BMP-2-induced Smpd3/nSMase2 Regulates Chondrocyte Maturation

streptomycin. Primary chondrocytes were harvested from
2-day-old mice with a C57BL/6] background. Briefly, articular
cartilage of the femoral heads, femoral condyles, and tibial pla-
teaus was isolated from mice and digested by 3 mg/ml collage-
nase D (Roche Applied Science) for 45 min, followed by 0.5
mg/ml collagenase D overnight. The chondrocytes were fil-
tered through a sterile 40-pum cell strainer and cultured in
DMEM/Ham’s F-12 (1:1) containing 10% FBS, 100 units/ml
penicillin G, and 100 pg/ml streptomycin. Differentiation of
the cells, cultured in monolayer, was induced by the addition
of recombinant human BMP-2 (PeproTech) at a concentration
of 300 ng/ml, with or without insulin/transferrin/selenium
(ITS) supplement (Sigma) on collagen type I-coated culture
plates (Iwaki).

Embryonic Bone Organ Culture—Metatarsal bone rudiments
were harvested from C57BL/6] mouse embryos at 16.5 days
post-coitum (E16.5) and cultured in DMEM/Ham’s F-12 (1:1)
supplemented with 10% FBS, and 100 units/ml penicillin G, and
100 pg/ml streptomycin, as described (42). Cultured bones
were stained with Alcian blue and alizarin red dyes according to
astandard protocol for skeletal preparation. Briefly, bones fixed
in 96% ethanol were stained with 0.015% Alcian blue 8GX
(Sigma) in a mixture solution of 96% ethanol/acetic acid (4:1)
for 1 day, followed by a dehydration step in 100% ethanol. Dehy-
drated bones were immersed briefly in 1% potassium hydroxide
(KOH), followed by staining in 0.001% alizarin red S (Sigma) in
1% KOH for 1 day. Images were captured with stereomicro-
scope M165FC (Leica). Four bones per group were analyzed.
Animal experiments were approved by the Institutional Animal
Care and Use Committee of Kagoshima University (number
MD12043).

RNA Interference—Dharmacon siRNA ON-TARGETplus
SMARTpool, a mixture of four independent siRNAs against
mouse Runxl, Runx2, Runx3, Smpd3, or Has2, and the control
reagent were purchased from Thermo Scientific. sSiRNAs were
transfected into cells using Lipofectamine RNAiMax (Invitro-
gen). BMP-2 and compounds were added to the culture simul-
taneously after an overnight transfection of siRNA.

Plasmids and Adenovirus—Mouse Smpd3 cDNA was cloned
from ATDC5 by employing an RT-PCR-based technique, sub-
cloned into the entry vector, pENTR, and further transferred
into the C-terminally V5-tagged expression vector, pEF-
DEST51, by attL-attR recombination (Invitrogen). To generate
adenovirus-carrying Smpd3 cDNA, the Smpd3 gene in the
pENTR-Smpd3 vector was transferred into the C-terminally
V5-tagged adenovirus expression vector pAd/CMV/V5-DEST
by attL-attR recombination (Invitrogen) and further trans-
fected into the adenovirus-producing cell line 293A according
to the manufacturer’s protocol. pAd/CMV/V5-GW/lacZ ade-
novirus expression vector was used as a control to express 3-ga-
lactosidase. Adenovirus infection into ATDC5 cells was per-
formed at a multiplicity of infection of 10. These experiments
were approved by the Kagoshima University safety control
committee for gene recombination techniques (number
22053).

Chemical Inhibitor Compounds and C,-ceramide—All of the
following agents were resolved in dimethyl sulfoxide (DMSO),
and DMSO was used as the mock control. Cycloheximide was
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purchased from Sigma and applied at a concentration of 10 mm
for 2 h, prior to BMP-2 stimulation. The nSMase inhibitor,
GW4869 (Sigma), or C,-ceramide (Enzo Life Sciences) was
applied at the same time of BMP-2 induction, at 1 or 10 uMm,
respectively. The PI3K inhibitor, LY294002 (Sigma), Akt inhib-
itor, MK2206 (Chemie Tek), and the mammalian target of rapa-
mycin inhibitor (Sigma) were applied at the same time of
BMP-2 induction, at the indicated concentrations.

Immunoblotting and RTK Signaling Antibody Array Analysis—
Cells were lysed in M-PER lysis buffer (Thermo Scientific) sup-
plemented with aprotinin, sodium orthovanadate, and phenyl-
methylsulfonyl fluoride (PMSF) and subjected to SDS-PAGE,
membrane transfer, and chemiluminescence, using standard
protocol. Blots were incubated with the following: anti-Runx2
(1:1,000, 8G5, MBL); anti-nSMase2 (1:500, H-195, Santa Cruz
Biotechnology); anti-aggrecan (1:500, H-300, Santa Cruz Bio-
technology); anti-collagen type II al (1:1,000, LSBio); anti-
phospho-Akt (Ser-473) (1:1,000, 587F11, Cell Signaling); anti-
Akt (1:1,000, 5G3, Cell Signaling); anti-phospho-S6 ribosomal
protein (Ser-235/236) (1:1,000, D57.2.2E, Cell Signaling);
anti-S6 ribosomal protein (1:1,000, 54D2, Cell Signaling); anti-
phospho-PI3K (1:1,000, number 4228, Cell Signaling); anti-
PI3K (p85) (1:1,000, number 610045, BD Transduction Labora-
tories); anti-phospho-Smad1/5/8 (1:1,000, number 9511, Cell
Signaling); anti-Smad1 (1:1,000, number 9743, Cell Signaling);
and horseradish peroxidase (HRP)-conjugated anti-rabbit sec-
ondary antibody, anti-mouse secondary antibody (1:10,000)
(Cell Signaling), or anti-tubulin antibody (1:1,000, DM1A,
T9026, Sigma). Signals were detected using the LAS 4000 Mini
Image Analyzer (Fujifilm). We employed PathScan® RTK sig-
naling antibody array kit (Cell Signaling) to analyze the signal-
ing pathway influenced by loss of Smpd3/nSMase2 function.
This system is a slide-based antibody array, founded upon the
sandwich immunoassay principle and allowing for the simulta-
neous detection of 28 receptor tyrosine kinases and 11 impor-
tant signaling nodes when phosphorylated at tyrosine or other
residues, was employed to analyze the signaling pathway influ-
enced by loss of Smpd3/nSMase2 function. The experiment
was performed according to the manufacturer’s manual, and
the chemiluminescent readout was performed with LAS 4000
Mini Image Analyzer.

Immunocytochemistry and Immunohistochemistry—For
immunocytochemistry, cells were fixed with 4% paraformalde-
hyde in PBS for 30 min and treated with 0.2% Triton X-100.
CAS block (Zymed Laboratories Inc.) was used for blocking.
For immunohistochemistry, formalin-fixed mouse E17.5
embryo humeri were embedded in paraffin blocks, which were
sliced at a 4-um thickness. The antigen was retrieved by the
Liberate Antibody Binding solution (Polysciences). A CAS
block was used for blocking. Cells or bone sections were incu-
bated with anti-aggrecan (1:100, H-300, Santa Cruz Biotech-
nology), anti-collagen type II a1 (1:100, LSBio), anti-nSMase2
rabbit polyclonal antibody (1:100, H-195, Santa Cruz Biotech-
nology), and anti-Has2 mouse monoclonal antibody (1:100,
D-8, Santa Cruz Biotechnology). Anti-mouse Alexa Fluor 488
(1:200, A11001) or anti-rabbit Alexa Fluor 568 (1:200, A11011)
(Invitrogen) was used to detect signals. Normal rabbit or mouse
IgG was used as negative control. Hyaluronan (HA) detection
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involved the following protocol. Samples were blocked with a
streptavidin/biotin blocking kit (Vector Laboratories), accord-
ing to the manufacturer’s protocol, and digested sequentially
with 0.05% of trypsin and 1 unit/ml of chondroitinase ABC
(Sigma). Samples were further blocked with CAS block and
sequentially incubated with biotin-conjugated HA-binding
protein (1:1,000, Hokudo) and 1 pg/ml Alexa Fluor 488-conju-
gated streptavidin (Invitrogen). Images of immunocytochemis-
try and immunohistochemistry were captured with microscope
AX80 and digital camera DP70 (Olympus). Animal experi-
ments were approved by the Institutional Animal Care and Use
Committee of Kagoshima University (number MD12043).

Real Time Quantitative PCR Assay—Cells were lysed with
the TRIzol reagent (Invitrogen) to purify RNA, and 1 pug of RNA
was reverse-transcribed into ¢cDNA using the Verso cDNA kit
(Thermo Scientific). The relative amount of gene transcripts
was determined by real time PCR using the SYBR premix Ex
Tagqll (Takara) and the Thermal Cycler Dice TP850 (Takara).
PCRs were performed in duplicate per sample, and the mea-
sured expression level of each gene was normalized to that of
Hprtl. AC, values were calculated by subtracting C, values of
Hprtl from C, values of target genes. Sequence information
of primers used is listed in supplemental Table 1.

TUNEL Assay—For detecting ATDCS cells that underwent
apoptosis, we used the ApopTag® peroxidase in situ apoptosis
detection kit (Merck), which detects apoptotic cells in situ by
labeling and detecting DNA strand breaks by the TUNEL
method. The apoptotic cells were visualized by immunoperoxi-
dase staining. Four independent experiments were performed,
and four fields per well were evaluated for the number of apo-
ptotic cells.

Statistical Analysis—Data in this study are expressed as
mean £ S.D. of three independent experiments, unless other-
wise noted. The statistical comparisons between the different
treatments were performed using an unpaired Student’s t test in
which p < 0.05 was considered significant and p < 0.01 was
highly significant.

