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Table 1 Affected putative splicing cis-elements in COLIAI exon 45 predicted by ESEfinder, ESRsearch and PESXs

Sequence variation Normal allele Variant allele Predicted effect Score? Putative trans-factor
Normal Variant

rs1800215 CCGCCGG CCACCGG® Gain 1.622 4.231 SRp40

rs1800217 CTGTTGGC CTGTCGGC® Gain n.a.

c.3226G>A CGCCGG CGCCéGb Gain n.a.

CCGGTCCT CCAGTCCT® Gain n.a.
¢.3226G>A+1s1800215 CCGCCGG CCACCAG* Gain 1.622 3.663 SRp40
¢.3226G>T CGCCGG CGCC_’I:Gb Gain n.a.
¢.3226G>T+rs1800215 CCGCCGG CCACCTG" Loss 3.498 0.571 SF2/ASF
c.3235G>A CTGTCGG CTGTCAG" Loss 2.492 0.713 SF2/ASF

CTGTCGGC CTGTCAGC® Loss n.a.

TGTCGGC TGTCAGC* Gain 1.058 3.613 SRp40

GTCGGC GTCAGC” Gain na.

CGGCCCTG CAGCCCTG® Gain n.a.
¢.3244G>T GGCGCCCG TGCGCCCG* Loss 3.109 1.059 SC35

GGCGCC TGCGCC* Gain 0.721 3.531 SRpS5
¢.3244G>T+rs1800217 TGTTGGC TGTCTGC* Gain —1.326 3.367 SRp40
c.3253G>A CGTGGC CGTAGC* Loss 2.940 2.331 SRp55

Variant nucleotides are shown in bold and underlined
n.a. not applicable

# ESEfinder

> ESRsearch

¢ PESXs

¢ Default threshold values employed by ESEfinder are SRp40 = 2.67, SF2/ASF = 1.867, SC35 = 2.383 and SRp35 = 2.676

12.5% regions of the entire genome. We first sought for a
mutation responsible for hyperuricemia in 24 genes (see
Table 3 and Suppl. Table 2) that are involved in urate
metabolisms and excretion, but found none in either
patient. We then scrutinized SNPs in ten genes that are
known to be associated with hyperuricemia and identified
12 SNPs (Table 3). In this analysis, we excluded SNPs
with a minor allelic frequency of 0.01 or less. Among the
12 SNPs, 152231142 in ABCG2 as well as rs3825016 and
rs11231825 in SLC22AI12 are previously reported and
will be addressed in the discussion. We traced the three
SNPs in F1, F2 and F3 by capillary sequencing and found
that variable dosages of these SNPs were observed in
hyperuricemic as well as in normouricemic individuals

(Fig. 1).

A missense mutation in GPATCHS is likely to lead
to hyperuricemia in the Japanese family (F1)

After eliminating SNPs in the dbSNP132 database, only
three non-synonymous variants remained shared between
1I-2 and II-3 on chr 17; ¢.602A>G in exon 2 of KRBA2 at
17p13.1, ¢.206C>T in exon 3 of ZPBP2 (MIM# 608499) at
17q12 (Fig. 3a) and ¢.2935G>C in exon 8§ of GPATCHS at
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17921.31 (Fig. 3b). Capillary sequencing revealed that
variants in ZPBP2 and GPATCHS cosegregated with
hyperuricemia in F1, but the KRBA2 variant did not. These
two variants were not detected in F2, F3, F4, 100 normal
human individuals or exomes of 50 Tibetans (Yi et al.
2010). In addition, exome-capture resequencing of VIII-2
detected no mutations in ZPBP2 and GPATCHS.

ZPBP2 ¢c.206C>T and GPATCHS ¢.2935G>C predict
amino acid substitutions of p.T691 and p.A979P, respec-
tively. Threonine 69 and the flanking amino acids of
ZPBP2 are not conserved across mammalian species.
Additionally, an SNP 1535591738 mutates the N-terminal
proline at codon 68, and an SNP rs34272593 causes a
frameshift at codon 70 (Fig. 3a). In contrast, alanine 979
and the flanking amino acids of GPATCHS are in the ser-
ine-rich region and are highly conserved across mamma-
lian species (Fig. 3b). PolyPhen-2 (Adzhubei et al. 2010)
predicted that ZPBP2 p.T691 was benign with a score of
0.025 and GPATCHS p.A979P was damaging with a score
of 0.988, where 1.0 was the worst score. Similarly, SIFT
(Kumar et al. 2009) predicted that ZPBP2 p.T691 was
tolerated with a score of 0.38 and GPATCHS p.A979P was
damaging with a score of 0.00, where a score < 0.05
was predicted to be deleterious.
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Table 2 Splice site strength of COLIAI exon 45 predicted by the NetGene2 and the Splice Site Prediction by Neural Network

Sequence variation NetGene2 Splice Site Prediction by Neural Network
Confidence Score
Acceptor Donor Acceptor Donor
Wild type 0.97 0.93 0.98 0.95
rs1800215 - - - —
rs1800217 - - - -
¢.3226G>A - 0.89 - -
¢.3226G>A+rs1800215 0.94 0.89 - -
¢.3226G>A+1s1800217 - 0.89 - -
¢.3226G>T 0.94 0.87 - -
¢.3226G>T+rs1800215 0.94 0.86 - -
¢.3226G>T+rs1800217 0.94 0.87 - -
¢.3235G>A 0.94 0.87 - -
¢.3235G>A+rs1800215 0.94 0.86 - -
¢.3235G>A+rs1800217 0.94 0.87 - -
¢.3244G>T 0.94 0.86 - -
¢.3244G>T+rs1800215 0.94 0.86 - -
¢.3244G>T+1s1800217 0.94 0.86 - -
¢.3253G>A 0.94 0.88 0.52° -
¢.3253G>A+rs1800215 0.94 0.87 0.52% -
¢.3253G>A+1s51800217 e 0.89 - -
— symbol represents being identical to the wild-type
# In addition to the native splice acceptor site of 0.98, a cryptic splice acceptor site ‘AG’ is generated at ¢.3253_3254
Table 3 Twelve SNPs identified by exome resequensing in five out of ten genes associated with hyperuricemia
Ch Gene Position Nuc. Amino acid AF dbSNP II-2 113 VIII-2
AGL 100,336,361 C>T Syn. 0.7 rs2230306 T/T /T -/T
4 ABCG2° 89,034,551 G>A Syn. 0.02 1s35622453 /- —~— —/A
89,052,323 C>A Q141K 0.31 1s2231142 —/A AJA —/—
89,061,114 G>A V1M 0.19 rs2231137 /A /- ~/A
4 SLC2A9° 9,909,923 C>T P350L 0.33 1rs2280205 /T —(T /-
9,922,130 G>A R294H 0.72 rs3733591 /A /- —/A
9,998,440 G>A Syn. 0.54 rs10939650 —/A Al/A ~/A
10,022,981 G>A G25R 043 1$2276961 —/A —/A —/—
10,027,542 G>A AlTT 0.06 rs6820230 —/- /A —/A
11 SLC22A12° 64,359,286 C>T Syn. 0.21 rs$3825016 /T T/T -/T
64,360,274 C>T Syn. 0.81 rs11231825 ~/T —— /T
12 PFKM n.d.
16 UMOD® n.d.
17 G6PC n.d.
X HPRTI* n.d.
X PRPSI® n.d.
X MAOA 43,591,036 G>T Syn. 0.3 rs6323 —/— T/IT /T
? The gene is associated with purine metabolism
® The gene is associated with renal excretion of urate
~ symbol represents in the patients’ genotypes mean being identical to the reference nucleotides
Syn synonymous nucleotide change, AF allelic frequency of the changed nucleotide, n.d. no SNPs are detected
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Fig. 3 Conservation of 21 amino acid segments encoded by ZPBP2
and GPATCHS in mammals. Locations of non-synonymous variants
identified in the Japanese family (F1) are boxed. Amino acids
identical to human are shaded. a c.206C>T predicts p.T691 in ZPBP2.
T69 is not conserved in rat and opossum. An SNP rs35591738
predicts p.P68A, and an SNP rs34272593 induces a frameshift.
b ¢.2935G>C predicts p.A979P in GPATCHS. The mutation is
located at the C-terminal end of the serine-rich region

