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ABSTRACT
◥

Ewing sarcoma, a highly aggressive pediatric tumor, is driven by
EWS–FLI1, an oncogenic transcription factor that remodels the
tumor genetic landscape. Epigenetic mechanisms play a pivotal role
in Ewing sarcoma pathogenesis, and the therapeutic value of
compounds targeting epigenetic pathways is being identified in
preclinicalmodels. Here, we showed thatmodulation of CD99, a cell
surface molecule highly expressed in Ewing sarcoma cells, may alter
transcriptional dysregulation in Ewing sarcoma through control of
the zyxin–GLI1 axis. Zyxin is transcriptionally repressed, but GLI1
expression is maintained by EWS–FLI1. We demonstrated that
targeting CD99 with antibodies, including the human diabody
C7, or genetically inhibiting CD99 is sufficient to increase zyxin

expression and induce its dynamic nuclear accumulation. Nuclear
zyxin functionally affects GLI1, inhibiting targets such as NKX2–2,
cyclin D1, and PTCH1 and upregulating GAS1, a tumor suppressor
protein negatively regulated by SHH/GLI1 signaling. We used a
battery of functional assays to demonstrate (i) the relationship
between CD99/zyxin and tumor cell growth/migration and
(ii) how CD99 deprivation from the Ewing sarcoma cell surface
is sufficient to specifically affect the expression of some crucial
EWS–FLI1 targets, both in vitro and in vivo, even in the presence
of EWS–FLI1. This article reveals that the CD99/zyxin/GLI1 axis
is promising therapeutic target for reducing Ewing sarcoma
malignancy.

Introduction
Ewing sarcoma, the second most common bone malignancy in

children, adolescents, and young adults (1) is genetically characterized
by reciprocal chromosomal translocations that fuse an FET family
gene with an ETS family gene, creating an aberrant transcription
factor (1, 2). In most cases, the fusion transcript is represented by
the hybrid EWS–FLI1 transcript, which drives broad epigenetic re-
programming, acting as a mediator of transcriptional hubs and
producing higher transcriptional outputs than classical transcription
factors (3–5). Aberrant expression of the chimera leads to deregulation
of cell differentiation and increased cell proliferation, survival, and
migration (5). As in most developmental cancers, additional recurrent
mutations are rare in Ewing sarcoma (6, 7), indicating that substantial
changes in the Ewing sarcoma transcriptome occur through funda-
mental epigenomic mechanisms rather than DNA alterations. There-

fore, novel therapeutic approaches for Ewing sarcoma should consider
targeting these epigenetic alterations. However, although emerging
classes of small-molecule epigenetic drugs capable ofmanipulating the
activity of chromatin-modifying enzymes are under active develop-
ment (8), the genetic landscape of Ewing sarcoma is insufficiently
understood for effective targeting and the management of patients
with Ewing sarcoma is still based on conventional chemotherapeutic
approaches. Patients with localized Ewing sarcoma have a survival rate
of 70% to 80% thanks to intensive cytotoxic drug regimens (9).
However, this intensive treatment is frequently associated with late
effects. Furthermore, primary disseminated disease and relapse are
associated with poor outcomes and specific novel treatment strategies
are required to prevent metastasis formation.

Themetastatic process in Ewing sarcoma cells is poorly understood.
Metastasis can occur through various complementary and/or con-
comitant processes, including alteration of EWS–FLI1 protein
levels (10) to promote the expression of stress-adaptive proteins or
cell migration/survival effectors (1). Transcripts or proteins regulated
by EWS–FLI1 include CD99 (11, 12), a cell membrane protein
involved in many essential cellular functions, including cell adhesion
and migration, cell death and differentiation, intracellular protein
trafficking, endocytosis, and exocytosis (13, 14). Ewing sarcoma cells
express high levels of CD99, which is required for the maintenance of
Ewing sarcoma malignancy independent of the oncogenic driver
EWS–FLI1. Ewing sarcoma cells deprived of CD99 but still expressing
EWS–FLI1 showed dramatically inhibited growth, migration, and
metastatic capabilities and tended to differentiate toward the neural
lineage (12, 15, 16). Targeting CD99 either with specific antibod-
ies (17–20), short hairpin RNA (shRNA) approaches (12, 16), and/or
drugs such as clofarabine, which was found to act partially through
CD99 (21), severely reduces cell proliferation and migration in vitro
and tumor growth and metastasis formation in vivo, and is therefore a
more feasible therapeutic approach than anti–EWS–FLI1 strategies.
Notably, CD99 triggering has also been reported to induce actin
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repolymerization and upregulation of zyxin, a zinc-finger protein that
was shown to play a role either in actin filament organization at focal
adhesion and cell-to-cell contact (22, 23) or in transducingmechanical
stimuli from the cell membrane to the nucleus (24). EWS–FLI1
transcriptionally represses zyxin and zyxin reexpression and was
found to be sufficient to restore actin cytoskeletal integrity and
inhibition of cell migration and metastasis to levels comparable with
those observed after compromise of EWS–FLI1 oncogenic expres-
sion (25, 26). Here, we showed that targeting CD99 induced upregula-
tion of zyxin and its recruitment to the nuclei, where it inhibited the
activity of GLI1, a transcriptional factor with high expression in Ewing
sarcoma because it is directly sustained by EWS–FLI1 and required for
transformation (27). The results obtained with the human monospe-
cific bivalent single-chain fragment variable diabody C7 (dAbd C7;
refs. 17, 28) directed against CD99, where results were particularly
clinically promising.

