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Abstract

The basis for molecular and cellular heterogeneity in ependy-

momas of the central nervous system is not understood. This

study suggests a basis for this phenomenon in the selection for

mitogen-independent (MI) stem-like cells with impaired prolif-

eration but increased intracranial tumorigenicity. MI ependy-

moma cell lines created by selection for EGF/FGF2-independent

proliferation exhibited constitutive activation of EGFR, AKT, and

STAT3 and sensitization to the antiproliferative effects of EGFR

tyrosine kinase inhibitors (TKI). One highly tumorigenic MI line

harbored membrane-bound, constitutively active, truncated

EGFR. Two EGFR mutants (DN566 and DN599) were identified

as products of intrachromosomal rearrangements fusing the 30

coding portion of the EGFR gene to the 50-UTR of the SEC61G,

yielding products lacking the entire extracellular ligand-binding

domain of the receptor while retaining the transmembrane and

tyrosine kinase domains. EGFR TKI efficiently targeted DN566/

DN599-mutant–mediated signaling andprolonged the survival of

mice bearing intracranial xenografts of MI cells harboring these

mutations. RT-PCR sequencing of 16 childhood ependymoma

samples identified SEC61G–EGFR chimeric mRNAs in one

infratentorial ependymoma WHO III, arguing that this fusion

occurs in a small proportion of these tumors. Our findings

demonstrate how in vitro culture selections applied to geneti-

cally heterogeneous tumors can help identify focal mutations

that are potentially pharmaceutically actionable in rare cancers.

Cancer Res; 77(21); 5860–72. �2017 AACR.

Introduction

Ependymoma is the second most common of malignant brain

tumors in children, with a 5-year survival rate at approximately

50% (1–3). Mainstays of treatment are surgery and radiation,

whereas chemotherapy has failed to demonstrate a clear overall

survival benefit (3–6). The current histopathologic classification

identifies three major ependymoma subtypes (WHO grades I, II,

and III; ref. 7). However, accurate diagnosis is often challenging,

because many tumors consist of intermingled areas of distinct

grades (8). The integration of multidimensional genomic, epige-

netic, and transcriptional data has provided evidence that epen-

dymomas arising in the different regions of the neuroaxis are

biologically and clinically distinct entities that are generated by

different glial stem cell (SC) populations (8–12).

In culture, ependymoma SCs are forced into active prolifer-

ation by exogenous epidermal growth factor (EGF) through

binding to its receptor EGFR (13). We have previously estab-

lished 2 patient-derived ependymoma SC lines in serum-free

medium with EGF/fibroblast growth factor 2 (FGF2; ref. 14).

Phosphorylated EGFR was detected in both lines, which

decreased after differentiation, indicating that EGFR activation

is an inherent feature of stemness.

EGFR is a transmembrane tyrosine kinase composed of an

extracellular ligand-binding domain at the N-terminus, a trans-

membrane domain, and an intracellular domain with catalytic

activity (15, 16). EGF-triggered activation of EGFR initiates a

cascade of downstream signals controlling cellular proliferation,

differentiation, and survival. Aberrant signaling through EGFR is

observed in awide range of neoplasms and ismediated by various

mechanisms, including gene amplification, receptor or ligand

overexpression, and constitutive kinase activity by mutations

(17). Approximately 50% of high-grade glioma shows EGFR

amplification often associated with structural alterations. Among

these, themost common is an in-frame deletion of exons 2 to 7 of

the gene, resulting in the expression of the constitutively activated

oncogenic EGFRvIII, which lacks 267 amino acids from the
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extracellular domain (18, 19). A role for EGFR in ependymoma

pathogenesis has been inferred from its frequent overexpression

in these tumors associated with worse prognosis (20, 21). How-

ever, EGFR gene amplification represents a rare event in ependy-

moma and nomutation affecting the coding sequence of the gene

has been reported so far (21).

Although the dependence of brain tumor SCs on EGF for

spherogenic and proliferative properties is well established, a

distinguishing feature of cancerous cells is their ability to develop

self-sufficiency in growth signals. Independence from exogenous

mitogens has been reported in glioblastoma SCs, which retain

proliferative and tumor initiation properties when grownwithout

EGF (22, 23). Interestingly, EGFR amplification and EGFRvIII

expression, which are usually lost in cells cultured in mitogen-

enriched media, are maintained in EGF-free media (23, 24).

Together, these findings indicate that culture conditions might

exert either negative or positive selection pressure on genetically

heterogeneous subpopulations of tumor cells.

Here, we addressed whether omission of EGF/FGF2 from SC

cultures provides growth advantage to ependymoma cells that

rely on autonomous proliferative/survival signaling. We estab-

lished MI ependymoma lines, displaying constitutive activation

of EGFR, AKT, and STAT3 and increased intracranial tumori-

genicity compared with mitogen-dependent (MD) lines. In

the MI line with the most malignant phenotype, we discovered

an SEC61G-EGFR gene fusion resulting in two truncated, con-

stitutively active receptors, EGFRDN566 and EGFRDN599,

which lack the vast majority of the extracellular ligand-binding

region. EGFRDN566/EGFRDN599-expressing cells were sensi-

tive to EGFR-targeted agents both in vitro and in vivo. Notably,

RT-PCR sequencing of 16 pediatric ependymomas identified

SEC61G–EGFR chimeric mRNAs in one infratentorial WHO III

tumor, indicating that this event likely occurs in a small subset

of ependymomas, although its clinical relevance has yet to be

defined.

