TGF-PB-SnoN Axis Prevents Maturation of Chondrocytes

evaluated if increased Tgfbl expression reflected intracellular
signal transduction (Fig. 3B). As a positive control, exogenously
applied TGF-B1 potently induced the C-terminal phosphory-
lation of Smad2, which was weakened by SB431542. Impor-
tantly, in BMP-2-treated ATDCS5 chondrocytes, Smad2 was
phosphorylated at a comparatively weak but detectable level,
which was suppressed by SB431542 (Fig. 3B). In addition, an
immunocytochemistry for phosphorylated Smad2 in ATDC5
cells showed that endogenous TGF-f signaling was activated in
BMP-2-treated chondrocytes, which was blocked by SB431542
(Fig. 3C). These data indicated that the activation of Smad2 by
BMP-2 was achieved through the TGF-p type I receptor, prob-
ably by the up-regulated production of TGF-1in ATDC5 cells.
In developing humerus growth plate of E17.5 mouse embryo,
moderate expression of TGF-B1 was detected in proliferative
chondrocytes, suggesting its role in promoting early chondro-
genesis (Fig. 3D). Importantly, the expression of TGF-B1 was
further accentuated in the prehypertrophic zone and the matrix
around the hypertrophic chondrocytes (Fig. 3D). Similarly,
Smad2 was phosphorylated in some of the proliferative chon-
drocytes, whereas phospho-Smad2 was detected in most of the
prehypertrophic chondrocytes (Fig. 3D). Interestingly, Smad?2
was not phosphorylated in hypertrophic chondrocytes. These
results from immunohistochemistry suggested that expression
of TGF-f1 was elevated to up-regulate TGF-f3 signaling in pre-
hypertrophic chondrocytes, whereas the signaling was inhib-
ited with in hypertrophic chondrocytes, in the endochondral
ossification process.

Because Smad3 signaling had been suggested to suppress
BMP pathway in maturing chondrocytes (26), we examined
immunoblotting for the phosphorylated Smad1/5/8 to investi-
gate the role of endogenous TGF-p signaling against the BMP-
Smad signaling system in chondrocytes. BMP-2 induced potent
C-terminal phosphorylation of Smad1/5/8 in ATDC5 cells,
even at day 4 of induction, whereas combined treatment with
SB431542 showed no effect (Fig. 3E). However, interestingly,
the expression of Id1, a specific direct target of the canonical
BMP-Smad pathway (33), was significantly elevated by
SB431542 treatment, whereas it was suppressed by exogenously
applied TGF-B1 (Fig. 3F). These data suggest that BMP-in-
duced activation of endogenous TGF-f signaling inhibited
BMP signaling downstream of R-Smad activation as a negative
feedback mechanism. These data also confirmed that SB431542
is an appropriate tool to screen for putative molecular media-
tor(s) downstream of endogenous TGF-f signaling to inhibit
BMP signaling in chondrocytes.

SnoN Is Induced by Endogenous TGF- Signaling in Maturing
Chondrocytes—The BMP signaling system is negatively regu-
lated at multiple steps (e.g. by extracellular antagonists (e.g.
Noggin, Chordin, Dan, and Cerberus), inhibitory Smads
(I-Smads; Smad6 and Smad?7), E3 ubiquitin ligases (e.g. Smurfl
and Smurf2), and the Ski/SnoN family of transcriptional core-
pressors) (34, 35). We asked if any of these BMP signaling inhib-
itors were induced downstream of endogenous TGF-f3 signal-
ing in maturing chondrocytes. In micromass cultures of
ATDC5 chondrocytes, treatment with TGF-B1, as positive
control, significantly elevated only the expression of Smad?7 and
SnoN, both of which are the direct target genes of the TGF-§3-

29106 JOURNAL OF BIOLOGICAL CHEMISTRY

Smad pathway (supplemental Fig. 1). In BMP-2-induced
maturing cells, Smad6, Smad?7, and SnoN were up-regulated,
whereas combined treatment with SB431542 completely inhib-
ited only the elevation of SmoN (supplemental Fig. 1). In mouse
primary chondrocytes at day 14 of BMP treatment, SnoN was
also significantly elevated; this effect was not observed by com-
bined application with SB431542 (Fig. 44). These data indicate
that, among the examined BMP inhibitors, SnoN was exclu-
sively induced by the enhanced endogenous TGF-f signaling in
maturing chondrocytes. During the maturation phase of
ATDCS chondrocytes, the level of SnoN mRNA was increased
from days 4 to 10 of BMP application and mildly decreased
thereafter, whereas this effect was completely prevented by
SB431542 (Fig. 4B). Because SnoN is an unstable protein, which
has a half-life of 30 min in the presence of TGF- signaling (36,
37), we asked if the protein level of SnoN reflects the pattern of
its mRNA expression and performed an immunoblot for SnoN
protein (Fig. 4C). As control to identify specific bands for
endogenous SnoN protein, we performed a knockdown assay
against SnoN in monolayer cultures of ATDC5 cells (Fig. 4C,
lanes 5-7). At day 3, the signals of two major bands of around 80
kDa were increased in BMP-2-treated cells, both of which were
efficiently abolished by siSnoN, indicating that these bands rep-
resented the two isoforms, SnoN and SnoN2 (38). In micromass
cultures of ATDC5 chondrocytes at day 7 of BMP-2 applica-
tion, SnoN protein expression was also induced and further
weakened by SB431542 (Fig. 4C, lanes 1-4), indicating that the
expression of the SnoN protein was indeed induced by endog-
enous TGF-B signaling in maturing chondrocytes. We also
confirmed the induction of SnoN protein by immunocyto-
chemistry. Treatment with TGF-B1 for 16 h potently increased
the signal of SnoN protein, which was only faintly detected in
cells transfected with SnoN siRNA (Fig. 4D). At day 4 of BMP-2
stimulation, the level of SnoN protein was up-regulated, which
was weakened by siSnoN, in maturing ATDC5 chondrocytes of
monolayer cultures (Fig. 4E). The knockdown efficiency of
SnoN in BMP-2-treated cells was relatively weak, probably
because 5 days had passed since the transfection of siRNA.
Next, to confirm that the inhibitory effect of SB431542 against
the expression level of SnoN was exclusive for the late matura-
tion phase, we stimulated ATDCS5 cells with BMP-2 in combi-
nation with SB431542 and harvested the cells at the early time
points within 36 h of induction (Fig. 4F). To our surprise, SnoN
was rapidly induced by BMP-2 after 1 h and was decreased to
reach the basal level thereafter, an expression pattern that was
similar to that of Id1 (Fig. 4F). However, this transient induc-
tion of SnoN by BMP-2 was not affected by SB431542, suggest-
ing that endogenous TGEF- signaling was not responsible for
this up-regulation of SnoN.