RESULTS

Smpd3 Is Induced by BMP-2 in Chondrocytes and Is Detected
in Mature Chondrocytes in Vivo—We hypothesized that
BMP signaling cell-autonomously activated unknown mech-
anisms to terminate BMP-induced chondrocyte differentia-
tion through a negative feedback pathway. We focused on the
Smpd3 gene, because it could be up-regulated by BMP-2 in
C2C12 myoblasts of mesenchymal origin (39); loss-of-function
models for Smpd3 in mice showed an increased number of
hypertrophic chondrocytes or retarded transition of prolifera-
tive chondrocytes into hypertrophic chondrocytes. Molecular
mechanisms for both cartilage phenotypes are unclear (37, 38),
suggesting a relationship between BMP signaling and Smpd3/
nSMase2 in chondrogenesis. To investigate the possible cell-
autonomous roles of Smpd3 in chondrocyte maturation, we
mainly employed the clonal chondrogenic mouse cell line
ATDCS because it is an excellent in vitro model for skeletal
development, which can be stimulated by BMP-2 (43, 44). We
also used the normal human chondrocyte cell line C28/12,
mouse chondrogenic cell line C3H10T1/2, and mouse primary
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articular chondrocytes. We used BMP-2 to stimulate chondro-
genic differentiation because, in addition to existing evidence,
we and others have observed strong expression of the BMP-2
protein in proliferating and mature chondrocytes in the devel-
oping bones of rodents (45, 46). We first checked if these cell
lines could differentiate into chondrocytes and mature into
hypertrophic chondrocytes and not fibrochondrocytes. Upon
BMP-2 induction, ATDC5 cells could produce chondrocyte-
specific proteins, aggrecan and type II collagen, in the extracel-
lular matrix (Fig. 14). The early chondrocyte differentiation
marker aggrecan (Acan) was elevated after day 1 and was main-
tained at elevated levels for 2 weeks, whereas Coll0al increased
mildly from day 3 and was strongly up-regulated after day 7.
Collal and Col3al gene expression was not elevated, but rather
decreased, suggesting that these cells did not differentiated into
fibrochondrocytes (Fig. 1B). Similar results were obtained in
C28/12 cells (Fig. 1, Cand D) and C3H10T1/2 cells (Fig. 1E). We
also confirmed chondrogenic differentiation of primary chon-
drocytes by BMP-2 (Fig. 1F). AC, values of quantitative PCR
data indicated that primary chondrocytes express higher levels
of chondrocyte marker genes than the three chondrogenic cell
lines, suggesting that primary chondrocytes are already com-
mitted and differentiated into chondrocytes without BMP-2
induction, whereas the cell lines are relatively immature to dif-
ferentiate into chondrocytes upon BMP stimulation. From
these expression profiles, we considered these cell lines to be
suitable models for chondrocyte differentiation. In ATDC5
cells, Smpd3 showed a varied expression pattern from that of
Acan and Coll0al, in that it was strongly elevated from day 1
and showed a second peak of increase after day 7 (Fig. 1G). We
also observed the BMP-2-induced increment of the Smpd3
gene in C28/12, C3H10T1/2, and primary chondrocytes (Fig.
1H). Importantly, the primary chondrocytes also expressed
higher levels of Smpd3, suggesting its functional importance in
chondrocytes. If Smpd3/nSMase2 has an in vivo role in chon-
drogenesis or cartilage maintenance, it would be expressed in
cartilage, although its expression in cartilage has not been char-
acterized in detail. Quantitative PCR analysis on a panel of
¢DNAs from multiple tissues generated from 3-month-old
mice revealed that Smpd3 was expressed at the highest levels in
the thymus, intestine, skin, fat, and bone, although it was almost
absent in the heart, liver, and kidney (Fig. 11). Smpd3 was mod-
erately expressed in cartilage tissue. This expression profile of
Smpd3 is essentially similar to the results reported for 2-week-
old mice (36). In embryonic bone, we detected prominent
expression of Smpd3-coding nSMase2 protein in the bone col-
lar and trabecular bone by immunofluorescence (Fig. 1)). In the
cartilage, little nSMase2 expression was noted in resting and
columnar proliferating chondrocytes, whereas relatively high
expression was observed in the prehypertrophic layer and
hypertrophic chondrocytes (Fig. 1/}, with an expression pattern
resembling that of Runx2 (4).

BMP-2-induced Increase of Smpd3 Expression Is Runx2-
dependent—We wondered if this BMP-2-induced expression of
Smpd3 in ATDC5 was directed by the BMP-Smad signaling
axis, although the expression pattern was not the typical rapid
pattern of a gene that is directly targeted (47). To test this, we
treated ATDCS5 cells with cycloheximide (CHX), an inhibitor of 1
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FIGURE 1. Expression of Smpd3/nSMase2 is promoted by BMP-2 treatment in maturing chondrocytes in vitro and is increased in prehypertrophic and
hypertrophic chondrocytes in a growth plate in vivo. A, chondrogenic differentiation of mouse ATDC5 chondrocytes was induced by application of BMP-2
(300 ng/ml) for 7 days (d). Immunofluorescence for aggrecan or type Il collagen was performed, with normal IgG as negative control. Scale bar, 100 um. B,
ATDCS5 cells were cultured in the presence of BMP-2 (300 ng/ml) for the indicated periods. Expression levels of Acan, Col10al, Collal, and Col3al were
examined by quantitative RT-PCR. C, chondrogenic differentiation of human C28/12 chondrocytes was induced by the application of BMP-2 (300 ng/ml) for 7
days. Immunocytochemistry for aggrecan or type Il collagen was performed, with normal IgG as negative control. Scale bar, 100 um. D, C28/12 chondrocytes
were cultured in presence of BMP-2 (300 ng/ml) and ITS supplement for 14 days. Expression of COL1A1 or COL3A1 was evaluated by quantitative RT-PCR. E,
mouse C3H10T1/2 cells were cultured with BMP-2 (300 ng/ml) for 48 h. Expression levels of Col2a1, Col10a1, Col1a1,and Col3a1 were evaluated by quantitative
RT-PCR. F, mouse primary chondrocytes (Pr.Ch.) cells were cultured in the presence of BMP-2 (300 ng/ml) for 6 days. Expression levels of Acan, Col2a1, and
Col10a1 were evaluated by quantitative RT-PCR. G, ATDC5 cells were cultured in presence of BMP-2 (300 ng/ml) for the indicated periods. Expression of Smpd3
was examined by quantitative RT-PCR. H, quantitative RT-PCR for Smpd3 was performed on samples in D, E, and F. ], real time PCR for Smpd3 was performed on
a tissue cDNA panel of a 3-month-old mouse. J, expression of nSMase2 in mouse E17.5 humerus cartilage was evaluated by immunofluorescence. Normal IgG
was used as negative control. r, resting chondrocytes; p, proliferating chondrocytes; ph, prehypertrophic chondrocytes; h, hypertrophic chondrocytes; b, bone.
Scale bar, 200 um. *, p < 0.05; **, p < 0.01. AC, values (C, target — C, Hprt1) of quantitative RT-PCR are indicated in the graphs.

de novo protein synthesis, before adding BMP-2. As expected,
24 h after BMP-2 stimulation, the induction of Id1, a represent-
ative direct-target gene of the BMP-Smad pathway, was main-
tained, even in the presence of CHX (Fig. 2A4). Induction of Id1
was higher in CHX-treated cells, likely because of the suppres-
sion of inhibitory Smad6 synthesis (27). However, expression of
Col2al was eliminated by CHX treatment (Fig. 1A). This basal
suppression by CHX probably results from an inhibition of the
constitutive expression of Sox9 and downstream Sox5 and
Sox6, transcription factors that cooperatively activate the pro-
moter of Col2al (2,48). However, existing Sox proteins should
be responsible for the partially increased expression of Col2a1l
by BMP-2. The basal expression level of Smpd3 was also sup-
pressed by CHX treatment. Unlike Col2a1, however, the CHX-
eliminated basal expression of Smpd3 was not up-regulated by
BMP-2 (Fig. 24) suggesting that a de novo protein other than
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the Sox trio was necessary for BMP-induced expression of
Smpd3 in ATDC5 cells. Because the Runx2 protein is a master
regulator of chondrocyte maturation (4, 5), and its direct inter-
action with the Smpd3 promoter is important for its expression
in myoblasts (39), we investigated the relationship between
Runx2 and expression of Smpd3 in chondrocytes. We con-
firmed the increment of the Runx2 gene during BMP-induced
maturation of ATDC5 chondrocytes (Fig. 2B). To address this
question, we transfected ATDC5 cells with Runx2 siRNA. At
day 2 of BMP-2 application, Runx2 was weakly induced, and its
expression was knocked down by the siRNA to about 40% that
of the control (Fig. 2C). Expression of Id1 was not decreased by
siRunx2, but rather it was increased, suggesting that Runx2 is
inhibitory of the BMP pathway during this early differentiation
stage. Interestingly, loss of Runx2 not only suppressed basal
expression of Smpd3 but also completely blocked induction by
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BMP-2 treatment (Fig. 2C). This effect of siRunx2 was con-
firmed by analyzing protein expression of nSMase2 using
immunoblotting (Fig. 2D). To assess the functional specificity
of Runx2 among the three Runx isoforms, siRNAs for RunxI
and Runx3 were tested in ATDCS5 cells. Although we could
obtain efficient knockdown of Runxl and Runx3, the BMP-2-
induced increase of Smpd3 was not blocked by the correspond-
ing siRNA (Fig. 2E). In primary chondrocytes, knockdown of
Runx2 completely abrogated the BMP-stimulated up-regula-
tion of Smpd3 (Fig. 2F). In contrast to ATDCS5 cells, silencing of
Runx1 or Runx3 could mildly suppress expression of Smpd3 in
primary chondrocytes (Fig. 2F), suggesting that Runx1l and
Runx3 were partially responsible for Smpd3 expression. These
data demonstrate that BMP signaling increases the expression
of Smpd3/nSMase2 in chondrocytes in cooperation with
Runx2, especially in the maturation stages when the level of
Runx2 is elevated.

