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Activation of Hedgehog signaling by the oncogenic 
RELA fusion reveals a primary cilia-dependent 
vulnerability in supratentorial ependymoma
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Abstract
Background. Supratentorial RELA fusion (ST-RELA) ependymomas (EPNs) are resistant tumors without an ap-
proved chemotherapeutic treatment. Unfortunately, the molecular mechanisms that lead to chemoresistance traits 
of ST-RELA remain elusive. The aim of this study was to assess RELA fusion-dependent signaling modules, specif-
ically the role of the Hedgehog (Hh) pathway as a novel targetable vulnerability in ST-RELA.
Methods. Gene expression was analyzed in EPN from patient cohorts, by microarray, RNA-seq, qRT-PCR, and 
scRNA-seq. Inhibitors against Smoothened (SMO) (Sonidegib) and Aurora kinase A  (AURKA) (Alisertib) were 
evaluated. Protein expression, primary cilia formation, and drug effects were assessed by immunoblot, immuno-
fluorescence, and immunohistochemistry.
Results. Hh components were selectively overexpressed in EPNs induced by the RELA fusion. Single-cell analysis 
showed that the Hh signature was primarily confined to undifferentiated, stem-like cell subpopulations. Sonidegib 
exhibited potent growth-inhibitory effects on ST-RELA cells, suggesting a key role in active Hh signaling; impor-
tantly, the effect of Sonidegib was reversed by primary cilia loss. We, thus, tested the effect of AURKA inhibition 
by Alisertib, to induce cilia stabilization/reassembly. Strikingly, Alisertib rescued ciliogenesis and synergized with 
Sonidegib in killing ST-RELA cells. Using a xenograft model, we show that cilia loss is a mechanism for acquiring 
resistance to the inhibitory effect of Sonidegib. However, Alisertib fails to rescue cilia and highlights the need for 
other strategies to promote cilia reassembly, for treating ST-RELA tumors.
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Conclusion. Our study reveals a crucial role for the Hh pathway in ST-RELA tumor growth, and suggests that 
rescue of primary cilia represents a vulnerability of the ST-RELA EPNs.

Key Points

• Hh pathway is hyperactivated in ST-RELA tumors and is induced by the RELA 
fusion.

• ST-RELA cells lose primary cilia as an adaptive escape mechanism to Hh inhibition.

• Hh signaling is a primary cilia-dependent therapeutic vulnerability of ST-RELA 
tumors.

Ependymoma (EPN) is the third most common pediatric 
malignancy of the central nervous system (CNS). EPN is 
a heterogeneous disease, with some tumors exhibiting 
an aggressive clinical course, while others following a 
more favorable course.1 The molecular classification of 
EPN subgroups comprises nine molecular entities, with 
unique genetic, epigenetic, and clinical features. According 
to this classification, EPNs can be supratentorial (ST) 
(ST-subependymoma, ST-YAP1, ST-RELA), posterior fossa 
(PF) (PF-subependymoma, PF-A, PF-B), and spinal (SP) 
(SP-subependymoma, SP-myxopapillary, SP-EPN).2–5 The 
ST-RELA subgroup is characterized by oncogenic fusions, 
most frequently, between exon 2 (type 1) or exon 3 (type 
2) of C11orf95 (also known as ZFTA), and exon 2 of RELA 
(ZFTA-RELA).6,7 This subtype accounts for approximately 
72% of all childhood ST-EPNs and is resistant to both che-
motherapy and targeted small molecule inhibitors.8–10 
Several retrospective studies point to a low overall survival 
among ST-EPNs patients (as low as 30% in 5 years).9,10

Although the chemoresistance and aggressiveness of 
ST-RELA tumors are related to proliferative and stemness 
signatures resulting from aberrant developmental pro-
cesses, their molecular mechanisms have not yet been 
elucidated.10,11 The Hedgehog (Hh) pathway is a critical reg-
ulator of CNS development, including morphogenesis of ra-
dial glial cells, the likely stem cells that give rise to EPNs.12–14 
Hh activation is initiated by the binding of Hh ligands, Sonic 
(SHH), Desert (DHH), or Indian (IHH), to the tumor sup-
pressor membrane protein, Patched1 (PTCH1), a negative 
regulator of Hh signaling, causing its inhibition and removal 
from the primary cilia.13,15 Consequently, the oncoprotein 
Smoothened (SMO) becomes active and accumulates in 

cilia, leading to activation of the GLI zinc finger proteins, by 
removing the inhibition exerted by the suppressor of fused 
(SUFU) protein.13,15 Once activated, GLI proteins translocate 
to the nucleus and turn on the transcription of Hh target 
genes, which orchestrate cellular growth, survival, and stem 
cell maintenance.13,15 Aberrant expression or mutations in 
Hh pathway components might promote formation of CNS 
tumors and their resistance to therapy.13,16

In vertebrates, Hh signaling relies on primary cilia, 
microtubule-based organelles that extend from the sur-
face of most cells.17 Thus, primary cilia can mediate 
Hh-dependent tumor formation and aggressiveness.18–20 
Consistent with this idea, preclinical studies have high-
lighted the presence of primary cilia as a therapeutic 
marker that correlates with the efficacy of SMO inhibi-
tors.18,21,22 Conversely, cilia loss contributes to reduced 
sensitivity of CNS tumors to SMO antagonists.17 Despite 
the critical function of cilia-dependent Hh signaling in 
CNS tumor aggressiveness, the role of the Hh pathway in 
ST-RELA EPNs has not been explored.