To investigate the possibility that SnoN plays a role in chon-
drogenesis in vive, its expression in cartilage tissue was exam-
ined. We extracted RNA from various tissues of 3-month-old
adult mice to prepare tissue panels of cDNA to analyze the
tissue distribution. Consistent with the report that heterozy-
gous SnoN knock-out mice developed T lymphomas in the
spleen, which indicates an important role of SnoN in the spleen
(39), we detected the highest level of SnoN expression in the
spleen (Fig. 4G). Interestingly, the comparatively highest level
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FIGURE 4. SnoN is induced in maturing chondrocytes by endogenous TGF-f signaling in vitro, whereas itis highly expressed in cartilage tissue in mice.
A, expression of SnoN in primary chondrocytes at day 14 of stimulation was evaluated by real-time RT-PCR. Cells were stimulated with BMP-2 (82; 300 ng/ml)
with or without SB431542 (SB; 1 um). B, ATDC5 chondrocytes were cultured with BMP-2 with or without 8431542 for the indicated times, after which the
samples were subjected to gPCR analysis for SnoN. , expression of SnoN protein in ATDC5 cells was assessed by immunoblotting. Differentiation of ATDCS cells
was induced by incubation with BMP-2 for 7 days (lanes 1-4). As a control, cells were transfected with siSnoN for 16 h and further cultured in the presence of
BMP-2 for 3 days (lanes 5-7). Tubulin served as a loading control. D and E, immunocytochemistry for SnoN was performed on a monolayer culture of ATDCS
cells. Cells were transfected with siRNA for 16 h and further incubated with or without TGF-81 (5 ng/ml) for 16 h (D) or with or without BMP-2 for 4 days (E).
MG132 (10 um) was applied 16 h prior to cell fixation. Nuclei were visualized with propidium iodide (P)). Scale bars, 100 um. F, ATDCS chondrocytes were
stimulated with BMP-2 in combination with SB431542 for the indicated time points. cDNA samples were subjected to qPCR analysis for SnoN and Id1. G, tissue
cDNA panel of 3-month-old mice was subjected to real-time PCR for SnoN. H, protein expression of type X collagen (Col X) and SnoNin E17.5 humerus cartilage
was determined by immunohistochemistry. Zones of positive signal were indicated. Proteoglycans in cartilage matrix were stained by Safranin O. Scale bar, 100
um. ** p < 0.01. Error bars, S.D.

of SnoN expression was found in articular cartilage (Fig. 4G).
Immunohistochemistry for the growth plate of developing
bone of mouse embryos at E17.5, in which endochondral ossi-
fication was in progress, detected the signal of type X collagen
protein from the lower half of prehypertrophic chondrocytes to
the entire area of hypertrophic chondrocytes (Fig. 4H). Impor-
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tantly, although SnoN protein was detected weakly in prolifer-
ating chondrocytes, its potent signal was present in prehy-
pertrophic chondrocytes, whereas it was weakened in
hypertrophic chondrocytes (Fig. 4H). These data suggest that
SnoN is highly expressed in premature chondrocytes before
hypertrophic conversion, in vitro and in vivo.
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Scale bars, 200 um. Alcian blue/alizarin red staining was performed at day 2 of BMP-2 treatment (£). The arrowheads indicate the calcified cartilage matrix in

bone rudiments of triplicate culture. *, p < 0.05. Error bars, S.D.

c-Ski (42); however, SnoN may inhibit the pathway because of
its ability to bind Smad4, although it cannot bind Smad1/5/8
(43). To test this hypothesis, SnoN was investigated using a BRE

SnoN Suppresses the BMP-Smad Signaling Pathway to
Inhibit Hypertrophic Maturation of Chondrocytes—SnoN
interacts with Smad2, Smad3, and Smad4 in the cytoplasm to

prevent their nuclear translocation (40, 41). In the nucleus, it
represses their transcriptional activity by disrupting the active
trimeric Smad complex and recruiting transcriptional core-
pressors (36), thereby negatively regulating TGF-f3 signaling, It
is not known whether SnoN suppresses canonical BMP-Smad
signaling in the same manner as the related family molecule

29108 JOURNAL OF BIOLOGICAL CHEMISTRY

luciferase reporter specifically responding to the BMP-Smad
pathway (33) in COS-7 cells. As a positive control for the SnoN
function, SnoN was applied to the 9xCAGA TGF-B signal
reporter (44), activated by constitutively active TGF-j3 type I
receptor ALK5, to show a dose-dependent potent inhibition
(Fig. 5A, left). Interestingly, SnoN did suppress the activity of
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FIGURE 6. Loss of SnoN in ATDC5 chondrocytes mimics the effect of SB431542, which accelerates the expression of /d1 and hypertrophic marker
genes. A, ATDCS cells were stimulated by BMP-2 (300 ng/ml) 16 h after transfection with siRNA. Cells harvested at the indicated time points were subjected to
immunoblotting. Band C, ATDC5 chondrocytes were transfected with siRNA for 16 h, followed by induction of differentiation with BMP-2 for 3 days. Expression
of Id1, Col10a1, and Alp was analyzed by real-time RT-PCR. *, p < 0.05; **, p < 0.01. Error bars, S.D.

the BRE reporter induced by the constitutively active type I
BMP receptor ALK3 (encoded by Bmpria) (Fig. 54, right) in a
dose-dependent manner, although more than 3 times the
amount of SnoN plasmid DNA was required for the inhibition
compared with the reporter assay using 9xCAGA. Next, we
stably transfected a FLAG-tagged SnoN expression vector into
ATDCS5 cells and confirmed the transgene expression by anti-
SnoN immunoblotting (Fig. 5B). In ATDC5 chondrocytes, gain
of SnoN suppressed the elevated expression of IdI at day 7 of
BMP-2 induction (Fig. 5C, left). The increased expression of the
hypertrophic marker Coll0al was also down-regulated by
SnoN in BMP-treated ATDC5 cells (Fig. 5C, right). Thus,
forced expression of SnoN in ATDC5 chondrocytes inhibited
BMP signaling and, subsequently, chondrocyte maturation. To
investigate the role of SnoN in cartilage maturation, we infected
lentivirus carrying V5-tagged SnoN expression cassette into
E17.5 metatarsal bone rudiments. We confirmed the infection
efficiency of the lentivirus by performing immunohistochemis-
try on the coronal sections of the bones, using anti-V5-FITC
antibody to detect the transgene product (Fig. 5D). In lentivi-
rus-infected bones, we found the certain expression of
V5-tagged transgenes in the cells of perichondrium and the
chondrocytes in zones of reserve, proliferative, and prehyper-
trophic but not hypertrophic chondrocytes. Treatment of
BMP-2 induced calcification of the hypertrophic zone of bone
rudiments (Fig. 5E, arrowheads), whereas overexpression of
SnoN by lentivirus completely prevented the cartilage mineral-
ization (Fig. 5E). These data demonstrate that gain of SnoN
inhibits the maturation of the hypertrophic chondrocytes.
Next, we investigated the physiological role of endogenous
SnoN in ATDC5 chondrocytes by performing an siRNA-
mediated knockdown assay. We confirmed that SnoN protein
expression was induced upon BMP-2 induction, even at the
early time points, and that the two bands (representing SnoN
and SnoN2) could be efficiently eliminated by siSnoN (Fig. 64).
BMP-2 induced a potent phosphorylation of Smad1l/5/8,
whereas siSnoN showed no effect on the phosphorylation level,
even after the phosphorylation declined at 8 h (Fig. 64). How-
ever, knockdown of SnoN mildly, but significantly, enhanced
the BMP-2-induced increase of the /d1 gene at day 4 in ATDC5
cells (Fig. 6B). siSnoN further significantly enhanced the BMP-
induced up-regulation of Col10al as well as alkaline phospha-
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tase (Alp), another marker of matured hypertrophic chondro-
cytes (Fig. 6C). These data for the SB431542-mimicking effects
of siSnoN (Figs. 2 and 3) indicated that SnoN mediated a major
part of the roles of endogenous TGF-f signaling in chondro-
cytes to physiologically suppress BMP signaling and subse-
quent chondrocyte hypertrophic maturation without affecting
the activating step of Smad1/5/8.