Materials and Methods
Cell lines and primary cultures

6647 and TC-71 cells were kindly provided by Timothy Triche, Jr
(Children’s Hospital, Los Angeles); SK-N-MC (ATCC, catalog No.
CRL-2270, RRID:CVCL_1398), SK-ES-1 (CLS, catalog No. 300435/
p738_SK-ES-1, RRID:CVCL_0627), and RD-ES (CLS, catalog No.
300410/p763_RD-ES, RRID:CVCL_2169) were purchased from the
ATCC; IOR/CAR and LAP-35 cells (RRID:CVCL_A096) were pre-
viously established in our laboratory (18); and A673 cells (CLS, catalog
No. 300454/p491_A-673, RRID:CVCL_0080) were provided by
Heinrich Kovar (St. Anna Kinderkrebsforschung). PDX-EW#2-C cells
and PDX-EW#4-C cells were established from the corresponding
Ewing sarcoma patient-derived xenografts (PDX) after the first pas-
sage in animals as previously described (29). Human mesenchymal
stem cells (MSC) were kindly provided by Enrico Lucarelli (Istituto
Ortopedico Rizzoli) and cultured as previously described (11, 30).
Ewing sarcoma cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM; ECB2072L, EuroClone) supplemented with 10%
FBS (ECS0180L, EuroClone), 100U/mL penicillin, and 100mg/mL
streptomycin (P0781–100ML, Merck) and incubated at 37 �C in a
humidified atmosphere containing 5% CO2. All cell lines were
tested for mycoplasma contamination (MycoAlert Mycoplasma
Detection Kit, LT07–418, Lonza) before starting experiments and
were authenticated by short tandem repeat (STR) PCR analysis
using a PowerPlex ESX Fast System kit (DC1710, Promega; last
control December 2019).

Stable and transient transfection and lentiviral infection
Stable CD99 silencing was achieved in TC-71 and IOR/CAR cells as

previously described (12, 16). For transient zyxin silencing, cells were
transfected with siRNA sequences targeting zyxin (ON-TARGETplus
SMARTpool, FE5M01634010020, Dharmacon) or irrelevant targets
(ON-TARGETplusFE5D0012061320, Dharmacon). Transfections
were performed using TransIT-X2 (MIR 6000, Mirus) according to
the manufacturer’s protocol. Cells were used for in vitro assays after
48 hours. For forced overexpression of zyxin, 6647 and TC-71 cells
were infected with the pMSCV–human zyxin (hZyxin) vector (kindly
provided by Mary Catherine Beckerle, University of Utah, UT) or
control pMSCV-empty vector (kindly provided by Bruno Calabretta,
Thomas Jefferson University, PA), and were selected with puromycin
(P8833, 500 ng/mL; Merck). Stable inducible CD99 silencing was
achieved through sequential transfection of A673 cells with the
plasmid pcDNA/6TR (Thermo Fisher Scientific), encoding the reverse

tetracycline-responsive transcriptional activator and the plasmid
pTER vector (kindly provided by Karine Laud-Duval, Institut Curie,
Paris), and engineered in our laboratory to express CD99 shRNA.
The cells were cultured in the absence of tetracycline and selected
with blasticidin (R21001, 2 mg/mL) and zeocin (R250–01, 50 mg/mL),
both purchased fromThermo Fisher Scientific. To induce silencing of
CD99, A673p6TR/pTERshCD99 cells were treated for 48 hours with
tetracycline (T7660, 50 mg/mL), which was subsequently removed to
allow recovery of CD99 expression. All subsequent experiments on
transfected cell lines were performed in tandem with Western
blotting to assess overexpression or silencing of specific targets as
a control.

Anti-CD99 antibody treatment
The hybridoma used to produce the murine anti-CD99 mAb 0662

was kindly provided by Alain Bernard (Unit�e INSERM 343, Hospital
de l’Archet, Nice). The anti-CD99 human monospecific bivalent
single-chain fragment variable dAbd C7 was produced by Diatheva
srl. Twomillion cellswere seeded in 100-mmdishes and, after 48hours,
were treated with mAb 0662 (3 mg/mL) or the dAbd C7 (200 mg/mL)
for 1 to 3 hours before harvesting and processing for Western blotting
or qPCR, as described in the information to follow. For the immu-
nofluorescence (IF) assay, 2 � 105 cells were seeded on coverslips
coated with fibronectin (F1141, 3 mg/cm2; Merck) for 48 hours and
treated with the anti-CD99 antibodies for 1 to 3 hours, fixed, and
processed as described in the information to follow.

