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Background: The tightly controlled activity of EGFR is important for the homeostasis of
self-renewal of human tissue. Mutations in the extracellular domain of EGFR are frequent
and function as a novel mechanism for oncogenic EGFR activation in GBM, and impact
the response of patients to small-molecule inhibitors.

Methods: We constructed glioblastoma cell lines stably expressing wild-type EGFR and
the mutant of EGFR S645C. We detected cell growth in vitro and in vivo.We evaluated the
anti-tumor activity and effectiveness of gefitinib and osimertinib in cells.

Results: In the present study, we identified an oncogenic substituted mutation of EGFR—
S645C. The mutation can promote the proliferation and colony formation of glioblastoma
in vitro and in vivo. Mechanistically, the EGFR S645C mutation potentially changes the
formation of hydrogen bonds within dimerized EGFR and inhibits the degradation of EGFR
to prolong downstream signaling. The mutation induces resistance to gefitinib but
presents an opportunity for osimertinib treatment.

Conclusion: The study indicated a novel oncogenic mutation and advises on the precise
treatment of individual patients with the EGFR S645C mutation.

Keywords: EGFR, S645C point mutation, glioblastoma, targeted therapy, individualized treatment, EGFR degradation
INTRODUCTION

Glioblastoma (GBM) is the most common and the most malignant tumor in the central nervous
system (1). Despite the utility of safe surgical resection followed by radiotherapy with concomitant
and adjuvant temozolomide, the prognosis of GBM patients remains dismal (2). GBM was among
the first cancer types to be systematically studied by The Cancer Genome Atlas (TCGA) Research
Network (3). There are plenty of abnormalities in genes and proteins that account for the
pathogenesis and progression of glioma, typically involving the receptor tyrosine kinases (RTKs),
p53, and retinoblastoma protein (RB) signaling pathways and therein often involving multiple
RTKs such as EGFR, PDGFR, and c-MET (3, 4). Genomic profiling based on a large sample has
detected that EGFR alterations occur in almost every type of tumor, especially in more than half of
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GBMs (5). Major genetic events of EGFR are amplification,
structural variant, mutation (nucleotide substitution, deletion,
and insertion), and multiple alterations, which often excessively
activate EGFR and its downstream signaling cascades including
RAS-RAF-MEK-ERK, PI3 kinase-AKT, PLCgamma-PKC, and
STAT modules (6). Therefore, a variety of small-molecule
inhibitors have been proposed and have gradually become an
important part of cancer treatment, especially lung cancer.
Known exon 19 deletion (del19), exon 21 (L858R) substitution
mutation causing excessive activation, T790M, C797S inducing
resistance to targeted oncotherapy (7, 8), and the tyrosine kinase
inhibitors (TKIs) that selectively bind to EGFR function as the
most important therapeutic class for cancer targeted therapy,
such as gefitinib, afatinib, and osimertinib. These small-molecule
inhibitors usually aim at the kinase domain (amino acids 682–
955) intracellularly (9, 10), and can even be a substitute for
conventional chemoradiotherapy as a first-line regimen for lung
cancer. However, the TKIs did not bring similar benefits to GBM
patients, and it is important to reveal the exclusive characteristics
of GBM.

In contrast to lung cancer, the mutation of EGFR in GBM
often takes place in the extracellular domain (ECD) instead of
the kinase domain. For instance, EGFRvIII, an in-frame
deletion causing truncated mutation, which lacks the
extracellular ligand-binding domain due to deleting exons 2–
7, can be constitutively activated to promote the growth of
cancer cells in the absence of EGF and other ligands. EGFRvIII
is deemed as the most frequent and characterized mutation of
EGFR, which is detected in approximately 20% of GBM and
only occurs in oncogenic cells (4, 11). EGFR amplification is an
early event during the pathogenesis of GBM, but the occurrence
of EGFRvIII shows a strong temporal and regional
heterogeneity during the development of primary GBM or
recurrence after surgical resection (11). The gain of EGFRvIII
is deemed to be due to the amplification of extrachromosomal
DNA (ecDNA) (12). The continuous activity of EGFRvIII
suggests that the ECD of EGFR not only accepts the ligand
EGF but also blocks the intrinsic ability of the transmembrane
and cytoplasmic domains to dimerize and activate, with ligand
binding releasing this block (10). The normal protein structure
of EGFR plays an important role in controlling the homeostasis
of the signaling cascade.

In addition to the structural variants, such as EGFRvI, vII, and
vIII, the missense point mutation rate in the ECD (amino acids
25–645) is also up to 10%–15% in GBM (13). A289D/T/V
missense mutation is the most frequent point mutation in the
full length of EGFR in GBM, instead of L858R and other
mutations in the kinase domain (14, 15). A289D/T/V mutation
significantly decreases survival compared with patients
harboring wild-type EGFR (median OS: 6 months vs. 15
months, 2-year survival rate: 12% vs. 22%) (4, 14). EGFR
A289V in immortalized human astrocytes can maintain
phosphorus EGFR after 12-h serum starvation, and
introducing the mutant of EGFR into normal cells can induce
malignant transformation (15). The missense mutation destroys
the block effect of the ECD, which inhibits dimerization and the
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mutual phosphorylation of the intracellular domain (ICD) in
EGFR. Moreover, R108K/G, G598V, P569L, and T263P share a
similar mechanism of oncogenic receptor conversion (15–17). In
addition, various point mutations occur in GBM, which consist
of the heterogeneity among patients and within tumor masses. In
conclusion, in contrast to lung cancer, the study of mutations in
the ECD of EGFR, which could activate EGFR, is more valuable
than the kinase domain in GBM. Thus far, the EGFR inhibitors
being tested in clinical trials have not presented satisfactory
efficacy; we believed that it is ideal to choose a personal regimen
according to the characteristics of a single patient suffering from
GBM (18).

In this study, we identified the S645C mutation of EGFR, the
last amino acid of the ECD (19), as an oncogenic alteration.
This point mutation is predominantly found in gliomas. EGFR
S645C potentially changes the connection formation of
hydrogen bonds during the dimerization with EGF, inducing
the activation of EGFR. The alteration can suppress the
degradation of EGFR and prolong the downstream cascade
signaling to promote GBM cell growth. Simultaneously, EGFR
S645C mediates resistance to gefitinib but presents an
opportunity for the utility of osimertinib. The studies
involving the mutation in the ECD of EGFR are significant
for individualized precision treatment.
MATERIALS AND METHODS

Cell Culture
U87, GL261, and HEK293T cell were purchased from the
American Type Culture Collection (ATCC) and cultured in
Dulbecco’s modified Eagle’s medium (Gibco) with 10% fetal
bovine serum (FBS). The patient-derived adherent priGBM cell
was cultured and established in our laboratory in 2016 and was
cultured in DMEM with 10% FBS (20).