TGF-B Signaling and Expression of SnoN Are Accentuated
in “Prehypertrophic” Chondrocytes Adjacent to Pathologically
Hypertrophic Chondrocyte in Moderately Affected OA Cartilage—
Given the role of SnoN in the prevention of hypertrophic con-
version of chondrocytes, SnoN protein may be present before
pathologic chondrocytes gained hypertrophic phenotype in OA
cartilages (8, 9). We performed immunohistochemistry assays
for SnoN in human OA cartilages of various severities. In nor-
mal adult human femoral head cartilage, expression of type X
collagen was entirely absent, whereas SnoN protein was weakly
detected in the superficial zone (Fig. 74). In moderate OA car-
tilage, in which the severity was graded as 6 according to the
modified Mankin score (45, 46), type X collagen-positive
pathologically hypertrophic chondrocytes were located in the
upper layer of degenerated cartilage, which was poorly stained
by Safranin O. Strikingly, we detected potent signals for SnoN
protein in chondrocytes in which the cell body was mildly
enlarged, resembling “prehypertrophic” chondrocytes in the
developing bone. These SnoN-positive cells formed colonies
located in close proximity of the colonies of hypertrophic chon-
drocytes (Fig. 7A). In severe OA cartilage of a grading score of
10, the cartilage surface of which was entirely destroyed, a few
colonies of pathologically hypertrophic chondrocytes express-
ing type X collagen were present; however, we could no longer
detect SnoN-positive cells (Fig. 7A). These data are consistent
with our hypothesis that SnoN prevents the progression of
hypertrophic conversion of articular chondrocytes. Finally, we
asked if this enhanced expression of SnoN protein was associ-
ated with TGF- signaling in human OA cartilage, similarly as
observed in the growth plate of mouse embryo (Figs. 3D and
4H). In moderate OA cartilage, an immunofluorescence assay
revealed the abundant accumulation of TGF-B1 proteinaround
the “prehypertrophic” chondrocytes (Fig. 7B). Moreover, phos-
phorylated active Smad3 was detected in these pathologic
chondrocytes. Again, SnoN protein was also expressed in chon-
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drocytes in this region. These data demonstrated an association
of TGF-B signaling and expression of SnoN in the degenerating
cartilage.

DISCUSSION

Endogenous TGF-f Signaling Is Activated in Maturing Chon-
drocytes to Induce SnoN—Although the importance of TGF-f
signaling in preventing hypertrophic conversion of chondro-
cytes has been demonstrated (23, 24, 47), the mode of TGF-8
signaling during chondrocyte maturation and its direct target
gene(s) responsible for inhibiting the differentiation remain
largely unknown. While exogenously applied TGF-f has been
reported to have a positive role in early chondrogenesis in vitro,
SB431542 showed no effect on bone growth, whereas it dramat-
ically enhanced the matrix calcification by the mature hyper-
trophic chondrocytes in a bone organ culture system (Fig. 1).
This result suggested that endogenous TGEF-f signaling was
more active in the late stage of maturing chondrocytes than in
the early stage of chondrocyte differentiation. Indeed, expres-
sion of TgfbI was up-regulated in the late phase of differentia-
tion of ATDC5 chondrocytes (Fig. 3A4), coupled with an
increase in phosphorylation of Smad2, which was inhibited by
SB431542 (Fig. 3, B and C). This was completely linked to the
expression pattern of SnoN (Fig. 4, A-C). SnoN expression was
probably directly induced by endogenous TGF-f signaling
because SnoN had been shown to be directly induced by TGF-
B-activated Smad2 through its binding to the Smad-binding
element in the promoter of the SnoN gene (48). Interestingly, in
Smad3-deficient chondrocytes, the expression of TGF-B1,
TGF-B type I receptor ALK5 (Tgfbrl), and SnoN was sup-
pressed, whereas the expression of Smadl, Smad5, Smad6,
BMP-2, and BMP-6 was elevated (26), suggesting SnoN to be
one of the downstream targets of TGF-f3 signaling in chondro-

29110 JOURNAL OF BIOLOGICAL CHEMISTRY

cytes. For the first time, we demonstrated the rapid and tran-
sient induction of SnoN by exogenously applied BMP ligand,
whereas it was not suppressed by SB431542 (Fig. 4F). The SnoN
expression pattern in the early phase, which resembled that of
Id1 (Fig. 4F), led us to hypothesize that the BMP-Smad path-
way, in addition to TGF-B3-Smad signaling, can directly induce
SnoNin a context-dependent manner. Indeed, the sequences of
GGCACC or GGCGCG, both of which contain a 1-base mis-
match with the BMP-Smad-responsive motif GGCGCC (33),
can be found adjacent to three TGF-B-responsive CAGA
Smad-binding elements in the SnoN promoter (48). Further
experiments are required to resolve this hypothesis and to eval-
uate the roles of BMP-Smad-induced SnoN.

SnoN Interferes with BMP Signaling to Suppress Hypertrophic
Differentiation of Chondrocytes—The Sno gene (whose name
derived from “Ski-related novel gene”) was initially discovered
on the basis of its close homology to v-Ski and ¢-Ski. Ski pro-
teins can suppress TGF-p signaling, as well as BMP signaling,
by binding to R-Smads and Smad4. Interestingly, although
c-Ski can interact weakly with Smad1/5, the strong interaction
with Smad4 is indispensable for suppression of BMP signaling
by c-Ski (42). Although SnoN interacts with Smad4, the role of
SnoN in the context of BMP signaling has not been well inves-
tigated. We showed here that SnoN suppressed BMP signaling
in a comparative but slightly weaker manner compared with
TGEF-pB signaling (Fig. 5A4). This weaker suppression of BMP
signaling is probably due to the difference in the accessibility to
Smads (i.e. SnoN could bind to Smad2/3 and Smad4 but not to
Smad1/5, unlike c-Ski) (43). Loss of SnoN mildly enhanced the
expression of Id1, whereas it did not affect the phosphorylation
level of Smad1/5/8 (Fig. 6, A and B), supporting the notion that
the functional molecular target of SnoN was not the phosphor-
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ylation step of Smad1/5/8 but rather Smad4. Because siSnoN
and SB431542 showed an essentially similar effect with regard
to phospho-Smad1l/5/8 and Id] expression (compare Fig,. 3, E
and F, and Fig. 6, A and B), SnoN seems to be one of the major
mediators of TGF-B signaling to inhibit BMP signaling in chon-
drocytes. This is interesting because we previously reported a
similar negative feedback mechanism regulated by signal cross-
talk between TGF-f and BMP signaling in osteoblast differen-
tiation, in which I-Smads were induced by endogenous TGF-3
signaling to inhibit BMP signaling in the maturation phase (49).
However, the expression of I-Smads was not dramatically
affected by SB431542 in ATDCS5 chondrocytes (supplemental
Fig. 1), suggesting context-dependent mechanisms in the selec-
tion of TGF-B target genes in these mesenchymal cells. The
effect of forced expression, or knockdown, of SnoN showed
more dramatic changes in the Col10al expression than in that
of Id1 (Figs. 5C and 6C). The persistently mild suppression of
BMP signaling by SnoN during the maturing phase may
account for the major inhibition of hypertrophic maturation of
chondrocytes.