Discussion
Phenotypic variabilities of OI mutations

We identified a heteroallelic ¢.3235G>A mutation in
COLIAI exon 45 in a Japanese family with mild OI type I.
The ¢.3235G>A mutation has been previously reported in
six families with Ol types I (Hartikka et al. 2004; Mottes et al.
1992; Roschger et al. 2008) and IV (Marini et al. 2007).
COLIAI exon 45 encodes six of the 338 Gly-X-Y triplet
repeats. Four additional mutations have been reported in
exon 45 (Constantinou et al. 1989; Lund et al. 1997; Marini
et al. 2007), and all substitute Ser or Cys for Gly (Fig. 2a)
with mild to lethal phenotypes. Among the five mutations,
two mutations introducing Cys result in a lethal type II,
whereas three mutations introducing Ser give rise to milder
types I, IIT and I'V. This notion, however, cannot be applied to
the other exons according to the human type I collagen
mutation database (http://www.le.ac.uk/genetics/collagen/).

Being prompted by a report that more than 16-20% of
exonic mutations disrupt an ESE (Gorlov et al. 2003), we
asked if a mutation disrupting an ESE in exon 45 causes
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skipping of an inframe exon 45 and exhibits a severe
dominant negative phenotype. Three Web-based programs
predict that all the five mutations and the two SNPs affect
16 putative exonic splicing cis-elements (Table 1). We thus
constructed and analyzed 18 minigenes carrying all possi-
ble combinations of the five mutations and two SNPs
(Fig. 2b), but found that none affected pre-mRNA splicing
(Fig. 2¢). Our analysis suggests that the currently available
algorithms of splicing trans-factors cannot efficiently pre-
dict splicing cis-elements. This is likely because the rec-
ognition motifs of splicing trans-factors are mostly
determined by in vitro SELEX experiments. A recently
developed technique, the high throughput sequencing
coupled to crosslinking immunoprecipitation method
(HITS-CLIP), enables us to extensively determine RNA
segments recognized by a specific splicing trans-factor in
vivo (Licatalosi et al. 2008; Yeo et al. 2009). Accumulation
of knowledge with the HITS-CLIP technology will enable
us to construct dependable algorithms to efficiently predict
splicing cis-elements.

In addition to the phenotypic variability among similar
mutations in the same exon, the same mutation often
exhibits variable phenotypes, although the variability is
usually less (Lund et al. 1996). This is also true for our
families. In the Japanese family (F1), two sons (II-1 and
I1-3) experienced many fractures, whereas the father (I-1)
and another son (I1I-2) had no history of fractures. In the
Italian family (F2), the son suffered from many fractures,
but his affected mother did not (Mottes et al. 1992). In the
Canadian family (F3), the father was classified as OI type
IV, whereas his daughter as OI type I (Roschger et al.
2008). Variable clinical phenotypes of the ¢.3235G>A
mutation is likely due to differences in environmental
factors or to SNPs in disease-modifying genes, but the
molecular bases have not been elucidated in any type of Ol

Molecular basis of hyperuricemia

In F1, hyperuricemia cosegregated with OI type 1.
Although no known genes causing hyperuricemia are on
chr 17 where COLIA] is located, two candidate genes of
PRPSAP] and PRPSAP2Z are on chr 17. Capillary
sequencing of these genes, however, detected no mutation.
We thus employed exome-capture resequencing analysis of
two siblings in F1 to search for a responsible gene for
hyperuricemia. We first looked into SNPs in the 10 can-
didate genes that are associated with hyperuricemia, purine
metabolism and renal excretion, and found 12 SNPs in 10
genes (Table 3). Among them, three SNPs in ABCG2
(rs2231142) and SLC22A12 (rs3825016 and rs11231825)
are previously reported markers for hyperuricemia and/or
gout.
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Dehghan et al. (2008) report that rs2231142 in ABCG2
is associated with gout by a genome-wide association study
(OR = 1.74 and 1.71 in white and black participants,
respectively). Woodward et al. (2009) showed a significant
association between 152231142 and hyperuricemia
(OR = 1.68) in a population-based study of 14,783 indi-
viduals. Kolz et al. (2009) demonstrated that rs2231142
elevated the serum urate concentration more strongly in
men than in women by meta-analysis of 28,141 individu-
als. Stark et al. (2009) analyzed 683 patients with gout and
indicated a significant association between rs2231142 and
gout (OR = 1.37). Although rs2231142 is an attractive
causative SNP, our normouricemic subjects were also
heterozygous for rs2231142.

Graessler et al. (2006) analyzed 389 German individuals
with primary hyperuricemia and found that rs3825016 and
rs11231825 in SLC22A12 were significantly associated
with reduced fractional excretion of urate in the kidney.
Tabara et al. (2010) analyzed 1,526 normal Japanese
individuals retrospectively and longitudinally, and clarified
that rs11231825 was associated with reduced urate excre-
tion and with future development of hyperuricemia. Again,
although the two SNPs are attractive causes of hyperuri-
cemia, we observe variable dosages of these SNPs even in
our normouricemic subjects.

We next looked into neighboring genes of COLIAI
without considering the functions of the gene products, and
identified that two missense variants in ZPBP2 and
GPATCHS cosegregated with the COLIAI mutation in F1.
Neither variant was detected in 300 normal alleles or in
dbSNP132. ZPBP2 p.T69], however, is unlikely to be
pathogenic for three reasons: lack of conservation in
mammals; two missense/frameshifting SNPs at or close to
the variant site (Fig. 3a); and the benign predicted outcome
by PolyPhen-2 and SIFT. On the other hand, p.A979P in
GPATCHS substitutes an amino acid in the highly con-
served serine-rich region (Fig. 3b), and the substitution is
predicted to damage the structure and function of the
protein by in silico analysis. GPATCHS encodes the G
patch domain-containing protein 8 that harbors both an
RNA-processing domain and a zinc finger domain.
GPATCHS is expressed in a wide variety of human tissues
including skeletal muscles, brain, heart, pancreas, liver and
kidney (McKinney et al. 2004). Functions of the
GPATCHS gene product, however, have not been studied
to date. The p.A979P variant in GPATCHS is highly likely
to be associated with hyperuricemia in F1, but it may also
cause another yet unidentified phenotype that cosegregates
with Ol
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Abstract

Background The “coat-hanger” sign of the ribs with a bell-
shaped thorax has been known as a radiological hallmark of
the paternal uniparental disomy 14 (upd(14)pat).

Objective To quantitatively determine the differences in
thoracic deformity between upd(14)pat and other bone
diseases with thoracic hypoplasia and to establish the age-
dependent evolution.