Materials and Methods

Cell culture and reagents

Ependymoma SC lines EPP and EPVwere established from two

pediatric infratentorial ependymomas in our laboratory in 2010

and fully characterized (14). EPV-FL line was derived from one

subcutaneous EPV xenograft in 2012 (Supplementary Data; Sup-

plementary Figs. S1A and S1B). All lines were cultured in Neu-

rocult medium (Stem Cell Technologies) supplemented with 20

ng/mL EGF (Sigma-Aldrich) and 10 ng/mL FGF2 (Promega;

referred to as SC medium, SCM). MI lines were generated in

2011 to 2012 by growing the corresponding MD lines in Neuro-

cult medium without growth factors (referred to as mitogen-free

medium, MFM) for approximately 4 months. Cell lines were

tested for mycoplasma contamination within the last 6 months

with MycoSensor PCR Assay Kit (Stratagene). All experiments

were performed with cells between passages 15 and 26.

The EGFR tyrosine kinase inhibitors (TKI) gefitinib andAEE788

(25) were kindly provided by AstraZeneca and Novartis Pharma-

ceuticals, respectively. For in vitro and in vivo studies, drugs were

dissolved as previously described (14, 26).

For viability assays, cells were seeded onto 6-well plates. After

24 hours, vehicle or serial concentrations of each tested drug were

added to the medium, and cells were cultured for 3 days. Cell

number and viability were assessed by an automated cell counter

(NucleoCounter 100TM, ChemoMetec), which allows for dis-

crimination between live anddead cells through staining of nuclei

with propidium iodide. The half-maximal inhibitory concentra-

tion (IC50) was calculated using the GraphPad Prism software

package version 6.0 (GraphPad Software Inc.).

Patients and tissue samples

Ependymoma surgical specimens and clinicopathologic infor-

mation were collected with informed written consent in accor-

dance with the Declaration of Helsinki. Twelve ependymomas

were infratentorial, 2 were supratentorial, and 1 was spinal. Data

were unavailable for 1 tumor. According to the histopathologic

classification, 7 tumors were WHO grade II, while 9 tumors were

anaplastic ependymoma WHO grade III.

Gene fusion analysis

Total RNA was extracted from cell lines or frozen tissues using

the AllPrepDNA/RNA/Protein Kit (Qiagen). RNA sequencingwas

outsourced (Polo GGB). Data analysis was performed using the

RNA-Seq Analysis Pipeline (27), a cloud computing web appli-

cation integrating tools for quality check, identification and

quantification of transcripts, and detection of alternative tran-

script processing. About 42M paired-end reads were obtained

after quality filtering. Among them, about 94% were mapped on

reference (54.9%, coding regions; 29.1%, UTR; 5.7%, introns;

8.4%, intergenic regions; 1.8%, ribosomal RNA). ChimeraScan

(28) identified an SEC61G–EGFR fusion joining the 50-UTR of

SEC61G and exon 14 of EGFR. A total of 650 reads mapped

around the identified junction,513of themspanning the junction

itself. All the other putative fusion transcripts detected were

discarded as representing technical artifacts or being associated

with low-quality reads (Supplementary Table S1).

Detailed methods for the validation of the RNA-seq data and

the SEC61G–EGFR fusion screening assay are available in Sup-

plementary Data.

EGF stimulation and protein analysis

Ependymoma lines were cultured in MFM for 48 hours and

then stimulated with 25 ng/mL EGF for different time intervals

(10 minutes up to 6 hours). At the end of incubations, cells were

harvested in lysis buffer or processed for multicompartmental

fractionation with the Subcellular Protein Fractionation kit

(Thermo Scientific). To study the effects of pharmacological

inhibition, serial dilutions of EGFR TKIs were added to MFM 2

hours prior to EGF stimulation. Immunoblotting analyses were

performed using standard protocols (14, 26) and the antibodies

listed in Supplementary Data.

In vivo models and animal treatment

All experimental animal investigations complied with the

guidelines of the Ethical Committee of Catholic University and

of the "Istituto Superiore di Sanit�a'' (National Institute of Health,

Rome, Italy; OPBA 35-01, Approval no. 243/2015). For intracra-

nial transplantations, 3�105 cells/10mLPBSwere implanted into

the lateral ventricle of 5-week-old male nude CD1 nu/nu mice

(Charles River) as previously described (14, 26). AEE788 was

administered orally (50mg/kg daily for 5 days/week) for 4 weeks.

Control group received only vehicle. Animals were monitored

daily until symptomatic, when they were euthanized, and brains

removed for histopathologic analysis. Survival of animals was

determined using the Kaplan–Meier method.
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Additional methods

Detailed methods for generation of ependymoma lines, flow

cytometry, reverse transcription PCR (RT-PCR), validation of

RNA-seq data, SEC61G–EGFR fusion screening assay, quantitative

real-time PCR (qPCR), immunofluorescence analyses of human

ependymomas, double-immunofluorescence analyses of cell

lines and xenograft sections, subcutaneous xenografts, statistical

methods, primers and antibodies used are available in Supple-

mentary Data.

Results

MI ependymoma SCs display impaired proliferation in vitro,

but increased intracranial tumorigenicity

To assess whether ependymoma SCs can proliferate inde-

pendently of mitogen stimulation, three ependymoma lines

(EPP, EPV, and EPV-FL) established in SCM were cultured in

MFM for approximately 4 months. All cultures developed into

permanent MI lines (EPP-MI, EPV-MI, and EPV-FL-MI), which

displayed doubling times up to 3-fold longer (Fig. 1A; Sup-

plementary Fig. S1C), and a 2- to 3-fold higher cell death rate

(Fig. 1B). Acute deprivation of mitogens strongly impaired

growth of MD lines, because of a time-dependent increase in

cell death. Conversely, addition of mitogens slightly enhanced

the proliferation rate of MI lines and significantly reduced cell

death only after prolonged exposures (8–14 days). Together,

these data suggest that withdrawal of exogenous mitogens

exerts a positive selection pressure on MI subpopulations, in

which, however, MD cells continue to form and die in the

absence of growth factors, being rescued from cell death by the

addition of EGF/FGF2.