Expression of SnoN Is Associated with the Enhanced TGF-f3
Signaling in Prehypertrophic Chondrocytes in Mouse Develop-
ing Bone and Human OA Cartilage—Maintenance of the artic-
ular cartilage depends on the function of articular chondro-
cytes, which produce cartilage matrix and are constrained from
undergoing the maturation program seen in growth plate chon-
drocytes of developing bone. Genetic association of single
nucleotide polymorphisms (SNPs) in the SMAD3 or ASPN gene
(encoding asporin) with human OA has been reported (50, 51).
Asporin was shown to bind TGF- ligands on the cell surface to
block their signal transduction (52). In articular cartilage of old
mice, decreased expression of TGF-f ligands and receptors,
coupled with strongly dropped phosphorylation of Smad2, was
observed (53). Moreover, as mentioned in the Introduction,
mouse models of loss of TGF- signaling showed an OA phe-
notype with accelerated hypertrophic conversion of chondro-
cytes. These lines of evidence clearly demonstrate the impor-
tance of TGF-f signaling in preventing OA change of articular
chondrocytes. To date, the mechanism by which TGF- signal-
ing regulates this process is largely unknown. One candidate for
targeting TGF-p3 signaling is Smurf2, a protein whose expres-
sion was up-regulated in human OA cartilage, whereas forced
expression of Smurf2 in chondrocytes developed OA change in
joints of the transgenic mice (25). Because Smurf2 is a TGF-f3-
inducible molecule to inhibit TGF- 8 signaling, it may mediate
the effect of TGF-B signaling in chondrocyte hypertrophy.
However, in Smad3-deficient chondrocytes, which showed
enhanced BMP signaling and accelerated maturation, expres-
sion of Smurf2 was not affected (26). Similarly, in our ATDC5
micromass culture system, Smurf2 was not elevated in matur-
ing ATDCS5 chondrocytes stimulated by BMP-2 (supplemental
Fig. 1). In contrast, we detected an increase of SnoN expression,
not only in both maturing ATDC5 cells and primary chondro-
cytes in vitro but also in prehypertrophic chondrocytes in
mouse developing bone and in human OA cartilage (Figs. 4 and
7). Although we demonstrated the inhibitory role of SnoN in
chondrocyte hypertrophy in vitro (Figs. 5 and 6), hypertrophy
of chondrocytes was present in both developing normal mouse
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cartilage and degenerating human OA cartilage, despite the
accentuated expression of SnoN in contiguous prehypertrophic
chondrocytes (Figs. 4H and 7). In mouse E17.5 bone, phosphor-
ylation of Smad2 and expression of SnoN were diminished in
hypertrophic chondrocytes despite the abundant accumulation
of TGF-B1 protein in the extracellular matrix (Figs. 3D and 4H),
suggesting a disorder of the signal transduction by unknown
mechanisms to be resolved. Similarly, in human OA cartilage,
expression of SnoN was weakened in colonies of COL X-posi-
tive hypertrophic cells (Fig. 7A). Taken together, it is likely that
the hypertrophic conversion was induced after the decline of
SnoN expression in these chondrocytes. In this regard, further
investigation is required to understand why the transduction of
TGF-B signaling and subsequent expression of SnoN are
diminished in hypertrophic chondrocytes. Although our
results do not establish an etiologic role for SnoN in the pro-
gression of OA, they at least establish a strong association that
explains a possible causal relationship between SnoN regula-
tion and hypertrophic conversion of chondrocytes in OA carti-
lage. Loss of SnoN in mice in vivo should reveal its putative roles
in cartilage hypertrophy or endochondral ossification; how-
ever, SnoN knock-out mice showed embryonic lethality at E3.5
(39). Therefore, a conditional knock-out mouse line of chon-
drocyte-specific ablation of the SnoN gene would be suitable to
address these questions. In conclusion, our data revealed a
novel role of SnoN in regulating BMP signaling and subsequent
chondrocyte maturation as a downstream mediator of TGF-3
signaling. SnoN may be targeted in chondrocytes to inhibit its
function in order to accelerate endochondral ossification or to
enhanceits activity in the case of treating OA or cartilage regen-
eration for repair.
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Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue
sarcoma in children and adolescents [1,2,3]. Pediatric RMS can
be divided mto 2 major subtypes, embryonal RMS (eRMS) and
alveolar RMA (aRMS). The cure rates for patients with
nonmetastatic RMS have improved significantly from an estimat-
ed 25% in 1970 to 75% at present. Prognosis for RMS is
dependent on the anatomic site of the primary tumor, age,
completeness of resection, presence and the number of metastatic
sites, and histological and biological characteristics of the tumor
cells [4,5]. The advances in the undersianding of tumor biology
may lead to the development of novel clinically relevant
therapeutic targets in the near future.

The Notch signaling cascade is highly conserved and plays a
crucial role in the self~renewal of stem cells, cell fate determination,
epithelial cell polarity, adhesion, cell division, and apoptosis
[6.7.8]. The mammalian family of Notch receptors consists of 4
members (NOTCHI-4) and the ligand family consists of 5 members
(JAGGED 1/2 and DELTA 1/3/4). In the absence of ligand
binding, the Notch receptors are inactive. Upon ligand binding,
the Notch receptor is cleaved in 2 sequential steps. The cleavage
events release the intracellular domain of the Notch receptor
(NICD). and the NICD regulates the downstream target genes via
the DNA-binding factor, RBFJ/CBFI [9,10]. The transcriptional

-@ PLoS ONE | www.plosone.org

regulator RBFY is a highly conserved DNA-binding protein that
plays a central role in canonical Notch signaling [11].

Recently, alterations in the Notch pathway have been observed
in different solid tumors, including breast cancer, ovarian cancer,
melanoma, glioblastoma, and lung and pancreatic cancer
[12,13,14]. In addition, aberrant activation of the Notch-RBP]
pathway is involved in Epstein—Barr virus (EBV) infection [13,16],
T-lymphoblastic leukemia (T-LL), and gliomas [17,18].

We previously reported that inhibition of the Notch pathway
suppressed the growth of osteosarcoma by regulation of cell cycle
[19]. In this study, we found that the Notch pathway was also
[unctionally activated in human RMS, and a y-secretase inhibitor
(GSI) X reduced the in ziro proliferation of RMS cells. Moreover,
we show that inhibition of RBPY expression prevents the growth of
RMS in zitro and in vive.

Materials and Methods

Cell Lines

RD and KYM-1 cell lines were obtained from the Health
Science Research Resources Bank (HSRRB, Osaka, Japan). RMS-
YM cell line was obtained from Riken Bioresource Center
{Tsukuba, Japan). HSKMc cell line was purchased from
TOYOBO (Osaka, Japan). RD and KYM-1 cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicilling, and 100 pg/ml streptomycin. RMS-YM cell line was
cultured in RPMI 1640 medium supplemented with 10% FBS,
100 pM nonessential amino acids (NEAA), 20 mM HEPES,
100 U/ml penicillin, and 100 pg/ml. streptomyein, HSKMe
cell line was cultured in skeletal muscle cell growth medium
(TOYOBO, Osaka, Japan). All cells were maintained at 37°C in
5% CO,.

Patient Specimens

Human eRMS biopsy specimens were collected from primary
lesions before any diagnostic or therapeutic treatment. Human
skeletal muscle tissues were collected from patients undergoing
operation for scoliosis. The study protocol was approved by the
institutional Review Board of Kagoshima University. Informed
consent was obtained from all patients.

Real-time PCR Analysis

Real-time PCR analysis was performed as previously described
[20]. Total RNA was extracted from cell lines and tissue specimens
using miR-Vana RNA isolation kit or TRIzol (Invitrogen, CA,
USA) and was reverse transcribed using ReverTra Ace -o-
(TOYOBO, Osaka, Japan). cDNA was amplified by real-time
PCR using SYBR Green (Life Technologies, NY, USA). Real-time
PCR was performed on MiniOpticon™ (Bio-Rad, T'okyo, Japan).
The comparative Ct (AAC1) analysis was performed to evaluate
the fold change of mRNA expression, using the expression of
ACTB as a reference. Al PCR reactions were performed in
triplicate. All primers were designed. using Primer 3 software, The
following primers were used: ACTB, 5'-AGAAAATCTGGCAC-
CACACC-3"  and  53-AGAGGCGTACAGGGATAGCA-3";
NOTCHI, 3'-GTGACTGCTCCCTCAACTTCAAT-3" and 5'-
CTGTCACAGTGGCCGTCACT-3"; NOTCHZ, 5'-GTGTCA-
GAATGGAGGGGTTTG-3" and 5-ATTGCGGTTGGCA-
CAGG-3"; NOTCHS3, 53'-CAACCCGGTGTACGAGAAGT-3'
and 3 -GAACGCAGTAGCTCCTCTGG-3"; NOTCH4, 5'-
CCATTGACACCCAGCTTCTT-3"  and  3-GCTGAACA-

