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predisposing factor for the occurrence of UPD(14)pat,!'"1¢ such a
possible chromosomal effect has been excluded in nearly all patients
examined in this study.

The relative frequency of underlying causes has also been reported
in other imprinting disorders.®7"1° The data are summarized in
Table 2 (a similar summary has also been reported recently by
Hoffmann et al).!® In particular, the results in patients with normal
karyotype are available in Prader-Willi syndrome (PWS).® Further-
more, PWS is also known to be caused by UPD, microdeletions, and
epimutations affecting a single imprinting region,®!° although Silver-
Russell syndrome and Beckwith-Wiedemann syndrome (BWS) can
result from perturbation of at least two imprinted regions,'”!® and
BWS and Angelman syndrome can occur as a single gene disorder.!”?
Thus, it is notable that the relative frequency of underlying causes is
quite different between patients with UPD(14)pat-like phenotype and
those with PWS.3° This would primarily be due to the presence of
low copy repeats flanking the imprinted region on chromosome 15,
because chromosomal deletions are prone to occur in regions harbor-
ing such repeat sequences.’® Indeed, two types of microdeletions
mediated by such low copy repeats account for a vast majority of
microdeletions in patients with PWS,2! whereas the microdeletions
identified in patients with UPD(14)pat-like phenotype are different to
each other. This would explain why microdeletions are less frequent
and UPD and epimutations are more frequent in patients with
UPD(14)pat-like phenotype than in those with PWS.

Advanced maternal age at childbirth was predominantly observed
in the MR/PE subtype. This may imply the relevance of advanced
maternal age to the development of MR-mediated UPD(14)pat,
because the generation of nullisomic oocytes through M1 non
disjunction is a maternal age-dependent phenomenon.?? Although
no paternal age effect was observed, this is consistent with the previo
data indicating no association of advanced paternal age with a meio
error.2? For the maternal age effect, however, several matters sho
pointed out: (1) the number of analyzed patients is small

pat, but not
t is impossible

Table 2 Relative frequency of eﬁe

and maternal age-independent M2 non-disjunction in the MR and
GC subtypes (however, GC must be extremely rare, because it requires
the concomitant occurrence of a nullisomic oocyte and a disomic
sperm); (4) of the TR/GC subtype, the advanced maternal age is a risk
factor for the generation of GC-mediated UPD(14)pat, but not for the
development of TR-mediated UPD(14)pat; and (5) if a cryptic
recombination(s) might remain undetected in some patients with
apparently full isodisomy, this argues that such patients actually have
TR- or GC-mediated UPD(14)pat rather than MR- or PE-mediated
UPD(14)pat. Thus, further studies are required to examine the
maternal age effect on the generation of MR-mediated UPD(14)pat.
In addition, while a relationship is unlikely to exist between advanced
maternal age and microdeletions and epimutations, this notion would
also await further investigations.

Such a maternal age effect is also expected in the TR/GC subtype
maternal UPDs after M1 non-disjunction, because the generation of
disomic oocytes through M1 non-disjunction is also a maternal age-
dependent phenomenon.” Indeed; such a maternal age effect has been
shown for PWS patients with aryotype; the maternal age at
childbirth was significantly hig] tients with heterodisomy for a
very pericentromeric  regi dicative of TR/GC subtype
UPD(15)mat after M sjunction than in those with other

rgue for maternal age effect on the development of
PDs. However, in the previous studies on maternal UPDs

- of patients with UPD(14)mat phenotype have been reported
he literature (reviewed in reference Hoffmann et al),1% we could
entify only six UPD(14)mat patients with normal karyotype in
whom maternal age at childbirth was documented and microsatellite
analysis was performed.25‘3° Furthermore, the microsatellite data are
insufficient to identify the subtype of UPD(14)mat and to distinguish
between M1 and M2 non-disjunction in the TR/GC subtype. Thus,
while the maternal age at childbirth may be advanced in five patients
with apparently TR/GC-mediated UPD(14)mat (27, 35, 37, 41, and 44
years)?>272%30 (the maternal age at childbirth in the remaining one

mechanisms in imprinting disorders

UPD(1

ike phenotype BWS SRS AS PWS
Uniparental disomy 65.4% 16% 10% 3-5% 25% (25%)
UPD(14)pat UPD(11)pat (mosaic) UPD(7)mat UPD(15)pat UPD(15)mat
Cryptic deletion 19.2% Rare —_ 70% 70% (72%)
Cryptic duplication — — Rare — —
Epimutation
Hypermethylation 15.4% 9% — — 2-5% (2%)
Affected DMR IG-DMR/MEG3-DMR H19-DMR — - SNRPN-DMR
Hypomethylation — 44% >38% 2-5% —
Affected DMR KvDMR1 HI19-DMR SNRPN-DMR
Gene mutation — 5% — 10-15% —_
Mutated gene CDKNIC UBE3A
Unknown 25% >40% 10%
Reference This study 15 16 17 8,17

Abbreviations: AS, Angelman syndrome; BWS, Beckwith-Wiedemann syndrome; PWS, Prader-Willi syndrome; SRS, Silver-Russell syndrome.
Patients with abnormal karyotypes are included in BWS and AS, and not included in SRS. In PWS, the data including patients with abnormal karyotypes are shown, and those from patients with

normal karyotype alone are depicted in parentheses.
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patient with apparently MR/PE-mediated UPD(14)mat is 40 years),?®
the notion of a maternal age effect awaits further investigations for
UPD(14)mat.

Finally, it appears to be worth pointing out that methylation
analysis invariably revealed hypermethylated DMR(s) in all the 26
patients who were initially ascertained because of bell-shaped thorax
with coat-hanger appearance of the ribs. This indicates that methyla-
tion analysis of the DMRs can be utilized for a screening of this
condition, and that the constellation of clinical features in the
UPD(14)pat-like phenotype, especially the bell-shaped thorax with
coat-hanger appearance of the ribs, is highly unique to patients with
UPD(14)pat-like phenotype.

In summary, this study confirms the relative frequency of under-
lying genetic causes for the UPD(14)pat phenotype and reveals the
relative frequency of UPD(14)pat subtypes. Furthermore, the results
emphasize the difference in the relative frequency of underlying
genetic causes among imprinted disorders, and may support a possible
maternal age effect on the generation of the nullisomic oocyte
mediated UPD(14)pat. Further studies will permit a more precise
assessment on these matters.
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SHORT COMMUNICATION

Androgenetic/biparental mosaicism in a girl with
Beckwith—-Wiedemann syndrome-like and

upd(14)pat-like phenotypes

Kazuki Yamazawal?®, Kazuhiko Nakabayashiz, Kentaro Matsuoka®, Keiko Masubara!, Kenichiro HataZ,

Reiko Horikawa* and Tsutomu Ogata!

This report describes androgenetic/biparental mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methylation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocytes. Consequently, she was found to have an androgenetic 46,XX cell lineage and a
normal 46,XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil fissues. It is likely that, after a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus
and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. It appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.

Journal of Human Genetics (2011) 56, 91-93; doi:10.1038/jhg.2010.142; published online 11 November 2010

Keywords: androgenesis; Beckwith-Wiedemann syndrome; mosaicism; upd(14)pat

INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.1> However, a human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.>”7 All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage. 4

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth
weight was 3730¢ (+4.8s.d. for gestational age), and her length
456cm (+0.7s.d.). The placenta weighed 1040g (+7.3s5.d.).% She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),!® although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS® (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.

" On the last examination at 4 years of age, she showed postnatal growth

failure and severe developmental retardation.

