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Follistatin-like 1 in vertebrate 

development

M. Sylva, A.F.M. Moorman, M.J.B. van den Hoff

Academic Medical Center, Department of Anatomy, Embryology and Physiology,

Meibergdreef 15 1105 AZ Amsterdam Netherlands 

Abstract
Follistatin-like 1 (FSTL1) is a member of the secreted protein acidic rich in cysteins (SPARC) family and has been 

implicated in many different signaling pathways, including bone morphogenetic protein (BMP) signaling. In many 

different developmental processes like, dorso-ventral axis establishment, skeletal, lung and ureter development, 

loss of function experiments have unveiled an important role for FSTL1. FSTL1 largely functions through inhibiting 

interactions with the BMP signaling pathway, although, in various disease models, different signaling pathways, 

like activation of pAKT, pAMPK, Na/K-ATPase or innate immune responses, are linked to FSTL1. How FSTL1 inhibits 

BMP signaling remains unclear, although it is known that FSTL1 does not function through a scavenging mecha-

nism, like the other known extracellular BMP inhibitors such as Noggin. It has been proposed that FSTL1 interferes 

with BMP receptor complex formation and as such inhibits propagation of the BMP signal into the cell. Future 

challenges will encompass the identification of the factors that determine the mechanisms that underlie the fact 

that FSTL1 acts by interfering with BMP signaling during development, but through other signaling pathways 

during disease.
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Aim of the review 

Intercellular communication is vital both in development and homeostasis of multicellular 
organisms. Follistatin-like 1 (FSTL1) is a signaling molecule that has been implicated 
in many different signaling pathways, including bone morphogenetic protein (BMP) 
signaling. Disruption of FSTL1 results in a variety of developmental defects. In the last 15 
years more than 100 papers have been written on this gene. Although important progress 
has been made on the elucidation of its roles in development, FSTL1 remains to be an 
enigmatic molecule, witnessed by the fact that many studies have reported conflicting 
results. Here, we summarize the literature on FSTL1 and aim to provide a unifying view 
on its function in development, albeit many uncertainties still have to be resolved. 

Fstl1 is a unique member of the SPARC family

In Human, FSTL1 is a secreted, 308 amino acid long protein, which is highly conserved among 
species (Figure 1). Although species-specific differences between mouse and human FSTL1 
are described, 91% overlap exists between the amino acid sequences  [106 Murakami, K 
(2012)]. FSTL1 is post-translationally modified by the addition of sugar residues and based 
on this modification of the protein, two isoforms are known  [107 Hambrock, HO (2004)], 
albeit with no known functional differences between the isoforms. In vitro FSTL1 has a 
half-life of 3 hours  [108 Wu, Y (2010)] and is a target for degradation of matrix metallo 
protease 2 (MMP2)  [109 Dean, RA (2007)] (Table1).

Figure 1: Protein domains of Fstl1 and phylogenetic tree
A) Schematic representation of the protein domains of Fstl1. The numbers represent the amino acid numbers in the human Fstl1 
protein. The signal (Sign) domain is required for the secretion of Fstl1. The follistatin domain (FS) is subdivided in a follistatin/
osteonectin-like EGFdomain (FOLN) and a Kazal domain (Kazal), because not all SPARC family members share the FOLN domain. 
The extracellular calcium binding (EC) domain contains a region involved in the Na/K-ATPase interaction, which is depicted in gray, 
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and three glycosylation sites marked by triangles. The von Willebrand C (VWC) domain is the most C terminal domain of Fstl1 and 
is not shared in other SPARC family members.
B) A phylogenetic tree of the human SPARC family including FSTL members -1, -4 and -5. The tree has been produced by comparing 
the EC domains of the different SPARC family members. Similar results were obtained by comparing the Kazal domains.

Will the real Fstl1 please stand up
Fstl1 was initially identified as TGFβ stimulated Clone-36 (TSC-36), similarities to the 
follistatin gene product were observed and it was therefore named follistatin-related 
polypeptide  [110 Shibanuma, M (1993)]. After its identification in frog, rat, chicken, human 
and several other organisms, different aliases have been used, such as follistatin-related 
protein, (FRP)  [111 Zwijsen, A (1994)], [112 Ohashi, T (1997)] or follistatin-like (Flik)  [113 
Amthor, H (1996)], [114 Patel, K (1996)]. In brains of macaques FSTL1 was identified as a 
gene expressed in the neurons of the visual neocortex and named OCC1  [115 Tochitani, S 
(2001)]. From a hematologic tumor line, a different gene was characterized, also bearing 
similarities to follistatin, which initially was termed follistatin-related gene (FLRG) and later 
follistatin-like 3 (FSTL3)  [116 Hayette, S (1998)]. In zebrafish the fstl1 gene is duplicated 
resulting in a fstl1a and fstl1b gene  [117 Esterberg, R (2008)], the latter was also called fstl2  