GAAGTCCCGAAG-3'; JAGH, 5%-CA-
GATTTCCTTGTTCCCTTGCT-3' and 5
CGTTGTIGGTGGTGTTIGTCC-3";, DLLI, 5'-CCTACTG-

CACAGAGCCGATCT-3' and 5-GCAGGTGGCTC-
CATTCTTGC-3"; HESI, 5"-AGGCGGACATTCTG-
GAAATG-3' and 5'-CGGTACTTCCCCAGCACACTT-3';
HEYT, 3'-CGAGGTGGAGAAGGAGAGTG-3"  and  3'-
CTGGGTACCAGCCTTCTCAG-3";  RBPf, 5'-CGCAT-
TATTGGATGCAGATG-3"  and  5"-CAGGAAGCGCCAT-
CATTTAT-3": Gyelin D, 3'-CAGAAGTGCGAGGAGGAGGT-
3, and 5'-CGGATGGAGTTGTCGGTGT-3" Cyelin E, 5'-
CCACACCTGACAAAGAAGATGATGAC-3' and 5'-
GAGCCTCTGGATGGTGCAATAAT-3" E2F1, 3'-
ATGTTTTCCTGTGCCCTGAG-3" and 5-ATCTGTGGT-
GAGGGATGAGG-3"; SKP2, 3'-
TGGGAATCTTTTCCTGTCTG-3" and 5'-GAACACTGA-
GACAGTATGCC-3";  p21,  3'-GACACCACTGGAGGGT-
GACT-3" and 5"-ACAGGTCCACATGGTCTTCC-3",

Cell Proliferation Assay

Cell proliferation assay was performed as previously described
[21]. We sceded 1x10% cells (RD) or 3x107 cells (KYM-1)/
100 pL in a 96 -well plate. Next day, the cells were placed in [resh
medium containing the indicated concentration ol the GSI X
(CALBIOCHEM, Basel, Switzerland), GSI XX (CALBIOCHEM,
Basel, Switzerland) or DMSO and were cultured for 3-4 days. Cell
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growth were measured daily by performing WST-1 assay (Roche,
Basel, Switzerland).

Plasmid Constructs and Gene Transfer

Control siRNA (S20C-0600) was purchased from B-Bridge
International (Cupertino, USA) and RBPJ siRNA (sc-38214) was
purchased from Santa Cruz Biotechnology (CA, USA). All siRNA
transfection experiments were performed using Lipofectamine
RNAIMAX (Invitrogen, CA, USA) transfection reagent according
to the manufacturer’s protocol. Control or RBP] shRNA
(KHO6319P) were purchased from SuperArray Biosciences (MD,
USA). pCMV6-Entry Vector (PS100001) and RBP] expression
vector (RC204791) were purchased from Origene (Maryland,
USA). All plasmid transfection experiments were performed using
FuGENE6 (Roche, Basal, Switzerland) transfection reagent
according to the manufacturer’s protocol. Tranfected cells were
selected in 700 pg/mL neomyein or 0.4 ng/pL puromycin. Stable
cell lines were then used for colony formation assay and in vivo
experiments,

Colony Formation Assay

Colony formation assay was performed as previously described
[22]. Cells were suspended in DMEM containing 0.33% soft agar
and 5% FBS and then were plated on a 0.5% soft agar laver. Cells
were cultured at a density of 2x10* cells per well in 6-well plates.
After 2-3 weeks (RBPJ siRNA/RD: 2 weeks, RBP]/RD: 3 weeks),
the number of colonies was counted. Every experiment was
performed in triplicate, and all experiments were performed 3
tmes.

Western Blotting Analysis

Western blotting analysis was performed as previously described
[23].

Cells were lysed using NP40 buffer, including 0.5% NP40,
10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 3 mM pAPMSF
(Wako Chemicals, Kanagawa, Japan), 5 mg/ml. aprotinin (Sigma,
StLouis, USAj, 2 mM sodium orthovanadate (Wako Chemicals,
Kanagawa, Japan}, and 5 mM EDTA. Lysates were boiled with
sodium dodecyl sulfate (SDS) sample buffer, separated by SDS-
polvacrylamide gel electrophoresis (PAGE) (Bio-Rad, Tokyo,
Japan), and transferred to a polyvinylidene fluoride (PVDF}
membrane (Caliper LifeSciences, CA, USA). The membranes
were blocked in 5% nonfat dry milk TBST buffer and incubated in
primary antibodies diluted in TBST for 1 h at room temperature
or overnight at 4°C. Blots were washed using TBST buffer and
incubated with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology) in TBST bufler for
45 min at room temperature. Immunocomplexes were visualized
using an enhanced chemiluminescence kit (GE Healthcare, Tokyo,
Japan). Primary antibodies were RBP] (1:300, ab33063, abcam),
PARP (1:1000, #9542, Cell Signaling) and o-tubulin (1:1000,
DMIA, Sigma-Aldrich).

Animal Studies

Xenogralt experiments were perlormed as previously described
[24]. Brielly, control or RBP] shRNA-transfected RD cells (1 x10%)
were suspended in 100 pl. Matrigel (BD, NJ, USA). Cell
suspensions were subcutaneously inoculated in 3-week-old nude
mice (Japan SLC, Inc). Tumor size was calculated weekly using
the formula LW?/2 (with L and W representing the length and
width ol tumors). Kaplan-Meier analysis was performed using
Kaplan 97 software. All animal experiments were performed in
compliance with the guidelines and approved by the Animal
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Science Laboratory, Frontier Science Research Center,Ka-
goshima University.

Immunohistochemistry

For Ki-67 staining, antigen retrieval was performed using CC1
antigen retrieval buffer (Ventana Medical Systems, Tucson, AZ,
U.S.A) for all sections. Following micubation with the primary
antibody against Ki-67 (MIB-1, DAKO, dilution rate at 1:50),
sections were stained on the Ventana automated slide stainer
(Benchmark XT) using the Ventana diaminobenzidine detection
kit (Ventana Medical Systems). Ki67 immunostainings were
scored by counting at least 1000 cells in 3 randomized ficlds.
Every stained nucleus was “considered positive, irrespective ol
intensity.

For detection of apoptotic small bodies, cells were fixed by 4%
paraformaldehyde for 20 min, washed in PBST (PBS containing
0.05% Tween20), and then permeabilized in PBS containing 0.2%
Triton X-100 for 10 min. After the wash, the cells were treated
with PBS containing 10 pg/ml Hoechst 33342 dve (Molecular
Probes, Oregon, U.S.A) for 30 min, and then were washed. The
apoptotic cells were visualized by fluorescence microscopy (Leica
Microsystems, Wild Heerbrugg, Switzerland).

Statistical Analysis

All the data are expressed as mean * SD. Statistical analysis
was performed using the Student’s ¢ test using Microsoft Office
Excel or Kaplan 97. P<0.05 was considered significant.

Results

Notch Pathway Genes are Upregulated in Tissue
Specimens of Patients with Rhabdomyosarcoma

We assessed the status of the Notch pathway in RMS by
determining the expression of genes in the Notch pathway; we
performed real-time PCR to determine the expression of these
genes in normal human skeletal muscle specimen and 2 haman
eRMS specimens. RMS1 and RMS2 showed strong expression of
Notch receptors NOTCHI, NOTCH3, and NOTCH4 in RMS
specimens. Additionally, Notch ligands JAGJ and DLLI, target
genes HEYI and HES!I, and transcription factor RBPJ were
significantly upregulated in RMS (Fig. 1). Further, we showed that
Notch pathway molecules are upregulated in RMS cell lines (Fig.
S13. These findings suggest that the Notch pathway is activated in
human RMS.