Smpd3/nSMase2 and C,-ceramide Inhibit Chondrogenic Dif-
ferentiation and Maturation of Chondrocytes—We used a
knockdown assay to investigate whether Smpd3/nSMase2 has a
role in the differentiation of ATDC5 chondrocytes. The potent
induction of Smpd3 by BMP treatment was silenced by
siSmpd3 at a level of ~25% of that in cells treated with control
siRNA at day 6 (Fig. 34). Loss of Smpd3 mildly increased the
basal level of Col2a1 expression and significantly enhanced the
BMP-2-induced increment (Fig. 34). Although expression of
Coll10al was not significantly elevated by BMP-2 at day 6, it was
dramatically increased by siSmpd3 in the presence of BMP-2.
Similar effects of siSmpd3 on the expression of Col2al and
Coll0al were observed in primary chondrocytes (Fig. 5F). This
effect of Smpd3 knockdown against expression of Col2al was
mimicked by the addition of 1 um GW4869, a specific inhibitor
compound for nSMase (Fig. 3B) (49), suggesting that the data
from the siSmpd3 experiment resulted from down-regulation
of nSMase2. GW4869 also enhanced the production of the car-
tilage-specific extracellular component, glycosaminoglycan, by
BMP-2 stimulation for 17 days, as assessed by Alcian blue stain-
ing, both in ATDCS5 cells and in primary chondrocytes (Fig. 3C).
Because nSMase? generates ceramide as a lipid second messen-
ger from the cell membrane, and the total level of ceramide was
decreased in fro/fro bone (36), we challenged the cell mem-
brane-permeable C,-ceramide to mimic nSMase-ceramide sig-
naling. Combined application of GW4869 and C,-ceramide
completely eliminated the GW4869-mediated enhancement
observed by Alcian blue staining (Fig. 3C). The effect of
GW4869 or C,-ceramide on Alcian blue staining was con-
firmed by immunoblotting for aggrecan (Fig. 3C). Although
C,-ceramide showed no effect on BMP-2-induced expression
of Smpd3 at day 14, it significantly suppressed the expression of

both Col2a1 and Col10al (Fig. 3D). As another gain-of-func-
tion approach, adenovirus-mediated overexpression of Smpd3
in ATDCS5 cells was performed to yield transgene expression
levels that were ~100 times those of endogenous levels even
after 8 days of induction (Fig. 3E). Infection of Smpd3-express-
ing adenovirus presented similar results as those of the C,-cer-
amide experiment, in which overexpression inhibited the BMP-
2-mediated elevation of both Col2a1 and Col10al expression
(Fig. 3E). Similarly, Smpd3-expressing adenovirus suppressed
maturation of primary chondrocytes (Fig. 3F). These loss- or
gain-of-function experiments suggest a cell-autonomous
inhibitory action of the Smpd3/nSMase2-ceramide axis on
maturation of chondrocytes.

Smpd3 Suppresses the Activity of the Akt-S6 Pathway during
Chondrogenesis in Vitro—We sought the molecular mecha-
nism by which Smpd3/nSMase2 suppresses chondrogenesis
and focused on the Akt signaling pathway for the following
reasons. First, phosphorylation of Akt and the downstream
ribosomal protein S6 (rpS6) was increased in fro/fro fibroblasts
(50). Second, genetic approaches revealed that the IGF-IGF
receptor-PI3K-Akt pathway plays key roles in skeletal growth
and endochondral ossification and that overexpression of the
activated form of Akt in the cartilage of transgenic mice pro-
moted chondrocyte differentiation and maturation, whereas
forced expression of its dominant-negative form delayed these
cellular events (51). To evaluate the specificity of Akt among the
various RTK signaling pathways, we examined the possible cor-
relation of the Akt pathway in Smpd3/nSMase2 signaling dur-
ing chondrocyte differentiation by performing an RTK signal-
ing antibody array assay. Because receptors for insulin or
insulin-like growth factor (IGF), which promote chondrogenic
differentiation of ATDCS5 cells (40), are RTKs, and a mixture of
ITS is preferentially used to prepare the chondrogenic condi-
tion of ATDCS5 cells (52), we first checked the effect of applica-
tion of the ITS supplement alone and found no effect on the
RTK array (Fig. 4A). Interestingly, 8 h after the addition of
BMP-2, phosphorylation of rpS6 was significantly strength-
ened. More importantly, BMP-2-enhanced rpS6 phosphoryla-
tion was further increased by GW4869 or Smpd3 knockdown,
and these loss-of-function conditions for Smpd3/nSMase2
induced mild phosphorylation of Akt (Fig. 44), suggesting that
Akt and rpSé6 are the specific targets of inhibition. This notion
was further supported by an immunoblot assay using ATDC5
cells treated with siSmpd3 or Smpd3-expressing adenovirus.
Application of BMP-2, in combination with the ITS supple-
ment, dramatically induced expression of the nSMase2 protein,
which was clearly diminished by transfecting with siRNA for
Smpd3 (Fig. 4B), even after 20 h of stimulation. Phosphoryla-
tion of Akt, as well as of rpS6, was significantly increased by

FIGURE 2. BMP-2-induced increase of Smpd3 expression in chondrocytes is Runx2-dependent. A, CHX was applied to ATDCS cells at a concentration of 10
mm for 2 h prior to BMP-2 (300 ng/ml) stimulation. Cells were harvested 24 h after BMP-2 induction to perform quantitative RT-PCR analysis for Id1, Col2al, and
Smpd3. B, ATDCS5 cells were cultured with BMP-2 (300 ng/ml) for the indicated times. Expression of Runx2 was examined by quantitative RT-PCR. C, ATDC5
chondrocytes were transfected with control siRNA (siCont) or Runx2 siRNA (siRunx2) for 16 h and then treated with or without BMP-2 (300 ng/ml) for 48 h.
Quantitative RT-PCR analysis was performed for Runx2, Id1, and Smpd3. D, ATDC5 cells were transfected with control siRNA (siCont) or Runx2 siRNA (siRunx2) for
16 h and stimulated with BMP-2 (300 ng/ml) for 48 h. Cells were subjected to immunoblot analysis for the indicated antibodies. Tubulin served as a loading
control. £, ATDCS5 cells were transfected with control siRNA (siCont), Runx1 siRNA (siRunx1), or Runx3 siRNA (siRunx3) for 16 h and then treated with or without
BMP-2 (300 ng/ml) for 48 h. Quantitative RT-PCR analysis was performed for RunxT, Runx3, and Smpd3. F, mouse primary chondrocytes were transfected with
control siRNA (siCont), Runx1 siRNA (siRunxT), Runx2 siRNA (siRunx2), or Runx3 siRNA (siRunx3) for 16 h and then treated with or without BMP-2 (300 ng/ml) for
48 h. Quantitative RT-PCR analysis was performed for Runx1, Runx2, Runx3, and Smpd3.*, p < 0.05; **, p < 0.01; n.s., not significant.
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BMP-2 stimulation, although these proteins became more
phosphorylated by the loss of Smpd3 (Fig. 4B). Importantly,
siSmpd3 increased the weak basal phosphorylation of both Akt
and rpS6 in mock control cells, suggesting that neither ITS nor
BMP-2 is crucial for the function of nSMase2. Overexpression
of Smpd3 weakened the induced phosphorylation of both Akt
and rpS6 (Fig. 4C), whereas similar effects of Smpd3 adenovirus
were observed in primary chondrocytes (Fig. 4D). Increased
phosphorylation of Akt and rpS6 by the loss of Smpd3 was also
observed in primary chondrocytes (Fig. 4D) and C3H10T1/2
(Fig. 4E). The phosphorylation level of Smad1/5/8 was not
altered by Smpd3 knockdown (Fig. 4E), suggesting that the
accelerated chondrogenic differentiation by siSmpd3 (Fig. 34)
was not due to an enhancement of BMP signaling. These results
demonstrate an inhibitory function of Smpd3/nSMase2 against
activation of Akt and rpS6 and a positive effect of BMP-2 in
chondrocytes.

Smpd3 Suppresses Maturation of ATDCS Chondrocytes via
the PI3K-Akt Pathway—We next investigated the role of the
Akt pathway in nSMase2-mediated inhibition of chondrogen-
esis in ATDC5 cells by employing specific inhibitor com-
pounds. MK2206, an inhibitor for Akt, was tested for its ability
to negate the enhanced chondrogenesis caused by loss of
Smpd3. Expression of Smpd3 in siSmpd3-treated cells was not
further altered by MK2206 at concentrations between 1 and 3
M, although 10 uM of the MK compound suppressed it (Fig.
5A). At day 6 of BMP-2 induction, MK2206 successfully sup-
pressed the Smpd3 siRNA-mediated increase of Acan, Col2al,
and Col10al, in a dose-dependent fashion, at concentrations
between 1 and 10 um (Fig. 54). Alcian blue staining revealed
that the BMP-2-induced production of glycosaminoglycan,
which was further stimulated by siSmpd3, was eliminated by
the addition of MK2206 at 10 um (Fig. 5B). We also investigated
the participation of mammalian target of rapamycin, a down-
stream effector of Akt, by using its specific inhibitor, rapamy-
cin. Although rapamycin suppressed the expression of Smpd3,
it could block the siSmpd3-mediated up-regulation of Col10al
at 1 uM (Fig. 5C). Because total protein expression of PI3K, the
upstream mediator of Akt, was significantly increased in fro/fro
fibroblasts, which resulted in an up-regulated phosphorylation
level of PI3K, we evaluated these in ATDC5 chondrocytes by an
immunoblot assay. Indeed, phosphorylated, as well as total,
PI3K protein was increased upon transfection with Smpd3
siRNA (Fig. 5D). Therefore, a specific inhibitor for PI3K,
LY294002, was tested with siSmpd3. LY294002 did not change
the expression of Smpd3 at concentrations between 1 and 5 um,
but a 25 uM concentration led to suppression. However,
LY294002 did suppress the elevated expression of Acan,
Col2al,and Coll0al caused by the loss of Smpd3, in a dose-de-

pendent manner at concentrations between 1 and 25 um (Fig.
5E). The role of the Akt pathway was confirmed in primary
chondrocytes by applying LY294002 (25 um), MK2206 (5 um),
and rapamycin (0.5 um); only MK2206 suppressed Smpd3
expression (Fig. 5F). Hence, none of these inhibitor compounds
increased expression of Smpd3, indicating that the inhibitory
action on chondrocyte maturation was independent of Smpd3
expression level. These data suggest that Smpd3/nSMase2 sup-
presses chondrocyte maturation, at least in part, via the PI3K-
Akt pathway.