In vitro parameters of malignancy
Ten thousand cells (10,000/cm2) were seeded to assess cell viability

over 96 hours with trypan blue live cell stain (T8154, Merck). Anchor-
age-independent growth was evaluated in 0.33% agarose (50100, Sea-
Plaque; Lonza) with a 0.5% agarose underlay. The cell suspension
(3,300 cells) were plated in a 60-mm dish in semisolid medium (10%
FBS IMDM) and incubated at 37�C in a humidified 5% CO2 atmo-
sphere. Colonies with more than 50 cells were counted on all plates
after 7 days, using an inverted microscope (magnification 40x). The
migration ability of Ewing sarcoma cells was assessed using Transwell
chambers (Corning) with 8-mm pore-size polycarbonate filters. A
suspension of 1� 105 cells in 10% FBS IMDMwas seeded in triplicate
in the upper compartments, and incubated for 18 hours at 37�C in a
humidified 5% CO2 atmosphere. The cells that migrated through the
filter into the lower chamber were counted using an inverted micro-
scopewith a 20x objective (magnification 200x) aftermethanol fixation
and Giemsa staining (32884, Merck). All experiments were performed
in triplicate.

Luciferase reporter gene assay
GLI1 transcriptional activity was assessed by a luciferase assay

using a pGL3–Basic luciferase construct containing 8x GLI-binding
sites fused to a chicken lens crystalline promoter (31). Cells were
seeded in standard medium in 24-well fibronectin (3 mg/cm2;
Merck)-coated plates (30,000 cells/well), subjected to modification
of zyxin expression and then transfected with 250 ng of GLI1 signal
reporter (kindly provided by Aykut Uren, Georgetown University,)
with Lipofectamine 2000 (11668019, Thermo Fisher Scientific).
Luciferase activity was measured according to the manufacturer’s
protocol using a Dual-Glo Luciferase Assay System (E2920,
Promega). The firefly luciferase signal was normalized to that of
Renilla luciferase, the internal control. When indicated, cells were
treated with anti-CD99 antibodies (see above) 3 hours before
luciferase signal measurement.
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Immunoblot analysis
Western blotting was performed according to standard protocols.

Equivalent amounts of protein were separated by electrophoresis on a
4% to 15% resolving gel (Mini-PROTEAN TGX Stain-Free Protein
Gels; Bio-Rad) and transferred to nitrocellulose membranes. Mem-
branes were incubated overnight with anti-Zyxin (EPR4302, rabbit,
ab109316; dilution 1:2 000; Abcam), anti-CD99 (12E7; mouse, sc-
53148; dilution 1:2 000; Santa Cruz Biotechnology), anti-GLI1 (rabbit,
ab217326; dilution 1:1,000; Abcam), anti-GAPDH (FL-335, rabbit,
catalog No. sc-25778, RRID: AB_10167668, dilution 1:10,000; Santa
Cruz Biotechnology), and anti-Lamin B (C-20, goat, catalog No. sc-
6216, RRID:AB_648156, dilution 1:10,000; SantaCruzBiotechnology)
primary antibodies. Horseradish peroxidase (HRP)–conjugated don-
key anti-rabbit (NA9340V), sheep anti-mouse (NA9310V) both
purchased from antibodies (GE Healthcare) or anti-goat (catalog No.
sc-2020, RRID: AB_631728sc-2020; Santa Cruz Biotechnology)
secondary antibodies were used (diluition 1:10,000). Proteins were
visualized with an enhanced chemiluminescence (ECL) Western
Blotting Detection System (Euroclone).

Immunoprecipitation
Cells were lysed in a buffer containing 10mmol/L TrisHCl (pH7.4),

150 mmol/L NaCl, 1% Triton-X 100, 5 mmol/L EDTA, 1% Na-
deoxycholate, 0.1% SDS, and protease inhibitors. Total cell lysates
(500 mg) were incubated for 16 hours with Protein G-Plus agarose
beads (Calbiochem) and 1.5 mg of the anti-zyxin mAb (EPR4302,
rabbit, ab109316; dilution 1:2,000; Abcam). Immunoprecipitated pro-
teins were analyzed by Western blotting.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde, permeabilized with

0.15%Triton X-100 (Merck) in PBS and incubated with the anti-Zyxin
antibody (EPR4302, rabbit, ab109316; dilution 1:100; Abcam). A
FITC-conjugated swine anti-rabbit secondary antibody (F025, dilu-
tion 1:80; Dako) was used. TRITC-conjugated phalloidin (5 U/mL;
P1951, Sigma) was applied for 30 minutes at room temperature to
visualize actin filaments. Nuclei were counterstained with Hoechst
33258 (No. 861405, Merck). Images were acquired using a Nikon
ECLIPSE 90i microscope and were then analyzed with NIS-Elements
software (RRID: SCR_014329, Nikon).