1Department of Molecular Endocrinology, National Research Institute for Child Health and Development, Tokyo, Japan; 2Department of Maternal-Fetal Biology, National Research
Institute for Child Health and Development, Tokyo, Japan; 3Division of Pathology, National Medical Center for Children and Mothers, Tokyo, Japan and *Division of Endocrinology

and Metabolism, National Medical Center for Children and Mothers, Tokyo, Japan

5Current address: Department of Physiology, Development & Neuroscience, University of Cambridge, Cambridge, UK.
Correspondence: Dr T Ogata, Department of Molecular Endocrinology, National Research Institute for Child Health and Development, 2-10-1 Ohkura, Setagaya, Tokyo 157-8535,

Japan.
E-mail: tomogata@nch.go.jp

Received 9 September 2010; revised 18 October 2010; accepted 22 October 2010; published online 11 November 2010

— 141 —



Androgenetic/biparental mosaicism
K Yamazawa et al

92

MOLECULAR STUDIES

This study was approved by the Institutional Review Board Commit-
tee at the National Center for Child health and Development, and
performed after obtaining informed consent.

Methylation analysis

We first performed bisulfite sequencing for the HI9-DMR (differen-
tially methylated region) and KvDMR1 as a screening of BWS! 42 and
that for the IG-DMR and the MEG3-DMR as a screening of
upd(14)pat,!® using leukocyte genomic DNA. Paternally derived
clones were predominantly identified for the four DMRs examined
(Figure 1la). We next performed combined bisulfite restriction analysis
for multiple DMRs, as reported previously.!® All the autosomal
DMRs exhibited markedly skewed methylation patterns consistent
with predominance of paternally inherited clones, whereas the XIST-
DMR on the X chromosome showed a normal methylation pattern
(Figure la).

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 90 loci with high hetero-
zygosities in the Japanese population.! Major peaks consistent with
paternal uniparental isodisomy and minor peaks of maternal origin
were identified for at least one locus on each chromosome, with the
minor peaks of maternal origin being more obvious in tongue and

tonsil tissues than in leukocytes (Figure 1b and Supplementary
Table 2). There were no loci with three or four peaks indicative of
chimerism. The frequency of the androgenetic cells was calculated
as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Supplementary Methods).

Expression analysis
We examined SNRPN expression, because SNRPN showed strong
expression in leukocytes (for details, see Supplementary Data).
SNRPN expression was almost doubled in the leukocytes of this
patient (Figure 1c).

DISCUSSION

These results suggest that this patient had an androgenetic 46,XX cell
lineage and a normal 46,XX cell lineage. In this regard, both the
androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
genome of paternal origin and that of maternal origin were identified
in this patient by genome-wide microsatellite analysis. Thus, it is likely
that after a normal fertilization between an ovum and a sperm,
the paternally derived pronucleus alone, but not the maternally
derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11pl15.5,
and those for the 1G-DMR and the MEG3-DMR on 14q32.2. Each line indicates a single clone, and each circle denotes a CpG dinucleotide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The H19-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.!%!! Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum - minimum) in leukocyte
genomic DNA of 20 normal control subjects (the X/ST-DMR data are obtained from 16 control females). (b} Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (c) Relative expression level (mean £s.d.) of SNRPN. The data are normalized against 7BP.
SRS: an SRS patient with an epimutation (hypomethylation) of the H19-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19-
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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Endoreglication

Hitotic division of
paternal pronucieus

Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucleus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.>'>!® The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1).3~7
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14q32.2 is involved in
placentomegaly™!”), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11p15.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trams-acting
regulatory mechanisms!®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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TO THE EDITOR:

Hallermann—Streiff syndrome (HSS) is characterized by premature
aging, dyscephaly, hypotrichosis, microphthalmia, early-onset cat-
aracts, a small pinched nose, micrognathia, and a proportionate
short stature [Cohen, 1991]. HSS is a relatively rare condition: one
survey of 27,472 newborns revealed only a single case of HSS
[Higurashi et al., 1990]. After over five decades since its initial
description, about 150 cases of HSS have been described in the
literature; nevertheless, the genetic basis for this condition remains
unknown. Most cases of HSS occur sporadically with no sex
predilection. No cases of parent-to-child transmission have
been reported except in one family [Koliopoulos and
Palimeris, 1975], in which the diagnosis was challenged in an
authoritative review of HSS [Cohen, 1991]. The extreme rarity of
parent-to-child transmission suggests that HSS is transmitted in
an autosomal recessive manner or that HSS represents an autoso-
mal dominant disorder with markedly diminished reproductive
fitness.

To date, a limited amount of information is available on the
reproductive success of individuals with HSS. Previous reports of
successful pregnancies in three female patients with HSS [Hendrix
and Sauer, 1991; Cabral et al., 1994; Shiomi et al., 1999] in addition
to one patient who was very briefly mentioned as having “two
perfectly normal children” [Ponte, 1962] suggest the potential
reproductive capacity of female patients. Here, we report a patient
with HSS, who became pregnant and delivered unaffected children.
Furthermore, a follow-up evaluation of a previously reported child
born to an HSS female patient [Shiomi etal., 1999] revealed normal
growth and development and is reported herein.

© 2011 Wiley-Liss, Inc.
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Patient 1

A 41-year-old woman was born to an 18-year-old mother at
41 weeks of gestation. Her birth weight was 3,050 g, her length was
49 cm, and her head circumference was 32 cm. Bilateral mandibular
central incisors erupted at the age of 3 months. Respiratory distress
occurred frequently during breastfeeding. At the age of 2 years, she
was diagnosed as having HSS at the time of a cataract operation. At
the age of 2 years and 9 months, her weight was 9,500 g, and her
height was 83 cm. She had mild hypotrichosis, micrognathia, a
narrow and highly arched palate, and atrophy of the skin. Menarche
occurred at 13 years of age. At the age of 20 years, she became
pregnant without the help of assisted reproductive technology. At
age 21 years, she delivered an unaffected boy at 39 weeks of gestation
after an uneventful pregnancy. The delivery was made by caesarean
because of cephalopelvic disproportion. The birth weight of the
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child was 2,830 g, the length was 47 cm, and the head circumference
was 32 cm all above the 10th centile. At that time, the patient’s
weight was 48 kg and her height was 143.7 cm (—2.5 SD). At age
25 years, she delivered an unaffected girl at 38 weeks of gestation
after an uneventful pregnancy; the delivery was again by caesarean.
The birth weight of the second child was 2,600 g, the length was
48 cm, and the head circumference was 31.5 cm. Her children are
now 20 years and 16 years old, show no signs of HSS, and are
healthy. The patient has suffered from glaucoma since the age of
35 years and has undergone three trabeculectomies. She also
complains of general fatigue, palpitation, and obstructive sleep
apnea, but these symptoms are not severe. Her present weight is
40kg, and her height is 144 cm (—2.7 SD) (Fig. 1).

Patient 2

This patient was previously reported in a respiratory medicine
journal in an article discussing the aggravation of obstructive sleep
apnea during pregnancy [Shiomi et al., 1999]. Supplementary,
corrected, and updated information was gathered with regard to
the reproductive capacity of patients with HSS (Fig. 1).

A 38-year-old woman was born to a 24-year-old motheranda 31
-year-old father at 41 weeks of gestation. Her birth weight was
3,100 g, her length was 50 cm, and her head circumference was
31 cm. She was diagnosed as having HSS based on the development
of cataracts, growth retardation, and dysmorphic features including
brachycephaly, hypotrichosis, micrognathia, thin and pointed
small nose, and high-arched palate. She suffered from glaucoma,
anemia, chronic headache, and chronic neck and back pain. Men-
arche occurred at 15 years of age. At the age of 25 years, she became
pregnant without the help of assisted reproductive technology. At
the age of 26 years, she delivered a boy at 33 weeks of gestation.
Recontact with the patient revealed that the gestational age at the

time of delivery was 33 weeks, and not 36 weeks as originally
reported by Shiomi et al. [1999]. The delivery occurred by caesarean
because of impending obstructive sleep apnea, symphysiolysis, and
breech presentation. The birth weight of the infant was 1,760 g
(—0.6 SD, appropriate size for 33 weeks of gestation), the infant’s
length was 38 cm, and the head circumference was 30 cm. In the
original report by Shiomi et al. [1999] the child was described as “a
low birth weight infant” but no phenotypic information was given.
Follow-up of the child revealed that he is presently 12 years old and
has exhibited normal growth and development without any signs of
HSS.

