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Figure 2. Verapamil upregulates chondrogenic makers (ACAN encoding aggrecan, COL2A7T, and 50X9) and downregulates Wnt-
responsive AX/N2 and MMP3 in human osteoarthritic chondrocytes (OAC) cells. Expression levels of each mRNA are normalized to that
without treatment. (A) Verapamil upregulates the native FRZB at the mRNA and protein levels in OAC cells (n=3). (B) Gene expressions of ACAN,
COL2A1, and SOX9 are increased by verapamil in 24 hrs. Purified Wnt3A protein increases AXIN2 and MMP3 mRNA expressions in 24 hrs (C), and
verapamil inhibits the Wnt3A-induced gene expressions (D). (E) Verapamil does not suppress LiCl-induced AXIN2 and MMP3 expressions. (F) FRZB
siRNAs (siFRZB-1 and siFRZB-2) cancel the effects of verapamil in Wnt3A-treated OAC cells. The mean and SEM (n=3) are indicated. *p<<0.05 versus

control by one-way ANOVA with Tukey's test.
doi:10.1371/journal.pone.0092699.g002

the ice-cold RIPA Lysis Buffer (Santa Cruz) supplemented with
0.1 mM dithiothreitol, 1 pg/ml leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride, and 1 pg/ml aprontinin. Whole cell lysates were
separated on SDS-PAGE and transferred to a nitrocellulose
membrane followed by immunoblotting with anti-B-catenin (BD
Transduction Laboratories) and anti-B-actin (C4, Santa Cruz)
antibodies.

Alcian blue staining

ATDC5 cells were supplied by the Riken BioResource
Center (Tsukuba, Japan). ATDC)H cells were cultured in
DMEM/F12 (a mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F12 medium) (Sigma-Aldrich) supple-
mented with 5% fetal bovine serum (FBS, Thermo Scientific).
ATDC5 cells were differentiated into chondrocytes with
insulin-transferrin-selenite (ITS, Invitrogen) for two weeks,
and were treated with Wnt3A-CM as well as with 0, 2.5, 5, 10,
and 25 pM verapamil. After 72 hours, cells were fixed with
methanol for 30 minutes at —20°C, and stained overnight with
0.5% Alcian Blue 8 GX (Sigma) in 1IN HCI. For quantitative
analyses, Alcian blue-stained cells were lysed in 200 pl of 6 M
guanidine HCI for six hours at room temperature. The optical
density of the extracted dye was measured at 630 nm using
PowerScan 4 (DS Pharma Biomedical).

Immunofluorescence staining

OAC were fixed with 4% paraformaldehyde at room
temperature. Coronal paraffin sections of proximal tibial growth
plates were deparaffinized and hydrated in xylene. The
specimens were then treated with a blocking buffer including
2% goat serum in 0.5% Triton-X100 for 60 minutes and
incubated with mouse anti-B-catenin antibody (BD Transduc-
tion Laboratories, 1:500 dilutions for the cells and 1:100
dilutions for the sections) at 4 °C overnight. The specimens
were incubated with goat anti-mouse fluorescein isothiocyanate
(FITC) secondary antibody (I: 500 dilution) at room temper-
ature for one hour. Finally, the specimens were mounted in
VectaShield containing 1.5 pg/ml DAPI (Vector Laboratories,
Peter-borough, UK) and visualized using IX71 (Olympus). The
ratio of B-catenin-positive cells were automatically estimated by
dividing FITC-positive cells by the number of DAPI-positive
nuclei using MetaMorph (Molecular Device)

Explant culture of tibiae of mouse embryo

All animal studies were approved by the Animal Care and
Use Committee of the Nagoya University and the animals were
sacrificed under deep anesthesia, if necessary. maintained
according to the guidelines for the care of laboratory animals
of the Gifu International Institute of Biotechnology. Tibiae of
wild type mouse embryo (E17.5) were dissected under the
microscope, placed in a 24-well plate, and cultured in o-
minimal essential medium (Invitrogen) supplemented with
0.2% bovine serum albumin, 1 mM B-glycerophosphate, and
50 pg/ml ascorbic acid. Embryonic tibiae were further treated
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with 20 mM LiCl or with 0, 25, and 50 uM verapamil for 10
days, then fixed in 10% formaldehyde in phosphate-buffered
saline, demineralized with 0.5 M EDTA, and embedded in
paraffin. Sections were stained with hematoxylin-eosin and
Alcian blue. Hypertrophic cells were defined as having a length
along the longitudinal axis greater than 10 um under light
microscopy. The numbers of hypertrophic chondrocytes were
counted by two blinded observers and averaged.

In vivo generation of OA and its morphological
evaluation

Wistar/ST rats were deeply anesthetized with an intraperito-
neal injection of pentobarbital sodium (10 mg/mlx0.1 ml).
Under sterile conditions, the right knee was induced to
osteoarthritis by resection of the menisco-tibial ligament to
destabilize medial meniscus (DMM surgery). Verapamil (50 uM)
in 50 pl PBS was intraarticularly injected into the right knee each
week. The skin and joint capsule on the left knee was incised
(sham side). At four and eight weeks postoperatively, rats were
sacrificed and tissue around the knees was fixed overnight in 4%
paraformaldehyde at 4 °C, dehydrated, and embedded in
paraffin. The sagittal sections were stained with Safranin O and
Fast-green. OA progressions were graded according to the
modified Mankin histologic score on both tibial and femoral
sides of articular cartilages [21,22]. The modified Mankin score
was a sum of the following seven parameters: articular cartilage
structure, grades 0-11; tidemark duplication, grades 0-3;
Safranin O staining, grades 0-8; fibro-cartilage, grades 0-2;
chondrocyte clones in uncalcified cartilage, grades 0-2; hyper-
trophic chondrocytes in calcified cartilage, grades 0-2; and
subchondral bone, grades 0-2. The grades of OA were estimated
by two blinded observers and averaged.

Screening of verapamil-activated signaling pathways that
facilitate upregulation of FRZB

For screening for involvement of other signaling molecules in
verapamil-mediated activation of FRZB promoter, HCS-2/8 cells
were co-transfected with the pGL4.10-FRZB and pCMV-
SPORT6 Smurfl (IMAGE clone 3660965, DNAFORM) or
pCMV-SPORT6 Smurf?2 IMAGE clone 5345689, DNAFORM)
and phRL-TK. At 24 hours after transfection, the cells were
incubated for 24 additional hours in the presence of 50 uM of
Verapamil with specific inhibitors of other signaling, SP600125
(JNK inhibitor), PD98059 (Erk inhibitor). Luciferase activity was
measured using the Dual Luciferase Reporter Assay System
{(Promega)

Statistical analysis

Data are presented as the mean * SEM. Statistical significance
was determined either by unpaired t-test or one-way ANOVA
followed by Tukey’s post-hoc test. The Jonckheere-Terpstra trend
test was used to assess dose responses, and is indicated by a letter
‘trend’ followed by a p value. Although one-way ANOVA gave
more stringent values than the Jonckheere-Terpstra trend test,
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Figure 3. Verapamil suppresses Wnt-mediated protein expression
and nuclear translocation of f-catenin in human osteoarthritic
chondrocytes (OAC) cells, and verapamil rescues Wnt-induced loss
of proteoglycans in chondrogenically differentiated ATDC5 cells.
(A) Immunoblotting of B-catenin in OAC cells treated with Wnt3A-
CM and verapamil for 72 hrs. (B) Immunofluorescence staining with
anti-B-catenin antibody in OAC cells. Untreated cells (upper panels),
cells treated with Wnt3A-CM alone (middle panels), and cells treated
with Wnt3A-CM and 25 pM verapamil (lower panels) for 72 hours
are stained with anti-B-catenin antibody (green, left panels) and
DAPI (blue, middle panels). Wnt3A-induced nuclear localization of B-
catenin is blocked by verapamil. Scale bar=20 um. (C) Alcian blue
staining of ATDC5 cells that are differentiated to chondrocytes with
ITS for two weeks. The cells are subsequently treated with Wnt3A-
CM and verapamil for 72 hrs. Proteoglycans are quantified by
measuring the optical density at 630 nm of the cell lysates. The
mean and SEM (n =3) are indicated. *p<<0.05 versus control by
one-way ANOVA with Tukey's test.
doi:10.1371/journal.pone.0092699.g003

one-way ANOVA was not suitable for estimating dose responses.
P-values less than 0.05 were considered significant. The statistical
analyses were performed with SPSS Statistics 21 (IBM).
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Results

Verapamil enhances the FRZB promoter activity and
reduces Wnt/f-catenin signaling activity

To identify a clinically applicable compound for OA, we
transfected HCS-2/8 cells with either pGL4.10-FRZB to
estimate the FRZB promoter activity or TOPFlash to estimate
the Wnt/B-catenin activity. We searched for a compound that
enhances the FRZB promoter and suppresses the Wnt/B-
catenin activity among FDA-approved chemical compounds
(Prestwick Chemical). These assays were repeated three times
and we chose 41 best compounds. With the 41 compounds, we
further repeated the assays three additional times. After the
first and second rounds of screening, we chose 18 best
compounds that consistently exhibited beneficial effects (data
not shown). We next examined the dose-dependence by adding
0.5, 1, 5, 10, 50 uM of the 18 compounds. Among them,
verapamil, a calcium channel blockers, showed the most
consistent and promising dose-dependent activation of the
FRZB promoter activity and can be used for a long time
without major adverse effects (Figure 1A). We also found that
verapamil suppressed the Wnt/B-catenin activity in a dose-
dependent manner (Figure 1B). Verapamil is an L-type
calcium channel blocker that has long been used for
hypertension, angina pectoris, cardiac arrhythmia, and most
recently cluster headache [23]. We also examined seven other
calcium channel blockers (nifedipine, thioridazine, diltiazem,
loperamide, perhexiline, nicardipine, felopdipine), but none
had an effect (data not shown).

