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Abstract: Non-randomly distributed missense mutations of Filamin B (FLNB) can lead to a spectrum of autoso-
mal dominant-inherited skeletal malformations caused by bone hypoplasia, including Larsen syndrome (LS), ate-
losteogenesi-I (AO-I), atelosteogenesi-I (AO-III) and boomerang dysplasia (BD). Among this spectrum of diseases, 
LS causes a milder hypoplasia of the skeletal system, compared to BD’s much more severe symptoms. Previous 
studies revealed limited molecular mechanisms of FLNB-related diseases but most of them were carried out with 
HEK293 cells from the kidney which could not reproduce FLNB’s specificity to skeletal tissues. Instead, we elected 
to use ATDC5, a chondrogenic stem cell line widely used to study endochondral osteogenesis. In this study, we 
established FLNB-transfected ATDC5 cell model. We reported a pedigree of LS with mutation of FLNBG1586R and 
reviewed a case of BD with mutation of FLNBL171R. Using the ATDC5 cell model above, we compared cellular and mo-
lecular phenotypes of BD-associated FLNBL171R and LS-associated FLNBG1586R. We found that while both phenotypes 
had an increased expression of Runx2, FLNBL171R-expressing ATDC5 cells presented globular aggregation of FLNB 
protein and increased cellular apoptosis rate while FLNBG1586R-expressing ATDC5 cells presented evenly distributed 
FLNB protein and decreased cellular migration. These findings support our explanation for the cause of differ-
ences in clinical phenotypes between LS and BD. Our study makes a comparative analysis of two extremes of the 
FLNB-mutated autosomal dominant spectrum, relating known clinical phenotypes to our new cellular and molecular 
findings. These results indicated next steps for future research on the role of FLNB in the physiological process of 
endochondral osteogenesis.

Keywords: FLNB, larsen syndrome, boomerang dysplasia, ATDC5 cell, apoptosis

Introduction

Filamin B (FLNB) constitutes a large dimeric 
actin-binding protein to act as a cytoskeleton 
and multifunctional signal scaffold [1]. Nonran- 
domly-distributed missense mutations of FL- 
NB can lead to a spectrum of autosomal-domi-
nant inherited skeletal malformations caused 
by bone hypoplasia, including Larsen syndrome 
(LS, OMIM 150250), atelosteogenesis-I (AO-I, 
OMIM 108720), atelosteogenesis-III (AO-III, OM- 

IM 108721) and boomerang dysplasia (BD, 
OMIM 112310). LS is at one extreme of the 
spectrum with the mildest hypoplasia of skele-
tal system, while BD is at the other extreme 
with the severest hypoplasia of skeletal system 
[2, 3]. LS presents skeletal deformities includ-
ing scoliosis; cervical kyphosis; supernumerary 
carpal bones; dislocation of large joints; and 
characteristic facial malformations, including 
prominent forehead, wide-spaced eyes and 
depressed nasal bridge [4, 5]. BD is a lethal 
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skeletal dysplasia characterized by underdevel-
opment and potential lack of ossification in ver-
tebrae, the acetabulum, or in the long bones of 
limbs, [6]. Almost all fetuses with BD die late  
in the prenatal stage, making it difficult to stu- 
dy the molecular mechanisms of FLNB in BD. 
AO-I and AO-III express traits between those 
associated with LS and BD. In addition to the- 
se diseases with FLNB missense mutations, 
nonsense mutations of FLNB can lead to spon-
dylocarpotarsal synostosis syndrome (SCT, 
OMIM 272460), an autosomal recessive skele-
tal malformation characterized by premature 
fusion in carpal and tarsal joints and between 
the vertebrae leading to scoliosis and lordosis 
[10].

Mutations in FLNB are exclusively associated 
with skeletal diseases [4], indicating a high his-
tological specificity of FLNB mutations’ patho-
genesis to the skeletal system. Multiple studies 
have attempted to explain the pathogenesis of 
FLNB mutations in skeletal malformation [3], 
including delay of ossification in growth plate of 
long bone [11], hypo-mobility of chondrocytes 
[12] and disturbance of proliferation; and dif-
ferentiation and apoptosis in chondrocytes [13-
15]. However, most of these studies were 
focused on nonsense mutations associated 
with SCT. Little literature has explained the 
pathogenic mechanisms of FLNB missense 
mutations in skeletal malformations due to 
complexity of this spectrum of diseases. Mo- 
reover, those studies were mostly carried out in 
HEK293 cells from the kidney, which may not 
be affected by FLNB in the same way as skele-
tal tissues.

