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Abstract
Rationale: Tendon development in limb buds is dependent on TGFβ derived signals. What downstream factors 

of TGFβ regulate tendon development is only partly understood. Follistatin like 1 (Fstl1) is a TGFβ induced factor 

expressed in the developming limb buds.

Objective: We set out to study the role of Fstl1 in limb bud tendon development and investigate its position in the 

TGFβ downstream cascade.

Results and methods: In Fstl1 KO mice tendon development is severely impaired. In situ hybridisation (ISH) on 

embryonic limb buds demonstrate that Fstl1 is expressed surrounding the developing tendons. qPCR and ISH re-

veal that tendon abnormalities occur in Fstl1 KO mice without effecting muscle development. In vitro experiments 

show that TGFβ induces Fstl1 expression and that Fstl1 functions in parallel to the tendon regulating transcription 

factor Scleraxis. Finially by DeepSAGE we identify a number of possible FSTL1 downstream targets whicht might 

regulate tendon development.

Conclusion: Fstl1 is a TGFβ-induced factor that is important in the development of the forelimb tendons and regu-

lates tendon development independent of Scleraxis.
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Introduction

Locomotion requires muscle generated forces to be transmitted to bones via tendons. 
Tendon injuries represent a common problem in orthopedic medicine, and more knowledge 
on tendon development may aide in finding strategies to improve tendon healing  [272 
Shearn, JT (2011)].
Cartilage and tendon development are tightly linked to each other. Both cartilage 
and tendons are derived from the lateral plate mesoderm in the developing limb buds 
(reviewed by  [273 Schweitzer, R (2010)]). At the site of tendon-bone attachment the 
cartilage and tendon cells are derived from the same set of precursor cells, expressing 
both the transcription factors Scleraxis (Scx) and sex determining region Y-box 9 (Sox9)  

[274 Sugimoto, Y (2013)], [275 Blitz, E (2013)]. Cartilage has been suggested to induce 
tendon development, as experimentally induced cartilage formation is followed by tendon 
formation (reviewed by  [273 Schweitzer, R (2010)]).
One of the cartilage expressed signals important for the development of tendons in 
limbs is transforming growth factor beta (TGFβ)  [276 Pryce, BA (2009)]. The downstream 
pathway of TGFβ regulating tendon formation, however, is only partly understood. One 
factor regulated by TGFβ in limb bud tendon development is Scx  [276 Pryce, BA (2009)]. 
Scx is expressed in tendon precursor cells and fully developed tendons  [277 Watson, SS 
(2009)]. Functional disruption of Scx results in impaired tendon development, however, 
albeit impaired, tendons do develop in the limbs of Scx deficient mice  [278 Murchison, 
ND (2007)]. In contrast, no tendons develop in limbs in which TGFβ signaling is disabled  

[276 Pryce, BA (2009)]. This implies that apart from Scx other TGFβ downstream factors 
co-regulate tendon development. In this context Follistatin-like 1 (Fstl1) might be an 
interesting TGFβ-regulated factor.
Fstl1 is a secreted protein first identified as a factor induced by TGFβ  [110 Shibanuma, M 
(1993)]. In addition, disruption of Fstl1 results in abnormal skeletal development, including 
abnormalities of the skeletal system in the limb.  [177 Sylva, M (2011)]. 
Based on the above, we hypothesize that Fstl1 might be another TGFβ regulated factor 
involved in tendon development that is operational in parallel to Scx. To study the role 
of Fstl1 in tendon development we generated Fstl1 KO mice and demonstrate that in 
forelimbs of Fstl1 KO mice tendon development is severely impaired. Based on the 
expression patterns of Scx and Fstl1 and invitro experiments we we show that Scx and 
Fstl1 are regulated in parallel by TGFβ2. Finally, using DeepSAGE we generate a list with 
potential FSTL1 regulated genes important for limb bud development.
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Methods

Mice and collecting tissue
This study conforms to the Guide for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the 
European Commission Directive 2010/63/EU and was approved by the institutional review 
board. The approvals are registered under number DAE-100484,-100874,-102527.
The Fstl1 full KO mice were previously described  [177 Sylva, M (2011)],To produce 
homozygous Fstl1 KO embryos heterozygous males and females were crossed and pregnant 
females were sacrificed at the appropriated gestational stage to harvest embryonic tissue. 
The day of the vaginal plug was set to embryonic day (ED) 0.5. Subsequent to sedation with 
CO2, the mice were killed by cervical dislocation. Embryos were harvested in ice cold PBS, 
decapitated, heads were collected in ice-water, tails were removed for genotyping and 
fixed in 4% paraformaldehyde (PFA) overnight. After fixation the tissue was dehydrated 
using a series of graded ethanol  and embedded in paraffin for serial sectioning.

Haematoxylin Azophloxin staining
For Haematoxylin Azophloxin staining the embedded tissue was sectioned, mounted on 
glass slides, deparaffinized using xyleen and rehydrated using a graded series of ethanol. 
The hydrated sections were incubated in Haematoxylin solution (Merck 4305), rinsed in 
water and then incubated in Azophloxin solution (Michrome 662), rinsed in water again, 
dehydrated in a graded ethanol series and then mounted in Entellan (Merck 7961).

