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Abstract

Background. Glioblastomas are universally lethal brain tumors containing tumor-propagating glioblastoma stem
cells (GSCs). EGFR gene amplification or mutation is frequently detected in GBMs and is associated with poor
prognosis. However, EGFR variants in GSCs and their role in the maintenance of GSCs and progression of GBM
are unclear.

Methods. EGFR variants were detected through bioinformatic HISAT-StringTie-Ballgown pipeline and verified
through 5" RACE, RT-PCR, ribonuclease protection, and northern blotting assays. EGFRx function was investigated
through neurosphere, cell viability, intracranial xenograft and RNA-seq assays. EGFRx-STAT5 signaling was inves-
tigated through western blotting, coimmunoprecipitation, immunofluorescence, luciferase reporter, RT-PCR and
CUT&Tag assays.

Results. We identified a novel EGFR variant (EGFRx), that is specifically expressed in GSCs. Unlike the EGFRvIII
variant, which lacks exons 2-7, EGFRx is characterized by the absence of exons 2-14, and encodes an EGFR protein
that does not possess the entire extracellular ligand-binding domain. We observed that EGFRx exhibits significant
glycosylation, is required for GSC self-renewal, proliferation, and tumorigenesis, and highly active in glioblast-
omas compared to normal brain tissue. Mechanistically, EGFRx constitutively and specifically activates STAT5 in
GSCs through spontaneous asymmetric dimerization of the kinase domain.

Conclusions. EGFRx plays essential roles in the maintenance of the GSC phenotype through constitutive activa-
tion of STAT5 and promotes GBM progression, suggesting that EGFRx-STAT5 signaling represents a promising
therapeutic target for GBM.

Key Points

Glioblastoma (GBM; World Health Organization grade IV
glioma) is the most prevalent and malignant primary brain
tumor.' Despite recent advances in cancer treatment, cur-
rent therapies for GBM, including surgical resection, radio-
therapy, and chemotherapy, remain largely ineffective. The
estimated median survival of affected patients is less than a

year,2 mainly due to therapeutic resistance and rapid tumor
recurrence.®> GBM-derived stem cells (GSCs) represent a pop-
ulation of undifferentiated cells that are characterized by their
self-renewal, proliferative, differentiation capacities and their
in vivo tumorigenic capacity to propagate tumors that recapit-
ulate the phenotype of the original tumor from which they are
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Importance of the Study

GSCs promote GBM progression and confer high re-
sistance to chemotherapy and radiotherapy. In this
study, we discovered a mechanism for the mainte-
nance of GSC population through a novel EGFR variant
called EGFRx. EGFRx exhibits some unique characteris-
tics compared to other known EGFR variants, such as
the absence of the entire extracellular ligand-binding

isolated.* Cancer stem cells have been shown to confer
high resistance to chemotherapy and radiotherapy.5®
Hence, targeting GSCs is an attractive strategy for treating
GBM.

The EGFR receptor consists of an extracellular ligand-
binding domain (ECD), a hydrophobic transmembrane
domain (TMD), and an intracellular cytoplasmic do-
main (ICD) that is further divided into a tyrosine ki-
nase domain and C-terminal tail. Ligand binding to the
ECD triggers dimerization of the receptor and induces
autophosphorylation of the C-terminal tail.” EGFR activa-
tion depends on the asymmetric dimerization of the ki-
nase domain, in which one kinase domain allosterically
activates the other.® EGFR activation leads to the activa-
tion of multiple downstream effectors, such as phospho-
inositide 3-kinase (PI3K), mitogen-activated protein
kinase (MAPK), and signal transducer and activator of
transcription (STAT).?

Aberrant EGFR activation is frequently detected in GBMs
and is associated with poor prognosis. Multiple mechan-
isms contribute to abnormal EGFR activation in GBMs,
such as EGFR gene amplification and mutation."® EGFR
gene amplification/mutation is associated with the TCGA-
GBM classical subtype' and enriched in the astrocyte-like
GBM cells.’? As the most common EGFR mutant in GBM,
EGFRvVIIl contains an in-frame deletion of exons 2-7 and
is often expressed in GBMs with EGFR amplification.’®-'5
EGFR vlll is constitutively phosphorylated and has been
demonstrated to be tumorigenic.'®'7 Other EGFR variants
in GBM include ECM truncation mutants (EGFR vl and
vll),318 several ECM point mutation variants,'2° and cy-
toplasmic tail deletion mutants (EGFRvIV and vV)."® In ad-
dition, circular RNA in GSCs encodes a rolling-translated
EGFR protein complex that persistently activates onco-
genic EGFR signaling.?' The presence of multiple EGFR
variants highlights the GBM heterogeneity and may limit
the effectiveness of EGFR-targeted therapy for GBMs.??
Therefore, identifying other EGFR variants in GBM cells,
especially in GSCs, is of great importance.

In this study, we identified a novel EGFR transcript
(EGFRXx) specifically expressed in GSCs. EGFRx lacks exons
2-14 and translates an in-frame EGFR truncation protein
missing the entire ECD. EGFRx constitutively and specifi-
cally activates STAT5 through the asymmetric dimeriza-
tion of its kinase domain. We further demonstrate that the
EGFRx signaling is essential for the self-renewal and pro-
liferation of GSCs and that its upregulation in GBMs may
contribute to GBM progression.

domain, its restricted expression in certain GSCs , and
the specific regulation of downstream STAT5 signaling.
Moreover, we found that a subset of GBM samples pre-
dominantly express EGFRx. These results highlight the
heterogeneity of EGFR and have profound implications
for understanding the underlying mechanisms driving
GBM development.

Materials and Methods
Cell Culture

GSCs (456, 387, 4121, and 3691) were kind gifts from Dr.
Jeremy N Rich (Department of Neurology, University of
Pittsburgh, Pittsburgh, Pennsylvania), Dr. Shideng Bao
(Department of Cancer Biology, Lerner Research Institute,
Cleveland Clinic, Cleveland, USA), and Dr. Xingjiang Yu
(Department of Histology and Embryology, Huazhong
University of Science and Technology). Further details re-
garding additional validation assays for GSCs and cell
culturing conditions can be found in the Supplementary
Materials and Methods.

Plasmids and Reagents, Western blotting,
Immunofluorescence, Coimmunoprecipitation
(CO-IP), and Cytoplasm/Nuclear Fractionation

See the Supplementary Materials and Methods for details.