Antibodies and Reagents
Anti-p-EGFR 1/2 (Y1068) (1:1,000, #3777s), anti-p-Erk (T202/
Y204) (1:1,000, #4370s), anti-Erk (1:1,000, #4695s), anti-p-stat3
(Y727) (1:1,000, #9136), anti-stat3 (1:1,000, #4904), anti-p-Akt
(S473) (1:500, #4060s), anti-PARP (1:1,000, #9532s), and anti-
Cleaved PARP (1:1,000, #5625s) were purchased from Cell
Signaling Technology. Anti-EGFR (1:1,000, 18986-1-AP), anti-
Akt (1:1,000, 10176-2-AP), and anti-tubulin (1:1,000, 66031-1-
Ig) were purchased from Proteintech. Anti-Flag (1:1,000, Mouse
IgG, F1804), polybrene, and cycloheximide (CHX) were
purchased from Sigma-Aldrich. Osimertinib and gefitinib were
purchased from MedChemExpress (MCE).

Plasmids
Phage vectors (#118692) and pCMV-C-flag vectors were
purchased from Addgene and Beyotime, respectively. The
plasmids of phage-EGFRwt, phage-EGFRmut, pCMV-
CD533wt-flag, and pCMV-CD533mut-flag were constructed in
our laboratory according to the manufacturer’s instructions
(Vazyme, ClonExpress II One Step Cloning Kit, C112-01).
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Huang et al. EGFR S645C Promotes Glioma Growth
MTT Assay
To estimate cell growth, cells (3×103/well) were seeded in 96-well
plates and cultured for 24 h, 48 h, 72 h, and 96 h. Subsequently,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added and incubated for 4 h. Dimethyl sulfoxide
(DMSO; 150 ml) was added, and absorbance value was measured
at a wavelength of 490 nm when the crystal was fully dissolved.
To assess osimertinib or gefitinib inhibition, cells (3×103/well)
were treated with inhibitors at various concentrations.
Osimertinib or gefitinib cytotoxicity was measured using an
MTT assay as described above.

Anchorage-Independent Growth Assay
(Soft Agar Assay)
A total of 8×103 cells/well were seeded in a 6-well plate and
cultured in 1 ml of 0.33% Basal Medium Eagle (BME) agar
containing 10% FBS, maintained at 37°CC, 5% CO2 for 14–21
days. The colonies were observed under a microscope. Each
group was repeated three times, averaged and multiplied by 57
(the bottom area of one well in a six-well plate is 57 times the
area of one field of view of a fourfold microscope) to obtain the
final quantity of the colony.

Colony Formation Assay
Cells (2,000/well) were seeded in 6-well plates, and the cells were
placed in an incubator with medium changes every 5 days. After
growing to an appropriate density, the cells were washed twice
with PBS and fixed with 4% paraformaldehyde for 30 min. Then,
the cells were stained with 0.1% crystal violet for 30 min and
washed once with PBS, and then dried and photographed.

Edu Assay
A BeyoClick™ EdU-594 Cell Proliferation Detection Kit (Ruibo
Biotech, Guangzhou, China) was used to detect cell proliferation in
accordance with the manufacturer’s instructions. U87 and PriGBM
cells (7,000) were seeded in 96-well plates. After 24 h, 10 mM EdU
was added, and then the cells were incubated for another 4 h. This
was followed by fixing with 4% paraformaldehyde for 15 min and
treating with 0.5% Triton X-100 for 20 min. Then, cells were stained
with DAPI for 15 min. After three washes in phosphate buffer saline
(PBS), the cells were observed and photographed with an inverted
fluorescence microscope (Olympus, Japan). This experiment was
repeated three times.

CHX Treatment
The cells were seeded in a 6-cm2 dish and treated with 80 ng/ml
EGF for 15 min. Then, 50 mg/ml of CHX was added to block the
new protein synthesis. Cells were harvested at a range of time
points (0, 3, 6, 9, 12, and 24 h), and the levels of EGFR were
analyzed by Western blot.

Intracranial Xenograft Glioma
Mouse Model
Four-week-old C57 mice were injected into the right striatum of the
brain with 3×105 luciferase-labeled GL261 cells overexpressing
EGFRwt or EGFRmut. To monitor tumor growth in live mice,
Frontiers in Oncology | www.frontiersin.org 3
mice were intraperitoneally injected with 150mg/kg D-luciferin and
anesthetized with isoflurane on the 7th and 14th day after cell
injection. The size of the tumor was monitored through the
bioluminescence channel of the Spectrum Lago X imaging system.
The mice were observed daily and euthanized when they showed
neurological signs (a protruded skull, hunched posture, extreme
lethargy, or weight loss).

Immunohistochemical Staining
IHC staining was performed using rabbit-anti-EGFR
(Proteintech, 18986-1-AP, 1:600) and rabbit-anti-Ki-67
(Servicebio, #GB13030-M-1, 1:1,000) antibodies. Expression
levels of labeling were stratified and scored as previously
described (21).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0
software (GraphPad, San Diego, CA). Student’s t-test or one-way
ANOVA was used to analyze two groups or multiple groups,
respectively. All data are presented as the mean ± standard
deviation, and * p < 0.05, ** p < 0 01, and *** p < 0.001 were
considered as significant.
RESULTS

EGFR S645C Mutation Is Mainly Found in
GBM and Potentially Changes the
Connection Formation of Hydrogen Bonds
in Dimerized EGFR
Based on the TCGA dataset, we have established that PTEN,
TP53, and EGFR are the three most frequent simple somatic
mutation genes in GBM (Figure 1A) (22). The vast majority of
EGFRmutation is missense mutation, and the mutation rates are
much higher than the fourth—NF1. Simultaneously, the
mutation rate of EGFR in GBM is the highest among 33 cancer
types documented in the TCGA dataset (up to 26.9%)
(Figure 1B). Recently, we encountered a patient harboring
EGFR S645C. The imaging result of MRI suggested cerebral
infarction complicated by hemorrhage, but the focal area of
disease is actually GBM (Figure 1C). The patient has a dismal
prognosis of overall survival (8 months) after Stupp regimen
treatment. Through online search of the TCGA, cBioportal, and
COSMIC databases (23, 24), we found a total of 8 documented
samples harboring the EGFR S645C mutation, and notably, there
are 6 GBM samples (Table 1). We reasoned that EGFR S645C
plays a facilitating role in the development of GBM. Somatic
mutations of EGFR in GBM mainly focus on the ECD and the
S645 site near domain IV of EGFR, which is indispensable for the
dimerization of EGFR (Figure 1D) (19). Previous studies have
demonstrated that domains I and III play a role in ligand binding
and domains II and IV play a role in forming dimers of EGFR.
To investigate how the transformation from serine to cysteine
impacts the function of EGFR, the SWISS-MODEL tool was
employed to predict the change in spatial conformation of
dimerized EGFR (25). The results showed that the hydrogen
June 2022 | Volume 12 | Article 904383
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FIGURE 1 | It is frequent that missense mutations in the ECD of EGFR in glioblastoma and EGFR S645C substituted mutation potentially change the formation of
hydrogen bonds of dimerized EGFR. (A) Based on the TCGA data, the oncoplot displays the somatic landscape of the GBM cohort. Genes are ordered by their
mutation frequency. The sidebar plot shows log10 transformed Q-values estimated by MutSigCV (TumorPortal database). (B) The EGFR gene mutation rates of
multiple types of cancer (TCGA database). (C) The MRI results of the patient harboring EGFR S645C. (D) Lollipop plot displaying mutation distribution and protein
domains for EGFR gene in GBM with the labeled recurrent hotspots (cBioportal, TCGA Firehose Legacy dataset). (E) A schematic representation of the structure of
EGFR and the substituted mutation S645C. The 3D shape of EGFRwt is acquired from the Protein Data Bank (PDB 5LV6), and the 3D shape of EGFRmut is
predicted by SWISS-MODEL using EGFRwt (PDB 5LV6) as protein structural templates. The amino acid sequence of EGFR is acquired from the UniProt database.
(F) The peak plot results of DNC sequencing of EGFRwt and EGFRmut (c.1934C>G). ECD, extracellular domain; MRI, magnetic resonance imaging.
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bonds between respective S645 sites of two wild-type EGFR
monomers are substituted by different bonds between C645 and
the other mutational monomeric T638 (Figure 1E). Thus, the
EGFR S645C mutation in the ECD potentially influences the
activity of EGFR that should have been tightly controlled to
promote the growth of GBM.