In Situ hybridisations
In situ hybridizations (ISH) were performed as previously described  [177 Sylva, M (2011)]. 
In short, the embryos were sectioned at 12 μm thickness, sections were deparaffinised and 
rehydrated in a graded series of alcohol. After proteinase K pre-treatment, pre-hybridization 
and blocking with total yeast RNA, a digoxigenin (DIG)-labeled probe was added to the 
hybridization mix. Probes specific to Fstl1, collagen, type I, alpha 1 (Col1a1), tenomodulin 
(Tndm) (kind gift of Dr R Schweitzer), Scx (kind gift of Dr R Schweitzer) and Sox9 were used. 
After incubation with alkaline phosphatase-conjugated anti-DIG Fab fragments (Roche 
catnr: 10932740) probe binding was visualized using Nitroblue tetrazolium chloride and 
5-bromo-4-chloro-3-indolyl-phosphate (Roche catnr: 1681451).
On some sections an immunohistochemical co-staining for Troponin I (TnI/TNNI3 
) was performed. In short, after completing the ISH procedure but prior to the 
dehydration, sections were incubated with a monoclonal antibody against -TnI 
(Milipore AB1691) followed by a secondary antibody direct against mouse and 
conjugated with horseradish peroxidase . Horseradish peroxidase was  visualized by 
incubating the sections  with 3,3 ́diaminobenzidine tetrahydrochloride (DAB). After 
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rinsing in water, the sections were dehydrated and mounted in Entellan (Merck 7961). 
Whole mount ISH was performed essentially as described for the sections apart from the 
steps described below. Probes directed against Scx and myogenic differentiation (MyoD) 
Embryos were isolated and fixated in 4% PFA overnight, stored in 100% methanol in -20 
before use. Prior to the staining procedure embryos were rehydrated in a series of graded  
methanol . After the probe and antibody incubation steps. probe binding was visualized 
using PurpleAP (Roche catnr. 11442074). After washing in water the embryos were post-
fixated with 4%PFA  2.5% Glutaraldehyde  and stored in 50% glycerol in PBS .

Fstl1 knock down cells
To generate Fstl1 knock down cells, recombinant lentiviruses were produced containing 
an antisense short hairpin RNA sequence using the pLKO.1 puro system (Sigma), targeting 
the “AGGCAGTAACTACAGTGAGAT” sequence (construct nr TRCN0000012007) or an empty 
control lentivirus. A lentivirus harboring a short hairpin RNA directed against Fstl1 that 
did not result in decreased Fstl1 mRNA or protein levels was used as an additional control 
(TRCN0000012006) and gave results similar to the empty control. Lentiviruses were made 
using the manufacturer’s protocol. For each condition three wells were transfected and 
during the rest of the experiments they were passed as independent cell lines. Using the 
puromycin resistance cassette present in the the lentivirus, non-transfected cells were 
removed from the culture by incubating cells with a lethal puromycine dose for 1 week. 
Cells were passed in 12 well plates and stimulated with 7.5 ng/ml recombinant TGFβ2. 
After 6 hours of incubation cells were washed with PBS, collected in Trizol (Invitrogen) and 
RNA isolated according tothe manufacturer’s protocol.

qPCR
One microgram of total RNA was converted into single stranded cDNA using SuperScript™ 
II Reverse Transcriptase (Invitrogen Cat: 18064-071) and anchored oligo(dT) primers, 
according to the manufacturer’s protocol. Quantitative PCR (qPCR) was performed using 
the LightCycler® 480 (Roche) and the LightCycler® 480 SYBR Green I Master solution (Roche 
Cat: 04887352001). The cycling consisted of 10 seconds of denaturation at 95oC, 20 seconds 
of primer binding at 60oC and 20 seconds of primer elongation at 72oC were used. Raw 
fluorescence data was exported and qPCR data was analyzed using the LinRegPCR program  
[279 Ruijter, JM (2012)]. The reference gene glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) was used for normalization. Primer sequences to detect the different  gene 
products are listed in Table 4.
The results of the qPCR analysis were compared between the wildtype and knockout 
groups using a t-test for independent observations; the p-value was determined for a one-
sided test because the in situ hybridization procedure had already shown a decrease in the 
expression level of these genes.
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Western blot
Protein extracts were made in a lysis buffer (50mM Tris-HCl pH8, 150mM NaCl, 1% NP-40, 0.2% 
sodium deoxycholate,0.1% SDS containing 1mM NaVO3, 1mM DTT, 1mM PMSF) containing a 
protease inhibitor cocktail tablet (Roche Complete mini 11836170001). Protein concentrations 
were determined using the Protein Assay Reagent BCA kit (Thermo Scientific 23227).
Laemmli sample buffer (5x LSB:  0.3 M Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 25% 
2-mercaptoethanol, 0.02% bromophenol blue) was added to the protein lysates and the samples 
were heated to 95oC for 5 min and briefly centrifuged. For FSTL1 and Calnexin (CNX) Western 
blots 10 μg and 0.2 μg of protein samples were loaded on a 10% acrylamide denaturizing gel, 
respectively. After electrophoresis the proteins were transferred to Immobilon-PSQ transfer 
membrane (Milipore ISEQ09120) using a trans-blot semi dry transfer cell machine (Biorad 170-
3940). The membranes were washed with TBST buffer (50mM Tris-HCl, 150mM NaCl, 0.1% 
Tween-20) and blocked with TBST containing 2.5% milk powder (Protifar Plus Interpharm 634) 
for 1 hour at room temperature.. Membranes were incubated with 1:5000 anti-CNX (VWR 
208880), or 1:500 anti-FSTL1(R&D Systems AF1738) diluted in blocking buffer overnight at 
4oC. HRP conjugated secondary antibody (GE Healthcare Life Sciences) was diluted 1:2500 in 
blocking buffer and incubated for 2 hours at room temperature. Antibody binding was then 
visualized using the chemo-luminescent ECL-PLUS Western blot reagents (Amersham RPN2132) 
and an ImageQuant LAS 4000 bio-molecular image analyzer.