Immunohistochemistry
Anavidin–biotin–peroxidasemethodwas used for immunostaining

formalin-fixed, paraffin-embedded samples (Vector Laboratories)
from dAbd C7 treated PDX-EW#2 tumors (29). Untreated PDX-
EW#2 tumors were included as controls. Antigen retrieval was per-
formed using citrate buffer (pH 6.0), prior to incubation with the anti-
zyxin (EPR4302, rabbit, ab109316 dilution 1:100; Abcam). For CD99
evaluation, an anti-CD99 antibody (O13, mouse, No. MA5–12287;
dilution 1:150; Thermo Fisher Scientific) was used without antigen
retrieval.

RNA extraction and qPCR
Total RNA from snap-frozen tissue samples and cell lines was

extracted with TRIzol reagent (No. 15596018, Thermo Fisher Scien-
tific).Nucleic acid quality and quantitywere assessedwith aNanoDrop
spectrophotometer (ThermoFisher Scientific). Total RNA of each
sample was reverse-transcribed into cDNA using a High-Capacity
cDNA Reverse Transcription Kit (ThermoFisher Scientific) according
to the manufacturer’s protocols. qPCR was performed on a ViiA7
system (ThermoFisher Scientific) using SYBR PCR Master Mix or

TaqMan PCR Master Mix (Thermo Fisher Scientific). Predesigned
TaqManprobes (ThermoFisher Scientific) forZyxin (Hs00899658_m1),
Cyclin D1 (CCND1; Hs00765553), and GAPDH (Hs99999905_m1)
were used. The following primers were used: PATCHED1-forward,
50-AATGGGTCCACGACAAAGCCGACTA-30 and reverse, 50-TCCC-
GCAAGCCGTTGAGGTAGAAAG-3; GAS1 forward, 50-GAAGGGA-
TGGTTGGGGATAC-30 and reverse, 50-TGCAGACGAGTTGGGAG-
TTTC-3; GAPDH forward, 50-GAAGGTGAAGGTCGGAGTC-30 and
reverse, 50-GAAGATGGTGATGGGATTTC-30 . mRNA expression
levels were normalized to that of the housekeeping gene GAPDH,
and the 2�DDCt method was used to compare the mRNA expression
levels in the treated cells with those in untreated control cells (32).

Expression analysis of HEDGEHOG-GLI1 pathway-associated
genes

We fused microarray data available in the laboratory to validate the
regulation ofGLI1-associated genes by CD99. Specifically, we employed
data from biological duplicates of untreated cells (CTR), tetracycline-
treated A673p6TR7shCD99cells, and A673p6TR7shCD99 cells with
removal of tetracycline after 24/48 hours (tetracycline- 24/48 hours)
using an Agilent whole human genome microarray (60,000 unique
human transcripts, Agilent Technologies).

Raw data were analyzed with Feature Extraction 10.7.3.1 software,
normalized using quantile normalization and log2 transformed with
GeneSpring GX v.14.8 software (Agilent Technologies).

We performed gene set enrichment analysis sequencing (seqGSEA,
RRID:SCR_005724; ref. 33) using the selected gene set PID_HEDGE-
HOG_GLI_PATHWAY (34) from theMolecular Signatures Database
(MsigDB) and additional GLI pathway-related genes (35) as the gene
set (Supplementary Table S1). Beginning with the whole log2 expres-
sionmatrix, we investigatedwhether the above considered gene set was
enriched in A673p6TR/shCD99 tetracycline or A673p6TR/shCD99
tetracycline- 24/48-hour cells. Specifically, the text entry option in
GSEA software allowed us to create our customgene set by entering the
genes for PID_HEDGEHOG_GLI_PATHWAY (from the pathway
interaction database; PID) and hedgehog signaling pathway genes
reported in Skoda AM and colleagues (35). A heatmap of genes
included in the core enrichment set was performedusing theComplex-
Heatmap R package (RRID:SCR_017270; ref. 36).

Normalized log2 expression values for the only genes included in the
evaluated gene set were reported in Supplementary Table S2.

Statistical analyses
All statistical analyses were performed using Prism version 6.0

(RRID:SCR_005375; GraphPad Prism Software RRID:SCR_002798).
Differences among means were evaluated by one-way ANOVA with
Tukey multiple comparisons test, whereas a two-tailed Student t test
was used for comparisons between two groups. Correlation analyses
were performed using the Spearman correlation test. The differences
with P < 0.05 were considered statistically significant.

Results
Zyxin is deregulated in aggressive Ewing sarcoma but
reexpressed by targeting CD99