EGFR S645C Significantly Promotes the
Growth of GBM Cells In Vitro and In Vivo
Given the dismal imaging results and prognosis of the patient, we
reasoned that the EGFR mutation would accelerate the
development of tumor mass. To investigate the influence of the
EGFR S645C mutation on the development of GBM, U87 and a
primaryGBMcell line—PriGBM—wereemployed to stably express
wild-type EGFR (EGFRwt) or EGFR S645C (EGFRmut).
Simultaneously, we infect the glioma cells with an empty vector to
construct the corresponding blank controls (Figures 1F, 2A). The
MTT proliferation assays revealed a markedly higher viability of
GBM cells expressing EGFRmut than EGFRwt (Figure 2B).
Likewise, EdU proliferation assays also confirm the increase of
proliferation of GBM cells expressing EGFRmut compared with
EGFRwt (Figures 2C, F). Furthermore, expressing EGFRmut
promotes colony formation as evidenced by soft agar and plate
colony formation assays (Figures 2D, E, G, H). To confirm that
EGFR S645C affects tumor growth in vivo, an orthotopic brain
tumor model was utilized. GL261 was employed to stably express
EGFRwt or EGFRmut and thenwas intracranially injected intoC57
mice (Supplementary Figure 1A). After 7 days and 14 days,
bioluminescent imaging demonstrated that EGFRmut promotes
GL261 xenograft tumor growth in vivo (Figures 3A, B). Mice
suffering from tumors with EGFRmut had shorter neurological
symptom-free survival (Figure 3E). The results of IHC showed a
higher expression of Ki67, a marker of cell proliferation activity,
which is in linewith the results in vitro (Figures3C,D).Collectively,
these results suggest that EGFR S645C significantly promotes the
proliferation and colony formation of GBM cells compared with
EGFRwt in vitro and in vivo.

Interestingly, just like EGFRvIII inducing different
transcriptomes and properties of tumor cells compared with
the amplification of EGFRwt (4, 11, 26, 27), EGFR S645C also
potentially induces alteration of downstream genes to change the
characteristics of GBM cells. We observed that there are large
tumor necrotic areas in the tumor bulk of mice carrying
EGFRmut rather than EGFRwt (Supplementary Figure 1B),
consistent with the above MRI results of the patient (Figure 1C).
The mRNA levels of several key factors associated with GBM
Frontiers in Oncology | www.frontiersin.org 5
inducing angiogenesis of tumor tissues significantly decreased,
evaluated by quantitative reverse transcription PCR (qRT-PCR)
(Supplementary Figure 1C). This is also regarded as
heterogeneity within the tumor bulk of GBM caused by EGFR
aberration (28).

EGFR S645C Potentially Changes the
Connecting Form of Dimerized EGFR and
Sensitizes the Receptor to EGF
As per the SWISS-MODEL prediction, EGFR S645C perhaps
changes the hydrogen bonds surrounding the 645th site, the last
amino acid of the ECD. To further confirm the alteration, we
utilized a dominant-negativemutant of EGFR—EGFR-CD533—to
examine the impact of the EGFR S645C mutation on the
dimerization of activated EGFR (29). The mutant of EGFR lacks
the COOH-terminal 533 amino acids (the entire cytoplasmic
domain) and acts as a potent inhibitor of EGFR, due to its
inability to mutually phosphorylate after the dimerization of
EGFR (Supplementary Figure 1D) (30, 31). We induced the
GBM cells stably expressing EGFRwt and EGFRmut to
overexpress EGFR-CD533wt or EGFR-CD533 S645C
(CD533mut). We found that CD533wt and CD533mut markedly
suppress the phosphorylation of EGFRwt and EGFRmut,
respectively, but after exchanging CD533wt and CD533mut, the
effect of CD533 that inhibits the activation of EGFR is significantly
reduced (Figure 4A). The results suggested that two EGFRwt
monomers or two EGFRmut monomers are capable of effectively
binding to each other after EGF stimulation, but one EGFRwt
monomer and another EGFRmut monomer are disabled. Thus, we
inferred that EGFR S645C changes the connecting form of
dimerized EGFR. Simultaneously, EGFRmut is more sensitive to
low-concentrationEGF, suggesting that EGFRmutpossesseshigher
activation efficiency (Figure 4B). It is different from EGFRA289V,
which is basally phosphorylated in the absence of EGF (15).
Furthermore, we examined the activities of downstream signals of
EGFR, such as PI3K/Akt, MEK/Erk, and STAT3. Compared with
EGFRwt, stably expressing EGFRmut induces an increase in
pSTAT3, evidenced by Western blotting (Figure 4C). Together,
these results indicate that EGFR S645C is an activation mutation
and an oncogenetic mutation.

S645C Mutation Inhibits the Degradation
of EGFR and Prolongs the Activation of
Downstream Pathways
S645C mutation is capable of influencing the activity of EGFR as
per the above results; however, the phosphorylation level of
TABLE 1 | All samples with EGFR S645C point mutation from the cBioPortal database.