Here, we have reported on two patients with the classic features
of HSS who became pregnant without the help of assisted repro-
ductive technology, such as in vitro fertilization, and delivered
phenotypically normal offspring. To better characterize the preg-
nancy histories of patients with HSS, we tabulated the clinical
features of Patient 1 and Patient 2 together with those of three
previously reported female patients with successful pregnancies
(TableI). The table, which was constructed based on a retrospective
review, does not prove, but suggests, that reproductive fitness may
not be significantly impaired in female patients with HSS. On the
other hand, it is unclear why only a limited number of individuals
with HSS have been reported to bear children. Possible reproduc-
tive problems could be related to biological or sociological issues.
To estimate the reproductive fitness in a quantitative manner, the
number of children born to female HSS patients needs to be
counted prospectively among patients who are planning to bear
children.

None of the seven children born to mothers with HSS were
affected. IfHSS indeed represents an autosomal dominant disorder,
a few affected children would carry the trait unless they die in utero.
The lack of affected children does not exclude a dominant mode of
inheritance, but certainly makes a dominant mode of inheritance
less likely. On the other hand, the extreme rarity of sibling cases with
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HSS does not favor a recessive mode of inheritance. Hence, the
mode of inheritance remains unknown.

Since, HSS is characterized by premature aging, the mean age of
delivery represents relevant information for female patients in
terms of family planning. The mean age at the time of delivery
among the four pregnancies in which the maternal age was known
was 26.0 years. The intrauterine growth of the fetuses was age
appropriate among the four pregnancies in which the birth weight
was known; thus, the placental function of the affected mothers
seems to have been maintained. Among the five pregnancies in
which the gestational age at the time of delivery was known, four
pregnancies lasted until at least 38 weeks, and cephalopelvic dis-
proportion was thus anticipated. Indeed, among the five pregnan-
cies in which the mode of delivery was known, all the pregnancies
ended in delivery by caesarean section, presumably because of
cephalopelvic disproportion associated with a short stature. Since
a caesarean often requires general anesthesia and patients with HSS
tend to have upper airway problems during and after general
anesthesia, anticipatory anesthetic management is essential.

In summary, we report on two female patients with HSS who
successfully became pregnant and delivered normal children. Doc-
umentation of the reproductive success of these patients further
supports the potential reproductive capacity of women with HSS.
This information will be valuable for individuals with HSS who are
of child-bearing age and are making reproductive decisions.
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Introduction

Filamin proteins interact with the cytoskeleton by binding to fila-

mentous actin (F-actin), and have the potential, through dimerisa-

Additional Supporting Information may be found in the online version of this article.  tion, to crosslink actin fibrils [Cunningham etal., 1992; Hartwigand
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Health, Dunedin School of Medicine, Otago University, Dunedin 9054, New Zealand.  three filamin genes (FLNA; MIM# 300017, FLNB; MIM# 603381,
E-mail: stephen.robertson@otago.ac.nz and FLNC;, MIM# 102565) with distinct expression patterns, but
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producing highly homologous proteins. In all three proteins, there
is an amino terminal actin-binding domain (ABD), followed by 15
immunoglobulin-like filamin repeats (also referred to as rod do-
main 1), an hinge region (termed hinge 1), then eight more filamin
repeats (rod domain 2), a second hinge region, and a final filamin
repeat that mediates dimerisation.

Mutations in FLNB, the gene encoding filamin B (FLNB), cause
a group of skeletal dysplasias, an observation that is consonant with
expression of this protein in epiphyseal growth plate chondrocytes
[Krakow et al., 2004]. Two broad groups of FLNB-related skeletal
conditions can be defined on the basis of their clinical presentation
and genetic etiology. Homozygosity or compound heterozygosity
for null alleles results in the recessive condition spondylocarpotarsal
syndrome (SCT; MIM# 272460), which features fusion of the verte-
bral, carpal, and tarsal bones. The phenotype observed for Flnb-null
mice is consistent with the clinical features of SCT [Farrington-Rock
et al., 2008; Lu et al., 2007; Zheng et al., 2007; Zhou et al., 2007].
A range of autosomal dominant diseases is caused by missense mu-
tations or small in-frame deletions or insertions in FLNB. These
phenotypes include atelosteogenesis I and III (AOI; MIM# 108720
and AOIIL; MIM# 108721) and boomerang dysplasia (BD; MIM#
112310) that are severe disorders in which bones are either under-
modeled or have failed to initiate ossification [Bicknell et al., 2005;
Farrington-Rock et al., 2006]. Whereas AOIII is survivable in a mi-
nority of individuals, AOI and BD invariably present with in utero
lethality. The least severe phenotype is Larsen syndrome (LS; MIM#
150250), which features joint dislocations and malformations of the
cervical spine as well as supernumerary carpal and tarsal ossification
centers [Bicknell et al., 2007].

A group of skeletal disorders with some phenotypic similarities
to the FLNB group of disorders has also been linked to clustered
missense mutations in the paralogous gene FLNA, which encodes the
protein filamin A [Robertson et al., 2003]. Some of these mutations
occur at amino acids homologous to those causing the LS-AO-BD
spectrum of conditions in FLNB. Similar to FLNB, these diseases are
clinically distinct from the disease resulting from loss-of-function
mutations in FLNA [Robertson, 2005].

How some missense mutations in FLNA and FLNB lead to skele-
tal disease is uncertain. The ability to crosslink F-actin indicates
a structural role in the cytoskeleton, but interactions detected with
dozens of other proteins including integrins, transmembrane recep-
tors, and transcription factors also suggest a role in scaffolding me-
diators of multiple other cellular processes [Nakamura et al., 2011].
Latterly, a role for filamins in mechanosensation has also been es-
tablished with evidence accumulating that filamin A has the ability
to convert biomechanical stress sensed via integrins into a chemi-
cal signal mediated by small GTPases [Ehrlicher et al., 2011]. The
prominent skeletal phenotypic manifestations of the dominantly
inherited LS-AO-BD disorders also raise the possibility that disrup-
tion of the mechanosensory properties of filamins may relate to the
pathogenesis of these developmental conditions [Mammoto and
Ingber, 2010]. Filamin-integrin interactions can be modulated by
extrinsic force [Ehrlicher et al., 2011; Kiema et al., 2006b; Lad et al.,
2007b] and deletion of hinge 1, the structure that confers flexibility
to the filamin rod domain, thereby altering the mechanosensory
properties of these proteins [Gardel et al., 2006]. It is conceivable
therefore that filamin-actin binding may be physiologically modu-
lated to achieve the same end and that gain-of-function missense
mutations in FLNA [Clark et al., 2009] and FLNB [Sawyer et al.,
2009] may impact on cellular mechanotransduction by conferring
an increase in actin-filamin avidity. Relevant to these many cellular
roles, actin-bound filamin transitions between many cellular com-
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partments including the cortical cytoskeleton, actin stress fibers, and
a newly recognized perinuclear structure called the actin cap [Gay
et al,, 2011]. Although some modulators of actin-filamin binding
have been identified [Nakamura et al., 2005], a comprehensive un-
derstanding of the in vivo regulation of actin-filamin transitions is
still lacking.

The ABD of filamins comprises two calponin homology subdo-
mains (CH1 and CH2) arranged in tandem. The CH2 is proposed
to regulate F-actin binding mediated by CH1 [Lorenzi and Gimona,
2008], a model supported by the observation that deletion of CH2
from ABD constructs leads to focal accumulation of these proteins
bound to actin, [Lorenzi and Gimona, 2008]. Significantly, missense
mutations in the ABD of FLNB that lead to the LS-AO-BD spectrum
of conditions occur only in CH2 and not CH1 [Bicknell et al., 2007;
Farrington-Rock et al., 2006; Krakow et al., 2004]. These mutations
confer an increased avidity to the actin-filamin binding interaction
[Sawyer et al., 2009] providing strong evidence for dysregulation of
actin-filamin interactions as the key mechanism underlying these
conditions.