Materials and methods The subjects comprised 11 children
with upd(14)pat. The angle between the 6th posterior rib
and the horizontal axis was measured (coat hanger angle;
CHA). The ratio of the mid- to widest thorax diameter
(M/W ratio) was calculated for the bell-shaped thorax.
Results CHA ranged from +28.5 to 45° (mean; 35.1°+5.2)
in upd(14)pat, and from —19.8 to 21° (—=3.3£13°) in bone
dysplasias (p<0.01). The M/W ratio ranged from 58%
to 93% (75.4+10) in upd(14)pat, and from 80% to 92%
(86.8+3.3) in bone dysplasias (»p<0.05). Serial radiographs
revealed that CHA remained constant during early childhood,
while the M/W ratio gradually increased with age.
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Conclusion The “coat-hanger” sign of upd(14)pat provides
a distinctive radiological gestalt that makes it possible to
differentiate the disorder from other skeletal dysplasias. By
contrast, the bell-shaped thorax is significant only in the
neonatal period.

Keywords UPD14 - Plain radiograph - Coat-hanger sign -
Bell-shaped thorax

Introduction

Uniparental disomy (UPD) refers to the inheritance of a
pair of chromosomes from only one parent. UPD is a
relatively common phenomenon. The inheritance of both,
or parts of both, maternal chromosomes (heterodisomic
maternal UPD) has been found to become more prevalent
as parental age becomes more advanced [1]. It is well
established that UPD for chromosomes 6, 7, 11, 14 and 15
is associated with recognized syndromes, including Prader-
Willi syndrome (maternal UPD 15), Angelman syndrome
(paternal UPD 15), and Beckwith-Wiedemann syndrome
(paternal UPD 11) [2].

The paternal UPD 14 phenotype (upd(14)pat) is a
recently recognized genetic condition that is caused by an
aberration of the imprinting center in chromosome 14. The
clinical hallmarks of upd(14)pat are thoracic hypoplasia and
abdominal wall defect. Mild facial dysmorphism and
developmental delay are also noted. In addition, upd(14)
pat presents with a distinctive radiological finding: the
“coat-hanger” appearance of the ribs and a bell-shaped
thorax [3]. In the past, upd(14)pat was often misdiagnosed
as bone dysplasias with thoracic hypoplasia, as in Jeune
syndrome [4], because attention was not paid to the
morphological differences of the thorax between upd(14)
pat and other genetic bone diseases. Previous reports on
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upd(14)pat have been based on a single case or a limited
number of cases. To date, there has been no radiological
report involving a large series of upd(14)pat cases. Although
a previous report suggested that the dysmorphic thorax in
upd(14)pat ameliorated in the mid-childhood period [5], it
remains to be determined how the thoracic deformity in upd
(14)pat evolves with age. The purpose of this study was to
quantitatively determine the differences in the thoracic
deformity between upd(14)pat and other genetic bone
diseases, and to establish the age-dependent radiological
evolution of the thoracic hypoplasia in upd(14)pat.

Materials and methods

The subjects comprised 11 children (6 girls and 5 boys)
with upd(14)pat phenotypes proven on molecular grounds
[5, 6]. Three of the 11 children had been managed in our
hospital, and 8 were referred to our institution for molecular
diagnosis. The molecular diagnoses included seven cases of
paternal uniparental disomy, two of microdeletion and two
of epimutation. The initial radiographs available for the
analysis were obtained in the neonatal period (n=8), and at
7, 24 and 32 months of age (n=1). Sequential radiological

0
o

ot

CHA=(A+B)+2

c

Fig. 1 a, b Diagram of coat-hanger angle (CHA) and mid/widest
ratio. CHA refers to the average of the angles between the peak point
of both 6th posterior ribs and the horizontal axis. If there is no peak
point of the 6th posterior ribs, the center of the ribs is utilized instead.
The horizontal axis is defined as a line passing through two points of
both 6th cost-vertebral junctions. An upward angle is defined as +,
and a downward angle as — CHA is thought to be a quantitative index

@ Springer

evaluation was feasible in 4 of 11 children up to 5 years of
age. The study was approved by the institutional review
board at the National Center for Child Health and
Development.

To assess for the “coat-hanger” sign, the angle between
the 6th posterior rib and the horizontal axis was measured
(coat hanger angle, CHA; an upward angle was defined
as +, and a downward angle as —). The ratio of the mid-
to widest thorax diameter (M/W ratio) was calculated for
the bell-shaped thorax (Figs. 1, 2). For comparison, both
indexes were evaluated in nine cases with bone dysplasia
with thoracic hypoplasia, including thanatophoric dysplasia
(n=6), Ellis-van Creveld syndrome (n=2) and asphyxiating
thoracic dysplasia (n=1). These cases were selected from our
radiology database. The children’s ages ranged from
21 weeks of gestation to 6 years of age (mean: 11 months
of age). Both indexes were also evaluated in five children
with respiratory distress syndrome (RDS) and without
skeletal abnormalities that could be assessed to determine
the evolution of the normal thoracic morphology. In the
RDS group, serial follow-up radiographs were available
from the neonatal period up to 2 years to 6 years of age
(mean 4.2). The measurement of CHA and M/W ratio was
performed using an accessory digital tool from a PACS

MMratio =a/b

of the coat-hanger sign. ¢ The ratio of mid- to widest thorax (M/W
ratio) refers to the ratio of the narrowest diameter of the mid-thorax to
the widest diameter of the basal thorax. In most cases with upd(14)pat,
the thorax showed medial concavity with the top of approximately the
6th rib (the narrowest mid-thorax) and downward sloping toward the
9th to 11th ribs (the widest basal thorax). M/W ratio is thought to be a
quantitative index of dysmorphic bell-shaped thorax
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Fig. 2 Examples of CHA and M/W ratio. a The 6th posterior ribs
show upward bowing that provides the coat-hanger sign. The CHA of
this case (patient #7 in Table 1) was 45° (the measurement was 48° for
the right and 42° for the left). b The M/W ratio was 58% in this case
(patient #5 in Table 1). This is an example of severe bell-shaped
thorax in upd(14)pat

system (Centricity ™ RA 1000 Ver3.0, GE Healthcare,
Milwaukee, WI) on the PACS monitor, or using area and
protractor commercial software (Lenara Ver2.21, Vector,
Tokyo) on a personal computer monitor. An unpaired two-
tailed t-test was used for statistical evaluation.

Results

Clinical and measurement data are summarized in Table I
and Fig. 3. All 11 children with upd(14)pat showed a severe
upward sweep of the posterior 1ib or increased CHA,
ranging from +28.5 to 45° (mean + SD; 35.1°%£5.2)
(Figs. 2, 3). Children with bone dysplasias presented with
variable manifestations of the posterior rib, and CHA
ranged from —19.8 to 21° (mean + SD; —3.3+13°) (Figs. 3,

4). The difference in CHA was statistically significant
between the upd(14)pat and bone dysplasia groups (P<0.01).
According to this result, approximately +25° was the
estimated cut-off line of CHA to differentiate upd(14)pat
from skeletal dysplasias (Fig. 3). The M/W ratio ranged
from 58% to 93% (mean+SD; 75.4+10) in the upd(14)pat
group, while it ranged between 80% and 92% (mean£SD;
86.8+£3.3) in the skeletal dysplasia group (Fig. 3). The
difference an unpaired two-tailed t-test in the M/W ratio was,
though statistically significant, less conspicuous than that in
CHA (P<0.05). There was considerable overlap in the range
of the M/W ratio between the upd(14)pat and skeletal
dysplasia groups.

The age-dependent evolution of CHA and M/W ratio in
the upd(14)pat and RDS groups is shown in Fig. 5. In the
four children with upd(14)pat, CHA remained unaltered
regardless of age, ranging from 25° to 45°. In the RDS
group (n=5), CHA was constant regardless of age, ranging
from —6.4 to 10° (mean —0.6) at birth and from —8 to 7.3°
thereafter (Fig. 5). The M/W ratio of the upd(14)pat group
was smaller than that of the RDS group in the neonatal
period. However, it increased gradually with age and
finally caught up with that observed in the RDS group
(Figs. 6, 7).