[118 Dal-Pra, S (2006)]. Until recently, in mice the name Fstl2 was used for a completely 
different gene: Insulin-like growth factor binding protein 7, and thus is not a paralogue for 
zebrafish fstl2.
In subsequent publications all these different names have been used for FSTL1 and, more 
confusingly, some of the above-mentioned names have been used for both FSTL3 as well 
as FSTL1. Confusion is further added to the field because studies on FSTL3 have been 
incorrectly cited as if they dealt with FSTL1. 
To identify all papers about FSTL1 we searched “pub med” using the following search 
terms: “Follistatin like”[All Fields] OR “Follistatin related”[All Fields] OR Fstl-1[All Fields] OR 
“Fstl 1” OR Fstl1[All Fields] OR OCC1[All Fields] OR OCC-1[All Fields] OR “OCC 1”[All Fields] 
OR TSC-36[All Fields] OR “TSC 36”[All Fields] OR TSC36[All Fields]. This resulted in 300 hits. 
In cases where it was unclear from the title or abstract whether FSTL1 or another protein, 
such as FSTL3, was discussed, primer sequences or other features of the study involved 
were used to identify the protein described. From those papers, 104 were dealing with 
FSTL1 and written in English (see Supplementary Table 1).

[119 Adams, D (2007)]  [120 Adams, DC (2010)]  [113 Amthor, H (1996)]  [121 Belecky-Adams, TL (1999)]  [122 Bradshaw, AD 
(2012)]  [123 Brekken, RA (2001)]  [124 Chaly, Y (2012)]  [125 Chan, CY (2011)]  [126 Chan, QK (2009)]  [127 Clutter, SD (2009)]  
[118 Dal-Pra, S (2006)]  [128 De Groot, E (2000)]  [109 Dean, RA (2007)]  [129 Dixon, FM (2009)]  [130 Dolcino, M (2012)]  [131 
Drabovich, AP (2010)]  [132 Drummond, MJ (2009)]  [133 Ehara, Y (2004)]  [134 El-Armouche, A (2011)]  [117 Esterberg, R (2008)]  
[135 Geng, Y (2011)]  [136 Genovese, JA (2009)]  [137 Geske, MJ (2008)]  [138 Glusman, G (2004)]  [139 Goo, YA (2009)]  [140 
Gorelik, M (2012)]  [141 Guifen, L (2011)]  [107 Hambrock, HO (2004)]  [142 Hodgson, G (2001)]  [143 Ihara, Y (2002)]  [144 
Javerzat, S (2009)]  [145 Johnston, IM (2000)]  [146 Kawabata, D (2004)]  [147 Kim, H (2011)]  [148 Kim, HA (2012)]  [149 Komatsu, 
Y (2005)]  [150 Lara-Pezzi, E (2008)]  [151 Le Luduec, JB (2008)]  [152 Lehnert, SA (2007)]  [153 Li, D (2011)]  [154 Li, KC (2011)]  
[155 Li, KC (2011)]  [156 Liu, S (2006)]  [157 Liu, S (2010)]  [3 Lombardi, MP (2003)]  [158 Mashimo, J (1997)]  [159 Maurer, P (1995)]  
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[160 Meehan, KL (2002)]  [161 Miyamae, T (2006)]  [162 Mobasheri, A (2012)]  [163 Mukhopadhyay, P (2006)]  [106 Murakami, 
K (2012)]  [164 Nakamoto, T (2002)]  [165 Ogura, Y (2012)]  [112 Ohashi, T (1997)]  [166 Okabayashi, K (1999)]  [167 Oshima, Y 
(2008)]  [168 Ouchi, N (2010)]  [169 Ouchi, N (2008)]  [114 Patel, K (1996)]  [170 Pedersen, BK (2012)]  [171 Reddy, SP (2008)]  
[172 Rosenberg, MI (2006)]  [173 Serao, NV (2011)]  [110 Shibanuma, M (1993)]  [174 Shimano, M (2011)]  [175 Slany, A (2010)]  
[176 Sumitomo, K (2000)]  [177 Sylva, M (2011)]  [178 Takahata, T (2012)]  [179 Takahata, T (2010)]  [180 Takahata, T (2009)]  [181 
Takahata, T (2008)]  [182 Takahata, T (2006)]  [183 Tan, X (2008)]  [184 Tanaka, M (2010)]  [185 Tanaka, M (2003)]  [186 Tanaka, 
M (1998)]  [187 Thornton, S (2002)]  [188 Tochitani, S (2003)]  [189 Tochitani, S (2003)]  [115 Tochitani, S (2001)]  [190 Towers, 
P (1999)]  [191 Trojan, L (2005)]  [192 Umezu, T (2010)]  [4 van den Berg, G (2007)]  [193 Vertegaal, AC (2000)]  [194 Walsh, K 
(2009)]  [195 Wang, Y (2011)]  [196 Watakabe, A (2006)]  [197 Werner, GD (2012)]  [198 Widera, C (2009)]  [199 Widera, C (2012)]  
[200 Williams, TM (2005)]  [201 Wilson, DC (2010)]  [202 Wu, X (2003)]  [108 Wu, Y (2010)]  [203 Xu, J (2012)]  [204 Yamamori, 
T (2006)]  [205 Yang, Y (2009)]  [206 Zendaoui, A (2011)]  [207 Zhao, W (2011)]  [208 Zhou, J (2006)]  [111 Zwijsen, A (1994)] 