GW4869 or C,-ceramide Promotes or Eliminates, Respec-
tively, Terminal Hypertrophic Maturation of Chondrocytes in
Mouse Bone Organ Culture—To further examine the role of the
nSMase-ceramide signaling axis in relatively physiological con-
ditions, we employed an ex vivo organ culture system of mouse
embryonic metatarsal bone, a widely used method that permits
the study of a complex chondrogenic process in a three-dimen-
sional structure, in the context of native cell-cell and cell-extra-
cellular matrix interactions and cellular signaling (42). The car-
tilage matrix was stained by Alcian blue, and the extracellular
matrix calcified by mature hypertrophic chondrocytes was
stained by alizarin red. The clear zone represents layers of
uncalcified hypertrophic chondrocytes (Fig. 64). All zone
lengths were measured after image capturing (Fig. 6B). Block-
ing the function of nSMase by GW4869 solely enlarged both the
clear zone and the calcified zone in a mild but statistically sig-
nificant manner, a result similar to that seen by treatment with
BMP-2 alone (Fig. 6, A and B, 2nd and 3rd lanes). Combined
treatment with GW4869 and BMP-2 showed an additive effect
(Fig. 6, A and B, 4th lane), whereas C,-ceramide eliminated the
BMP-2-induced increase of the hypertrophic zone and, espe-
cially, the terminally differentiated calcified zone (Fig. 6, A and
B, 5th lane). Hence, GW4869 and C,-ceramide exhibited oppo-
site actions against BMP-2-driven acceleration in the hyper-
trophic conversion and terminal maturation of chondrocytes.
In addition, C,-ceramide clearly cancelled the additive promo-
tion induced by GW4869 and BMP-2 (Fig. 6, A and B, 6th lane).
These results indirectly demonstrate the physiologically sup-
pressive role of the nSMase2-ceramide pathway on chondro-
cyte maturation in cartilage/bone rudiments. Moreover, these
data suggest a new strategy to control the rate of hypertrophic
maturation in cartilage and bone regenerative medicine.

Apoptosis of terminally matured hypertrophic chondrocytes
was reduced in the bone of fro/fro mice, a phenotype that
accounted for the delayed onset of bone formation (36), sug-
gesting an accelerating role for Smpd3/nSMase2 in the apopto-
sis of chondrocytes. To investigate whether this is a cell-
autonomous event, we knocked down Smpd3 in ATDC5
chondrocytes and performed a TUNEL assay to evaluate the

FIGURE 3. Loss or gain of Smpd3/nSMase2 function promotes or suppresses BMP-2-induced chondrogenic maturation, respectively. A, ATDC5 chon-
drocytes were transfected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h and then treated with or without BMP-2 (300 ng/ml) for 6 days.
Quantitative RT-PCR analysis was performed for Smpd3, Col2a1,and Col10a1. B, ATDC5 cells were treated with BMP-2 (300 ng/ml) in combination with GW4869
ata concentration of 0.1 or 1 umfor 4 days to analyze expression of Col2a1 by quantitative RT-PCR. C, ATDC5 cells or primary chondrocytes were stimulated with
BMP-2 (300 ng/ml) in combination with GW4869 (1 uM) and C,-ceramide (10 um) for 17 days. Cells were subjected to Alcian blue staining. Scale bar, 200 um. A
parallel experiment was done with ATDC5 with a stimulation time of 7 days, and immunoblotting was performed for aggrecan and tubulin. D, ATDC5 cells were
stimulated with BMP-2 (300 ng/ml) in combination with C,-ceramide at 10 um for 14 days. £, ATDC5 chondrocytes were infected with adenovirus (Ax) carrying
LacZ or Smpd3 for 2 h, and further cultured with or without BMP-2 (300 ng/ml) for 7 days. Expression of Smpd3, Col2al, and Col10al was evaluated by
quantitative RT-PCR. F, mouse primary chondrocytes were infected with adenovirus carrying lacZ or Smpd3 for 2 h and further cultured with or without BMP-2
(300 ng/ml) for 6 days. Expression of Smpd3, Col2a1, and Col10a1 was evaluated by quantitative RT-PCR. *, p < 0.05; *¥, p < 0.01.
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FIGURE 4. Akt pathway is activated or repressed by loss or gain of Smpd3
function, respectively. A, ATDC5 cells were transfected with control siRNA
(siCont) or Smpd3 siRNA (siSmpd3) for 16 h, and then stimulated by a combi-
nation of ITS supplement and BMP-2 (300 ng/ml), with or without GW4869 (1
um), for 8 h. Cells were analyzed by a PathScan® RTK signaling antibody array.
B and C, ATDC5 cells were transfected with control siRNA (siCont) or Smpd3
siRNA (siSmpd3) for 16 h (B) or infected with adenovirus (Ax) carrying lacZ or
Smpd3 for 2 h (0), and stimulated with the combination of (TS supplement
and BMP-2 (300 ng/ml) for 20 h. Cells were subjected to immunoblot analysis
for the indicated antibodies. Tubulin served as a loading control. D, mouse
primary chondrocytes were infected with adenovirus carrying lacZ or Smpd3
for 2 h or transfected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for
16 h and stimulated with BMP-2 (300 ng/ml) for 8 h. Cells were subjected to
immunoblot analysis for the indicated antibodies. Tubulin served as a loading
control. £, C3H10T1/2 cells were transfected with control siRNA (siCont) or
Smpd3 siRNA (siSmpd3) for 8 h and stimulated with BMP-2 (300 ng/ml) for
16 h. Cells were subjected to immunoblot analysis for the indicated antibod-
ies. Tubulin served as a loading control.
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effect on apoptosis (Fig. 6C). TUNEL-positive cells were
counted after image capturing (Fig. 6D). Matured ATDC5
chondrocytes, stimulated by BMP-2 with ITS supplement for 6
days, showed hypertrophic morphology, and a substantial number
of cells underwent apoptosis (Fig. 6, Cand D). Indeed, transfection
of Smpd3 siRNA into maturing ATDC5 cells resulted in a statisti-
cally significant reduction in apoptosis (Fig. 6, C and D), suggesting
that nSMase2 cell-autonomously accelerates apoptosis of hyper-
trophic chondrocytes.

Smpd3/nSMase2 Suppresses Expression of Has2 during
Chondrogenesis via the PI3K-Akt Axis—Chondrocyte matura-
tion is supported by hyaluronan, and embryonic limb meso-
derm-specific ablation of hyaluronan synthase 2 (Has2) in mice
resulted in reduced formation of zones for prehypertrophic and
hypertrophic chondrocytes (53), suggesting a major role of
Has2 in the three Has isoforms involved in the production of
hyaluronan in cartilage. Recent studies have reported a signifi-
cant level of Has2 expression and hyaluronan synthesis in fro/
fro fibroblasts and that nSMase2 suppressed production of
Has2 via inactivation of Akt (50). Taken together, if Smpd3/
nSMase2 also regulates expression of Has2 in chondrocytes,
Has2 might be another target for the inhibitory action of
Smpd3/nSMase2 on chondrocyte hypertrophic maturation.
We confirmed the crucial role of Has2 in chondrocyte differen-
tiation and maturation; siRNA-mediated knockdown of Has2
resulted in a decline in expression of Col2al and Col10al, both
in ATDCS5 cells (Fig. 7A) and primary chondrocytes (Fig. 7B). In
ATDCS5 chondrocytes, upon BMP-2 stimulation the expres-
sion of Has2 was down-regulated by half at day 6, whereas
silencing of Smpd3 recovered the decline (Fig. 7C). Although
expression of Hasl and Has3 was also suppressed by BMP-2
induction, Smpd3 siRNA did not rescue the decrease (Fig.
7C), suggesting that only Has2, among the three Has iso-
forms, is a specific target of Smpd3 signaling in chondro-
cytes. This finding was confirmed using immunofluores-
cence for protein expression levels in ATDC5 cells (Fig. 7D)
and primary chondrocytes (Fig. 7E), which indicated that
although nSMase2 accumulated due to BMP-2 induction,
the signals of Has2 protein were diminished. The merged
images show the mutually exclusive expression of nSMase2
and Has2. Importantly, Smpd3 knockdown rescued the
weakened expression of Has2 protein (Fig. 7, D and E). The
expression level of Has2 protein was reflected to the produc-
tion of hyaluronan in primary chondrocytes (Fig. 7E). In vivo,
both nSMase2 and Has2 were strongly expressed and co-local-
ized in bone (Fig. 7F). In cartilage, however, Has2 was widely
expressed in proliferating and resting chondrocytes with mod-
erate strength, although it was diminished in the hypertrophic
zone, where the expression pattern contrasted with that of
nSMase2 being dominant in hypertrophic chondrocytes (Fig.
7F). Hyaluronan not only localized to the extracellular matrix of
Has2-expressing chondrocytes in immature cartilage but also
existed in the matrix of hypertrophic chondrocytes (Fig. 7F),
suggesting that the low turnover rate may have caused its reten-
tion in the cartilage matrix, even after a decrease in Has2.
Finally, we checked if the PI3K or Akt pathway was involved in
the suppressive action of Smpd3/nSMase2 on Has2. The accel-
erated expression of Has2 by silencing of Smpd3 in the presence