Discussion

The clinical manifestations of upd(14)pat have been well
established to date. The hallmarks of this condition include
a small thorax, laryngomalacia, hypoplastic abdominal
wall, short limbs with joint contractures, craniofacial
dysmorphism, and mental retardation [2]. In addition,
several reports on the prenatal diagnosis of upd(14)pat
suggested the common occurrence of polyhydramnios and
preterm delivery in upd(14)pat [2, 7]. A few reports on upd
(14)pat have detailed the radiological manifestations, such
as disproportionately short limbs, spurring of lower femoral
and upper tibial metaphyses, absent glenoid fossa, short-
ened iliac wing with flaring, thin and elongated clavicle,
hypoplastic scapular neck, kyphoscoliosis, hypoplasia of
the maxilla and mandible, a broad nasal bridge, wide
sutures and multiple wormian skull bones, contractures of
the wrists with ulnar deviation, and stippled calcification [3,
8-10]. However, these findings are so mild that alone they
do not determine the diagnosis. Instead, the distinctive
thoracic deformity in upd(14)pat, termed the coat-hanger
sign as introduced by Offiah et al. [3], enables a definitive
diagnosis to be made. Sutton et al. [8] described the
thoracic deformity of upd(14)pat as “anterior ribs bowed
caudally (downward), and posterior portions of the ribs
bowed cranially (upward),” and these configurations are
combined in the characteristic coat-hanger sign of the ribs
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Table 1 Summary of clinical details, measurement of rib angle, coat-
hanger angle (CHA), and ratio of mid- to widest thorax (M/W ratio).

GW gestational week, 7D thanatophoric dysplasia, A7D asphyxiating

thoracic dysplasia, EvC Ellis-van Creveld syndrome, RDS respiratory
distress syndrome

Case Gender Age (months)* Molecular or clinical diagnosis Right rib angle (°) Left rib angle (°) CHA (°) M/W ratio (%)
upd(14)pat patients
1 f 0 upd 36 31 335 80
2 m 0 upd 43 41 42 66
3 m 0 upd 27 46 36.5 80
4 m 7 upd 32 38 35 80
5 m 0 deletion 27 30 28.5 58
6 f 0 Epimutation 35 23 29 77
7 f 0 Epimutation 48 42 45 65
8 f (45,XX) 0 upd 30 34 32 69
9 f 0 upd 46 32 39 74
10 m 24 upd 28 38 33 87
11 f 32 decision 32 33 325 93
mean 5.7 35 35.82 35.1 75.4
TD group patients
1 m 21GW TD -9.9 -13.7 -11.8 80
2 f 6 TD ~3.7 12 1 85.6
3 m 21GW D ~11.7 -13.9 -12.8 86
4 Unknown 20GW ™D —19.6 —20 -19.8 86
5 m 0 D 7 -12 -2.5 87
6 m 21GW TD -15 =21 18 87
7 m 84 ATD 4 2 3 88
8 f 11 EvC 9.6 10.3 9.95 90
9 m 24 EvC 14 28 21 92
mean 11 -2.8 -3.1 -3.3 86.8
RDS patients
1 m 0 RDS 1.8 4 2.9 90
2 m 0 RDS 1.2 -14 —6.4 81.7
3 m 0 RDS -6.9 ~4.1 -5.2 84
4 m 0 RDS -6 -2 -4 91
5 f 0 RDS 113 8.7 10 85
mean 0 0.28 -1.48 -0.54 86.3
? Age at which time the initial radiograph was available
Fig. 3 Box plot of CHA and 50.0 1000
M/W ratio with the median, p<0.01 0005
interquartile interval and range 40.0
300 } | 500 l
upd(14) pat (n=11) }
T o ® oo
g ook ﬁg TD group (n=9)
=€
5 6.0 § 700
-10.0 ¢
600
-20.0 ¢
TD group {n=9) upd{idipat (n=11}
-30.0 500
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Fig. 4 Examples of the thoracic appearance and measurement of bone
dysplasias with thoracic hypoplasia. a Thanatophoric dysplasia (TD)
type 1 (stillbirth at 21 weeks of gestation). Note a narrow thorax with
cupped anterior ends as well as short long bones with metaphyseal
cupping. The posterior ribs show downward sloping. The CHA was —18°,
and the M/W ratio was 87%. Despite the presence of severe thoracic

on the chest radiograph. Sutton et al. concluded that the
skeletal phenotype in upd(14)pat involves primarily the
axial skeleton, with little to no effect on the long bones.
Very small changes of the long bones in upd(14)pat
correspond with those of the mouse model (UPD of the
distal segment of mouse chromosome 12) [11]. Conse-
quently, it is assumed that imprinted genes on human
chromosome 14 and mouse chromosome 12 play a role in
axial skeletal formation and ossification [8, 11].

Fig. 5 Comparative observation CHA
of age-dependent transition (deg?gt
of CHA between the upd(14)pat i
and respiratory distress

hypoplasia in TD, its morphology is different from that seen in upd(14)
pat (Fig. 2). b Ellis-van Creveld (EvC) syndrome (2 years of age). The
thorax appears narrow, and a trident appearance of the acetabula is seen.
Posterior ribs show upward sloping. The CHA was 21°, and the M/W
ratio was 92%. The morphological pattern of the thorax differs from that
of upd(14)pat

In the subsequent articles on upd(14)pat, all 11 affected
children presented unexceptionally with the coat-hanger
sign [5, 6, 12]. It was thought that the upward posterior
rib bowing and downward anterior rib bowing (the coat-
hanger appearance) in upd(14)pat contrast with the hori-
zontally oriented ribs generally seen in disorders with
thoracic hypoplasia. Based on the radiological sign, along
with other radiological findings, it is not difficult to
differentiate upd(14)pat from other genetic disorders involv-

updii4ipst (n=4)

S
syndrome (RDS) groups. 40 *
Individual shapes represent - % %
individual patients : ’ B
oTom x4
I CROSEES
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Fig. 6 Comparative observation Mid/ Widest ratio (%)

of age-dependent transition of RDS (n=5)

M/W ratio between the upd(14) 60 - : cee S - s
pat and RDS groups. Individual - D ¢ X
shapes represent individual x ﬁ%:

patients

%
|
|
| | o upd(idipatin=4)
40
5 1 2 3 4 5 &

age,y

ing thoracic hypoplasia, such as thanatophoric dysplasia, = Bames syndrome, Shwachman-Diamond syndrome and
asphyxiating thoracic dysplasia and metatropic dysplasia  the mildest cases of asphyxiating thoracic hypoplasia. Thus,
[13]. However, there are several disorders wherein thoracic ~ we thought that quantitative analyses of the coat-hanger
hypoplasia is the sole radiological hallmark, including  sign could elucidate how different the thoracic hypoplasia

Fig. 7 Serial images of the
thorax deformity in upd(14)pat.
In this case, four images taken at
different ages were available: (a)
neonatal period, (b) 6 months,
(¢) 1 year and (d) 4 years.

The CHA was almost consistent
regardless of age, while the
M/W ratio increased with
advancing age. The coat-
hanger sign and bell-shaped
thorax are readily identifiable in
the neonatal period. The
diagnosis is not straightforward
in childhood, yet close
observation combined with , , .
CHA measurement pormts to newbor period: CHA — 31 M/Wratio— 58% | 6months; CHA = 285 M/Wratio 75%
the coat-hanger sign — — n : -

295 MiWratio=65% |  4yeas CHA=32 N
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in upd(14)pat is from the thoracic hypoplasia in other
genetic disorders, and presumed that the measurement of
CHA (mean 35.1°) and M/W ratio (mean 75.4%) might be
helpful when the diagnosis of upd(14)pat is in question. As
comparison groups, we included not only cases of severe
bone dysplasias but also RDS. Neonates with RDS may
present with a small chest [14], and it is not uncommon for
them to undergo repeated examinations of chest radio-
graphs because of the association with chronic lung
disease.