In this study, we examine whether FLNB mis-
sense variants cause the difference between 
LS and BD at cellular and molecular levels.  
The target variants of LS were selected as 
c.4756G>A (p.Gly1586Arg) in FLNB, which was 
found in our LS patient, and another LS case 
reported by Krakow et al. [10], and the target 
mutation of BD was c.512T>G (p.Leu171Arg) in 
FLNB, which was reported in a male fetus diag-
nosed as BD [2, 6]. After transfecting FLNB 
plasmid to ATDC5 cell line, we compared distri-
bution patterns of these two FLNB variants in 
cytoplasm, properties of cellular shape, cell 
migration, and apoptosis, and expression of 
Runx2 and Smad3 in endochondral osteogen-
esis. The cellular and molecular findings in our 
study sketched a logical chain to explain the 

difference in clinical phenotypes between LS 
and BD. 

Material and methods

Clinical and radiological investigation 

Our clinic recruited an eight-year old male with 
diagnosis of LS. We recorded the medical his-
tory of the patient and his family, then condu- 
cted physical and radiological examinations on 
body parts with potential skeletal malformation 
(Figure 1). The morbidity of BD was much rarer 
than LS. We chose a BD case with the mostly 
reported BD-associated mutation c.T512G 
(p.Leu171Arg) from literature [2, 6] as the 
research object for BD. Various phenotypes of 
those chosen objects of LS and BD were com-
pared in details (Table 1).

Whole exome sequencing and Sanger se-
quencing

The study was approved by the Ethics Com- 
mittee of Peking Union Medical College Hos- 
pital. With informed consent from the patient 
and his family members, we extracted DNA 
from peripheral blood samples of the pati- 
ent, and his father, mother and sister using 
Puregene Blood kit. Whole exome sequencing 
was performed using the Illumina HiSeq 2000 
(Illumina, San Diego, CA), reaching an average 
coverage of 116X. Reads were mapped to 
UCSC human genome reference assembly 19 
(hg 19). Variant was called using BWA softwa- 
re (0.7.5a-r405). To identify pathogenic muta-
tions, the variants were further compared to 
three databases including ClinVar, OMIM and 
HGMD; single nucleotide polymorphisms (SNP) 
among the normal population was excluded 
based five population-based databases, includ-
ing 1000 Genomes Project Dataset, Exome 
Sequencing Project, Exome Aggregation Con- 
sortium dataset and Allele Frequency Net Da- 
tabase of Japan Tokyo and Netherlands. Mu- 
tations found in FLNB were further confirmed 
using Sanger sequencing. Exon 14 in FLNB  
was amplified using polymerase chain reaction 
(PCR), and sequenced in an Applied Biosystem 
3730xl DNA Analyzer.

Plasmid construction and transfection

The wild-type FLNB plasmid was kindly donated 
by Stephen P. Robertson from Otago University, 
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Figure 1. Clinical manifestation and family tree of the patient with Larsen syndrome. Whole spine X-ray and cervical 
spine X-ray revealed severe scoliosis (A) and cervical kyphosis with dysplasia of C4 and C5 vertebrae (B); hand and 
carpal joint X-ray showed supernumerary carpal bones and spatulate thumb; there should be eight carpal bones 
in a normal wrist while thirteen carpal bones were found in the wrist of this patient (C); gross anatomical pictures 
revealed serious back curves, short stature and varus deformities of elbow on both sides (D); The father (III2), 
uncle (III1), grandfather (II1) and great-grandfather (I1) had unusual faces, spatulate distal phalanges and varus 
deformities in both elbows similar to the patient (IV1) (E); A FLNB missense mutation (NM_001457.3, c.4756G>A 
(p.Gly1586Arg)) was identified in both the patient and his father, and was not found in the mother and sister (F).

Dunedin, New Zealand [2]. The full-length FL- 
NB cDNA (reference sequence NM_001457.3), 
was assembled with EGFP on the C-terminal 
(from pCI-FLNB-EGFP [16]), and expressed in 
the vector pCR3.1(-) (Invitrogen, Carlsbad, CA). 
For LS associated mutation c.4756G>A (p.Gly- 
1586Arg) and BD associated mutation c. 512T 
>G (p.Leu171Arg), PCR mutagenesis was per-
formed with forward and reverse primers with 
single-nucleotide alteration. The sequence of 
the constructed mutation was confirmed by 
Sanger sequencing.

