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Graphical abstract
Public summary

- EGFR gene mutations are detected in about 50% of non-small cell lung cancer (NSCLC) patients worldwide

- The three generations of EGFR tyrosine kinase inhibitors (TKIs) are critical milestones for NSCLC patients

- Like other targeted therapies, new EGFR mutations and coupled drug resistances emerge rapidly after TKI treatment,
posing formidable obstacles to cancer management

- The investigational fourth-generation EGFR inhibitors are of great promise, through a number of novel mechanisms, in
overcoming these resistances after third-generation TKI treatment, and will bring more benefits to NSCLC patients
ll www.cell.com/the-innovation
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The discovery that mutations in the EGFR gene are detected in up to
50% of lung adenocarcinoma patients, along with the development of
highly efficacious epidermal growth factor receptor (EGFR) tyrosine ki-
nase inhibitors (TKIs), has revolutionized the treatment of this
frequently occurring lung malignancy. Indeed, the clinical success of
these TKIs constitutes a critical milestone in targeted cancer therapy.
Three generations of EGFR-TKIs are currently approved for the treat-
ment of EGFR mutation-positive non-small cell lung cancer (NSCLC).
The first-generation TKIs include erlotinib, gefitinib, lapatinib, and ico-
tinib; the second-generation ErbB family blockers include afatinib, ner-
atinib, and dacomitinib; whereas osimertinib, approved by the FDA on
2015, is a third-generation TKI targeting EGFR harboring specific muta-
tions. Compared with the first- and second-generation TKIs, third-gen-
eration EGFR inhibitors display a significant advantage in terms of pa-
tient survival. For example, the median overall survival in NSCLC
patients receiving osimertinib reached 38.6 months. Unfortunately,
however, like other targeted therapies, new EGFR mutations, as well
as additional drug-resistance mechanisms emerge rapidly after treat-
ment, posing formidable obstacles to cancer therapeutics aimed at
surmounting this chemoresistance. In this review, we summarize the
molecular mechanisms underlying resistance to third-generation
EGFR inhibitors and the ongoing efforts to address and overcome
this chemoresistance. We also discuss the current status of fourth-
generation EGFR inhibitors, which are of great value in overcoming
resistance to EGFR inhibitors that appear to have greater therapeutic
benefits in the clinic.

Keywords: Cancer; targeted therapy; EGFR inhibitors; drug resistance;
mutations; chemoresistance mechanisms; surmounting chemore-
sistance
INTRODUCTION
Mutated epidermal growth factor receptor (EGFR) is a very common

driver oncogene and hence constitutes a central druggable target in can-
cer treatment.1 The first EGFR inhibitor, gefitinib, launched in 2003,
marked the beginning of a new era in cancer treatment, i.e., targeted ther-
apy.2 Great progress has been made in the treatment of non-small cell
lung cancer (NSCLC), which includes EGFR-targeted tyrosine kinase in-
hibitors (TKIs).2 Unfortunately, however, NSCLC patients treated with
EGFR inhibitors frequently develop anticancer drug resistance after
months of treatment, frequently via EGFRmutations and other molecular
mechanisms of chemoresistance.3 It should be emphasized that both
intrinsic (primary) and acquired (secondary) anticancer drug resistance
frequently emerges in various cancers and constitute a central impedi-
ment to curative cancer therapy.4–11 To address and overcome this ma-
jor impediment, new EGFR inhibitors are being developed that target
some of these resistance-associated EGFR mutations. Accompanied
ll
by the first-line therapy of the third-generation EGFR tyrosine kinase in-
hibitors (EGFR-TKIs), especially the great progress of osimertinib in treat-
ing NSCLC patients, new EGFR mutations as well as drug-resistance
mechanisms have emerged.12,13 In this review, we summarize the highly
heterogeneous molecular mechanisms that mediate resistance of can-
cers harboring mutant EGFR to third-generation EGFR-TKIs. We also
discuss recent progress in the development of the fourth-generation
EGFR inhibitors, which are of great value in overcoming the emerging
EGFR inhibitor resistance and which appear to achieve greater therapeu-
tic benefits in cancer patients.
EGFR PATHWAY IN CANCER AND LAUNCHED EGFR
INHIBITORS