To which family does FSTL1 belong?
FSTL1 is a member of the secreted protein acidic rich in cysteins (SPARC) family, based on 
the presence of a follistatin domain and an extracellular calcium-binding domain, which 
binds calcium with its two EF-hand motifs. In the SPARC family trees described, however, 
FSTL1 is a unique member with no other proteins in its sub-branch  [122 Bradshaw, AD 
(2012)], [209 Vannahme, C (2003)]. Moreover, its extracellular calcium-binding domain 
does not bind calcium, unlike the other members of the SPARC family  [107 Hambrock, HO 
(2004)]. When FSTL1 is compared to the other follistatin-like proteins, FSTL1 shows more 
similarity to FSTL4 and -5 then to follistatin, or any other member of the SPARC family  

[138 Glusman, G (2004)]. FSTL4 and -5, in turn, are more similar to each other than to 
FSTL1  [119 Adams, D (2007)], both contain a 400 amino acids-long C-terminus not shared 
with FSTL1. The function of FSTL4 and -5 is not known. Interestingly, unlike FSTL3 and 
follistatin, both FSTL4 and FSTL5 have an extracellular calcium-binding domain in addition 
to their follistatin domain. Nonetheless, they are not considered to be a part of the SPARC 
family described in recent reviews  [122 Bradshaw, AD (2012)], [123 Brekken, RA (2001)]. 
Based on the criteria of having both a follistatin and an extracellular calcium-binding 
domain, however, the SPARC family would encompass FSTL4 and -5, it would then consist 
of the following branches: I) SPARC and Hevin; II) SPARC related modular calcium binding 
(SMOC)1,-2; III) Testican1,-2,-3; IV) FSTL1,-4,-5 (see Figure 1 phylogenetic tree). However, 
since the calcium-binding properties of the FSTL1 extracellular calcium-binding domain 
seem lacking  [107 Hambrock, HO (2004)] it can be disputed of whether the follistatin-
like proteins share any functional similarities to the other members of the SPARC protein 
family.

Regulators of FSTL1
FSTL1 originally was identified as the gene up-regulated in response to transforming growth 
factor beta (TGFβ) stimulation of an osteoblastic cell line  [110 Shibanuma, M (1993)]. 
Since then several factors have been shown to up-regulate FSTL1 such as interleukin 1, 
beta (IL1β), tumor necrosis factor alfa (TNFα), FBJ murine osteosarcoma viral oncogene 
homolog (FOS), extracellular signal-regulated kinases (ERK)1/2 or v-akt murine thymoma 
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viral oncogene homolog (AKT). Interestingly, some of these factors are also regulated by 
FSTL1 itself (Table1), suggestive of the presence of auto-regulatory feedback loops. In 
some cases the inducing action on FSTL1 can be attributed to induced TGFβ signaling. For 
instance, a state of induced TGFβ signaling was demonstrated upon transfection of cells 
with the oncogenic Adenovirus 12  [193 Vertegaal, AC (2000)]. Also estrogen-mediated 
induction of FSTL1 can be attributed to TGFβ signaling, as in the estrogen treated cells TGFβ 
was also reported to be upregulated  [112 Ohashi, T (1997)]. DNA regulatory elements for 
FSTL1 have not been studied extensively and are limited to the in vitro characterization of 
the promoter of FSTL1 which was bound and inhibited by the transcription factor Kruppel-
like factor 15 (KLF15) in a model of in vitro adipocyte differentiation  [108 Wu, Y (2010)].