Study of Origin Sample ID Cancer Type

Diffuse Glioma (GLASS Consortium, Nature 2019) GLSS-CU-R005-TP Glioblastoma
Glioma (MSKCC, Clin Cancer Res 2019) P-0018572-T01-IM6 Glioblastoma Multiforme
Proteogenomic and metabolomic characterization of human glioblastoma (CPTAC, Cell 2021) C3N-01852 Glioblastoma Multiforme
Glioblastoma Multiforme (TCGA, Firehose Legacy) TCGA-06-2565-01 Glioblastoma Multiforme
Pediatric Preclinical Testing Consortium (CHOP, Cell Rep 2019) NCH-CA-3 Colorectal Adenocarcinoma
Lung Adenocarcinoma (Broad, Cell 2012) LUAD-NYU608 Lung Adenocarcinoma
Glioblastoma Multiforme (TCGA, PanCancer Atlas) TCGA-12-0657-01 Glioblastoma Multiforme
Glioblastoma Multiforme (TCGA, PanCancer Atlas) TCGA-12-0829-01 Glioblastoma Multiforme
June 2022 |
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EGFR Y1068 and some downstream signals, such as PI3K/Akt and
MEK/Erk, does not obviously increase (Figure 4C). Therefore, we
speculated that there are other mechanisms that account for the
promising efficacy of EGFR S645C. The activity of RTKs including
EGFR is not only controlled by the extent of phosphorylation but
also regulated by the duration of activated status (32). Firstly, we
employed CHX treatment to detect the stability and quantify the
half-life of EGFRwt and EGFRmut. The results indicated a
remarkable increase in the half-life of up to more than 24 h,
Frontiers in Oncology | www.frontiersin.org 6
mediated by S645C mutation in the presence of EGF
(Figures 4D, E). Previous studies have shown that after ligand
binding to and stimulating EGFR, which resides on the plasma
membrane, EGFR would be endocytosed into plasma.
Subsequently, a part of EGFR within early endosomes recycles
back to the plasma membrane, and the residue is sorted for
degradation (33, 34). Ubiquitination of EGFR induced by Cbl (an
E3 ubiquitin ligase with the RING domain) is an important means
to mediate endocytosis, sorting, and degradation (32, 35, 36). Cbl
A B

D E

F G H

C

FIGURE 2 | Stable expression of EGFR S645C significantly promotes the proliferation of glioma cells in vitro. (A) U87 and PriGBM cells stably expressing EGFRwt
and EGFRmut were subjected to Western blotting analyses. (B) GBM cell viability was determined by MTT assay. (C) Representative imagings of BrdU assay. (D, E)
Representative imagings of soft-agar and plate colony formation assay of GBM cells. Data are presented as means ± SD of 3 independent replicates (F–H). *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
June 2022 | Volume 12 | Article 904383
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recognizes the phosphorylated Y1045 site of EGFR and recruits
ubiquitin to conjugate with EGFR, and the process is critically
important indeterminingEGFR stability (37).We found thatEGFR
S645C significantly reduces the phosphorylation level of the Y1045
site (Figure 4F). Furthermore, the ubiquitination level of EGFRmut
after EGF stimulation is significantly decreased compared with
EGFRwt (Figure 4G). In summary, the results demonstrate that the
S645C point mutation increases the stability of EGFR. In addition,
stimulating with EGF, followed by withdrawing and washing,
results in the slower decay of phosphorylated EGFRmut and the
slower dephosphorylation of downstream p-Erk1/2 than EGFRwt
(Figures 4H, I). The results indicate that increasing the stability of
EGFR is vital to prolong the signal cascade (33, 38, 39). Collectively,
these results indicate that EGFR S645C increases the stability of
EGFR and prolongs the downstream signal cascade to function as
an oncogenic mutation.

EGFR S645C Mutation Induces Resistance
to Gefitinib
Previous studies suggested that the point mutation of EGFR is an
importantway for tumor cells to develop resistance to several TKIs.
T790M and C797S are among the most characteristic mutations
(40, 41). Missense mutation occurring in the ECD is also a
considerable approach to induce resistance (42, 43). In 2016,
Berger et al. utilized high-throughput phenotyping analysis and
demonstrated that raremutations could be functionally significant,
and the S645C mutation induces resistance of lung cancer cells to
erlotinib (44). Gefitinib and erlotinib as first-generation small-
Frontiers in Oncology | www.frontiersin.org 7
molecule inhibitors reversibly target EGFR. However, the first-
generationTKIs exhibit great potency to bindwild-type EGFR, thus
causingnumerous side effects suchas severediarrheaanddermatitis
(45). Tumor cells often possess EGFR amplification or overactive
mutants of EGFR, such as del 19 and L858R, which leads to greater
sensitivity to gefitinib and erlotinib. They are gradually accepted as
first-line therapy in lung cancer and are simultaneously tested in
multiple types of tumor, including GBM (46, 47). In this study, we
examined the sensitivity of GBM cells harboring EGFR S645C to
gefitinib. Firstly, we found that gefitinib can significantly inhibit
phosphorylation of EGFRwt but not EGFRmut and downstream
signaling substrate (p-Erk1/2) in U87 and PriGBM determined by
immunoblotting (Figure 5A). Consistently, the IC50 values of
gefitinib treating U87 and PriGBM harboring EGFRwt are 51.47
mM and 53.15 mM, respectively. However, the value of IC50 for
EGFRmut is up to 215.0 mMand 432.9 mM, evidenced byMTT cell
viability assays (Figure 5B). Furthermore, gefitinib can significantly
inhibit U87 and PriGBM expressing EGFRwt clonogenicity in soft
agar and on plates instead of EGFRmut, which is in line with the
above results (Figures 5C–F). Together, these results indicated that
EGFR S645C induces resistance to a first-generation EGFR TKI
—gefitinib.

EGFR S645C Is Sensitive to Osimertinib
and Presents Opportunities for
Targeted Therapy
To resolve the acquired resistance to first-generation TKIs, many
new components have been proposed to irreversibly bind
A B

D

E

C

FIGURE 3 | Stable expression of EGFR S645C significantly promotes the proliferation of glioma cells in vivo. (A, B) GL261 cells (3×105) stably expressing EGFRwt
or EGFRmut were subjected to xenograft tumor growth assay. The bioluminescence imaging and quantification of the 7th day and 14th day are presented. Data are
means ± SD of 3 replicates. (C) H&E staining and IHC staining of EGFR, p-Erk1/2, and Ki67 in transplanted GL261 tumors. Representative photographs for each
antibody and each group are shown. (D) Relative levels of Ki67 protein in GBM specimens of mice. (E) The survival curve demonstrating neurological symptom-free
survival was presented (p = 0.0159).
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mutants of EGFR. AZD9291, also known as osimertinib, is the
most characteristic one. EGFR S645C continuously activates
downstream signaling including Erk1/2 as mentioned
previously, and MEK inhibitor can partly counter the
resistance induced by EGFR S645C in lung cancer (44). Liu
et al. in 2019 revealed that osimertinib can overcome the
resistance of GBM to first- and second-generation TKIs by
continuously inhibiting Erk signaling (48). In this study, we
examined the potency of osimertinib targeting EGFR S645C.
Firstly, we detected the level of p-EGFR and p-Erk1/2 in the
presence of a gradient concentration of osimertinib, and found
that osimertinib showed a more effective ability to suppress
Frontiers in Oncology | www.frontiersin.org 8
EGFRmut than EGFRwt, despite both showing greater
effectivity than gefitinib (Figure 6A). The result is consistent
with characteristics of the third-generation inhibitor osimertinib,
which is selectively designed for overactivated mutants of EGFR
and the lower binding affinity to wild-type EGFR (49). Then, we
employed MTT cell viability assays to test IC50 (U87 EGFRwt:
4.69 mM, EGFRmut: 1.60 mM; PriGBM EGFRwt: 6.14 mM,
EGFRmut: 2.94 mM, Figure 6B). The clonogenicity evidenced
by soft agar and plate clone formation assays is in line with the
results (Figures 6C–F). Simultaneously, osimertinib is more
capable of inducing apoptosis in targeting EGFRmut rather
than EGFRwt, evidenced by higher cleaved PARP [poly(ADP-
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FIGURE 4 | S645C mutation suppresses the degradation of EGFR and prolongs the downstream signaling by inhibiting the ubiquitination of EGFR. (A) The EGFR-CD533wt
and CD533mut were transiently expressed in U87 and PriGBM, which stably express EGFRwt and EGFRmut. After 48 h, the cells were harvested and were subjected to
Western blotting analyses. (B) U87 and PriGBM cells were serum-starved for 12 h and then treated with different concentrations of EGF for 5 min. Cell lysates were subjected
to Western blotting analysis of active EGFR. (C) Western blotting analysis of active EGFR and downstream signaling in U87 and PriGBM, which stably express blank vector,
EGFRwt-flag, and EGFRmut-flag. (D, E) U87 and PriGBM cells were serum-starved for 12 h and then treated with 80 ng/ml EGF for 15 min. Sequentially, cells were treated
with 50 mg/ml cycloheximide (CHX) for an indicated time interval. Cell lysates were subjected to Western blot analyses. Three independent experiments were performed. The
EGFR protein levels were quantified and a plot representing protein half-life was presented as means ± SD. (F) Western blotting analysis of p-EGFRY1045. (G) HEK293T cells
were co-transfected with Ubiquitin and EGFRwt-flag or EGFRmut-flag plasmids. After 48 h, the cell lysates were subjected to IP-Western analysis. (H, I) After being serum-
starved for 12 h, U87 and PriGBM cells were treated with 10 ng/ml EGF for 5 min. Then, cells were washed and further incubated for the indicated times (Chase Time)
without EGF. Active EGFR and MEK1/2 were detected in cell lysates by Western blotting. The mean amounts of active EGFR and MEK1/2 normalized to total EGFR and
MEK1/2, respectively, from three experiments plotted against chase time are presented.
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ribose) polymerase] (Figures 6G). In conclusion, osimertinib
plays a potent role in inhibiting EGFR S645C to tackle the
resistance caused by the missense mutation in the ECD of EGFR.
DISCUSSION