Here, we investigate the involvement of the Hh pathway 
in ST-RELA tumors, and its relevance as a potential thera-
peutic target. We find that components of the Hh pathway 
are selectively overexpressed in ST-RELA, induced by the 
RELA fusion. However, ST-RELA cells show a limited re-
sponse to the Hh inhibitor, Sonidegib, due to a therapeutic 
escape mechanism caused by cilia loss. We demonstrate 
that the Aurora kinase A  (AURKA) inhibitor, Alisertib, in-
duces primary cilia reassembly in ST-RELA cells, which, in 
turn, greatly enhances their vulnerability to Sonidegib. Our 
xenograft studies confirm that cilia loss impairs the effect 
of Sonidegib. Surprisingly, however, Alisertib fails to rescue 

Importance of the Study

The absence of novel therapeutic targets for ST-RELA 
tumors is a major current challenge. We discovered a 
specific gene expression signature of the Hh pathway in 
ST-RELA, specifically enriched in undifferentiated and 
actively dividing cell populations, which we show is di-
rectly induced by the RELA fusion and is dependent on 
Hh ligand. We also reveal that loss of cilia in ST-RELA 
cells is an unappreciated mechanism for escape from 
Hh inhibition, both in vitro and in vivo. Consistent with 

this idea, we find a striking pharmacological synergy 
between primary cilia stabilization via AURKA inhibition 
by Alisertib and Hh pathway inhibition by Sonidegib in 
cultured tumor cells. However, Alisertib fails to induce 
cilia reassembly in vivo, which limits the efficacy of the 
drug combination above. These findings reveal the crit-
ical need to rescue primary cilia as a strategy to pro-
mote vulnerability to Hh inhibition of highly aggressive 
ST-RELA tumors.
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primary cilia assembly in vivo, thus affecting the efficacy 
of its combination with Sonidegib. Together, our findings 
suggest that undifferentiated and cycling ST-RELA tumor 
cell niches are specifically vulnerable to inhibition of cilia-
dependent Hh signaling, and point to the critical importance 
of pharmacological rescue of primary cilia as a strategy to 
counteract resistance of ST-RELA tumor to Hh blockade.

Materials and Methods

Patients and Samples

A total of 34 pediatric (25 primary and 9 relapse) EPN 
patients diagnosed and treated between 1999 and 
2017, were molecularly classified into ST-RELA (n  =  9), 
ST-YAP1 (n  =  3), and PF-A (n  =  22) groups.23 The clin-
ical and molecular features of each patient are shown 
in Supplementary Table 1. This research was performed 
under the approval of the HC/FMRP-USP Research Ethics 
Committee (CAAE nº37206114.1.0000.5440) and National 
Research Ethics Commission (CONEP/B-028) (CAAE nº 
25574714.9.0000.5376). Detailed information is found in 
the Supplementary Material.

Cell Culture

The following cell lines were used in this study: HEK-293T 
cells; mouse embryonic fibroblasts (MEFs and NIH-3T3); 
ST-RELA cells: BXD-1425EPN (kindly provided by Dr 
Xiao-Nan Li24), DKFZ-EP1NS (kindly provided by Dr Till 
Milde25); and the PF-A cell line, MAF928 (kindly provided 
by Dr Nicholas K Foreman26). These cells are described in 
the Supplementary Material. The presence of the RELA 
fusion in ST-RELA cells was confirmed by immunoblot 
(Supplementary Figure 1A).

Gene Expression Analysis

EPN samples for which high-quality RNA was available 
(n = 10) were analyzed on the TruSeq Stranded Total RNA 
Human (Illumina) (GSE181162). Gene expression was 
downloaded from Gene Expression Omnibus (GEO) and 
analyzed using microarray (GSE64415)2 and scRNA-seq 
(GSE141460)11 dataset of EPN patients. Detailed informa-
tion is provided in the Supplementary Material.

Reagents and Materials

The lentiviral vector pCDH-MSCV-EF1-GFP was used to 
drive the expression of the type I fusion (RELAFUS1), RELAWT, 
and ZFTA (kindly provided by Dr Richard Gilbertson10,27). 
Sequences encoding gRNAs directed against the genes 
for human intraflagellar transport protein 88 (IFT88), 
SMO, or GLI2 were subcloned into the hSpCas9-2A-Puro 
plasmid (PX459) (#62988, Addgene). The resulting plas-
mids were transfected using Lipofectamine 3000 Reagent 
(Invitrogen), to generate clonal cells depleted of the indi-
cated genes.28 Detailed reagent information is provided in 
the Supplementary Material.

Quantitative Reverse Transcription PCR, 
Western Blot, Immunofluorescence, and DHH 
Release Assays

Quantitative reverse transcription PCR (qRT-PCR), Western 
blot (WB), immunofluorescence (IF), and DHH release 
assay were performed as described.9,29 TaqMan probes, 
primers, and antibodies used for WB and IF are listed in 
Supplementary Tables 2–5. Detailed information is found in 
the Supplementary Material.

Cell Proliferation, Colony-Forming, Cell Death, 
Cell Cycle, and Drug Synergy Assays

In vitro assays were performed as described.9 Detailed in-
formation is found in the Supplementary Material.

Immunohistochemistry

Immunohistochemistry (IHC) on formalin-fixed paraffin-
embedded (FFPE) mouse brain tissue sections (5 µm) and 
human tissue sections (4 µm) was performed as described 
in the Supplementary Material. Antibodies used for IHC are 
listed in Supplementary Table 6.

In Vivo Studies

Animal experiments were approved by the Animal Ethics 
Committee of the Telethon Kids Institute and were per-
formed in accordance with Australia’s Code for the Care 
and Use of Animals for Scientific Purposes. The orthotopic 
patient-derived xenograft (O-PDX) using IC-1425EPN cells24 
was performed as described in the Supplementary Material.