FSTL1 in disease models
In several human diseases FSTL1 is implicated. In serum of rheumatic arthritis patients 
antibodies against FSTL1 were found  [186 Tanaka, M (1998)], [185 Tanaka, M (2003)]. 
Also FSTL1 itself is elevated in serum of rheumatic arthritis patients compared to control 
human serum  [201 Wilson, DC (2010)], [148 Kim, HA (2012)], [153 Li, D (2011)], [195 
Wang, Y (2011)]. The function of FSTL1 in immunologic conditions is not clear however, 
with opposing results of FSTL1 being either a pro  [161 Miyamae, T (2006)], [124 Chaly, 
Y (2012)], [127 Clutter, SD (2009)], [106 Murakami, K (2012)] or anti-inflammatory  [120 
Adams, DC (2010)], [146 Kawabata, D (2004)], [151 Le Luduec, JB (2008)], [185 Tanaka, M 
(2003)] molecule. It has been shown to interact with CD14 and toll-like receptor 4 (TLR4) 
(Figure 2)  [184 Tanaka, M (2010)], [106 Murakami, K (2012)] and it has been suggested 
that a dual role in inflammatory processes exists for FSTL1, one as a pro-inflammatory 
molecule via CD14 and TLR4 and, on the other hand, as an inhibitor of tissue destruction 
via the downregulation of Mmps, which is thought to be regulated via a different pathway 
involving DIP2 disco-interacting protein 2 homolog A (DIP2A) (see below), pAKT and up 
regulation of FOS  [106 Murakami, K (2012)]. 
In cardiac diseases FSTL1 seems to have a protective effect. In trans-aortic constricted 
hearts FSTL1 protects cardiomyocytes from apoptosis and hypertrophy via phosphorylated 
5’-prime-AMP-activated protein kinase (AMPK) signaling  [174 Shimano, M (2011)], [165 
Ogura, Y (2012)] and, in infarcted hearts, FSTL1 protects from apoptosis and induces 
angiogenesis via phosphorylated AKT signaling  [167 Oshima, Y (2008)], [157 Liu, S (2010)], 

[156 Liu, S (2006)], [168 Ouchi, N (2010)]. In the latter case the phosphorylated AKT 
signaling was dependent on the interaction of FSTL1 with the transmembrane protein 
DIP2A functioning as a receptor for FSTL1. 
In cancer development loss of FSTL1 expression is usually associated with progression 
to a more proliferative and metastatic state of the cancer, although for proliferation and 
apoptosis opposing results are also reported  [135 Geng, Y (2011)], [203 Xu, J (2012)], [126 
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Chan, QK (2009)], [156 Liu, S (2006)], [176 Sumitomo, K (2000)], [157 Liu, S (2010)], [165 
Ogura, Y (2012)], [167 Oshima, Y (2008)], [168 Ouchi, N (2010)].
In the nervous system FSTL1 is expressed specifically in the visual cortex of primates, 
in an activation dependent manner, but not in mice (reviewed in  [196 Watakabe, A 
(2006)]). In mice FSTL1 was shown to be important for sensory neuron functioning. It 
was demonstrated that FSTL1 directly binds to the ATPase, Na+/K+ transporting, alpha 
1 polypeptide (ATP1A1) subunit of the Na/K ATPase, activating it, which in turn resulted 
in an inhibition of synaptic transmission; mice deficient for FSTL1 in the sensory neurons 
exhibited higher pain sensitivity  [155 Li, KC (2011)].