Contrasting their diminished proliferative ability in vitro, all

MI lines retained intracranial tumorigenicity. Moreover, mice

engrafted with EPP-MI and EPV-FL-MI cells survived signifi-

cantly shorter (median, 25 and 59 days, respectively) than

mice engrafted with EPP (median 71 days, P ¼ 0.0007, log-

rank test) or EPV-FL cells (median 68 days, P ¼ 0.0105, log-

rank test; Fig. 1C). There was no significant difference between

survival of mice bearing EPV or EPV-MI tumors (Supplemen-

tary Fig. S1D).

We furthered our investigation in EPP-MI and EPV-FL-MI

models, which showed a more aggressive in vivo behavior. To
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Figure 1.

MI ependymoma lines retain proliferative

and tumor initiation properties. A, In vitro

proliferation of paired MD and MI

ependymoma lines was evaluated in their

respective growth media, i.e., SCM and

MFM, respectively (filled symbols).

Parallel experiments were performed in

the reverse conditions for each line

(empty symbols). One representative

experiment in triplicate is shown. B, Cell

death of the above proliferation curves

was plotted as mean� SD through days 1

to 7 and days

8 to 14. � , P < 0.05; �� , P < 0.01; Student

t test. C, Survival of mice (at least,

5 mice/group) after orthotopic injection

of an equal number of viable cells of the

indicated lines. Micewere sacrificedwhen

brain tumor symptoms developed.

Survival was examined using the

Kaplan–Meier method.
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address whether enhanced tumor-initiating capability of MI lines

was associated with more pronounced stemness features (9, 14),

we compared mRNA expression of CD133 (PROM1), OLIG2,

NES, and SOX2 in paired MD and MI lines by qPCR. The levels

of these markers either decreased significantly (CD133, OLIG2,

and NES) or were unchanged (SOX2) in EPP-MI cells (Fig. 2A).

CD133 andOLIG2 transcript levels were also significantly reduced

in EPV-FL-MI, with no substantial differences in NES and SOX2

expression. Flow cytometric analysis confirmed that the CD133-

positive fraction was reduced in MI lines (Fig. 2B). As for the

markers of differentiation pathways, the oligodendroglial marker

GALC was downregulated in both MI lines, whereas the SC/

astrocytic marker GFAP increased in EPV-FL-MI, while decreasing

in EPP-MI. The levels of the neuronal marker TUBB3 were to the

limit of detection.

The differential expression of stemness markers between MD

and MI lines could be due to culture conditions. Therefore, both

EPP and EPP-MI lines were grown in either SCM or MFM for 48

hours before the quantification of mRNA levels of SC markers.

When lines were grown in the same culture media, a consistent

and significant decrease in the expression of all themarkers tested

was observed in EPP-MI cells as compared with EPP (Fig. 2C).

MI ependymoma lines express constitutively active EGFR or

EGFRDN566/EGFRDN599

Because EGF-dependent EGFR signaling is essential for the

proliferation of neural and brain tumor SCs (13), we examined

the expression and activation status of EGFR in MD and MI

ependymoma cultures. Level of total EGFR was higher in EPV-MI

and EPV-FL-MI lines as compared with parental MD lines,
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Figure 2.

Increased tumorigenicity of MI lines is

not associated with a consistent

modulation of stemness/differentiation

markers. A,mRNA quantification of the

indicated neural SC markers (CD133,

OLIG2, NES, and SOX2) and

differentiation markers (GALC and

GFAP) in paired MD and MI

ependymoma lines cultured in their

respective proliferationmedia, i.e., SCM

and MFM, respectively. B, Flow

cytometric analysis of CD133

expression in ependymoma lines. Cells

were stained with fluorescence-

conjugated antibodies and detected by

flow cytometry. C, qPCR analysis of the

expression of the indicated genes in

EPP and EPP-MI lines, both grown in

either SCM or MFM for 48 hours.

In A and C, results are represented as

mRNA levels relative to HPRT

expression (mean� SD; at least, n¼ 6).

Student t test was used for statistical

significance: NS, not significant;
� , P <0.05; ��, P <0.001; ��� , P <0.0001;

significantly different from gene

expression levels in the corresponding

MD line.
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whereas it wasmuch lower in EPP-MI (Fig. 3A). Detection of EGFR

in EPV cells, which express low levels of the receptor (14), required

prolonged film exposure times. Activated EGFRwas observed only

in EPV-FL-MI, in spite of the absence of exogenous EGF. Of

interest, in EPP-MI cells, a highly expressed protein of approxi-

mately 80 kDa was recognized by antibodies to either EGFR-C

terminal or phosphorylated EGFR (pEGFR), but was not by an

antibody recognizing the N-terminal of the receptor (Fig. 3A).

Differential EGFRexpressionamong lineswas confirmed atmRNA

levels by qPCR with two interexonic Taqman assays, correspond-

ing to the coding regions of EGFR N-terminal (exons 4–5) or C-

terminal (exons 27–28; Supplementary Fig. S2A). Both amplicons

were upregulated in EPV-MI andEPV-FL-MI as comparedwithMD

lines, with the highest levels in EPV-FL-MI. In EPP-MI cells, only

the expression of the C-terminal coding region increased, whereas

the amplicon encompassing exons 4 to 5 was highly diminished.

Together, these data suggested that EPP-MI cells harbored trun-

cated EGFR.

To characterize the transcript encoding for this putative EGFR

variant, long-distance RT-PCR was used to amplify EGFR cDNAs

in EPP and EPP-MI cells. We could detect an amplicon of the

expected size for full-length EGFR (�4.2 Kb) in both lines,

whereas no amplicon using the canonical ATG initiation codon

of the EGFR transcript and coding for an �80 kDa protein

(expected size � 2.4 Kb) was found in the EPP-MI line (Fig. 3B).