Downregulation of the Notch Pathway by GSI X
Suppresses Rhabdomyosarcoma Cell Proliferation

To examine whether the Notch pathway contributes to RMS
pathogenesis, we used GSI X and GSI XX which are potent
inhibitor of Notch pathway. WST-1 assay revealed that the
profiferation of RD and KYM-1 cells was inhibited by 10 uM GSI
X (Fig. 2A). In addition, GSI XX prevented RD and KYM-]
proliferation (Fig. S2). We evaluated cell death by GSI X
treatment. GSI X treatment did not promote the expression of
cleaved PARP and formation of the apoptotic small bodies (Fig.
S3). Furthermore, the Notch target gene HES! mRNA was
downregulated by 10 pM GSI X, in RD and KYM-1 cell lines
(Fig. 2B). These findings suggest that Notch pathway inhibition by
GSI X treatment prevents the proliferation of RMS cells i vifro.

RBPJ is Essential for the Growth of Rhabdomyosarcoma

GSIs inhibit not only the Notch pathway but also other
pathways [26,27,28]. We examined the function of the Notch
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pathway in RMS cell proliferation by analyzing the function of
RBPJ. Real-time PCR revealed that RBPY was upregulated 2.1 to
4.8-fold in RMS cell lines (Fig. 3A). To evaluate the function of
RBPY in RMS, we knocked down RBPY expression by using
siRINA. Efficacy of RNAI was confirmed by real-time PCR and
western blotting assay, which showed that RBPY RNAI decreased
the expression of RBP7 mRNA and protein levels (Fig. 3B).
Furthermore, knockdown of RBPJ decreased the expression of
Notch target gene HESI mRNA in RD cells {Fig. 3B). RD cells
transfected with RBPF siRNA showed a significantly lower number
of colonies in soft agar than those with control siRNA (Fig. 3C). In
addition to loss-of-function of RBPY, we examined the effects of
forced expression of RBPY in RMS cells. Forced expression of
RBPJ increased the expression of downstream target gene HEST
(Fig. 4A). The colony formation assay showed that forced
expression of RBPY led to formation of a greater number of
colonies in soft agar than those with control vector (I'ig. 4B). These
findings show that RBEJ promotes the growth of human RMS
cells i witro.

Knockdown of RBPJ Prevents the Growth of
Rhabdomyosarcoma in vivo

We next investigated whether knockdown of RBFY affects the
growth of RMS cells i vivo. Knockdown of RBPY by transfection of
RBPJ shRNA significantly inhibited the growth of RD xenograft in
nude mice as compared to that of control shRNA-transfected
xenograft (Fig. 5A). Kaplan—-Meier analysis revealed that knock-
down of RBPJ showed a statistically significant improvement in the
survival of mice (Fig. 3B). To examine whether RBPJ knockdown
reduced cell proliferation in vivo, we examined the expression of
Ki67 and cell cycle-related genes. The number of Ki67-positive
cells in RBPY shRNA-transfected xenogralt was significantly lower
than in control shRNA-translected xenograft (Fig. 5C). Addition-
ally, real-time PCR showed that the expression of the cell cycle
accelerators, such as Cyelin D, Cyelin E, E2FI, and SKP2 was
decreased mn RBEJ shRNA-transfected xenograft. In contrast, the
expression ol p2/, a negative regulator of cell cycle, was increased
in RBPY shRINA-transfected xenograft (Fig. 5C). These [indings
suggest that RBPY plays a critical role in the growth of RMS by
regulation of the cell eyele i vivo.

Discussion

The Notch pathway is involved in several cellular processes such
ag proliferation, differentiation, apoptosis, cell fate decision, and
maintenance of stem cells {8,12,29]. The Notch pathway plays a
role in many cancers {19,30,31,32].

Our findings revealed that Notch pathway molecules were
upregulated in clinical samples of ¢RMS were consistent with
those reported in previous studies. Kuroda, K. e al. showed that
activation of the NOTCH-RBPJ pathway via the DLLI ligand was
important for myogenic differentiation [33,34]. We also found that
the mRNA expression of NOTCHI, DLLI, and RBP7 is higher in
e¢RMS specimens than in normal skeletal muscle specimens. Thus,
the pathogenesis of RMS might be associated with the dysregu-
lated activation of myogenic differentiation.

Recently, the Notch pathway has been reported to be highly
active in human RMS [35,36]. Roma J et ol reported that
inhibition of the Notch pathway by GSIs reduced the invasiveness
and metastasis of RMS i ztg [35]. In addition, Belyea et al.
reported that Notch pathway inhibition by GSI and RNAi of
NOTCHI or HEY blocked RMS tumorigenesis [36]. GSIs, which
were originally used in Alzheimer’s disease [37], are currently
undergoing clinical trials for the treatment of several tumors
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Figure 1. Notch pathway molecules are overexpressed in rhabdomyosarcoma cells. Notch pathway genes (receptors NOTCH1-4, ligands
JAGT and DLLT, target genes HEST and HEY1, and transcription factor RBPJ) were assessed by real-time PCR in a normal human skeletal muscle
specimen and 2 human RMS biopsy specimens. The Ct values of all RMS samples were normalized to those of ACTB. The values of the human RMS
specimens were compared with those of the human skeletal muscle sample, which is defined as a relative expression of 1.0. Columns, mean values of

3 independent experiments; bar, SD. *p<<0.05, **p<<0.01,
doi:10.1371/journal.pone.0039268.g001

[38,39]. However, previous studies have shown that GSIs can kill
breast cancer cells because of their nonspecific effect through their
ability to inhibit the proteasome rather than blocking y-secretase
activity [23]. Additionally, GSIs proteolyze not only Notch
receptor but also around 31 membrane proteins, including E-
cadherin, VEGFR, and CXCL16 [40]. Furthermore, HEYI is
involved in T'GF-B pathway [41]. Thus, therapeutic strategies
including treatment with GSIs or those targeting HEYT may affect

@ PLoS ONE | www.plosone.org

other pathways. On the other hand, RBPY acts only downstream
of the Notch pathway, and nothing is known about its function in
other pathways, Thus, we focused on the role of RBPJ to examine
the bona fide function of the Notch pathway transcription factor in
RMS tumorigenesis. The loss-of-function and gain-of-function of
RBPY indicated that RBPY controled RMS cell growth in vitro.
Although GSI treatment decreased the proliferation of RMS cells,
knockdown of RBPJ did not decrease the proliferation in normal
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Figure 2. Effects of GSI X on the proliferation of rhabdomyosarcoma cells. A, Proliferation of RD and KYM-1 cells treated with GSI X or
equal volume of DMSO vehicle were measured by WST-1 assay. B, Expression of HEST mRNA was assessed by real-time PCR in RD cells (left)
and KYM-1 cells {right) treated with 10 uM of GSI X for 24 hours. Columns and lines, mean values of 3 independent experiments; bar, SD.

*p<0.05, **p<0.01.
doi:10.1371/journal.pone.0039268.g002

culture condition {data not shown). These findings suggest that
GSI inhibit Notch pathway more intensively than RBP] knock-
down or might aflect not only Notch pathway but also other
signaling pathways. On the other hand, knockdown of RBP]J
prevented RMS proliferation in soft agar (3D culture) and m zivo.
In addition, knockdown of RBPJ caused significantly improved the
survival of mice. These findings suggest that transcription of RBP]
activated by Notch pathway is essential for RMS proliferation in
physiological conditions. Although these three studies inhibit
Notch signaling by inhibitor or knockdown of different genes, all
stucies provide independent support for the idea that Notch
pathway plays essential roles in RMS progression. Furthermore,
Notch pathway plays essential roles in many cancers
[19,30,31,32]. Our results show that direct inhibition of RBF}

":@: PLoS ONE | www.plosone.org

may offer a novel approach for inhibition of the Notch pathway
not only in RMS but also in many cancers.