Verapamil upregulates native FRZB and induces
expressions of chondrogenic genes in osteoarthritic
chondrocyte (OAQ) cells

In OA, breakdown of the extracellular matrix around
chondrocytes leads to progressive destruction of articular
structures [24]. To investigate the effect of verapamil on
human OAC cells, we isolated OAC cells from patients with
severe OA undergoing total knee replacement surgery. We first
confirmed that verapamil upregulated the native FRZB at
the mRNA and protein levels (Figure 2A). We screened
signaling pathways that were potentially activated by
verapamil to facilitate upregulation of FRZB, but found none
(Figure S2).

Verapamil also upregulated mRNAs for 4CAN encoding
aggrecan, COL2AI encoding collagen type II al, and SOX9
encoding SRY-box 9 in a dose-dependent manner (Figure 2B).
We next confirmed in OAC cells that Wnt3A upregulated
AXIN2 mRNA, a specific marker of Wnt/B-catenin signaling
[25] and MMP3 mRNA, a gene encoding catabolic metallo-
proteinase 3 (Figure 2C). As expected, verapamil suppressed
AXIN2 and MMP3 in a dose-dependent manner (Figure 2D).
We additionally observed that verapamil suppressed Wnt3A-
mediated expression of total cellular B-catenin (Figure 3A), and
nuclear translocation of B-catenin (Figure 3B).

LiCl is an inhibitor of Gsk3B and activates Wnt/B-catenin
signaling. As expected, verapamil had no effects on LiCl-induced
upregulations of AXIN? and MMP3 in OAC cells (Figure 2E),
whereas knocking down of FRZB cancelled the effects of verapamil
(Figure 2F). These results underscored a notion that verapamil
upregulates expression of FRZB and downregulates Wnt/[3-
catenin signaling in OAC cells.
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Figure 4. Verapamil suppresses hypertrophic differentiation of chondrocytes and f-catenin staining in growth plates in explanted
mouse fetal tibiae on embryonic day 17.5. (A) Tibiae are cultured with LiCl or verapamil for 10 days, and coronal slices of paraffin sections are
stained with Alcian blue combined with hematoxylin and eosin staining. Three layers of proliferative (green), prehypertrophic (yellow), and
hypertrophic (red) zones are indicated by bars. Scale bar =200 pum. (B) Verapamil suppresses the number of chondrocytes in the hypertrophic zone in
(A). (C) Immunofluorescence with antibody against B-catenin in proximal tibiae of mouse embryo (E17.5). Color bars indicate layers as indicated in (A).
Scale bar =200 um. (D) Verapamil suppresses the number of B-catenin-positive cells in the proliferative zone. The mean and SEM (n = 3) are indicated.

*p<<0.05 versus control by one-way ANOVA with Tukey's test.
doi:10.1371/journal.pone.0092699.g004

Verapamil rescues Wnt3A-induced degradation of
proteoglycans in differentiated ATDC5 cells

Chondrocytes produce and maintain the cartilaginous matrix,
which is mostly comprised of collagens and proteoglycans [7]. To
investigate the effects of verapamil on degradation of proteoglycans,
we performed Alcian blue staining to quantify acidic polysaccharides,
such as glycosaminoglycans, in differentiated mouse chondrogenic
ATDCS cells. As OAC cells were not able to produce an appreciable
amount of proteoglycans (data not shown), we used chondrogenically
differentiated ATDC5 cells. We found that Wnt3A treatment
induced loss of proteoglycans in ATDCS5 cells and verapamil rescued
the loss in a dose-dependent manner (Figure 3C).

Verapamil suppresses hypertrophic differentiation of
chondrocytes in growth plates

Differentiation of chondrocytes including endochondral ossifi-
cation is essential for embryonic skeletal growth, which has
recently been demonstrated to be abnormally operational in
development of OA [26]. Wnt/f-catenin signaling facilitates
hypertrophic differentiation of chondrocytes in embryonic growth
plates [27]. To investigate the effects of verapamil on hypertro-
phic differentiation of chondrocytes in growth plates, we cultured
explanted mouse fetal tibiae with verapamil. We also treated the
explanted tibiae with LiCl to confirm the responsiveness to Wnt/
B-catenin. Verapamil had no gross effects on the metaphysis and
diaphysis. Zonal analysis of the proximal growth plates showed
that LiCl increased and verapamil decreased the height of the
hypertrophic zone (Figure 4A). The numbers of hypertrophic
chondrocytes counted by two blinded observers also underscored
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LiCl-mediated enhancement and verapamil-mediated suppres-
sion of the hypertrophic zone (Figure 4B). Immunostaining of -
catenin also showed that verapamil inhibited accumulation of B-
catenin in growth plates, especially in the proliferative zone
(Figures 4C and 4D). These results suggest that verapamil has an
inhibitory effect on hypertrophic differentiation of chondrocytes
in growth plates.

Verapamil ameliorates OA in a rat model
ure 5C). These results indicate that verapamil inhibits Wnt
signaling and ameliorates progression of OA i vivo.

Discussion

In physiological endochondral ossification, chondrocytes be-
come hypertrophic and remove the extracellular matrix proteins
by expressing MMPs and ADMTSs. Chondrocytes finally die by
apoptosis and are substituted by osteoblasts [28,29]. Recent studies
disclose that OA follow a similar path to the physiological
endochondral ossification: chondrocytes lose the stable phenotype
and undergo terminal differentiations, as indicated by upregula-
tion of marker genes for hypertrophy [26]. Wnt/B-catenin
signaling pathway is known to drive endochondral ossifications
by upregulating MMPs and ADAMTSs [30] in both physiological
and pathological conditions [8]. Homeostasis of cartilage in adults
is thus maintained by suppressed Wnt/B-catenin signaling, which
is exemplified by the fact that FRZB functions as a natural brake
to hypertrophic differentiation of chondrocytes [17]. Here we
investigated the effects of verapamil on development and
progression of OA, and revealed that verapamil (i) enhances
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Figure 5. Verapamil prevents OA progression and f$-catenin
accumulation in rat DMM model. (A, B) DMM surgery induces mild
OA phenotype in Wistar/ST rat and verapamil prevents OA progression.
(A) Representative staining of knee joints with Safranin O and fast
green. Scale bars=200 um. (B) Verapamil suppresses OA progressions
evaluated by modified Mankin score at four and eight weeks after the
surgery. Three rats in each group had DMM and sham surgeries in the
right and left knees, respectively. Mean and SEM (n=3) are indicated.
(Q) Immunofluorescence staining with anti-B-catenin antibody in rat
articular cartilage. Articular chondrocytes at the weight-bearing sites are
stained with anti-B-catenin antibody and DAPI. Nuclear translocation of
f3-catenin in DMM is blocked by verapamil. Scale bar=20 pm.
doi:10.1371/journal.pone.0092699.g005

FRZB gene expression, (i) inhibits Wnt/B-catenin signaling, (ii)
suppresses ECM degradation, (iv) inhibits hypertrophic differen-
tiation of chondrocytes, and (v) ameliorates OA model rats. We
used up to 50 pM verapamil i vitro (Figure 1), ex vivo (Figure 4),
and ¢ vivo (Figure 5) without overt adverse effects, although the
feasibility of intraarticular injection of 50 pM verapamil in clinical
practice needs to be carefully validated.

In addition to FRZB, verapamil upregulates another chondro-
genic key gene, SOX9 (Figure 2B). SOX9 is a transcriptional factor
that drives chondrogenic differentiation including upregulation of
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COL2A1 [31], and is a physiological inhibitor against hypertrophic
conversion of chondrocytes in growth plates [32]. Interestingly,
physiological binding of SOX9 and B-catenin degrades both
SOX9 and PB-catenin, which indicates that activated Wnt/B-
catenin degrades SOX9 and vice versa [33]. Verapamil is thus
expected to increase the amount of SOX9 by suppressing Wnt/ -
catenin. This mechanism is likely to account for the verapamil-
mediated upregulation of SOXY wanscripts (Figure 2B), because
SOX9 protein upregulates expression of SOX9 mRNA by forming
a positive feedback loop [34].

As stated in the introduction, activation of Wnt/B-catenin
worsens OA [7-11] and its inhibition ameliorates OA [12-14,17].
In contrast, however, constitutive inhibition of B-catenin in
chondrocytes also leads to OA in mice [35]. Additionally, another
Wnt antagonist, DKKI, promotes secretion of matrix proteinases
in synovial fibroblasts and accelerates car tilage destruction [36].
These reports suggest that excessive suppression of Wnt/ B-catenin
may be rather deleterious in OA. The intraarticular administra-
tion of a high concentration of verapamil was likely to have
suppressed  Wnt/B-catenin  signaling moderately and exerted
beneficial effects in our rat model of OA.

The ATP-binding cassette (ABC) transporter exports hyalur-
onan to the extracellular matrix space [37] and hyaluronan is
abnormally overproduced in OA cartilage [38]. As multidrug
resistance (MDR) inhibitors including verapamil inhibits the ABC
transporter [39], verapamil was intraarticularly injected in a rat
OA model and verapamil indeed prevented abnormal production
of hyaluronan and loss of aggrecan in osteoarthritic rat knees [40].
We observed a similar effect of verapamil on OA and have shown
that the effects are mediated by upregulation of FRZB. Wnt/B-
catenin signaling upregulates the ABC transporter in cerebral
endothelium [41] and cancerous cells [42]. Although Wnt-
mediated upregulation of the ABC transporter has not been
reported in chondrocytes to our knowledge, suppression of the
ABC transporter is likely to be another target of FRZB. As
verapamil was approved as a class IV antiarrhythmic agent by
FDA and has long been used without major adverse effects,
verapamil holds promise as a therapeutic option for patients
suffering from OA.

Supporting Information

Figure S1 Representative low magnification images of
articular surfaces of rat knees after DMM surgery
shown in Fig. 5A (boxed). Sections are stained with Safranin
O and fast green. Scale bars =500 pm.