GBM Samples, CD133" Cell Sorting, RNA
Isolation, and RT-PCR

The GBM tissues were obtained from patients who un-
derwent surgical treatments in Tongji Hospital, Tongji
Medical College, Huazhong University of Science and
Technology. This study was approved by the ethical
committee under the Helsinki Criteria. Informed consent
was obtained from all patients included in this study.
The CD133* and CD133- cells were isolated from the
GBM fresh samples through flow cytometry. The RNA
was extracted with TRIzol, and cDNA was synthesized for
RT-PCR detection. See the Supplementary Materials and
Methods for details.

5 RACE

The HiScript-TS 573' RACE Kit (Vazyme, RA101-
01) was used to obtain the 5° UTR sequence of the
EGFRx transcript with the reverse primer E16-17R (5’
ATCTTAGGCCCATTCGT 3'). The purified 5 UTR frag-
ments were cloned into the pUC-19 vector, followed by
sequencing and alignment with EGFR mRNA and ge-
nomic sequences.
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Endonuclease Protection

The biotin-labeled probe listed in Table S3 was generated
by PCR with biotin-16-dUTP (Roche, 11093070910) to target
EGFRwt, EGFRx, or both transcripts. RNase protection ex-
periments were conducted using the RPA Il RNase Protection
Assay Kit (Thermo Fisher Scientific, AM1414). RNA was ap-
plied to a 5% TBE/urea gel and transferred to a nylon mem-
brane (Thermo Fisher Scientific, AM10100). The biotinylated
probes bound to membranes were recognized by IRDye
680RD streptavidin (LICOR, 926-68079), and the fluorescence
signal was captured by a Licor Odyssey-CLx machine.

Northern Blot

Total RNA was separated by formaldehyde gel electropho-
resis. The negatively charged RNA was transferred onto
a nylon membrane driven by capillary forces (overnight).
Membranes were cross-linked to the RNA (60 °C, 2 h).
Subsequently, the RNA fixed in the membrane was hybrid-
ized with the biotin-labeled probe (68 °C, 16 h).The sequences
for the E26 and E1-15 probes were the same as the endonu-
clease protection probes, as listed in Supplementary Table
S3.The hybridization signal was recognized by IRDye 680RD
streptavidin and detected by a Licor Odyssey-CLx machine.

Stable Cell Establishment, Cell Viability, and
Limiting Dilution Assay

The lentivirus packaging system was used to establish the
knockdown and overexpressing stable cells. Cell viability
was measured using the CellTiter-Glo Assay Kit (Promega,
#G7571). GSCs were plated with diluted cell numbers and
the sphere-forming frequency was calculated using ex-
treme limiting dilution analysis.?® See the Supplementary
Materials and Methods for details.

Intracranial Xenografts

Healthy male nude mice at 4-6 weeks old were purchased
from GemPharmatech and randomly grouped (6 mice per
group). 456 cells (2 x 10%/mouse, control vs. EGFRx knock-
down) or U251 cells (5 x 105mouse, control vs. EGFRx
overexpression) were injected into the right cerebral cortex
of nude mice at a depth of 3.5 mm. All mice were main-
tained in a 12-hour light/12-hour dark cycle with no more
than 5 mice per cage. The mice were sacrificed on the
same day when neurological signs were observed in either
mouse group. Brains were harvested and fixed in 4% form-
aldehyde overnight. Hematoxylin and eosin (H&E) staining
was performed to analyze tumor growth. In parallel, the
survival status of the injected mice in each group was re-
corded and the Kaplan-Meier survival analysis was per-
formed in GraphPad Prism.

HISAT-Stringtie-Ballgown Analysis

The RNA-seq reads were subjected to the HISAT-Stringtie-
ballgown analysis, as described.?* For further information,

please refer to the Supplementary Materials and Methods.
Details regarding the analyzed samples, along with the ex-
pression values of the EGFR transcripts, can be found in
SupplementaryTable S1.

Differential Gene Expression and Gene Function
Enrichment Analysis

Differential gene expression analysis of the RNA-seq data
was conducted using DESeq2 (v1.34.0), edgeR (v3.36.0),
and limma (v3.50.3) software packages. Gene function en-
richment analysis was performed using Gene Ontology
(GO) and Gene Set Enrichment Analysis (GSEA). See the
Supplementary Materials and Methods for details.

CUT&Tag Analysis

The CUT&Tag libraries were constructed using the
Hyperactive Universal CUT&Tag Assay Kit for lllumina
(Vazyme, TD903, China) and sequenced on the Novaseq
PE150 platform. The CUT&Tag analysis was performed as
previously described.?® See the Supplementary Materials
and Methods for details.

Statistical Analysis

Data are presented as the mean + SD, and statistical tests
(Student’s ttest, Wilcox test, and log-rank test) are indicated
in the respective figure legends. Statistics were performed
with GraphPad Prism or R packages. p values of <0.05 were
assumed to be statistically significant. *p < 0.05; **p < 0.01;
***p < 0.001.

Results

Identification of the EGFRx Transcript Specifically
Expressed in GSCs

To identify novel EGFR transcripts, we performed RNA-seq
analysis on a GSC line (456) and a GBM cell line (U251).
Exon coverage analysis revealed that EGFR reads ranging
from exon 2 to exon 14 (E2-E14) were almost absent in 456
cells compared to those in U251 cells (Figure 1A), indicating
the expression of a novel EGFR transcript (which we term
EGFRx) lacking E2-E14 in 456 cells. This EGFRx transcript is
distinct from EGFRuvIII, which lacks exons E2-E7,'3-'5 as con-
firmed by exon coverage analysis of an additional RNA-
seq dataset (GSE51281) comprising three GSCs: BTSC68
and BTSC73 expressing EGFRvIII (EGFRvIII*) and BTSC41
lacking EGFRvIII expression?® (Supplementary Figure S1A).

The HISAT-StringTie-Ballgown pipeline allows the de-
tection and quantification of novel transcripts from RNA-
seq data.? Through this pipeline, we identified 12 EGFR
transcripts, of which 10 transcripts matched the EGFR
transcript ID in the Ensemble database (known transcript
class code “="), while transcript 4 and 12 (novel class
code “J”) corresponded to the EGFRVIIl and EGFRx tran-
script, respectively (Supplementary Figure S1B, Figure 1B).
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The Ballgown quantification results revealed that the two
EGFRvIII* GSCs (BTSC68 and BTSC73) predominantly ex-
pressed EGFRVIIl (Figure 1B, Supplementary Figure S1C),
whereas the 456 cells predominantly expressed EGFRx
(Figure 1B-C).