Here the cytoskeletal consequences of dominant missense muta-
tions in FLNB that lead to the LS-AO-BD spectrum of conditions
is studied by cataloguing the distribution of mutations that lead to
these disorders over the gene and examining the effect of expressing
full length GFP-labeled mutation-containing FLNB on its intracel-
lular distribution and actin cytoskeletal architecture. We conclude
that the nonrandom clustering of LS-AO-BD disease-causing mu-
tations is indicative of at least two pathogenic mechanisms of gen-
erating these disease phenotypes; one of which relates to enhanced
actin binding and bundling and the other possibly dysregulating the
function of hinge 1.

Methods and Materials

Human Subjects and Mutation Detection

All subjects were ascertained by physician-initiated referral and
consented to participate under an institutional protocol approved by
the Otago Ethics Committee. The clinical and radiographic pheno-
types were reviewed by one of us (SR) to ensure the diagnoses were
correctly assigned according to previously published criteria [Bick-
nell et al., 2007; Farrington-Rock et al., 2006]. The exon and intron—
exon boundaries of FLNB were amplified by polymerase chain re-
action (PCR) using previously published primers [Krakow et al.,
2004] and subjected to denaturing high performance liquid chro-
matography (DHPLC) using the WAVE platform (Transgenomic,
Omaha, NE) or using direct sequencing on an ABI3100 capillary
sequencer as previously described [Bicknell et al., 2007]. Nucleotide
numbering reflects cDNA numbering with +1 corresponding to the
A of the ATG translation initiation codon in the reference sequence
NM_001457.3. For protein numbering, the initiation codon is de-
noted codon 1. Mutations are referred to in the text by the inferred
amino acid substitution.

Plasmid Constructs

The full-length FLNB cDNA clones used in these studies (pCMV-
FLNB and pCMV-FLNB-EGFP) were assembled by PCR from M2
melanoma cell line ¢cDNA and pCI-FLNB-EGFP [van der Flier
et al., 2002], in the expression vector pCR3.1(-) (Invitrogen, Carls-
bad, CA). The clones are concordant with reference sequence
NM_001457.3. PCR mutagenesis was performed using forward and
reverse oligonucleotide primers containing the single-nucleotide
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alteration, paired with 5’ and 3’ external primers. Products were sub-
cloned into pPCMV-FLNB or pCMV-FLNB-EGFP using the restric-
tion enzymes Xbal {in pCR3.1[-]) and BamHI (NT 2175). Primers
and further details are available on request.

For mutations in repeat 6 (p.Gly751Arg), repeat 14
(p-Ser1602Pro), and repeat 15 (p.Pro1699Ser), subcloning was per-
formed using the BamHI (NT 2176) and Sacll (NT 6195) sites. The
presence of expected mutations was confirmed by sequencing over
the subcloned regions, and two or more independent clones for
each mutant were compared in transfection experiments. All PCR
was carried out with Pwo polymerase (Roche Diagnostics GmbH,
Mannheim, Germany).

Transfection

HEK293 cells were grown in DMEM + 10% FCS. For transfec-
tion, cells were seeded in 24-well plates at 20,000 cells per well
on gelatin-coated coverslips. Transfection was performed the fol-
lowing day with 200 ng of DNA and 0.6 pl of Fugene (Roche)
per well. Cells were analyzed at 48 hr post-transfection. The DsRed-
monomer-actin construct (Clontech, Mountain View, CA) was used
in cotransfections at 20 ng per well cotransfected with 80 ng of
FLNB expression construct per well. M2 cells were grown in alpha
MEM + 8% NCS and 2% FCS. For transfection, cells were seeded
in 24-well plates at 50,000 cells per well on gelatin-coated cover-
slips. Antibiotic-free media was used for pretransfection plating.
Transfection was carried out either immediately with the cells in
suspension, or the following day with 400 ng of DNA and 1 pl of
Lipofectamine 2000 (Invitrogen) per well. Cells were used at 48 hr
post-transfection. DNA used in transfections was prepared using
either maxiprep kits (Qiagen, Hilden, Germany) or alkaline lysis
minipreps further purified with Qiagen PCR purification columns.

Immunodetection and Imaging

Cells on coverslips were fixed with 1% paraformaldehyde in PBS
for 5 min and then rinsed once in PBS. For imaging of EGFP
constructs, cells were incubated with 10pug/ml 4)6-diamidino-2-
phenylindole (DAPI) for 10 min. Coverslips were rinsed in 0.1 x PBS
and mounted inverted on slides with Glycergel (Dako, Glostrup,
Denmark). For immunocytochemistry, cells were permeabilized
with PBS containing 0.2% triton X-100 and 5% bovine serum albu-
min (BSA) and rinsed once in PBS. Primary antibodies were applied
in PBS + 1% BSA at the following concentrations: Rabbit polyclonal
anti-FLNB (AB9276; Chemicon, Temecula, CA) at 1:400 dilution;
mouse monoclonal anti-FLNA (MAB1678, Chemicon) at 1:1,000
dilution.

To visualize the actin cytoskeleton, Alexafluor 350-phalloidin
(Molecular Probes, Eugene, OR) was applied to permeabilized BSA-
blocked cells at a concentration of 1 unit in 250 ul of PBS + 1%
BSA for 30 min. Cells were incubated 30 min and then rinsed
twice for 3 min with PBS. Secondary antisera (goat anti-rabbit
IgG-Alexafluor594 conjugate or goat antimouse IgG Alexafluor488
conjugate, (Molecular Probes)) were applied at 1:400 dilution in
PBS +1% BSA for 30 min followed with two rinses of PBS, 3 min
each. Cells were stained with DAPI and mounted as described above.
Analysis and image capture was performed on a Zeiss Axioplan
microscope fitted with a 1.39 megapixel CCD camera (Diagnos-
tic Instruments, Sterling Heights, MI). Images were captured and
processed with Spot 4.6 (Diagnostic Instruments) and Adobe Pho-
toshop 10.0 software (Adobe Systems Incorporated, San Jose, CA).

Western blots were carried out with rabbit anti-GFP antisera
(Invitrogen) at 1:100 dilution.
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Results

Distribution of Mutations Underlying the LS-AO-BD
Spectrum of Disorders

Genomic DNA samples obtained from 67 patients with a diag-
nosis of LS, AOI/IIL, or BD had a causative mutation found by
sequencing of all exons and intron—exon boundaries of FLNB. The
mutations found in these individuals together with those previously
reported to underlie these phenotypes [Bicknell et al., 2005; Bicknell
et al., 2007; Farrington-Rock et al., 2006; Krakow et al., 2004] are
reported in Table 1. Criteria for determination of pathogenicity for
mutations included segregation with the phenotype, a demonstra-
tion that the causative variant had arisen de novo in the context of
sporadic disease in the offspring of otherwise healthy parents and
alteration of evolutionarily conserved residues in the parent protein
as previously described (ibid).

As previously noted for these conditions, all mutations (1 = 72)
were either missense mutations or small in-frame deletions that
are predicted to preserve the reading frame and production of full-
length protein. Figure 1A depicts the distribution of these mutations
mapped onto the corresponding domains of the FLNB protein. Mu-
tations leading to these disorders are distributed in a highly non-
random fashion with clusters of mutations found in exons encoding
the CH2 portion of the ABD and repeats 14 to 17, flanking hinge 1.
Mutations leading to phenotypes spanning the full range of severity
were found represented in both mutation clusters, with the excep-
tion of BD, which is caused solely by substitutions within CH2.