Kagami et al. [5] reported the age-dependent evolution
of the thoracic deformity of upd(14)pat in two children,
which was said to ameliorate in mid-childhood. Their
observation corresponded with the improvement of the
M/W ratio with age described here. By contrast, however,
CHA persisted consistently until mid-childhood. This finding
indicates that the coat-hanger sign is still discernable during
mid-childhood. Radiological findings are presumed to be
the only clue to the presence of upd(14)pat after mid-
childhood. Serial radiographs (newborn, 2 years and
9 years), as illustrated by Cotter et al. [15] also warrant
our observation.

A drawback of this study is that it includes a limited
number of cases and available radiographs with uneven
quality, such as chest radiographs with some obliquity and
radiographs taken in the supine position in the neonatal
period vs. the upright position in childhood. Even taking
into account these technical problems, however, we believe
that our quantitative analyses, particularly the measurement
of the CHA, are a valid way to characterize the distinctive
thoracic deformity in upd(14)pat.

Conclusion

The coat-hanger sign of upd(14)pat was quantitatively
represented by CHA, and was found to be more severe than
that seen in other genetic bone diseases and to persist into
early childhood; thus, the findings will help in the diagnosis
of upd(14)pat even after infancy. By contrast, the bell-
shaped thorax represented by M/W ratio was significant
only in the neonatal period, and its diagnostic value
declined with age.
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There is a significant need for cell sources for cartilage regenerative medicine. It has been reported that
the combined transduction of two reprogramming factors (c-Myc and Klf4) and one chondrogenic factor
(SOX9) directly induces chondrogenic cells from mouse dermal fibroblast (MDF) culture. To gain insights
into the process by which cellular characteristics are altered by transduction of c-Myc, Kif4 and SOX9, we
examined marker gene expression in the MDF culture at various time points after transduction. The
expression of fibroblast-markers was reduced first, followed by an increase in the expression of a chon-
drocyte-marker. We detected no expression of pluripotent markers at any time point examined. To deter-
mine whether or not induced chondrogenic cells go through a pluripotent state after transduction, we
analyzed MDFs prepared from Nanog-GFP transgenic mice by monitoring expression of the GFP-labeled
pluripotent marker Nanog-GFP in the MDF culture, using time-lapse microscopic observation. Whole-
well time-lapse observation revealed that none of the induced chondrogenic cells displayed GFP fluores-
cence during induction. These results indicate that cells do not undergo a pluripotent state during direct

induction of chondrogenic cells from fibroblast culture by transduction of c-Myc, Kif4 and SOXS.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Articular hyaline cartilage covers the ends of bones and sustains
smooth articulation of joints. Hyaline cartilage consists of chondro-
cytes that are scattered in an extracellular matrix whose properties
define the mechanical function of cartilage. Chondrocytes produce
cartilage-specific matrix proteins including types II and XI colla-
gens and aggrecan, and thereby assemble cartilage extracellular
matrix. Hyaline cartilage has a very weak capacity for repair. Dam-
age of hyaline cartilage due to trauma or degeneration with age is
repaired with fibrous scar tissue which is called fibrocartilage [1].
Fibrocartilage contains type I collagen, which is absent in hyaline
cartilage and is inferior in mechanical functions to hyaline carti-
lage. Fibrocartilage is eventually lost due to mechanical stress,
resulting in debilitating conditions, such as osteoarthritis. Cur-
rently no drugs have been developed that can induce the produc-

Abbreviations: MDFs, mouse dermal fibroblasts; iPS cells, induced pluripotent
stem cells; Collal, a1(1) collagen chain gene; Colla2, o2(I) collagen chain gene;
Col2al, a1(11) collagen chain gene.

* Corresponding author at: Center for iPS Cell Research and Application, Kyoto
University, 53 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan. Fax: +81 6
6879 3798.

E-mail address: ntsumaki@cira.kyoto-u.acjp {N. Tsumaki),

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.06.194

tion of hyaline cartilage. This means that hyaline cartilage needs
to be developed using a regenerative medicine approach. Because
chondrocytes are limited in number and their expansion in mono-
layer culture results in dedifferentiation, as indicated by the
expression of type I collagen, there is a significant need for cell
sources for cartilage regenerative medicine. Induction of chondro-
genic cells from dermal fibroblasts using a cell type conversion
technique could increase the supply of a cell source for cartilage
regenerative medicine. One such approach is to induce pluripotent
stem (iPS) cells from dermal fibroblast culture by transduction of c-
Myc, KiIf4, Oct3/4, and Sox2 followed by redifferentiation into
chondrogenic cells. Although this is a promising approach, it is
accompanied by a risk of teratoma formation when the cells are
implanted in vivo, even after redifferentiation into chondrogenic
cells, because a trace of residual pluripotent cells can give rise to
teratoma [2]. Recently, a second approach has been reported that
involves direct induction of hyaline chondrogenic cells from mouse
dermal fibroblast (MDF) culture by transduction of two reprogram-
ming factors (c-Myc and Kif4) and the chondrogenic factor Sox9
[3]. Nonchondrogenic cells in MDF culture give rise to the chondro-
genic cells, because the number of prechondrogenic cells indicated
by Sox9 expression in MDF culture is much lower than the number
of chondrogenic colonies which are induced by transduction of
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c-Myec, Kif4, and SOX9 [3]. This technique of direct conversion ap-
pears simpler than the approach that involves iPS cells and can
therefore shorten the putative reprogramming process. The result-
ing reduction in excessive reprogramming is likely to contribute to
the safety of the induced cells, including reduced genomic aberra-
tions and reduced risk of teratoma formation when implanted in
vivo. However, it is not clear whether chondrogenic cells induced
by this technique that employs c-Myc and KIf4 have, in actuality,
not gone through a pluripotent state during the process by which
fibroblasts are reprogrammed into chondrogenic cells.

To examine the effects of transduction of c-Myc, Kif4, and SOX9
on the characteristics of MDFs, we analyzed the mRNA expression
of pluripotent markers by MDFs over several days after transduc-
tion of c-Myc, KIf4 and SOX9 using RT-PCR. Pluripotent markers,
including Nanog and Oct3/4, were not expressed. We then ana-
lyzed MDFs prepared from Nanog-GFP transgenic mice [4], using
real-time monitoring of pluripotent markers. Time-lapse full-scan
observation of cells in culture dishes showed that the cells that la-
ter became chondrogenic cells exhibited only background levels of
Nanog-GFP fluorescence. These results indicate that chondrogenic
cells are induced from mouse fibroblast culture without going
through a pluripotent state.

2. Materials and methods
2.1. Preparation of Nanog-GFP MDFs

For MDF isolation, skin was prepared from six-week-old Nanog-
GFP transgenic mice [4]. After the hair was shaved off, the skin was
minced and trypsinized at 37 °C for 4 h. Dissociated cells were fil-
tered through a nylon mesh (pore size, 40 um; Tokyo Screen, To-
kyo, Japan) to generate a single-cell suspension and then seeded
onto 100 mm dishes and cultured in DMEM supplemented with
10% FBS (passage 1).