Statistics

Data analysis was carried out using SPSS 22.0 or GraphPad 
Prism 9.0. Analysis included Student’s t test, Wilcoxon 
rank test, or one-way ANOVA test, followed by Bonferroni 
test. Differences in gene expression are represented by 
fold-change (FC). Pearson was utilized for correlations. 
Molecular and functional assays are reported as mean ± SE 
of three independent experiments, performed in duplicate 
or triplicate. qRT-PCR, WB, and IF experiments were inde-
pendently replicated at least twice. P < .05 was statistically 
significant.

Results

Hh Pathway Components Are Selectively 
Overexpressed in ST-RELA Tumors

To assess the transcriptional signature of the Hh pathway 
(KEGG gene set hsa_04340) in EPN subtypes, we per-
formed unsupervised hierarchical cluster analysis using 
the EPN microarray dataset (GSE64415),2 which contains 
a cohort composed of ST-RELA (n  =  49), PF-A (n  =  72), 
ST-YAP1 (n = 11), and PF-B (n = 39) patients. Interestingly, 
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we identified specific overexpression of a set of core Hh 
pathway components (DHH, GLI2, and GLI318) and target 
genes (CSNK1G2, SMURF2, MGRN1, CCND1, KIF7, and 
PRKACA18) in ST-RELA, but not in other subgroups (PF-
A, ST-YAP1, and PF-B) (Figure 1A). To validate our in silico 
analysis, we also assessed the transcriptional signature 
of the NF-κB pathway, a molecular hallmark of ST-RELA 
tumors.2,27 As expected, we found a specific NF-κB signa-
ture in ST-RELA samples (Supplementary Figure 1B), sug-
gesting that our approach is effective in validating pathway 
signatures across molecular subgroups. Additionally, we 
performed KEGG pathway enrichment analysis using the 
differentially expressed genes of ST-RELA over all other 
subgroups from the microarray dataset.2 This analysis indi-
cated that basal cell carcinoma is the top-ranked pathway 
for ST-RELA tumors. Importantly, basal cell carcinoma is 
driven by aberrant Hh signaling30 and is annotated mainly 
by WNT and Hh genes, such as GLI2, KIF7, DDB2, and BAX 
(Supplementary Figure 1C), further supporting our explo-
ration of the Hh pathway in ST-RELA tumors.

We next validated the expression of Hh components 
in a second independent cohort of EPNs, with 34 pa-
tients previously subgrouped as ST-YAP1 (n = 3), ST-RELA 
(n = 9), and PF-A (n = 22),23 as well as in ST-RELA in vitro 
models (BXD-1425 and EP1NS cells). We first gener-
ated the Hh transcriptomic signature for all samples for 
which sufficiently high-quality RNA was available (n = 10). 
Supervised hierarchical cluster analysis also revealed spe-
cific overexpression of DHH, GLI2, and the Hh target genes 
CSNK1G2, CCND1, KIF7, PRKACA, MGRN1, and SMURF218 
in ST-RELA over other subgroups (Supplementary Figure 
2A). Using qRT-PCR and non-neoplastic brain cDNA as 
calibrator, we found a similar profile characterized by 
high expression of DHH, SMO, GLI1, GLI2, and GLI3 in 
ST-RELA samples and cell lines compared to other EPN 
subgroups. Additionally, SHH, IHH, PTCH1, and SUFU 
were downregulated in our ST-RELA samples and cell lines 
(Supplementary Figure 2B–J), as observed in the discovery 
cohorts.

Finally, to validate the expression of Hh ligands at the 
protein level in patient tissue, we performed IHC staining 
for DHH, SHH, and IHH in FFPE specimens. Although the 
number of FFPE samples was limited, we observed that 
ST-RELA tumors showed higher scores for DHH staining 
compared to ST-YAP1 tumors, while SHH and IHH staining 
revealed no differences between EPN subgroups (Figure 
1B). Together, these results indicate that key Hh pathway 
components are differentially overexpressed in ST-RELA 
subgroup, suggesting that Hh signaling might play an im-
portant role.

Single-Cell Analysis Reveals that Hh Pathway 
Components Are Enriched in Undifferentiated 
and Cycling ST-RELA Cell Populations

We next used a scRNA-seq dataset (GSE141460) of EPN 
tumors11 to confirm our findings from bulk tumor mi-
croarray data. Using the same subset of Hh genes, we 
scored relative expression for each cell32 and deter-
mined that Hh components are significantly enriched in 
ST-RELA tumors over other subgroups (Figure 1C). On a 

single-gene level, DHH, SMO, and GLI2 were significantly 
upregulated in ST-RELA compared to other subgroups 
(Figure 1D).

To dissect the Hh signature and its potential role in 
ST-RELA in more detail, we explored Hh pathway enrich-
ment in heterogeneous ST-RELA cell types.11 Interestingly, 
we found that the Hh program is enriched in primitive, 
actively dividing cell types that likely represent tumor 
stem cell compartments: ST-RELA-Variable, ST-Neuronal-
Precursor-like, and ST-Radial-Glia-like. In contrast, the Hh 
gene set scored low in metaprograms that characterize fa-
vorable prognosis (eg, ST-Ependymal-like)11 (Figure 2A). On 
a single-gene level, DHH, SMO, and GLI2 were enriched in 
cycling and undifferentiated subpopulations (Figure 2B–D). 
Conversely, GLI3 was expressed both in undifferentiated 
and differentiated cells, possibly because GLI3 functions as 
both positive and negative Hh regulator, depending on its 
proteolytic state19 (Figure 2E). Taken together, our single-
cell data indicate that the Hh program is enriched in pro-
liferative and stemness-associated cell subpopulations, 
substantiating the hypothesis that Hh signaling plays a key 
role in these cells. Additionally, these data further support 
the use of Hh inhibitors, to specifically target cycling and 
stem-like ST-RELA compartments.