Previous observations indicated that zyxin is downregulated in
Ewing sarcoma and repressed by EWS–FLI1 (26) and that zyxin gene
transfer into EWS/FLI1–transformed fibroblasts elicits actin cytoskel-
etal reorganization, inhibition of anchorage-independent growth and
cell migration, and impairment of tumor formation in athymic
mice (25). Here, we extended these observations to a large panel of
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patient-derived cell lines including novel cell lines established from
PDXs (29). Most of the Ewing sarcoma cell lines had lower zyxin
expression than MSCs (Fig. 1A; Supplementary Fig. S1A), which are
considered the putative cells of origin of Ewing sarcoma (37).However,
zyxin expression was heterogeneous among the Ewing sarcoma
cell lines and zyxin expression levels inversely correlated with the
migration ability of Ewing sarcoma cells (Spearman correlation test,
r ¼ �0.85; P ¼ 0.0061; Fig. 1B). We used gain- and loss-of-function
approaches to confirm this relationship. shRNA-mediated-silencing
of zyxin in IOR/CAR cells, with relatively high zyxin expression
(Supplementary Fig. S1B and S1C), promoted migration (Fig. 1C),
while stable forced expression of zyxin in low-zyxin-expression 6647
and TC-71 cells (Supplementary Fig. S1B and S1C) inhibited
migration (Fig. 1C). Similarly, gain- and loss-of-function modula-
tion of zyxin resulted in cell-growth regulation under both standard
(Fig. 1D) and anchorage-independent conditions (Fig. 1E), consistent
with its previously reported tumor suppressor function in EWS-FLI1–
transformed murine fibroblasts (25).

We thus further investigated the crosstalk between CD99 and
zyxin based on a previous study (38) showing zyxin upregulation in
response to CD99 triggering in the Ewing sarcoma cell line 6647.
Silencing of CD99 (Supplementary Fig. S2A) or its engagement by
specific antibodies, including the human dAbd C7, induced an
increase in zyxin expression (Fig. 2A and B). This relationship
was also dynamically confirmed via tetracycline on inducible
silencing of CD99 in A673 cells– zyxin expression increased when
CD99 ablation was induced but declined as CD99 expression was
restored (Fig. 2C). We observed no significant variations in the
zyxin mRNA levels under any of these experimental conditions
(Supplementary Fig. S2B), indicating that CD99 modulation reg-
ulates zyxin expression primarily posttranscriptionally.

The CD99-dependent effects on zyxin expression were independent
of EWS-FLI1, whose expression remain constant after CD99 modu-
lation (Fig. 2B andC; Supplementary Fig. S2C). Notably, reexpression
of zyxin in Ewing sarcoma cells altered their morphology: numerous
actinfilament bundleswere observed throughout the cytoplasmof cells
with CD99 modulation (Supplementary Fig. S3), these bundles were
reminiscent of the stress fibers seen within normal fibroblasts but lost
after transformation with EWS–FLI (25).

Zyxin accumulates in the nucleus of CD99-deprived Ewing
sarcoma cells and decreases GLI1 activity

Zyxin can shuttle between focal adhesions/the cytoplasm and the
nucleus and its localization to particular intracellular compartments
regulates its functions (24). In Ewing sarcoma, zyxin was found
prominently in the cytoplasm, weakly at cell adhesion junctions, and
transiently in nuclei (25). Here, we showed significant accumulation of
zyxin in Ewing sarcoma cell nuclei when CD99 was not present on the
cell surface; this accumulation was induced either by CD99 silencing
(Fig. 2D and E) or induction of CD99 internalization after its
triggering with specific antibodies (ref. 39; Fig. 3A and B). Variations
in nuclear zyxin expression were observed by both IF (Fig. 2D;
Fig. 3A) and Western blotting after nucleocytoplasmic fractionation
(Fig. 2E; Fig. 3B), consistent with the observation that upon cell
stretching (Supplementary Fig. S3), zyxin started to accumulate in the
nucleus within 10 to 30 minutes (24); the zyxin protein may affect the
transcriptional machinery through interactions with several nuclear
factors (40, 41). Among these factors, GLI1 attracted our attention
because its expression is upregulated by chimeric EWS—FLI1 and
necessary for Ewing sarcoma transformation (27). In addition,
zyxin was found to affect SHH/GLI1 signaling in the neural tube by

physically interacting with the transcription factor GLI1 (42). Here, in
Ewing sarcoma cells, the amount of cytoplasmic GLI1 (if present) was
clearly lower than that of nuclear GLI1 (Fig. 2E; Fig. 3B) and zyxin
indeed interacted with GLI1, as shown by coimmunoprecipitation in
6647 cells treated (1–3 hours) or not treated with the anti-CD99 mAb
0662 (Fig. 3C).

Our luciferase reporter assay indicated that forced overexpression of
zyxin in TC-71 Ewing sarcoma cells was sufficient to significantly
decrease the activity of GLI transcription factors, while its silencing in
IOR/CAR cells increased their activity (Fig 4A). Moreover, treatment
of 6647 Ewing sarcoma cells with anti-CD99 antibodies for 3 hours
functionally inhibited GLI transcription factors (Fig. 4B). Under all
three experimental conditions, the GLI1 expression levels did not
change (Fig. 4A and B). To further confirm that zyxin modulation
specifically affects the transcriptional function of GLI1, we analyzed
the expression of the GLI1 target genes NKX2–2, Patched1 (PTCH1),
CyclinD1 (CCND1), and GAS1 after zyxin silencing or overexpression
in 6647 cells by qPCR (Fig. 4C; Supplementary Fig. S4C). Zyxin
ablation indeed increased the expression of the GLI1-upregulated
targets NKX2–2, PTCH1, CCND1 while decreasing that of GAS1, a
tumor suppressor protein negatively regulated by SHH/GLI1 signal-
ing (43), compared with that in control (SCR) cells(Fig. 4C, P < 0.05
Student t test). In contrast, zyxin overexpression led to the opposite
changes in the expression levels of the selected GLI1 targets (Supple-
mentary Fig. S4C). Treatment with dAbdC7, which caused an increase
in nuclear zyxin (Fig. 3B), accordingly led to decreased expression of
the GLI1-upregulated targets NKX2–2, PTCH1, and CCND1, but
increased expression of GAS1 (Fig. 4C). These effects were abrogated
by zyxin silencing (Fig. 4C), further supporting the specific action of
zyxin in regulating Gli1 target expression.