(TTF)

Figure 82 Firefly luciferase activity for FRZE promoter
in HCS cells treated with verapamil alone or in the
presense of inhibitor of other signaling molecules. There
are no significant difference between control and each group.
Mean and SEM (z= 8) are indicated.
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HnRNP C, YB-T and hnRNP L

coordinately enhance skipping of human
MUSK exon 10 to generate a
Whtinsensitive MuSK isoform

Farhana Nasrin, Mohammad Alinoor Rahman, Akio Masuda, Kenji Ohe, Jun-ichi Takeda & Kinji Ohno

Division of Neurogenetics, Center for Neurological Diseases and Cancer, Nagoya University Graduate School of Medicine,
Nagoya, Aichi, Japan.

Muscle specific receptor tyrosine kinase (MuSK) is an essential postsynaptic transmembrane molecule that
mediates clustering of acetylcholine receptors (AChR). MUSK exon 10 is alternatively skipped in human,
but not in mouse. Skipping of this exon disrupts a cysteine-rich region (Fz-CRD), which is essential for
Wnt-mediated AChR clustering. To investigate the underlying mechanisms of alternative splicing, we
exploited block-scanning mutagenesis with human minigene and identified a 20-nucleotide block that
contained exonic splicing silencers. Using RNA-affinity purification, mass spectrometry, and Western
blotting, we identified that hnRNP C, YB-1 and hnRNP L are bound to MUSK exon 10. siRNA-mediated
knockdown and cDNA overexpression confirmed the additive, as well as the independent, splicing
suppressing effects of hnRNP C, YB-1 and hnRNP L. Antibody-mediated in vitro protein depletion and
scanning mutagenesis additionally revealed that binding of hnRNP C to RNA subsequently promotes
binding of YB-1 and hnRNP L to the immediate downstream sites and enhances exon skipping.
Simultaneous tethering of two splicing trans-factors to the target confirmed the cooperative effect of YB-1
and hnRNP L on hnRNP C-mediated exon skipping. Search for a similar motif in the human genome
revealed nine alternative exons that were individually or coordinately regulated by hnRNP C and YB-1.

euromuscular junction (NM]) is the site of communication between motor neurons and muscle fibers for
neuromuscular signal transmission to ensure proper muscle contraction. A series of complex signaling
cascades are involved in the formation of the neuromuscular synapse. Prior to the arrival of nerve
terminals at muscle fibers, aneural acetylcholine receptor (AChR) clusters form in the central region of muscle
fibers'™, a phenomenon termed prepatterning. Subsequently, motor axons are guided to prospective prepat-
terned synaptic regions, and upon its arrival agrin is released from the nerve terminal®®. Agrin interacts with LRP4
(low-density lipoprotein receptor-related protein 4) and stimulates the association between LRP4 and MuSK
(muscle specific receptor tyrosine kinase) to activate MuSK’™. Activation of MuSK induces AChR clustering.
AChHR clusters are thus highly concentrated in the postsynaptic membrane, where the NM]J forms.

MuSK harbors specific domains to respond to agrin and Wnt ligands. The ectodomain of MuSK has three
immunoglobulin (Ig)-like domains (Igl, Ig2, and Ig3) and a frizzled-like cysteine-rich domain (Fz-CRD)!'**
(Fig. 1). Frizzled proteins, receptors for Wnt-ligands, have ten highly conserved cysteine residues forming five
disulfide bonds, which are essential for forming a compact folding structure'® (Fig. S1). MuSK Fz-CRD also has
ten conserved cysteine residues observed in Frizzled proteins. Crystal structure of MuSK Fz-CRD indeed revealed
a five-disulfide-bridged domain structure'?. Human Fz-CRD is encoded by exon 10 coding for 6 cysteines and
exon 11 coding for 4 cysteines'*". In human, MUSK generates six splice variants according to ENSEMBL 76,
although two are short variants with unknown functional significance. In two of the four remaining splice variants
in human, exon 10 encoding 6 out of 10 essential cysteines in Fz-CRD is alternatively skipped (Isoforms C and D,
Fig. S2¢). In contrast to human, however, mouse Musk exon 10 is constitutively expressed according to the
annotations by RefSeq, ENSEMBL 76, and GENCODE M2.

The first Ig-like domain (Igl) of MuSK is required for agrin to stimulate MuSK phosphorylation via LRP4°.
Phosphorylation and activation of MuSK can also be promoted by Wnt proteins by interacting with Fz-CRD. In
mouse C2C12 myotubes, Wnt9a and Wntl1 can stimulate MuSK phosphorylation by interacting with Fz-CRD

pu
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Figure 1| Structures of human and mouse MuSK. (a) Genomic structures of human MUSK and mouse Musk genes. Constitutive and alternative
exons are shown in green and red boxes, respectively. Black boxes indicate untranslated regions (UTRs) and thin lines indicate introns. Alternative
skipping of exons annotated in ENSEMBL 76 are shown by blue connecting lines. (b) Domain structure of MuSK. Fz-CRD is a Wnt-responsive domain
encoded by exon 10 coding for 6 cysteines (light blue-colored region of Fz-CRD) and exon 11 coding for 4 cysteines (yellow-colored region of Fz-CRD) in

human. SS, signal sequence; TM, transmembrane domain.

and induce AChR clustering, which requires LRP4, but not agrin’®. In
another study, Wnt4 has been shown to induce MuSK phosphoryla-
tion by interacting with Fz-CRD in COS7 and HEK293T cells and
Wnt4 facilitates mouse NM]J formation in vivo'”. Muscle prepattern-
ing in zebrafish is also facilitated by interaction of Wntllr with
Fz-CRD of a MuSK homolog, unplugged'®, which is mediated by
enhancing endocytosis of MuSK". In zebrafish, unplugged/MuSK
has three splice variants: SV1 lacks Ig-like domains 1 to 3 but retains
Fz-CRD, and is not responsive to agrin; SV2 lacks Fz-CRD and is not
responsive to Wnt; and the full-length isoform that can respond to
both agrin and Wnt'®. Subsequent studies revealed that agrin-non-
responsive SV1 is expressed in embryos, which is substituted for by
the full-length isoform in adults'®***'. MuSK Fz-CRD additionally
plays an important role in motor nerve axon guidance in pathfinding
in zebrafish®**'. Partial deletions of Fz-CRD have been analyzed in
quail QT-6 fibroblasts®. Artificial deletion of 6 Fz-CRD cysteines or
4 Fz-CRD cysteines caused lack of an activity for MuSK-rapsyn co-
clustering®. Amino acids 760 to 820 in the cytoplasmic domain of
MuSK, however, have later been shown to be sufficient to confer
interaction with rapsyn®. As Fz-CRD is an important and obligatory
domain of MuSK for Wnt-mediated AChR clustering in zebra-
fish'®2! and mouse C2C12 myotubes'®', the two discordant reports
in zebrafish®*?** may indicate that Fz-CRD has an additional enhan-
cing effect on MuSK-rapsyn interaction or plays another role in Wnt-
mediated AChR clustering. Considering the functional significance
of 10 cysteines in Fz-CRD, we humans are likely to have acquired an
evolutionally novel Wnt-insensitive MuSK isoform lacking 6 essen-
tial cysteines, but the underlying mechanisms of alternative skipping
of MUSK exon 10 remain unknown.

HnRNP C is a nuclear RNA-binding protein that associates with
nascent mRNA transcripts, which plays roles in pre-mRNA splic-
ing*, mRNA stability®, and translational modulation®. HnRNP C
has recently been identified as a molecular ruler to classify RNA
polymerase II transcripts for export into two categories: a long
mRNA and a short uridine-rich small nuclear RNA (U snRNA)?.
The Y box-binding protein (YB-1) is a member of the cold shock
domain (CSD) protein family, which has binding specificity for both
DNA and RNA. YB-1 has multiple roles including transcriptional
regulation, translational control, DNA repair, and pre-mRNA splic-
ing*®*. HnRNP L is another nuclear RNA-binding protein and a
global splicing regulator®**. It also functions in polyadenylation
and mRNA stability®>*.

In the present study, we have dissected the underlying mechan-
isms of alternative splicing of human MUSK exon 10. We first char-
acterized splicing regulatory cis-elements by scanning mutagenesis.
We then identified that the alternative skipping of MUSK exon 10 is
coordinately modulated by binding of three splicing suppressors
(hnRNP C, YB-1, and hnRNP L) to an exonic splicing silencer
(ESS) that is unique to human MUSK exon 10. Remarkably,
hnRNP C is the master regulator in this regulatory process, and
YB-1 and hnRNP L have additive effects to efficiently achieve splic-
ing suppression.

Results

Alternative splicing of MUSK exon 10 is unique to human. Since
exons 9 (7 nucleotides) and 10 (264 nucleotides) of human MUSK are
alternatively spliced according to the gene annotation databases, we
initially examined the differential selection of these two exons in
human skeletal muscle. Using total RNA isolated from human
skeletal muscle (Clontech), fragments spanning exons 8 to 11 were
amplified by RT-PCR (Fig. S2d). Sequencing of the RT-PCR
products revealed three splicing isoforms: (i) exons 9 and 10
included; (ii) exon 10 skipped; and (iii) exons 9 and 10 skipped
(Fig. S2f). We could not detect any transcript that skipped only
exon 9. We also performed a similar experiment using total RNA
isolated from immortalized human myogenic KD3 cells and primary
human myoblasts (SkMC), and obtained similar results (Fig. S2d and
f). The three observed splicing isoforms are not correctly mapped to
the human genome in UCSC Genes, RefSeq, ENCODE/GENCODE
Ver. 19 and H-Inv ver. 8.3. As cDNA sequences registered in these
annotation databases are correct, a short exon 9 that is comprised of
only 7 nucleotides is likely to have precluded correct mapping of
¢DNAs to the human genome. We also confirmed lack of
alternative splicing of mouse Musk exon 10 in 10 different skeletal
muscle tissues as well as in C2C12 mouse myoblasts (Figs. S2e and
$7¢). Lack of alternative splicing of mouse Musk exon 10 is correctly
annotated in all of the gene annotation databases shown above. In
this study, we investigated the underlying mechanisms of alternative
skipping of exon 10 unique to human.