2.2. Retroviral transduction and time-lapse imaging

Retroviral infection was performed as described previously [5].
One day after seeding Plat-E cells [6] at a density of 3.6 x 10° cells
per 10 cm dish, we transfected the cells with pMXs-c-Myc (Add-
gene plasmid 13375), pMXs-KIf4 (Addgene plasmid 13370),
pMXs-Oct3/4 (Addgene plasmid 13366), pMXs-Sox2 (Addgene
plasmid 13367) [5], and pMXs-hSOX9 by using the Fugene 6 trans-
fection reagent (Roche). Twenty-four hours after transfection, the
medium was replaced. Twenty-four hours after medium replace-
ment, the medium was collected as the virus-containing superna-
tant from Plat-E cultures.

Frozen stored MDFs were thawed, seeded onto 100 mm dishes
and cultured in DMEM supplemented with 10% FBS. One day
before transduction, the cells were trypsinized and replated at a
density of 1.7 x 10° cells per 6 cm dish (passage 3).

The virus-containing supernatants were filtered through a
0.45 pm cellulose acetate filter (Schleicher & Schuell) and were
supplemented with 4 pg/ml polybrene (Nacalai Tesque).

Equal amounts of supernatants containing each of the retrovi-
ruses (pMXs-c-Myc, pMXs-KIf4, and pMXs-SOX9 for induction of
chondrogenic cells; pMXs-c-Myc, pMXs-KlIf4, pMXs-Oct3/4, and
pMXs-Sox2 for induction of iPS cells) were mixed and added to
the MDF cultures (day 0). After overnight (16 h) incubation in the
virus-containing medium, the fibroblast culture in the 6 cm dish
was trypsinized and replated into six wells of a six-well plate in
fresh medium (day 1). The plates were subjected to time-lapse
GFP observation using Biostation CT (Nikon). Phase and GFP images
were captured every 8 h for 20 consecutive days. Entire wells were
each scanned using a total of 64 images (8 rows x 8 columns), and

a tiled image was reconstituted. Each image in the movie is shown
for 0.5 s, thus 8 h corresponds to 0.5 s. For induction of chondro-
genic cells the DMEM medium supplemented with 10% FBS was
changed every other day. On day 21, the cells in the dishes were
stained with toluidine blue. For induction of iPS cells, the cells
were replated on SNL feeder cells at a density of 2 x 10* cells per
well in a six-well plate and the medium was changed to ES cell
medium the next day according to a previously described method

(71
2.3. Real-time RT-PCR and RT-PCR analyses

RNA was extracted from the MDF cells in culture just before
(day 0), and various days after transduction with c-Myc, Klf4,
and SOX9 by using RNeasy Mini Kits (Qiagen). Total RNA was di-
gested with DNase to eliminate any contaminating genomic DNA.
For real-time quantitative RT-PCR, 1 pg of total RNA was reverse
transcribed into first-strand cDNA by using SuperScript III (Invitro-
gen) and an oligo(dT)yo primer. The PCR amplification was per-
formed in a reaction volume of 20 pl containing 2 pl of cDNA,
10 pl of SYBER PremixExTaq (Takara) and 7900HT (Applied Biosys-
tems). The RNA expression levels were normalized to the level of
Gapdh expression. For RT-PCR analysis, 1 pg of total RNA was re-
verse transcribed into first-strand cDNA by using SuperScript III
(Invitrogen) and oligo(dT),o primers. PCR was performed using
the KODEX DNA polymerase (Toyobo). The primers used are listed
in Table 1. Control cells that were similarly analyzed were E14tg2a
ES cells that were maintained as described previously [8] and the
differentiated iPS cells d-iPST and 2 [7].

2.4. Immunohistochemistry

After retroviral transduction of MDFs with c-Myc, Kif4, and
Sox9, the cultures were continued for 3 weeks. Following fixation
with 4% paraformaldehyde, nodules were picked-up manually,
transferred into gelatin, and processed for sectioning for histologic
analysis. Immunohistochemical analysis was performed using
anti-type II collagen antibody (Thermo #MS-235-P0, dilution

Table 1

Sequences of the PCR primers used.
Primer Sequence
Collal S GCAACAGTCGCTTCACCTAC
Collal AS GTGGGAGGGAACCAGATTG
Colla2 S TCGGGCCTGCTGGTGTTICGTG
Colla2 AS TGGGCGCGGCTGTATGAGTTCTTC
Col2al S TTGAGACAGCACGACGTGGAG
Col2al AS AGCCAGGTTGCCATCGCCATA
Gapdh S GAGATGATGACCCTTTTGGCT
Gapdh AS TCAAGGCCGAGAATGGGAAG
Nanog S TCTTCCTGGTCCCCACAGTTT
Nanog AS GCAAGAATAGTTCTCGGGATGAA
Oct3/4 S CTGAGGGCCAGGCAGGAGCACGAG
Oct3/4 AS CTGTAGGGAGGGCTTCGGGCACTT
Sox2 S GGTTACCTCTTCCTCCCACTCCAG
Sox2 AS TCACATGTGCGACAGGGGCAG
Rex1 S ACGAGTGGCAGTTTCTTCTTGGGA
Rex1 AS TATGACTCACTTCCAGGGGGCACT
Utf1 S GGATGTCCCGGTGACTACGTCTG
Utf1 AS GGCGGATCTGGTTATCGAAGGGT
Brachyury S AACTTTCCTCCATGTGCTGAGAC
Brachyury AS TGACTTCCCAACACAAAAAGCT
Mixl1 S ACTTTCCAGCTCTTTCAAGAGCC
MixI1 AS ATTGTGTACTCCCCAACTTTCCC
AfpS TGCAGAAACACATCGAGGAGAG
Afp AS GCTTCACCAGGTTAATGAGAAGC
Sox17 S TTTGTGTATAAGCCCGAGATGG
Sox17 AS AAGATTGAGAAAACACGCATGAC
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1:200) and anti-Aggrecan antibodies (Santa Cruz, sc-25674, dilu-
tion 1:200). Immune complexes were detected using Alexa Fluor
488 (Invitrogen). DNA was stained with Hoechst 33,342 (invitro-
gen H3570).

All experiments were approved by our institutional animal
committee (the Institutional Animal Care and Use Committee (IA-
CUCQC) of Osaka University Graduate School of Medicine) and institu-
tional biosafety committee (Osaka University Living Modified
Organism (LMO) Experiments Safety Committee).

3. Results

3.1. Analysis of fibroblast- and chondrocyte-marker gene expression by
MDFs after transduction of c-Myc, Kif4 and SOX9

To gain some insight into the course of the alteration in cell
characteristics following transduction of c-Myc, KIf4 and SOX9 into

MDFs, we analyzed MDF expression of fibroblast- and chondro-
cyte-marker genes over several days after transduction, using
real-time RT-PCR analysis of MDF RNA (Fig. 1A). The mRNA expres-
sion levels of the fibroblast-markers, a1(I) collagen chain gene
(Collal) and a2(I) collagen chain gene (Colla2), were maintained
for 1 day after transduction but were reduced 2 days after trans-
duction. On the other hand, the expression level of the chondro-
cyte-marker gene, o1(ll) collagen chain gene (Col2al), was
substantially increased on day 5 after transduction. These results
suggest that transduction of c-Myc, Kif4 and SOX9 into MDFs de-
creases fibroblastic characteristics, and this decrease is then fol-
lowed by acquisition of a chondrogenic phenotype. To confirm
that chondrogenic cells were indeed induced in this culture system
as previously reported [3], we continued the culture for 3 weeks
after transduction and then stained the cells using cartilage-spe-
cific stains. Cell aggregates with a nodular appearance were formed
in the dishes and displayed metachromatic toluidine blue staining