To further validate the relationship amongCD99, zyxin, andGLI1,we
performed GSEA using PID_HEDGEHOG_GLI_PATHWAY (34)
along with additional GLI-pathway–related genes (34, 35) as the gene
set, assessing which phenotype between untreated A673p6TR7shCD99
cells (CTR), cells with tetracycline- 24/48 hours, and tetracycline-
treated cells were enriched in the above considered gene set. Inter-
estingly, GSEA showed that the expression profile of A673p6TR/
pTERshCD99 tetracycline cells was negatively correlated with the
genes implicated in GLI protein-mediated Hedgehog signaling
(Fig. 4D), even if the evidence was not strong, in terms of the FDR.
Specifically, among the core enriched genes, NKX2–2 and cyclin
expression were decreased in A673p6TR/pTERshCD99 tetracycline
cells compared with A673p6TR/shCD99 TET- 24/48-hour cells
(Fig. 4E). After tetracycline removal, CD99 reexpression led to an
increase in the expression of genes included in the core enrichment
set (Supplementary Table S3), suggesting the reactivation of GLI1
signaling (Fig. 4E). Modulation of some of these genes was also
confirmed by qPCR (Supplementary Fig. S4D).

Functional inhibition of GLI1 by anti-CD99 treatment is
maintained in vivo

PDXs are ideal models for testing therapeutic approaches. We
already demonstrated the efficacy of the anti-CD99 dAbd C7 against
PDX EW#2 alone and combined with irinotecan (29). Here, we took
advantage of that experiment to demonstrate that the functional
relationship among triggering of CD99, nuclear zyxin translocation,
and GLI1 activity is also confirmed in vivo. The expression of CD99,
zyxin, and selectedGLI1 targets was evaluated in two tumors per group
of mice treated or not treated with the anti-CD99 dAbd C7 (Fig. 5).
IHC evaluation of CD99 confirmed the absence of this adhesion
molecule after treatment with the anti-CD99 antibody and the
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Figure 1.

Zyxin is deregulated and acts as a tumor suppressor in Ewing sarcoma cell lines. A and B, Analysis of cell migration and zyxin expression in a panel of
human patient-derived cell lines and PDX-derived cell lines. Bone-marrow derived MSCs (hBM-MSCs) were used as normal controls. A, Top: the number of
migrated cells is reported as the mean � SE of three independent experiments. Bottom: representative Western blots of zyxin expression. GAPDH was
used as a loading control. B, Migration data were correlated with densitometric analysis of zyxin expression. The ratio of adjusted volume optical density
(OD/mm2) of zyxin signal quantified against GAPDH. Correlation coefficient (r) and P value were calculated using Spearman rank test. C–E, IOR/CAR
cells were transiently transfected with siRNA sequences targeting zyxin (siZyxin) or irrelevant target sequences (SCRs), while 6647 and TC-71 cells were
stably transfected with hZyxin or empty vector (EV). Data represent the mean number of cells � SE of three independent experiments. C, Effects of zyxin
expression on cell migration; �� , P < 0.01, one-way ANOVA. NS, not significant. D, Effects of of zyxin on cell growth in monolayer; � , P < 0.05; �� , P < 0.01;
��� , P < 0.001, Student t test versus untreated cells. h, hours. E, Effects of zyxin on cell growth in anchorage-independent conditions. ��� , P < 0.001, one-
way ANOVA.
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Figure 2.

CD99 loss of function promotes the increase of zyxin and induces zyxin nuclear localization. A, Western blotting of zyxin or CD99 after stable knock-down of
CD99 in TC-71 and IOR/CAR (CD99-shRNA No. 1 and No. 2) compared with controls (CTR-shRNA). GAPDH was used as loading control. Blots are
representative of 2 independent experiments. B, Western blotting of zyxin or FLI1 after treatment of 6647 cells with the anti-CD99 antibodies dAbd C7
(200 mg/mL) or mAb 0662 (3 mg/mL). GAPDH was used as loading control. Blots are representative of three independent experiments. C, The expression of
zyxin, CD99, or EWS-FLI1 were evaluated by Western blotting in A673p6TR/pTERshCD99 cells treated with tetracycline (50 mg/mL) for 48 hours (TET) to
induce CD99 silencing; subsequently, tetracycline was removed (TET-) to promote CD99 expression recovery. GAPDH was used as loading control. Blots are
representative of 2 independent experiments. d, days. D, IF staining of zyxin after stable knock-down of CD99. Digital images are representative of at least 2
independent experiments and were taken using the image analysis software NIS-Elements (Nikon Italia); scale bar, 20 mm. E,Western blotting of zyxin or GLI1
in cytoplasmic versus nuclear cell fractions after stable knock-down of CD99. Lamin B and GAPDH were used as loading controls. Western blots are
representative of 2 independent experiments.
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increasednuclear expression of zyxin (Fig 5A). In addition,we confirmed
the significant downregulation of the GLI1 targetsNKX2–2, PTCH1, and
CCND1 (Fig 5B). This finding further supports the potential value of
CD99 antibodies as a therapeutic tool for Ewing sarcoma.