HEK293 cells were purchased from the cell 
bank of Peking Union Medical College and 
ATDC5 cells were kindly donated by Professor 
Qiping Zheng of the Medical College of Jiangsu 

University. Both HEK293 and ATDC5 cells  
were grown in DMEM containing 10% FCS 
under 37°C with 5% CO2. Antibiotics-free media  
was changed before transfection. Plasmids of 
empty vector, wild-type FLNB, FLNBG1586R, and 
FLNBL171R were transfected into ATDC5 cells 
respectively, using jet PRIME transfection re- 
agent (Polyplus) according to the manufactur-
er’s protocols. Those plasmids were transfect-
ed respectively into HEK293 cells using Lipo- 
fectamine2000 (Invitrogen). Cells were collect-
ed after transfection for 48 hours. 

Immuno-detection and imaging

Transfected cells were fixed with 4% parafor-
maldehyde and stained with 0.5 μg/ml Hoechst. 
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Table 1. Comparative analysis of clinical phenotypes of LS and BD

Case Proband 
gender

Mutation in FLNB 
NM_001457.3 Diagnosis Hypo-dysplasia 

of mid-face
Hypo-dysplasia 

of vertebral
Absence of 
long bones

Supernumerary  
ossification centers

Spatulate 
fingers

Deformities beyond 
skeletal system

Case 1 Male c.4756G>A (G1586R) LS + + - + + -
Case 2 [10] Male c.4756G>A (G1586R) LS + + - + + -
Case 3 [6] Male c.512T>G (L171R) BD + + + - - -
Case 1 is the proband of an LS pedigree reported in this article, and the same mutation was also detected in Case 2 which was reported previously [10]. Case 3 was a previously 
reported BD case, which was a male fetus with premature delivery [6]. LS: Larsen Syndrome; BD: Boomerang Dysplasia; +, present; -, absent.
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Phalloidin was used for mark the actin cytos- 
keleton. Cells were observed using Nikon Las- 
er confocal microscope. Images were captur- 
ed using with 20 ms exposure of UV path for 
Hoechst, 100 ms exposure of 488 nm Laser for 
EGFP and 1 s exposure of 590 nm path for 
phalloidin. 

Apoptosis and migration 

Cell suspension was made after transfection 
for 48 hours, and Hoechst was added to a con-
centration of 1 mg/ml in 37°C water bath for 7 
min. Then the suspension was cooled down on 
ice and re-suspended with PBS. Propidium 
Iodide (PI) was added to the suspension with a 
concentration of 5 mg/ml. Cells were centri-
fuged, rinsed with PBS, and analyzed with flow 
cytometry. Hoechst staining was performed for 
early apoptosis of cells and Propidium Iodide 
(PI) staining was performed for late apoptosis 
of cells.

For the transwell migration assay, 40,000 cells 
were placed in the top chamber of each insert. 
The cells that migrated through the membrane 
and adhered to the lower surface of the mem-
brane were fixed with 4% paraformaldehyde 
and stained with DAPI. For quantification, cells 
were counted under a microscope in four ran-
dom fields.

Western blotting

The total protein was extracted after 48 hours 
of transfection. The protein concentration was 
determined with protein quantitative kit (BCA), 
and equivalent amounts of protein (12 ug). The 
total protein was separated on a 12% SDS-
PAGE gel and transferred onto poly-vinylidene 
difluoride (PVDF) membranes (Millipore Corpo- 
ration), which was incubated with primary anti-
bodies overnight. Primary antibodies used we- 
re anti-Runx2 (1:1000; cat No. ab23981, Ab- 
cam), anti-pSmad3 (phospho T179) (1:500; cat 
No. ab193297, Abcam), anti-pSmad3 (phospho 
S423 + S425) (1:1000; cat No. ab52903, 
Abcam), anti-Smad3 (1:3000; cat No. ab755- 
12, Abcam), and anti-GAPDH (1:1000; cat No. 
sc-25778, Santa Cruz). The membrane was th- 
en incubated with the anti-rabbit IgG (1:1000; 
cat No. 14708, CST) or anti-mouse IgG (1: 
1000; cat No. 14079, CST) after a final wash, 
and developed in enhanced chemilumines-
cence (ECL) reagent (Millipore). 

Statistical analysis

Student’s t test was performed for statistical 
analysis. Error bars indicate standard deviation 
(SD).