Luciferase BMP reporter assays
HepG2 cells were used for transfection assays. The HepG2 cells were grown in DMEM-F12 
medium containing 10% heat inactivated  fetal calf serum and transfected in serum free 
medium. The luciferase plasmids were transfected using linear polyethylenimine (PEI) in a 
1:4 ratio DNA:PEI. The pRL-TK-Renilla plasmid (Promega catnr E2241) was used as an internal 
control and the mothers against decapentaplegic homolog (SMAD) binding element (SBE)-
luciferase vector  [280 Jonk, LJ (1998)] was used as BMP reporter plasmid. The coding sequence 
for mouse Noggin, Cyanic Fluorescent Protein (CFP), mouse Fstl1 and Follistatin were cloned 
downstream of the CMV promoter in the pIRES2 vector (Clontech 6029-1) and sequence 
verified. Subsequent to transfecting the Fstl1 expression vector, the presence of FSTL1 in the 
medium was confirmed by Western blotting. In total 750 ng of the expression vectors, 250 ng 
of the SBE-luciferase vector and 10 ng of Renilla vector were transfected per 12-wells well. 12 
hours after transfection, the serum-free medium was replaced and wells were incubated with 
different doses of recombinant bone morphogenetic protein (BMP) protein or conditioned 
supernatant for the BMP4/7 heterodimers, kind gift Prof Dr E Stanley (Australia). 24 hours after 
stimulation cells were lysed in Luciferase lysis buffer and measured using a Luciferase or Renilla 
chemo-luminescent solution (Promega catnr E2820) on a Glomax plate reader (Promega model 
9301-010).
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DeepSAGE experiment
For the DeepSAGE experiments mouse embryonic fibroblasts (MEFs) were isolated 
from ED12.5 knockout embryos and expanded. The MEFs were stimulated with 10% 
conditioned medium, mixing 0%, 0.01%, 0.1%, 1%, or 10% of FSTL1 conditioned medium 
with GFP conditioned medium. Every condition was done in triplicate. RNA was harvested 
6 hours after stimulation using Trizol reagent (Invitrogen 15596-026) according to the 
manufacturer’s protocol. During the RNA isolation process one 10% FSTL1 sample was lost.
For the generation of FSTL1-conditioned medium HepG2 cells were transfected with 
pCDNA3.1 containing either the GFP (for control medium) or mouse Fstl1 coding sequence. 
Transfection was performed as described in the Luciferase experiment. After transfection 
the cells were cultured in serum free medium and supernatant was harvested after 24 
hours. Supernatant was immediately used for the stimulation of the MEFs and the presence 
of FSTL1 was confirmed by Western blotting.
SAGE library prep was performed as previously described  [281 ‘t Hoen, PA (2008)] with 
minor modifications. In short, mRNA was captured on oligo(dT)25 beads (LifeTechnologies) 
starting from 500 ng total RNA. First and second strand cDNA synthesis was performed on 
bead. The dsDNA fragments were digested using the restriction enzyme NlaIII to select 
the most 3’ CATG site. Ligation of adapter-1 introduces a recognition site for the type II 
restriction endonuclease MmeI and subsequent MmeI digestion generates the 21 bp SAGE 
tag sequence. This fragment was then ligated to adapter-2. Sample specific index barcodes 
were introduced during 15 cycles of PCR amplification of the library. The resulting library 
fragments of 96 bp were isolated on 6% Novex TBE precast acrylamide gel, quantified on 
the high sensitivity DNA chip (Agilent) and pooled in equimolar amounts.
Library pools were sequenced on the HiSeq 2000 using v3 flowcells and reagents with a 
short run of 18 sequence cycles to read the SAGE tag and an additional 7 cycles to read the 
sample indexes.
Raw sequence data was processed using the Illumina CASAVA 1.8.2 software to generate 
fastq files for the individual samples. Sequence tags were aligned to the mouse mm10 
genome using the Bowtie (v1.0.0) short read aligner. A set of custom perl scripts were 
used to generate the expression table listing the sum of sequence tags per gene across all 
samples.
The frequencies of the occurrence of tags were compared between the groups of samples 
using the G-test for comparison of multiple SAGE libraries (http://gtest.hfrc.nl/)  [282 
Schaaf, GJ (2005)]. In short, this test determines a within-group homogeneity measure and 
a between-group difference measure based on the observed specific and total tag counts 
for each sample in the group. A gene was considered differentially expressed between 
experimental conditions when it was homogeneously expressed (with p-value > 0.1) in 
the reference condition as well as in the experimental condition that was found to be 
significantly different from the reference (with p-value < 0.01). This test was carried out 
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per gene and resulted in 3154 differentially expressed genes. Further curation of this list of 
genes is described in the results section.
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Results