We therefore hypothesized that the EGFR variant could be a

fusion protein retaining the C-terminus of EGFR downstream to

an N-terminus of an unknown protein. To resolve the identity of

the gene fusion, transcriptome analysis on EPP and EPP-MI lines

was performed, which identified an open reading frame resulting

from an SEC61G-EGFR gene fusion joining the 50-UTR of SEC61G

(NM_014302) and exon 14 of EGFR (NM_005228; Fig. 3C). The

two genes are located on chromosome 7 and reside adjacent to

one another in opposite orientation. PCR amplification and

Sanger sequencing identified two distinct fusion mRNAs, arising

from in-frame splicing of the 50-UTR of SEC61G upstream of

either exon 14 or exon 15 of EGFR (Fig. 3B and D). Skipping of

exon 16was present in bothmaturemRNAs, withmaintenance of

the reading frame to the canonic stop codonwithin EGFRexon28.

The two mRNAs, which likely originate from alternative splicing

of SEC61G-EGFR transcript, were predicted to encode for two

novel fusion products, EGFRDN566 (GenBank MF434546) and

EGFRDN599 (GenBank MF434547), which retain the transmem-

brane and the kinase domain of EGFR, but lack the extracellular

ligand-binding region almost completely (Fig. 3E).

By using a nested RT-PCR assay, we confirmed the presence of

the SEC61G–EGFR gene fusion found in EPP-MI line also in the

corresponding MD line. Specifically, the chimeric mRNAs were

present at high levels in EPP-MI cells and at very low levels in EPP,

where they were detected only after the second round of
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Figure 3.

Constitutively active EGFR or

EGFRDN566/EGFRDN599 are present

in MI ependymoma lines. A, Detection

of total and phosphorylated EGFR

(pEGFR) in MD and MI ependymoma

lines. Antibodies raised against the

C-terminus (EGFR-C) or N-terminus

(EGFR-N) were used for total EGFR.

Actin was used as a loading control.

B, PCR amplicons of full-length EGFR

(left) and SEC61G–EGFR (right) from

cDNAs from the indicated

ependymoma lines.Waterwasused as

a negative control for the PCR. C, Split

reads are shown aligning on the

breakpoint. D, Electropherograms at

the breakpoint of two distinct

SEC61G–EGFR fusion products

detected in EPP-MI cells.

E, EGFRDN566/EGFRDN599

sequences and schematics, showing

the extracellular domain (ECD), the

transmembrane (TMD), and kinase

(KD) domains of the gene fusion

products. In red, thefirstmethionine of

EGFRDN566 and EGFRDN599,

respectively.

Servidei et al.

Cancer Res; 77(21) November 1, 2017 Cancer Research5864

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

7
/2

1
/5

8
6
0
/2

9
3
4
3
5
6
/5

8
6
0
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



amplification (Supplementary Fig. S2B and S2C). In the EPP line,

SEC61G–EGFRmRNAshadbeen retained through serial passages,

with their level being positively modulated by growth factor

deprivation (Supplementary Fig. S2C).

We finally addressed the molecular features underlying the

constitutive activation of EGFRDN566/EGFRDN599or full-length

EGFR observed in MI cells. Enhanced signal mediated by EGFR

can occur through overexpression of the receptor or cognate

ligands (EGF and TGFA), heterodimerization with other EGFR

family members (HER2, HER3, or HER4) or be due to mutations

promoting constitutive catalytic activity (17). Sequencing of the

entire region coding for the catalytic domainofEGFR ruledout the

presence of point mutations or small indels predicted to drive

hyperactive behavior of the receptor in bothMI lines.Quantitative

PCR analysis revealed that EGF, HER2 (ERBB2), and HER4

(ERBB4) were expressed at similar and very low levels in all paired

MD and MI lines, whereas HER3 (ERBB3) and TGFA were even

diminished inMI lines (Supplementary Fig. S2D). Together, these

data suggest that constitutive activation of full-length (in EPV-FL-

MI cells) or truncated EGFR (in EPP-MI cells) is likely due to

receptor overexpression, accompanied by loss of autoinhibitory

regulation in EGFRDN566/EGFRDN599.

SEC61G–EGFR fusion is present in pediatric ependymomas

To assay for the presence of SEC61G–EGFR fusion in pediatric

ependymomas,we screened16 tumor specimens from15patients

by nested RT-PCR assay, including the tumor (EPM1) fromwhich

the lines harboring the rearrangement had been derived. The first

round of PCR with specific primers for SEC61G–EGFR showed

chimeric mRNAs in one recurrent infratentorial ependymoma

WHO III (EPM6), but not in EPM1 (Fig. 4A). We interpret this

finding as likely due to high intratumor heterogeneity for

SEC61G–EGFR fusion. The second round of PCR and Sanger

sequencing confirmed the presence of the fusion gene only in

the positive sample, and apparently excluded that SEC61G–EGFR

fusions could be expressed at very low levels in the other samples.

Overall, these data support the view that SEC61G–EGFR chimeric

products are likely to have a heterogeneous intratumor pattern,

similar to other EGFR alterations in neural tumors (29–31). The

small number of samples analyzed for the presence of the

SEC61G–EGFR fusion does not allow definitive conclusions

regarding the frequency of this genetic event in ependymomas.

We finally analyzed the expression of EGFR in EPM1 and EPM6

by immunofluorescence. EPM6 displayed strong positivity for

EGFR in the majority of tumor cells, whereas EPM1, which had

scored negative in the RT-PCR assay, exhibited positive staining

only in discrete clusters of cells (Fig. 4B and C).