Construction of minigenes for splicing analysis. We first con-
structed a human MUSK minigene in pcDNA3.1D/V5/His-TOPO
expression vector (Invitrogen) spanning exons 8 to 11 (Fig. 2a). Exon
10 in the pcDNA3.1 minigene was alternatively spliced in HeLa cells,
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as we observed in human skeletal muscle. We next inserted exon 10
and flanking intronic sequences (245 nucleotides in the upstream
intron and 200 nucleotides in the downstream intron) into the
modified exon-trapping vector pSPL3*, which carried two
proprietary constitutive exons on each end (Fig. S3a). The pSPL3-
human-MUSK minigene (H-iE10i) successfully recapitulated
alternative splicing of exon 10 in Hela cells (Fig. S3a). Serial
deletions of intronic nucleotides from both ends of H-iE10i
revealed that the shortest minigene (H-iE10i-A6) that carried 100
nucleotides in the upstream intron and 60 nucleotides in the
downstream intron was still alternatively spliced like H-iE10i in
Hela cells (Fig. S3a). This minigene was termed pSPL3-human-
MUSK (pH-wt) (Fig. 2b) and used in the subsequent experiments.
We also constructed a similar minigene harboring mouse exon 10
and flanking intronic sequences, pSPL3-mouse-MuSK (pm-wt), and

[

a pcDNA-human-MUSK

CMV

found that exon 10 is constitutively included in this minigene in
Hela cells (Fig. 2b). As the mouse minigene was not alternatively
spliced even in human cells, we assumed that nucleotides unique to
human enabled alternative splicing of exon 10. We confirmed that
our minigene was similarly alternatively spliced in KD3 cells and
HelLa cells (Fig. 2a and b). Due to better transfection efficiency, we
used HelLa cells and pH-wt/pm-wt in the following studies.

Identification of two exonic splicing silencer (ESS) blocks in
human exon 10. We next searched for exonic/intronic segments
carrying splicing cis-elements in pH-wt. To this end, we
constructed chimeric minigenes made of variable combinations of
human and mouse segments (Fig. 2c). We found that the
introduction of mouse exon 10 into pH-wt resulted in constitutive
splicing (pH-EC in Fig. 2c). We next introduced the first or second
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Figure 2 | Construction of minigenes and systematic identification of splicing regulatory cis-elements. (a) Structure of human MUSK minigene in

pcDNA3.1D vector (pcDNA-human-MUSK). RT-PCR of this minigene in HeLa and KD3 cells are shown at right. Alternatively and constitutively spliced
regions are shown in red and green, respectively. (b) Structure of pSPL3 minigene harboring MUSK/Musk exon 10 and flanking introns originated from
human (pSPL3-human-MUSK, termed pH-wt) and mouse (pSPL3-mouse- Musk, termed pm-wt). RT-PCR of these minigenes in HeLa and KD3 cells are
shown at right. (c) Schematic of chimeric constructs of pSPL3-human-MUSK minigene partially replaced by corresponding mouse sequences shown in
green. RT-PCR of each chimeric minigene in HeLa cells is shown below. (d) Schematic of cis-regulatory block-scanning mutagenesis of MUSK exon 10 in
the context of pSPL3-human-MUSK (pH-wt) minigene. A 20-nucleotide heterologous sequence of 5'-TCAGTATGACTCTCAGTATG-3’ is introduced
into each block. RT-PCR of pH-wt and 13 block-mutant minigenes in HeLa cells are shown bellow. Arrows point to primer positions in (a), (b), and (c).
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half of mouse exon 10 into pH-wt, and found that both constructs
resulted in constitutive splicing (pH-FHEC and pH-SHEC in
Fig. 2c). To specifically identify exonic splicing cis-elements, we
sequentially introduced a 20-nucleotide heterologous sequence

block (5'-TCAGTATGACTCTCAGTATG-3"), which was
previously reported to have no effect on splicing®”** (Fig. 2d). We
scanned the entire exon 10 by substituting 13 blocks excluding the
first and last three nucleotides of the exon. The block scanning
mutagenesis detected a potential ESS in two separate blocks
(blocks 5 and 12) and a potential exonic splicing enhancer (ESE)
in four consecutive blocks (blocks 6, 7, 8, and 9) (Fig. 2d). As
skipping of exon 10 has a prospective inhibitory effect on AChR
clustering, we dissected the mechanisms associated with ESSs in
this communication.

Dissection of ESS blocks on a nucleotide level and detection of
trans-acting factors. We next dissected the identified ESS blocks on
a nucleotide level. Alignment of human and mouse blocks 5 (ESS5)
and 12 (ESS12) revealed three and two discordant nucleotides,
respectively. Artificial introduction of discordant nucleotides into
ESS5 (pH-mB5) and ESS12 (pH-mB12) resulted in profound and
moderate loss of exon skipping, respectively (Fig. 3a and b), which
were consistent with the block-scanning mutagenesis experiments
(Fig. 2d). Therefore, the splicing suppressive effect of ESS5 was
stronger than that of ESS12.

The vast majority of splicing enhancer and silencer sequences have
been reported to function through the binding of cognate regulatory
proteins®. To determine if potential trans-acting factors stably inter-
act with the ESS sequences, binding reactions were performed with a
HeLa nuclear extract and an RNA probe harboring human or mouse
ESS5 sequence (Fig. 3¢). An RNA mobility shift assay with a native
gel showed three slow migrating complexes with the’”P-labeled
human ESS5 RNA probe (H-B5) (Fig. 3d). In contrast, the two slow
migrating complexes observed with H-B5 were not visible with the
mouse ESS5 RNA probe (m-B5). We also performed a similar experi-
ment with human/mouse ESS12 RNA probes, but could not detect
any differentially associated complex (Fig. S3b and c). We thus
focused on identification of the proteins bound to ESS5.

HnRNP C, YB-1, and hnRNP L are bound to human ESS5. We
next performed an RNA affinity purification assay using a HeLa
nuclear extract and a biotinylated ESS5 RNA probe (Fig. 3c). Three
distinct bands of ~70, ~50, and ~40 kD were associated with the
wild-type human ESS5 RNA probe (H-B5) but not with the mouse
probe (m-B5) or a partially deleted human probe (H-B5A5) (Fig. 3e).
Mass spectrometry analysis of the excised bands disclosed that the
identified bands were hnRNP L, YB-1, and hnRNP C, respectively,
which were confirmed by immunoblotting using respective
antibodies [anti-hnRNP L 4D11 (sc-32317, Santa Cruz Biotech-
nology), anti-YB1 (A303-230A, Bethyl Laboratories), and anti-
hnRNP C1/C2 4F4 (SC-32308, Santa Cruz Biotechnology)]
(Fig. 3f). Similar analysis with ESS12 detected no differentially
associated molecule (Fig. S3d).

HnRNP C, YB-1, and hnRNP L coordinately enhance skipping of
human MUSK exon 10. We next examined the effects of the
identified trans-factors on skipping of exon 10 by siRNA-mediated
downregulation of the individual factors in Hela cells. We first
confirmed efficient downregulation of each factor (Fig. 4a).
Downregulation of hnRNP C resulted in a significant loss of exon
skipping (Fig. 4b). Similarly, downregulation of YB-1 and hnRNP L
caused a loss of exon skipping, but to a lesser extent compared to
hnRNP C. Downregulation of all three trans-factors exerted a more
prominent effect than hnRNP C alone. Thus, YB-1 and hnRNP L are
likely to have additive effects on exon skipping. We observed similar
alterations in alternative splicing patterns with a second set of
siRNAs targeting different sites of each mRNA (Fig. S3e).

We next overexpressed cDNA of each trans-factor in HeLa cells.
We first confirmed the expression of each cDNA by immunoblotting
(Fig. 4c). As expected, overexpression of hnRNP C induced skipping
of exon 10 (Fig. 4d). A similar increase in exon skipping was also
observed with overexpression of YB-1 and hnRNP L, but to a lesser
extent compared to hnRNP C. The most prominent skipping was
observed when all three factors were overexpressed together, which
was consistent with the knockdown results.

HnRNP C is a critical regulator in inducing exon skipping,
whereas YB-1 and hnRNP L have augmenting effects. Having
identified the critical cis-element and their cognate-binding
partners, we next analyzed the molecular basis of specific binding
of each trans-factor to ESS5. HnRNP C prefers to bind to poly-T
stretch motifs®*** and both hnRNP L and YB-1 prefer to bind to C/A-
rich motifs®****%, ESS5 carries a stretch of five T’s in the first half of
the block and a C/A-rich sequence in the second half of the block (H-
B5 in Fig. 5a and b). In vitro SELEX studies of hnRNP L
demonstrated that CACA and ACAC sequences confer high-
affinity binding motifs and that CAAC and CACC confer low-
affinity binding motifs for hnRNP L*, where motifs present in
ESS5 are underlined. On the contrary, in vitro SELEX studies of
YB-1 revealed that CATC and CACC sequences confer high-
affinity binding motifs for YB-1%, where a motif present in ESS5 is
underlined. Therefore, the second half of ESS5 harbors overlapping
binding motifs of both YB-1 and hnRNP L. To characterize the
precise binding sites of the associated factors, we introduced a
series of artificial point mutations into the human ESS5 RNA
probe and checked the binding of each factor by RNA-affinity
purification followed by Western blotting (Fig. 5a and b). We
observed that poly-T stretch-disrupting mutations in the first half
indeed abolished the binding of hnRNP C (Fig. 5a, lanes 3, 4, and 5),
and four or more consecutive T-nucleotides are necessary for hnRNP
C binding. To our surprise, we noticed that binding of YB-1 and
hnRNP L was also compromised along with disruption of the
hnRNP C binding (Fig. 5a, lanes 3, 4 and 5). This suggested that
binding of YB-1 and hnRNP L was dependent on poly T-stretch. On
the other hand, introduction of mutations in the second half (C/A-
rich sequences) compromised binding of YB-1 and hnRNP L, but not
of hnRNP C (Fig. 5b). In addition, characterization of essential
nucleotides for binding of hnRNP L (CAACA) and YB-1
(ACACCT) revealed that binding motifs of hnRNP L and YB-1
indeed overlap (CAACACCT) in the second half of ESS5, where
the overlapping nucleotides are underlined. Considering the
overall findings (Fig. 5¢), we predicted that binding of hnRNP C to
the poly-T stretch facilitates the binding of YB-1 and hnRNP L to the
adjacent downstream site. To test this hypothesis, we depleted
hnRNP C from a HeLa nuclear extract using a specific antibody
(Fig. S4a) and performed RNA affinity purification assays. As we
had expected, depletion of hnRNP C nullified the binding of YB-1
and hnRNP L (Fig. S4b).