Absence of Fstl1 results in abnormal tendon development
To study the developing tendons, embryonic day (ED) 18.5 forearms of Fstl1 KO and WT 
mice were transversally sectioned. Sections containing the fingers, hand, wrist and fore-arm 
were stained with Heamatoxylin-Azophloxine to analyze the gross morphology (figure1). 
To identify the tendons specifically, ISH for Col1a1 and Tnmd was additionally performed 
and the sections were counterstained  immunohistochemically for TnI, to identifing skeletal 
muscle (figure1). Using an atlas of mouse forearm tendon development  [277 Watson, SS 
(2009)] we could identify all tendons in the WT mice. However, virtually no tendons were 
found in the Fstl1 KO mice. Only at the distal sites some of the flexor digitorum tendons 
were observed (figure1). In addition, muscle tissue was observed at the level of the wrist in 
the KO mice where no muscle tissue was present in WT mice (figure1). In the heterozygous 
Fstl1 knockout mice no abnormalities were observed (data not shown).

Figure 1 Abnormal tendon development in Fstl1 KO Mice
Sections at different levels through an ED 18.5 WT and Fstl1 KO forearm are displayed. The medial side of the arm is the right 
side of the picture, the dorsal side of the arm at the top side of the picture. Top panels of each row depict a Heamatoxylin-
Azophloxine (HA) staining. The middle panel of each row shows an In Situ Hybridization (ISH) for Col1a1 mRNA in combination 
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with an immunohistochemical staining for TnI. Col1a1 mRNA is shown in blue and TnI in brown. The lower panel of each row is a 
Tnmd RNA ISH in combination with an immunohistochemical staining for TnI. Tnmd  is shown in blue and TnI in brown. Tendons 
can be identified as structures that are stained intensively for Col1a1 and Tnmd mRNA. In the HA stained sections the tendons 
have been encircled in white. The ectopic muscle in the KO wrist is indicated by a white arrow. Radius (R) Ulna (U), Carpal bones 
(C), Metacarpal bones (MC), Phalanges (P)

Fstl1 is expressed surrounding the tendons
We then analyzed the pattern of expression of Fstl1 in relation to the developing fore-
arm tendons. At ED12.5, before tendons have formed, Fstl1 is expressed in the entire 
limb bud apart from Sox9 positive skeletal precursors (Figure 2). Later when the tendons 
have formed at ED15.5, Fstl1 is expressed in cells surrounding the Col1a1 positive tendons 
(figure 2). This expression pattern is maintained until birth (figure2).

Figure 2 Expression of Fstl1 in the developing limb bud
At different days of development the expression of Fstl1 was identified using RNA ISH. Panels A and B show two adjacent 
transversal sections at ED 12.5 stained for Fstl1 and Sox9 mRNA, respectively. Note that Sox9 is expressed in the Fsl1 negative 
areas. Panel C shows the expression of Fstl1 mRNA surrounding the Col1a1 positive flexor tendon (dotted white line). at ED15.5. 
Panel E shows a transverse section through an ED18.5 wrist, panels F-H are magnifications of the area depicted by the black 
square. Note the flexor tendons in the wrist marked by positive staining for Col1a1 and Tnmd, and note the expression of Fstl1 
surrounding the tendons.
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At early stages Fstl1 KO mice express less Scx
To investigate when tendon development becomes abnormal we determined the 
expression of the tendon precursor marker Scx by qPCR in different stages of development 
(figure 3). At ED12.5 there is already a trend of decreased Scx expression. The pattern of 
expression of Scx in the Fstl1 KO forelimb is similar to that in the WT forelimb as determined 
by whole mount ISH, though decreased expression of Scx is visible (figure 3). At ED15.5, 
when tendons have already formed  [277 Watson, SS (2009)], Scx expression is significantly 
decreased in Fstl1 KO forelimbs compared to WT forelimbs (p<0.05). Also the expression of 
the tendon marker Tnmd is significantly decreased in the KO situation (p<0.05) (figure 3).

Figure 3 Expression of tendon markers and TGFβ signaling molecules in Fstl1 KO limb buds. 
Panels A and C show graphs of the relative expression of Scx, Tnmd, Tgfβ2, Tgfβ3 and Tgfβr2 mRNA. Expression was normalized 
for Gapdh and the WT situation was set as 1. In Panel A, Scx/Tnmd depicts the expression of scleraxis relative to the expression of 
tenomodulin. Error bars depict SEM (n=3). In panel B a dorsal view of fore limbs dissected from ED 12.5 WT and Fstl1 KO embryos 
after whole mount RNA ISH for Scx is shown .

TGFβ signaling members are unaltered in Fstl1 KO mice
TGFβ signaling is crucial for normal tendon development, as demonstrated by the absence 
of tendons in Tgfβ2/3 double KO mice or after deletion of the transforming growth factor 
beta receptor II (Tgfβr2)  [276 Pryce, BA (2009)]. Therefore, we measured the expression 
of the Tgfβ2 and Tgfβ3 ligands as well as the Tgfβr2 in ED12.5 limb buds. No differences in 
the expression of these two ligands and the receptor were identified comparing Fstl1 KO 
and WT mouse limbs (figure 3).
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Muscle development is initially normal in Fstl1 KO mice
Normal tendon development requires normal muscle development  [273 Schweitzer, 
R (2010)]. At ED12.5 whole mount ISH for the muscle precursor marker MyoD revealed 
a similar expression pattern in WT and Fstl1 KO mouse limb buds (figure 4). Sections of 
ED15.5 mouse embryos showed muscle tissue in both WT and Fstl1 KO forearms, albeit 
that the muscles in the KO forearms appear smaller than in the WT (figure 4). As addressed 
in the discussion, this deficit in muscle development at ED15.5 might be due to the absent 
tendons.