EPP-MI line stably maintains the expression of EGFRDN566/

EGFRDN599

To further characterize EGFRDN566/EGFRDN599, we investi-

gated its expression pattern in vitro and in vivo by immunofluo-

rescence using EGFR-C and EGFR-N antibodies (Fig. 5A–C).

Cytological comparison of EPP and EPP-MI lines showed that

thefirst displayed an overlapping pattern of EGFR expressionwith

both antibodies; by contrast, the EPP-MI line exhibited a diffuse

staining with EGFR-C antibody, whereas only few cells reacted

with both EGFR-N and EGFR-C antibodies (Fig. 5A and C). These

data indicate that the EPP-MI line is mostly made up of cells

expressing EGFRDN566/EGFRDN599, with rare cells either

expressing full-length EGFR or coexpressing full-length and trun-

cated EGFR. The pattern of staining in vitro was similar to that

observed in intracranial EPP and EPP-MI tumors: an evenly

distributed labeling with both antibodies was evident in EPP

tumors (Fig. 5B and C), whereas in EPP-MI tumors a high and

diffuse staining was observed with EGFR-C antibody, which

colocalized with anti–EGFR-N antibody in some cells. A small

percentage of cells (�10%) reacted only with anti–EGFR-N in

EPP-MI xenografts.

To address whether EGFRDN566/EGFRDN599 is a stable

molecular feature of EPP-MI cells, we reestablished lines from

intracranial and subcutaneous tumors driven by EPP-MI and EPP

cells and determined EGFR expression by Western blot analysis.

Cultures derived frombothorthotopic andheterotopic xenografts

exhibited EGFR expression similar to that of the corresponding

patient-derived cell cultures (Supplementary Fig. S3A), i.e., full-

length EGFR in the lines established from EPP-tumors and trun-

cated EGFR in those established fromEPP-MI tumors.Of note, the

expression of EGFRDN566/EGFRDN599 was not affected by

culturing EPP-MI intracranial or subcutaneous tumor cells in

either MFM or SCM, neither did it differ in lines established from

the two in vivomodels. In addition, EPP-MI cells exhibited ahigher

tumor growth rate than EPP also after heterotopic implantation,

indicating that increased tumorigenicity is a niche-independent

feature of this line (Supplementary Fig. S3B). Together, these data

support the view that the EPP-MI line, which stably expresses the

gene fusion product, might represent a subpopulation of the EPP
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Figure 4.

SEC61G–EGFR fusion transcript is expressed in pediatric ependymoma. A,

SEC61G–EGFR exon 19–specific PCR from cDNAs derived from ependymoma

samples. Amplification of the housekeeping gene ACTB is shown. Water was

used as a negative control for the PCR. B, Representative microphotographs of

EGFR immunofluorescence in SEC61G–EGFR-negative (EPM1) and -positive

(EPM6) samples using an antibody that recognizes the C-terminus of EGFR.

Scale bar, 50 mm.C,Quantitation of staining of the above imageswas performed

using Cellsens Dimension software from Olympus. The Student t test was used

for statistical significance. � , P < 0.001.
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Figure 5.

Characterization of EGFRDN566/EGFRDN599 in EPP-MI cells.A, EGFR labeling in EPP and EPP-MI cells in vitro using antibodies that recognize epitopes at either the

N-terminus (EGFR-N) or C-terminus (EGFR-C) of EGFR. Nuclei were counterstained with DAPI. Scale bar, 20 mm. B, EGFR labeling on intracranial tumor

sections of mice injected with EPP and EPP-MI cells. Brains were processed when animals developed brain tumor symptoms approximately 75 and 25 days after

implantationsof equal numbersof EPPandEPP-MI cells. EGFRexpressionwasdetectedbyusing theprimary antibodies described above.Nucleiwere counterstained

with Hoechst. Scale bar, 50 mm. C, EGFR staining in A and B was quantitated by counting at least 5 � 100 cells from representative fields and was expressed as

the average percent positive. The Student t test was used for statistical significance. NS, not significant; � , P < 0.001. D and E, Subcellular localization of EGFR and

EGFRDN566/EGFRDN599 in ependymoma lines. D, MD and MI lines were grown in SCM and MFM, respectively. Samples were subjected to subcellular

fractionation toobtain cytoplasmic,membrane, andnuclear extracts and analyzedby immunoblot usingEGFR-C antibody. Short andprolongedexposures are shown

formembrane or cytoplasmic and nuclear extracts, respectively. E, EPP and EPP-MI cells weremitogen-starved for 48 hours and then treated with 25 ng/mL EGF for

the indicated times. Samples were subject to subcellular fractionation as in D. Blots were probed with the indicated antibodies. Efficacy of

subcellular fractionation in D and E is indicated by cytoplasmic marker protein actin, membrane marker protein calnexin, and nuclear marker protein PARP.

Densitometry analysis of the bands was performed using Image Lab software (Bio-Rad Laboratories Inc.). The numbers below the panels represent the expression

levels of phosphorylated STAT3 (pSTAT3) normalized to STAT3. One representative experiment out of two is shown.
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line. However, a functional state of SCs cannot be excluded,

mostly in the EPV-FL-MI line.