GBM is the most refractory tumor causing many cancer-related
deaths worldwide. Scientists and clinicians have put considerable
Frontiers in Oncology | www.frontiersin.org 9
effort to search for effective therapies for GBM in the past
decades. When it comes to targeted therapy in GBM, the main
approaches are anti-angiogenesis and targeting RTKs and
downstream signaling proteins. Thus far, bevacizumab is the
only targeted drug approved by the FDA for GBM. In GBM,
truncated mutation and substitute mutation occurring in the
ECD of EGFR are the main mutants (14). These mutants often
show higher activity than wild-type EGFR, thus playing a huge
role in the proliferation and invasion of GBM and inducing GBM
A B

D E

F
C

FIGURE 5 | EGFR S645C induces resistance to gefitinib. U87 and PriGBM cells were treated with different concentrations of gefitinib for 48 h. (A) The cell lysates
were subjected to Western blotting. (B) Cell viability was analyzed by MTT assay. (C, D) Representative imagings and quantification of soft-agar colony formation
assay of GBM cells. (E, F) Representative imagings and quantification of plate colony formation assay of GBM cells. Data are presented as means ± SD of 3
independent replicates. *p < 0.05; ***p < 0.001; ****p < 0.0001.
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cells to rely on the strong signals to promote growth (11, 14).
Hence, it is ideal to take advantage of the difference between
normal and tumor tissue in targeted therapy.

In this study, we firstly present a clinical patient suffering
from GBM with the EGFR S645C mutation with terrible imaging
results and a dismal prognosis. We employed the SWISS-
MODEL and demonstrate that EGFR S645C potentially
changes the hydrogen bonds to impact the dimerization and
activity of EGFR. The EGFR S645C mutation inhibits the
degradation of EGFR and continuously activates downstream
signaling to promote the proliferation of GBM cells in vitro and
Frontiers in Oncology | www.frontiersin.org 10
in vivo. Therefore, EGFR S645C is inferred as an oncogenic
mutation. In addition, we demonstrated that EGFR S645C is
resistant to the first-generation EGFR inhibitor gefitinib, but the
third-generation inhibitor osimertinib showed enough efficacy to
suppress the proliferation induced by EGFRmut.

Up to now, there are a number of clinical trials examining
various small-molecule inhibitors to treat newly diagnosed and
progressing GBM. However, due to the disappointing outcomes
of the trials, there is no effective regimen; thus, the best option of
GBM patients is to enter clinical trials. On the one hand, GBM
and the tumor-associated microenvironment are exclusively
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C

FIGURE 6 | EGFR S645C presents an opportunity for Osimertinib therapy. U87 and PriGBM cells were treated with different concentrations of Osimertinib for 48 h.
(A) The cell lysates were subjected to Western blotting. (B) Cell viability was analyzed by MTT assay. (C, D) Representative imagings and quantification of soft-agar
colony formation assay of GBM cells. (E, F) Representative imagings and quantification of plate colony formation assay of GBM cells. Data are presented as means
± SD of 3 independent replicates. *p < 0.05; ***p < 0.001; ****p < 0.0001. (G) Western blotting analysis of cleaved PARP [poly(ADP-ribose) polymerase] and total
PARP after being treated with different concentrations of Osimertinib for 48 h.
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comparedwith other types of solid tumors, such as the occurrence of
theblood–brainbarrier and theheterogeneitywithin the tumormass.
On the other hand, the various small-molecule inhibitors are mainly
designed for lung cancer instead of GBM. In addition to small-
molecule inhibitors, monoclonal antibodies (mAbs) are another
important part of targeted therapy, which mainly target
extracellular proteins or ECD of transmembrane proteins because
of the large molecular weight compared with small-molecule
inhibitors. Moreover, immunological therapies, including CAR-T
cell and DC cell tumor vaccines, gradually capture the attention of
scientists and clinicians. EGFRvIII is often regarded as a dominant
target for immunological therapies due to the exposure of an
extracellular, unique, and targetable epitope (50, 51). The
substituted mutations in the ECD of EGFR similarly present
opportunities for monoclonal antibodies. Binder et al. indicated
that mAb806 binds EGFR A298V significantly better than wild-
type EGFR (14).

Substituted mutations in the ECD of EGFR also function as an
inescapable means to induce resistance to EGFR inhibitors. Tumor
cells respond to the stress of therapyandevolve toa resistant lineage.
In lung cancer, developing mutations in the kinase domain is the
major approach. Mutation in the ECD is also a method to induce
resistance in tumor cells (42, 44), and as for GBM,mutations in the
ECD perhaps play a more important role.
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Supplementary Figure 1 | (A) GL261 cells were transfected with vector or stably
expressed EGFRwt and EGFRmut. The cell lysates were subjected to western
blotting analysis. (B) Representative H&E stained sections of GL261 tumors. (C)
qRT-PCR analysis targeting angiogenic factors in PriGBM cells transduced with
vector, EGFRwt, or EGFRmut. (D) A schematic representation of the structure of
EGFR dimer consists of two EGFR monomers or an EGFR monomer and EGFR-
CD533.

