in other organ systems. 
Firstly, both CD patients and loss of Fstl1 KO mice display severe respiratory distress, eventually 
resulting in death, partly because the cartilage of the trachea is mal-developed, resulting in 
tracheomalacia. Secondly, in both CD and in Fstl1 KO mice hydro-ureter is observed, albeit that 
absence of the smooth muscle cells is causal for the hydroureter in mouse models for CD, and 
aberrant implantation of the ureter in the bladder is the underlying cause in Fstl1 KO mice  [297 
Airik, R (2010)], [203 Xu, J (2012)].
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CD and small patella syndrome
CD is usually caused by loss of function of one SOX9 allele and results, due to the respiratory 
defects, generally in early lethality, albeit cases in which a loss of function of one SOX9 allele 
gives rise to a mild CD phenotype, are also described  [298 Corbani, S (2011)], [299 Wada, Y 
(2009)], [300 Offiah, AC (2002)], [301 Matsushita, M (2013)]. The phenotype of some of these 
mild CD cases overlaps with small patella syndrome  [300 Offiah, AC (2002)]. Small patella 
syndrome is typically caused by heterozygous loss of function mutations in TBX4  [302 Bongers, 
EM (2004)]. However, also partial loss of function of SOX9 in absence of TBX4 mutations was 
found to result in a phenotype similar to small patella syndrome,  [301 Matsushita, M (2013)]. 
Interestingly, also in the Fstl1 KO mice the patella was absent [177 Sylva, M (2011)].

BILU
In addition to the skeletal defects, Fstl1 KO mice also suffer from hydro-ureters. In a study on 
HOXA13, a master regulator of digit and urinary tract developmental, Fstl1 was identified as 
a downstream target, underscoring the role of Fstl1 in the development of the urinary tract. 
Interestingly, mutations in Hoxa13 give rise to the hand foot genital syndrome, characterised by 
genital and digit malformations as well as defects of the urinary tract. The combination of ureter 
and digit malformations in absence of Hoxa13 abnormalities has also been described  [303 
Hugle, B (2011)]; in addition in some of these patients a B-cell mediated immune deficiency was 
observed. This phenotypic combination was given the acronym BILU (B cell Immunodeficiency, 
Limb anomalies, and Urogenital malformations) and has probably an autosomal dominant 
inheriting pattern  [304 Edery, P (2001)], [305 Hoffman, HM (2001)], [306 Tischkowitz, M 
(2004)], [303 Hugle, B (2011)]. Although the immune system was never analysed in Fstl1 KO 
mice, it is known that Fstl1 plays a role in the immune response regulating cytokine production 
(reviewed in  [283 Sylva, M (2013)]).
In summary, most of the defects found in the Fstl1 KO mice have a human paralogue. However, 
to our knowledge, no attempts have been made to identify defects in FSTL1 in patients suffering 
from congenital disorders with a phenotype similar to Fstl1 KO mice and an unknown aetiology. 
We therefore, analysed FSTL1 in 15 patients suffering from the three different diseases, 
campomelic dysplasia, small patella syndrome and BILU syndrome.
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Methods

Genomic DNA from 12 patients suffering from unexplained CD (kindly provided by Prof Dr 
G Scherer), ie no known haploinsufficiency for SOX9, 2 patients suffering from unexplained 
small patella syndrome (kindly provided by Dr. S de Munnik) i.e.no know haploinsufficiency 
for TBX4, and 1 patient suffering from BILU (kindly provided by Dr. D Webster) were analysed 
for mutations in the coding sequence of FSTL1 by Sanger Sequencing and for copy number 
variations using genomic qPCR.

Sequence analysis of FSTL1
Using the primers listed in Table 2 we PCR amplified the FSTL1 coding region and micro RNA binding 
and coding part in the 3’ UTR. After amplifications the PCR product was diluted and sequenced 
using Big Dye Terminator (BDT) and manually analysed for variances in coding sequence. The 10 
base pair regions up- and downstream of the exons were considered the splice donor and acceptor 
sites.

Table 2 primer sequences
Sequence of the primers used to analyze the sequence of the exons of FSTL1 as well as to determine the copy number variation 

(CNV) by qPCR.

Copy Number Variation analysis
For analysis of copy number variations qPCR was performed using the primer sets depicted 
in Figure 1 and listed in Table 2. Three regions in FSTL1 were PCR amplified. As a reference 
we amplified a fragment of genomic DNA in which no copy number variations (CNV) occur in 
healthy control individuals and we analysed 3 control patients. Quantitative PCR (qPCR) was 
performed using the LightCycler® 480 (Roche) and the LightCycler® 480 SYBR Green I Master 
solution (Roche Cat: 04887352001), qPCR data was analyzed using the LinRegPCR program.  

[279 Ruijter, JM (2012)].
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Results

Analysis of the FSTL1 coding sequence
FSTL1 is composed of 11 exons, its last exon contains a micro RNA binding site for micro RNA 
(MIR) 206 as well as encodes MIR 198. All coding exons and their surrounding flanking regions 
and both micro RNA sites were PCR amplified and Sanger sequenced. We identified nucleotide 
variations in both coding and noncoding regions of FSTL1, as listed in Table 3. The majority of 
the identified variations are known SNPs (Table 3). One variation found, however, was not listed 
as a known SNP, though the nucleotide variation was intronic and outside the splicing donor/
acceptor site. We, therefore, concluded that it is unlikely that FSTL1 nucleotide variations 
underlie the observed defects in our patient group.