VOLUME 289-NUMBER 12-MARCH 21, 2014



BMP-2-induced Smpd3/nSMase2 Regulates Chondrocyte Maturation

A Smpd3 Acan Col2at Col10a1
70 L 12 ”" **
60 - |_||_| |_”j
S 50 S 5*
7] ® 8 7]
8 3 8
g4 g ge
3 36 3
o 30 ® °
@ 20 2 2
10 2 1
[ 0 0
- BMP-2 - BMP-2 - | BMP-2 - | BMP-2
siCont]  siSmpd3 siCont|  siSmpd3 siCont|  siSmpd3 siCont|  siSmpd3
DMSO  |-MK2206 DMSO l MK2206 DMSO | -MK2206 DMSO  |MK2206
1] 3110 113110 1 10 1 10
Smpd3 Col10a1
alcian blue 4 25 —
; P
35 * * K
5 |—u—| ‘
5 ° 5
2 25 ?’, 15
mock+  BMP-2+ ¥ 2 " &
siCont siCont o s o 4
215 I—I =
k<t | k<t
B4 [
05
05
0 0
BMP-2 +  BMP-2 + - BMP-2 - | BMP-2
siSmpd3  siSmpd3 siCont]  siSmpd3 . siCont|  siSmpd3 . —
+ MK2206 DMSO |Ha?am¥cm DMSO |Rapamycin ;
1]15]25 1] 5]25 tubulin
E Smpd3 Acan Col2at Col10a1
L1 Kk
35 Ak 1.3 **'* § **** 5 *k ﬂn**
. B i BE |
L 4 1T e
c | =4
S2s % S %
g, £ a0 8a 23
g1 2w 2 22
10 1 1
05
0 o 0 0
- | BMP-2 - BMP-2 - | BMP-2 - | BMP-2
siCont|  siSmpd3 siCont|  siSmpd3 siCont]  siSmpd3 siCont|  siSmpd3
LY294002 LY294002 LY294002 DMSO  |LY294002
DYSO |1|5|25 DMSO |1I5|25 DS 1] 5]25 1]5]25
Pr.Ch.
Smpd3 Acan Col2at Col10at
P
" . o
35 25 *k 25 * *k 4 *
o o Dox
2 2
&= = = ¢~ 2
S S S S
173 |73 173 |73
o o (=% (=%
X X x X 5
@ (] @ @
o o o [
= 2 1 21 =3
ket k<t k<t k<t
] © 2 ®
05 05 !
0 0 0
- BMP-2 - | BMP-2 -1 BMP-2 BMP-2
siCont] _siSmpd3 siCont] _siSmpd3 siCont| _siSmpd3 siCont] _ siSmpd3
pMSO | Ly [mk|rp oMSO | Ly [mk] e oMsO [y [wk|rp pMSO |y |wk|rp

MARCH 21, 2014 +VOLUME 289-NUMBER 12

JOURNAL OF BIOLOGICAL CHEMISTRY 8145



BMP-2-induced Smpd3/nSMase2 Regulates Chondrocyte Maturation

A
calcified
zone
clear
/ zone
I /
BMP-2 - - + + + +
GW4869 - + - + - 4
C2-ceramide - - - - + 4
B clear zone length calcified zone length
11 U F
20 L
] e )
E 15 S [
§ ge
g g,
5 2
0 0
BMP-2 - - + + + + BMP-2 - - + + + +
GwW4869 - + - + - + GW4869 - + - + - +
C2-ceramide - - - - + + C2-ceramide - - - - + +
C D » . **
siCont siSmpd3 "] B@siCont
I BsiSmpd3
;300
mock £
@200
X
d 100
ITS+ F4
BMP-2 = N
: mock ITS+
TUNEL staining BMP-2

FIGURE 6. Blocking of nSMase2 function by GW4869 promotes, whereas
mimicking the function by C,-ceramide suppresses, hypertrophic matu-
ration of chondrocytes in ex vivo mouse cartilage rudiment culture and
loss of Smpd3 decreased apoptosis of ATDC5 chondrocytes. A and B,
metatarsal bones from E16.5 mouse embryo were cultured with BMP-2 (300
ng/ml) in combination with GW4869 (1 um) and/or C,-ceramide (10 um) for 3
days. The cartilage matrix was stained with Alcian blue, and the chondrocyte
matrix calcified by mature hypertrophic chondrocytes was stained by alizarin
red (A). The clear zone represents hypertrophic chondrocytes. Scale bar, 500
wm. The length of the hypertrophic clear zone and the calcified zone were
measured (n = 4) (B). C and D, ATDC5 cells were transfected with control
siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h and further stimulated by ITS
supplementand BMP-2 (300 ng/ml) for 6 days. Apoptotic cells were visualized
by TUNEL immunoperoxidase staining (C). Scale bar, 300 wm. The number of
apoptotic cells was counted (n = 4) (D). *, p < 0.05; **, p < 0.01.

of BMP-2 treatment was negated by the addition of LY294002
or MK2206, suggesting that the Has2 gene is under the control
of the PI3K or Akt pathway, respectively (Fig. 7G). These data
suggest that Has2 plays a role in the Smpd3/nSMase2-mediated
inhibition of chondrocyte maturation via PI3K-Akt signaling.

DISCUSSION

Previous reports had suggested that Smpd3/nSMase2 may
have a crucial role in in vivo chondrogenesis (36-38). We
observed a moderate level of Smpd3 expression in the brains of
adult mice (Fig. 11), consistent with the finding that Smpd3~'"
mice showed a defect in the hypothalamus-pituitary growth
axis, which likely accounted for the dwarfism (37). However,
the enlarged hypertrophic zone and retarded apoptosis in the
chondrocytes of mutant mice cannot be explained by the
reduced production of growth hormone and IGF (37). In this
study, we present evidence for a cell-autonomous role of the
nSMase-ceramide axis in regulating Akt signaling and the sub-
sequent chondrogenic marker expression and differentiation.
The induction of Smpd3 by BMP-2 was a common feature
among the tested chondrogenic cells, including primary artic-
ular chondrocytes, but Smpd3 did not seem to be a direct target
of the BMP-Smad pathway. Its coding protein, nSMase2, was
dominant in mature hypertrophic chondrocytes in vivo (Fig.
1)), with an expression pattern resembling that of Runx2,
whereas the loss of Runx2 suppressed expression of Smpd3 (Fig.
2, C, D and F). Taken together with the evidence that Runx2
directly interacts with and activates the promoter of Smpd3 in
C2C12 myoblasts (39), Runx2 seems to be mainly responsible
for the spatiotemporal expression of Smpd3 in chondrocytes, in
concert with BMP signaling. In addition, it should be noted that
the maximum expression of Smpd3/nSMase2 in vivo was
observed in bone tissue, where Runx2 is highly expressed. So
far, the molecular mechanism by which BMP-2 increases
Runx2-dependent expression of Smpd3 remains unclear. It is
likely that a mechanism similar to that of Co/10al gene induc-
tion, in which BMP-activated Smads interact with Runx2 to
enhance the Coll0al promoter-activating ability of Runx2 to
drive chondrocyte maturation (13), may take place on the
Smpd3 promoter.

PI3K and its downstream Akt are activated by a large number
of receptors, but most notably by tyrosine kinases, such as the
IGF-1 receptor. The majority of published studies suggest that
PI3K or Akt signaling is required for normal hypertrophic cell
maturation and endochondral bone growth during cartilage
development (51, 54, 55), although the precise molecular mech-
anisms for this remain unclear. We demonstrated that the loss

FIGURE 5. Blocking the Akt or PI3K pathway negates the Smpd3 siRNA-mediated acceleration of chondrogenesis initiated by BMP-2 in ATDCS5 cells. A,
ATDCS5 cells were transfected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h and stimulated by BMP-2 (300 ng/ml) with or without MK2206 at
the indicated concentrations (micromolar) for 6 days. Expression of Smpd3, Acan, Col2a1, and Col10a1 was evaluated by quantitative RT-PCR. B, ATDC5 cells
were transfected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h, and then cultured in the presence of BMP-2 (300 ng/ml) with or without MK2206
(10 M) for 9 days. Alcian blue staining was performed. Scale bar, 300 um. C, ATDC5 cells were transfected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3)
for 16 h and stimulated by BMP-2 (300 ng/ml) with or without rapamycin at the indicated concentrations (micromolar) for 3 days. Expression of Smpd3 and
Col10a1 was evaluated by quantitative RT-PCR. D, ATDC5 cells were transfected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h and stimulated
by BMP-2 (300 ng/ml) for 24 h, and then immunoblotted for the indicated antibodies. Tubulin served as a loading control. £, ATDC5 cells were transfected with
control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h and further stimulated by BMP-2 (300 ng/ml) with or without LY294002 at the indicated concentrations
(um) for 6 days. Expression of Smpd3, Acan, Col2a1, and Col10a1 was evaluated by quantitative RT-PCR analysis. F, mouse primary chondrocytes were trans-
fected with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h, and were further stimulated by BMP-2 (300 ng/ml) with or without LY294002 (LY, 25 um),
MK2206 (MK, 5 um), or rapamycin (Rp, 0.5 um) for 7 days. Expression of Smpd3, Acan, Col2a1, and Col10a1 was evaluated by quantitative RT-PCR analysis. *, p <