The EGFR family harbors an extracellular domain, a transmembrane
region, and an intracellular domain.1 The intracellular kinase domain
contains the N-lobe, which is subdivided into nucleotide-binding site,
P-loop, C-helix, and C-lobe, including the DFG motif, catalytic residue
Asp813, catalytic loop, and A-loop, with the ATP-binding pocket located
in the catalytic cleft between the lobes.1 The A-loop folds into a helix un-
der the inactive state and restrains C-helix rotation toward the catalytic
cleft (C-helix-out; Figure 1A).1,14 When triggered by ligands, EGFR signal
acts an asymmetric dimer, following which the kinase domain turns into
a tail-to-head interaction, which shifts the equilibrium to an active state
by pushing the C-helix into an active position (C-helix-in; Figure 1B),15

thereby resulting in the subsequent activation of PI3K/AKT, RAS/RAF/
MEK/ERK, and STAT3 signaling pathways.1 These pathways regulate
pivotal cellular processes, including proliferation, differentiation, sur-
vival, and migration, making EGFR signaling susceptible to being hi-
jacked by cancer cells.1,2 Various pre-clinical and clinical studies to
date have revealed the driver function of EGFR in various cancer
types.1,2

The first-generation EGFR-TKIs (Figure 2), including gefitinib, erlotinib, la-
patinib, and icotinib, have been widely used to block EGFR activity in an
ATP-competitive and -reversible manner.2 Their cytotoxic effect has been
stronger when targetingmutated EGFR thanwild-type EGFR (EGFRWT), espe-
cially EGFR harboring an L858Rmutation as well as EGFR displaying exon19
deletion (Ex19del).2 However, almost all cancer patients developed resis-
tance to the first-generation EGFR-TKIs after 10–14 months of treatment;
this TKI resistance has been associated with the EGFR T790M mutation in
50%–60% of the cases.16

Over the years, second-generation EGFR-TKIs with more potent inhibitory
activity against EGFR have been developed and applied.2 Covalent binding of
these TKIs to EGFRat Cys797 residuemay lead to irreversible inhibition of the
EGFR kinase.2 The second-generation EGFR-TKIs afatinib, neratinib, and
dacomitinib have shown a higher antitumor activity compared with the
first-generation EGFR-TKIs.2 Unfortunately, these EGFR-TKIs continue to be
limited in their activity due to the frequent emergence of the drug-resistance
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Figure 1. Conformational movement occurs in human
EGFR tyrosine kinase domains between inactive and active
states (A and B) Crystal structure of the inactive state (PDB:
1XKK) and active state of the EGFR tyrosine kinase domain
(PDB: 2ITX) were visualized by using PyMol 2.4.1. When in
the inactive conformation, residues Lys745 and Glu762 are
separated, the C-helix is in the out conformation, and the A-
loop is in its closed conformation. When active, residues
Lys745 and Glu762 are adjacent, the C-helix is in the in
conformation, and the A-loop is in its open conformation.
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phenomenon (especially when targeting the T790M EGFR mutation); more-
over, an irreversible mode of EGFR inhibition may lead to increased side
effects.2

Osimertinib, which is the most successful third-generation EGFR-TKI,
was approved by the US Food and Drug Administration (FDA) in 2015 for
the treatment of locally advanced or metastatic NSCLC bearing the
T790M EGFRmutation or other activating mutations.12,17–22 Osimertinib
irreversibly binds to Cys797 in the EGFR kinase domain and has a stron-
ger antitumor activity compared with other EGFR-TKIs.12,17,18,23 More-
over, osimertinib can overcome T790M mutation-induced resis-
tance.12,23 Other promising third-generation EGFR-TKIs include
almonertinib, maverlertinib, nazartinib, avitinib, ASK120067, rociletinib,
olmutinib, naquotinib, and lazertinib, most of which have been tested in
pre-clinical and clinic trials (Table 1).2,24 In addition, multiple-targeted
TKIs, such as vandetanib, brigatinib, and pyrotinib, also suppress EGFR
activity and have been applied in the clinic.2,28