Figure 4 Muscle and muscle precursors in WT and Fstl1 KO limb buds
The upper row depicts dorsal views of fore (A) and hind (B) limbs of ED 12.5 WT and Fstl1 KO embryos after whole mount RNA ISH 
for MyoD mRNA. The lower row depicts a Tnmd RNA ISH in combination with an immunohistochemical staining for TnI with Tnmd  
in blue and TnI in brown. Note the presence of muscles and muscle precursors in both the WT and KO mouse arms.

Fstl1 does not regulate TGFβ mediated Scx expression
Given the fact that TGFβ signaling is important for tendon development, partially by 
regulating Scx expression  [276 Pryce, BA (2009)] and Fstl1 is able to interact with TGFβ 
ligands and receptors in vitro (Reviewed by  [283 Sylva, M (2013)]), we investigated 
whether Fstl1 is involved in the TGFβ-mediated Scx expression (figure 5).
The C3H10T1/2 cell line, in which Scx expression is up-regulated subsequent to TGFβ2 
stimulation  [276 Pryce, BA (2009)], does express Fstl1 (figure 5). C3H10T1/2 cells were 
transduced with either control (CO) or Fstl1 knock down (KD) lentiviruses. Western blot 
analysis on cell lysates demonstrated a decreased FSTL1 protein expression in the knock 
down virus transduced cells. Also mRNA of Fstl1 was decreased both before and after 
TGFβ2 stimulation in the knock down virus transfected cells (figure 5) (respectively 75 
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and 80% less), whereas the control lenti-virus did not affect the induction of Fstl1 by 
TGFβ2. Scx expression was clearly induced both in the Fstl1 control and knock down cells 
as determined by qPCR (figure 5). Also Col1a1, a gene abundantly expressed in tendons 
(figure 1), was induced by TGFβ2 in both control and knock down cell lines (figure 5). These 
results indicate that Fstl1 is not involved in the TGFβ2-mediated Scx expression in vitro.
We further investigated whether the reduced Scx expression in ED15.5 KO limb buds 
compared to wild type limb buds reflected a lower expression in the tendinous tissue 
or whether the amount of tendinous tissue was reduced, but displaying normal Scx 
expression. To this end, we corrected the Scx expression for the volume of tendinous tissue 
by dividing it by the observed Tnmd expression, another tendon marker. Scx expression per 
Tnmd appeared similar in Fstl1 KO and WT limb buds (figure 3A), demonstrating that also 
in vivo Scx is at physiological levels in the remaining tenocytes.

Figure 5 Fstl1 does not regulate Scleraxis expression
The graphs show the relative expression level of Fstl1, Scx and Col1a1 with and without TGFβ2 in both control (CO) and Fstl1 
knock down (KD) C3H10T1/2 cells stimulation. The expression was normalized for Gapdh and the unstimulated control situation 
was set as 1. Error bars represent the SEM (n=3) for every condition. A Western blot shows the decreased amounts of FSTL1 in 
lysates of knock down cells compared to controls. As loading control CNX was used. 
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Fstl1 does not inhibit BMP signaling in vitro
BMP has been shown to affect tendon development, but the role of BMP signaling in tendon 
development is incompletely understood  [284 Lorda-Diez, CI (2014)]. Fstl1 was shown to 
be involved in BMP signaling, although conflicting results have been reported (reviewed in  

[283 Sylva, M (2013)]). Different BMP ligands are expressed during limb bud development  

[242 Bandyopadhyay, A (2006)]. We, therefore, investigated whether Fstl1 can inhibit any 
of the BMPs expressed in limb buds using an in vitro luciferase assay (figure 6). These assays 
revealed that Fstl1 was unable to inhibit BMP-mediated Luciferase expression for any of the 
tested BMP ligands and in any of the tested concentrations, whereas the positive control, 
Noggin,  inhibited all but one of the tested ligands (figure 6). As expected BMP9, which 
is known to be resilient to Noggin inhibition,  [213 Seemann, P (2009)] was not inhibited. 
The latter result demonstrates that it is due to the specific Noggin-BMP interaction that 
the other BMP ligands are inhibited. To identify whether FSTL1 is able to augment the 
inhibitory action of Noggin, we co-transfected Fstl1 and Noggin. No additional effect of 
FSTL1 on the inhibitory effect of Noggin was observed (figure 6). Also co-expression of 
Fstl1 with follistatin, the BMP inhibitor most closely related to Fstl1  [119 Adams, D (2007)] 
did not reveal an inhibitory effect of FSTL1 on BMP signaling, whereas follistatin itself was 
able to inhibit BMP signaling (data not shown).
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Figure 6 Fstl1 does not inhibit BMP signaling
Typical examples of dose response curves for different BMP ligands with and without inhibitors are depicted. All experiments 
were done at least in triplo. On the y-axis , the BMP response, as measured by luciferase activity, depicted in arbitrary units (AU). 
On the x-axis the concentrations of the respective BMP ligandis given. Cells were transfected with four different combinations of 
expression vectors. The control situation was transfected only with Cyanic Fluorescent Protein (CFP) containing vector, in dark 
blue. The uninhibited (CFP/CFP) 0 ng/ml BMP concentration was set as 1. As a positive control, cells were transfected with half 
the amount of CFP and Noggin vectors, in yellow. The two experimental conditions were CFP and Fstl1 in purple as well as Noggin 
and Fstl1 in light blue.  