Binding of hnRNP C, YB-1, and hnRNP L to ESS5, but not to the
other site, induces skipping of MUSK exon 10. Having
characterized a coordinated regulation of hnRNP C, YB-1, and
hnRNP L on skipping of exon 10, we next examined the additive
effect of YB-1 or hnRNP L on hnRNP C-mediated exon skipping. To
this end, we made a reporter minigene (pSPL3-human-MUSK-MS2-
PP7), in which the bacteriophage MS2 coat protein-binding site was
substituted for the native “TTTTTCT’ sequence in the first half of
ESSS5 (the binding site of hnRNP C), and the bacteriophage PP7 coat
protein-binding site was substituted for the native ‘CAACACCTC’
sequence in the second half of ESS5 (the binding site of YB-1 and
hnRNP L) (Fig. 5d). We also made cDNA fusion constructs, hnRNP
C-MS2, YB-1-PP7, and hnRNP L-PP7, to artificially tether splicing
trans-factors to the respective sites. As expected, tethering of MS2-
tagged hnRNP C alone efficiently induced exon skipping of 79%-
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Figure 3 | HnRNP C, YB-1 and hnRNP L bind to exon 10 of human MUSK. (a, b) Mouse nucleotides are introduced into ESS5 (a) and ESS12 (b) of pH-
wt to generate pH-mB5 and pH-mB12, respectively. RT-PCR of each mutated minigene in HeLa cells is compared with that of pH-wt. Primer positions
are shown by arrows. (c) Sequences of ESS5 RNA probes carrying human (H-B5), mouse (m-B5), and partially deleted (H-B5A5) sequences.
(d)**P-labeled H-B5 or m-B5 RNA probe was incubated in the presence or absence of Hela nuclear extract (NuEX) and resolved on a native
polyacrylamide gel to observe free and protein-bound RNA species (arrows). (e) Coomassie blue staining of RNA affinity-purified products from HelLa
nuclear extract using the indicated biotinylated RNA probes. Three proteins of ~70, ~50, and ~40 kDa (arrows) are differentially associated with
H-B5 compare to m-B5 and H-B5A5. Mass spectrometry analysis revealed that the three proteins are HnRNP L (L), YB-1, and hnRNP C (C).

(f) Immunoblotting (IB) of RNA affinity purified proteins in panel (e) with the indicated antibodies.

(Fig. 5e,lane 3). Tethering of PP7-tagged YB-1and hnRNP L without
tethering MS2-tagged hnRNP C induced exon skipping of 52%
(Fig. 5e, lane 5) and 36% (Fig. 5e, lane 8), respectively. In contrast,
hnRNP C, YB-1, or hnRNP L without a tethering tag did not induce
exon skipping (Fig. 5e, lanes 2, 4 and 7), suggesting that ESS5 was the
only site where these factors were able to bind and function. We also
confirmed that MS2- or PP7-tagged factor has no effect on a
minigene lacking MS2- or PP7-binding site (Fig. S4d). Simul-
taneous recruitment of hnRNP C with either YB-1 or hnRNP L
further induced exon skipping (Fig. 5e, lanes 6 and 9), which
reconfirmed the additive effects of YB-1 and hnRNP L on hnRNP
C-mediated splicing suppression.

RNA-dependent interaction of hnRNP C, YB-1,and hnRNP Land
search for similar targets in other human genes. We next examined
the molecular interaction between the three trans-factors. Co-

immunoprecipitation revealed that HnRNP C and hnRNP L were
bound in an RNA-dependent manner (Fig. S5a), whereas hnRNP C
and YB-1 were not (Fig. S5b). Similarly, hnRNP L and YB-1 were
bound in an RNA-dependent manner (Fig. S5¢), which was
consistent with a previous report®.

We further asked if coordinated splicing regulation by hnRNP C,
YB-1, hnRNP L is unique to MUSK exon 10. As hnRNP L has highly
degenerative SELEX motifs, which are overlapping with YB-1 motifs,
we analyzed coordinated splicing only by hnRNP C and YB-1. Search
for adjacent hnRNP C- and YB-1-binding motifs in human alterna-
tive cassette exons and flanking introns detected 378 candidate sites.
We randomly selected 37 exons and analyzed alternative splicing in
HeLa cells in the presence of siCont, siC, siYB-1, and siC/siYB-1. We
found that alternative splicing events of 9 exons were affected by
hnRNP C and/or YB-1 in HelLa cells, whereas 13 exons were not
expressed and 15 exons were not alternatively spliced or affected
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Figure 4 | HnRNP C, YB-1, and hnRNP L coordinately promote skipping of MUSK exon 10. (a) Immunoblotting (IB) using the indicated antibodies
after gene knockdown with siRNA against control (siCont), hnRNP C (siC), YB-1 (siYB-1), and hnRNP L (siL) in HeLa cells. (b) RT-PCR of pSPL3-
human-MUSK (pH-wt) minigene in HeLa cells treated with the indicated siRNAs. The mean and SD (n = 3) of the ratio of exon skipping in each
treatment is shown below the gel image. (c) Immunoblotting (IB) with the indicated antibodies after cDNA overexpression of hnRNP C, YB-1, and
hnRNP L in Hela cells. Endogenous (endo) and exogenous (exon) YB-1 proteins are pointed by arrows. (d) RT-PCR of pH-wt minigene in Hela cells co-
transfected with the indicated cDNAs. The mean and SD (n = 3) of the ratio of exon skipping in each treatment is shown below the gel image.

by knockdown (Fig. $6). Among the 9 exons, 3 exons were coordi-
nately skipped by hnRNP C and YB-1 (Fig. S6a).

Expressions of splicing repressing hnRNP C and YB-1 are reduced
with muscle differentiation. As MuSK is a muscle-specific receptor
protein having an important role in muscle development and
function, we next examined the splicing profile of human MUSK
exon 10 in different stages of myogenic differentiation. We cul-
tured immortalized human myogenic KD3 cells in differentiation
medium for four days to make myotubes (Fig. 6a). RT-PCR
spanning endogenous MUSK exon 10 at different time points
revealed that skipping of exon 10 was suppressed on and after
differentiation day 3 (Fig. 6b, and Supplementary Table 1).
Similarly, myotube differentiation suppressed skipping of MUSK
exon 10 in primary human myoblasts (SkMC) (Figs. S7a, b, and
6¢c), and skipping of exon 10 constitutes only 12% in human
skeletal muscle (Fig. 6¢c and Supplementary Table 1). Thus,
skipping of exon 10 is a minor event in any differentiation stages
of myogenic and muscle cells.

In KD3 cells, we found that the expressions of hnRNP C and YB-1
were indeed decreased on and after day 3, whereas the expression
level of hnRNP L was not significantly changed at the mRNA
(Fig. 6d) and protein (Fig. 6e) levels. Therefore, reduction of
hnRNP C and YB-1 in the course of muscle differentiation causes
reduction of skipping of human MUSK exon 10 to produce a Wnt-
sensitive MuSK isoform.

Discussion

In this study, we have identified splicing regulatory cis-elements and
cognate trans-factors that drive alternative splicing of human MUSK
exon 10. HnRNP C enhances exon skipping in coordination with YB-
1 and hnRNP L by binding to a regulatory exonic splicing silencer,
ESS5. Two splicing suppressive cis-elements, ESS5 and ESS12, are
recognized by block-scanning mutagenesis, although the ESS activity
of ESS12 is not as conspicuous as that of ESS5. Most splicing regu-

latory ESSs and ESEs function through the binding of cognate reg-
ulatory proteins®. Indeed, ESS5 is recognized by the three splicing
trans-factors, but no associated molecules are detected for ESS12. In
contrast, the splicing suppressive activity of ESS12 is likely to be
regulated by a local secondary structure of pre-mRNA.
Alternatively, a binding affinity of a splicing trans-factor to ESS12
is too low to be detected by the RN A mobility shift assay and the RNA
affinity purification assay.

We have characterized the mutual coordination between the three
trans-factors. HnRNP C binds to a poly-T stretch in the first half of
ESS5, whereas binding motifs of hnRNP L and YB-1 are overlapped
in the second half of ESS5. In addition, binding of YB-1 and hnRNP L
is dependent on hnRNP C. One possible mechanism for this is that
overlapping binding motifs between hnRNP L and YB-1 provoke
competitive binding of the two factors. A third molecule, hnRNP
C, may rearrange RNA conformation to stabilize the binding of
either hnRNP L or YB-1. Similar RNA-mediated stabilization of
binding of another RNA-binding protein by a specific RNA-binding
protein has been reported in other genes. In CD45, hnRNP L stabi-
lizes the binding of hnRNP A1l in exon 4, in which binding of hnRNP
A1 and the subsequent splicing suppression is dependent on hnRNP
L**. The authors demonstrate that hnRNP L interacts with hnRNP
A1, which is lost by RNase. In Tpm], splicing of exon 3 is coordi-
nately repressed by PTB and Raver 1*°. Interaction between PTB and
Raver 1, which requires the target RNA, results in a conformational
change of the tertiary complex to bring the repressor domain of both
molecules in close apposition to synergistically promote exon skip-
ping. Therefore RNA-dependent molecular interaction and coordi-
nated splicing suppression is unlikely to be unique to ESS5 and is
likely to be functional in many other alterative splicing events.