0.05; ** p < 0.01; n.s., not significant.
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drocytes; p, proliferating chondrocytes; ph, prehypertrophic chondrocytes; h, hypertrophic chondrocytes. Scale bar, 250 um. G, ATDC5 cells were transfected
with control siRNA (siCont) or Smpd3 siRNA (siSmpd3) for 16 h and further stimulated by BMP-2 (300 ng/ml) with or without LY294002 (LY, 1 um) or MK2206 (MK,
1 um) for 6 days. Expression of Has2 was evaluated by quantitative RT-PCR analysis. *, p < 0.05; **, p < 0.01; n.s., not significant.

or gain of Smpd3/nSMase2 function in chondrocytes increased
or decreased the phosphorylation of both PI3K and Akt, respec-
tively. In an RTK signaling antibody array, only phosphoryla-
tion of Akt and rpS6 was strengthened by the loss of Smpd3
(Fig. 4A), demonstrating their specificity as downstream targets
of nSMase2. Importantly, the increase in Akt phosphorylation
was induced by the addition of BMP-2 and not by ITS alone
(Fig. 4, A, D and E). A similar enhancement in the phosphory-
lation of Akt was observed within 1 h of BMP-2 application in
gastric cancer cells, although the precise mechanism by which
the BMP-2 signaling pathway induced Akt activity was unclear
(56). We expect the Akt pathway to take part in BMP-2-induced
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chondrogenesis because this pathway promotes chondrocyte
differentiation.

The GW4869-mediated blockade of nSMase2 function
accelerated differentiation of ATDC5 chondrocytes, as well as
hypertrophic conversion and calcification of chondrocytes, in
bone ex vivo culture; both phenotypes were cancelled by appli-
cation of C,-ceramide (Figs. 3C and 6, A and B). nSMase2
hydrolyzes the phosphodiester bond of the membrane sphingo-
lipid sphingomyelin to yield ceramide and phosphocholine
(57). Ceramides have been shown to reduce the level of Akt
phosphorylation by activating protein phosphatase 2A (PP2A)
(58). The phosphorylation level of PP2A in fro/fro fibroblasts is
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FIGURE 8. Proposed model for the negative or positive regulation of chondrocyte maturation or apoptosis by Smpd3/nSMase2, respectively. BMP-2
promotes chondrogenesis by multiple pathways, including activation of Akt signaling and the subsequent induction of Has2. During chondrocyte maturation,
up-regulated Runx2 induces Smpd3 in concert with BMP signaling. nSMase?2 releases ceramide, which activates PP2A to dephosphorylate Akt. This blockade
of the Akt pathway interferes not only with chondrocyte maturation but also with Has2-mediated production of HA.

reduced (50). Taken together, in the maturing phase of chon-
drogenesis, BMP-2-induced nSMase2 is thought to release cer-
amide, which in turn activates PP2A to inactivate Akt and the
subsequent chondrogenic molecular cascades (Fig. 8). Thus,
the Smpd3/nSMase2-ceramide axis negatively regulates BMP-
2-induced activation of the Akt pathway through a negative
feedback mechanism.

nSMase2 is one of the major intracellular regulators of
sphingolipids, and many reports have implicated nSMase?2 acti-
vation in ceramide-mediated apoptosis (49, 59 —61). Sphingo-
myelinase-released ceramide is essential for the clustering of
the death receptors CD95 or DR5 in membrane rafts to trigger
apoptosis (62, 63). Indeed, silencing of Smpd3 in mature
ATDCS5 chondrocytes reduced the number of apoptotic cells
(Fig. 6, C and D), suggesting that delayed apoptosis in fro/fro
cartilage was a cell-autonomous effect of the loss of function of
nSMase?2 (36). Because apoptosis of terminally matured hyper-
trophic chondrocytes is a crucial step in the transition of chon-
drogenic stage to the bone formation stage in the endochondral
ossification system, Smpd3/nSMase2 probably plays a key role
in regulating the timing of osteogenesis onset.

HA is a linear high molecular weight glycosaminoglycan and
is composed of disaccharide repeats of glucuronic acid and
N-acetylglucosamine. It is produced in the plasma membrane
by three hyaluronan synthases (Has1-3); Has2 is the crucial
hyaluronan synthase involved in the endochondral ossification
process (53). The Akt-rpS6 pathway is important in the expres-
sion of Has2 in MCF-7 breast cancer cells (64), although
nSMase2 suppresses production of Has2 via inactivation of Akt
in mouse dermal fibroblasts (50). In chondrocytes, Has2
expression was decreased by BMP-2 stimulation and was then
recovered by silencing of Smpd3, demonstrating the impor-
tance of BMP-induced Smpd3/nSMase2 in the suppression of
Has2 (Fig. 7, C-E). Because an inhibitor compound for PI3K or
Akt cancelled this effect (Fig. 7G), Has2 expression is also con-
sidered to be under the control of PI3K-Akt signaling. In vivo,
expression of Has2 was diminished in hypertrophic chondro-
cytes, whereas nSMase2 was strongly expressed in the same
cells (Fig. 7F). Taken together, these results indicate that Has2
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is another mediator of Smpd3/nSMase2-induced inhibition of
the hypertrophic maturation of chondrocytes, downstream of
Akt signaling (Fig. 8).

Studies of articular cartilage suggest that ceramide plays a
role in cartilage degeneration and the disruption of cartilage
matrix homeostasis to decrease the levels of type II collagen (65,
66). Farber disease, in which a lack of ceramidase causes excess
ceramide accumulation within the cartilage and bone, is asso-
ciated with arthritis-like joint degeneration (67). Moreover,
tumor necrosis factor a (TNFa), a proinflammatory cytokine
that is widely implicated in the pathogenesis of arthritic dis-
eases (68), can increase the level of ceramide through hydrolysis
of the cell membrane lipid sphingomyelin by endosomal acidic
and membrane-bound neutral sphingomyelinases (69). In
chondrocytes, we observed a decrease of Col2a1 expression by
induction of C*-ceramide or Smpd3-expressing adenovirus.
Conversely, Smpd3 knock-out mice showed an enlarged hyper-
trophic zone in the growth plate of the joints and, in adulthood,
a severe OA-phenotype with osteophytes in the knee joint (38).
Similarly, in chondrocytes, we observed increase of hyper-
trophic phenotype (Col10al) by induction of Smpd3 siRNA.
Accordingly, an excess level of nSMase2 leads to the degrada-
tion of cartilage matrix proteins, whereas loss of nSMase2
introduces a hypertrophic change in chondrocytes, and both
circumstances may result in the progression of OA. Therefore,
the expression of Smpd3/nSMase2 must be fine-tuned to main-
tain cartilage homeostasis that is, at least in part, controlled by
Runx2 and BMP signaling.

In the case of cartilage regenerative medicine, pharmacolog-
ical manipulation of steps of the nSMase2-ceramide-PP2A-Akt
pathway may improve the efficiency and quality of generated
tissues. As an indication, it is noteworthy that we could manip-
ulate hypertrophic conversion and calcification in ex vivo
cartilage rudiment culture using combinations of BMP-2,
GW4869, and C,-ceramide (Fig. 6, A and B).

In summary, our study has provided a cell-autonomous piv-
otal role for Smpd3/nSMase2 in determining the rate of chon-
drocyte maturation in chondrocytes. As illustrated in Fig. 8,
BMP-2 accelerates general chondrogenesis through multiple
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approaches, including activation of the Akt pathway, which
involves induction of Has2 and a subsequent production of HA.
Meanwhile, increased Runx2 in maturating chondrocytes
induces Smpd3 in concert with BMP-2. nSMase2, coded by
Smpd3, releases ceramide from the cell membrane to activate
PP2A, which in turn dephosphorylates Akt. This inactivation of
the Akt pathway suppresses not only chondrocyte differentia-
tion and subsequent maturation but also production of HA via
Has2. We propose that Smpd3/nSMase2 is a molecular target in
cartilage and bone medicine that constitutes a negative feed-
back loop in BMP-induced chondrogenesis.
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Introduction

Abstract

Background and Aim: Tumor cells escape host immunosurveillance and thus produce an
advantageous environment for tumor progression. Recent studies have demonstrated that
tumor-infiltrating lymphocytes (TILs) play a principal role in the immune response to
tumors. However, little is understood about numerical alterations in CD3+ TILs during
tumor progression in patients with gastric cancer. The present study examines the density
of CD3+ TILs to elucidate their clinical significance in gastric cancer.

Methods: The numbers of CD3+ TILs in 120 resected specimens from patients with
gastric cancer and 27 endoscopic resected specimens from patients with gastric adenoma
were immunohistochemically assessed using a CD3 polyclonal antibody.

Results: The mean number of CD3+ TILs (£ SD) in the patients with gastric cancer and
adenoma was 87.5 £ 59.8 and 379.6 £ 128.1, respectively. Significantly more CD3+ TILs
were found in specimens from patients with gastric adenoma than with gastric cancer
(P <0.0001). The numbers of CD3+ TILs significantly correlated with depth of tumor
invasion, lymph node metastasis, and stage (P = 0.022, P = 0.0004, and P = 0.011, respec-
tively). The 5-year survival rate was significantly poorer for patients with fewer CD3+ TILs
(P =0.004). Multivariate analysis selected the density of CD3+ TILs as an independent
prognostic factor (P =0.034).