EGFRDN566/EGFRDN599 is associated with EGF-independent

activation of nuclear STAT3

Subcellular localization of EGFRDN566/EGFRDN599 in EPP-

MI cells paralleled that of full-length EGFR in the other lines,

being the majority of the proteins bound to membranes, and

much lower amounts recovered in the cytoplasmic and nuclear

fractions (Fig. 5D). Because STAT3 is amediator of EGFR signaling

through physical interaction and functional cooperation with

EGFR and EGFR mutants (32), we analyzed the subcellular

localization and activation status of STAT3 without and with EGF

in EPP and EPP-MI lines. In the absence of EGF, EGFR and

EGFRDN566/EGFRDN599 were mainly detected in the mem-

brane extracts (Fig. 5E). EGF treatment resulted in a time-depen-

dent decrease in themembrane-associated receptors in both lines,

with no substantial difference in the cytoplasmic and nuclear

EGFR and EGFRDN566/EGFRDN599. Prolonged exposure to EGF

promoted STAT3 phosphorylation in cytoplasmic, membrane,

and nuclear protein extracts in EPP cells, without increasing

STAT3 expression in any of the fractions. In contrast, STAT3 was

constitutively active in all subcellular compartments in EPP-MI

cells, with highest levels in the nucleus, nor was it further induced

by EGF treatment. Amounts of cytoplasmic and nuclear STAT3

were similar in EPP and EPP-MI lines, whereas the membrane

fraction of STAT3 was much higher in EPP-MI.

Constitutively active signaling through EGFR and EGFRDN566/

EGFRDN599 is efficiently suppressed by EGFR TKIs in MI

ependimoma lines

We compared EGFR-mediated signaling in MD and MI

cell lines in the absence (MFM) and presence of EGF. In MFM,

EGFR and downstream signaling molecules (STAT3, AKT, and

ERK1/2) displayed low levels of activation in MD cells, whereas

constitutive activation of either EGFRDN566/EGFRDN599 or

EGFR in EPP-MI or EPV-FL-MI lines, respectively, correlated

with overactivation of STAT3 and AKT, but had no significant

effect on ERK1/2 (Fig. 6; Supplementary Fig. S4A and S4B).

Addition of EGF triggered the canonical signaling cascade

through activation of EGFR, AKT, and ERK1/2 in MD lines. By

contrast, no induction above the baseline levels was evident in

EPP-MI cells, apart from a little increase in phosphorylated full-

length EGFR. In EPV-FL-MI, constitutive phosphorylation of

the receptor was further increased by EGF, with a parallel

activation of AKT and ERK1/2.

The EGFR TKIs AEE788 (Fig. 6) and gefitinib (Supplementary

Fig. S4B) prevented ligand-triggered phosphorylation of EGFR,

AKT, and ERK1/2 dose dependently in MD lines, in agreement

with our published data in EPP cells (14). Both agents also fully

suppressed the constitutive activation of EGFR and EGFRDN566/

EGFRDN599 in MI lines, reducing in parallel the levels of phos-

phorylated AKT and ERK1/2.

As for STAT3, it was unresponsive to EGF stimulation in all

lines, and its constitutive activation in MI lines was partially

inhibited by both EGFR-targeted agents only in EPP-MI cells.

Interestingly, phosphorylated STAT3 was present in MD cells

grown in SCM and reduced by mitogen starvation. These data,

together with the delayed, yet remarkable, activation of nuclear

STAT3 in EPP following prolonged EGF exposure (Fig. 5E), and

the only partial response to EGFR inhibitors inMI lines in spite of

high constitutive STAT3 activation, suggest that other pathways

converge on STAT3 in ependymoma cells in addition to EGFR.

No substantial difference in the abundance of total STAT3, AKT,

and ERK1/2 was observed among lines and conditions; by con-

trast, the amounts of total EGFR were markedly different in lines

grown in MFM compared with SCM. Specifically, MFM deter-

mined upregulation of EGFR expression in MD lines, without

altering its phosphorylation status. On the other hand, SCM

decreased EGFR expression and activation in EPV-FL-MI, these

data reinforcing the view of a predominant ligand-independent

activation of EGFR signaling in this line. Levels of total and

phosphorylated EGFRDN566/EGFRDN599 were substantially

unchanged in the two culturing conditions.

To further explore the effects of EGFR TKIs on ligand-indepen-

dent signaling mediated by EGFRDN566/EGFRDN599, we com-

pared the activation profile in EPP and EPP-MI lines in MFM

(Supplementary Fig. S4C). In EPP cells, only AKT basal activation

was reduced to some extent by both TKIs; in contrast, a significant

loss of signals downstream to EGFR occurred in EPP-MI cells,

where the activation of AKT andERK1/2 decreased in parallel with

that of EGFRDN566/EGFRDN599. Activated STAT3 was less

responsive to pharmacological inhibition.

Ependymoma lines with ligand-independent EGFR

signaling are specifically sensitive to the antiproliferative

effects of EGFR TKIs in vitro and in vivo

Constitutive activation of EGFR confers sensitivity to EGFR

TKIs in cell lines from different tumors, including glioblastoma

(33–35). No data are available in ependymoma lines. To

address whether treatment with EGFR TKIs differentially affects

the proliferation of cells with ligand-dependent versus ligand-

independent EGFR signaling, we exposed MD and MI lines to

serial concentrations of gefitinib or AEE788. Both agents

exerted a dose-dependent reduction in the number of viable

cells with a concomitant increase in the number of nonviable

cells (Fig. 7A and B; Supplementary Fig. S5A and S5B). Graph

plots and IC50 values indicated that MI lines were up to 3-fold

more sensitive to the antiproliferative effects of both agents

than their counterparts, being the EPP-MI line, which harbors

EGFRDN566/EGFRDN599, 2-fold more responsive than EPV-

FL-MI (Supplementary Table S2).

To further assess whether EGFRDN566/EGFRDN599 could

represent a druggable target by EGFR TKIs, we compared the

cellular events elicited by AEE788 in EPP and EPP-MI cells.