To further investigate EGFR expression in GSCs, we ana-
lyzed a GEO RNA-seq dataset (GSE119834) (Supplementary
Table S1). Among the examined 43 GSCs, we observed
a positive correlation between EGFRx and EGFRtotal ex-
pression (Supplementary Figure S1D). The majority of
cells exhibited higher expression levels of EGFR wild-
type (EGFRwt) compared to EGFRx (Fig. 1D). However,
we identified two GSCs (SRR7820965 and SRR7820944)
expressed higher levels of EGFRx than EGFRwt (Figure
1D) and showed no detectable expression of EGFRvIll

(Supplementary Figure S1E). In contrast, one GSC
(SRR7820949) demonstrated elevated expression of
EGFRuvlll relative to EGFRwt, while exhibiting low levels of
EGFRx expression (Supplementary Figure S1E-F).

We also analyzed the expression pattern in 9 neural stem
cells (NSCs) from the GSE119834 dataset and 69 GBM cell
lines (GBLs) from the Cancer Cell Line Encyclopedia (CCLE)
(Supplementary Table S1). Our analysis revealed that all
NSCs and GBLs exhibited low expression levels of EGFRx
(Figure 1D). With the exception of DKMG cells, all NSCs and
GBLs showed low expression of EGFRvIII (Supplementary
Figure S1E-F).The high expression of EGFRvIIIin DKMG cells
corroborates previous findings.?’ Collectively, our findings
identify a novel EGFR variant, EGFRx, distinct from EGFRvlII,
which is specifically expressed in a subset of GSCs.
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Figure 1 Identification of EGFRx transcripts in GSCs. (A) Visualization of the RNA-seq read profile through IGV. The vertical lines indicate

the sequence reads. The boxes and horizontal lines indicate the EGFR exons and introns, respectively. The dashed box indicates the absence
of exons 2-14 within the EGFR transcript in the 456 cells. Three replicates (1#, 2#, 3#) of RNA-seq reads derived from 456 and U251 cells are
shown. (B) EGFR transcript detection in 456, U251, BTSC41, BTSC68, and BTSC73 cells. Twelve EGFR transcripts were identified through the
HISAT-StringTie-Ballgown pipeline. The boxes and dotted horizontal lines indicate exons and introns in each transcript. Transcript 4, 10, and 12
represent the EGFRVIII, EGFRwt, and EGFRx, respectively. The expression of each transcript is presented as log,-transformed FPKM values.
(C) Percentages EGFR transcripts in 456 and U251 cells. The percentages were calculated by dividing the transcript expression values by the
sum of all EGFR transcript expression values. Data are presented as the mean +SD from three replicate cells. *** p < 0.001 (Student’s ttest). (D)
Grouping of GSC, GBL, and NSC based on the relative expression of EGFRx and EGFRwt. The expression of EGFR transcripts in the three indi-
cated GSC lines were shown in Supplementary Figure S1E.
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Validation of EGFRx Transcript in GSCs

The full-length EGFR protein is encoded by 28 exons,
among which exons 1-15, exons 15-17, and exons 17-28
encode the ECD, TMD, and ICD, respectively?® (Figure 2A).
The above bioinformatic analysis indicates that EGFRx
lacks exons 2-14 but contains the remaining exons (Figure
2A). We then performed the following experiments to
validate the exon composition of EGFRx in 4 GSC lines
(3691, 4121, 387, 456). These GSCs were derived from
CD133* cells isolated from GBM surgical specimens or
xenografts and their functional characterization has been
previously described®?®30 and validated through the
neurosphere-forming, differentiation, and tumor forma-
tion assays (Supplementary Figure S2), as described in the
Supplementary Material and Methods.

First, we performed 5 RACE with a reverse primer com-
plementary to the exon 16-exon 17 junction (E16-17R) in
456 cells (Figure 2B). Through DNA sequencing of the 5’
RACE products, we detected a transcript fragment with
the 5’ end sequence consisting of exon 1 and exons 15 but
skipping exons 2-14 in 456 cells (Figure 2B).

Second, we assessed the presence of EGFRx through
RT-PCR. The flanking primer sets (1#, 2#, 3#) are located
within sequences common to EGFRwt and EGFRx and de-
tect both isoforms simultaneously. RT-PCR showed that
the small amplicon, indicative of EGFRx, was detected
only in the GSCs, while the large amplicon, indicative of
EGFRwt, was predominantly detected in U251 cells (Figure
2C-D). We designed EGFRx and EGFRwt isoform-specific
primers (#4 and #5), which consisted of the same reverse
primer E18R and different forward primers (E1-15F and
E13F) (Figure 2C). The combination of E1-15F E13F, and
E18R (#4 + #5) allows the simultaneous detection of both
isoforms. We found that the 454 bp amplicon, indicative of
EGFRx, was specifically detected in GSCs, whereas the 662
bp amplicon, indicative of EGFRwt, was mainly detected
in U251 cells (Figure 2D). Quantification of the isoform-
specific amplicons further showed that EGFRx was specifi-
cally expressed in GSCs (Figure 2E).

Third, we performed ribonuclease protection assays
using probes targeting exon 26 (E26), exon 12 (E12), and
the exon 1-exon 15 junction (E1-15), respectively (Figure 2F).
Binding of these probes protects the bound transcripts from
ribonuclease degradation. We detected almost equal signals
of the E26 probe, which indicates the presence of EGFRtotal,
in these cells (Figure 2G). In contrast, our results showed
that the E12 probe, which detects EGFRwt, yielded a strong
signal in U251 cells, while the E1-15 probe, which detects
EGFRXx, produced a strong signal in GSCs (Figure 2G).

Finally, northern blotting revealed that the common E26
probe detected major large and small EGFR transcripts in
U251 cells and GSCs, respectively, while the EGFRx-specific
probe (E1-15) detected a major transcript in GSCs (Figure
2H). Taken together, these results demonstrate that EGFRx
lacks exons 2-14 and is specifically expressed in GSCs.

