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CD99 suppresses osteosarcoma cell migration through inhibition
of ROCK2 activity
C Zucchini1, MC Manara2,3, RS Pinca2,3, P De Sanctis1, C Guerzoni3,4, M Sciandra2, P-L Lollini1, G Cenacchi5, P Picci3, L Valvassori1

and K Scotlandi2,3,4

CD99, a transmembrane protein encoded by MIC2 gene is involved in multiple cellular events including cell adhesion and
migration, apoptosis, cell differentiation and regulation of protein trafficking either in physiological or pathological conditions. In
osteosarcoma, CD99 is expressed at low levels and functions as a tumour suppressor. The full-length protein (CD99wt) and the
short-form harbouring a deletion in the intracytoplasmic domain (CD99sh) have been associated with distinct functional outcomes
with respect to tumour malignancy. In this study, we especially evaluated modulation of cell–cell contacts, reorganisation of the
actin cytoskeleton and modulation of signalling pathways by comparing osteosarcoma cells characterised by different metastasis
capabilities and CD99 expression, to identify molecular mechanisms responsible for metastasis. Our data indicate that forced
expression of CD99wt induces recruitment of N-cadherin and b-catenin to adherens junctions. In addition, transfection of CD99wt
inhibits the expression of several molecules crucial to the remodelling of the actin cytoskeleton, such as ACTR2, ARPC1A, Rho-
associated, coiled–coil containing protein kinase 2 (ROCK2) as well as ezrin, an ezrin/radixin/moesin family member that has been
clearly associated with tumour progression and metastatic spread in osteosarcoma. Functional studies point to ROCK2 as a crucial
intracellular mediator regulating osteosarcoma migration. By maintaining c-Src in an inactive conformation, CD99wt inhibits ROCK2
signalling and this leads to ezrin decrease at cell membrane while N-cadherin and b-catenin translocate to the plasma membrane
and function as main molecular bridges for actin cytoskeleton. Taken together, we propose that the re-expression of CD99wt, which
is generally present in osteoblasts but lost in osteosarcoma, through inhibition of c-Src and ROCK2 activity, manages to increase
contact strength and reactivate stop-migration signals that counteract the otherwise dominant promigratory action of ezrin in
osteosarcoma cells.
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INTRODUCTION
CD99 is a 32 kDa highly glycosylated transmembrane protein
encoded by the MIC2 gene.1 Located in the pseudoautosomal
region of sex chromosomes, MIC2 encodes two distinct products
by alternative splicing: a long form (32 kDa) corresponding to the
full-length protein (CD99wt), and a short form harbouring a
deletion in the cytoplasmic domain (CD99sh) (28 kDa).2 CD99 is
involved in multiple cellular events including cell adhesion,
apoptosis, differentiation of T-cells and thymocytes,
transendothelial migration of leukocytes, maintenance of cellular
morphology and regulation of intracellular vescicular protein
trafficking3–13 both in physiology and in pathological conditions.
Though its biological functions are quite well defined, the
molecular mechanisms underlying CD99-mediated phenotypes
are still controversial and clearly dependent on the cellular
context. In fact, the expression of CD99 is high and associated with
tumour progression in Ewing sarcoma and acute lymphoblastic
leukaemia14,15 while in osteosarcoma16,17 and Hodgkin’s
lymphoma,18 CD99 is expressed at low levels and functions as a
tumour suppressor. In addition, the two alternative spliced
isoforms are also reported to be expressed in a cell-type specific

manner and associated with distinct functional outcomes
in relation to apoptosis, differentiation and migration/
invasion.17,19–21 CD99sh expression increases MMP9 activity and
stimulates the migration and metastasis of breast cancer21 and
osteosarcoma,17 whereas CD99wt significantly inhibits malignancy
in osteosarcoma.16 Thus, molecular dissection of the mechanisms
associated with the differential cell migration capabilities induced
by the two alternative CD99 isoforms may help to identify new
treatment options for anticancer therapy targeting invasion and
metastasis. In this study, we show that the expression of CD99wt
induces recruitment of N-cadherin and b-catenin to cell
membrane adherens junctions. Classical cadherins mediate
cell–cell interactions through their extracellular domains, whereas
their cytoplasmic tails bind to the members of the armadillo
protein family, such as a- and b-catenin to communicate with
actin cytoskeleton.22 In epithelial cells, E-cadherin is an invasion
suppressor, whereas N-cadherin induces morphological changes
toward a fibroblastic phenotype, rendering the cells more motile
and invasive.23 On the contrary, in osteosarcoma N-cadherin
behaves as a tumour suppressor inhibiting cell migration and
metastasis formation,24,25 thus mirroring functions of CD99. In
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addition, forced expression of CD99wt inhibits the expression of
several molecules crucial to actin remodelling, such as actin-
related protein 2 homologue (yeast) (ACTR2), Actin-related protein
2/3 complex, subunit 1A (ARPC1A) and Rho-associated, coiled–coil
containing protein kinase 2 (ROCK2), as well as ezrin, an
ezrin/radixin/moesin family member that has been clearly
associated with tumour progression and metastatic spread of
osteosarcoma.26,27 Functional studies point to ROCK2 as a crucial
mediator of the CD99-induced mechano-transcriptional pathways
regulating metastasis in osteosarcoma.