Ligand-dependent Hh Signaling Is Induced by the 
Oncogenic RELA Fusion

Since Hh driver mutations are not found in ST-RELA tu-
mors,2,33 we hypothesized that the observed Hh signa-
ture is induced by the oncogenic ZFTA-RELA transcription 
factor.27 Analysis of the GSE64415 dataset2 revealed a pos-
itive correlation between expression of RELA and that of 
DHH (R = 0.6075, P = .0004) and GLI2 (R = 0.6628, P < .0001) 
(Supplementary Figure 3A). To test whether ZFTA-RELA 
drives Hh gene expression, we stably transduced NIH-3T3 
cells with the RELAFUS1 fusion (Supplementary Figure 3B 
and C). We used NIH-3T3 cells because they display robust 
primary cilia and mount a strong response to Hh ligands.34 
Interestingly, RELAFUS1 expression caused a significant 
increase in SMO and GLI accumulation in primary cilia, 
while expression of ZFTA or RELAWT alone had no effect 
(Figure 3A); this result shows that RELAFUS1 leads to acti-
vation of the Hh pathway. We also examined the effect of 
RELAFUS1 expression in HEK-293T cells and found high ex-
pression of DHH, SMO, GLI2, and GLI3 compared to con-
trol cells expressing ZFTA or RELAWT (Figure 3B). Notably, 
we also observed high expression of DHH, SMO, GLI1, and 
GLI3 in HEK-293T RELAWT cells compared to control or 
ZFTA, which is consistent with previous findings showing 
that RELA may activate Hh signaling through Hh ligand in-
duction.35 Moreover, DHH protein levels were increased in 
both NIH-3T3 and HEK-293T cells by RELAFUS1, and at lower 
levels in HEK-293T by RELAWT (Supplementary Figure 3D). 
Finally, we asked whether increased DHH levels lead to ac-
cumulation of full-length (FL) GLI proteins, another hall-
mark of Hh activation.18 As shown in Figure 3C, subcellular 
fractionation of NIH-3T3 RELAFUS1 and HEK-293T RELAWT 
and RELAFUS1 cells revealed increased levels of GLI2/3FL in 
the nucleus, together with reduction of the GLI repressor 
form (GLI3R). Taken together, our findings indicate that the 
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RELA fusion promotes Hh pathway activation, by inducing 
DHH ligand expression.

To confirm this hypothesis, we next investigated 
whether DHH is secreted by ST-RELA cells. All Hh ligands 

are strongly membrane-associated, due to modification 
with both cholesterol and palmitate, and require a se-
creted SCUBE family protein, such as SCUBE2, for release 
from cells.29 Addition of purified SCUBE2 to BXD-1425 
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Fig. 1 Hh pathway components are specifically overexpressed in ST-RELA tumors. (A) Heatmap representation of an unsupervised Hh signa-
ture across EPN subgroups (GSE64415)2 based on the KEGG_Hh pathway_hsa_04340. (B) Representative immunohistochemistry images and 
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D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/25/1/185/6596001 by H

arvard C
ollege Library, C

abot Science Library user on 18 August 2023



 190 de Almeida Magalhães et al. The RELA fusion drives Hedgehog pathway in ependymoma

  

0.4

ST-EPN-metaprograms
Hh gene set (KEGG)