Deep SAGE screen reveals new candidate genes regulated by Fstl1
To identify FSTL1 downstream targets we performed a RNA DeepSAGE assay. We isolated 
Mouse Embryonic Fibroblasts (MEFs) from ED12.5 Fstl1 KO embryos which were stimulated 
for 6 hours with control or FSTL1-conditioned medium in increasing concentrations. Using 
a G test  [282 Schaaf, GJ (2005)], expression of transcripts was compared between control-
stimulated and FSTL1-stimulated MEFs. We found 3154 transcripts to significantly differ 
in at least one concentration group of FSTL1-stimulated MEFs compared to the control-
stimulated MEFs (table 1). To reduce the number of candidate genes, the 3154 genes were 
compared to a list of genes that are differentially regulated during limb bud development  

[285 Gyurjan, I (2011)]. This comparison reduced the number of candidates to 280 genes, 
being differentially expressed in both the developing limb and to be induced by FSTL1 
in Fstl1 KO MEFs . To further reduce the number of candidates two additional criteria 
were used, All genes that were less than 20% up or down regulated, compared to the 
unstimulated MEFs, or genes that were not homogeneously expressed within 3 or more 
concentration groups were excluded, resulting in 33 genes that are up regulated and 23 
genes that are down regulated by FSTL1, as well as differentially expressed during limb bud 
development  [285 Gyurjan, I (2011)] (Table 2-3).
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Discussion

The current study demonstrates that the TGFβ-induced factor Fstl1 (1) is important in the 
development of the forelimb tendons and (2) regulates tendon development independent 
of Scx both in vivo and in vitro. In addition our experiments unambiguously show that 
Fstl1 does not regulate BMP signaling under our conditions, which is in contrast to other 
studies  [135 Geng, Y (2011)], [203 Xu, J (2012)]. This finding is in line with the lack of a 
phenotype observed in several in vivo over-expression models of Fstl1  [118 Dal-Pra, S 
(2006)], [166 Okabayashi, K (1999)], [157 Liu, S (2010)] (and discussed in  [283 Sylva, M 
(2013)]). To reveal a possible mechanism by which Fstl1 affects tendon development, we 
performed a RNA DeepSAGE analysis. This analysis  resulted in several candidates that 
both are regulated by Fstl1 and involved in tendon development. Whether these genes are 
differentially expressed during tendon development and are affected by Fstl1 signaling in 
vivo, has to be assessed in future experiments.

Abnormal development takes place at early stages in the limb bud of Fstl1 
KO mice.
Muscle development in Fstl1 KO mice
Abnormal development of muscles has been reported to result in abnormal tendons 
and vice versa  [273 Schweitzer, R (2010)], [286 Huang, AH (2013)]. The possibility that a 
muscular phenotype underlies all the tendon defects observed in Fstl1 KO mice, seems 
ruled out by some of our observations. Firstly, at ED12.5, muscle progenitors migrate into 
the Fstl1 KO mouse limb bud in a normal pattern, whereas the expression of Scx appears 
to be decreased already. Secondly, ED 15.5 Fstl1 KO mice have developed muscles in their 
forelimbs demonstrating that differentiation of the myobloasts occurs in the absence 
of Fstl1. Thirdly, in Fstl1 KO wrists muscle tissue is present. Recently, it has been shown 
that the flexor digitorum superficialis muscle migrates from distal to proximal and that 
this migration depends on the development of normal tendons  [286 Huang, AH (2013)]. 
If tendon development is abnormal the muscle gets “trapped” at its proximal site  [286 
Huang, AH (2013)]. Therefore, the abnormal muscle tissue likely is the rudiment of the 
initial normal developed flexor digitorum superficialis muscle that failed to migrate due to 
abnormal tendon development.

Bending of the bones in Fstl1 KO mice.
The skeletal phenotype of the Fstl1 KO mice consists of bend long bones as seen in a group 
of human skeletal dysplasias  [177 Sylva, M (2011)], [287 Warman, ML (2011)]. Two possible 
mechanisms underlying the bending of the bones have been put forward, one being a 
primary defects of the formation of the cartilagous bone, and the other an imbalance 
of forces in the fetal limbs  [288 Akawi, NA (2012)], [289 Hall, BD (1980)]. The abnormal 
tendon development in Fstl1 mutant mice might offer an explanation for the bend bones 
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found in the Fstl1 KO mice. Abnormal tendon development could result in asymmetrically 
transduction of forces and thus through the latter proposed mechanism result in bend 
bones. Against this hypothesis is the observation that in mice adaptations of bones to 
withstand forces are executed by asymmetrical periostial growth, which commences at 
ED 16.5  [290 Sharir, A (2011)], whereas the bending of the long bones in Fstl1 KO mice 
takes place before this stage and is already visible at ED 13.5  [177 Sylva, M (2011)]. On the 
other hand it has been shown that during zebrafish development chondrocytic growth can 
be influenced by muscle contraction in regulating convergent extension  [291 Shwartz, Y 
(2012)].