RESULTS
CD99wt fortifies osteosarcoma cell–cell adhesion and favours
recruitment of N-cadherin and b-catenin at the membrane level
Forced expression of CD99wt interfered with spontaneous cell
aggregation and migration of osteosarcoma cells, by increasing
their cell–cell adhesion, and dramatically decreasing their
migratory ability.16,17 Ultrastructural analysis indicates the
formation of rudimentary adherens junctions in cells
overexpressing CD99wt in comparison with the parental cell line
(Figure 1a). Accordingly, we also observed increased expression of
N-cadherin and b-catenin (Figures 1b and c), which were both well
recruited at the cell membrane in contrast to what observed in the
highly migrating CD99sh-expressing cells (Figure 1d). In keeping
with the different migratory ability of parental and CD99wt or
CD99sh cells, a differential pattern of actin organisation was
observed (Figure 1b). As b-catenin also serves as a transcriptional
activator in the canonical Wnt signalling pathway when not bound
to cadherins, we checked Wnt-luciferase activity in our model. As
previously reported,28 the Wnt/b-catenin pathway appears to be
barely active in osteosarcoma cells, regardless of the CD99 levels
of expression (Figure 1e). Consistent with the low, if any, b-catenin
nuclear activity in osteosarcoma, immunostaining did not detect
the molecule in the nucleus either in vitro or in clinical samples
(nuclear positivity: 0/77; Supplementary Figure 1). When expressed
at high levels b-catenin was always detected on the plasma
membrane, further supporting its role in cell adhesion (low
expressors: 41/77, 53%; high expressors: 36/77, 47%).

Identification of ROCK2 as a crucial mediator of CD99-regulated
osteosarcoma cell adhesion and migration
To determine the molecular basis of CD99 function in osteo-
sarcoma, we analysed the gene expression profile of CD99wt-
expressing cells compared with U-2OS parental cells. Annotation
analysis with the GeneGo MetaCore platform identified a number
of significantly modulated pathways. The top ten are shown in
Supplementary Figure 2. The highest scoring pathway was
‘cytoskeleton remodelling-TGF, WNT and cytoskeleton remodel-
ling’. Among the genes belonging to this pathway (Supplementary
Table 2), we focused on ACTR2 (also named ARP2), ARPC1A and
ROCK2, three genes that are downregulated in CD99wt cells and
are reported to be functionally connected with actin cytoskeleton
remodelling and with cell migration. Both ARP2 and ARPC1A
encode for two out of seven subunits of the human Arp2/3
complex, which is essential for cell motility through lamellipodial
actin assembly and protrusion29 while ROCK2 encodes a serine/
threonine kinase, which regulates the formation of actin stress
fibres, focal adhesions and cellular myosin-based contractility.30

Consistent with its functional role as an actin nucleator, ARP2
showed a high and polarised expression in the cytoplasm of the
highly migrating U-2OS and CD99sh cells (Figure 2a, arrows) but
was barely present, if not at all, in the poorly migrating CD99wt
transfectants. In keeping with the genetic data, western blot
analysis and immunofluorescence also revealed downregulation
of ROCK2 in CD99wt transfectants, compared to parental U-2OS
cell line and CD99sh-expressing cells (Figure 2a). Whenever ROCK2

function was inhibited by using N-(2-(2-(dimethylamino)ethoxy)-4-
(1H-pyrazol-4-yl)phenyl)-2,3dihydrobenzo[b]1,4dioxine-
2carboxamide (Stemolecule ROCK2 Inhibitor) (Stemgent, San
Diego, CA, USA), homotypic aggregation of U-2OS and U-2/
CD99sh, but not of U-2/CD99wt cells was increased whereas cell
motility was remarkably reduced (Figure 2b). Pharmacological
inhibition of ROCK2 also induced concomitant upregulation of
b-catenin and N-cadherin in parental and CD99sh-expressing cells,
whereas ARP2 expression did not change (Figures 2c and d). This
was confirmed in another experimental model. Saos-2 cells
overexpressing CD99wt showed reversion of the malignant
phenotype.16,17 In keeping with their decreased migratory
capabilities (Supplementary Figure 3), Sa/CD99wt cells showed
reduced expression of ARP2 and ROCK2 (Figure 3a) together with
increased expression and recruitment of b-catenin and N-cadherin
at the cell membrane (Figure 3b).
To confirm the functional association between ROCK2 and the

expression of molecules involved in cell adhesion and cytoskele-
ton remodelling, we either transiently silenced the expression of
ROCK2 in Saos-2 and U-2OS cells by small interfering RNA (siRNA)
sequences or induced re-expression of ROCK2 in cells with
CD99wt. Cells deprived of ROCK2 (Supplementary Figure 4)
showed increased homotypic aggregation as well as reduced cell
migration, whereas the re-expression of ROCK2 (Supplementary
Figure 4) rescued the observed phenotypes (Figure 3c). Consis-
tently, we found increased expression of b-catenin and N-cadherin
on the cell surface of cells deprived of ROCK2 (Figure 3d), further
supporting the key role of ROCK2 in regulating these mechano-
transcription pathways. By contrast, no modulation was observed
in ARP2 staining, indicating that the expression of ARP2, though a
mirror of the migratory phenotype of osteosarcoma cells, is not
functionally connected with ROCK2.