Col2at
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Fig. 1. Analysis of marker gene expression in MDFs after transduction of c-Myc, K1f4 and SOX9. RNA was collected at the time points indicated at the bottom of each graph. (A)
Real-time RT-PCR analysis of the mRNA expression of fibroblast- and chondrocyte-marker genes. MPC, mouse primary chondrocytes. Error bars indicate mean £ SD (n = 3). For
Col1al and Colla2, *p < 0.05 between samples on day 0 and samples collected at each time point as determined using Student’s t test. (B) MDF culture dishes stained with
crystal violet, toluidine blue or alcian blue 21 days after transduction of c-Myc, Kif4 and SOX9, or DsRed2. (C) Nodules that had formed in the MDF culture dishes 21 days after
transduction of c-Myc, KIf4 and SOX9 were picked-up, sectioned and immunostained with anti-type Il collagen antibodies (green) and anti-Aggrecan antibodies (green). DNA
was stained with Hoechst 33,342 (blue). Scale bar, 100 um. (D) RT-PCR analysis of the mRNA expression of pluripotent- and developmental-marker genes. ES, E14tg2a
embryonic stem cells; d-iPST and 2, differentiated iPS cells; MPC, mouse primary chondrocytes.
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Fig. 2. Time-lapse images of Nanog-GFP MDF culture transduced with c-Myc, Kif4 and SOX9. (A) Time-lapse phase contrast {(top row) and GFP fluorescence (second row) tiled
images, spanning an entire well of a six-well plate. The top right panel shows toluidine blue staining of the well whose phase image is shown at left. One magnified phase
(third row) and GFP fluorescent (bottom row) image is shown. Scale bars: 10 mm in top and second rows; 1 mm in third and bottom rows. (B) Magnification of the nodules
indicated by an arrow in the right panel in the third row in (A). Scale bar, 100 um. (C) As a control, Nanog-GFP MDFs were transduced with c-Myc, KIf4, Oct3/4 and Sox2. Phase
contrast (top row) and GFP fluorescent (second row) tiled images, spanning an entire well of a six-well plate are shown. One magnified phase contrast (third row) and GFP
fluorescent (bottom) image is shown. Scale bars: 10 mm in top and second rows; 1 mm in third and bottom rows (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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and intense Alcian blue staining (Fig. 1B). In addition, immunohis-
tochemical analysis detected type II collagen and Aggrecan immu-
noreactivity in the nodules (Fig. 1C). These results suggested that
chondrogenic cells were induced and formed cartilaginous nodules
following transduction.

3.2. Analysis of pluripotent- and developmental-maker gene
expression in MDFs after transduction of c-Myc, KIf4 and SOX9

We next examined the expression of pluripotent markers in the
MDFs over a period of 14 days after transduction of c-Myc, Kif4 and
SOX9, using RT-PCR. Expression of Nanog, Oct3/4, Sox2, Rex1, and
Utfl mRNA were all below the detectable level over the time-
course examined, whereas their expression was detected in
Embryonic Stem (ES) cells (Fig. 1D). Analysis of the expression of
markers of specific developmental stages could not detect expres-
sion of genes characteristic of early mesoderm (Brachyury and
MixlI1) or of early endoderm (Afp and Sox17) (Fig. 1D). These re-
sults suggest that transduction of c-Myc, KIf4 and SOX9 do not
guide MDFs to these specific early developmental pathways.

3.3. Time-lapse observation of Nanog-GFP fluorescence during
induction of chondrogenic cells

A small number of the cells in the MDF culture that were trans-
duced with c-Myc, KIf4 and SOX9 gave rise to chondrogenic cells in
the culture dishes (Fig. 1B) [3]. The majority of the cells appeared
as fast-proliferating types of fibroblasts that were transduced with
the factors but were not guided to the chondrogenic lineage. To
determine whether the induced chondrogenic cells go through a
pluripotent stem cell state or not, we monitored pluripotency at
the single cell level by using MDFs prepared from Nanog-GFP
transgenic mice. Nanog-GFP transgenic mice bear the BAC trans-
gene in which EGFP is inserted into the 5'-untranslated region of
the Nanog gene, and express GFP in a pattern that is identical to
that of Nanog [4]. To detect potential transient expression of Na-
nog-GFP, we monitored Nanog-GFP fluorescence at 8 h intervals.
An entire well of a six-well plate was analyzed using 64 images
(8 rows x 8 columns). To construct a whole-well view, these 64
images were tiled for each well. The time-lapse tiled phase contrast
image, which spanned an entire well of a six-well plate, indicated
that multiple nodules appeared at 7 days after transduction of c-
Myc, KIf4 and SOX9 into Nanog-GFP MDFs (Fig. 2A, top row; Movie
S1). These nodules gradually grew in size. Toluidine blue staining
showed metachromatic staining of the nodules at 21 days after
transduction (Fig. 2A, top right panel), suggesting that these nodule
contain glycosaminoglycan and are therefore chondrogenic. Analy-
sis of GFP fluorescence showed background levels of fluorescence
throughout the observation period (Fig. 2A, second row; Movie
S2). Detailed examination of each image revealed that cells prolif-
erated vigorously on day 2 and started to form nodules by day 7
(Fig. 2A, third row; Movie S3), which is consistent with a previous
report [3]. The nodules had become substantial in size by 21 days
after transduction (Fig. 2A third right panel). Each nodule was com-
posed of multilayered polygonal-shaped cells and showed meta-
chromatic toluidine blue staining (Fig. 2B), indicating that these
cells were chondrogenic. A total of six wells were analyzed in this
manner, in which 64 phase contrast and GFP-fluorescent images
were captured per well, 3 times a day (8 h intervals), for 20 days.
Thus, 23,040 phase contrast and GFP images were captured in to-
tal. Nanog-GFP fluorescence was at background levels in all cells,
in all 23,040 GFP images, including cells which were later shown
to become chondrogenic cells (Table 2; Fig. 2A, bottom; Movie
S4). In contrast, the control iPS cells used for this study showed in-
tense GFP fluorescence following transduction of c-Myc, K1f4, Oct3/
4 and Sox2 (Fig. 2C; Movies S5-8). Substantial GFP fluorescence

Table 2
Number of nodules showing metachromatic toluidine blue staining and number of
cells showing Nanog-GFP fluorescence after transduction of c-Mygc, KIf4 and SOX9.

Well of a Number of Number of nodules with Number of cells
six-well cells metachromatic toluidine with GFP

plate seeded blue staining fluorescence®

1 5.1 % 10* 20 0

2 5.1 % 10* 65 0

3 5,1 x 104 25 0

4 25%x 10" 12 0

5 25x10* 15 0

6 25%x10" 15 0

Total 2.3 x10° 152 0

¢ Sum of numbers of cells showing GFP fluorescence throughout observation.

was detected as early as 8-9 days after transduction (Movies S6
and S8).

4, Discussion

4.1. Cells do not pass through a pluripotent state during chondrogenic
induction

We did not detect mRNA expression of pluripotent stem cell
markers including Nanog, Oct3/4, Sox2, Rex1, and Utf1 in cells over
a period of 14 days after transduction of c-Myc, KIf4, and SOX9,
using RT-PCR analysis. We also did not detect Nanog-GFP expres-
sion above background levels in any of the cultured cells using
time-lapse analysis. Based on these results, we concluded that cells
do not pass through a pluripotent state during direct induction of
chondrogenic cells from fibroblast culture. It has been shown that
in vivo transplantation of chondrogenic cells that were directly in-
duced from dermal fibroblasts in culture does not result in the pro-
duction of a teratoma [3]. Our results confirmed that, at least in
theory, these induced chondrogenic cells should not produce a ter-
atoma when implanted in vivo.

The generation of iPS cells is associated with vigorous epige-
netic reprogramming, which can possibly cause DNA damage and
genomic instability [9,10]. If the degree of nuclear reorganization
during the cell reprogramming process is lower during direct
induction of chondrogenic cells from fibroblasts than that during
induction through iPS cells, then it is possible that genomic aberra-
tions will also be reduced in the directly induced chondrogenic
cells compared with those which are induced through iPS cells.