Detailed analysis of the distribution of mutations in the CH2
subdomain demonstrated that although some mutations were ob-
served recurrently, substitutions with pathogenic outcomes were
distributed widely over the entirety of CH2 (Fig. 1B). A similar
analysis of mutations in FLNA that lead to a spectrum of skele-
tal dysplasias called the otopalatodigital syndrome spectrum dis-
orders showed a similar distribution of mutations within the CH2
subdomain [Robertson, 2005]. This observation indicates that the
pathogenic effect conferred by amino acid substitutions with the
CH2 subdomain of these proteins can be conferred by a broad range
of mutations affecting this localized region of the molecule and sug-
gests a pathophysiological mechanism analogous to the functional
inactivation of the CH2 subdomain in the absence of significant
structural disruption [Sawyer et al., 2009]. The actin-binding activ-
ity within the ABD is known to reside with CH1 although the pres-
ence of a CH2 subdomain in tandem with this subdomain appears
to modulate actin-binding activity [Lorenzi and Gimona, 2008].
Consequently, the effect of these naturally arising substitutions was
examined by transfection and expression of constructs bearing a
selection of these mutations in HEK293 and in M2 cells, a cell line
that lacks endogenous FLNA expression.

BD Mutation p.Ser235Pro Results in Cytoplasmic Focal
Accumulations

When full-length FLNB is expressed in HEK293 cells, it is exten-
sively distributed within the cytoplasm (Fig. 2A, panels a and d).
This distribution has the appearance of a fine meshwork, consistent
with binding to the actin cytoskeleton. This is in contrast to endoge-
nous FLNB in untransfected cells (Supp. Fig. S1), which has a less
even distribution featuring distinct accumulations in perinuclear
areas. The ectopic FLNB distribution resembles that of endogenous
FLNA (Fig. 2A, parnels b and e and Supp. Fig. S1), filling the cyto-
plasm and filopodial extensions. The ectopic FLNB colocalizes with,
rather than displaces, FLNA.
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Table 1. Distribution of FLAB Mutations among 67 Patients Diagnosed with LS, AOI/Ill, or BD

Diagnosis Mutation Protein N Origin Protein domain Reference

Boomerang dysplasia ¢512T>G p.(Leul71Arg) 1 De novo CH2 Bicknell et al., [2005]

Boomerang dysplasia ¢.605T>C p.(Met202Thr) 1 Unknown CH2

Boomerang dysplasia ¢.703T>C p-(Ser235Pro) 1 Unknown CH2 Bicknell et al., {2005]

Atelosteogenesis 1 c.442T>A p.(Trpl48Arg) 1 Unknown CH2 Farrington-Rock et al., [2006]

Atelosteogenesis I c.447_458del p-(GIn150_Ile153del) 1 De novo CH2

Atelosteogenesis 1 ¢.495G>T p.(Trp165Cys) 1 De novo CH2

Atelosteogenesis ¢.502G>A p.(Gly168Ser) 2 De novo CH2

Atelosteogenesis [ ¢.503G>T p.(Gly168Val) 1 De novo CH2

Atelosteogenesis | ¢.512T>A p.(Leul71GIn) 1 Unknown CH2 Farrington-Rock et al., [2006]

Atelosteogenesis [ c.518C>T p.(Ala173Val) 1 Unknown CH2 Krakow et al., [2004]

Atelosteogenesis I ¢.542G>T p.(Gly181Val) 1 Unknown CH2 Farrington-Rock et al., [2006]

Atelosteogenesis I c.549C>G p.(Cys183Tip) 1 Unknown CH2 Farrington-Rock et al., [2006]

Atelosteogenesis I ¢.562T>C p.(Ser188Pro) 1 De novo CH2 Krakow et al., [2004]

Atelosteogenesis 1 ¢.565T>G p.(Trp189Gly) 1 Unknown CH2

Atelosteogenesis 1 ¢.565T>C p-(Trp189Arg) 1 De novo CH2

Atelosteogenesis c.604A>G p.(Met202Val) 2 Unknown CH2 Krakow et al., [2004]

Atelosteogenesis [ ¢.608A>C p-(GIn203Pro) 1 Unknown CH2 Farrington-Rock et al., [2006]

Atelosteogenesis 1 c.613G>A p-(Ala205Thr) 1 De novo CH2

Atelosteogenesis ¢.4737_4738insC; p.(Tyr1580Lew;Ile]1581His; 1 Unknown Repeat 14 Farrington-Rock et al., {2006]
4746_4758del Asp1583_Gly1586del)

Atelosteogenesis I €.4747_4749del p.(Asp1583del) 1 Unknown Repeat 14 Farrington-Rock et al., [2006]

Atelosteogenesis 1 c4804T>C p.(Ser1602Pro) 1 Unknown Repeat 14 Farrington-Rock et al., {2006]

Atelosteogenesis ¢.5095C>T p-(Pro1699Ser) 1 Unknown Repeat 15

Atelosteogenesis 11T ¢.500A>T p-(Aspl67Val) 1 De novo CH2

Atelosteogenesis 111 ¢.502G>A p-(Gly168Ser) 4 Inherited (Mosaic parent) CH2 Farrington-Rock et al. [2006]

Atelosteogenesis I11 ¢.502G>T p-(Gly168Cys) 1 Unknown CH2

Atelosteogenesis 11T ¢.602C>T p.(Asp201Val) 1 Unknown CH2 Farrington-Rock et al., [2006]

Atelosteogenesis 111 ¢.604A>G p.(Met202Val) 1 De novo CH2 Krakow et al., {2004]

Atelosteogenesis III €.629G>T p.(Gly210Val) 1 Unknown CH2 Farrington-Rock et al., {2006]

Atelosteogenesis [11 c.1087G>A p-(Gly363Arg) 1 De novo Repeat 2

Atelosteogenesis I11 ¢.2055+1G>A p.(Q685_686ins9) 1 Unknown Repeat 5

Atelosteogenesis I11 €.2251G>C p.(Gly751Arg) 1 De novo Repeat 6 Krakow et al., [2004]

Atelosteogenesis [11 c.4835G>A p-(Glyl612Asp) 1 Unknown Repeat 15 Farrington-Rock et al., [2006]

Atelosteogenesis I11 €.4927G>C p.(Alal643Pro) 1 Unknown Repeat 15 Farrington-Rock et al., [2006]

Atelosteogenesis 111 c.5071G>A p.(Gly1691Ser) 3 Unknown Repeat 15 Farrington-Rock et al., [2006]

Atelosteogenesis 111 ¢.5074G>A p-(Gly1692Ser) 1 De novo Repeat 15

Larsen syndrome ¢c.482T>G p.(Phe161Cys) 3 Inherited CH2 Krakow et al., [2004]

Larsen syndrome c.488A>C p.(GIn163Pro) 1 Unknown CH2

Larsen syndrome c.501C>A p-(Asp167Glu) 1 De novo CH2

Larsen syndrome ¢.500A>G p-(Aspl67Gly) 1 De novo CH2

Larsen syndrome ¢.502G>A p-(Gly168Ser) 2 Inherited CH2 Bicknell et al., {2007]

Larsen syndrome ¢.572C>T p-(Pro191Leu) 1 De novo CH2

Larsen syndrome ¢.590A>T p-(Asn1971le) 1 Unknown CH2

Larsen syndrome ¢.622T>C p-(Trp208Arg) 1 De novo CH2

Larsen syndrome C.661A>T p-(lle221Phe) 1 Unknown CH2

Larsen syndrome c.679G>A p.(Glu227Lys) 15 Inherited CH2 Krakow et al., [2004]

Larsen syndrome c.685T>C p.(Ser229Pro) 1 Unknown CH2

Larsen syndrome ¢.700C>G p.(Leu234Val) 1 De novo CH2 Bicknell et al., [2007]

Larsen syndrome c.1081G>A p-(Gly361Ser) 1 De novo Repeat 2 Bicknell et al., {2007]

Larsen syndrome c.1081G>T p-(Gly361Cys) 1 Unknown Repeat 2

Larsen syndrome ¢.1082G>A p.(Gly361Asp) 2 Unknown Repeat 2

Larsen syndrome c.1088G>A p-(Gly363Glu) 1 De novo Repeat 2 Bicknell et al., [2007]