Supplementary Figure 2 | The phosphorylation levels of Akt were detected by
western blotting. (A) After serum-starved for 12 hours, U87 and PriGBM cells were
treated with 10 ng/mL EGF for 5 minutes. And then cells were washed and further
incubated for indicated times (Chase Time) without EGF. The phosphorylation levels
of Akt were detected in cell lysates by western blotting. (B) U87 and PriGBM cells
which stably express EGFRwt or EGFRmut were treated with different
concentrations of gefitinib for 48 hours. The phosphorylation levels of Akt were
detected by western blotting. (C) U87 and PriGBM cells which stably express
EGFRwt or EGFRmut were treated with different concentrations of Osimertinib for
48 hours. The phosphorylation levels of Akt were detected by western blotting.
REFERENCES
1. Ostrom QT, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS. CBTRUS

Statistical Report: Primary Brain and Other Central Nervous System Tumors
Diagnosed in the United States in 2014-2018.Neuro Oncol (2021) 23(12 Suppl
2):i1–i105. doi: 10.1093/neuonc/noab200

2. Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw M.
Management of Glioblastoma: State of the Art and Future Directions. CA
Cancer J Clin (2020) 70(4):299–312. doi: 10.3322/caac.21613

3. Network CGAR. Comprehensive Genomic Characterization Defines Human
Glioblastoma Genes and Core Pathways. Nature (2008) 455(7216):1061–8.
doi: 10.1038/nature07385

4. Hoogstrate Y, Ghisai SA, de Wit M, de Heer I, Draaisma K, van Riet J, et al.
The EGFRvIII Transcriptome in Glioblastoma, a Meta-Omics Analysis.
Neuro Oncol (2021);24(3):429–41. doi: 10.1093/neuonc/noab231

5. Eskilsson E, Røsland GV, Solecki G, Wang Q, Harter PN, Graziani G, et al.
EGFR Heterogeneity and Implications for Therapeutic Intervention in
Glioblastoma. Neuro Oncol (2018) 20(6):743–52. doi: 10.1093/neuonc/
nox191
6. Runkle KB, Kharbanda A, Stypulkowski E, Cao XJ, WangW, Garcia BA, et al.
Inhibition of DHHC20-Mediated EGFR Palmitoylation Creates a
Dependence on EGFR Signaling. Mol Cell (2016) 62(3):385–96. doi:
10.1016/j.molcel.2016.04.003

7. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan
BW, et al. Activating Mutations in the Epidermal Growth Factor Receptor
Underlying Responsiveness of non-Small-Cell Lung Cancer to Gefitinib. New
Engl J Med (2004) 350(21):2129–39. doi: 10.1056/NEJMoa040938

8. Wang S, Song Y, Liu D. EAI045: The Fourth-Generation EGFR Inhibitor
Overcoming T790M and C797S Resistance. Cancer Lett (2017) 385:51–4. doi:
10.1016/j.canlet.2016.11.008

9. Bedard PL, Hyman DM, Davids MS, Siu LL. Small Molecules, Big Impact: 20
Years of Targeted Therapy in Oncology. Lancet (2020) 395(10229):1078–88.
doi: 10.1016/S0140-6736(20)30164-1

10. Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers MH, et al. Mechanism
for Activation of the EGF Receptor Catalytic Domain by the Juxtamembrane
Segment. Cell (2009) 137(7):1293–307. doi: 10.1016/j.cell.2009.04.025

11. Eskilsson E, Rosland GV, Talasila KM, Knappskog S, Keunen O, Sottoriva A,
et al. EGFRvIII Mutations can Emerge as Late and Heterogenous Events in
June 2022 | Volume 12 | Article 904383

https://www.frontiersin.org/articles/10.3389/fonc.2022.904383/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.904383/full#supplementary-material
https://doi.org/10.1093/neuonc/noab200
https://doi.org/10.3322/caac.21613
https://doi.org/10.1038/nature07385
https://doi.org/10.1093/neuonc/noab231
https://doi.org/10.1093/neuonc/nox191
https://doi.org/10.1093/neuonc/nox191
https://doi.org/10.1016/j.molcel.2016.04.003
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.1016/j.canlet.2016.11.008
https://doi.org/10.1016/S0140-6736(20)30164-1
https://doi.org/10.1016/j.cell.2009.04.025
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Huang et al. EGFR S645C Promotes Glioma Growth
Glioblastoma Development and Promote Angiogenesis Through Src
Activation. Neuro Oncol (2016) 18(12):1644–55. doi: 10.1093/neuonc/now113

12. Verhaak RGW, Bafna V, Mischel PS. Extrachromosomal Oncogene
Amplification in Tumour Pathogenesis and Evolution. Nat Rev Cancer
(2019) 19(5):283–8. doi: 10.1038/s41568-019-0128-6

13. Brennan CW, Verhaak RGW, McKenna A, Campos B, Noushmehr H, Salama
SR, et al. The Somatic Genomic Landscape of Glioblastoma. Cell (2013) 155
(2):462–77. doi: 10.1016/j.cell.2013.09.034

14. Binder ZA, Thorne AH, Bakas S, Wileyto EP, Bilello M, Akbari H, et al.
Epidermal Growth Factor Receptor Extracellular Domain Mutations in
Glioblastoma Present Opportunities for Clinical Imaging and Therapeutic
Development. Cancer Cell (2018) 34(1):163–77. doi : 10.1016/
j.ccell.2018.06.006

15. Lee JC, Vivanco I, Beroukhim R, Huang JH, Feng WL, DeBiasi RM, et al.
Epidermal Growth Factor Receptor Activation in Glioblastoma Through
Novel Missense Mutations in the Extracellular Domain. PLoS Med (2006) 3
(12):e485. doi: 10.1371/journal.pmed.0030485

16. Stein MK, Morris L, Sullivan JL, Fenton M, VanderWalde A, Schwartzberg LS,
et al. Expanding the Search for Significant EGFR Mutations in NSCLC
Outside of the Tyrosine Kinase Domain With Next-Generation Sequencing.
Med Oncol (2017) 34(7):126. doi: 10.1007/s12032-017-0985-3

17. Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan SS, You MJ, et al.
Epidermal Growth Factor Receptor and Ink4a/Arf: Convergent Mechanisms
Governing Terminal Differentiation and Transformation Along the Neural
Stem Cell to Astrocyte Axis. Cancer Cell (2002) 1(3):269–77. doi: 10.1016/
S1535-6108(02)00046-6

18. Baskaran S, Mayrhofer M, Kultima HG, Bergström T, Elfineh L, Cavelier L,
et al. Primary Glioblastoma Cells for Precision Medicine: A Quantitative
Portrait of Genomic (in)Stability During the First 30 Passages. Neuro Oncol
(2018) 20(8):1080–91. doi: 10.1093/neuonc/noy024

19. Appert-Collin A, Hubert P, Crémel G, Bennasroune A. Role of ErbB
Receptors in Cancer Cell Migration and Invasion. Front Pharmacol (2015)
6:283. doi: 10.3389/fphar.2015.00283