Translation of the EGFRx Transcript

We detected moderate expression of the ~180 kDa EGFRwt
in 3691 GSCs and the expression was hardly detected in

other GSCs (4121, 387, and 456), while EGFRwt was highly
expressed in U251 and other GBM cell lines (Figure 2l and
Supplementary Figure S3A). Instead, smear binds with
reduced molecular weights were specifically detected in
GSCs by the EGFR (a-ICD) but not the a-ECD antibody (Fig.
21). Immunofluorescent staining with the a-ICD antibody
showed that EGFR was present in the cellular membranes
of 456 and 387 GSCs (Figure 2J).These results suggest that
EGFR proteins expressed in GSCs contain the ICD andTMD
but not the ECD.

The smear binds may reflect posttranslational modifica-
tion of EGFR in GSCs. Treatment with the deglycosylation
enzyme PNGaseF reduced the molecular weight of
the known glycosylated protein CD44 and shifted the
smeared EGFR to a major 70 kDa bind (Figure 2K), while
A-phosphatase treatment did not alter EGFR migration
(Supplementary Figure S3B), indicating that GSCs express
a 70 kDa EGFR protein before glycosylation.

EGFRXx transcript is predicted to encode a 70 kDa pro-
tein lacking the ECD, with a translation initiation codon in
exon 15, equivalent to the 600" Met (M600) within EGFRwt
proteins (Figure 2L), which may generate the smear EGFR
proteins observed in GSCs. To test this hypothesis, we de-
signed an shRNA that targets E1-15 (Figure 2L). Strikingly,
we observed significant silencing of both EGFRx mRNA
and EGFR proteins, while EGFRwt expression remained
unaffected in the sh-EGFRx expressing GSCs (Figure
2M-N). When we expressed the deduced CDS, we gener-
ated proteins with a similar migration and localization pat-
tern to EGFR proteins in GSCs (Figure 2N, Supplementary
Figure S3C-E). Importantly, we found that the M600 codon
mutation (AUGmut) abolished the expression of exoge-
nous EGFR proteins (Supplementary Figure S3C-D). These
findings provide strong evidence that EGFRx encodes a
heavily glycosylated truncation protein with initiation at
M600.

Our analysis of RNA-seq data revealed that the 456 cells
showed no detectable expression of EGFRVIII (Figure 1B-C).
To further validate the presence of EGFRVIII, we performed
RT-PCR using both the flanking (#3) and EGFRVlll-specific
(#6) primer set, which yielded amplicons of 1148 bp and
893 bp, respectively, to indicate the presence of EGFRVIII
(Supplementary Figure S3F). As anticipated, we identified
the presence of EGFRvIIl amplicons in the EGFRvIII* DKMG
cells mentioned earlier (Supplementary Figure S1E-F) but
not in any of the four examined GSCs (Supplementary
Figure S3G). To further validate these findings, we em-
ployed an EGFRvIll-specific antibody (L8A4)3" and verified
its specificity in detecting the overexpressed EGFRvIII but
not EGFRwt or EGFRx proteins (Supplementary Figure
S3H). Consistent with the RT-PCR results, we detected
EGFRVIII expression in DKMG cells, but not in the GSCs
(Supplementary Figure S3l). Hence, EGFRvIII expression is
absent in the four GSCs.

EGFRx is Required for GSC Self-renewal,
Proliferation, and Tumorigenesis

We selected two GSC lines (456 and 4121) that predomi-
nantly express EGFRx, as demonstrated above to examine
EGFRx function. EGFRx inhibition through either erlotinib
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Figure 2 EGFRXx transcript validation and the encoding proteins. (A) Diagram of EGFR gene structure. Exons 2-14 are absent in EGFRX, as
analyzed in Figure 1. The exons encoding the ECD, TMD and ICD domains are shown above the exon boxes. (B) EGFRx transcript detection
through 5" Race. A reverse primer complementary to the exon 16-exon 17 junction (E16-17R) was used. DNA sequencing of the products de-
tected an EGFR transcript lacking exons 2-14. (C) The RT-PCR primer table used to detect EGFR transcripts. The location of each forward (F)
and reverse (R) primer is indicated by the exon (E) number. For example, E1F indicates a forward primer located in exon 1. The expected sizes
(bp, base pair) of amplicons for EGFRwt and EGFRXx transcripts with each primer set are indicated; “-” indicates no expected amplicons. (D)
EGFRtranscript detection with primers in Panel (C). The DNA marker is shown on the left. (E) Quantification of EGFRwt and EGFRx transcripts.
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Fig.2 continued

The amplicon intensities through RT-PCR primers (#4 + #5) in Panel (D) were quantified. EGFRwt and EGFRXx transcripts were also detected
through g-PCR with primer sets #4 and #5, respectively. EGFRx percentages were calculated and presented as the means + SD (n = 3). (F) Diagram
of probes used for EGFR transcript detection in Panels (G) and (H). (G) Detection of EGFR transcript by ribonuclease protection assays. (H)
Detection of EGFR transcript by northern blot. (1) Detection of EGFR proteins in GSCs. Cell lysates from U251 cells and GSC lines (3691, 4121, 387,
and 456) were used for western blot detection with EGFR antibodies against the intracellular domain (a-1CD) or extracellular domain (a-ECD).
Actin was used as a loading control. The protein markers and the respective molecular weights (kDa) are indicated on the left. (J) Subcellular
localization of EGFR in GSCs. EGFR (a-1CD) was used for immunofluorescence staining in 456 and 387 cells. Scale bars, 10 pm. (K) Cell lysates
were subjected to PNGaseF (25 units/pl) treatment, followed by western blot detection. (L) Diagram of EGFRx transcript and the deduced trans-
lation proteins. The predicted initiation and termination codons are marked by green and red pentagrams, respectively. The shRNA to knockdown
EGFRx (sh-EGFRx) targeted the E1-E15 junction. (M) Examination of EGFRx knockdown efficiency by qPCR. Isoform-specific primer sets (#4
and #5) were used to detect EGFRwt and EGFRXx, respectively. Data are presented as the mean + SD (n = 3) from three independent experi-
ments. *** p<0.001 (Student’s ttest). (N) Detection of EGFR proteins in 456 cells expressing sh-EGFRx (left panel) or the deduced EGFRx CDS.