Larsen syndrome c4292T>G p.(Leul431Arg) 1 De novo Repeat 13 Bicknell et al., [2007]

Larsen syndrome c.4580T>A p-(Leul527His) 1 Unknown Repeat 14

Larsen syndrome ¢.4580T>C p.(Leul527Pro) 1 De novo Repeat 14

Larsen syndrome €4621G>C p.(Alal541Pro) 1 De novo Repeat 14

Larsen syndrome c.4625T>C p.(Ile1542Thr) 2 Unknown Repeat 14

Larsen syndrome c.4711_4713del p-(Asn1571del) 1 De novo Repeat 14 Krakow et al., [2004]

Larsen syndrome ¢.4725_4736del p.(Ala1577_Tyr1580del) 1 Unknown Repeat 14

Larsen syndrome c.4756G>A p.(Gly1586Arg) 2 De novo Repeat 14 Krakow et al., [2004]

Larsen syndrome cA775T>A p.(Val1592Asp) 2 Inherited Repeat 14 Bicknell et al., [2007]

Larsen syndrome c.4781A>C p-(Tyr1594Ser) 1 De novo Repeat 14

Larsen syndrome c4795A>T p-(Ile1599Phe) 1 Unknown Repeat 14

Larsen syndrome c.4805C>A p.(Ser1602Tyr) 1 Unknown Repeat 14

Larsen syndrome ¢.4808C>T p.(Pro1603Leu) 1 De novo Repeat 14

Larsen syndrome €.4936G>A p.(Glyl646Ser) 1 Unknown Repeat 15

Larsen syndrome €.5023_5025del p.(Phel675del) I Unknown Repeat 15

Larsen syndrome ¢.5071G>A p-(Gly1691Ser) 9 Unknown Repeat 15 Krakow et al., [2004]

Larsen syndrome ¢.5071G>T p-(Gly1691Cys) 1 Unknown Repeat 15

Larsen syndrome <.5072G>A p.(Glyl691Asp) 1 De novo Repeat 15

Larsen syndrome <.5500G>A p-(Gly1834Arg) 2 De novo Repeat 17 Bicknell et al., [2007]

Larsen syndrome ¢.5706C>A p-(Ser1902Arg) 1 De novo Repeat 17

Larsen syndrome €.7290_7313del p.(Cys2431_Tyr2438del) 1 Unknown Repeat 23

Origin: “Inherited” if any case of parental transmission is confirmed; “De novo” if any parents of patients are confirmed noncarriers, and no inherited examples are known;
“Unknown” if parental DNA has not been examined. Mutation numbering relates to the reference sequence NM_001457.3 with the +1 position referring to the A of the initator

methionine codon.
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Dominant mutations in FLNB leading to the LS-AQ-BD spectrum of skeletal dysplasias. A: Schematic of FLNB indicating the sites
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When transfected FLNB contained the mutation p.Ser235Pro,
(causative of the most severe FLNB-related disease, BD), the distri-
bution of FLNB became concentrated in globular accumulations of
varying sizes (panel gand j), or in some cases, networks of thickened
fibrils (panel m). These globular foci also contain FLNA (panels h,
k, nand merged in i, /, and o).

Similar results were seen with FLNB-EGFP fusion proteins
(Fig. 2B). FLNB-EGFP occupied the entire cytoplasm (panels a
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and b) whereas FLNBS¢235P°_EGFP was largely restricted to globu-
lar foci and thickened fibrils (c and d). A rare example of punctate
distribution for FLNB-EGFP is seen in panel b.

Since these experiments and other work [Sheen et al., 2002] have
suggested colocalization and possible heterodimerisation of FLNA
and FLNB, it was necessary to determine whether the presence of
FLNA was required for the formation of foci. To answer this ques-
tion M2, a human melanoma cell line that lacks FLNA expression,
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Figure 2. Detection of FLNB protein in transfected cells and effects of mutations on cellular localization. A: HEK293 cell line transfected with
pCMV-FLNB (a-f) or pCMV-FLNBSe%5P70 (4.0} analyzed for FLNB and FLNA expression by immunofluorescence. Images are of FLNB signal (red;
a, d, g, j, m, gamma adjustment 2), FLNA signal {green; b, e, h, k, n, gamma adjustment 2), and both signals digitally merged with DAPI (blue) (c,
f i I, o). Scale bars 20 uM. B: HEK293 cell line transfected with pCMV-FLNB-EGFP (a, b) or pCMV-FLNBSeZ35Pro_EGEP (¢, d) analyzed for EGFP
expression (green; gamma adjustment 2) merged with DAPI {blue). Scale bar 20 M. C: M2 melanoma cell line transfected with pCMV-FLNB (a, b)
or pCMV-FLNBSe235Pr0 (o ) analyzed for FLNB expression by immunofluorescence (red; gamma adjustment 2), digitally merged with DAP! (blue).

Scale bar 20 M.

was transfected with the same constructs. In these experiments, the
disparate patterns of FLNB and FLNB%™*Fr |ocalization still oc-
curred (Fig. 2C, panels a and b compared to panels ¢ and d). This
indicates that the foci do not occur because of FLNA displacing
mutant FLNB through competition for actin binding, nor is FLNA
required as a heterodimerisation partner.

FLNBSer235Pro Eqei Contain Actin

The p.Ser235Pro substitution occurs within the CH2 portion of
the ABD of FLNB. It is conceivable that any mutation altering the
structure of the ABD may prevent the association of FLNB with
the actin cytoskeleton. To address this possibility, changes in the
distribution of actin in the presence of mutant FLNB were investi-
gated. In cells cotransfected, with wild-type or mutant FLNB and
DsRed-tagged actin (Fig. 3A), it can be seen that actin accumulates
at the foci. Similar results are seen in cells transfected with wild-type
or mutant FLNB and stained with phalloidin-Alexafluor conjugate
(Fig. 3B). This observation is consistent with the hypothesis that the
p.Ser235Pro mutation does not abrogate actin binding. Cytoskele-
tal actin was also detected outside of the foci in transfected cells,
indicating that the actin cytoskeleton was not entirely disrupted.
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Similar results were observed in experiments that utilized M2 cells
(Supp. Fig. S2), showing that FLNA was not required for inclusion of
actin in the foci through heterodimer formation [Sheen et al., 2002].
FLNB-EGFP wild-type and mutant expression constructs were also
examined for evidence of degradation by transfection and Western
blot (Fig. 3C and Supp. Fig. §3). All constructs were found to express
at similar levels, and no degradation products were observed, even
on longer exposure. This indicates that the foci are comprised of
intact FLNB.

The Extent of Focal Accumulation Correlates with Disease
Severity

To examine whether the focal accumulation of FLNB might occur
in other mutant forms of FLNB, other CH2 mutations were intro-
duced into the FLNB-EGFP fusion protein construct. Mutations
resulting in substitutions p.Leul71Arg (BD), p.Tyr148Arg (AOI),
p-Met202Val (AOI and AOIII), p.Glu227Lys (LS), and p.Phe161Cys
(LS) were all found to cause focal accumulation of the fusion protein
in HEK293 cells (Fig. 4). Significantly, there was variability in the ex-
tent of focal accumulation. Similar to p.Ser235Pro, the p.Leul71Arg
mutation left almost no cytoplasmic signal outside of the globular
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Figure 3. Colocalization of actin and FLNBS¢%5F0_A: HEK293 cell line
transfected with pCMV-FLNB or pCMV-FLNBSe285P10 and cotransfected
with DsRed-actin. Scale bar 20 uM. B: HEK293 cell line transfected
with pCMV-FLNB or pCMV-FLNBS¢"2%5F® and stained with Alexafluor
350-phalloidin. Scale bar 20 uM. €. Western blot of pCMV-FLNB-EGFP
constructs {wild-type or bearing indicated mutations) probed with anti-
GFP antisera and an anti-fS-tubulin control.

foci (Fig. 4, panel b). Both p.Met202Val (panel ¢) and p.Tyr148Arg
(panel d) while producing foci in the vast majority of transfected
cells also displayed more general cytoplasmic localization. The dis-
tribution of FLNB-EGFP constructs containing p.Glu227Lys and
p-Phe161Cys substitutions frequently resembled that of cells trans-
fected with wild-type fusion protein, or showed only minor focal
accumulations (panels eand f). Thickened fibrils were also observed
in some p.Glu227Lys transfectants (Supp. Fig. S4A, panel j). Similar
results were obtained with M2 cells (Supp. Fig. S4B).