The sensitivity of detection of GFP fluorescence in our experi-
ment was high, since we were able to detect Nanog-GFP fluores-
cence during induction of iPS cells as early as day 8-9. We
therefore concluded that Nanog-GFP was not expressed by any cell
during induction of chondrogenic cells. However, it is still formally
possible that we may have missed a very short-lived, transient
expression of Nanog-GFP, if the GFP proteins were rapidly de-
graded in cells during chondrogenic cell induction.

Although efficient induction of iPS cells requires transduction of
four reprogramming factors, it has been reported that transduction
of three factors (KIf4, Oct3/4, Sox2) can reprogram fibroblasts into
iPS cells with low efficiency [11]. Furthermore, transduction of
neural stem cells with Oct3/4 alone [12], transduction of certain
somatic cells with Oct3/4 in combination with specific chemical
molecules [13], or transduction of follicle dermal papilla cells with
Oct3/4 alone [14] results in the induction of iPS cells. These find-
ings imply that transduction of fewer reprogramming factors could
produce a pluripotent stem cell state, if the appropriate cells or
conditions are used. However, the efficiency of iPS cell induction
is very low when the number of reprogramming factors is reduced,
compared with the 0.1% efficiency of induction of chondrogenic
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cells from dermal fibroblast culture [3]. These findings support the
notion that cells do not undergo a pluripotent stem cell state dur-
ing induction of chondrogenic cells from dermal fibroblast culture
by transduction of c-Myc, KIf4 and SOX9.

4.2. Sequence of the disappearance of fibroblastic characteristics and
chondrogenic commitment

It has been reported that, during induction of iPS cells by forced
expression of c-Myc, KiIf4, Oct3/4 and Sox2, downregulation of the
fibroblast-marker Thy1 occurs first, which is then followed by
upregulation of pluripotent markers [15]. Transduction of a combi-
nation of c-Myc and KlIf4 is the most effective for downregulation
of a fibroblast marker, suggesting that c-Myc and KIf4 are respon-
sible for the disappearance of fibroblastic characteristics [16]. In
the present study, marked downregulation of Collal and Colla2
mRNA expression began on day 2, and was followed by a gradual
upregulation of Col2al mRNA expression between days 5-7 after
transduction of c-Myc, Kif4, and SOX9. Combined with previous
data, it is likely that elimination of the fibroblastic phenotype is in-
duced by c-Myc and Kif4. Commitment and differentiation into
chondrogenic cells, which is caused by SOX9, appears to take place
once the fibroblast phenotype is eliminated.

In summary, our results indicate that chondrogenic cells in-
duced by c-Myc, Kif4 and SOX9 from MDFs do not pass through
a pluripotent state during induction. Such directly induced chon-
drogenic cells may be safer than chondrogenic cells that were
redifferentiated from iPS cells in terms of the risks of teratoma for-
mation and genomic aberrations.
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SIK3 is essential for chondrocyte hypertrophy during skeletal
development in mice
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SUMMARY

Chondrocyte hypertrophy is crucial for endochondral ossification, but the mechanism underlying this process is not fully
understood. We report that salt-inducible kinase 3 (SIK3) deficiency causes severe inhibition of chondrocyte hypertrophy in mice.
SIK3-deficient mice showed dwarfism as they aged, whereas body size was unaffected during embryogenesis. Anatomical and
histological analyses revealed marked expansion of the growth plate and articular cartilage regions in the limbs, accumulation of
chondrocytes in the sternum, ribs and spine, and impaired skull bone formation in SIK3-deficient mice. The primary phenotype in

the skeletal tissue of SIK3-deficient mice was in the humerus at E14.5, where chondrocyte hypertrophy was markedly delayed.
Chondrocyte hypertrophy was severely blocked until E18.5, and the proliferative chondrocytes occupied the inside of the
humerus. Consistent with impaired chondrocyte hypertrophy in SIK3-deficient mice, native SIK3 expression was detected in the
cytoplasm of prehypertrophic and hypertrophic chondrocytes in developing bones in embryos and in the growth plates in
postnatal mice. HDAC4, a crucial repressor of chondrocyte hypertrophy, remained in the nuclei in SIK3-deficient chondrocytes, but
was localized in the cytoplasm in wild-type hypertrophic chondrocytes. Molecular and cellular analyses demonstrated that SIK3
was required for anchoring HDAC4 in the cytoplasm, thereby releasing MEF2C, a crucial facilitator of chondrocyte hypertrophy,
from suppression by HDAC4 in nuclei. Chondrocyte-specific overexpression of SIK3 induced closure of growth plates in adulthood,
and the SIK3-deficient cartilage phenotype was rescued by transgenic SIK3 expression in the humerus. These results demonstrate
an essential role for SIK3 in facilitating chondrocyte hypertrophy during skeletogenesis and growth plate maintenance.
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INTRODUCTION

Vertebrate bones develop through membranous or endochondral
ossification. Except for craniofacial bones and the clavicle, all bones
are established through the latter process (Olsen et al., 2000;
Karsenty et al., 2009). At the onset of endochondral bone formation,
mesenchymal cells first undergo condensation, followed by
differentiation of cells within these condensations into chondrocytes.
Chondrocytes then proliferate and produce extracellular matrix to
form the primordial cartilage that prefigures the future skeletal
elements. Shortly after the formation of the primordial cartilage,
proliferating chondrocytes in the central region of the cartilage
exit the cell cycle and differentiate into prehypertrophic, and
subsequently hypertrophic, chondrocytes. The proliferating
chondrocytes closest to the prehypertrophic chondrocytes flatten out
and form orderly columns of flat chondrocytes that continue to
proliferate. Finally, hypertrophic chondrocytes progress to terminal
maturation, following which they express matrix metalloproteinase
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13 (MMP13). The terminally matured chondrocytes undergo
apoptosis. Blood vessels, along with osteoblasts, osteoclasts and
hematopoietic cells, then invade this region and form primary
ossification centers. Within these centers, the hypertrophic cartilage
matrix is degraded, the hypertrophic chondrocytes die, and bone
replaces the disappearing cartilage.

Recent molecular and genetic studies coupled with classical
histological approaches have revealed many of the factors that are
involved in endochondral bone formation (Lefebvre and Smits,
2005). For example, SOX9 is expressed in mesenchymal
progenitor cells and in chondrocytes, but its expression ceases in
prehypertrophic chondrocytes (Ng et al., 1997; Zhao et al., 1997).
SOX9 has a variety of functions in chondrogenesis: its expression
in mesenchymal progenitor cells is essential for cartilage formation
(Akiyama et al., 2002); it directly regulates cartilage-specific
matrix genes such as the o1(Il) collagen chain gene (Col2al),
aggrecan (Acan) and the ¢2(XI) collagen chain gene (Collla2); it
sustains the survival of proliferative chondrocytes during
development (Ikegami et al., 2011); SOX9 overexpression in
proliferative chondrocytes suppresses their hypertrophy (Akiyama
et al., 2004); and it negatively regulates the transcription of the
gene that encodes vascular endothelial growth factor (VEGF),
which is expressed by hypertrophic chondrocytes (Hattori et al.,
2010).

Regarding the hypertrophic differentiation of chondrocytes,
several crucial transcriptional regulators have been identified.
Histone deacetylase 4 (HDAC4), a class II HDAC, represses the
expression of multiple genes through chromatin remodeling,
thereby regulating cell fate. To elucidate the specific role of
HDAC4, Hdac4-null mice have been generated and were noted to
display dwarfism and inappropriate chondrocyte hypertrophy,