Binding of YB-1 and hnRNP L to the same target and the sub-
sequent coordinated splicing regulation have been previously
reported®®. The authors report that overexpression and depletion
of either YB-1 or hnRNP L is sufficient to repress and derepress
splicing, respectively. In their report, YB-1 exerts a stronger effect
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Figure 5 | Binding of hnRNP C, YB-1, and hnRNP L to specific motifs enhances coordinated skipping of MUSK exon 10. (a, b) Scanning mutagenesis to

map the binding motifs of hnRNP C, YB-1, and hnRNP L in ESS5 (H-B5).

RNA probe sequences are shown in the upper panels, where discordant

nucleotides between human and mouse are underlined in H-B5 (ESS5). Artificial mutations are shown in red. RNA affinity-purified products are detected
by immunoblotting in the lower panels. The results are indicated on the right side by “+” and “—” for positive and negative binding to each probe,

respectively. (c) The resulting binding site of each factor from panels (a) and (b) is schematically shown. Essential binding nucleotides are indicated by
large green letters and are underlined. (d) Schematic of a reporter minigene (pSPL3-human-MUSK-MS2-PP7). MS2 coat protein-binding hairpin RNA
(blue) is substituted for the first half of ESS5 (binding site of hnRNP C). Similarly, PP7 coat protein-binding hairpin RNA (orange) is substituted for the
second half of ESS5 (binding sites of hnRNP L and YB-1). (e) RT-PCR of pSPL3-human-MUSK-MS2-PP7 minigene in HeLa cells that are co-transfected
with the indicated effectors. Blue and orange letters match to those in (d). The mean and SD (n = 3) of the ratio of exon skipping in each treatment is

shown below the gel image.

than hnRNP L, as in our MUSK exon 10. To the best of our know-
ledge, MUSK exon 10 is the first target where coordinated splicing
regulation by YB-1 and hnRNP L is dependent on hnRNP C. RT-
PCR analysis of 37 targets, where an hnRNP C-binding “TTTT motif
and a YB-1-binding ‘CATC/CACC’ motif are adjacent to each other
in human alternative cassette exons and flanking introns, revealed
three alternative cassette exons that are coordinately skipped by
hnRNP C and YB-1. Although detailed functional coordination of
hnRNP C and YB-1 on these targets, and involvement of hnRNP L,
remain unknown, MUSK exon 10 is unlikely to be the only target
where hnRNP C, YB-1, and hnRNP L coordinately induce exon
skipping.

Recent studies of alternative splicing in different cellular and
physiological states have broadened our understanding of the
molecular basis for functional selection of a certain isoform in a

tissue-specific and developmental stage-specific manner. These stud-
ies demonstrated multiple intriguing features of splicing regulatory
factor(s) including cell-type specific expression, intracellular local-
ization, post-translational modification on different cellular stimuli,
etc. Precise regulation of cellular differentiation is indispensable for
the proper development of vertebrate embryo and deregulated dif-
ferentiation results in diverse human congenital abnormalities
including cancers. In human myogenic cells (KD3), skipping of
MUSK exon 10 is significantly reduced from ~41% to ~22% upon
myogenic differentiation, which is in parallel with the reduced
expression of hnRNP C and YB-1 (Fig. 6). We also observed a similar
expression profile of MUSK exon 10 in primary human myoblasts
(SkMC) upon myogenic differentiation (Figs. S7a, b and 6c¢).
Reduced expression of hnRNP C, YB-1 and even hnRNP L upon
myogenic differentiation is also reported in mouse myoblast cells
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Figure 6 | Suppression of hnRNP C and YB-1 expressions in myogenic differentiation enhances inclusion of MUSK exon 10. (a) Phase-contrast images
showing a temporal profile of differentiation of KD3 cells. (b) RT-PCR showing alternative splicing of endogenous MUSK exon 10 at different
differentiation days of KD3 cells. (c) Real-time RT-PCR to quantify endogenous human MUSK transcripts. The absolute copy numbers of each isoform
(Isoforms A-D, as shown in Fig. S2f) were estimated using total RNA isolated from KD3 cells, primary human myoblasts (SkMC) and human skeletal
muscle (HSKM). Then the ratio of exon 10-skipping (including both isoforms C and D as shown in Fig. $2f) was determined (% exon skipping).
UD, undifferentiated cells; DM, differentiated myotubes (at day 4 for KD3 and at day 8 for SkMC). Transcripts levels were normalized against GAPDH
values. Bars represent mean and SD of three independent experiments. (d, e) Endogenous expression of splicing suppressors by RT-PCR (d) and
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(d), and (e). The same gel image of GAPDH is used in panels (b) and (d).

(C2C12)**8, Therefore, human has evolutionally acquired ESS5 to
skip MUSK exon 10, whereas downregulation of its trans-factors,
hnRNP C and YB-1, in muscle differentiation remains unchanged
in the course of evolution. It is interesting to note that YB-1 is a
negative regulator of C2C12 myoblast differentiation*®. YB-1 coop-
eratively interacts with MSX1 that inhibits the expression of MyoD
by binding to the core enhancer region (CER) of the MyoD pro-
moter*. Therefore, reduction of YB-1 expression in the course of
differentiation is physiologically relevant to facilitating myogenic
differentiation.

Physiological and evolutional significance of acquisition of an
exon 10-skipped Wnt-insensitive MuSK isoform in human remains
elusive, although an exon 10-skipped MuSK isoform constitutes a
minor fraction in human skeletal muscle. An exon 10-skipped iso-
form is deficient of Fz-CRD function'®. In CHRNAI encoding
ACHhR o subunit, only humans and great apes have acquired alterna-

tive inclusion of a non-functional exon P3A, which we have shown to
be regulated by hnRNP H*, PTB*, and hnRNP 1*. Although the
evolutional significance of having acquired a non-functional exon
P3A remains unsolved, skipping of MUSK exon 10 is the second
defective splicing event that is unique to human. In mammals,
CHRNE encoding the AChR ¢ subunit is expressed only at NMJ to
promote endplate-specific expression of AChR***. Similarly, Colg
encoding collagen Q has two promoters that are activated in slow-
and fast-twitch muscles, respectively. In fast-twitch muscles, the
Colg-1a promoter is activated only at NMJ®. Differentiation-
induced inclusion of MUSK exon 10, as well as NMJ-specific express-
ion of CHRNE and COLQ, suggest that human might have acquired
NM]J-specific expression of a Wnt-responsive exon 10-included
MUSK isoform to suppress extra-synaptic formation of AChR clus-
ters. To achieve such beneficial expression, exonic splicing cis-ele-
ments have evolved to utilize spatiotemporally regulated expressions
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of splicing trans-factors that were already functional in lower
mammals.

Methods

Sources of human skeletal muscle RNA. To scrutinize MUSK isoforms in human
skeletal muscle, we purchased human skeletal muscle total RNA (Clontech). We also
purchased primary human skeletal muscle cells (SkMC, Lonza). Immortalized
human myogenic cells (KD3) were kindly provided by Dr. Nachiro Hashimoto
(National Center for Geriatrics and Gerontology, Japan)**-®¢.

Cell culture and transfection. HeLa and C2C12 cells were cultured in DMEM
(Sigma- Aldrich) with 10% fetal bovine serum (FBS, Sigma-Aldrich). SkMC cells were
maintained in SkGM medium (Lonza). KD3 cells were grown in high-glucose

(4.5 g/ml) DMEM (hDMEM) media containing 20% FCS and 2% Ultroser G serum
substitute (PALL). To induce myogenic differentiation in C2C12 or SkMC, the
culture medium of confluent cells was switched to DMEM supplemented with 2%
horse serum. For myogenic differentiation of KD3 cells, we cultured confluent cells in
hDMEM containing 5 pg/ml holo-transferrin (bovine), 10 pg/ml insulin, and 10 nM
selenite (TIS, Gibco), as well as 2% FCS. HeLa and KD3 cells were transfected by
FuGENE 6 (Roche) and Avalanche (EZT-HSKM-1, EZ Biosystems), respectively.

Construction of MUSK minigene for splicing analysis. We constructed human
MUSK minigene spanning exons 8 to 11 in pcDNA3.1D/ V5-HiS-TOPO vector
(Invitrogen) using a proofreading DNA polymerase (PrimeSTAR, Takara). Four PCR
products were first amplified: exon 8 to intron 8 (IVS8+389); intron 8 (IVS8-148) to
intron 9 (IVS9+121); intron 9 (IVS9-243) to intron 10 (IVS10+202); and intron 10
(IVS10-77) to exon 11. The PCR primers carried additional 5' sequences that
matched to the neighboring amplicons. Amplicons 1/2 and 3/4 were first ligated each
other, respectively, and the generated fragments 1/2 and 3/4 were ligated to generate a
single fragment to be cloned into pcDNA3.1D/ V5-HiS-TOPO vector. The final
product, pcDNA-human-MUSK, thus lacked 13865, 5248, and 7426 nucleotides in
the middle of introns 8, 9, and 10, respectively.

We also inserted MUSK/Musk exon 10 and flanking intronic sequences (245
nucleotides of intron 9 and 200 nucleotides of intron 10) of both human and mouse in
the modified exon-trapping vector, pSPL3*". The PCR product carried NotI and Pacl
sites on each for cloning into pSPL3. Artificial mutations and block replacement were
engineered into the pSPL3 minigenes using the QuikChange site-directed mutagen-
esis kit (Stratagene) (Supplementary Table 2).