The a-ICD EGFR antibody was used.

treatment or EGFRXx silencing resulted in severe growth in-
hibition, as shown by a cell viability assay (Figure 3A-E).
We also observed the growth inhibition of GSCs by another
shRNA directed EGFRx silencing (Supplementary Figure
S4A).The capacity to grow as neurosphere-like masses has
been used widely as an in vitro indicator for defining the
stemness of GSCs.> We found through a limiting dilution
assay that EGFRx inhibition robustly prevented neurosphere
formation (Figure 3F-H). These results demonstrate that
EGFRXx is required for GSC self-renewal and proliferation.

To assess the oncogenic role of EGFRx in vivo, we intra-
cranially injected GSCs into immunocompromised mice. We
found that the EGFRx-silenced group displayed a prolonged
survival time (Figure 3l). In a parallel experiment, mice were
sacrificed, and the brains were examined for tumor forma-
tion. H&E staining of the brain indicated that the tumor was
markedly reduced in the EGFRx-silenced group (Figure 3l).
When we overexpressed EGFRx in U251 cells, a GBM cell
line that does not express EGFRx, we found that EGFRx
overexpression reduced mouse survival and promoted
tumor formation (Supplementary Figure S4B).These results
demonstrate that EGFRx is oncogenic in vivo.

We then performed RNA-seq analysis to uncover the
transcriptional regulation by EGFRx in GSCs. Principal
component analysis (PCA) revealed a clear separa-
tion between the control and erlotinib-treated groups
(Supplementary Figure S4C). We examined the DEGs by
three differential expression methods (DESeq2, edgeR,
and limma) and found that 1,852 and 517 genes were
downregulated and upregulated, respectively, by EGFRx
inhibition (Figure 3J, Supplementary Figure S4D). We
selected 38 genes and verified that their expression was
downregulated by EGFRx inhibition (Supplementary
Figure S4E).The 1,852 downregulated genes were enriched
in GO terms such as nuclear division and stem cell pop-
ulation maintenance (Figure 3K-3L, Supplementary Figure
S4F), further underscoring the essential role of EGFRx in
self-renewal and proliferation of GSCs.

EGFRx Functions Through STAT5

EGFR activates several downstream oncogenic effectors,
such as PI3K-AKT, MAPK, and STAT signaling.’® We

observed that EGFRx inhibition by treatment with EGFR ki-
nase inhibitors (erlotinib or gefitinib) abolished p-EGFR and
p-STAT5 but did not significantly affect p-AKT, p-ERK1/2 or
p-STAT3 (Figure 4A). We further demonstrated that p-STAT5
signaling was very sensitive to EGFRx inhibition, as shown
by an inhibitor titration assay (Supplementary Figure S5A).
Consistently, EGFRx silencing diminished p-STAT5 (Figure
4B), and EGFRx overexpression promoted p-STAT5 but
not p-AKT, p-ERK1/2 or p-STAT3 (Figure 4C). The increase
in p-STAT5 by EGFRx overexpression was prevented by
erlotinib treatment (Figure 4C). In addition, we observed
that treatment with a JAK kinase inhibitor (ruxolitinib or
tofacitinib) abolished p-STAT3 but not p-STAT5 (Figure 4D).
These results suggest that EGFRx promotes p-STAT5 in a
manner dependent on its kinase activity and that STAT5 is
a major downstream effector.

We observed that the knockdown effect by the shRNA
in the two GSCs (456 and 4121) was specific to EGFRXx,
as EGFRwt expression was not altered (Figure 4B). To fur-
ther elucidate the specific effects of EGFRx, we conducted
knockdown experiments targeting EGFRwt and EGFRx
individually in 3691 cells, which express EGFRx and rel-
atively high levels of EGFRwt (Figure 2D-I). The results
demonstrated that 3691 cells with EGFRx KD exhibited a
diminished p-STAT5 signal (Supplementary Figure S5B),
similar to the observations in 456 and 4121 cells (Figure
4B). However, EGFRwt KD in 3691 cells did not influence
STAT5S signaling (Supplementary Figure S5B). Besides,
we have verified the absence of EGFRvVIII in these GSCs
(Supplementary Figure S3F-I). These findings suggest that
in these GSCs, EGFRx but not EGFRwt or EGFRvVIII specifi-
cally promotes STAT5 signaling.

Active STAT5 moves into the nucleus for transcriptional
activity upon phosphorylation.32 We observed that EGFRx
overexpression promoted the nuclear translocation of
p-STATS5 in a kinase activity-dependent manner (Figure 4E,
Supplementary Figure S5C). By using a STAT5-responsive
reporter,®® we found that EGFRx overexpression re-
sulted in an ~13-fold increase in transcriptional activity
(Figure 4F). GSEA analysis revealed a STAT5 target gene
set (STAT5A_04) was suppressed in erlotinib-treated 456
cells (Figure 4G). To further evaluate the activity of STAT5
signaling, we conducted a CUT&Tag assay. Our results
revealed that inhibition of EGFRx resulted in a decrease