Results

Comparative analysis of clinical phenotypes 
between LS and BD

The LS patient recruited by our clinic was an 
8-year old male (Figure 1). Physical examina-
tions revealed characteristic faces (wide-spa- 
ced eyes and depressed nasal bridge), torticol-
lis toward the left side, spatulate-shaped dis- 
tal phalanges in the thumbs and hallux, and 
varus deformities in both elbows (Figure 1D). 
Investigation into his family history revealed 
that the father (III2), uncle (III1), grandfather 
(II1) and great-grandfather (I1) all had charac-
teristic faces, spatulate distal phalanges and 
varus deformities in bilateral elbows similar to 
the patient (IV1) (Figure 1E). Hand and carpal 
joint X-rays of the patient showed supernumer-
ary carpal bones and spatulate distal phalan-
ges of thumbs on both sides (Figure 1C). Spi- 
ne X-rays showed 60° cervical kyphosis from 
C2-C6 with hypoplasia of C4 and C5 verte- 
brae (Figure 1B), and severe scoliosis with 85° 
Cobb angle of upper thoracic curve and 125° 
Cobb angle of main thoracic curve (Figure 1A). 
We performed whole exome sequencing in this 
patient (IV1), together with his father (III2), 
mother and sister (Figure 1E). A missense mu- 
tation in FLNB (NM_001457.3, c.4756G>A 
(p.Gly1586Arg)) dominantly co-segregated with 
LS phenotype in this family and was further 
confirmed by Sanger sequencing (Figure 1F). 
With three web-based tools for mutation patho-
genicity prediction, this mutation was pre- 
dicted to be “tolerated” in SIFT (SIFT score 
0.46), “disease causing” in Mutation Taster 
(p-value of 0.9999); and “probably dama- 
ging” in PolyPhen-2 (score of 1.000). The p.
Gly1586Arg variant was a conservative amino 
acid substitution across species. Considering 
both clinical and genetic manifestations, we 
confirmed the diagnosis of Larsen syndrome to 
the patient. In addition to this case of LS, 
another LS case previous reported with the 
same mutation site [10] was also reviewed 
(Table 1).

The phenotypes of a BD case with the muta- 
tion of FLNBL171R were reviewed in Table 1 
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according to a previous report [6]. The case 
involved a male fetus who presented thoracic 
hypoplasia and remarkable shortening of all 
extremities with disturbed ossifications, detect-
ed by ultrasonic scanning in his second trimes-
ter. Premature delivery occurred at 22 weeks’ 
gestation. Post mortem examinations were 
consistent with the finding of previous ultra- 
sonic scanning. Radiological imaging showed 
under-ossification and even absence of ossifi-
cation centers of spine, pubis and long bones 
of extremities. The typical boomerang dyspla-
sia was seen in long bones of both upper and 
lower extremities. 

FLNBG1586R and FLNBL171R accumulated differ-
ently in ATDC5 cells, with changed cell shape, 
cell apoptosis and migration rates

Wild type FLNB (FLNBWT), FLNBG1586R and 
FLNBL171R were transfected into HEK293 cells 
(Supplementary Figure 1) and ATDC5 cells 
(Figure 2), respectively. FLNBG1586R expressed 
in HEK293 and ATDC5 cells was evenly distrib-
uted within the cytoplasm demonstrating a fine 

meshwork, and overlapped with the actin cy- 
toskeleton. For FLNBG1586R transfected cells, 
HEK293 cells demonstrated no obvious chan- 
ges in cell shape, while ATDC5 cells trans-
formed to a rounder and smaller cell configura-
tion with less filopodias. However, in FLNBL171R 
transfected HEK293 and ATDC5 cells, there 
showed a globular aggregation of FLNB, and 
ATDC5 cells also appeared an obvious shrank 
cell configuration and less filopodias. 

FLNBL171R transfected ATDC5 cells showed 
increased apoptosis ratio, as both the late 
apoptosis ratio and early apoptosis ratio were 
significantly higher than ATDC5 cells transfect-
ed with empty vector, FLNBWT and FLNBG1586R 
(Figure 3). However, there were no significant 
differences in apoptosis ratio among HEK293 
cells transfected with empty vector, FLNBWT, 
FLNBL171R and FLNBG1586R (Supplementary 
Figure 2).

Using Transwell Assay, FLNBG1586R transfected 
ATDC5 cells showed significantly decreased 
migration rate, compared with ATDC5 cells 

Figure 2. Accumulation of FLNB-actin in ATDC5 cells was visualized with confocal immunofluorescence microscopy. 
Nuclei were marked with Hoechst dye. In FLNBWT transfected cells, the FLNB (EGFP marked) was evenly expressed 
in the cytoplasm consistently with the expression of actin cytoskeleton (phalloidin marked). In FLNBL171R transfected 
ATDC5 (a mutation associated with BD), there were globular accumulations of FLNB and actin with the same local-
ization of the cytoplasm. In FLNBG1586R transfected ATDC5 (a mutation associated with LS), there was no obvious 
FLNB and actin accumulation. WT: wild type; BD: boomerang dysplasia; LS: Larsen syndrome.