20. Cheng F, Zhang P, Xiao Q, Li Y, Dong M, Wang H, et al. The Prognostic and
Therapeutic Potential of LRIG3 and Soluble LRIG3 in Glioblastoma. Front
Oncol (2019) 9:447. doi: 10.3389/fonc.2019.00447

21. Peng C, Chen H, Li Y, Yang H, Qin P, Ma B, et al. LRIG3 Suppresses
Angiogenesis by Regulating the PI3K/AKT/VEGFA Signaling Pathway in
Glioma. Front Oncol (2021) 11:621154. doi: 10.3389/fonc.2021.621154

22. Lawrence MS, Stojanov P, Mermel CH, Robinson JT, Garraway LA, Golub TR,
et al. Discovery and Saturation Analysis of Cancer Genes Across 21 Tumour
Types. Nature (2014) 505(7484):495–501. doi: 10.1038/nature12912

23. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles
Using the Cbioportal. Sci Signal (2013) 6(269):l1. doi: 10.1126/
scisignal.2004088

24. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et alThe cBio
Cancer Genomics Portal: An Open Platform for Exploring Multidimensional
Cancer Genomics Data. Cancer Discov (2012) 2(5):401–4. doi: 10.1158/2159-
8290.CD-12-0095. Erratum in: Cancer Discov. 2012 Oct;2(10):960. PMID:
22588877; PMCID: PMC3956037.

25. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al.
SWISS-MODEL: Homology Modelling of Protein Structures and Complexes.
Nucleic Acids Res (2018) 46(W1):W296–303. doi: 10.1093/nar/gky427

26. Gan HK, Cvrljevic AN, Johns TG. The Epidermal Growth Factor Receptor
Variant III (EGFRvIII): Where Wild Things are Altered. FEBS J (2013) 280
(21):5350–70. doi: 10.1111/febs.12393

27. Tanaka K, Babic I, Nathanson D, Akhavan D, Guo D, Gini B, et al. Oncogenic
EGFR Signaling Activates an Mtorc2-NF-kb Pathway That Promotes
Chemotherapy Resistance. Cancer Discovery (2011) 1(6):524–38. doi:
10.1158/2159-8290.CD-11-0124

28. Talasila KM, Soentgerath A, Euskirchen P, Rosland GV, Wang J, Huszthy PC,
et al. EGFR Wild-Type Amplification and Activation Promote Invasion and
Development of Glioblastoma Independent of Angiogenesis. Acta
Neuropathol (2013) 125(5):683–98. doi: 10.1007/s00401-013-1101-1

29. Contessa JN, Abell A, Valerie K, Lin P, Schmidt-Ullrich RK. ErbB Receptor
Tyrosine Kinase Network Inhibition Radiosensitizes Carcinoma Cells. Int J Radiat
Oncol Biol Physics (2006) 65(3):851–8. doi: 10.1016/j.ijrobp.2006.02.025
Frontiers in Oncology | www.frontiersin.org 12
30. Contessa JN, Reardon DB, Todd D, Dent P, Mikkelsen RB, Valerie K, et al.
The Inducible Expression of Dominant-Negative Epidermal Growth Factor
Receptor-CD533 Results in Radiosensitization of Human Mammary
Carcinoma Cells. Clin Cancer Res (1999) 5(2):405–11.

31. Rafiq K, Hanscom M, Valerie K, Steinberg SF, Sabri A. Novel Mode for
Neutrophil Protease Cathepsin G-Mediated Signaling: Membrane Shedding of
Epidermal Growth Factor is Required for Cardiomyocyte Anoikis. Circ Res
(2008) 102(1):32–41. doi: 10.1161/CIRCRESAHA.107.150573

32. Huang F, Kirkpatrick D, Jiang X, Gygi S, Sorkin A. Differential Regulation of
EGF Receptor Internalization and Degradation by Multiubiquitination
Within the Kinase Domain. Mol Cell (2006) 21(6):737–48. doi: 10.1016/
j.molcel.2006.02.018

33. Yu J, Zhou D, Yang X, Cui B, Tan FW,Wang J, et al. TRIB3-EGFR Interaction
Promotes Lung Cancer Progression and Defines a Therapeutic Target. Nat
Commun (2020) 11(1):3660. doi: 10.1038/s41467-020-17385-0

34. Sigismund S, Woelk T, Puri C, Maspero E, Tacchetti C, Transidico P, et al.
Clathrin-Independent Endocytosis of Ubiquitinated Cargos. P Natl Acad Sci U
S A (2005) 102(8):2760–5. doi: 10.1073/pnas.0409817102

35. Levkowitz G, Waterman H, Ettenberg SA, Katz M, Tsygankov AY, Alroy I,
et al. Ubiquitin Ligase Activity and Tyrosine Phosphorylation Underlie
Suppression of Growth Factor Signaling by C-Cbl/Sli-1. Mol Cell (1999) 4
(6):1029–40. doi: 10.1016/S1097-2765(00)80231-2

36. Niu M, Xu J, Liu Y, Li Y, He T, Ding L, et al. FBXL2 Counteracts Grp94 to
Destabilize EGFR and Inhibit EGFR-Driven NSCLC Growth. Nat Commun
(2021) 12(1):5919. doi: 10.1038/s41467-021-26222-x

37. Balaji K, Mooser C, Janson CM, Bliss JM, Hojjat H, Colicelli J. RIN1
Orchestrates the Activation of RAB5 GTPases and ABL Tyrosine Kinases to
Determine the Fate of EGFR. J Cell Sci (2012) 125(Pt 23):5887–96. doi:
10.1242/jcs.113688

38. Lu J, Li Y, Wu Y, Zhou S, Duan C, Dong Z, et al. MICAL2 Mediates P53
Ubiquitin Degradation Through Oxidating P53 Methionine 40 and 160 and
Promotes Colorectal Cancer Malignance. Theranostics (2018) 8(19):5289–306.
doi: 10.7150/thno.28228

39. Bi H, Zhang X, Zhang Y, Xie X, Xia YL, Du J, et al. The Deubiquitinase
UCHL1 Regulates Cardiac Hypertrophy by Stabilizing Epidermal Growth
Factor Receptor. Sci Adv (2020) 6(16):x4826. doi: 10.1126/sciadv.aax4826

40. Vaclova T, Grazini U, Ward L, O'Neill D, Markovets A, Huang X, et al.
Clinical Impact of Subclonal EGFR T790M Mutations in Advanced-Stage
EGFR-Mutant non-Small-Cell Lung Cancers. Nat Commun (2021) 12
(1):1780. doi: 10.1038/s41467-021-22057-8

41. Wang Y, Yang N, Zhang Y, Li L, Han R, Zhu M, et al. Effective Treatment of
Lung Adenocarcinoma Harboring EGFR-Activating Mutation. J Thorac Oncol
(2020) 15(8):1369–75. doi: 10.1016/j.jtho.2020.04.014

42. Van Emburgh BO, Arena S, Siravegna G, Lazzari L, Crisafulli G, Corti G, et al.
Acquired RAS or EGFRMutations and Duration of Response to EGFR Blockade
in Colorectal Cancer.Nat Commun (2016) 7:13665. doi: 10.1038/ncomms13665