We made chimeric constructs of pSPL3-human-MUSK carrying human and
mouse segments using the megaprimer method®. At first, we PCR-amplified the
desired mouse segment with primers that carried 20 to 25 complementary nucleotides
to pSPL3-human-MUSK at the 5’ ends. The PCR amplicon was used as a megaprimer
for the QuikChange site-directed mutagenesis kit to make chimeric pSPL3-human-
MUSK minigenes. The entire inserts were sequenced for all the generated clones to
ensure absence of PCR artifacts.

RT-PCR and real-time RT-PCR. Total RNA was extracted 40 h after transfection
using Trizol (Invitrogen), followed by DNase I treatment (Qiagen). cDNA was
synthesized with an oligo-dT primer (Invitrogen) using ReverTra Ace reverse
transcriptase (Toyobo). RT-PCR was performed using GoTaq (Promega)
(Supplementary Table 3).

Real-time RT-PCR was performed using LightCycler 480 II (Roche) and the SYBR
Premix Ex Taq II (Takara) to quantify endogenous human MUSK transcripts. The
absolute copy numbers of each of MUSK isoforms were estimated using specific
primers (Supplementary Table 3) and cDNA fragments cloned into pGEM-T as
references.

RNA-electrophoretic mobility shift assays (RNA-EMSA). **P-labeled RNA probes
comprised of 20 nucleotides were transcribed in vitro with the T7 RiboMAX large-
scale RNA production system (Promega) using **P-UTP as previously reported®®. The
template DNA for transcription was generated by overlap extension PCR using two
overlapping primers (Supplementary Table 4), where T7 promoter sequence was
introduced at the 5’ end of the forward primer. Binding reactions were carried out
using Hela nuclear extract (CilBiotech) and radiolabeled RNA probes at 30°C for
15 min in a 15-pl reaction mixture, with a final concentration of 3.0 mM MgCl,,
50 mM KCl, 20 mM Tris-HCI (pH 7.5), 0.1 mM EDTA, 0.1% (v/v) Triton X-100,
10% (v/v) glycerol, 3 pg of BSA, 1 pgof tRNA, 4 U RNasin (Promega). RNA-protein
complexes were analyzed by 5% polyacrylamide gel electrophoresis (PAGE) at 4°C
using 0.5X Tris-borate-EDTA (TBE) buffer. Dried gels were subjected to
autoradiography.

RNA affinity purification assay. We synthesized 20-nucleotide biotinylated RNA
probes with the T7 RiboMAX large-scale RNA production system (Promega) using
3.0 mM Biotin-14-CTP (Invitrogen) as described previously®®. The template DNA
was generated as described for RNA-EMSA.

The RNA affinity purification method was modified from the previously adopted
protocol®. Biotinylated RNAs (0.75 nmol) and HeLa nuclear extract (30 pl)
(CilBiotech) were mixed in a 500-pl binding buffer [20 mM HEPES, pH 7.8, 150 mM
KCl, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.05% Triton X, 1X Protease
Inhibitor Cocktail (Active Motif)], and were incubated at 30°C for 3 h with gentle
agitation. In parallel, 50 pl streptavidin-conjugated beads (Streptavidin-sepharose,

GE Healthcare) were blocked with a 1: 1 mixture of 1 ml binding buffer containing
yeast tRNA (0.1 mg/ 100 pl of beads) and 1 ml PBS containing 4% BSA at 4°C with
rotation for 1 h. The beads were mixed with the binding solution for 2 h at 4°C with
gentle rotation. After washing the beads four times with 1 ml binding buffer, RNA-
bound proteins were eluted in SDS loading buffer by boiling at 95°C for 5 min. The
isolated proteins were fractionated on a 10% SDS-polyacrylamide gel and stained
with Coomassie blue or by immunoblotting.

Mass spectrometry. Mass spectrometry was performed as previously described®.

Depletion of hnRNP C from nuclear extract. Antibody-mediated depletion of
hnRNP C from HeLa cell nuclear extract was performed using Protein G HP spin trap
(GE Healthcare) according to the manufacturer’s instructions.

siRNA knockdown and minigene splicing. We synthesized the following human
siRNAs (Sigma Genosys):

5-CAACGGGACUAUUAUGAUATT-3’ for hnRNP C;

5-CCACGCAAUUACCAGCAAATT-3 for YB-1; and

5-GAAUGGAGUUCAGGCGAUGTT-3’ for hnRNP L.

We also synthesized a second set of human siRNAs:

5'-GUAGAGAUGAAGAAUGAUATT-3’ for hnRNP C,

5-AGAAGGUCAUCGCAACGAATT -3’ for YB-1, and

5’-CUACGAUGACCCGCACAAATT-3’ for hnRNP L.

The control siRNA was AllStar Negative Control siRNA (1027281) by Qiagen.
Cells were plated 24 h before transfection in six-well culture plates (1.5 X 10° cells/
well). The transfection reagent included each siRNA duplex at a final concentration of
30 nM, 1 pl Lipofectamine 2000 (Invitrogen), and 500 ng minigene in 100 pl Opti-
MEM medium. The cells were harvested three days after transfection for RT-PCR and
immunoblotting analyses.

cDNA overexpression and minigene splicing. Human hnRNP C ¢cDNA was
amplified with total RNA of human skeletal muscle (Clontech), and cloned into
pCDNA3.1D/V5-His TOPO (Invitrogen) to make pcDNA-hnRNP C. We previously
constructed pcDNA-hnRNP 1. The human YB-1 expression vector (pCMV-YB-1-
myc-nuc) was kindly provided by Dr. Akira Yokomizo (Kyushu University, Japan)®.
Cells were plated 24 h prior to transfection in a six-well culture plate (1.5 X 10° cells/
well) and transfected with 1 pg of expression construct(s), 500 ng of the minigene,
and 6.0 pl of FuGENE 6 (Roche) in 100 pl Opti-MEM medium. The cells were
harvested three days after transfection for RT-PCR and immunoblotting analyses.

Harvesting cells for immunoblotting. Cells were washed twice in PBS and harvested
in PBS with 1X Protease Inhibitor Cocktail. After centrifugation at 2,000 X g for

5 min, the pellets were resuspended in buffer A [10 mM HEPES-NaOH (pH 7.8),
10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 0.1% Nonidet P-40, 1X
Protease Inhibitor Cocktail] and kept for 30 min on ice. After sonication, samples
were centrifuged at 20,000 X g for 5 min to remove cell debris. The total cell lysate was
subjected to immunoblotting.

Tethered function assay. Tethered function assay was performed by co-transfection
of a reporter minigene carrying MS2- and PP7-binding sites and effector construct(s)
fused to either MS2 or PP7 coat protein. To make pcDNA-hnRNP C-MS2, an insert
encoding MS2 was isolated from pcDNA-hnRNP L-MS2* using Xhol and Xbal
restriction enzymes, purified, and cloned into the respective sites of pcDNA-hnRNP
C. We purchased a vector harboring PP7 cDNA (pET22HT-PP7delFG) from
Addgene. Using this vector, a PCR product spanning PP7 cDNA was amplified with
primers having Xhol and Xbal sites at the 5’ ends. This was subsequently cloned into
Xhol/Xbal sites of pcDNA-hnRNP L* to obtain pcDNA-hnRNP L-PP7. Using the
In-Fusion cloning kit (Clontech), we introduced PP7 cDNA into pCMV-YB-1-myec-
nuc to produce pCMV-YB-1-PP7-myc-nuc. The absence of artifacts was confirmed
by sequencing the entire inserts. We previously made pcDNA-MS2 harboring only
MS2 cDNA*. We also cloned only PP7 cDNA into pcDNA3.1D/ V5-HiS-TOPO to
make pcDNA-PP7.

To construct a reporter minigene, we substituted the bacteriophage MS2 coat
protein-binding hairpin RNA sequence (5-ACATGAGGATCACCCATGT-3")* for
the first half of the ESS5 sequence (5’-TTTTTCT-3") and PP7 coat protein-binding
hairpin RNA sequence (5'-GGCACAGAAGATATGGCTTCGTGCC-3")® for the
second half of ESS5 sequence (5-CAACACCTC-3’) in MUSK exon 10 in
PSPL3 minigene using the QuikChange site-directed mutagenesis kit.

Antibodies. Antibodies used in this study were anti-hnRNP C1/C2 4F4 (SC-32308,
Santa Cruz Biotechnology), anti-YB1 (A303-230A, Bethyl Laboratories), anti-hnRNP
L 4D11 (sc-32317, Santa Cruz Biotechnology), anti-His-tag (D291-3, Medical &
Biological Laboratories), anti-GAPDH (G9545, Sigma-Aldrich), anti-B-actin C4 (sc-
47778, Santa Cruz Biotechnology), anti-myogenin (M-225) (sc-576, Santa Cruz
Biotechnology), and anti-U2AF65 MC3 (sc-53942, Santa Cruz Biotechnology).

Co-immunoprecipitation. Protein-protein interactions were studied by the co-
immunoprecipitation (Co-IP) experiment using the Nuclear Complex Co-IP kit
(Active Motif) according to the manufacturer’s instructions, in the presence or
absence of RNase (RNase cocktail enzyme mix, Ambion). We incubated 100 pg of
HeLa nuclear extract with 2 pg of anti-hnRNP C or anti-YB-1 antibody. We included
isotype-matched normal IgG as a control. The binding buffer contained 150 mM
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NaCl. The protein G beads with bound molecules were boiled and run on a
polyacrylamide gel followed by immunoblotting.