91
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Figure 3 EGFRx is required for GSC self-renewal, proliferation and tumorigenesis (A—E) The effect of EGFRx inhibition on the viability of GSCs.
456 and 4121 cells were incubated with erlotinib (1 pM), and cell viability was measured on the indicated days (A-B). GSCs expressing sh-/uc or
sh-EGFRx were plated, and cell viability was measured on the indicated days (D-E). Cell images were acquired under a microscope (C). Scale
bars (panel C), 20 ym. Data are presented as the mean + SD from 3 replicates and are representative of 3 independent experiments. ** p <0.01;
*** p<0.001 (Student's ttest). (F-H) The effect of EGFRx inhibition on neurosphere formation of GSCs. In vitro limiting dilution assays were per-
formed in GSCs treated with erlotinib (F) or GSCs expressing sh-/uc or sh-EGFRx (G-H). *** p < 0.001 (Student’s t test). (I) In vivo function of
EGFRx. 456 cells expressing sh-/uc or sh-EGFRx were intracranially injected into nude mice. Representative tumors are shown by H&E staining
(left panel), and mouse survival status was monitored for Kaplan—Meier survival analysis (right panel). The p value is indicated (log-rank test).
Scale bars, 200 pm. (J) Venn diagram plots showing the overlapping DEGs analyzed by limma, Deseq2, and edgeR. UP and DOWN indicate the
upregulated and downregulated genes in erlotinib-treated 456 cells, respectively. (K) GO (biological process) analysis of the Down genes in Panel
(J). (L) Heatmap depicting the DOWN genes enriched in nuclear division and stem cell population maintenance.
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Figure 4 STAT5 is a major downstream effector of EGFRx signaling. (A) The effects of EGFR inhibitors on the signaling pathways. 456 and 4121
cells were treated with DMSO, erlotinib (5 pM, 1 hour) or gefitinib (5 pM, 1 hour). (B) p-STATS5 detection in control and EGFRx knockdown (x KD)
GSCs. (C) Signaling pathways regulated by EGFRx overexpression in 456 cells. Cells were treated with DMSO or erlotinib (5 uM, 1 hour). (D) The
effects of JAK inhibition on p-STAT3 and p-STATS. Cells were treated with the JAK inhibitors ruxolitinib (5 pM, 1 hour) or tofacitinib (5 pM, 1 hour).
(E)Nuclear translocation of p-STAT5 by EGFRx overexpression. Hela cells were cotransfected with the myc-EGFRx and an empty control (Control)
expressing constructs, myc-S6K1 and STAT5-FLAG, or myc-EGFRx and STAT5-FLAG expressing constructs, followed by costaining with myc and
p-STATS antibodies. Scale bars, 10 pm. (F) The transcriptional activity of STAT5 by EGFRx overexpression. The B-casein promoter reporter and
EGFRx overexpression constructs were cotransfected into Hela cells, and luciferase activity was measured. Data are presented as the mean +
SD from three independent experiments. *** p < 0.001 (Student’s ttest). (G) A GSEA plot showing that the STAT5A_04 gene set was suppressed
in the erlotinib treated 456 cells. (H) Average binding profiles of STAT5 around the TSS of the 1852 DOWN genes, as shown in Figure 3J within a
+ 3-kb window in the control and erlotinib treated 456 cells. (I-K) EGFRx function depends on its kinase activity and STAT5 activity. 456 cells ex-
pressing control or EGFRx were treated with erlotinib (5 pM) or SH-4-54 (5 uM). Cell images were acquired under a microscope (l) and the cell
viability (J) was measured 48 hours after the inhibitor treatment. Neurosphere number (K) were determined in the presence or absence of the
inhibitors. Scale bars in panel (1), 20 ym.
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in STAT5 binding in the vicinity of the transcription start
sites (TSS) of the 1852 genes that showed downregulation
upon erlotinib treatment (Figure 4H, Supplementary Figure
S5D). These results collectively demonstrate that EGFRx
activates STATbD.

We then examined whether EGFRx functions through
STATS5 activation. EGFRx overexpression promoted cell vi-
ability and neurosphere formation of GSCs (Figure 41-K).
However, the enhancing effects were fully prevented by
erlotinib treatment and partially reversed by treatment
with the STAT5 inhibitor SH-4-54 (Figure 41-K). These re-
sults suggest that the EGFRx function depends on its ki-
nase activity as well as downstream STATS5 activity.

EGFRx Constitutively Phosphorylates STAT5
Through Spontaneous Asymmetric Dimerization
of the Kinase Domain

The ECM domain has been shown to inhibit the formation
of the activated kinase domain dimer prior to EGF binding
(22, 23). The absence of ECM may render EGFRx constitu-
tively active. We performed the following assays to investi-
gate this hypothesis.

We investigated whether EGFRx was phosphorylated in
response to EGF stimulation in GSCs. Our findings dem-
onstrated that EGF promoted phosphorylation of EGFRwt
but not EGFRx in the 456 cells (Figure 5A). Furthermore,
treatment with erlotinib effectively inhibited the phospho-
rylation of both EGFRwt and EGFRx (Figure 5A). These re-
sults suggested that the lack of a ligand binding domain
precludes the ability of ligand to activate EGFRx. To fur-
ther explore the activation differences between EGFRwt
and EGFRx, we overexpressed EGFRwt or EGFRx or
coexpressed them in NIH3T3 cells, a cell line with low EGFR
expression.3* We found that EGFRx promoted p-STAT5 in
an EGF-independent manner, as shown by the constitutive
phosphorylation of EGFR and STAT5, while EGFRwt-STAT5
signaling depended on EGF availability, and coexpression
had no additive effects (Figure 5B-C). Once EGFR is acti-
vated, STATS5 is recruited to the receptor.3? Consistently, we
observed a constitutive association of STAT5 with EGFRx
but not EGFRwt (Figure 5D).

The above results suggested that EGFRx is constitutively
activated and the activation does not depend on EGFRwt.To
further demonstrate this, we utilized an EGFR kinase-dead
(kd, D813N) mutant.’® The equivalent EGFRx-kd mutant
also lost the kinase activity and did not promote p-STAT5
(Figure 5E). EGFRwt overexpression failed to rescue the
phosphorylation of EGFRx-kd and constitutive activation
of STAT5 (Figure 5E). Likewise, EGFRx overexpression did
not rescue the phosphorylation of EGFRwt-kd and EGF-
induced p-STAT5 (Supplementary Figure S5E). These re-
sults suggest that EGFRx and EGFRwt act independently
and that EGFRx does not depend on EGFRwt for STAT5S ac-
tivation, which is distinct from the EGFRvIII mutant that has
been reported to be a substrate for EGFRwt.3°

Activation of the catalytic domain within EGFR requires
allosteric and asymmetric dimerization mediated by the
N-lobe and C-lobe faces of the two kinase domains.®®
Coexpressing the N-lobe mutant (1682Q) and C-lobe mu-
tant (V924R) resulted in asymmetric dimerization and

activation of EGFRwt-STAT5 signaling in response to EGF,
while the expression alone did not (Supplementary Figure
S5F), as previously reported.®*We made equivalent N- and
C-lobe EGFRx mutants, and their coexpression resulted in
constitutive activation of EGFRx-STAT5 signaling, while
expression alone did not (Figure 5F). These results demon-
strate that EGFRx constitutively activates STAT5 through
spontaneous asymmetric dimerization of the kinase
domain.