CD99wt suppresses ezrin and increase both b-catenin and
N-cadherin expression through modulation of Src and ROCK2
activity
ROCK2 was found to be involved in disruption of adherens
junctions, increase of motility and formation of actin-rich
structures containing ezrin.31 As ezrin in osteosarcoma is linked
to increased tumour migration and lung metastasis,26,32,33 both
dramatically inhibited by CD99wt, we analysed the expression of
ezrin and its Thr567 phosphorylated form in relation to ROCK2 in
our experimental model. Consistently, with the suppression of
metastatic capabilities of CD99wt overexpressing cells, the
expression of ezrin, Thr567-p-ezrin and the ezrin/radixin/moesin
protein family were found to be significantly decreased at protein
level (Figures 4a and b) but not transcriptional level
(Supplementary Figure 5) when compared with parental and
CD99sh cells. Osteosarcoma primary tumours generally expressed
ezrin (45/53, 85%), with 62% of patients (33/53) showing high
levels of expression (Supplementary Figure 1). CD99 was found to
be completely negative in 70% of cases (54/77). High expression
of CD99 was only detected in 10% (8/77) of tissue samples,
whereas 20% (16/77) showed weak positivity. An inverse
correlation was observed between CD99 and ezrin expression in
clinical samples (r¼ � 0.31, P¼ 0.02), further indicating functional
connections between the two molecules. The specific inhibition of
ROCK2 or its silencing decreased ezrin expression (Figures 4c
and d). Dose-dependent inhibiton of ezrin was observed after cell
exposure to ROCK2 inhibitor (Figure 4e).
CD99 did not immunoprecipitate with ezrin, b-catenin or

N-cadherin (Supplementary Figure 6), indicating an indirect
regulation mechanism. We have previously reported that CD99wt
co-immunoprecipitates with caveolin-1 and Src, forming a
complex that maintains Src in its inactive conformation.16,17 As
Src is also involved in regulation and phosphorylation of
ROCK2,34,35 we analysed the functional association between Src,
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ROCK2, ezrin, N-cadherin and b-catenin in our experimental
models. When cells were exposed to herbimycin, a Src inhibitor,
we observed concomitant inhibition of ROCK2 and ezrin
expression as well as simultaneous increase of b-catenin and
N-cadherin levels (Figures 5a and b). To provide further evidence
of a functional relationship between Src and ROCK2, we took
advantage of the CD99 mutants.17 Ser168, a residue of the
cytoplasmic portion of the molecule missing from the truncated

short CD99 isoform, was found to be an important CD99 motif in
the inhibition of migration and metastasis in U-2OS osteosarcoma
cells. Lack of it, whether due to specific mutations (as in U-2/
CD99mutS168 clones) or due to complete absence (as in CD99sh
clones), resulted in disappearance of the negative impact of
CD99wt on migration, whereas its presence in cells expressing
CD99wt is sufficient to inhibit migration and metastasis. In
contrast, cells expressing CD99 mutated at Tyr146 (U-2/

Figure 1. CD99 expression induces adherence junctions and recruitment of b-catenin and N-cadherin on the cell surface, while inhibiting
migration of osteosarcoma cells. (a) Ultrastructural analysis of U-2/CD99wt136, which overexpresses the wild-type isoform of CD99 (CD99wt),
as compared with the parental osteosarcoma cell line U-2OS. The inset shows the formation of cell junctions (arrows) in the CD99wt
transfectant. TEM, magnification � 22 000. (b) Immunostaining of b-catenin and N-cadherin in U-2OS cell line compared with clones
overexpressing the wild type (CD99wt) or truncated (CD99sh) isoforms of CD99. Actin filaments were detected by staining with PE-conjugated
phalloidin. Digital images were taken in identical conditions using the image analysis software Nis Elements (Nikon Instruments s.p.a.,
Florence, Italy). Magnification � 600, scale bar, 10 mm. (c) Western blotting of b-catenin and N-cadherin in U-2OS parental cell line and CD99-
derived clones. Equal loading was monitored by anti-actin blotting. Densitometric analysis values for the b-catenin/actin and N-cadherin/actin
ratios are expressed as adjusted volume optical density (OD/mm2). (d) Wound healing assay in U-2OS cells and CD99-derived clones. Pictures
were taken at time 0, and after 3 or 6 h. Magnification � 100. (e) Wnt-luciferase activity of U-2OS and CD99-derived clones. HCT-8, a colorectal
adenocarcinoma cell line with a constitutively active Wnt pathway, was included as a positive control. For each sample the firefly/renilla
luciferase ratio, normalised on the respective negative control, was shown as relative luciferase unit (RLU). Each column represents the
mean±s.e. of at least two separate experiments performed in triplicate. **Po0.001, paired Student’s t-test.