In silico search for binding sites of hnRNP C and YB-1 at alternative cassette exons
in the human genome. We first searched for the hnRNP C motif (‘TTTT’) in
human alternative cassette exons and flanking introns according to ENSEMBL 76.
We then searched for the YB-1 SELEX motifs (CATC and CACC) within 5 to 16
nucleotides upstream and downstream of the hnRNP C site. We similarly
identified hnRNP C-binding sites in iCLIP data®**. After filtering the iCLIP sites
to alternative cassette exons and flanking introns, we searched for the YB-1 SELEX
motifs (CATC and CACC) within 20 nucleotides upstream and downstream of
the iCLIP sites.
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Abstract

Background Congenital insensitivity to pain with anhi-
drosis (CIPA) is a rare disorder with various skeletal
complications; thus, a compilation of data on affected
patients could provide a valuable resource for the man-
agement of this disease. The aim of this study was to
ascertain and report the frequency, location, age of onset,
cause, and management of skeletal complications in Japa-
nese patients with CIPA.

Methods The medical records of 14 CIPA patients in our
institute and information on 77 patients reported in Japa-
nese articles were analyzed. Data regarding skeletal-system
complications, including location, symptom, major cause
and management of fractures, joint dislocations, infections,
and Charcot joints, were extracted.

Results Fractures occurred in 59/91 patients (65 %),
91 % of them in the lower limbs. Joint dislocations
occurred in 27/91 patients (30 %), 91 % of them in the hip
joint. Bone and joint infections occurred in 22 patients
(24 %) and Charcot joints in 26 patients (29 %); 62 % of
infections and 87 % of Charcot joints developed in the
lower limbs. Most fractures occurred from 1 to 7 years of
age; there was no apparent relationship between age and
other complications. The major known causes of bone
disorders were minor trauma such as short falls; however,
most were of unknown cause. Conservative therapy was
used more frequently than surgery to manage fractures,
dislocations, and Charcot joints.
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Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8655, Japan
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Conclusions These data show that most CIPA patients
have skeletal complications, most of which occur in the
lower limbs. Fractures are frequent between 1 and 7 years
of age, whereas other bone disorders have no apparent age
relationship. The major known causes of bone disorders
were minor trauma such as short falls. Conservative ther-
apy was more frequently used to manage fractures, dislo-
cations, and Charcot joints.

Introduction

Hereditary sensory and autonomic neuropathies (HSAN), a
group of disorders characterized by insensitivity to noxious
stimuli and autonomic dysfunction, are associated with
pathological abnormalities of the peripheral nerves. Dyck
[1] identified five types; HSAN type VI was added recently
[2]. HSAN type IV, also called congenital insensitivity to
pain with anhidrosis (CIPA), is an autosomal recessive
disorder associated with mutation of the NTRKI gene,
which codes for neurotrophic tyrosine kinase [3]. CIPA is
characterized by absence of pain sensation, anhidrosis,
episodes of recurrent fever, intellectual disability, and self-
mutilating behavior [4, 5].

Pain sensation is a body alarm signal. Without it, there is
a lack of protective reactions to acute pain. Therefore,
individuals with CIPA may sustain repeated bone fractures
and multiple joint dislocations [6—9]. In addition, patients
often do not realize that they have injuries, which leads to
delays in diagnosis and difficulties with treatment. Intel-
lectual disability and self-mutilating behavior can lead to
slow healing of such injuries, resulting in limb deformities
and Charcot joints. Consequently, many adult patients
cannot walk independently and require wheelchairs. High
thresholds for perception of touch/pressure and deep
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sensations [10] can also adversely affect skeletal compli-
cations. In patients with CIPA, intellectual disability
includes speech delay, communication disorder, and
attention deficit hyperactivity disorder. Common self-
mutilating behavior is biting one’s own tongue, lips, and
fingertips.

Certain geographical areas, including Israel [11, 12] and
Japan, have a relatively higher prevalence of this disease.
The number of Japanese patients is estimated at 130-210
[13]; thus, the prevalence in Japan is believed to be higher
than in Western countries. Although many CIPA patients
have been described in previously published Japanese
reports, there are no objective reports on skeletal disorders
in a series of patients. Thus, a compilation of data on
Japanese patients with CIPA could provide a valuable
resource for management of this disease. The aim of this
study was thus to ascertain and report the frequency,
location, age of onset, cause, and management of skeletal
complications in Japanese patients with CIPA.

Patients and methods

The medical records of 14 CIPA patients followed up by
the Department of Rehabilitation Medicine, the University
of Tokyo Hospital, between January 2008 and December
2011 were collected [patient records group (PRG)]. Diag-
noses of all these patients were based on clinical findings
and physiological tests. Gene analyses on three of them
showed NTRKI mutations. Case reports and case series of
CIPA written in Japanese were collected as follows: The
Japanese language medical literature database (Ichushi
WEB) was searched using the keywords sentensei mutsu-
umukanshou (congenital insensitivity to pain with anhi-
drosis), mutsuu mukan (insensitivity to pain, anhidrosis),
mukan mutsuu (anhidrosis, insensitivity to pain), and
mutsuumukanshou (insensitivity to pain with anhidrosis).
All Japanese articles between January 1983 and December
2011 were assessed, and case reports and case series about
patients with CIPA were selected for this review. When
two articles dealing with a single patient were identified,
the more recent one was primarily used while also
accessing information from the original one. Seventy-six
articles reporting 77 patients with clinically proven CIPA
[literature review group (LRG)], six of whom reportedly
had the NTRKI mutation, were reviewed.

For both PRG and LRG, sex, age (PRG at last visit, LRG
at time of report), and presence of intellectual disability
were surveyed. Data regarding skeletal complications,
classified as fractures, joint dislocations, infections (pyo-
genic osteomyelitis and arthritis), and Charcot joints in the
extremities and trunk, were extracted. Extracted

@ Springer

information included age at occurrence of skeletal com-
plication, location, symptoms, major causes, and manage-
ment. Because some patients had multiple locations or
symptoms, each occurrence of a skeletal complication was
assessed separately.

This study was approved by the ethical committee of the
Faculty of Medicine, the University of Tokyo (approval
number 2373).

Results
Patient data

General data, including sex, age, duration of follow-up, and
presence/absence of intellectual disability, are listed in
Table 1. The median age in the LRG was younger than that
in the PRG. There were no differences between groups in
sex or presence of intellectual disability.

Table 1 Patient data

Total PRG LRG
Number of patients 91 14 77
Male/female/not 41/49/1 71710 34/42/1
documented
Age (years)" 11 (0-37) 14 (4-35) 11 (0-37)
Duration of follow-up Not 30 (3—46) Not
(months)” applicable applicable
With intellectual disability/ 55/11/25 10/3/1 45/8/24

without/not documented

LRG literature review group, PRG patient records group
# Median (range)

Table 2 Locations of fractures and dislocations

Total PRG (14 patients) LRG (77 patients)
Fractures 116 32 84
Clavicle 2 2 None
Upper arm 2 1 1
Elbow 2 2 None
Forearm 5 None 5
Hip 2 None 2
Thigh 26 6 20
Knee 7 3 4
Lower leg 35 6 29
Foot 35 12 23
Dislocations 33 18 15
Shoulder 2 1 1
Hip 30 17 13
Foot 1 None 1

LRG literature review group, PRG patient records group
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Fig. 1 Onset age of fractures, dislocations, and infections for patient records group (PRG) and for literature review group (LRG)

Data on skeletal complications
Fractures

In all, 116 fractures were analyzed; 105 (91 %) were in the
lower limbs. Most lower-limb fractures occurred in the
lower leg and foot (Table 2). Fractures were frequent
between the ages of 1 and 7 years, especially between the
ages of 4 and 6 years (Fig. 1).

Documented causes of fractures included falls (nine),
minor external force (six), jumping from a step (four),
abnormal gait (two), motor vehicle accident (one), and no
specific reason (seven); causes of the other 87 fractures were
not clearly described. Thirteen of 116 fractures (11 %) were
managed surgically and 47 of 116 (41 %) conservatively; for
the other 56 fractures, management was not documented.
Surgical management for 13 fractures led to breakage or
dislodgement of the fixation implant in five instances and
surgical-site infection in three; conservative management for
47 fractures led to pressure-sore formation in three.

Joint dislocations

In all, 33 joint dislocations were analyzed: 30 of the 33
(91 %) occurred in the hip joint (Table 2). There was no
apparent relationship with age (Fig. 1). Causes of joint
dislocations included falls (one), abnormal gait (one),
external force (one), and changing a diaper (one); for the
other 29 dislocations, causes were not clearly documented.
Three of 33 joint dislocations (9 %) were managed surgi-
cally and eight (24 %) conservatively; for the other 22,
management was not documented.

Infections

In all, 39 infections were analyzed. Twenty-four presented
as osteomyelitis and 15 as arthritis. Twenty-four of 39

Table 3 Locations of infections and Charcot joints

Total PRG (14 patients) LRG (77 patients)
Infections 39 9 30
Upper limb 15 3 12
Lower limb 24 6 18
Charcot joints 52 15 37
Elbow 3 2 1
Hip 12 2 10
Knee 16 5 11
Ankle 17 5 12
Spine 4 1 3

LRG literature review group, PRG patient records group

(62 %) occurred in the lower limbs (Table 3). Though
biting one’s own fingertips was reported in eight patients,
no osteomyelitis or arthritis caused by this was reported.
There was no apparent relationship with age (Fig. 1).
Seventeen of 39 infections (44 %) were managed surgi-
cally, and six (15 %) were managed conservatively; for the
other 16 infections, management was not documented.

Charcot joints

In all, 52 Charcot joints were analyzed. Forty-five (87 %)
occurred in the lower limbs (Table 3); 4/52 (8 %) were
managed surgically, and 8/52 (15 %) were managed con-
servatively; for the other 40, management was not
documented.

Multiple and/or repeated musculoskeletal conditions
Among the 14 patients in PRG, two experienced multiple
and/or repeated musculoskeletal conditions during the

follow-up period of 4 years. A 3-year-old girl developed
left hip dislocation that recurred 17 times during the
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