Figure 2: Schematic representation of the known signaling events effected by Fstl1
The corresponding references are listed in the supplementary table 1.
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FSTL1 loss of function defects in development

Dorso-ventral axis establishment.
In chicken, zebrafish and frogs, FSTL1 is expressed from early gastrulation onwards  [114 
Patel, K (1996)], [4 van den Berg, G (2007)], [118 Dal-Pra, S (2006)], [166 Okabayashi, K 
(1999)], primarily in the organizer, primitive streak, notochord and floor plate of the neural 
groove. In chicken embryos, where an explanted Hensen’s node induces a second axis, 
FSTL1 expression was detected in the ectoderm of the newly induced neural groove  [114 
Patel, K (1996)]. Later in development FSTL1 is expressed in somites, preferentially at the 
dorso-medial side, facing the axial structures  [113 Amthor, H (1996)]. When the developing 
somites are experimentally separated from the axial structures, like the neural tube and 
notochord, FSTL1 expression is lost. Experimental deletion or addition of the notochord 
did not affect the expression of FSTL1, whereas removal of the neural tube did, suggesting 
that FSTL1 expression in somites is regulated by signals derived from the neural tube  [113 
Amthor, H (1996)]. 
In antisense oligonucleotide-treated chicken embryos, early loss (Hamburger Hamilton 
stage 4) of FSTL1 was associated with defects in both establishment of the dorso-ventral 
body axis and decreased neurulation  [190 Towers, P (1999)]. 
Establishment of the dorso-ventral axis greatly depends on BMP signaling, which imposes 
ventral identity on the gastrulating embryo, whereas active inhibition of BMP signaling at 
the other side of the embryo is required for its dorsal identity  [210 Plouhinec, JL (2011)]. 
Deficiency or knock-down of the BMP antagonist chordin in zebrafish results in partial 
ventralisation  [118 Dal-Pra, S (2006)]. In zebrafish fstl1b is expressed in the gastrula stage 
embryos, whereas fstl1a is expressed at later stages  [118 Dal-Pra, S (2006)], [117 Esterberg, 
R (2008)]. Knockdown of only fstl1b did not result in a phenotype, however, in addition 
to chordin knock down, fstl1b morpholinos aggravated the ventralisation phenotype to a 
degree comparable to combined noggin and chordin knockdown, demonstrating a role for 
fstl1b in the BMP mediated dorso-ventral axis establishment  [118 Dal-Pra, S (2006)].

Skeletal development
In mice, homozygous loss of FSTL1, results in various skeletal defects including the 
development of the limbs, axial skeleton, sesamoid bones and cartilage of the tracheal 
rings  [177 Sylva, M (2011)]. Like in zebrafish dorso-ventral axis establishment, a parallel 
between chordin and FSTL1 function can be drawn in mouse skeletal development, 
since both KO mice suffer from decreased tracheal cartilage formation, and hypoplastic 
development of the first cervical vertebra, or atlas  [211 Bachiller, D (2003)], [177 Sylva, M 
(2011)], [135 Geng, Y (2011)]. Digit defects in FSTL1 KO mice comprise loss of digit numbers 
due to the bony fusion of digits as well as abnormal fusion of digit joints. Both processes 
are under control of BMP signaling and show a similar phenotype in absence of normal 
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BMP inhibition  [212 Khokha, MK (2003)], [213 Seemann, P (2009)]. Recently mutations 
in another SPARC family member, SMOC-1, were shown to be causal for Waardenburg-
Anophthalmia-Syndrome, also known as Opthalmo-Acromelic-Syndrome  [214 Rainger, 
J (2011)], [215 Abouzeid, H (2011)], [216 Okada, I (2011)]. Apart from the ocular 
manifestations, patients with Waardenburg-Anophthalmia, also suffer from various digit 
defects including the bony fusion of digits and bony fusions of digit joints. In knockdown 
experiments in Xenopus it was demonstrated that SMOC-1 functioned as a BMP inhibitor  

[217 Thomas, JT (2009)]. However, unlike the mechanism proposed for FSTL1 (see below) 
and all other known secreted BMP inhibitors, SMOC-1 acts on the intracellular part of the 
BMP signaling cascade, by stimulating ERK1/2 mediated phosphorylation of SMAD1/5/8  

[217 Thomas, JT (2009)]. The missense mutations reported in Waardenburg-Anophthalmia 
are all located in the thyroglobulin module of the protein, which is not shared between 
FSTL1 and SMOC-1, which further underscores the different modes of action between 
FSTL1 and SMOC-1 in their effect on BMP signaling  [214 Rainger, J (2011)].
Heterozygous FSTL1 KO mice suffer from asymmetrical rib sternum attachments, which 
strikingly is not observed in mice with increased BMP signaling, but is present in mice with 
decreased BMP signaling, namely the BMP7 KO mice. Additionally, FSTL1 KO mice display 
campomelia, which encompasses bending of the long bones, a phenotype observed in 
cases of heterozygous sex determining region Y-box 9 (SOX9) loss as seen in Campomelic 
Dysplasia in humans and heterozygous deletion of Sox9 in mice  [218 Wagner, T (1994)], 

[219 Bi, W (2001)], [220 Foster, JW (1994)]. No BMP inhibitor or ligand mutant is known to 
have this condition  [177 Sylva, M (2011)]. Other human diseases involving the bending of 
the long bones, do not appear to have mutations in BMP regulating genes  [221 Cormier-
Daire, V (2004)].