Fstl1 is downstream of TGFβ
Here we demonstrated that also in the C3H10T1/2 cells Fstl1 is up-regulated by TGFβ2 
stimulation. Moreover, in Chapter 6 of this thesis we describe that Fstl1 is significantly down 
regulated in limb buds of TGFβ2 KO embryos at ED 12.5 and we identified a TGFβ-responsive 
enhancer in the Fstl1 gene regulating gene expression in the connective tissue of the heart. 
In chapter 6, we additionally reported that Fstl1 is directly activated by TGFβ-mediated 
SMAD3 signaling, without the necessity for other transcription factors to be transcribed. In 
tendon development the direct activation of Fstl1 by TGFβ could be different. For instance 
in tendons the transcription factor Scx is also activated by TGFβ. However, since Scx is 
expressed in the developing tendons and Fstl1 is expressed surrounding the developing 
tendons, it is unlikely that Fstl1 is downstream of Scx during tendon development.
Also Fstl1 is not likely to be upstream of Scx expression, as demonstrated by our in vitro 
experiments in which no effect of Fstl1 was observed on the expression of Scx. However, 
Scx expression is decreased in vivo in limb buds of Fstl1 KO mice. This decrease could 
merely be the reflection of a decrease in tendons caused by other reasons. Indeed, when 
correcting for the changing tissue base using the expression of Tnmd, another tendon 
marker, Scx expression was similar to the WT situation indicating that also in vivo Fstl1 
is not regulating the expression of Scx. Secondly, although Scx is statistically significantly 
decreased, it is still expressed at a level of 50% of the WT situation, which is too high to 
be expected to cause a phenotype, as in Scx heterozygous mice no tendon phenotype was 
observed  [278 Murchison, ND (2007)]. It is therefore our hypothesis that Fstl1 functions in 
a cascade parallel to Scx signaling (figure 7).

Pathways parallel to Scleraxis
No tendons were reported to develop in limbs in mice in which Tgfβr2 was disrupted  
[276 Pryce, BA (2009)]. In mice, in which the TGFβ downstream transcription factor Scx 
is removed, tendons, albeit impaired, still develop. Thus apart from Scx there must be 
another pathway induced by TGFβ that co-regulates tendon development.
Co-regulation of tendon development by other factors than Scx has also been suggested by other 
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authors. A study characterizing DNA regulatory elements responsible for Col1a1 expression 
in tendons, revealed that the combined activity of SCX and nuclear factor of activated T-Cells 
4 (NFATc4) was required for normal Col1a1 expression in tenocytes   [292 Lejard, V (2007)]. 
Moreover, other transcription factors have been implicated in tendon development such as 
Mohawk  [293 Liu, W (2010)], as well as early growth response 1 and 2 (Egr1 and Egr2)  [294 
Lejard, V (2011)]. Although these genes were not found in our DeepSAGE experiment, one might 
argue that our MEF cells were only stimulated for 6 hours by FSTL1. Possibly by interfering with 
other signaling cascades FSTL1 could influence the expression of those transcription factors in 
the long run. This needs to be investigated in the Fstl1 KO limb buds.

Figure 7 Fstl1 functions parallel to Scx in tendon development
The dotted arrows with crosses show the pathways excluded by us, the dark lines show the proposed mechanism. On the right 
side the events in tenocytes are depicted on the left side the signaling events in the surrounding cells.
TGFβ expressed in the cells surrounding the developing tendons regulates both Scx expression in the tendons 
and Fstl1 expression in the surrounding cells. SCX regulates tendon development and does not regulate Fstl1 
expression. FSTL1 co-regulates tendon development without interacting with TGFβ or affecting Scx expression. 
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Table 1 number of genes identified
A table with the number of genes differentially regulated in ED12.5 KO fibroblasts after stimulation with different amounts of 
medium conditioned with Fstl1.

Condition number of genes regulated
only 0.01% 514
only 0.1% 384
only 1% 380
only 10% 1050
0.01% & 0.1% 75
0.01% & 1% 56
0.01% & 10% 240
0.1% & 1% 57
0.1% & 10% 150
1 % & 0.10% 128
0.01% & 0.1% & 1% 11
0.01% & 0.1% & 10% 32
0.01% & 1% & 10% 34
0.1% & 1% & 10% 37
ALL 6
Total 3154
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Table 2 Genes up regulated by Fstl1
In table 2 the names and ENSEMBLE and UCSC codes of genes that are up regulated in any of the Fstl1 stimulated groups, as 
well as differentially expressed during limb bud development  [285 Gyurjan, I (2011)] are tabulated. The fold up regulated is the 
geometric mean of all the significant changes per gene.