EGFRx1is Upregulated in GBM

We analyzed the expression of EGFR transcripts in a GBM
dataset using the HISAT-StringTie-Ballgown pipeline. We
observed elevated expression of EGFRx, EGFRvIIl, EGFRwt
and EGFRtotal compared to those in normal brain tissues
(Figure 6A, Supplementary Figure S6A), consistent with
previous findings that EGFR gene is frequently amplified
in GBMs." In general, EGFRx and EGFRVIIl expression
showed a positive correlation with that of EGFRtotal or
EGFRwt (Figure 6B, Supplementary Figure S6B). We col-
lected 59 GBM samples and examined EGFRx and EGFRwt
expression through gPCR. Consistently, we detected
EGFRx expression in GBMs, and its expression was pos-
itively correlated with that of EGFRwt (Figure 6C). EGFRx
and EGFRVIIl was enriched in the GBM classical subtype,
similar to EGFRwt or EGFRtotal, as previously reported”
(Supplementary Figure S6C-D).

Among the 81 GBM samples analyzed, we identified
eleven samples (13.6%) that showed higher expression
of EGFRvIll compared to EGFRwt (Supplementary Figure
S6E). We only identified two samples that exhibited higher
expression of EGFRx than EGFRwt (Figure 6D), suggesting
that EGFRx is less frequently detected than EGFRVIII in
GBM. The two GBMs with high levels of EGFRx dem-
onstrated negative expression of EGFRvIIl (Figure 6E),
whereas the eleven GBMs with high levels of EGFRVIII ex-
hibited low expression of EGFRx (Supplementary Figure
S6F).

To further demonstrate the clinical significance, we
examined cancer hallmark changes in GBMs with high
EGFRx expression. To avoid the EGFR gene dose effect,
we selected samples with high EGFRtotal expression and
further divided them into EGFRx- high, median, and low
groups (Supplementary Figure S6G). GSEA showed that
patients with high EGFRx expression were enriched in
several cancer hallmarks, such as HYPOXIA, epithelial-to-
mesenchymal transition (EMT), and MYC_TARGETS_V1
(Figure 6F). These results further suggest that high EGFRx
activity plays a role in maintaining GSC phenotype and
contributes to the progression of GBM.

Our study has identified positive EGFRx expression in
two GSC lines from the GSE119834 dataset, as well as in
four GSCs (456, 3691, 387, 4121) (Figure 1, Figure 2). Given
that CD133 is a well-known marker for GSCs8 and all these
cells were derived from the CD133* population,>293037 we
proceeded with flow cytometry to isolate CD133* cells
from GBM samples. We confirmed that CD133 was highly
expressed in the sorted CD133* cells (Figure 6G). We then
performed RT-PCR using the flanking primer set (#3),
which generated amplicons of distinct sizes to indicate the


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad153#supplementary-data

Huang et al.: EGFRx-STATb maintains glioblastoma stem cells

A B C
Control EGFRwt EGFRx wt + X + control & EGFRx
DMSO erlotinib EGF(h) 0053 5 7 0053 5 7 0053 5 7 0053 5 7 - EGFRwt + wt+X
EGF (h) 0 05 15 30 05 15 3 p-STATsl "——-_‘”-------"""‘l 150 1
-EGFRwt =
prEGRwWE . STATS [ 5o o e o o | s o 00 i o i s |
=| —_ i \
P-EGFR | A . PRE—— = g 100 §}§7
p-
o~ BE EERRa :
1. = =
1%
50
EGFRX‘ R—— . &
FLAG 23 B %
Actin | -------- - | l
(U 0 s S B S B |
01234586738
EGF (h)
D E F * Receiver Impaired (1682Q)

EGFRx

. Activator Impaired (V924R)

OFF 1t f f
EGFRx
E?‘;F{ — (ECFR
Input Control-IP FLAG-IP

STAT5-FLAG + + + + + + + + + + + +

EGFRwt + + + + + + X x-kd wt wt+x-kd
EGFRx + + + + + + EGF - + - + - + - + OFF OFF on
AR s EGFRx
BGF_+ + + + * p-STATS }‘:ﬂ ?"P,.?;;‘!| 16620 +
e ] L] EGFRx 1682Q V924R V924R
(Eﬁg; . 1 STAT5 |-§ ,@-':s_g._-__.:_| EGF - -
- - - R - p-STATS |..;_: o
FLAG [ s e s | (| e p-EGFR . g S STATS |j.gga§4ﬂ|
: o 1 RE p-EGFR ‘h_ﬂ,.»_‘ ‘“
FLAG | B lEL = v
ol am S || FLAG |t o e o 8 4
Actin |-~\,-v~uq ACHN |\t vt et S s i~ =

Figure5 EGFRx constitutively activates STAT5 (A) Detection of EGFR phosphorylation in GSCs. The 456 cells were starved in GSC growth
media lacking EGF for 12 hours and stimulated with EGF (100 ng/ml) for the indicated times. (B, C) EGFRx promotes p-STAT5 independent of EGF
availability. NIH3T3 cells transfected with the indicated expression constructs were serum starved and stimulated with EGF (100 ng/ml) for the
indicated times. p-STAT5 signals relative to those of total STAT5 were calculated and plotted (C). The p-STAT5 value of the final time point (7 hours)
in each group was setto 100%. (D) Interaction between STAT5 and EGFRx or EGFRwt. NIH3T3 cells transfected with the indicated constructs were
immunoprecipitated (IP) with FLAG antibody or mouse IgG (Control), followed by EGFR detection. (E) The effect of EGFRwt overexpression on the
EGFRx kinase dead mutant (x-kd). NIH3T3 cells transfected with the indicated constructs were serum starved and stimulated with EGF (100 ng/mL,
1 hour). The diagram (top panel) shows that EGFRwt overexpression did not rescue the activity of the EGFRx-kd mutant. (F) EGFRx-STATS5 signaling
depends on the asymmetric dimerization of the kinase domain. NIH3T3 cells were transfected with the indicated EGFRx expression constructs.
1682Q and V924R were the receiver-impaired and activator-impaired EGFRx mutants, respectively. Top panel: stars (1682Q) and circles (V924R)
denote mutations in the N-lobe and C-lobe face of the dimer interface within EGFRx, respectively. Expression of either mutant alone does not ac-
tivate EGFRx-STAT5 (OFF), while expression of both mutants does (ON).