Lung development
In FSTL1 KO mice the development of the lungs is abnormal. In this condition increased 
proliferation of the epithelial cells, results in thickened alveolar membranes  [177 Sylva, M 
(2011)], [135 Geng, Y (2011)]. Decreased differentiation of Alveolar Epithelial Cells (AEC) -I 
cells and immature AEC-II cells as well as impaired surfactant maturation was observed in 
FSTL1 KO lungs. The combination of impaired lung maturation and absence of most of the 
tracheal cartilage most likely results in the perinatal death of the FSTL1 KO mice. 
Lung development can be subdivided in different steps. During the first “pseudoglandular” 
stage, in which, initiated by fibroblast growth factor 10 (FGF10), the ventral part of the 
foregut buds off from the future oesophagus. Then, by a stereotyped form of branching, 
the embryonic lung is formed. During the “canalicular” and “saccular” stages of lung 
development, the embryonic lung matures into an efficient gas-exchange unit, by 
developing numerous alveoli with thin membranes and production of surfactant (reviewed 
in  [222 Morrisey, EE (2010)]). It is most likely that the abnormalities observed in the FSTL1 
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KO lungs develop in the latter two stages. 
From the budding of the future trachea onwards BMP signaling plays important roles in lung 
development determining the branching pattern during early development [223 Cardoso, 
WV (2006)]. In later stages of lung development inhibition of normal BMP signaling by 
over-expression of the BMP inhibitor noggin or a dominant negative BMP receptor 
(dnALK6) results in abnormal alveoli formation  [224 Weaver, M (1999)]. Mice deficient 
for the BMP inhibitor Gremlin also die at birth in respiratory distress and display deficient 
alveolar formation  [225 Michos, O (2004)]. An additional mechanism of BMP regulation 
in lung development has been suggested. The FGF10 downstream target Cathepsin H 
was suggested to regulate BMP4 post-translationally by determining the eventual protein 
concentrations, as chemical inhibition of Cathepsin H, resulted in increased BMP4 protein 
concentrations in cultured lungs  [226 Lu, J (2007)]. Interestingly, one of the proteins 
regulating surfactant maturation is Cathepsin H  [227 Buhling, F (2011)], illustrating a 
possible link between abnormal BMP signaling and immature surfactant production 
observed in FSTL1 KO mice. 
Lungs of FSTL1KO mice showed increased levels of phosphorylated SMAD1/5/8 indicative 
of increased BMP signaling activity. Culture of FSTL1 KO lungs in the presence of the BMP 
inhibitor noggin resulted in a decrease of the lung defects, further underscoring that 
uninhibited BMP signaling underlies the observed malformations. In in-vitro assays, FSTL1 
over-expression was shown to inhibit activation of a BMP reporter plasmid, by BMP4  [135 
Geng, Y (2011)]. 
Co-immunoprecipitation experiments demonstrated that FSTL1 can bind to both the BMP 
receptor BMPRII and BMP4. Based on these results it was proposed that FSTL1 interferes 
with receptor ligand interactions, and by doing so inhibits BMP-signaling.