43. Leslie M. Potential Therapy for Refractory Colon Cancer. Cancer Discov
(2016) 6:336–7. doi: 10.1158/2159-8290.CD-NB2016-021

44. Berger AH, Brooks AN, Wu X, Shrestha Y, Chouinard C, Piccioni F, et al.
High-Throughput Phenotyping of Lung Cancer Somatic Mutations. Cancer
Cell (2016) 30(2):214–28. doi: 10.1016/j.ccell.2016.06.022

45. Cross DAE, Ashton SE, Ghiorghiu S, Eberlein C, Nebhan CA, Spitzler PJ, et al.
AZD9291, an Irreversible EGFR TKI, Overcomes T790M-Mediated
Resistance to EGFR Inhibitors in Lung Cancer. Cancer Discovery (2014) 4
(9):1046–61. doi: 10.1158/2159-8290.CD-14-0337

46. Parker JJ, DionneKR,MassarwaR, KlaassenM, ForemanNK,Niswander L, et al.
Gefitinib Selectively Inhibits Tumor Cell Migration in EGFR-Amplified Human
Glioblastoma. Neuro Oncol (2013) 15(8):1048–57. doi: 10.1093/neuonc/not053

47. Sathornsumetee S, Desjardins A, Vredenburgh JJ, McLendon RE, Marcello J,
Herndon JE, et al. Phase II Trial of Bevacizumab and Erlotinib in Patients
With Recurrent Malignant. Neuro Oncol (2010) 12(12):1300–10. doi: 10.1093/
neuonc/noq099

48. Liu X, Chen X, Shi L, Shan Q, Cao Q, Yue C, et al. The Third-Generation
EGFR Inhibitor AZD9291 Overcomes Primary Resistance by Continuously
Blocking ERK Signaling in Glioblastoma. J Exp Clin Cancer Res (2019) 38
(1):219. doi: 10.1186/s13046-019-1235-7

49. Finlay MRV, Anderton M, Ashton S, Ballard P, Bethel PA, Box MR, et al.
Discovery of a Potent and Selective EGFR Inhibitor (AZD9291) of Both
June 2022 | Volume 12 | Article 904383

https://doi.org/10.1093/neuonc/now113
https://doi.org/10.1038/s41568-019-0128-6
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1016/j.ccell.2018.06.006
https://doi.org/10.1016/j.ccell.2018.06.006
https://doi.org/10.1371/journal.pmed.0030485
https://doi.org/10.1007/s12032-017-0985-3
https://doi.org/10.1016/S1535-6108(02)00046-6
https://doi.org/10.1016/S1535-6108(02)00046-6
https://doi.org/10.1093/neuonc/noy024
https://doi.org/10.3389/fphar.2015.00283
https://doi.org/10.3389/fonc.2019.00447
https://doi.org/10.3389/fonc.2021.621154
https://doi.org/10.1038/nature12912
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1158/2159-8290.CD-12-0095. Erratum in: Cancer Discov. 2012 Oct;2(10):960. PMID: 22588877; PMCID: PMC3956037.
https://doi.org/10.1158/2159-8290.CD-12-0095. Erratum in: Cancer Discov. 2012 Oct;2(10):960. PMID: 22588877; PMCID: PMC3956037.
https://doi.org/10.1158/2159-8290.CD-12-0095. Erratum in: Cancer Discov. 2012 Oct;2(10):960. PMID: 22588877; PMCID: PMC3956037.
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1111/febs.12393
https://doi.org/10.1158/2159-8290.CD-11-0124
https://doi.org/10.1007/s00401-013-1101-1
https://doi.org/10.1016/j.ijrobp.2006.02.025
https://doi.org/10.1161/CIRCRESAHA.107.150573
https://doi.org/10.1016/j.molcel.2006.02.018
https://doi.org/10.1016/j.molcel.2006.02.018
https://doi.org/10.1038/s41467-020-17385-0
https://doi.org/10.1073/pnas.0409817102
https://doi.org/10.1016/S1097-2765(00)80231-2
https://doi.org/10.1038/s41467-021-26222-x
https://doi.org/10.1242/jcs.113688
https://doi.org/10.7150/thno.28228
https://doi.org/10.1126/sciadv.aax4826
https://doi.org/10.1038/s41467-021-22057-8
https://doi.org/10.1016/j.jtho.2020.04.014
https://doi.org/10.1038/ncomms13665
https://doi.org/10.1158/2159-8290.CD-NB2016-021
https://doi.org/10.1016/j.ccell.2016.06.022
https://doi.org/10.1158/2159-8290.CD-14-0337
https://doi.org/10.1093/neuonc/not053
https://doi.org/10.1093/neuonc/noq099
https://doi.org/10.1093/neuonc/noq099
https://doi.org/10.1186/s13046-019-1235-7
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Huang et al. EGFR S645C Promotes Glioma Growth
Sensitizing and T790MResistanceMutations That Spares theWild Type Form of
the Receptor. J Med Chem (2014) 57(20):8249–67. doi: 10.1021/jm500973a

50. Johnson LA, Scholler J, Ohkuri T, Kosaka A, Patel PR, McGettigan SE, et al.
Rational Development and Characterization of Humanized Anti-EGFR
Variant III Chimeric Antigen Receptor T Cells for Glioblastoma. Sci Transl
Med (2015) 7(275):222r–75r. doi: 10.1126/scitranslmed.aaa4963

51. Yan Y, Zeng S, Gong Z, Xu Z. Clinical Implication of Cellular Vaccine in
Glioma: Current Advances and Future Prospects. J Exp Clin Cancer Res (2020)
39(1):257. doi: 10.1186/s13046-020-01778-6

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Oncology | www.frontiersin.org 13
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Huang, Zou, Hao, Wang, Mao, Duan and Guo. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2022 | Volume 12 | Article 904383

https://doi.org/10.1021/jm500973a
https://doi.org/10.1126/scitranslmed.aaa4963
https://doi.org/10.1186/s13046-020-01778-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	S645C Point Mutation Suppresses Degradation of EGFR to Promote Progression of Glioblastoma
	Introduction
	Materials and Methods
	Cell Culture
	Antibodies and Reagents
	Plasmids
	MTT Assay
	Anchorage-Independent Growth Assay (Soft Agar Assay)
	Colony Formation Assay
	Edu Assay
	CHX Treatment
	Intracranial Xenograft Glioma Mouse Model
	Immunohistochemical Staining
	Statistical Analysis

	Results
	EGFR S645C Mutation Is Mainly Found in GBM and Potentially Changes the Connection Formation of Hydrogen Bonds in Dimerized EGFR
	EGFR S645C Significantly Promotes the Growth of GBM Cells In Vitro and In Vivo
	EGFR S645C Potentially Changes the Connecting Form of Dimerized EGFR and Sensitizes the Receptor to EGF
	S645C Mutation Inhibits the Degradation of EGFR and Prolongs the Activation of Downstream Pathways
	EGFR S645C Mutation Induces Resistance to Gefitinib
	EGFR S645C Is Sensitive to Osimertinib and Presents Opportunities for Targeted Therapy

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