We showed that knockdown of RBPY suppressed the expression
of Cyelin D, Cyelin E, E2F], and SKP2, whereas the expression of
p21 increased in RBPJ shRNA-transfected xenograft. SKP2, a
subunit of the ubiquitin-ligase complex SCF>*
the degradation of p21 at the G1/8 transition and during S phase
in the cell cycle [42]. p21 inhibits CDK4-Cyclin D and thus
suppresses the phosphorylation of RB and the sequestration of
E2F1 and Cyclin E [43]. Therefore, our findings suggest that the
inhibition of RBP] prevents RMS growth i vive by regulation of
G1/8 transition of the cell cycle.

Several studies have shown the relation between the Notch
pathway and tumor-initiating cells (T1Cs) [44], and Sullivan ef

, Is necessary for
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Figure 3. Knockdown of RBP./suppresses anchorage-independent growth of rhabdomyosarcoma cells. A, The expression of RBPS mRNA
in RD cells was assessed by real-time PCR. The Ct values of all RMS cell lines were normalized to those of ACTB. The values of the RMS cell lines were
compared with HSkMc cell, which is defined as a relative expression of 1.0. B, RBPJ protein levels in RD cells transfected with control and RBPJ siRNA
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were examined by western blotting analysis (top). RBPJ and HEST mRNA in RD cells transfected with control and RBPJ siRNA were assessed by real-
time PCR analysis. Ct values of RBPJ and HES1 were normalized to ACTB. The values of the cells transfected with RBPJ siRNA were compared to those
the RD cells transfected with control siRNA, which is defined as a relative expression of 1.0 (bottom). €, Anchorage-independent growth of RD cells
transfected with control and RBPJ siRNA were evaluated by colony formation assay. After 3 weeks, each of the colonies were counted and

photographed. Scale bar is 200 uM. Columns, mean values of 3 independent experiments; bar, SD. *p</0.05, *p<0.01.

doi:10.1371/journal.pone.0039268.g003

al. reported that aldehycde dehydrogenase (ALDH) activity
selected for lung TICs is dependent on the Notch pathway
[45]. Thus, we confirmed ALDH
pathway in RMS cell lines. However, no significant difference
was observed in ALDH-positive population  between RBPJ
shRINA- and control shRNA-transfected RD cells (data not
shown). Previously, we reported that the RMS cell
included fibroblast growth factor receptor 3 (FGFR3)-positive
TICs, which have high tumorigenic potential i wwo [46].
Hence, we examined the expression of FGFR3 in REPj
shRNA- or control shRNA-transfected RD; however, no
significant difference was observed in FGFR3-positive popula-
tion in these cell lines (data not shown). These findings suggest
that RBPF does not have the roles in maintenance of ALDH or
FGFR3-positive TICs in RMS cell lines. Recently, it has been
reported that RMS cells contains a CDI133-positive TICs
[47,48]. Thus, further studies to explore that the relation
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between the Notch pathway and CDI133-positive RMS TICs
are needed to elucidate the pathogenesis of RMS,

Major advances have been made for understanding the
interactions between the Notch pathway and other pathways
during carcinogenesis [6,7]. Schreck ef al. reported that the Notch
target HES] directly modulated GLII, transcription factor of the
Hedgehog pathway, in glioblastoma cells [49]. Additionally, we
showed that the Hedgehog pathway was activated in human RMS
[23]. Targeting both the Notch pathway and the Hedgehog
pathway simultaneously may be more eflective in eliminating
RMS cells.

In conclusion, we revealed that the Notch pathway is
functionally activated in RMS. Our findings show that inhibition
of RBPJ prevents the growth of RMS in vitro and i vivo. These
novel findings improve the understanding of the pathogenesis of
RMS and suggest that RBPf may be an attractive therapeutic
target for patients with RMS.
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Figure 4. Overexpression of R8P/ promotes rhabdomyosarcoma cell growth. A, REPJ protein levels in RD cells transfected with control
vector and RBPJ overexpression vector were measured by Western blotting analysis (top). RBPJ and HEST mRNA in RD cells transfected with control
vector and RBPJ overexpression vector were assessed by real-time PCR analysis. Ct values of RBPJ and HEST were normalized to ACTB. Comparison was
made to the RD cells transfected control vector, which is defined as a relative expression of 1.0 (bottom). B, Anchorage-independent growth in RD
cells transfected with control vector and RBPJ overexpression vector were evaluated by colony formation assay. Fourteen days later, the each colonies
were counted and pictured. Scale bar is 200 pM. Columns, mean values of 3 independent experiments; bar, SD. *p<0.05, **p<0.01.
doi:10.1371/journal.pone.0039268.g004
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Figure 5. Knockdown of RBFPJ inhibits the growth of rhabdomyosarcoma in nude mice. A, After transfection of control shRNA or RBPJ
shRNA, 1x10° RD cells were subcutaneously inoculated in nude mice (n=7). Tumor size was calculated weekly by using the formula LW?/2 (with L
and W representing the length and width of tumors). B, Survival rate of the mice injected with control shRNA- or RBPJ shRNA-transfected RD cells was
assessed by Kaplan-Meier analysis. C, The number of Ki67-positive cells in control shRNA- or RBPJ shRNA-transfected xenograft were accessed by
immnohistochemistry. Scale bar is 100 um. Expression of Cell cycle-related genes (CyclinD, Cyclink, E2F1, SKP2, p21) were assessed by real-time PCR in
control shRNA- or RBPJ shRNA-transfected xenograft. The Ct values of xenograft samples were normalized to those of ACTB. The values of the RBPJ
shRNA-transfected xenograft was compared with those of the control shRNA sample, which is defined as a relative expression of 1.0. Columns, mean

values of 3 independent experiments. Bar, SD. *p<0.05, **p<0.01.
doi:10.1371/journal.pone.0039268.g005

Supporting information

Figure S1 Notch pathway molecules are overexpressed
in rhabdomyosarcoma cell lines. Expression of Notch
pathway genes (receptors NOTCHI-4, ligands JAG! and DLLI,
target genes AES], and HEYT) were assessed by real-time PCR in
a human skeletal muscle cell line (HSkMC) and 3 human RMS
cell lines. The Ct values of all RMS samples were normalized to
those of ACTB. The values of the human RMS specimens were
compared with those of the human skeletal muscle sample, which
is defined as a relative expression of 1.0. Columns, mean values of
3 mdependent experiments. Bar, SD. #*/<<0.03. **$<<0.01.

(TTF)

Figure 82 GSI XX prevents proliferation of rhabdo-
myosarcoma cells. RD and KYM-1 cells were treated with
GSI XX or equal volume of DMSO vehicle. GSI XX treatment

prevented the RMS proliferation.
(TTE)

Figure 83 GSI X treatment did not promote rhabdo-
myosarcoma cell apoptotic cell death. A, PARP and
cleaved PARP protein levels in RD and KYM-1 cells were
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Our previous study reported a frequent detection of human papillomavirus (HPV) genome in primary
lung adenocarcinomas of the recurrent patients who were responsive to epidermal growth factor receptor
(EGFR)-tyrosine kinase inhibitor, suggesting that HPV presence in lung cancer may be related to a genetic
background related to EGFR mutations. The present study examined the association between the HPV
presence and mutations in exons 19 and 21 of EGFR gene in Japanese lung cancer patients. Thirteen (31%)

g”-‘.’;"ords"l o : out of 42 cases had EGFR mutations. Although these mutations were tended to be observed in females,
h{p:lt:tl;gn: EIOWIL laciorrecepiok non-smokers, or adenocarcinomas, there was no statistically significant associations. HPV DNA was found
Human papillomavirus in7/42(17%) lung tumors. The frequency of HPV presence did not differ in histological types. The presence
Adenacarcinoma of HPV DNA was significantly related to EGFR mutations (P=0.021), especially in adenocarcinomas of the
Gefitinib lung (P=0.014). HPV-positive lung tumors accounted for 38% and 7% of those with and without EGFR

mutations, respectively. Our results suggest that EGFR mutations are associated with HPV presence in
Japanese patients with lung cancer.
© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Human papillomavirus (HPV) is a well-established risk fac-
tor of cervical cancer [1]. HPV types 16 and 18 are classified as
carcinogenic to humans (Group 1) by International Agency for
Research on Cancer [2], and these HPV types were also detected
in a part of lung cancer [3]. In spite of many studies reporting
the HPV presence, its role in lung carcinogenesis is still unclear.
Although HPV-16 integration in host genome has been reported in
the most of HPV-16-positive lung squamous cell carcinomas (SQCs)
[4], its low viral load makes it difficult to determine the etiological
significance.