Conclusions: Our results demonstrated that the density of CD3+ TILs decreases during
tumor progression. The density of CD3+ TILs is an immunological predictor of lymph
node metastasis and disease outcome in patients with gastric cancer.

status and patients at high risk for recurrent gastric cancer in
lymph nodes. However, few molecular biomarkers can actually

Despite the remarkable development of anticancer agents includ-
ing novel molecular targeted drugs such as trastuzumab for
chemotherapy against gastric cancer, patients with unresectable
advanced or recurrent gastric cancer have a poor prognosis. In fact,
the S-year survival rates of patients with stage IIIA, IIIB, and
IV gastric cancers are 30.8-54.0%, 16.1-36.5%, and 9.2-23.9%,
respectively.!? Such aggressiveness results in gastric tumor cells
frequently metastasizing to regional lymph nodes. Lymph node
metastasis is an important prognostic factor for patients with
gastric cancer.* Therefore, lymph node recurrence is an important
issue in the control of postoperative disease aggressiveness in such
patients. Although computed tomography and positron emission
tomography have been used to identify lymph node recurrence
during the postoperative follow up of patients with gastric cancer,
these modalities are of little value to clinical management. To date,
several biomarkers have been investigated to predict lymph node
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achieve this.

Host immunosurveillance plays an important role in patients
with various malignant neoplasms, including gastric cancer. In
particular, the T-cell-mediated immune response controls this
surveillance system to prevent tumor progression. Several inves-
tigators have recently demonstrated a correlation between tumor-
infiltrating lymphocytes (TILs) and disease outcomes in patients
with malignant neoplasms.>'® Consequently, they reported that
TILs could play an important role as a prognostic marker of
various malignancies.®'® Although CD3 is an established total
T-cell marker, higher numbers of CD3+ TILs have been associ-
ated with a favorable prognosis in patients with several malig-
nancies such as ovarian, colorectal, and esophageal cancers.'*™
However, changes in the numbers of CD3+ TILs during tumor
progression in patients with gastric cancer have not been studied
in detail.
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The present study aims to elucidate the clinical significance of
changes in CD3+ TIL density during tumor progression in patients
with gastric cancer.

Methods

Patients. The present study enrolled 120 patients (74 men and
46 women; age, 31-83 years; mean, 65 years) with gastric cancer
who had been treated by curative gastrectomy with lymphadenec-
tomy at Kagoshima University Hospital (Kagoshima, Japan)
between 2000 and 2005. Patients who underwent endoscopic
mucosal resection, palliative resection, preoperative chemo-
therapy, and/or radiation therapy were excluded. None of the
enrolled patients had synchronous or metachronous cancer in other
organs. The tumors were classified and staged based on the criteria
for the tumor-node-metastasis (TNM) classification of gastric car-
cinoma established by the International Union Against Cancer
(UICC)." Table 1 shows the UICC stage and clinicopathological
characteristics of patients enrolled in this study. All patients were
followed up every 3-6 months by regular clinical examinations
including tumor marker studies (carcinoembryonic antigen and
carbohydrate antigen 19-9), radiography, ultrasonography, and
computed tomography at Kagoshima University Hospital. The
median post-surgical follow-up period was 36 months (range,
1-112 months). We compared the density of CD3+ TILs between

Table 1 Clinicopathological characteristics of 120 patients with gastric
cancer

Sex

Male 74

Female 46
Age lyear)

<70 72

>70 48
Histological type

Differentiated 50

Undifferentiated 70
Depth of tumor invasion

pT1 44

pT2 5

pT3 34

pT4 37
Lymph node metastasis

NO 54

N1 11

N2 17

N3 38
Stage

| 46

it 16

1l 36

v 22
Lymphatic invasion

Negative 40

Positive 80
Venous invasion

Negative 58

Positive 62
1436
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gastric cancer and 27 gastric adenoma specimens obtained by
endoscopic resection. Resected gastric tumors were fixed with
10% formalin in phosphate-buffered saline (PBS), embedded
in paraffin and sectioned (paraffin-embedded archival tumors
[PEAT]) into 3 pm slices for immunohistochemical analysis.

This Ethics Committee of the Kagoshima University approved
the study and all patients provided written informed consent to the
use of their information.

Immunohistochemistry. Paraffin-embedded archival gas-
tric tumor sections (3 pm thick) incubated on slides at 50°C over-
night were deparaffinized with xylene and then rehydrated with a
graded series of ethanol. The sections were washed in PBS and
then incubated in DakoCytomation Proteinase K (DAKO Corpo-
ration, Carpinteria, CA, USA) at room temperature for 10 min to
activate the antigen. Endogenous peroxidase activity was blocked
using Peroxidase Blocking Reagent (DAKO) for 10 min after
cooling at room temperature. Non-specific binding was blocked at
room temperature for 30 min with Protein Block Serum-Free
Reagent (DAKO). The sections were washed in PBS, incubated at
room temperature for 60 min with anti-human CD3 antibody
(DAKO) diluted 1:100 in Dako antibody diluent with background-
reducing components (DAKO). Reactions for CD3 were devel-
oped using Vectastain ABC kits (Vector Laboratories Inc.,
Burlingame, CA, USA) and visualized using diaminobenzidine
tetrahydrochloride.'®

Quantitation of CD3+ TILs. All slides were independently
assessed by two investigators (T.A. and Y.U.) who were blinded to
the clinicopathological data of the patients. The CD3+ TILs were
quantified based on established density criteria.'** Specifically,
each investigator selected five fields in tumor foci with the highest
intensity of CD3+ TILs at low magnification (x40). The CD3+
TILs were counted and recorded at higher magnification (x200).
The number of CD3+ TILs was averaged and used in the statistical
analysis.

Statistical analysis. Differences in the density of CD3+
TILs between patients with gastric cancer and with gastric
adenoma, and the relationship between the number of CD3+ TILs
and categorical clinicopathological factors were assessed using the
Wilcoxon rank sum test. Relationships between the density of
CD3+ TILs and several factors, such as depth of tumor invasion,
stage, and lymph node status classified based on the criteria for the
TNM classification of UICC as NO versus N1 versus N2 versus
N3, were assessed using the Kruskal-Wallis test. Receiver oper-
ating characteristic (ROC) curves were constructed and then the
predictive power of CD3+ TIL density to detect patients with
lymph node metastasis was assessed from the area under the curve
(AUC). Kaplan-Meier survival curves were generated and differ-
ences in survival were determined using the log-rank test. Prog-
nostic factors were assessed by univariate and multivariate
analyses (Cox proportional hazards regression model). All data
were statistically analyzed using SAS statistical software (SAS
Institute Inc., Cary, NC, USA). A P value of < 0.05 was considered
statistically significant.
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Figure 1 Representative immunohistochemical staining for CD3+ tumor-infiltrating lymphocytes (TILs) in gastric adenoma and cancer. Density of
CD3+ TILs in gastric adenoma specimen (a, b). High density of CD3+ TILs in gastric cancer specimen (c, d). Low density of CD3+ TILs in gastric cancer
specimen (e, f). Hematoxylin-eosin staining (a, ¢, ). Immunohistochemistry for CD3 (b, d, f). Scale bars indicate 200 pm (original magnification x200).

Results

Density of CD3+ TILs in gastric cancer and
adenoma. Based on immunohistochemical analysis, we
assessed the density of CD3+ TILs in 120 and 27 PEAT specimens
from patients with gastric cancer and adenoma, respectively
(Fig. 1).

The numbers of CD3+ TILs ranged from 7 to 276 and from 181
to 598 in the gastric cancer and gastric adenoma specimens,
respectively (Fig. 2). The mean number of CD3+ TILs (+ SD) in
patients with gastric cancer and adenoma was 87.5+59.8 and
379.6 £ 128.1, respectively (Fig. 2). Consequently, significantly
more CD3+ TILs were found in specimens from patients with
gastric adenoma than with gastric cancer (P < 0.0001).

Density of CD3+ TILs and clinicopathological
factors. To determine its clinical significance during gastric
cancer progression, we investigated whether CD3+ TIL density
correlated with known clinicopathological prognostic factors for
gastric cancer excluding lymph node status.

The numbers of CD3+ TILs did not correlate with sex, age, and
histological type (P =0.804, P=0.690, and P =0.115, respec-
tively). We found a mean of 101.3 £42.0,61.8 £48.7,84.7+ 72.9,
and 77.1 £64.4 CD3+ TILs (xSD) in 44 pT1 tumors, 5 pT2
tumors, 34 pT3 tumors, and 37 pT4 tumors, respectively (Fig. 3a).
The numbers of CD3+ TILs inversely correlated with depth of
tumor invasion (P =0.022). The mean (£ SD) numbers of CD3+
TILs in 98 and 22 tumors without and with distant metastasis were
93.8+61.3 and 59.5+43.8, respectively. Significantly fewer
CD3+ TILs were found in patients with, than without distant
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Figure 2 Immunohistochemical analysis of density of CD3+ tumor-
infiltrating lymphocytes (TILs) in specimens from patients with gastric
adenoma and cancer. Horizontal bars, mean numbers of CD3+ TILs.

metastasis (P =0.015). The mean numbers (£ SD) of CD3+ TILs
in 46, 16, 36, and 22 stages I, II, III, and IV cancers were
98.7+42.8, 111.8 £86.8, 79.4 £ 66.6, and 59.5 +43.8, respec-
tively (Fig.3b). Stage-related differences in the numbers of
CD3+ TILs were determined significant (P = 0.011). Similarly, the
numbers of CD3+ TILs inversely correlated with the presence
of lymphatic and venous invasion (P =0.002 and P =0.0008,
respectively) (Fig. 3c,d).