Comparative analysis of FLNB missense mutated disease spectrum

1406 Am J Transl Res 2018;10(5):1400-1412

transfected with empty vector, FLNBWT and 
FLNBL171R (Figure 4). Again, there was no differ-
ence in cell migration rate among HEK293  
cells transfected with empty vector, FLNBWT, 
FLNBL171R and FLNBG1586R (Supplementary Fi- 
gure 3).

phy and mineralization [18]. We tried several 
transfection methods, and finally raised the 
transfection rate of FLNB plasmid in ATDC5 
cells. Interestingly, ATDC5 cells did show so- 
me different properties from HEK293 cells. For 
example, changes in cell shapes, migration and 

Figure 3. Apoptosis of ATDC5 cells was analyzed with flow cytometry. Hoechst 
staining was performed for early apoptosis of cells and Propidium Iodide (PI) 
staining was performed for late apoptosis of cells. ATDC5 cells expressing 
FLNBL171R (a mutation associated with BD), presented a significantly higher 
apoptosis rate (C) than ATDC5 cells expressing empty vector (A), FLNBWT (B) 
and FLNBG1586R (a mutation associated with LS) (D). (E) Bar plot of percent-
ages of apoptosis cells in different cell systems. Three experimental repli-
cates were performed. Student’s t-test was used for the statistical analysis. 
All values were compared to Empty vector group. ns: not significant; ***: 
p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05. Error bars indicate 
SD. WT: wild type; BD: boomerang dysplasia; LS: Larsen syndrome.

FLNBG1586R and FLNBL171R 
increased the expression of 
Runx2 and p-Smad3

Several molecular markers in 
osteogenesis were examined 
using Western blotting. Both 
the ATDC5 cells transfected 
with FLNBL171R and those tran- 
sfected with FLNBG1586R had a 
significantly increased expre- 
ssion of Runx2 (Figure 5). 
Besides, the phosphorylated 
Smad3 (phosphorylation site: 
T179, and S423/S425) was 
increased in both ATDC5 cells 
expressing FLNBL171R and tho- 
se expressing FLNBG1586R, whi- 
le the expression of total Sm- 
ad3 was not changed.

Discussion

A proper cell model is a prere- 
quisite for carrying out rigor-
ous cellular and molecular ex- 
periments. Though other re- 
searchers have reveals some 
important pathogenic mecha-
nisms of FLNB missense muta-
tions, those experiments were 
mostly carried out in HEK293 
cells due to the relatively high 
transfection rate of plasmids 
[2, 17]. However, the HEK293 
cell line from the kidney can-
not mimic the skeletal devel-
opmental process. It is thus 
not a proper cell model for 
studies on FLNB, as FLNB is 
histologically specific to the 
skeletal system. On the other 
hand, ATDC5 is a chondrogen-
ic stem cell line, which can be 
induced by insulin to display 
the whole differentiation stag-
es of chondrocyte, including 
initial differentiation, conden-
sation, proliferation, hypertro-
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Figure 4. Transwell assay of ATDC5 cells expressing empty vector, FLNBWT, FLNBL171R and FLNBG1586R. The cells that 
migrated through the membrane and adhered to the lower surface of the membrane were fixed with 4% parafor-
maldehyde and stained with DAPI. For quantification, cells were counted under a microscope in four random fields. 
ATDC5 cells expressing FLNBG1586R (a mutation associated with LS) presented a significantly decreased migration 
rates (D), compared with ATDC5 cells expressing empty vector (A), FLNBWT (B), and FLNBL171R (a mutation associ-
ated with BD) (C). (E) Bar plot of cell migration rates in different cell systems. Three experimental replicates were 
performed. Student’s t-test was used for the statistical analysis. All values were compared to Empty vector group. 
ns: not significant; ***: p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05. Error bars indicate SD. WT: wild type; 
BD: boomerang dysplasia; LS: Larsen syndrome.

apoptosis were only observed in ATDC5 
expressing FLNBL171R and FLNBG1586R, but not in 
HEK293 cells expressing the same mutants. 

This result indicated that some biological and 
pathological functions of FLNB were cell type-
dependent, which explained why FLNB muta-
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Figure 5. The expression of different molecular markers in osteogenesis in 
ATDC5 cells expressing empty vector, FLNBWT, FLNBL171R (a mutation associ-
ated with BD) and FLNBG1586R (a mutation associated with LS), using West-
ern blotting. The level of different proteins was compared relative to GAPDH. 
The expression of Runx2 was increased in both ATDC5 cells expressing 
FLNBL171R and FLNBG1586R. The phosphorylated Smad3 (phosphorylation 
site: T179, and S423/S425) was increased in both ATDC5 cells express-
ing FLNBL171R and those expressing FLNBG1586R, while the expression of total 
Smad3 was not changed compared with ATDC5 cells expressing FLNBWT. 
Three experimental replicates were performed. Student’s t-test was used 
for the statistical analysis. All values were compared to FLNBWT group. ns: 
not significant; ***: p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05. 
Error bars indicate SD. WT, wild type; BD, boomerang dysplasia; LS, Larsen 
syndrome; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

tions solely caused diseases in the skeletal 
system.