A

B

D E

C

0.0

S
co

re

Lo
g 2

 E
xp

re
ss

io
n

–0.4

0

Lo
g 2

 E
xp

re
ss

io
n

0

1

2

3

4

5

2

4

DHH SMO

GLI2 GLI3

ST-R
ELA

-V
ar

iab
le

ST-G
2M

-P
ha

se

ST-R
ELA

-V
ar

iab
le

ST-S
-P

ha
se

ST-E
pe

nd
ym

al-
lik

e

ST-M
idl

ine

ST-R
ad

ial
-G

lia
-lik

e

ST-N
eu

ro
na

l-P
re

cu
rs

or
-lik

e

ST-I
nt

er
fer

on
-R

es
po

ns
e

ST-Y
AP1

ST-M
et

ab
oli

c

Lo
g 2

 E
xp

re
ss

io
n

0

1

2

3

4

ST-R
ELA

-V
ar

iab
le

ST-I
nt

er
fer

on
-R

es
po

ns
e

ST-E
pe

nd
ym

al-
lik

e

ST-R
ad

ial
-G

lia
-lik

e

ST-G
2M

-P
ha

se

ST-Y
AP1

ST-M
idl

ine

ST-M
et

ab
oli

c

ST-S
-P

ha
se

ST-N
eu

ro
na

l-P
re

cu
rs

or
-lik

e

Lo
g 2

 E
xp

re
ss

io
n

0

1

2

3

4

5

ST-R
ELA

-V
ar

iab
le

ST-G
2M

-P
ha

se

ST-R
ad

ial
-G

lia
-lik

e

ST-S
-P

ha
se

ST-I
nt

er
fer

on
-R

es
po

ns
e

ST-N
eu

ro
na

l-P
re

cu
rs

or
-lik

e

ST-M
idl

ine

ST-M
et

ab
oli

c

ST-E
pe

nd
ym

al-
lik

e

ST-Y
AP1

ST-R
ELA

-V
ar

iab
le

ST-G
2M

-P
ha

se

ST-R
ad

ial
-G

lia
-lik

e

ST-S
-P

ha
se

ST-I
nt

er
fer

on
-R

es
po

ns
e

ST-M
et

ab
oli

c

ST-N
eu

ro
na

l-P
re

cu
rs

or
-lik

e

ST-M
idl

ine

ST-E
pe

nd
ym

al-
lik

e

ST-Y
AP1

ST-N
eu

ro
na

l-P
re

cu
rs

or
-lik

e

ST-R
ad

ial
-G

lia
-lik

e

ST-S
-P

ha
se

ST-M
idl

ine

ST-G
2M

-P
ha

se

ST-I
nt

er
fer

on
-R

es
po

ns
e

ST-M
et

ab
oli

c

ST-Y
AP1

ST-E
pe

nd
ym

al-
lik

e

Fig. 2 Hh genes are enriched in undifferentiated and cycling ST-RELA cells. (A) Hh gene set score (KEGG_Hh pathway-hsa_04340) and (B–E) 
log-transformed expressions of Hh genes across the ST-EPNs metaprograms (GSE141460).11
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cells resulted in DHH release, paralleling the release of 
SHH from MEFs (Supplementary Figure 4A), a well-estab-
lished system for studying Hh ligand release.29 Lastly, we 
asked whether DHH secreted by BXD-1425 cells is active 

in Hh signaling. Treatment of NIH-3T3 cells with BXD-
1425-conditioned media (CM) activated the Hh pathway, 
as measured by SMO and GLI recruitment to primary cilia 
(Supplementary Figure 4B). We also asked whether the 
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Fig. 3 Ligand-dependent Hh pathway activation induced by the RELA fusion. (A) Immunofluorescence staining and quantitative analysis of SMO 
and GLI-positive cilia in NIH-3T3 control, ZFTA, RELAWT, or RELAFUS1 cells (scale bar = 1 µm). *P < .05, one-way ANOVA followed by Bonferroni test. 
(B) Hh gene expression in HEK-293T control, ZFTA, RELAWT, or RELAFUS1 cells. (C) GLI2/3 protein expression in cytoplasmic and nuclear extracts of 
HEK-293T and NIH-3T3 control, ZFTA, RELAWT, or RELAFUS1 cells. α-Tubulin and Lamin A/C were used as cytoplasmic and nuclear loading control, 
respectively. (D) Immunofluorescence staining and quantitative analysis of SMO and GLI-positive cilia after treatment with the SMO agonist, SAG 
(1 µM) (scale bar = 1 µm). *P < .05, Student’s t test.  
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Hh pathway is active in ST-RELA cells. After confirming 
that primary cilia are present in BXD-1425 and EP1NS 
cells (Supplementary Figure 4C), we found that both cell 
lines show significant constitutive ciliary recruitment of 
SMO and GLI, which could be further increased by treat-
ment with the SMO agonist, SAG (Figure 3D). In contrast, 
recruitment of SMO and GLI to cilia in MEFs was strictly 
dependent on SAG treatment (Supplementary Figure 4D). 
These results strongly support the idea of autocrine, DHH-
dependent activation of Hh signaling in ST-RELA EPN-
derived cell lines.

Hh Signaling Is a Primary Cilia-Dependent 
Therapeutic Vulnerability in ST-RELA Tumors

Given that we observed ligand-dependent Hh pathway ac-
tivation in ST-RELA tumors, we next investigated the effect 
of Hh blockade by Sonidegib, a potent small molecule SMO 
antagonist under clinical evaluation for CNS tumors.36,37 
We found that Sonidegib reduces proliferation of BXD-1425 
cells with IC50 = 32 µM, and of EP1NS cells with IC50 = 16 µM 
(Figure 4A); this anti-proliferative effect was accompanied 
by G2/M arrest (Supplementary Figure 5A). Furthermore, 
colony formation was strongly impaired by Sonidegib 
(Figure 4B), while cell death was enhanced (Figure 4C) 
for both cell lines. Consistent with the pro-apoptotic ef-
fect, Sonidegib treatment increased levels of p53 and BAX 
while reducing expression of the anti-apoptotic protein 
BCL-2 (Figure 4D). We next investigated the specificity of 
the Sonidegib effect on ST-RELA cells compared to other 
EPN subgroups. Interestingly, Sonidegib did not reduce 
proliferation in a PF-A cell line, MAF92826 (Supplementary 
Figure 5B). Our results thus show that Hh signaling selec-
tively regulates cell proliferation and apoptosis in ST-RELA 
in vitro models, suggesting a promising therapeutic vul-
nerability for this subgroup.

To test whether Hh inhibition is a valid therapeutic 
strategy for ST-RELA tumors, we next knocked out SMO and 
GLI2 in BXD-1425 cells by CRISPR/Cas9 (Supplementary 
Figure 5C). Consistent with the results of Sonidegib treat-
ment, SMO- and GLI2-KO cells showed significant reduc-
tion in proliferation and G2/M cell cycle arrest compared to 
wild-type control cells (Supplementary Figure 5D and E). 
Interestingly, SMO-KO cells showed a reduction in prolif-
eration of around 60%, compared to GLI2-KO cells which 
showed 35% reduction. This discrepancy is probably be-
cause we found a positive turnover of GLI3FL expression 
and reduction of GLI3R in GLI2-KO cells (Supplementary 
Figure 5C–E). These data further support testing of SMO in-
hibitors to impair the proliferation of ST-RELA tumors.