FSTL1 in ureter development.
In FSTL1 KO mice hydroureters are observed from ED16 onwards  [203 Xu, J (2012)]. 
Defects in ureter development are part of the disease group: “congenital anomalies of 
the kidney and urinary tract (CAKUT)”, which are as prevalent as 0.2-2% of newborns. 
Congenital obstructive nephropathy is reported as one of the most common causes for 
renal dysfunction in children. Urine collected in the renal pelvis is transported to the 
bladder by the ureter. For the ureter to function normally, smooth muscle cells propel the 
urine in a peristaltic fashion towards the bladder. Defects in ureter development that result 
in abnormal peristalsis or ureter-bladder connections, cause hydroureter and obstructive 
nephropathy  [228 Airik, R (2007)].
The ureter buds from the caudal part of the Wolffian duct and is, at this stage, not directly 
connected to the cloaca, which will later form the bladder. The part of the Wolffian duct 
caudal to the ureter budding site, connects the embryonic ureter to the cloaca, is termed 
the common nephric duct (CND) and will not be part of the eventual uretero-vesical 
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junction (UVJ), as demonstrated by creLox lineage tracing studies  [229 Mendelsohn, C 
(2009)]. The CND will disappear via apoptosis, a crucial event for formation of normal 
ureter bladder connections  [230 Batourina, E (2005)]. Eventually the ureter runs diagonally 
through the bladder wall which results in a sphincteric function of the distal part of the 
ureter, preventing backflow of urine. 
Abnormal budding locations of the ureter, or delayed connection of the Wolffian duct 
to the cloaca (or disorders in apoptosis surrounding the bladder) will result in abnormal 
connections of the ureter to the bladder, giving rise to ureteral reflux, due to insufficient 
sphincteric functions of the UVJ.
The mesenchyme surrounding the developing ureter is important for ureter development 
in at least two distinct ways, namely by providing the smooth muscle cells that will surround 
the ureter and propel the urine towards the bladder peristaltically and by providing signals 
to the ureter epithelium, which will cause its differentiation into an urothelium. The 
mesenchyme surrounding the ureter, unlike the renal mesenchyme, originates from tail 
bud-derived mesenchyme, at least in chick  [228 Airik, R (2007)], [231 Brenner-Anantharam, 
A (2007)]. 
BMP signaling is imperative to urinary tract development, regulating different processes, 
involving both kidney formation as well as development of the ureter and its surrounding 
smooth muscle cells  [228 Airik, R (2007)]. Due to this multitude of BMP effects on urinary 
tract development, distinct yet linked defects are observed in BMP mouse mutants.
In BMP4 heterozygous mice the ureter buds from the Wolffian duct more cranially, resulting 
in a longer common metanephric duct, and eventually an abnormal location of the UVJ, 
which likely contributes to the hydroureter phenotype  [232 Miyazaki, Y (2000)]. Also the 
development of the peri-ureteric smooth muscle cells is impaired in BMP4 heterozygous 
mice, adding to the causes for hydroureter  [233 Miyazaki, Y (2003)].
In FSTL1 KO mice, peristalsis of the ureter appeared to be normal, but the UVJ was displaced 
posteriorly, likely resulting in impaired sfincteric function of the UVJ. However, when the 
events that might cause the abnormal position of the UVJ, were investigated, the budding 
site of the ureter from the Wolfian duct was normal, as were the levels of smooth muscle 
cells surrounding the ureter. Also, no abnormalities in apoptosis were observed in the 
mesenchyme surrounding the CND. Therefore, although both BMP4 KO mice and FSTL1 
KO mice display hydroureter and abnormal UVJ connections, the underlying mechanism 
appears to be different between the two mouse mutants. Decreased rates of proliferation 
were measured in FSTL1 KO ureters and it was suggested that this might have been causal 
for the development of the abnormal UVJ positions.
However, another factor in determining the UVJ is the primitive bladder itself. The ureter 
enters the bladder in a hilus-like structure, together with the connecting bladder vessels. 
In absence of the ureter the hilus-like structures still develops, with the connecting vessel 
running through this hilus, suggesting that the entry site of the ureter forms independent 
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of a connecting ureter  [234 Viana, R (2007)].
In humans, defects in the transcription factor homeobox A13 (HOXA13) give rise to the 
hand-foot-genital syndrome, which involves multiple defects of the urogenital sinus, like 
hypospadias and bicornuate uterus. HOXA13 is expressed in the developing cloaca and 
not in the developing ureters. Interestingly, in hand-foot-genital syndrome, hydroureters 
occur, due to abnormal sphincteric function of the UVJ. This is demonstrated by the fact 
that the hydroureters can be resolved by surgical re-implantation of the ureters  [235 Verp, 
MS (1989)]. The ureter defects in hand foot genital syndrome therefore demonstrate the 
importance of normal cloaca development for proper UVJ formation. In mice, HOXA13 
deletion alone is not sufficient to induce hydroureter, but an additional deletion of the 
highly related HOXD13 gene results in a phenotype comparable to the human situation  