Table 3 Sequencing results 
Summary of the identified differences relative to the reference sequence. The reference single nucleotide polymorphism 
identification (RS) number of the identified single nucleotide polymorphism (SNP) is given in the left column. The major allele 
frequency (MAF) as identified in the 1000 gene project as well as in our study is displayed in the middle column.

FSTL1 copy number variations
Even though Fstl1 heterzygous mice are viable and do not display severe skeletal defects, we set out 
to explore whether haploinsufficiency for FSTL1 occurs among healthy humans. Using the Database 
of Genomic Variants  [307 Macdonald, JR (2014)], haploinsufficiency in healthy controls was not 
observed, which potentially underscores the importance of FSTL1 for normal development.
We then set out to determine copy number variations using quantitative PCR in our patient group. 
A stable locus in the genome, identified by previous CNV studies, was used as a negative control. 
We used three primer sets effectively spanning the entire genomic locus of FSTL1 (see figure 1, table 
2). Control DNA of unaffected healthy individuals was included as a reference. One out of the 12 
unexplained Campomelic Dysplasia patients displayed an abnormal copy number variation (figure 
2). To follow-up and confirm these findings, we attempted to perform an array comparative genomic 
hybridisation (CGH). However, an initial quality check showed that the DNA was too degraded to 
undergo array CGH, likely explaining the spurious qPCR findings in FSTL1.
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Discussion

Comparing the Fstl1 KO mouse phenotype to human malformations resulted in the selection of 
three patient groups, ie CD, small patella syndrome and BILU. We collected DNA of 15 patients 
suffering from either one of these conditions and who had no known genetic defect. Analysis of 
the coding sequence and of the CNV of FSTL1 in those patients did not reveal any abnormalities 
in the FSTL1 gene. It, therefore, seems unlikely that abnormalities in FSTL1 gives rise to either 
of the before mentioned diseases.
Several papers have been written on campomelic dysplasia, its differential diagnosis and 
bent bones diseases in general  [221 Cormier-Daire, V (2004)], [288 Akawi, NA (2012)], [308 
Watiker, V (2005)]. From this literature two candidate syndromes for FSTL1 screening remain, 
ie Cumming Syndrome and the Stüve Wiedemann syndrome.

Cumming syndrome
Cumming syndrome bears many similarities to CD and some cases that were previously 
diagnosed with Cumming syndrome turned out to have a loss of function of SOX9  [308 Watiker, 
V (2005)].
Interestingly, the major features differentiating Cumming syndrome from CD are the presence 
of a narrow tall pelvis, hypoplastic scapula and sex reversal in CD  [308 Watiker, V (2005)], 
which all three are not reported in Fstl1 KO mice  [283 Sylva, M (2013)]. In addition Cumming 
syndrome is suspected to inherit in an autosomal recessive manner, since consanguinity has 
been reported in several Cumming syndrome cases  [309 Cumming, WA (1986)], [310 Perez del 
Rio, MJ (1999)]. Also in mice the loss of two Fstl1 alleles is required for the phenotype to occur.
On the other hand, in addition to the bending of the long bones, polycystic lesions were found 
in pancreas, liver and kidney of Cumming syndrome patients, which are not observed in Fstl1 
KO mice.

Stüve Wiedemann Syndrome.
Stüve Wiedemann syndrome (SWS) is an autosomal recessive inheriting disorder usually 
caused by mutations in the Leukemia Inhibitory Factor Receptor (LIFR)  [311 Jung, C (2010)]. 
Phenotypically SWS is characterised by bending of the long bones as well as dysautonomia 
symptoms such as episodes of hyperthermia and respiratory and feeding difficulties  [288 
Akawi, NA (2012)]. Although some cases of SWS have remained unsolved and involve bending of 
bones and have an autosomal recessive inheriting pattern  [311 Jung, C (2010)], the phenotype 
of SWS also has dissimilarities to the Fstl1 KO mice. In SWS hyposensitivity for pain has been 
described, in contrast to the increased sensitivity for pain as observed in Fstl1 KO mice  [155 Li, 
KC (2011)]. Also the breathing difficulties in SWS are not based on anatomical malformations 
of the trachea, as in Fstl1 KO mice, but on autonomic dysregulation in SWS  [288 Akawi, NA 
(2012)].
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FSTL1 mutations in humans?
Even though many similarities exist between some of the unexplained skeletal dysplasias 
and the Fstl1 KO mouse phenotype, it might be that human FSTL1 mutations are 
incompatible with life. In zebrafish Fstl1 has been studied and demonstrated to play a role 
in the establishment of the dorso-ventral axis (reviewed in  [283 Sylva, M (2013)]). Possibly 
homozygotic loss of FSTL1 in humans could, as such, result in early embryonic lethality 
due to abnormal dorso-ventral axis establishment and thus prevent the propagation of 
FSTL1 mutations. On the other hand, there might be redundant factors for FSTL1 that could 
prevent developmental defects in absence of FSTL1, however no FSTL1 paralogues with 
great structural or functional similarities seem to exist  [283 Sylva, M (2013)].
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Conclusion

We did not identify mutations or genomic imbalances in FSTL1 in the 15 patients with CD, 
small patella syndrome or BILU we studied. This suggests that FSTL1 does not play a major 
role in phenotypes of these patients. However, FSTL1 might be involved in other human 
skeletal disorders such as Cumming syndrome and remains a candidate for unexplained 
skeletal dysplasias.