Density of CD3+ TiLs as a predictor of lymph node
status. All patients were classified according to the criteria for
the TNM classification of UICC (NO vs N1 vs N2 vs N3) to assess
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Figure 3 Correlation between density of CD3+ tumor-infiltrating lymphocytes (TILs) and clinicopathological factors in patients with gastric cancer.
Numbers of CD3+ TILs significantly correlate with depth of tumor invasion (a), stage (b), lymphatic invasion (c), and venous invasion (d) (P = 0.022,
P=0.011, P=0.002, and P = 0.0008, respectively). Horizontal bars indicate the mean number of CD3+ TiLs.

the relationship between the density of CD3+ TILs and lymph
node status. The density of CD3+ TILs (continuous variable) was
significantly associated with increasing burden of lymph node
status (P = 0.0047) (Fig. 4a).

According to the presence or absence of lymph node metastasis
(NO vs 2 N1), patients with 2 N1 had significantly less CD3+ TILs
than those with NO cancer (P = 0.0004) (Fig. 4b).

The predictive value of CD3+ TIL density for discriminating
patients with and without lymph node metastasis was determined
using the AUC of ROC curves. The AUC cut-off for the ability
of CD3+ TIL density to discriminate patients with lymph node
metastasis was 0.69 (Fig. 4c). The sensitivity and specificity for
the density of CD3+ TILs were 0.73 and 0.65, respectively.

Density of CD3+ TILs and prognosis. We statistically
evaluated the relationship between the density of CD3+ TILs and
disease outcomes in 60 patients with more (n = 60) or less (n = 60)
CD3+ TILs than the median.

1438

The 5-year survival rates were significantly poorer for patients
with less, than more CD3+ TILs (50.8% vs 84.2%, respectively;
P =0.004) (Fig. 5). Univariate analysis revealed histological type,
depth of tumor invasion, lymph node metastasis, lymphatic inva-
sion, venous invasion, and the density of CD3+ TILs as prognostic
factors (all P <0.01) (Table 2). Multivariate analysis selected the
density of CD3+ TILs alone as an independent prognostic factor
(P =0.034) (Table 2).

Discussion

We investigated the density of CD3+ TILs in gastric cancer tumor
foci and adenoma using immunohistochemical analysis. We also
counted CD3+ TILs at each stage of gastric cancer and determined
nodal status to determine changes in T-cell-mediated immune
responses during tumor progression. To our knowledge, CD3+
TILs have not been quantified at each stage of gastric cancer and
compared with nodal status.
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Figure 4 Correlation between density of CD3+ tumor-infiltrating lym-
phocytes (TILs) and lymph node status in patients with gastric cancer.
(a) Relationship between CD3+ TIL density and increasing burden of
lymph node status is significant (P =0.0047). (b) Patients with 2 N1
cancer had significantly fewer CD3+ TlLs than patients with NO cancer
(P = 0.0004). (c) Receiver operating characteristic curve for discriminat-
ing patients with and without lymph node metastasis based on density
of CD3+ tumor-infiltrating lymphocytes. Area under curve cut-off
for discriminating presence of absence of lymph node metastasis
was 0.69.
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Figure 5 Kaplan-Meier survival curves for gastric cancer patients
based on density of CD3+ tumor-infiltrating lymphocytes (TILs).
Five-year survival rates are significantly poorer in patients with fewer
CD3+ TILs (P=0.004).

We initially compared the density of CD3+ TILs between
gastric cancer and adenoma to assess differences in their immune
environments. We found that patients with gastric adenoma had
significantly more CD3+ TILs than those with gastric cancer
(P <0.0001). This finding indicated that CD3+ TIL-mediated
activity in patients with gastric cancer is suppressed compared
with that in patients with noncancerous disease. Furthermore, the
numbers of CD3+ TILs determined as a continuous variable
inversely correlated with established clinicopathological factors
for tumor progression, namely, depth of tumor invasion, distant
metastasis, and UICC stage (P = 0.022, P =0.015, and P =0.011,
respectively). Lee et al. similarly demonstrated an inverse corre-
lation between the numbers of CD3+ TILs and UICC stage in
patients with gastric cancer, although the density of CD3+ TILs
was not assessed as a continuous variable." Laghi ef al. reported
that a higher density of CD3+ TILs significantly correlates with a
lower risk of metachronous distant-organ metastasis in patients
with colorectal cancer.”® These results support the notion that
tumor cells confer an advantage upon tumor progression by sup-
pressing T-cell-mediated antitumor immunity.

The present study focused on the clinical applicability of CD3+
TIL density to predicting lymph node status. The TNM classifica-
tion of the UICC categorizes lymph node status in gastric cancer as
NO, N1, N2, and N3 based on the number of metastatic lymph
nodes.”” Lymph node status closely correlates with disease
outcome in patients with gastric cancer. Consequently, the assess-
ment of lymph node status is extremely important as a strategic
issue for determining the indication of adjuvant or neoadjuvant
chemotherapy in patients with advanced gastric cancer.*"* The
present study indentified a close relationship between the density
of CD3+ TILs and lymph node status, indicating that evaluating
CD3+ TILs density in preoperative biopsy specimens might be
useful as a predictor of lymph node status and as an indication for
neoadjuvant chemotherapy in patients with advanced gastric
cancer. On the other hand, patients with early gastric cancer are
often treated by endoscopic resection such as endoscopic mucosal
resection and endoscopic submucosal dissection.”* However, a risk
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Table 2 Univariate and multivariate analyses of survival in patients with gastric cancer

Independent factor Univariate analysis

Multivariate analysis

Hazard ratio 95% Cl P Hazard ratio 95% Cl P

Histological type

Diff/Undiff 1.86 1.20-3.21 <0.01 1.50 0.95-2.61 0.086
Depth of tumor invasion

pT1-T2/pT3-T4 3.25 1.78-8.10 <0.01 2.02 0.91-5.68 0.088
Lymph node metastasis

NO/N1-N3 2.48 1.55-4.56 <0.01 1.66 0.72-7.13 0.276
Lymphatic invasion

Negative/positive 2.31 1.37-4.72 <0.01 0.77 0.17-2.24 0.653
Venous invasion

Negative/positive 2.10 1.39-3.45 <0.01 1.09 0.67-1.95 0.750
Density of CD3+ TiLs

Lowet/higher 0.57 0.37-0.83 <0.01 0.65 0.42-0.97 0.034

Diff, differentiated; Undiff, undifferentiated.

of lymph node metastasis that persists after non-curative endo-
scopic resection is considered as an indication for additional
surgery, according to the criteria of the Japanese Gastric Cancer
Treatment Guidelines 2010 (ver. 3).>** These guidelines define
non-curative endoscopic resection based on several pathological
findings of depth of tumor invasion, tumor size, histological type,
involvement of horizontal and vertical margins, lymphovascular
invasion, and ulcerative findings.” From the viewpoint of the close
relationship between the density of CD3+ TILs and the presence or
absence of lymph node metastasis determined herein, immunohis-
tochemical analysis of CD3+ TIL density in endoscopic resected
specimens might help to identify additional patients at high risk of
lymph node metastasis after endoscopic resection.

Previous studies have demonstrated the predictive value
of CD3+ TIL density for disease outcomes in various
malignancies.'"™" Lee er al. found that CD3+ TILs are signifi-
cantly associated with better disease-free survival in patients with
stage Il colon cancer." The 5-year survival rate in the present study
was significantly poorer for patients with fewer CD3+ TILs
(P =0.004). Furthermore, the density of CD3+ TILs was an inde-
pendent prognostic factor in the multivariate analysis (P = 0.034).
Lee et al. similarly described significantly better survival among
patients with a higher, than a lower density of CD3+ TILs in
gastric cancer."! These results indicate that measuring CD3+ TIL
density in surgically resected specimens might be helpful for con-
sidering the induction of adjuvant chemotherapy in postoperative
patients with gastric cancer.

In this study, univariate analysis for assessing the prognostic
value demonstrated that histological type, depth of tumor invasion,
and lymph node metastasis were significantly related to postop-
erative survival (P <0.01). However, these were not significant
prognostic factors in multivariate analysis. This multivariate
analysis extracted the density of CD3+ TILs alone as an indepen-
dent prognostic factor. These results suggest that the density of
CD3+ TILs might affect the values of known prognostic factors
such as histological type, depth of tumor invasion, and lymph node
metastasis in multivariate analysis. Furthermore, there are two
possible explanations for these results: (i) The follow-up period
was short (median, 36 months). (ii) The sample size may be too
small for the verification of significant differences. In particular,

1440

the small sample size indicates one of clinical limitations in this
study. Consequently, future validation studies will be needed to
strengthen our findings in patients with gastric cancer.

A novel immunotherapy-targeted T-cell-mediated immune
response has recently been attempted in patients with various
malignancies.?® In particular, the B7 family has been focused as a
promising target in antitumor immunotherapy.”® Tumor cells
express the B7 ligand family and this signaling pathway promotes
tumor progression via the downregulation of the T-cell-mediated
immune response.” Cytotoxic T lymphocyte antigen-4 (CTLA-4)
is a receptor for the B7-1 and B7-2 members of the B7 family, and
a novel immunotherapy that blocks CTLA-4 has generated reliable
response rates in phase I/11 clinical trials.*® We previously reported
that the expression of B7-H4 inversely correlates with the number
of CD3+ TILs in patients with gastric cancer.”” These findings
support the notion that tumor cells have an immune evasion
mechanism by suppressing CD3+ TILs in patients with gastric
cancer. In the future, CD3+ TILs will play an important role as an
immune indicator for assessing the clinical value of immuno-
therapy in gastric cancer.

In conclusion, we demonstrated that the density of CD3+ TILs
decreases during tumor progression and it is an immunological
predictor for lymph node metastasis and a disease outcome in
patients with gastric cancer. Further studies of the immunological
behavior of CD3+ TILs including their association with a prolif-
erative activity of tumor cells will facilitate the efficient develop-
ment of immunotherapeutics for treating patients with gastric
cancer.
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