Long-term exposure to 1 mmol/L AEE788 induced apoptosis in

EPP cells, as detected by the cleavage of PARP (Fig. 7C),

confirming our previous findings (14). In EPP-MI cells, AEE788

was able to promote earlier onset of apoptosis, because

PARP cleavage occurred after a 3-day treatment and at a lower

dose (Fig. 7C). Although AEE788 irreversibly blocked the

catalytic activity of EGFR and EGFRDN566/EGFRDN599, it

determined upregulation of EGFR in EPP cells, while decreasing

the amounts of EGFRDN566/EGFRDN599 in EPP-MI cells.

Finally, we addressed whether the differential effects of EGFR

blockade observed in EPP and EPP-MI cultures translate to in vivo

survival difference by targeting EGFR in intracranial tumor

growth. In agreement with our previously published data (14),

orally administered AEE788 did not exert any antitumor activity

on orthotopic EPP-driven tumors (log-rank, P ¼ 0.7), whereas it

determined a statistically significant prolongation of survival of

mice bearing EPP-MI xenografts (log-rank, P ¼ 0.0002; Fig. 7D).

SEC61G–EGFR Fusion in Pediatric Ependymomas
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AEE788 reduced the proliferating fraction in EPP-MI xenografts,

as evidenced by a significant decrease in the percentage of Ki-67

positive tumor cells inhistological preparations fromdrug-treated

animals (Fig. 7E and F). Staining with EGFR-C and EGFR-N

antibodies demonstrated that AEE788 mostly targeted cells

expressing mutant EGFR, because the percentage of EGFR-C

Figure 6.

EGFR and EGFRDN566/EGFRDN599 are constitutively active in MI ependymoma lines and are blocked by the EGFR TKI AEE788. Cells were grown in SCM or

MFM for 48 hours. Mitogen-starved cells were then treatedwith increasing concentrations of AEE788 for 2 hours prior to a 10-minute stimulationwith 25 ng/mL EGF.

Cell lysates were subjected to immunoblot analysis with antibodies to phosphorylated (p) and total EGFR (EGFR-C), STAT3, AKT, and ERK1/2. Densitometry

analysis of the bands was performed using ImageJ. The numbers below the panels represent the relative expression of each phosphorylated protein to the

corresponding total protein. One representative experiment out of at least two is shown.
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Figure 7.

EGFRDN566/EGFRDN599 expression confers sensitivity to in vitro and in vivo targetingwith EGFR TKIs.A,Dose-dependent antiproliferative effects of the indicated

EGFR TKIs in EPP and EPP-MI lines, harboring either full-length EGFR or EGFRDN566/EGFRDN599, respectively. Cells were treated with the indicated drug

concentrations for 72 hours (mean� SD, n¼ 6).B, Cell death of the sensitive assays shown inA. C, Time course of the effects exerted by AEE788 on the activation of

PARP andEGFRor EGFRDN566/EGFRDN599 in EPP andEPP-MI lines, respectively. Cellswere exposed to the indicated concentrations ofAEE788 for 3 or 7 days. Cell

lysates were subjected to immunoblot analysis with the indicated antibodies. D, Survival analysis of mice bearing orthotopic EPP or EPP-MI xenografts.

Animals were treated with orally administered vehicle or AEE788 (50 mg/kg daily for 5 days for 4 weeks; n ¼ 8 mice/group). On the appearance of brain tumor

symptoms, animalswere sacrificed. Survival was examined using the Kaplan–Meiermethod. E,Ki-67 staining of intracranial EPP-MI tumor sections frommice treated

with vehicle or AEE788. Scale bar, 100 mm or 50 mm, respectively. Red arrow, Ki-67–negative tumor cells. F, Quantitation of Ki-67 staining shown in

E. At least 5 � 100 cells were counted in five nonconsecutive sections of each histological preparation. Ki-67 staining was expressed as the percentage of Ki-67–

positive cells with respect to Hoechst stained cells of the same sections. Student t test was used for statistical significance. �, P < 0.001; significantly different

from the sections of vehicle-treated animals.
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positive cells was significantly reduced, whereas the percentage of

double-positive cells was unchanged and that of EGFR-N positive

cells increased (Supplementary Fig. S6A and S6B). These cells

likely express N-terminus soluble isoform(s) of EGFR, that we

found only in vivo, probably as the product of alternative splicing

(36–38). No statistically significant change in the percentage of

the different EGFR isoforms was evident in EPP xenografts after

AEE788 administration.

Overall, in vitro and in vivo data support the idea that consti-

tutive activation of EGFR signal in ependymoma, including that

one driven by EGFRmutants,might be therapeutically targeted by

EGFR TKIs.

Discussion

In this study, we provide evidence that autonomous prolifer-

ative and prosurvival behavior of ependymoma SCs is mediated

by EGFR through mechanisms altering both the expression and

the control of the catalytic activity of the receptor, although other

pathways might be involved. Constitutively active EGFR and

EGFRDN566/EGFRDN599 are associated with overactivation of

AKT and STAT3, sensitization to EGFR TKIs and increased tumor-

igenicity. The growth advantage of ependymoma SCs expressing

activated EGFR or EGFRDN566/EGFRDN599 is observed only in

vivo, in agreement with previous findings in MI glioblastoma SCs

with high-level EGFR amplification/EGFRvIII expression (23).

These results suggest that alterations of EGFR signaling play an

important role in tumor progression, possibly by influencing

interactions of tumor cells with their microenvironment.