 
Abbreviation Fold Change ENSMUS UCSC code
Anxa11 10.91 ENSMUSG00000021866 uc007sru.1
Frem1 6.33 ENSMUSG00000059049 uc008tkm.1
Sdk2 4.69 ENSMUSG00000041592 uc007mfd.1
Fcgr3 3.28 ENSMUSG00000059498 uc007dmx.1
Rps6ka6 2.88 ENSMUSG00000025665 uc009ucx.1
Tgm2 2.70 ENSMUSG00000037820 uc008npr.1
Etv4 2.46 ENSMUSG00000017724 uc007lps.1
Vdr 2.15 ENSMUSG00000022479 uc007xlk.1
L2hgdh 2.05 ENSMUSG00000020988 uc007nsq.1
Sprr3 2.04 ENSMUSG00000045539 uc008qec.1
Bdh2 2.02 ENSMUSG00000028167 uc008rla.1
Rfx5 1.97 ENSMUSG00000005774 uc008qhg.1
Nckap5 1.83 ENSMUSG00000049690 uc007ckk.1
Habp4 1.82 ENSMUSG00000021476 uc007qyl.1
Aldoc 1.80 ENSMUSG00000017390 uc007kiw.1
Tle4 1.75 ENSMUSG00000024642 uc008gwk.1
Kif26b 1.68 ENSMUSG00000026494 uc007dvg.1
2610029G23Rik 1.62 ENSMUSG00000031226 uc009uat.1
Ntan1 1.60 ENSMUSG00000022681 uc007ygk.1
Donson 1.58 ENSMUSG00000022960 uc007zyc.1
Tgfbr1 1.58 ENSMUSG00000007613 uc008sun.1
G2e3 1.58 ENSMUSG00000035293 uc007nml.1
Krt19 1.52 ENSMUSG00000020911 uc007lkm.1
E2f3 1.47 ENSMUSG00000016477 uc007pyq.1
Pam 1.43 ENSMUSG00000026335 uc007cfo.1
Mcm4 1.42 ENSMUSG00000022673 uc007yhr.1
D16H22S680E 1.40 ENSMUSG00000013539 uc007yni.1
Mxra7 1.31 ENSMUSG00000020814 uc007mmf.1
Timm50 1.31 ENSMUSG00000003438 uc009fyf.1
Nup133 1.29 ENSMUSG00000039509 uc009nws.1
Lyplal1 1.29 ENSMUSG00000039246 uc007dzm.1
Unc5c 1.27 ENSMUSG00000059921 uc008roc.1
Serinc5 1.22 ENSMUSG00000021703 uc007rks.1
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Table 3 Genes down regulated by Fstl1
In table 3 the names and ENSEMBLE and UCSC codes of genes that are down regulated in any of the Fstl1 stimulated groups, as 
well as differentially expressed during limb bud development  [285 Gyurjan, I (2011)] are tabulated. The fold down regulated is 
the geometric mean of all the significant changes per gene.

Abbreviation Fold Change ENSMUS UCSC code
Rarb 0.01 ENSMUSG00000017491 uc007she.1
Cenpp 0.02 ENSMUSG00000021391 uc007qjk.1
Cd68 0.16 ENSMUSG00000018774 uc007jqx.1
Zim1 0.19 ENSMUSG00000002266 uc009fbv.1
Matn3 0.20 ENSMUSG00000020583 uc007nag.1
Upk1b 0.27 ENSMUSG00000049436 uc007zfm.1
Gatm 0.32 ENSMUSG00000027199 uc008maw.1
Myl4 0.32 ENSMUSG00000061086 uc007lwt.1
Skida1 0.36 ENSMUSG00000054074 uc008ill.1
Tmem40 0.54 ENSMUSG00000059900 uc009dja.1
Asb4 0.56 ENSMUSG00000042607 uc009awi.1
Trf 0.60 ENSMUSG00000032554 uc009rgi.1
Kazald1 0.61 ENSMUSG00000025213 uc008hqs.1
Zfp37 0.64 ENSMUSG00000028389 uc008tbw.1
Msi1 0.70 ENSMUSG00000054256 uc008zdu.1
Meox1 0.73 ENSMUSG00000001493 uc007lpx.1
Fam49a 0.73 ENSMUSG00000020589 uc007nbc.1
Parp1 0.73 ENSMUSG00000026496 uc007dwi.1
Cyp7b1 0.74 ENSMUSG00000039519 uc008orm.1
Nsg1 0.76 ENSMUSG00000029126 uc008xga.1
Scpep1 0.77 ENSMUSG00000000278 uc007kvx.1
Ppp1r7 0.77 ENSMUSG00000026275 uc007cdv.1
Irx5 0.78 ENSMUSG00000031737 uc009mub.1
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Table 4 Primer sequences used for qPCR

Name Sequence
FW_GAPDH TGTCAGCAATGCATCCTGCA
RV_GAPDH CCGTTCAGCTCTGGGATGA
FW_Fstl1 CGAGCACGATGTGGAAACG
RV_Fstl1 CCTCTTGTGAGGTTTGCATTGC
FW_Scx AGAGACGGCGGCGAGAACAC
RV_Scx GTGGGGCTCTCCGTGACTCTTC
FW_TNDM TTTGGGTTCCCGCAGAAAAGCCT
RV_TNDM TTGCGGGACCACCCATTGCT
FW_COL1a1 TTGGTGCTGCTGGACCCCCT
RV_COL1a1 ACGCACACCCTGGGGACCTT
FW_TGFBR2 GGTGGGAACGGCAAGATACA
RV_TGFBR2 GAACCAAATGGGGGCTCGTA
FW_TGFb2 CGTCCCACCTCCCCTCCGAA
RV_TGFb2 CAATCCGCTGCTCGGCCACT
FW_TGFb3 GCACCCGGGAGTTGCTGGAAG
RV_TGFb3 TTGGGGCAGACGGCCAGTTC