[236 Innis, JW (2004)], [237 Scott, V (2005)], indicating that mouse models are inadequate 
to study this disease. 
In addition to the urogenital defects, reduced finger or toe numbers, as seen in the FSTL1 
KO mice  [177 Sylva, M (2011)], are also part of the hand foot genital syndrome. Moreover, 
in a screen for genes downstream of HOXA13, FSTL1 was shown to be one of the genes 
regulated by HOXA13 in vitro  [200 Williams, TM (2005)]. In vivo, FSTL1 was then shown 
to be down regulated in HOXA13 KO limb buds  [200 Williams, TM (2005)]. The above-
mentioned studies suggest that FSTL1 is an important downstream factor of HOXA13 in the 
etiology of the hand-foot-genital syndrome.
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Possible mechanism of BMP inhibition by FSTL1

BMP signaling and inhibitors
In most developmental defects observed in FSTL1 KO mice, BMP signaling appears to be 
the main pathway affected. Normal BMP signaling takes place when BMP molecules bind 
to a type 1 receptor on the cell membrane, than a type 2 receptor is recruited to form 
a complex, which results in the intracellular phosphorylation of R-SMAD1,5,8 molecules. 
These molecules, with coSMAD4, influence transcription regulation.
Inhibitors of BMP signaling can act both extra- and intra-cellularly, due to the secreted 
nature of FSTL1 it is assumed that it functions outside of the cell. Extracellular inhibitors 
of BMP signaling, like chordin, noggin or gremlin, function by scavenging the BMP ligands, 
preventing them to bind to the BMP receptors. A somewhat different model is proposed 
for the function of FSTL1  [135 Geng, Y (2011)], [203 Xu, J (2012)]. Unfortunately, confusion 
is raging in the field. It has been shown that FSTL1 can bind to BMPs like BMP4 and BMP2  

[135 Geng, Y (2011)], [184 Tanaka, M (2010)], [208 Zhou, J (2006)] and also to their BMP 
receptors. It has therefore been put forward that FSTL1 functions as a BMP inhibitor by 
inhibiting the formation of the BMP ligand-receptor complex, and not as a normal scavenger  

[135 Geng, Y (2011)], [203 Xu, J (2012)]. It has been suggested that the BMP type 2 receptor 
is specifically bound to FSTL1 and not the type 1 ALK6 receptor  [135 Geng, Y (2011)]. 
Whereas others showed that not the type 2, but the type 1 receptors, bind to FSTL1  [203 
Xu, J (2012)]. In the latter study co-immuno precipitation experiments, over-expressing 
FSTL1 and various type 1 BMP receptors, gave rise to different results, depending on the 
cell lines used  [203 Xu, J (2012)]. In all cell lines ALK6 was co-immunoprecipitated, but only 
in some cases ALK3 was also precipitated. Just as puzzling are the results of FSTL1 BMP 
ligand interaction experiments, where it is shown that FSTL1 can interact with not only 
the BMP ligands, but also with other TGFβ super family members, Activin A or TGFβ1, the 
latter having the highest affinity for FSTL1 of all tested ligands  [135 Geng, Y (2011)], [184 
Tanaka, M (2010)], [208 Zhou, J (2006)]. Yet, these interactions have not been shown to 
have effects on their downstream signaling  [135 Geng, Y (2011)], [238 Oshima, Y (2009)]. 
The observation that the phenotypes of FSTL1 KO mice do not always resemble the 
phenotypes of other BMP inhibitor KO mice, but sometimes, on the contrary, are similar 
to phenotypes of decreased BMP signaling, like in the case of asymmetrical rib sternum 
attachments  [239 Luo, G (1995)], adds to the confusion.
Perhaps the most puzzling, is the fact that no developmental defects have been described 
in zebrafish  [118 Dal-Pra, S (2006)], frogs  [166 Okabayashi, K (1999)], or mice  [157 Liu, 
S (2010)] upon over-expression of FSTL1, which, if FSTL1 were a “simple” BMP inhibitor 
molecule, seems unlikely. What it is, that makes FSTL1 such an ambiguous BMP inhibitor 
and on what factors the specificity of FSTL1 to the ligands and their receptors rely, is still 
unknown. 
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Concluding remarks

FSTL1 is a secreted protein affecting many different biological processes including 
development. The proposed mechanisms of the developmental defects are related to 
disturbed BMP signaling. The mode of FSTL1 affecting BMP signaling in development, 
however, remains highly confusing. Moreover, what underlies the fact that in development 
FSTL1 seems to signal through BMP signaling, in cardiac disease through the AKT and 
AMPK pathway, in immunological diseases through binding to CD14 and TLR4 and in the 
nervous system via activation of the Na/K ATPase, is completely unknown. Much more 
work is needed to unravel the functions of FSTL1 and integrate the different pathways this 
protein affects.
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