CD99 and osteosarcoma cell migration
C Zucchini et al

1914

Oncogene (2014) 1912 – 1921 & 2014 Macmillan Publishers Limited



CD99mutY146), a residue located in the intracellular residue
common to the two isoforms, exhibited behaviour similar to those
expressing the long CD99wt isoform. The level of c-Src
phosphorylation was significantly reduced in U-2/CD99wt and
U-2/CD99mutY146, but not in U-2/CD99sh and U-2/CD99mutS168,
as compared to the parental cell line (ratio p-Src/Src: 0.342 in
U-2OS; 0.15±0.01 in U-2/CD99wt, 0.073±0.05 in U-2/
CD99mutY146, 0.839±0.143 in U-2/CD99sh, 0.649±0.07 in U-2/

CD99mutS168).17 Accordingly, the expression of ROCK2, ezrin,
Thr567-p-ezrin and ezrin/radixin/moesin were inhibited in U-2/
CD99mutY146, somewhat as observed in U-2/CD99wt, but was
reverted to the levels of the parental U-2OS cell line following
mutation of the Ser168 residue (Figure 5c). These data confirm the
existence of a ROCK2, ezrin, and migration/metastasis axis that
may be reversed by CD99wt expression through modulation of
Ser168 residue and c-Src activity.

Figure 2. CD99-induced ROCK2 inhibition modifies adhesive and migratory properties of osteosarcoma cells. (a) Immunostaining and western
blot expression of ARP2 and ROCK2 on CD99wt and CD99sh cells compared to the U-2OS parental cell line. Equal loading was monitored by
anti-actin blotting. Digital images were taken in identical conditions using the image analysis software Nis Elements (Nikon Italia).
Magnification � 600, scale bar, 10 mm. (b) Effect of the Stemolecule ROCK2 Inhibitor (10 mM) on homotypic cell aggregation and migration of
the U-2OS parental cell line and CD99-derived clones. Each column represents the mean±s.e. of at least two separate experiments performed
in triplicate. *Po0.05; **Po0.001, paired Student’s t-test. (c) Immunostaining of b-catenin, N-cadherin and ARP2 expression in cells exposed to
the Stemolecule ROCK2 Inhibitor (10 mM) for 12 h. Digital images were taken in identical conditions using the image analysis software Nis
Elements (Nikon Instruments s.p.a.). Magnification � 600, scale bar, 10mm; (d) expression of b-catenin, N-cadherin and ARP2 in the U-2OS
parental cell line and in U-2/CD99sh51 exposed to the Stemolecule ROCK2 Inhibitor (10 mM) for 12 h by western blotting. Equal loading was
monitored by anti-actin blotting.
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DISCUSSION
Regulation of cell adhesion and migration is an essential
component of the metastatic process. Although cancer cells
possess a broad spectrum of invasion and migration mechanisms,
two main modes of tumour cell invasion into the surrounding
tissues have been described: mesenchymal fibroblast-like migra-
tion, with elongated cells that have stress fibres and dependent
on extracellular proteolysis, and amoeboid migration, which is
characterised by round cells with high cortical tension and low
adhesion to matrix.36 Although these two modes of migration can
be readily separated in vitro, the evidence suggests that they are

not mutually exclusive and that cells can convert from one type to
another in response to changes in the microenvironment.37 Cell–
cell junctions are not maintained in either mesenchymal or
amaeboid migration and actin cytoskeleton remodelling has a
fundamental role in both processes. Indeed, the first step of cell
migration commonly takes the form of dynamic filamentous actin
cytoskeletal remodelling, which allows the formation of protru-
sions to adhere to the extracellular matrix in mesenchymal
migration and generates intracellular contractile forces for cell
movement in amaeboid migration.36 These events are mediated
by a complex and dynamic network of intracellular mediators, that

Figure 3. Silencing or overexpression of ROCK2 confirm the molecule as a functionally important mediator of OS cell migration and adhesion.
(a) Western blotting of ARP2 and ROCK2 in Saos-2 and Sa/CD99wt66. Equal loading was monitored by anti-actin blotting. (b) Immunostaining
of b-catenin and N-cadherin in Saos-2 and Sa/CD99wt66. Digital images were taken in identical conditions using the image analysis software
Nis Elements (Nikon Italia). Magnification � 600, scale bar, 10 mm. (c) ROCK2 silencing by siRNA sequences significantly increased homotypic
aggregation while inhibiting migration of osteosarcoma cells. Opposite behaviour was shown when ROCK2 expression was rescued in
CD99wt transfected cells. Each column represents the mean±s.e. of at least two separate experiments performed in triplicate. *Po0.05;
**Po0.001, paired Student’s t-test. (d) Immunostaining of b-catenin, N-cadherin and ARP2 in cells silenced for ROCK2 expression. Digital
images were taken in identical conditions using the image analysis software Nis Elements (Nikon Instruments s.p.a.). Magnification � 600,
scale bar, 20mm.
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frequently work in a cell-specific manner. Interfering with
elements that govern these mechanisms and control cell
migration will diminish the opportunistic capacity of tumour
cells to invade, migrate and metastasise at distal organs—a critical
step in targeted intervention. In this paper, we have shown that
forced expression of CD99wt in osteosarcoma cells induces
downregulation of genes crucial for actin cytoskeleton remodel-
ling and cell invasion, such as ARP2, ARPC1A (both belonging to
the Arp2/3 complex) and ROCK2, together with increased
adherens junction formation and recruitment of N-cadherin and
b-catenin to the cell membrane.
Actin nucleation through the Arp2/3 complex is reported to be