presence of the EGFRwt, EGFRx and EGFRUVIIl transcripts  all, CD133* GSCs (Figure 1). These results further suggest
(Figure 2C-D, Supplementary Figure S3F-G). The analysis  that cells expressing EGFRx possess GSC features in vivo.
revealed that CD133* cells from one GBM sample (GBM1)

expressed higher levels of EGFRx, while the paired CD133~

cells primarily expressed EGFRwt. Notably, both cell popu-

lations showed no expression of EGFRVIII (Figure 6G). Inthe  Discussion

other three samples (GBM2-4), we did not observe a sig-

nificant change in EGFRx expression between the CD133* EGFR gene alterations in GBMs have been detected in the
and CD133- cells (Figure 6G), which is consistent with our ~ ECD and the cytoplasmic tail. The known ECD truncation
earlier findings that EGFRx is expressed in some, but not mutants include EGFRvl, EGFRvII, and EGFRvIII variants.'
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Figure 6 EGFRx expression in GBM. (A) Comparison of EGFRx expression in normal vs. GBM samples from the GSE147352 dataset. The
number of samples analyzed is indicated within the brackets. Data are presented as the mean + SD. ** p < 0.01; ***p < 0.001 (Wilcox test). (B)
Correlation of EGFRx expression with that of EGFRtotal and EGFRwtin 81 GBMs from the GSE147352 dataset. Pearson correlation was used
to calculate the R and p values. (C) Correlation of EGFRx expression with that of EGFRwt in 59 collected GBMs. The cDNAs of these samples
were synthesized, and qPCR was performed to detect EGFRwt and EGFRx transcripts using primer sets #4 and #5, respectively. (D) Grouping
of GBM samples based on the relative expression of EGFRx and EGFRwt. (E) Representative of EGFRx and EGFRwt transcript expression in
samples from EGFRx high and low groups in panel (D). The boxes and dotted horizontal lines indicate exons and introns in each transcript. The
expression of EGFRx and EGFRwt s presented as log,-transformed FPKM values. (F) GSEA plots revealed that several cancer hallmark signa-
tures were enriched in the EGFRx-high GBM group compared to the EGFRx-low group as classified in Supplementary Figure S6G. (G) Detection
of EGFRtranscripts in CD133-and CD133* cells derived from 4 GBM samples (GBM1, GBM2, GBM3, GBM4). The flanking primer set (#3) was used

to detectthe EGFRwt, EGFRx, and EGFRvllltranscripts.

In this study, we used bioinformatic and experimental
methods to identify EGFRx as another bona fide ECM mu-
tant. Unlike EGFRuvI, vll, and vlll with partial ECD deletion,
EGFRx encodes a protein lacking the entire ECD. The ab-
sence of exons 2-14 suggests that EGFRx may be gener-
ated by aberrant splicing in GSCs. At this stage, it is not
clear whether EGFRx is generated as a result of the cis
splicing site mutation or trans alteration of splicing factor

activities. Accumulating evidence has demonstrated that
aberrant RNA splicing directs oncogenic gene expression
in multiple types of cancers, including GBMs.3%4° Future
studies elucidating the EGFRx generation mechanism will
provide novel insights into GBM pathogenesis.

Previous studies have reported the presence of
EGFRuVIII in GSCs.264142 |n line with these findings, our
HISAT-StringTie-Ballgown analysis revealed high levels
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of EGFRvVIII expression in certain GSCs. Interestingly,
cells expressing high levels of EGFRvIIl showed low
levels of EGFRx expression, and vice versa. This expres-
sion pattern was also observed in GBM samples. In ad-
dition, among the four EGFRx-expressing GSCs (456,
3691, 387, and 4121), varying levels of EGFRwt expres-
sion were observed, with 3691 cells exhibiting relatively
higher levels compared to the other three GSCs. Studies
have demonstrated that EGFRvIIl induces the expression
and secretion of pigment epithelium-derived factor or its
coreceptor, the cytokine receptor OSMR, via STAT3 acti-
vation, thereby promoting self-renewal and tumor pro-
gression of GSCs.?642 Qur study provides compelling
evidence that EGFRx functions independently of EGFRwt
and activates the oncogenic STAT5 signaling pathway in
GSCs. Besides, a circular RNA was found to encode the
polymeric protein complex rtEGFR in GSCs. This com-
plex sustains oncogenic EGFR signaling by interacting
with EGFR and maintaining its membrane localization.?'
This distinct expression pattern and mechanism of EGFR
variants in GSCs further emphasizes the significance
of EGFR heterogeneity, as observed throughout GBM
progression.?24344

Studies involving EGFRVIII* cells from primary tumors,
using a specific EGFRvIIl antibody, have identified the
EGFRvVIII* cells as the GSC population with the high de-
gree of self-renewal and tumor-initiating ability.4'45 Our
studies suggest that EGFRx is co-expressed in the CD133
enriched GSCs and the EGFRx* cells may also represent a
GSC population in vivo. However, it is important to high-
light that this conclusion requires further validation, and
in-depth investigation is necessary to gain a comprehen-
sive understanding of the properties of this cell population.
To address this issue, a straightforward way is to isolate
and characterize the stem cell features of EGFRx* cells from
primary cell cultures, as demonstrated for EGFRvIII*.4145
However, unlike EGFRvVIII, which encodes a partial ECD,
EGFRx lacks the entire ECD, making it challenging to ob-
tain a specific EGFRx antibody for isolating EGFRx* cells.
Therefore, advancing our understanding of EGFRx’s role in
GBM progression requires the development of an efficient
strategy to detect and/or isolate EGFRx* cells from GBM
samples in future studies.

Amplification and overexpression of the EGFR gene is
observed in >50% of GBM, and EGFR gene rearrangement
is often accompanied by gene amplification, resulting in
tumors expressing both EGFRwt and mutated EGFR.*The
most common is the EGFRvIII mutant, with almost half
of EGFR-amplified tumors harboring the mutant. In our
study, the positive correlation between EGFRx expres-
sion and both EGFRtotal and EGFRwt expression suggest
that EGFRx is also accompanied by EGFR gene amplifica-
tion in GBM. However, EGFRx is less frequently detected
than EGFRvIII in GBM. In a few GSC lines and even some
GBMs, EGFRx was predominantly expressed. Our find-
ings suggest that GBM cases with high EGFRx activity
may rely on the activation of EGFRx-STAT5 signaling for
pathogenesis. Despite the appealing prospect of targeting
EGFR activation in GBM for therapeutic intervention,
achieving therapeutic benefits has not been successful.??
The failure may be attributed, in part, to the complexity
of EGFR variants, as discussed earlier. Therefore, further

studies are necessary to gain a better understanding of
the activity and mechanism of these EGFR variants in
GBM progression.
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