A Taiwanese study reported a significant association berween
HPV-16/18 and lung adenocarcinomas (ACs) among nonsmoking
female patients [5]. We also reported a higher prevalence of high-
risk HPV in ACs (30%, 9/30) than that of SQCs (7%, 2/27) [6].
Furthermore, high-risk HPV genome was more frequently observed
in lung ACs with response to gefitinib (75%, 6/8) than that of those
without response to the treatment (0%, 0/12) [6].

* Corresponding author. Tel.: +81 99 275 5298; fax: +81 99 275 5290,
E-mail address: fiy@m.kufm.kagoshima-u.ac.jp (C. Koriyama).

0169-5002/($ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.orgf10.1016/j.lungcan.2012.08.011

Clinical responsiveness to gefitinib is associated with somatic
mutations in the tyrosine kinase domain of the epidermal growth
factor receptor (EGFR) gene [7,8], which are most frequently
observed in lung ACs of non-smoking women in far-East Asian
countries [9]. It is worth noting that these clinicopathological fea-
tures, non-smoking female lung ACs, are similar to that observed
in the Taiwanese study [5].

In the present study, we investigated the association between
EGFR mutations and the presence of HPV DNA in Japanese lung can-
cer. Furthermore, viral load and physical status of high-risk HPV-16
were examined.

2. Materials and methods
2.1. Clinical specimens

The present study examined a total of 42 paraffin-embedded
tissue samples of lung cancer cases, including 26 ACs, 12 SQCs
and 4 other histological types, diagnosed at Kagoshima Univer-
sity Hospital during the period from December 2007 to December
2008. Institutional Review Boards of Kagoshima University Hospi-
tal, Japan, approved the present study.
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Table 1
Clinicopathological features of lung tumors by the presence of EGFR mutation and HPV genome.
Total EGFR HPV
Mutated P-Value? Positive P-Value?

Total 42 (100%) 13(31%) 7(17%)

Age 0.505 1.000
<70 17 (100%) 4(24%) 3(18%)
=70 25 (100%) 9 (36%) 4(16%)

Sex 0.082 0.197
Female 14 (100%) 7 (50%) 4(29%)
Male 28 (100%) 6(21%) 3(11%)

Smoking 0.181 1.000
Never 21(100%) 9 (43%) 4(19%)
Ever 21(100%) 4(19%) 3(14%)

Histology 0.471 0.839
Adenocarcinoma 26 (100%) 10(38%) 4(15%)
Squamous cell ca. 12(100%) 2{(17%) 2(17%)
Others® 4(100%) 1(25%) 1(25%)

Clinical stage 0.739 1.000
1 27 (100%) 9(33%) 5(19%)
1-1v 15 (100%) 4(27%) 2(13%)

Tumor size 0.043 1.000
=3cm 21 (100%) 10 (48%) 4(19%)
>3cm 21 (100%) 3(14%) 3(14%)

Histological differentiation® 0.870 0.809
Well 27 (100%) 10(37%) 5(19%)
Moderate 6(100%) 2(33%) 1(17%)
Poor 5(100%) 1(20%) 0(0%)

Lymph node metastasis 0.127 0.160
No 30(100%) 12 (40%) 7 (23%)
Yes 11(100%) 1(9%) 0(0%)
Unknown 1(100%) 0(0%) 0 (0%)

Distant metastasis 0.529 0309
No 40(100%) 12 (30%) 6(15%)
Yes 2(100%) 1(50%) 1(50%)

2 P-Values were obtained by Fisher's exact test.
b Other histology: 2 carcinoids and 2 adenosquamous carcinomas.
© Histological differentiation was not available,

2.2. HPV detection, typing and physical status

The HPV genome was detected by PCR with broad-spectrum
SPF10-biotinylated primers [10]. HPV typing was performed using
the INNO-LiPA HPV Genotyping CE test (Innogenetics, Ghent,
Belgium). To determine the presence and physical status, as well as
estimate the viral load of HPV-16, the quantitative real-time PCR
was performed using 2x QuantiTect SYBR Green PCR kit (QIAGEN,
Hilden, Germany). The physical status of HPV-16 was determined
by the method proposed by Peitsaro et al. [11], assuming that: (i)
preferential disruption of E2 causes absence of E2 gene sequence
in the PCR product following integration and (ii) the copy number
of both E2 and E6 genes should be equal when viral DNA presents
in episomal form.

2.3. Examination of EGFR mutations

The sensitivity of lung ACs to gefitinib is associated with EGFR
mutations, which include (i) exon 19 deletion of amino acids
747-750,accounting for 45% of mutations and (ii) exon 21 mutation
resulting in L858R substitution, accounting for 40-45% of mutations
[12]. Mutations in exons 19 and 21 were detected on the basis of
the method using PCR proposed by Sugio et al. [13]. The results of
PCR assay for exon 21 L858R was confirmed using a base sequence
analysis.

3. Results

Among 42 lung tumors, 13 cases (31%) had mutations in either
exon 19 or 21 of the EGFR gene (Table 1). Exon 19 deletion and exon
21 L858R were detected in 7 (54%) and 6 (46%) out of 13 mutations,

respectively. These mutations were mutually exclusive. The fre-
quency of the mutations was significantly higher in smaller tumors
(Table 1, P=0.043).

HPVDNA was detected in 7/42 (17%) lung tumors (Table 1). HPV-
16 was the most frequently detected type (n=>5). High-risk HPV-58
was detected in the remaining two cases. The geometric mean of
HPV-16 viral load was 0.003 per cell (shown in a supplement) and
was much lower than that observed in cervical cancer (geomet-
ric mean of HPV-16=333 copies per cell; unpublished data). None
of the clinicopathological factors was related to the HPV presence
(Table 1).

The presence of HPV DNA was significantly related to EGFR
mutations (Table 2, P=0.021). This association was significant in
ACs of the lung (P=0.014). All HPV-16-positive ACs (n=3) were
considered to have HPV integration into the host genome, and all
of them had exon 19 deletion (shown in a supplement).

4. Discussion

The present study showed a significant association between
high-risk HPV detection and EGFR mutations in Japanese lung can-
cer cases (P=0.021). Similar results were described in a Taiwanese
study [14]. On the other hand, EGFR mutations were quite rare in
cervical cancer [15], and the EGFR mutations were not related to
HPV presence in SQCs of the tongue and tonsil [16]. These find-
ings suggest that the association between EGFR mutations and HPV
presence is restricted to lung cancer.

HPV-16 integration was observed in tumors with exon 19 dele-
tion mutant. Although both exon 19 deletion and exon 21 L858R
increase phosphorylation of EGFR leading to cell survival promo-
tion through AKT pathway [17], the response rate to gefitinib was