essential for tumour cell invasion in several experimental
models.29 Analysis of human cancers reveals strong expression
of ARP2 in both stromal and tumour cells from colorectal

samples.38 Moreover, silencing ARPC1A in pancreatic cancer cells
leads to a dramatic decrease in cell invasion.39 Accordingly, ACTR2
and ARPC1A are downregulated when osteosarcoma cells acquire
CD99wt expression, mirroring their decreased migratory
capabilities. Because actin cytoskeleton dynamics constitute the
driving force during cell migration, it is not surprising that ROCK2,
a downstream effector of the Rho family of small monomeric
GTPases, has been implicated in regulating CD99 effects on
osteosarcoma cell migration. Rho proteins are known to have a
pivotal role in tumour cell invasion and metastasis by regulating
actin polymerisation at the leading edge of migrating cells, as well
as the formation of stress fibres and focal adhesion assembly.40,41

Both increase and decrease in the migration rate have been
reported after ROCK inhibition, depending on the cell type.35,42–45

However, although the two isoforms ROCK1 and 2 were generally

Figure 4. ROCK2 mediates the CD99-induced inhibition of ezrin in osteosarcoma cells. (a) Immunostaining of ezrin in U-2OS or Saos-2 parental
cell lines and their CD99-derived clones. Magnification � 600, scale bar, 10mm. (b) Western blotting expression of the ezrin-raxidin-moesin
(ERM) family protein, ezrin and Thr567-p-Ezrin in U-2OS or Saos-2 parental cell lines and their CD99-derived clones. Equal loading was
monitored by anti-actin blotting. (c) Fluorescent immunostaining of ezrin in cells treated with Stemolecule ROCK2 Inhibitor for 12 h or after
ROCK2 silencing by siRNA sequences. Magnification � 600, scale bar, 10mm. (d) Western blot analysis of ezrin and Thr567-p-Ezrin after 12 h
exposure to the Stemolecule ROCK2 inhibitor. Equal loading was monitored by anti-actin blotting. (e) Dose-dependent ezrin inhibition by the
Stemolecule ROCK2.

CD99 and osteosarcoma cell migration
C Zucchini et al

1917

& 2014 Macmillan Publishers Limited Oncogene (2014) 1912 – 1921



assumed to have the same functions, whenever a distinction
between the two ROCKs has been drawn, ROCK2 depletion has
been reported as enhancing microfilament bundle assembly into
stress fibre and focal adhesion formation, whereas ROCK1
depleted cells show an opposite phenotype.46–48 We observed a
specific downregulation of ROCK2 in CD99wt-expressing cells, and
modulation of it was functionally associated with modified
adhesive and migratory behaviour by osteosarcoma cells. Cells
inhibited for ROCK2 activity or cells deprived of ROCK2 expression
display inhibited cell migration, as well as increased cell–cell
adhesion and enhanced recruitment of adherens junction
components like N-cadherin and b-catenin at the cell membrane.
This is in line with other studies showing that ROCK2 activation
results in disruption of adherens junctions, dissociation of cell
clusters and increased motility.49 In addition, high expression of
ROCK2 has been associated with enhanced tumour invasion and
progression in various types of tumours, including colon
and bladder cancer,50,51 testicular germ cell tumour52 and
hepatocellular carcinoma.53

Our previous data indicate that CD99 isoforms dictate opposite
effects on cell migration and metastasisation.17 While CD99wt acts
as a potent suppressor of these processes, cells expressing CD99sh
regain or enhance their migration and metastatic ability. This
opposite behaviour is associated with differential expression of
ROCK2, and, interestingly enough, of ezrin too, a multifunctional
protein that regulates cell adhesion and motility by connecting
the actin cytoskeleton to the extracellular matrix.54 Clinical data
have indicated a positive association between ezrin expression
and tumour progression in several tumours.55 Ezrin is generally
expressed at higher levels in sarcomas than in carcinomas and
found to be necessary for osteosarcoma metastasis.26 Small
molecular inhibitors of ezrin have recently been proposed as a
therapeutic approach to prevent osteosarcoma tumour
metastasis.32 Our present paper shows an inverse relationship
between expression of CD99 and ezrin both in experimental and
clinical samples. Osteosarcoma commonly does not express CD99
but expresses high levels of ezrin. By contrast, osteoblasts and
osteocytes in the bone matrix generally strongly express CD99,16