Disease-Associated FLNB Mutations in Repeats 14 and 15
do not Lead to Formation of Filamin-Actin Foci

Mutations outside the ABD also result in identical disease pheno-
typesas those caused by mutations within the CH2 region (Fig. 1 and
Table 1). The mutations are mostly clustered with the repeats flank-
ing hinge 1 but are also occasionally seen at residues remote from
this region (Fig. 1A). To determine if the focal accumulation phe-
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Figure 4. Cellularlocalization of EGFP-tagged FLNB constructs bear-
ing mutations causative of the BD-AO-LS disorders. HEK293 cell line
transfected with pCMV-FLNB-EGFP fusion constructs carrying CH2 mu-
tations and analyzed for EGFP expression (green; gamma adjustment 2)
digitally merged with DAPI (blue). Wild-type FLNB {a) is compared to
FLNB with substitutions p.Leu171Arg (b}, p.Met202Val (¢}, p.Tyr148Arg
(d), p.Glu227Lys (e, p.Phe161Cys (f), p.Gly751Arg (g), p.Ser1602Pro (h),
and p.Pro1699Ser (). Scale bar 20 M.

nomenon was restricted to mutations leading to CH2 substitutions,
three amino acid substitutions from repeat 6 (p.Gly751Arg; AOIII),
repeat 14 (p.Ser1602Pro; AOIII), and repeat 15 (p.Pro1699Ser; se-
vere AQI) were introduced into the FLNB-EGFP fusion construct
and transfected into HEK293 cells (Fig. 4, panels ¢g—7). While the
p-Gly751Arg mutant showed good evidence of foci formation (panel
2), equivalent to other AOI/III mutations, the p.Ser1602Pro and
p.Pro1699Ser mutants did not differ markedly from the wild-type
fusion protein distribution (panels & and i, respectively). Similar
results were seen utilizing M2 cells to rule out any confounding in-
fluence that FLNA expression might have upon these observations
(Supp. Fig. $4B).

Discussion

Several lines of evidence indicate that the pathogenic mechanism
underlying the autosomal dominant spectrum of disorders due to
mutations in FLNBthat includes BD, AOI/IIL, and LS is distinct from
the recessively inherited disorder SCT. First, the diseases caused by
recurrent and clustered amino acid substitutions within the CH2
subdomain and first rod domain of FLNB are quite distinct phe-
notypically from SCT syndrome that results from truncating muta-
tions leading to loss of expression of this protein [Farrington-Rock
et al., 2008]. Additionally, heterozygous carriers for SCT mutations
exhibit minimal or no skeletal manifestations, indicating that the
BD-AO-LS spectrum is unlikely to be due to haploinsufficiency at
the FLNB locus. Third, recent data indicate that mutations within
the ABD leading to the BD-AQO-LS spectrum of conditions lead to
increased F-actin avidity in the absence of structural destabiliza-
tion of this domain [Sawyer et al., 2009] as do analogous mutations
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in FLNA [Clark et al., 2009] and FLNC [Duff et al., 2011]. To-
gether these observations indicate a gain-of-function is conferred
by mutations leading to BD-AO-LS but equally there remains lit-
tle mechanistic understanding of the cellular consequences of the
increase in actin-binding capability conferred by these alleles.

The data presented here link several lines of evidence to suggest
that mutations that lead to enhanced actin binding do so by disabling
CH2 regulatory function and that the result is abnormal transition-
ing of FLNB between networks and bundles of actin fibers. Although
previously in vitro evidence demonstrated that the CH2 subdomain
negatively regulates actin avidity and binding, a demonstration that
this affects full-length filamin function and what the downstream
consequences were on cell remain unexplored. In transient trans-
fection experiments, BD-causing mutations in FLNB (p.Ser235Pro
and p.Lys171Arg) led to nearly complete localization of the mutant
proteins within actin containing cytoplasmic focal accumulations.
These foci are not observed with overexpression of the wild-type
protein and are unlikely to represent nonspecific aggregation of sub-
stituted protein, since they colocalize with actin and FLNA. Equally,
the observed foci are unlikely to represent aggregation of degraded
protein, since Western analysis of transfected cells revealed little ev-
idence for this and filamin A would be unlikely to colocalize with
mutant protein that had been directed to the proteosome. Recently,
FLNA has been shown to regulate the formation of an analogous
actin-rich perinuclear body, termed the actin cap [Gay et al., 2011],
a transient structure that relates to regulated alterations in nuclear
location and shape.

Mutations associated with AOI/IIT and LS also cause a similar dis-
continuity of FLNB distribution within transfected cells, but the pro-
portion of FLNB-specific signal associated with the foci is progres-
sively reduced, correlating with both the reduction in severity of the
associated disease phenotypes albeit still with an elevated avidity for
actin [Sawyer et al., 2009]. Both p.Tyr148Arg and p.Met202Val have
increased avidity for F-actin [Sawyer et al., 2009] as do p.Glu254Lys
in FLNA which is homologous with p.Glu227Lys in FLNB [Clark
et al., 2009].

These results demonstrate marked similarities to experiments
with isolated CH1 and CH2 subdomains from «-actinin-1 and fil-
amin A that determined that a single CH1 subdomain from either
molecule was necessary and sufficient for actin binding in vitro
and in vivo [Lorenzi and Gimona, 2008] and that the absence of a
matched CH2 subdomain adjacent to a CH1 subdomain was asso-
ciated with reduced actin-filament turnover and aberrant bundling
of actin fibrils. Therefore our data are consistent with a proposed
model of CH1 acting as the primary F-actin-binding site and CH2
having a modulatory function.

Additionally, the data presented here also suggest that the aber-
rant filamin-actin binding imposed by LS-AO-BD mutations has an
effect on actin cytoskeletal architecture. Similar actin focal accumu-
lations have recently been demonstrated using a similar transient
transfection approach for a gain-of-function mutation in the CH2
domain of FLNC[Duffetal., 2011], suggesting that the pathogenesis
of this condition, a myopathy, is similar to that operating to cause
the FLNA- and FLNB-related disorders. Outside the filamin gene
family, a similar mechanism has been invoked for gain-of-function
mutations in another actin-binding protein, ¢-actinin-4, which have
also been demonstrated to increase F-actin binding [Weins et al.,
2007].

The appearance of focal accumulations is also seen with a muta-
tion outside the ABD in repeat 6 (p.Gly751Arg). It has been postu-
lated that the immunoglobulin-like repeats between CH2 and the
first hinge region (repeats 1 to 15) align with actin filaments and
contribute significantly to actin binding [Nakamura et al., 2007].
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It is therefore plausible that this mutation also increases F-actin
binding in vivo.

Sections of epiphyseal growth plates from AOI/III patients con-
tain regions of acellularity in the proliferating zone, with occasional
multinucleated giant cells in the reserve zone [Sillence et al., 1982],
but no observation of focal protein accumulations as have been
demonstrated here employing overexpression of EGFP-labeled gene
constructs. Although focused reexamination of growth plate tissue
from individuals with LS-AO-BD disorders would be useful in the
light of our new results, it is unlikely that anomalies like this will be
identified since examination of muscle from an individual with an
analogous FLNC mutation did not demonstrate the focal accumu-
lations seen in transient transfection experiments similar to those
performed here [Duff et al., 2011]. It is most likely that the filamin-
actin foci noted here are visible because of overexpression in the
transfection system employed, and may therefore not be causative
of disease. Despite this, we propose that they are still reflective of
a biophysical alteration in the properties of filamin that result in a
maldistribution of the protein intracellularly.