Discussion
Zyxin is a phosphoprotein implicated in actin cytoskeleton assem-

bly and localized mainly at focal adhesions. Zyxin can, however, also
shuttle between the cytoplasm and nucleus (44), where itmay affect the
transcriptional machinery (42, 44). In fact, besides the N-terminal
domainmediating its association to focal adhesions (45), zyxin has aC-
terminal LIM-domain comprising 3 zinc-finger motifs known to
mediate protein–protein and/or protein–DNA interactions (46). Thus,
zyxin is thought to act as a key interacting partner for diverse

molecules, which allows it to execute a plethora of cellular functions
and to play a dual oncogenic or tumor suppressive roles in cancer (47).
In Ewing sarcoma, zyxin was reported to act as a tumor suppressor
whose expression is repressed by the oncogenic driver EWS—FLI1.
Reexpression of zyxin in Ewing sarcoma cells is sufficient to overcome
the EWS—FLI1–induced alterations in actin cytoskeletal integrity and
cell adhesion, inhibiting cellmigration (25, 26).However, some tumor-
suppressive properties of zyxin are thought to be independent of a
physical interaction with the actin cytoskeleton. For example, the C-
terminal region of zyxin contains three LIM domains able to interact
with members of the cell cycle and apoptosis regulator protein (CRP)
family (46), which are required for tumor cell death in response to
retinoids and adriamycin (48), andwith the tumor suppressor hWarts/
LATS1, a serine threonine kinase that interacts with zyxin in dividing
cells where it promotes cell exit from mitosis (49). In Ewing sarcoma,

Figure 3.

Triggering of CD99 in 6647 cells
induces dynamic accumulation of zyxin
in the nucleus but does not affect GLI1
expression and localization. A, IF stain-
ing of zyxin. Digital images are repre-
sentative of three independent experi-
ments and were taken using the image
analysis software NIS-Elements (Nikon
Italia); scale bar, 20 mm. B, Western
blotting of zyxin or GLI1 in cytoplasmic
versus nuclear cell fractions. Lamin B
and GAPDH were used as loading con-
trols. Blots are representative of three
independent experiments. C, Coimmu-
noprecipitation of zyxin and GLI1 in
6647 before and after treatment with
0662 mAb. Blots are representative of
two independent experiments.
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we previously demonstrated the involvement of zyxin in proapoptotic
pathways (38). Here, we furthered our research and demonstrated that
cellular deprivation of CD99 induced the translocation and accumu-
lation of zyxin in the nuclear compartment of Ewing sarcoma cells,

where it may affect the transcriptional activity of GLI1. The mechan-
isms underlying the nucleocytoplasmic shuttling of zyxin are unclear
but, at least in Ewing sarcoma, this process seems to be influenced by
the presence or absence of CD99 on the cell surface. Similar to

Figure 4.

Zyxin inhibits GLI1 activity.A and B, Transcriptional activity ofGLI1was evaluated by luciferase assay in cells modulated for zyxin expression. Top: data are shown as the
ratio between the luciferase activity of EWScells overexpressing zyxin (hZyxin) or silenced for zyxin (siZyxin) ormodulated for zyxin after treatmentswith the anti-CD99
antibodies versus controls (EV, SCR, or CTR). Each column represents the mean� SE of three independent experiments (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001, Student
t test). Bottom: Western blotting of a representative experiment to show zyxin or GLI1 expression in the different conditions. GAPDH was used as loading control.
C,Relative expressionof theGLI1 target genesNKX2–2, PTCH1, CCND1, andGAS1byqPCR. 6647 cells silenced or not (SCR) for zyxin (siZyxin)were treated or notwith the
anti-CD99antibodydAbdC7(200mg/mL) for 3hours.Dataare shownas themean�SEof three independent experiments. (� ,P<0.05; �� ,P<0.01; ��� ,P<0.001,Student
t test).D,GSEAwas performed in A673p6TR7shCD99 treatedwith tetracycline (TET)with respect to cells after TET removal (TET-) using PID_HEDGEHOG_GLI_PATH-
WAY as gene set (33, 34). The enrichment score (ES) curve was obtained fromGSEA software. In the enrichment plot, the x axis shows the rank order of genes. Vertical
black line,positionof theenrichedgenes (Hit) comprising thegeneset.Bottomgraph, ranked listmetric (signal-to-noise ratio) for eachgeneasa functionof the rank in the
ordered dataset. NES, normalized enrichment scale. E, Heatmap of log2 expression value for core enrichment genes from GSEA.
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observations in vascular smooth-muscle cells exposed to cyclic strain,
within minutes after CD99 triggering, zyxin translocated from the
cytoplasm to the nucleus of Ewing sarcoma cells. Application of
mechanical stretch to cells was found to cause, in addition to cyto-
skeletal alterations, rapid nuclear accumulation of zyxin and modu-
lation of the expression of various genes involved in the stretch
response (24). During stress fiber assembly, zyxin was found to flow