Figure 5. Inhibition of c-Src activity suppresses ezrin and ROCK2 while increasing N-cadherin and b-catenin. (a) Effect of herbymicin (2 mM), a
c-Src inhibitor, on ROCK2 expression in Saos-2 and U-2/CD99sh cells evaluated by western blotting. (b) Fluorescent immunostaining of
b-catenin, N-cadherin, ezrin, and ROCK2, in U-2/CD99sh treated with herbymicin. Magnification � 600, scale bar, 10 mm. Digital images were
taken in identical conditions using the image analysis software Nis Elements (Nikon Instruments s.p.a.); (c) Western blot expression of the
ezrin/radixin/moesin (ERM) protein family, ezrin, Thr567-p-Ezrin, ROCK2 on U-2OS or CD99 mutants (U-2/CD99mutS168, U-2/CD99mutY146),
which showed high or low Src activity, respectively.16
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whereas poor immunoreactivity to the ezrin/radixin/moesin family
proteins has been reported.56 In our experimental models, when
CD99wt expression was induced, the protein levels of ezrin
decreased, and we demonstrated a functional connection with
ROCK2. Phosphorylation of ezrin at Thr567 has been identified as a
critical step in its conformational activation.57,58 In its active form,
ezrin functions as a crosslinker between the plasma membrane
and the cortical cytoskeleton, favouring cellular movement.
Although direct binding has been demonstrated for several
adhesion-related proteins such as CD44 or CD95,59 CD99 does not
seem directly to associate with ezrin but rather controls ezrin
indirectly through ROCK2. A c-Src/Akt/ROCK2 cascade has recently
been shown to regulate ezrin status in fibroblast and tumour
cells.31 We reported increased or decreased c-Src kinase activity in
cells alternatively expressing the two CD99 isoforms17 and here,
we show how inhibition of c-Src functions is associated with
inhibition of ezrin and ROCK2 expression. We also demonstrate
that the Ser168 residue of CD99 molecule has a pivotal role. Cells
lacking Ser168 residue for specific mutations or deletion of larger
intracytoplasmic fragment, are prevented from forming the CD99–
caveolin-1–c-Src complex, which is required to maintain c-Src in its
inactive conformation.17 In keeping with the regaining of c-Src
kinase activity, these cells restore ROCK2, ezrin and phospho-ezrin
expression as well as migratory capabilities. Levels of phospho-
ezrin were reduced or increased in parallel to levels of ezrin,
indicating that ROCK2 affects ezrin by regulating its expression
rather than its functions. Inhibition of c-Src and ROCK2 in
overexpressing CD99wt cells also favours trafficking of
N-cadherin and b-catenin at the plasma membrane, thus
depicting a functional network that sustains cell adhesion and
inhibits cell migration (Figure 6). We propose that the
re-expression of CD99wt, a cell surface molecule, which is
generally present in osteoblasts but lost in osteosarcoma, through
inhibition of c-Src and ROCK2 activity, manages to induce a switch
in the expression of the cell surface molecules that regulate actin
cytoskeleton remodelling and cell movement. In particular, when
the c-Src/ROCK2 axis is inhibited, ezrin decreases, or even
disappears, while N-cadherin and b-catenin translocate to the
plasma membrane and function as main molecular bridges for
actin cytoskeleton. By favouring N-cadherin/b-catenin cell mem-
brane recruitment, adherens junction formation and stable
cell–cell interactions, the re-expression of CD99wt increases
contact strength and reactivates stop-migration signals that
counteract the otherwise dominant promigratory action of ezrin
in osteosarcoma cells.

MATERIALS AND METHODS
Cell lines
Two parental osteosarcoma cell lines U-2OS and Saos-2 were obtained
from the American Type Culture Collection (Manassas, VA, USA). Cells

overexpressing wild type (U-2/CD99wt57, U-2/CD99wt136, Sa/CD99wt66),
truncated (U-2/CD99sh51 and U-2/CD99sh95), Ser168 mutated (U-2/
CD99mutS168-91 and U-2/CD99mutS168-96) or Tyr146 mutated (U-2/
CD99mutY146-30 and U-2/CD99mutY146-31) CD99 have been charac-
terised previously.16,17 Cells transfected with the empty vector pcDNA3
were used as negative control. Transfectants were maintained in IMDM
containing 10% fetal bovine serum and 500mg/ml neomycin (Sigma,
St Louis, MO, USA) to a maximum of eight in vitro passages. Cells were
tested for mycoplasma contamination every 3 months (last check January
2013) by PCR mycoplasma detection set (Takara Bio Inc., Shiga, Japan) and
authenticated by STR PCR analysis. DNA was extracted by each cell line
with DNAzol (Invitrogen Life Technologies, Paisley, UK) and characterised
by STR PCR analysis using genRESVR MPX-2 and genRESVR MPX-3 kits
(Serac, Bad Homburg, Germany). The following loci were verified: D16S539,
D18S51, D19S433, D21S11, D2S1338, D3S1358, D5S818, D8S1179, FGA,
SE33, TH01, TPOX VWA (Institut fur Rechtsmedizin, Forensische
Molekularbiologie, Universitatsklinikum Dusseldorf, last control may 2012).