In contrast to the results obtained for mutations relating directly
to filamin-actin interactions, the two mutations associated with
AOU/III in repeats 14 and 15 did not result in the appearance of
actin-filamin containing focal accumulations. Like CH2, the repeat
14 and 15 region is a second region within which substitutions that
lead to AOI/III and LS phenotypes are clustered (Fig. 1) and lies di-
rectly adjacent to hinge 1, a structure that confers flexibility to FLNB
and is central to its mechanosensory properties [Gardel et al., 2006].
Deletion of hinge 1 in FLNA and FLNB has demonstrated that it
is this structure that confers the nonlinear viscoelastic properties
that are critical to cellular mechanoprotection conferred by filamin
[Gardel et al., 2006]. Although data are lacking to directly implicate
the repeat 14 and 15 mutations described here with hinge 1 func-
tion, their identical phenotypic consequences compared to ABD
mutations that alter filamin transitioning within the cell through
alterations in filamin-actin avidity suggest a shared impact on the
cellular response to shear forces.

How this maldistribution of FLNB leads to the pathogenesis of
FLNB-related filaminopathies is uncertain. Clearly, mutations af-
fecting actin avidity and those around hinge 1 lead to final common
phenotype that results in diminished ossification and joint dis-
locations. Although the mechanosensory properties of FLNB are
dependent on both of these functions of the molecule, there is little
understanding of how mechanotransduction influences morpho-
genesis in these tissues. Certainly, the position of these foci would
argue against dysregulation of second messenger signaling from
the cortical cytoskeleton and analogous mutations in FLNA do not
demonstrate an abnormal migratory or cell adhesion phenotype
[Clark et al., 2009]. FLNA has been proposed as an important in-
terface between extracellular matrix (ECM) and cytoskeletal actin,
acting via C-terminal associations with S-integrins [Kiema et al.,
2006a; Lad et al., 2007a]. FLNB may play a similar but more special-
ized role in the chondrocyte, a cell type embedded within a dense
ECM. Filamins confer stress-strain characteristics to actin gels in
vitro similar to those observed for intact cells [Gardel et al., 2006]
and furthermore extrinsic shear force, transduced via integrins, trig-
gers filamin to change its preferred C-terminal interaction partners
[Ehrlicher et al., 2011]. Increases in actin affinity, and changes to
hinge flexibility, may therefore alter the gain of signals generated
through integrin-filamin interaction that in turn may influence
growth plate chondrocytes and osteoblasts. A critical test of this
hypothesis would be the influence of hinge region mutations on
FLNB flexibility, a possibility that should be addressed in future
experiments.
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Established Facts

o Boomerang dysplasia is a rare lethal osteochondrodysplasia characterized by disorganized mineral-
ization of the skeleton, leading to complete nonossification of some limb bones and vertebral elements
and a boomerang-like aspect to some of the long tubular bones.

Novel Insights

binding domain of filamin B.

o Demonstration of the characteristic bent bone morphology in the limbs by 3D-CT adds diagnostic
certainty and facilitates prognostication and genetic counseling for parents.

o The mutation observed in this patient, c.605T>C, is the third causative mutation described in this
disorder and, like the other two mutations, leads to substitution of an amino acid residue in the actin-
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Abstract

Boomerang dysplasia is a rare lethal osteochondrodysplasia
characterized by disorganized mineralization of the skele-
ton, leading to complete nonossification of some limb bones
and vertebral elements, and a boomerang-like aspect to
some of the long tubular bones. Like many short-limbed
skeletal dysplasias with accompanying thoracic hypoplasia,
the potential lethality of the phenotype can be difficult to

ascertain prenatally. We report a case of boomerang dyspla-
sia prenatally diagnosed by use of ultrasonography and 3D-
CTimaging, and identified a novel mutation in the gene en-
coding the cytoskeletal protein filamin B (FLNB) postmor-
tem. Findings that aided the radiological diagnosis of this
condition in utero included absent ossification of two out of
threelong bonesin eachlimb and elements of the vertebrae
and a boomerang-like shape to the ulnae. The identified mu-
tation is the third described for this disorder and is predicted
to lead to amino acid substitution in the actin-binding do-
main of the filamin B molecule.
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Fig. 1. 2D-ultrasound views showing a sagittal section of depressed nasal bridge (a; white
arrow), a short femur (b; white arrow), a trident-like hand (¢; white arrow), a convoluted
foot (d; white arrow), a sagittal section of a narrow bell-shaped thorax (e), and an axial
section absent of spinous processes and vertebral arches (f; white arrow, ‘B’ indicates
bladder).

Clinical Report

This was the second pregnancy of unrelated healthy parents.
The family history is noncontributory. At the time of conception
the mother was 30 years old and the father 29. Routine ultra-
sound investigation in the 33rd week of gestation revealed severe
fetal malformations, leading to referral to our hospital for pre-

" natal diagnosis. Sonographic evaluation showed a fetus with se-
vere micromelia. At the 33rd week of gestation, the fetal bipari-
etal diameter was 84.8 mm (~0.3 SD), fetal trunk area was 5,808
mm? (-1.0 SD) and femur length was 18.2 mm (~14.8 SD). Only
one of the three tubular bones was present in each limb, and the
elbows and knees were indiscernible. The hands were trident
and ossifications of the metacarpal bones were diminished. The
bridge of the nose was flattened. The thorax was hypoplastic and
had a bell-shaped appearance. The spinous processes and verte-
bral arches were not ossified (fig. 1). 3D-CT imaging showed the
boomerang-like-shaped ulna, and the segment-shaped femur
(fig. 2). In view of the typical skeletal abnormalities, including
micromelia, and the absence of ossification of some but not all
of the long tubular bones, the tentative diagnosis of boomerang

2 Fetal Diagn Ther

dysplasia was made. After genetic counseling, the parents pre-
ferred not to resuscitate postpartum in view of the severity of the
phenotype.

The fetus was born in the 38th week of gestation, and soon died
from respiratory insufficiency. The bridge of the nose was defec-
tive (fig. 3) and a cleft palate was recognized. X-ray imaging con-
firmed the findings as demonstrated on the prenatal 3D-CT. Mu-
tation analysis of the filamin B (FLNB) gene was undertaken on
DNA extracted from umbilical cord blood after informed consent
was obtained from the parents. All exons and exon-intron bound-
aries of FLNB were amplified using polymerase chain reaction as
described previously [1], and amplified DNA was subjected to de-
naturing high-performance liquid chromatography with ampli-
cons exhibiting anomalous waveforms subsequently sequenced
on an ABI3100 sequencer. A novel mutation, ¢.605T>C, in exon
3 was identified, which is predicted to lead to the substitution of
p-Met202Thr of the FLNB protein. This substitution occursin the
calponin homology 2 region of the actin-binding domain of
FLNB.
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Fig. 2. 3D-CT views showing the boomerang-like shaped ulna (white arrow), the segment shaped femur (white
arrow head) and zipper-like shaped spine (double arrows). The humerus and radius were absent: front view (a),
rear view (b), right side view (c) and left side view (d).

Discussion

Boomerang dysplasia is a rare osteochondrodysplasia
characterized by a boomerang-like aspect of the long tu-
bular bones [2, 3]. It belongs to a family of skeletal dyspla-
sias of varying severity, all caused by mutations in the
same gene, FLNB [4, 5]. These related conditions in order
of diminishing severity include atelosteogenesis type I
and III [4] and Larsen syndrome [6]. Boomerang dyspla-

Boomerang Dysplasia with a Novel
Causative Mutation in FLNB

sia is difficult to diagnose prenatally. All cases of this con-
dition described in the literature thus far have been char-
acterized by lethality, although instances of the pheno-
typically similar allelic condition, atelosteogenesis III,
have been reported in conjunction with survivorship [7].
In this report we show that helical 3D-CT is a useful ad-
junct to obtain specific images of the skeletal abnormali-
ties manifest in this condition.
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