Despite the anti-proliferative and pro-apoptotic activity 
of Sonidegib, the observed IC50 values were not within a 
reasonable range for clinical application.38,39 To address 
this limitation, we explored the underlying mechanisms 
controlling the response of ST-RELA cells to Sonidegib. It is 
well known that responsiveness to Sonidegib relies on the 
presence of primary cilia, which are required both for Hh 
activation by ligand and for proteolytic processing of GLI2 
and 3 into the repressor forms in the unstimulated state of 
the Hh pathway18,40 (Figure 4E). In Hh pathway-dependent 
cancer cells, loss of cilia abolishes susceptibility to SMO 

inhibitors, while maintaining a “persister” state dependent 
on continued activation of downstream Hh effectors.40 This 
paradoxical effect is thought to be mediated by reduced 
formation of GLI2/3R upon cilia loss, leading to an increase 
in the FL, activating GLI2/3 species18,40 (Figure 4F). Thus, we 
investigated the effect of Sonidegib on primary cilia and on 
the expression of upstream (DHH) and downstream (GLI) 
Hh pathway components.

Interestingly, substantial primary cilia loss was observed 
in BXD-1425 and EP1NS cells upon Sonidegib treatment 
(Figure 4G), accompanied by decreased expression of DHH 
and GLI1 (Supplementary Figure 5F). In contrast, Sonidegib 
had no effect on cilia in MEFs (Supplementary Figure 5G). 
These findings suggest that cilia loss is a ST-RELA-specific 
escape mechanism that reduces susceptibility to SMO in-
hibitors. Accordingly, loss of cilia was accompanied by in-
creased levels of GLI2/3FL and concomitant reduction of 
GLI3R (Figure 4H). Since GLI3R formation requires primary 
cilia,18,19 we hypothesized that cilia loss impairs GLI3FL 
processing to GLI3R in ST-RELA cells. Such a mechanism 
would drastically reduce responsiveness to upstream Hh 
pathway inhibition by Sonidegib, while also leading to 
downstream Hh pathway activation. To examine this hy-
pothesis, we generated BXD-1425 cells without primary 
cilia (Supplementary Figure 5H), by knocking out IFT8817 
using CRISPR/Cas9. Interestingly, IFT88-KO cells showed 
increased proliferation compared to wild-type control cells 
(Supplementary Figure 5I). Moreover, Sonidegib showed 
no effects on the proliferation rate of IFT88-KO cells, in con-
trast to control cells (Supplementary Figure 5J). Consistent 
with cilia loss, IFT88-KO cells had elevated levels of 
GLI2/3FL, and reduced levels of GLI3R (Supplementary 
Figure 5K). These results indicate that Sonidegib-induced 
cilia loss in ST-RELA cells mediates a compensatory feed-
forward mechanism of therapeutic escape, reducing sus-
ceptibility to SMO inhibition while increasing downstream 
Hh signaling.

Alisertib Rescues Ciliogenesis and 
Responsiveness to Sonidegib In Vitro But Shows 
No Effect In Vivo

We next sought to identify strategies to reverse loss of cilia 
and rescue Sonidegib responsiveness in ST-RELA cells. 
A key protein promoting cilia disassembly is the AURKA, 
which localizes to the ciliary base41 (Figure 5A). Using qRT-
PCR, microarray, and scRNA-seq data,2,11 we found that 
AURKA is overexpressed selectively in ST-RELA tumors, 
mainly in cell cycle-active ST-G2M-Phase and ST-S-Phase 
subpopulations, and in ST-RELA cell lines compared to 
other EPN subgroups; this expression pattern supports the 
idea of combined Hh and AURKA inhibition, to specifically 
target stem-like ST-RELA compartments (Supplementary 
Figure 6A and B). Interestingly, SMO inhibition had no ef-
fect on AURKA expression, or on its activating phosphoryl-
ation (pAURKA) at the ciliary basal body22,41 (Figure 5B and 
C, Supplementary Figure 6C), suggesting that AURKA is 
active even under Sonidegib treatment and may promote 
cilia disassembly in ST-RELA models. AURKA inhibition by 
Alisertib, a potent inhibitor currently evaluated clinically 
in adult anaplastic EPNs,42 reduced AURKA expression, 
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Fig. 4 Effect of Sonidegib on ST-RELA cells. (A) Cell proliferation after exposure (24-120 h) to Sonidegib, as measured by CCK-8. IC50 values 
were obtained with CalcuSyn after 48-hour treatment. *P < .05, one-way ANOVA followed by Bonferroni test. (B) Colony formation, (C) Annexin V/
propidium iodide (PI)-positive cells, and (D) P53, BAX, and BCL-2 protein expression after treatment for 48 h with Sonidegib, at IC50/cell line. *P < 
.05, one-way ANOVA followed by Bonferroni test. (E) Schematic of the effect of Sonidegib on the Hh pathway. Sonidegib binds SMO and blocks 
its activation and translocation to primary cilia. Consequently, the latent SUFU-GLI complex is maintained in the cytoplasm, thereby inhibiting the 
nuclear translocation of GLI proteins. Additionally, protein kinase A (PKA), glycogen synthase kinase 3β (GSK-3β), and casein kinase 1 (CK1) pro-
mote formation of the GLI repressor (GLI2/3R), which translocates to the nucleus and inhibits Hh signaling. (F) In the absence of cilia, Sonidegib 
shows poor effectiveness/activity, and the GLI proteolytic process is compromised. Thus, the active form of GLI (GLI2/3FL) builds up and activates 
the transcription of Hh target genes. (G) Immunofluorescence staining and quantitative analysis of primary cilia (Arl13b, red) and (H) GLI2/3 gene 
and protein expression after 48 hours of Sonidegib at IC50/cell line (scale bar = 10 µm). *P < .05, Student’s t test. GAPDH or β-actin were used as 
loading controls. Quantification of proteins was performed using ImageJ software.  
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and phosphorylation (Figure 5B and C, Supplementary 
Figure 6C). Dramatically, Alisertib reversed Sonidegib-
induced cilia loss in BXD-1425 and EP1NS cells (Figure 
5D). Combining Alisertib and Sonidegib strongly reduced 