Treatments
To inhibit ROCK2, cells were transfected with siRNA sequences directed
against ROCK2 (ON-TARGETplus SMARTpool, Human ROCK2, Dharmacon,
Chicago, IL, USA) or irrelevant targets (ON-TARGETplus Non-targeting siRNA)
24h after cell seeding using the Lipofectamine 2000 transfection kit
(Invitrogen Life Technologies). In addition, the ROCK2 inhibitor N-(2-
(2-(dimethylamino)ethoxy)-4-(1H-pyrazol-4-yl)phenyl)-2,3dihydrobenzo[b]1,4

dioxine-2-carboxamide (Stemolecule ROCK2 Inhibitor) as well as the c-Src
inhibitor herbimycin (Calbiochem, San Diego, CA, USA) were used.
Functional tests were performed after 24–72h. To rescue ROCK2 expression
in CD99wt cells, the expression vector pCMV5-HA3-ROCK260 was used.

Ultrastructural analysis
Cells (5� 106) were trypsinised, washed twice in phosphate-buffered saline
and centrifuged. Cell pellets were fixed in glutaraldehyde 2.5% in cacodylate
buffer 0.1M, postfixed in osmium tetraoxide 1%, dehydrated in ethanol and
embedded in araldite. Thin sections, counterstained with uranyl acetate and
lead citrate, were examined by a Philips 410 transmission electron
microscope (Philips Research, Eindhoven, Netherlands).

Motility and cell–cell adhesion assays
Cells (1� 105) were treated with or without Stemolecule ROCK2 Inhibitor
(10mM), with or without herbimycin (2 mM) or with or without siRNA
directed against ROCK2 (30–100 nM), after which they were analysed for
migration and homotypic aggregation. The motility assay and the
homotypic adhesion assay were performed as previously described.6,17

The same set of experiments were done in CD99wt-expressing cells
transiently transfected with the ROCK2 expression vector pCMV5-HA3-
ROCK2 (20mg) to verify functional connexions.

Immunofluorescence
Adherent cells grown on coverslips for 48 h were fixed in 4%
paraformaldehyde and permeabilised with 0.15% Triton X-100 in
phosphate-buffered saline or in methanol, and incubated with the
following antibodies: anti-ARP2 (Santa Cruz Biotechnology, San Diego,
CA, USA) (1:25), anti-N-cadherin (BD Transduction Labs, Lexington, KY, USA)
(1:100), anti-b-catenin (Santa Cruz Biotechnology) (1:50), anti-ezrin (Sigma)
(1:200), anti-ROCK2 (Santa Cruz Biotechnology) (1:50). Goat anti-mouse
FITC (Pierce Biotechnology, Rockford, IL, USA), (1:100), or polyclonal anti-
rabbit FITC (Dako, Glostrup, Denmark) (1:80) were used as secondary
antibodies. PE-conjugated phalloidin (5U/ml) (Sigma) was applied for
30min at room temperature to visualise actin filaments. Nuclei were
counterstained with Hoechst 33256 (Sigma).

Western blotting
Western blotting experiments were performed as previously described.16

The following primary antibodies were employed: anti-ROCK2 (Santa Cruz
Biotechnology) (1:1000); anti-ARP2 (Santa Cruz Biotechnology) (1:1000);
anti-N-cadherin (BD Transduction Labs) (1:2500); anti-b-catenin (Santa Cruz
Biotechnology) (1:1000); anti-ezrin (Sigma) (1:5000); anti-ezrin-raxydin-
moesin (Chemicon International, Temecula, CA, USA) (1:1000); anti-
phospho-ezrin (Y576) (Sigma) (1:2000); anti-CD99 (12E7, DAKO) (1:10 000)
Anti-rabbit (GE Healthcare, Piscataway, NJ, USA), anti-mouse
(GE Healthcare) or anti-goat (Santa Cruz Biotechnology) horseradish

Figure 6. Schematic presentation of CD99wt effects on osteosar-
coma cell adhesion and migration. CD99wt by inhibiting
c-Src/ROCK2 axis leads to ezrin inhibition together with N-cadherin
and b-catenin recruitment to the plasma membrane.
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peroxidase-linked secondary antibodies were employed and the signal was
revealed by ECL western blotting detection reagents (EuroClone, Milan,
Italy). To confirm equal loading, membranes were reblotted with anti-actin
antibody (Chemicon International) (1:1 00 000). Densitometric analysis was
performed using GS-800 Imaging Densitometer and Quantity One 4.6.9
software (Bio-Rad Laboratories, Hercules, CA, USA).

Immunoprecipitation analysis
Total cell lysates were prepared with a buffer containing 10mM Tris-HCl
(pH 7.4), 150mM NaCl, 1% Triton X-100, 5mM EDTA, 1% Na-deoxycholate,
0.1% SDS and protease inhibitors. 500mg of total cell lysates were
incubated with 1.5mg anti-CD99-12E7 MAb (kindly provided by G. Bernard,
Unité INSERM 343, Hopital de l’Archet, Nice, France). Protein G Plus/Protein
A Agarose beads (Calbiochem) were used to immunoprecipitate proteins
linked to the primary antibody. Western blotting analysis was then
performed as described.