Obvious transformation of cellular configura-
tion was observed in ATDC5 cells expre- 
ssing FLNBL171R and FLNBG1586R, compared with 
ATDC5 cells expressing FLNBWT. There was se- 
vere shrinkage of cell size and disappearance 
of lamellipodia in ATDC5 cells expressing 
FLNBL171R, which could be attributed to the de- 

creased actin cytoskeleton su- 
bsequent to the globular agg- 
regation of FLNBL171R and actin. 
The amino acid position of 171 
was located in the actin-bind-
ing domain (ABD) of FLNB. En- 
hanced actin-binding activity 
was firstly reported by Sawyer 
and colleagues’ study on mis-
sense mutations in ABD of 
FLNB by in vitro and in vivo ex- 
periments [19]. The actin cyto-
skeleton mechanically suppo- 
rts the structure of cells, plays 
an important role in cell shap-
ing and is essential for the sur-
vival of most cells [20]. ATDC5 
cells expressing FLNBG1586R pr- 
esent less obvious alteration 
in their shapes, indicating the 
relatively intact actin cytoskel-
eton structure. The amino acid 
position of 1586 was close to 
the Hinge-1 domain of FLNB. 
Hinge-1 is a structure of flexi-
bility which connects two parts 
of different important functi- 
ons in Filamins (FLNs), and its 
deletion has been reported to 
change the mechanosensory 
properties of FLNs [21]. Inste- 
ad of changes in the affinity 
between FLNBG1586R and actin, 
the cellular transformation of 
ATDC5 cells expressing FL- 
NBG1586R was attributed to the 
changed property of nearby 
Hinge-1. Researchers found th- 
at the downstream domains 
beyond Hinge-1 in FLNA were 
involved in mechanical force 
changes and signal transduc-
tion [22, 23]. Thus, we propose 
that FLNB have a similar char-

acteristic in Hinge-1, and its changed pro- 
perty may also affect downstream signaling 
pathways. The alteration of actin cytoskele- 
ton (caused by FLNBL171R) and downstream  
signaling changes (caused by FLNBG1586R) wo- 
uld both change the cellular shaping process  
in endochondral osteogenesis, which may al- 
so alter the migration and apoptosis of ce- 
lls; this will be discussed in the rest of this ar- 
ticle.



Comparative analysis of FLNB missense mutated disease spectrum

1409 Am J Transl Res 2018;10(5):1400-1412

Figure 6. Schematic diagram on how different FLNB mutants lead to oppo-
site phenotypes of BD and LS. Supernumerary ossification centers in LS and 
absence of ossification centers in BD may be resulted from counterbalance 
in mesenchymal cell apoptosis, mesenchymal cell migration and Runx2 ex-
pression. In LS, increased expression of Runx2 may promote the conden-
sation of mesenchymal stem cells, while the decreased cellular migration, 
together with the promoted condensation, could lead to supernumerary os-
sification. In BD, though the expression of Runx2 was also increased, the 
much more increased cellular apoptosis rate might suppress Runx2’s pro-
motion in cellular condensation, and thus lead to decrease or absence of 
ossification centers. ↑, increase; ↓, decrease; ↑↑, increase with more extent; 
-, not changed; BD, boomerang dysplasia; LS, Larsen syndrome.

We propose that the difference in clinical phe-
notypes between LS and BD lies in the differ-
ence in apoptosis process (Figure 6). Actin 
cytoskeleton is essential to cell survival [20]. 
The apoptosis ratio of ATDC5 cells expre- 
ssing FLNBL171R abruptly increased, accompa-
nying its diminished actin cytoskeleton, while in 