From both the structural and functional standpoints, the

newfound SEC61G–EGFR gene fusion products EGFRDN566/

EGFRDN599 resemble the well-characterized EGFRvIII, which

lacks part of the extracellular domain, is constitutively phos-

phorylated and signals through overactivation of AKT and

nuclear STAT3 (32, 33). Alike EGFRvIII, EGFRDN566/

EGFRDN599 potently accelerate tumor growth, but they also

sensitize ependymoma cells to the antiproliferative effects of

EGFR TKIs both in vitro and in vivo (33, 35). Continuous

treatment with EGFR TKIs was found to cause a marked

decrease in the levels of EGFRDN566/EGFRDN599, while

inducing upregulation of full-length EGFR. In EGFRvIII-expres-

sing glioblastoma, EGFR TKIs cause loss of EGFRvIII in cell lines

and tumor tissues from treated patients, suggesting that deple-

tion of EGFRvIII might be a clinically relevant mechanism of

resistance to the pharmacological blockade of EGFR signaling

(35). By the same token, it is tempting to speculate that

EGFRDN566/EGFRDN599 expression might identify a subpop-

ulation of ependymoma cells potentially responsive to inhibi-

tion of EGFR signaling. However, our finding that STAT3 is only

partially inhibited suggests that EGFR targeting alone could not

suffice to inhibit tumor growth.

The relative resistance of STAT3 to EGFR TKIs is in agreement

with findings in other tumor cell lines that express mutant EGFR,

where gefitinib is able to suppress EGFR, ERK1/2, and AKT

phosphorylation, but less so STAT3 phosphorylation (39). A

variety of stimuli converge on STAT3, including growth factors

and cytokines, and research in the STAT3 pathway has far largely

broadened the mechanisms by which this transducer is activated

(40). Human glioma tissues and SCs that express EGFRvIII also

express IL6, the prototypical activator of STAT3 (41). Constitutive

IL6/STAT3 activation drives growth of high-risk ependymomas

(42). In different tumors, aberrant EGFR signaling promotes

activation of NF-kB, which is functionally linked to STAT3 (43,

44). In addition to EGFR, other pathways likely drive STAT3

activation in MI ependymoma lines, suggesting that the thera-

peutic efficacy of EGFR TKIs in tumors with EGFRmutants and/or

activated EGFR could improve with concomitant inhibition of

STAT3.

EGFRDN566/EGFRDN599 were identified in one ependy-

moma SC line exhibiting high tumorigenicity, in spite of an

overall decrease in the expression of stemness markers, includ-

ing CD133. Although CD133 is a defining marker for cancer

SCs, we have shown that CD133 expression does not segregate

with tumorigenicity in ependymoma SCs (14, 26). Here, we

demonstrate that the activation/expression of full-length or

truncated EGFR correlates with tumor-initiating property of

ependymoma SCs, possibly explaining why the EPV-MI line,

which does not display EGFR activation, does not exhibit a

more malignant phenotype. On the whole, our data are in

agreement with findings in glioblastoma SCs, where EGFR

expression positively correlates with in vivo tumor growth more

than CD133 expression (45).

Notably, RT-PCR sequencing of 16 pediatric ependymomas

identified SEC61G–EGFR fusion in one infratentorial tumor

WHO III. Our limited cohort of patients does not allow deter-

mining an accurate estimate of the frequency of SEC61G–EGFR

fusions in childhood ependymomas, and further efforts are

required to establish the clinical relevance of this event in this

malignancy. So far, only two fusions have been discovered in

ependymomas, which involve either the YAP1 or RELA genes, and

characterize two distinct tumor subgroups both arising in the

supratentorial compartment (8, 46). More recently, the novel

TSPAN4-CD151 fusion gene has been identified in one pediatric

infratentorial anaplastic ependymoma throughRNA-seq andPCR

validation, although the functional importance of the fusion has

not been addressed (47). The SEC61G–EGFR fusion here charac-

terized involves two genes that are normally positioned on

chromosome 7p11, approximately 0.26 megabases away from

each other. SEC61G–EGFR fusions have been reported in 4 of 164

glioblastoma transcriptomes (2.4%); however, neither chimeric

products nor functional data have been provided (48). Interest-

ingly, 29% of the mRNA fusion transcripts found in this study

involve 30 or 50 untranslated regions, and a high percentage (44%)

of the intrachromosomal rearrangements results from recombi-

nation of genomic loci distant less than 1 megabase from one

another (48).

In the last decade, high-throughput genomic, transcriptional,

and epigenetic analyses have highlighted the complex genetic

landscape of ependymomas (8–12, 46). However, subclonal

molecular mutations might go undetected by DNA and RNA

sequencing of bulk tumors, taking into account that tumors

usually consist of multiple clonal populations often residing

among genetically normal noncancerous cells (30, 49–51). A

mosaic pattern of EGFR aberrations at both genomic and tran-

scriptomic levels has been identified through single-cell DNA and

RNA sequencing in glioblastoma (52, 53). Cell lines generated

from glioblastoma with heterogeneous pattern of expression/

amplification of receptor tyrosine kinases exhibit genotype selec-

tion under receptor-targeted ligand stimulation (22, 23, 30).

Here, we show that clonal expansion of tumor-derived cells

through differential selective pressure exerted by culture condi-

tions can successfully be used in ependymomas as a

Servidei et al.
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complementary strategy to uncover intratumor genetic heteroge-

neity and identify novel alterations contributing to the pathoge-

netic mechanisms and drug sensitivity of this malignancy.

In conclusion, our work documents that constitutive activation

of EGFR and of its downstream signaling pathways mediated by

AKT and STAT3 is associated with mitogen independence and a

more aggressive behavior of ependymoma SCs. Enhanced levels

of EGFR and phosphorylated STAT3 occur in patients with epen-

dymoma, especially in the anaplastic histology group (20, 21, 54).

Together, these data suggest that the EGFR/STAT signaling axis

might be essential to dictate the transcriptional profile of more

malignant ependymoma cells and might be therapeutically tar-

geted. SEC61G–EGFR is the first fusion that has been described at

both molecular and functional levels in infratentorial ependy-

momas and represents the first instance of an EGFR fusion that is

endogenously expressed by ependymoma SCs. Further studies are

necessary to define its prevalence in these neoplasms and assess its

overall clinical relevance.
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