Luciferase assay
Cells were seeded in triplicate in 24-well plates. After 24 h, cells were
transfected with 0.4mg/ml of the TCF/LEF reporter (b-catenin responsive
promoter) together with positive or negative controls (Cignal Reporter
Assay Kit, Quiagen, Hilden, Germany) by Lipofectamine 2000 (Invitrogen
Life Technologies). Luciferase assay (Dual Glo Luciferase Assay System,
Promega, Madison, WI, USA) was performed 24h after cell transfection
according to the manufacturer’s protocol, and luciferase activity was
measured using GloMax Multi Detection System (Promega). The firefly/
renilla luciferase ratio was calculated and each sample was then
normalised on its respective negative control. HCT-8, a colorectal
adenocarcinoma cell line with a constitutively active Wnt pathway, was
used as a positive control.61

Microarray analysis
Comparative hybridisations were performed on Human 1A (V2) Oligo
Microarray slides (Agilent Technologies, Loveland, CO, USA) containing 18
716 oligo probes. Total RNA was extracted using the TRIzol extraction kit
(Invitrogen Life Technologies) and employed to obtain labelled cRNA,
according to the manufacturer’s instructions (Low RNA Input Fluorescent
Linear Amplification Kit, Agilent Technologies). cRNAs from two CD99wt
overexpressing clones (U-2/CD99wt57; U-2/CD99wt136) were labelled with
Cyanine 5-CTP (Cy5) (Perkin Elmer Life Sciences Inc., Boston, MA, USA),
while the cRNA from U-2OS parental cell line was labelled with Cyanine 3
CTP (Cy3) and used as a common reference for all comparisons. U-2/
CD99wt136 clone was chosen for biological duplicate.
Images were obtained using the GENEPIX 4000A scanner (Axon

Instruments, Foster City, CA, USA) and GENEPIX PRO 3.0 software. Filtered
data were imported into BRB-ArrayTools software and normalised by the
LOWESS regression function. Genes with a significant differential expres-
sion were identified using significant analysis of microarrays. A false
discovery rate of 3.8% was used as the threshold. For annotation analysis
GeneGo MetaCore platform (Thomson Reuters, New York, NY, USA) was
used. Microarray data are available at Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE39072.

Patients
Expression of CD99 and b-catenin was evaluated by immunohistochem-
istry in 77 primary osteosarcomas. For ezrin, only 53 tumours were
analysed due to limited sample availability. All patients had been enroled
by the Rizzoli Institute between 1992 and 2009 and undergone surgery
and neoadjuvant chemotherapy treatments based on the administration of
doxorubicin, high-dose methotrexate, cisplatin and iphosphamide.62,63 The
study was approved by the Institutional Ethical Committee of the Rizzoli
Institute. Clinicopathological features are shown in Supplementary Table 1.

Quantitative real-time PCR
Quantitative RT-PCR was performed on CFX96 Real-Time PCR Detection
System (Bio-Rad Laboratories) using SsoFast EvaGreen Supermix (Bio-Rad
Laboratories). cDNA 5 ng was amplified with 300 or 400 nM specific
primers. Primer sequences were as follows: Ezrin 50-CGAAACCAATC
AATGTCCG-30 ; 30-CTATTCTTCCACAGACGGG-50 ; GAPDH 50-GGCCTCCAAGG
AGTAAGACC-30 ; 30-ACTTAGAGGGGAGGAGTGTC-50 ; Tata Binding Protein
(TBP) 50-TGCACAGGAGCCAAGAGTGAA-30 ; 30-ACCACCCCTCGACACTAC
AC-50 hydroxymethylbilane synthase (HMBS) 50-CACGTGTCCCCGGTACTCG
CCG-30 ; 30-CACTAACGCACCCATGGG-50 . Samples were run in triplicate.

Amplification reactions were checked for non-specific products by dissocia-
tion curve analysis and agarose gel electrophoresis. Normalised gene
expression values (DDC(t)) were calculated by CFX Manager software
(Bio-Rad Laboratories) using the two reference genes showing the best
stability across samples.

Immunohistochemistry
An avidin–biotin–peroxidase procedure was used for immunostaining
(Vector Laboratories, Burlingame, CA, USA). Sections were incubated with
the following primary antibodies: anti-ezrin (Sigma) (1:1000), anti-b-catenin
(Santa Cruz Biotechnology) (1:50), anti-CD99 013 (Signet, Dedham, MA,
USA) (1:80), which recognises both CD99 isoforms. Samples were classified
on the basis of the positivity score as follows: negative, when no staining
was observed; ‘low-expressors’, when low positivity was present (for
b-catenin, less than 25% of positive cells score 1; for CD99 or ezrin the
staining intensity was scored as þ /� , þ � � ); ‘high-expressors’, when
widespread strong immunostaining (scored as þ þ � , þ þ þ , þ þ þ
þ in the great majority of the cells) was present.

Statistical analysis
Differences among means were analysed using Student’s t-test. Fisher’s
exact test was used for frequency data.
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