total and phosphorylated AURKA levels and increased the 
number of ciliated cells (Figure 5B and D, Supplementary 
Figure 6C), while also promoting formation of GLI3R at the 
expense of the GLI2/3FL precursor (Figure 5E).
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Fig. 5 Alisertib shifts ST-RELA cells into a “ciliated phenotype,” which permits the action of Sonidegib. (A) AURKA inhibition by Alisertib pro-
motes reassembly of primary cilia, thus rescuing GLI3 processing to GLI3R. (B) Expression of AURKA protein and its phosphorylation (pAURKA) 
and (C) immunofluorescence staining and quantitative analysis of pAURKA at the basal body of primary cilia, following a 48-hour treatment 
with the indicated drugs alone (IC50/cell line), or in combination (scale bar = 1 µm). *P < .05, one-way ANOVA followed by Bonferroni test. (D) 
Immunofluorescence staining and quantitative analysis of primary cilia (Arl13b, red) and (E) GLI2/3 protein expression after 48-hour treatment with 
indicated drugs alone (IC50/cell line) or in combination (scale bar = 10 and 1 µm). *P < .05, one-way ANOVA followed by Bonferroni test. GAPDH or 
β-tubulin were used as loading controls. Quantification of proteins was performed using ImageJ software.  
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We further sought to determine whether AURKA inhi-
bition influences the response to Sonidegib. The combi-
nation of Sonidegib and Alisertib led to drastic reduction 
of SMO-positive cilia and expression of DHH, GLI1, GLI2, 
and GLI3 in BXD-1425 and EP1NS cells, compared to 
monotherapy (Figure 6A and B). Moreover, Sonidegib and 
Alisertib showed strong synergy in reducing proliferation 
and colony formation and increasing G2/M-phase arrest 
and cell death (Figure 6C and D, Supplementary Figure 
6D–G); importantly, these effects occurred at lower, clini-
cally relevant doses compared to single-drug treatments.

Finally, we assayed the effect of the drug combination 
in an IC-1425EPN xenograft ST-RELA model.24 To this end, 
mice were treated on a daily basis for 20 days with 80 mg/
kg of Sonidegib and 30 mg/kg of Alisertib, alone or in com-
bination, after the luciferase signal reached 107 p/seconds/
cm2/sr. These treatments did not show a survival ben-
efit or tumor shrinkage in this in vivo model (Figure 6E, 
Supplementary Figure 7A). To determine if the administered 
drugs were present within xenografts, we assayed mo-
lecular markers for both drugs. While cilia loss was repro-
ducibly observed in most cells, indicating that Sonidegib 
is reaching tumor cells (Figure 6F), no differences in total 
or phosphorylated AURKA were observed (Supplementary 
Figure 7B), suggesting poor penetration by Alisertib, which 
can explain the lack of cilia rescue. This effect jeopardizes 
the effect of Sonidegib on Hh signaling, as we found SMO-
positive cilia in the remaining ciliated cells, as well as pre-
dominant expression of nuclear GLI2 in Sonidegib-treated 
tumors (Figure 6F, Supplementary Figure 7C). Together, 
these data reinforce the critical need of cilia reassembly for 
an effective response to Hh pathway inhibition in vivo.

Discussion

The poor outcome of the standard care of therapy 
for ST-RELA patients (surgical resection and/or radio-
therapy)2–4 and the lack of alternative therapeutic options 
represent an urgent challenge.3 The Hh pathway is a key 
regulator of CNS development and has been suggested as 
a promising target in brain cancers.13,38 Although aberrant 
Hh signaling may be important in the pathogenesis of pe-
diatric EPNs,7,12,16,43 its role in ST-RELA tumors has not been 
explored. Here, we demonstrate that Hh signaling has a 
key role in regulating cell proliferation and aggressiveness 
of ST-RELA tumors. We discover that ST-RELA cells sub-
jected to Hh pathway blockade at the level of SMO become 
refractory to the SMO inhibitor by loss of primary cilia. 
Strikingly, cilia assembly can be restored in these cells by 
pharmacological inhibition of AURKA, which also rescues 
the effect of SMO inhibition. Thus, our present work sug-
gests the value of combining AURKA and SMO inhibitors, 
as a novel therapeutic approach in ST-RELA tumors.

In this study, we cross-validated in three distinct cohorts 
that ST-RELA tumors bear a specific Hh signature com-
pared to other EPN subgroups, including key Hh genes 
DHH, SMO, GLI2, and GLI3. Furthermore, a scRNA-seq 
dataset revealed that Hh genes are selectively enriched 
in ST-RELA stem cell compartments conferring poor pa-
tient outcome.11 Therefore, Hh inhibition is an attractive 
approach to specifically target those subpopulations that 

contribute the most to the therapy refractoriness of this 
tumor type.11

Expression of Hh pathway components has been proven 
as predictive for responsiveness to SMO inhibitors in 
other brain tumors.36,37 However, these tumors bear Hh 
driver mutations, which leads to constitutive Hh pathway 
activation even in the absence of Hh ligands.36,37 Given 
that Hh mutations are not found in ST-RELA tumors,2,33 
we hypothesized that Hh signaling in this case is ligand-
dependent. Accordingly, we found that the oncogenic 
RELA fusion induces DHH expression, resulting in Hh 
pathway activation, as indicated by translocation of SMO 
and GLI to primary cilia, and of GLI2/3FL to the nucleus. In 
line with this finding, we found that ST-RELA cells secrete 
functional DHH ligand, consistent with the Hh signature 
present in tumor samples. Furthermore, the SMO inhibitor, 
Sonidegib, and loss-of-function experiments against SMO 
and GLI2 revealed SMO inhibition as a therapeutic vulner-
ability in in vitro ST-RELA models, corroborating the well-
known role of Hh signaling in several CNS tumors.18–20