ATDC5 cells expressing FL- 
NBG1586R, the apoptosis ratio 
was unchanged, consistent wi- 
th the little changed actin cyto-
skeleton. We suspect that it 
was the increased apoptosis 
that led to the absence of 
some long bones in FLNBL171R 
caused BD patients. In the ver-
tebrate, most of the skeleton 
including the long bones and 
the vertebral columns, are for- 
med and developed through 
the endochondral osteogene-
sis [24], which originate from 
the condensation of mesen-
chymal cells to form ossifica-
tion centers. Condensed mes-
enchymal cells can differen- 
tiate into chondrocytes [25]. 
Once the mineralization of ex- 
tracellular matrix (ECM) and 
terminal hypertrophy occur, 
the chondrocytes undergo 
apoptosis and the cartilagi-
nous structure converts into 
bony structure. Disturbance of 
chondrocyte apoptosis in any 
stages mentioned above can 
affect the procedure of endo-
chondral osteogenesis. Previ- 
ous studies have found an 
increased apoptosis of chon-
drocytes in FLNB-/- mice, how-
ever it was a model for SCT 
[14], which presented pheno-
types opposite to BD. Non-
induced ATDC5 cells have si- 
milar properties of mesenchy- 
mal cells before condensation 
[18]. Thus, the remarkably in- 
creased apoptosis in FLNBL171R 
expressed ATDC5 cells inspir- 
ed us that lethal skeletal hy- 
poplasia and aplasia of long 
bones in BD [6] might be 
caused by disruption or absen- 

ce of ossification center, which might be sec-
ondary to the increased apoptosis of mesen-
chymal cells during embryo development. In 
ATDC5 cells expressing FLNBG1586R, we obser- 
ved no changes of apoptosis ratio of cells. This 
finding is consistent with the clinical pheno-
types of LS, as the hypoplasia in skeletal sys-
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tem in LS is less severe than that in BD. This 
proposal and the underlying mechanism need 
to be verified in further studies.

The up-regulation of Runx2 in both ATDC5 ce- 
lls expressing FLNBL171R and FLNBG1586R obser- 
ved in our research was contradictory to the 
previous reports that Runx2 enhanced the 
endochondral osteogenesis [26]. Runx2, also 
called the core-binding factor (CBF), plays an 
essential role in osteogenesis [27, 28]. In the 
research of Zheng et al. [13], Smad3 was found 
to bind to FLNB protein to prevent Smad3 from 
being phosphorylated, while the free Smad3 
can be phosphorylated. When phosphorylated 
Smad3 entered the nucleus, they interacted 
with both HDAC4 (histone deacetylase 4) and 
Runx2 to form a complex. In such situation, the 
activity of Runx2 can be repressed by HDAC4. 
In our study, although expression of Runx2 was 
increased in both FLNBL171R and FLNBG1586R 
expressed ATDC5 cells, the expression of ph- 
osphorylated Smad3 was also raised, indicat-
ing that the Runx2 activity was repressed  
and endochondral osteogenesis was also sup- 
pressed. 

Runx2 also plays an important role in chon- 
drogenesis (formation of cartilage), which is  
the prerequisite of endochondral osteogenes- 
is. Akiyama et al. found that as ATDC5 cells  
condensed to cartilaginous nodules, and the 
expression of Runx2 increased through the 
whole process until the end of chondrocytic 
maturation [29]. The cellular condensation of 
undifferentiated ATDC5 cells and subsequent 
process were inhibited when dominant nega-
tive form of Runx2 was introduced to the cells. 
Decreased Runx2 inhibited the cellular con- 
densation of ATDC5 cells through PI3K-Akt. And 
treatment of BMP-4 could rescue this inhibition 
by increasing the endogenous expression of 
Runx2. Thus, Runx2 may play a positive role in 
regulation of chondrogenesis. Those previous 
studies inspired us that the obvious increase of 
Runx2 in ATDC5 cells expressing FLNBL171R and 
FLNBG1586R may enhance the cellular conden- 
sation. From this point of view, the supernu- 
merary carpal bones in the LS patients expres- 
sing FLNBG1586R may be caused by increased 
cellular condensation of mesenchymal cells 
during embryonic development (Figure 6). Al- 
so, the absence of long bones in BD patients 
expressing FLNBL171R could be explained by the 
deduction that the sharply increase apoptosis 
offset the enhanced condensation of mesen-
chymal cells.

Increased expression of Runx2 could also 
enhance the migration of ATDC5 cells through 
PI3K-Akt [30]. It was on contrary to the de- 
creased migration of ATDC5 cells expressing 
FLNBG1586R observed in our study. We hypothe-
size that there is a balance between down-reg-
ulation of mutant FLNB and up-regulation of 
Runx2 in the migration of ATDC5 cells. Actin 
cytoskeleton plays an important role in cellular 
migration [31]. In ATDC5 cells expressing 
FLNBG1586R, the actin cytoskeleton affected by 
FLNBG1586R could possibly diminish the cellu- 
lar migration activity to an extent more than 
Runx2’s up-regulation in cellular migration, 
because of a more direct effect of FLNBG1586R 
on actin cytoskeleton. Although FLNBL171R may 
also decrease the migration of ATDC5 cells, 
this process could be counterbalanced by the 
Runx2’s up-regulation in cellular migration, 
because most FLNBL171R and F-actin, abnor- 
mally accumulated in cells, failed to function 
properly in cellular migration. Additionally, the 
paradox between accessory ossifications and 
hypoplasia of vertebrae column in LS [32] indi-
cated a complicated counterbalance between 
decreased migration and cellular condensation 
of mesenchymal cells in the initial stage of 
osteogenesis of LS. 