away from focal adhesions in synchrony with newly assembled actin
bundles (50). Similar phenomena may have occurred in our models
after modulation of CD99; its antibody binding induces actin poly-
merization (38). Future work is necessary to elucidate themechanisms
controlling the nuclear access and accumulation of zyxin.Whether the
increase in nuclear zyxin expression results from conformational
changes in the zyxin protein, enhancement of its nuclear import due

Figure 5.

Treatment of Ewing sarcoma xenografts with the anti-CD99 dAbd C7 increased the expression of zyxin and inhibited GLI1 transcriptional activity in vivo. A, IHC
staining of CD99 and zyxin expression in two PDX-EW#2 samples treated or not (CTR) with the anti-CD99 dAbd C7 (29). Representative imagines are shown. Scale
bar, 50 mm; 200x of magnification with zoomed insert to show details. B, qPCR analysis of the expression of the GLI1 target genes NKX2-2, PTCH1 and CCND1 in the
same tumors treated or not treated with the anti-CD99 dAbd C7. Tumor samples were collected 72 hours after the end of the treatments. (� , P < 0.05; �� , P < 0.01,
Student t test).
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to its interaction with other molecules, or specific inactivation of its
nuclear export signal remains to be resolved and is beyond the scope of
this study. Here, we highlight the therapeutic potential of nuclear
recruitment of zyxin. Zyxinwas found to interact withGLI1 and inhibit
its transcriptional activity. This effect is particularly relevant in Ewing
sarcoma, because GLI1 has been identified as direct transcriptional
target of EWS—FLI1, and has been found to be essential in EWS—
FLI1–induced signaling and required to sustain the malignant pheno-
type of Ewing sarcoma cells (27). EWS–FLI1 is overexpressed in
patient-tumor specimens andEwing sarcoma cell lines, and its targeting
efficiently blocks Ewing sarcoma tumor growth (31). However, because
GLI1 is activated by a noncanonical mechanism independent of SHH
signaling, recently developed inhibitors of the G protein-coupled
receptor Smoothened (SMO) are ineffective in this tumor. Ewing
sarcoma indeed requires strategies that inhibit SHH signaling down-
stream of SMO or that can act directly in the nucleus to block GLI1
transcriptional activity.Here,we offer an alternative by using antibodies
triggering CD99. Specifically, the human dAbd C7 is of potential
therapeutic interest. dAbd C7 induces rapid and massive Ewing sar-
coma cell death through MDM2 degradation and P53 reactivation and
cooperates with doxorubicin to reduce tumor growth both in vitro and

in vivo against Ewing sarcoma xenografts (18). Here, we showed
that dAbd C7 is sufficient to increase zyxin expression and, more
importantly, permits zyxin translocation to the nucleus where it
functionally inhibits GLI1 both in vitro and in vivo. Downstream
effects lead to modulation of GLI1 target genes such as NKX2-2,
CCND1, PTCH1 and GAS, which have been associated with cell
growth maintenance, stemness, and cell migration (26). The molec-
ular mechanisms activated by dAbd C7 are similar to those observed
using the mouse mAb 0662, but dAbd C7, a small antibody, allows
better tumor penetration than full-length mAbs and can be mod-
ified for affinity, stability, and blood clearance to improve efficacy;
thus, it is a more promising treatment.

As summarized in Fig. 6, our results indicate that targeting CD99
not only delivers cell death signals, but also promotes the shuttling of
zyxin to the nucleus where it can interact with the transcription factor
GLI1 and repress expression of its targets.GLI1 andNKX2-2 are direct
targets of EWS—FLI1 and arenecessary for transformation (27, 33, 35).
Therefore, we demonstrate that it is possible to interfere with
EWS—FLI1–mediated effects using an antibody-based approach that
targets a cell surfacemolecule that is constantly expressed at high levels
in Ewing sarcoma cells.

Figure 6.

Representation of the relationships between zyxin, CD99, GLI1, and EWS-FLI1 in EWS cells in basal condition or after CD99 loss of function. In basal condition,
EWS-FLI1 downregulates zyxin; its expression is barely present in the cytoplasm of EWS cells, and upregulates GLI1 expression. After CD99 loss of function, zyxin
translocates and accumulates in the nucleus where it directly interacts with GLI1 and inhibits its transcriptional functions.
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