Despite the anti-proliferative and pro-apoptotic activity 
of Sonidegib on cultured ST-RELA cells, the IC50 was not 
within the acceptable range for clinical applications.38,39 
Considering that primary cilia are critical for SMO inhi-
bition,18 we found that Sonidegib treatment leads to sig-
nificant cilia loss, which is followed by reduced GLI3R 
expression and increased GLI2/3FL. Studies in other CNS 
tumors (medulloblastoma, glioblastoma, and astrocytoma) 
show that primary cilia are necessary for proteolytic proc-
essing of FL GLI2/3 into their repressor forms.18,19,40 Based 
on this, we hypothesized that cilia loss in ST-RELA tumors 
allows escape from SMO inhibition while also activating 
downstream Hh signaling at the level of GLI proteins.

Several authors proposed strategies to promote vul-
nerability to SMO inhibitors, by either treating with GLI 
inhibitors or targeting proteins that promote cilia disas-
sembly.17,22 Targeting a GLI protein can induce positive reg-
ulatory activity of other GLI members or can counteract 
the inhibitor GLI3R.44 Instead, AURKA inhibitors, such as 
Alisertib can block ciliary disassembly and thus maintain 
upstream Hh signaling.22,41 We found that AURKA is highly 
expressed in ST-RELA tumors, mainly in cell cycle-active 
cell subpopulations, suggesting a potential role in cilia 
loss. In line with this idea, AURKA inhibition by Alisertib, 
alone or in combination with Sonidegib, caused strong 
cilia stabilization, increased GLI3R and decreased GLI2/3FL 
levels, and promoted cell death in ST-RELA cell models, at 
clinically relevant drug concentrations.

Consistent with our results in cell lines, the in vivo data 
show that Sonidegib promotes cilia loss as an escape 
mechanism, allowing cells to circumvent Hh inhibition. 
However, Alisertib did not inhibit AURKA in vivo, perhaps 
because it did not reach the xenografts. Although previous 
reports showed high bioavailability of Alisertib in brain tu-
mors,42 a recent study demonstrated that penetration of 
Alisertib within CNS is limited by blood-brain barrier drug 
efflux pumps.45 These observations might explain the lack 
of cilia rescue by Alisertib in vivo and the lack of synergy 
with Sonidegib that occurs in cultured cells. Thus, primary 
cilia reassembly is critical for the response to Hh inhibitors 
in ST-RELA tumors. Improved delivery methods for AURKA 
inhibitors, such as intrathecal delivery,46 will be key to po-
tentiating the therapeutic vulnerability of ST-RELA tumors.
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In summary, our study shows that Hh pathway compo-
nents are selectively overexpressed in ST-RELA tumors, 
being induced by the RELA fusion. We find that loss of 
primary cilia is the mechanism by which ST-RELA cells 
become resistant to SMO inhibition by Sonidegib. We 
demonstrate that rescuing cilia assembly by the AURKA 
inhibitor, Alisertib, greatly enhances vulnerability to Hh 
inhibition; this explains the synergistic effect of Alisertib 
and Sonidegib on ST-RELA cells. Our in vivo data confirm 
that Sonidegib promotes cilia loss, and that Hh signaling 
is a primary cilia-dependent therapeutic vulnerability in 
ST-RELA tumors. However, ineffective AURKA inhibition 
in tumors precluded cilia reassembly and thus limited the 
benefit of the Sonidegib-Alisertib combination. These find-
ings support the need for further studies on primary cilia 
rescue, to restore vulnerability to Hh inhibition and specif-
ically target highly aggressive ST-RELA tumor cell niches.
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Supplementary material is available at Neuro-Oncology 
online.
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*Additional criteria apply. Please refer to protocol 14379-201 for full inclusion and exclusion criteria. †Patients can participate if they had some skin 
cancers, superficial bladder cancer (cancer that was only on the surface of the lining of the bladder), or carcinoma in situ (cancer that had not spread) 
of the cervix or breast that had been cured.
HIV, human immunodeficiency virus; HBV, hepatitis B virus; HCV, hepatitis C virus; IGF-1R, insulin-like growth factor 1 receptor; KPS, Karnofsky 
Performance Scale; RT, radiotherapy; SOC, standard of care; TMZ, temozolomide.
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NOW ENROLLING 
Phase 2b study of IGV-001 in patients with 

newly diagnosed glioblastoma (NCT04485949)

OBJECTIVES

Patients who take part 
in the trial* must:
• Have newly diagnosed 

glioblastoma
• Be 18 to 70 years 
 of age
• Have a KPS score ≥70 

(unable to work but 
able to care for 
themselves overall)

Patients are not allowed to participate* in the 
trial if they have:
• A tumor that is on both sides of the brain
• Had previous surgery or anticancer treatment 

for glioblastoma
• Glioblastoma that came back 
• Another cancer† while having glioblastoma or 

within the last 3 years that is not cured
• A weakened immune system (example: HIV, 

HBV, HCV) or an autoimmune disorder 
(example: Crohn’s disease)

• Heart disease or history of heart issues

CRITERIA

SAFETY 
OBJECTIVE 

Safety and 
tolerability

PRIMARY
OBJECTIVE 

Progression-free 
survival

SECONDARY 
OBJECTIVE 
Overall survival

Key Inclusion 
Criteria

Key Exclusion 
Criteria
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