There are also limitations to this study. First, we 
only picked two mutation sites from BD and LS 
respectively to do in-vivo experiments. Further 
experiments should be applied to more muta-
tion sites from autosomal dominant spectrum 
of FLNB-mutated diseases, to examine if the 
phenomena found in this study were universal. 
Second, cell models cannot represent the com-
plete activities in the real developmental pro-
cess. Thus, our group is now working on estab-
lishing an LS mouse model, to better unders- 
tand the pathogenesis of FLNB missense mu- 
tations in skeletal malformations (unpublished 
data). Last, we transfected the mutated FLNB 
plasmids into ATDC5 cells, while the wildtype 
copy of endogenous FLNB gene was still active. 
However, this may not affect the comparison 
among groups, as the amount of endogenous 
wildtype FLNB was constant among different 
groups. 

In this study, we brought forth the hypothesis 
that different missense mutated FLNBs lead  
to different phenotypes of skeletal malforma-
tions through the counterbalance of their 
effects on cell shape, apoptosis, migration and 
the downstream signaling. With ATDC5 cells 
transfected with FLNBL171R and FLNBG1586R, we 
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simulated initial endochondral osteogenesis 
respectively in BD and LS, which are at two 
extremes of the spectrum of FLNB missense 
mutation-associated diseases. We sketched 
the scenario of how missense FLNB mutations 
took part in the skeletal malformations. For the 
next step, mutations associated with AO-I and 
AO-III, which present malformations overlap-
ping BD and LS, will be verified with the same 
procedure in ATDC5 cells to complete the sce-
nario. All these findings derived from the ATDC5 
cell model should be further verified with ani-
mal models.
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Supplementary Figure 1. FLNB, FLNBG1586R and FLNBL171R were transfected into HEK293 cells. Accumulation of 
FLNB-actin in HEK293 cells was visualized with confocal immunofluorescence microscopy. Nuclei were marked 
with Hoechst dye. In HEK293 cells expressing FLNBWT and FLNBG1586R (a mutation associated with LS), FLNB (EGFP 
marked) was evenly distributed within the cytoplasm demonstrating a fine meshwork, consistently with the ex-
pression of actin cytoskeleton (phalloidin marked). HEK293 cells expressing FLNBG1586R demonstrated no obvi-
ous changes in cell shape. However, in HEK293 cells expressing FLNBL171R (a mutation associated with BD), there 
showed a globular accumulation of FLNB. WT: wild type; BD: boomerang dysplasia; LS: Larsen syndrome.
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Supplementary Figure 2. Apoptosis of HEK293 cells was analyzed with flow cytometry. Hoechst staining was per-
formed for early apoptosis of cells and Propidium Iodide (PI) staining was performed for late apoptosis of cells. 
There were no significant differences in apoptosis ratio among HEK293 cells expressing empty vector (A), FLNBWT 
(B), FLNBL171R (a mutation associated with BD) (C) and FLNBG1586R (a mutation associated with LS) (D). (E) Bar plot of 
percentages of apoptosis cells in different cell systems. Three experimental replicates were performed. Student’s 
t-test was used for the statistical analysis. All values were compared to Empty vector group. ns: not significant; ***: 
p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05. Error bars indicate SD. WT: wild type; BD: boomerang dys-
plasia; LS: Larsen syndrome.



Comparative analysis of FLNB missense mutated disease spectrum

3 

Supplementary Figure 3. Transwell assay of HEK293 cells expressing empty vector, FLNBWT, FLNBL171R and FLN-
BG1586R. The cells that migrated through the membrane and adhered to the lower surface of the membrane were 
fixed with 4% paraformaldehyde and stained with DAPI. For quantification, cells were counted under a microscope 
in four random fields. There was no significant difference in cell migration rates among HEK293 cells expressing 
empty vector (A), FLNBWT (B), FLNBL171R (a mutation associated with BD) (C), and FLNBG1586R (a mutation associated  
with LS) (D). (E) Bar plot of cell migration rates in different cell systems. Three experimental replicates were per-
formed. Student’s t-test was used for the statistical analysis. All values were compared to Empty vector group. ns: 
not significant; ***: p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05. Error bars indicate SD. WT: wild type; 
BD: boomerang dysplasia; LS: Larsen syndrome.