EGFR exon 20 insertion (Ex20ins) mutations account for 4%–10% of
EGFR mutations.29 Apart from the insertion mutation 763_764insFQEA,
most exon 20 insertion mutations are resistant to first- and second-gener-
ation EGFR-TKIs.29,30 The efficacy of the third-generation EGFR-TKIs on
Ex20ins mutations is still controversial.31 Currently, chemotherapy is
preferred for these mutations in the clinic.32,33 To overcome these EGFR
mutations, several TKIs targeting these mutations have been trialed. TAK-
788 (AP32788) targets 14 distinct Ex20ins mutations in EGFR and six types
of Ex20ins mutations in human epidermal growth factor receptor2
(HER2).34 Data from a phase I/II study affirmed the effectiveness of TAK-
788 in NSCLC patients harboring Ex20ins mutations.35 Amivantamab
(JNJ-61186372) is an EGFR/cMET targeted bispecific antibody.36 A phase
I study of 20 NSCLC patients with Ex20ins mutations demonstrated that
the disease control rate of amivantamab is 100%, and the objective
response rate (ORR) was 30%.37,38 Other agents targeting Ex20ins muta-
tions, including DZD9008 and CLN-081, a pan-mutation-selective EGFR-
TKI, also achieved a promising effect in pre-clinical research and merit
further research.39–41

Four EGFR-targeted monoclonal antibodies (mAbs), cetuximab, necitu-
mumab, panitumumab, and nimotuzumab, have been approved by the
FDA.2 Since the mAbs could suppress the ligand-dependent dimerization
of EGFRWT and some mutant EGFR via binding to the extracellular domain
of EGFR that competes for endogenous ligand binding, they are sometimes
also classified as EGFR inhibitors. Combined administration with chemo-
therapeutic agents is frequently required for EGFR mAbs in the clinic.2 It
is noteworthy that only a fraction of the patients is sensitive to these
mAbs, and EGFRWT-targeted toxicities may restrict their clinical
application.2
2 The Innovation 2, 100103, May 28, 2021
EGFR-TARGETED THERAPY IN THE CLINIC
The cellular proliferation features of EGFR render it heavily implicated in

malignant tumors; this has been confirmed by a large amount of pre-clinical
and clinical evidence.2,7,42–44 The majority of aberrant forms of EGFR in ma-
lignant tumors emerge as mutations and/or gene amplification, which has
been reported to occur in lung cancer,45–47 colorectal cancer,48,49 squamous
cell carcinoma of the head and neck (SCCHN),50,51 pancreatic cancer,52–54

renal cell cancer,55 hepatocellular carcinoma,56 breast cancer,57–59 prostate
cancer,60–62 gastric cancer,63,64 glioma,65–67 and ovarian cancer,68,69 and
others (Table 2). Among these malignancies, the involvement of EGFR in
lung cancer, especially NSCLC, has received the most research attention.
Lung cancer
EGFR is a major driver gene in NSCLC, the most common lung cancer.7

Precise molecular typing is highly recommended before administration of
EGFR-targeted therapy according to the National Comprehensive Cancer
Network (NCCN) Clinical Practice Guidelines in Oncology.33 For patients
with the common sensitive EGFR mutations (Ex19del and L858R), osimerti-
nib is recommended.33 The FLAURA study on advancedNSCLCpatientswith
the common sensitive EGFR mutations showed that the median progres-
sion-free survival (mPFS) was 10.2 months for the first-generation EGFR-
TKIs (gefitinib and erlotinib) and 18.9 months for osimertinib (hazard ratio
[HR] = 0.46, p < 0.001).17,18 Moreover, the median duration of response
(mDoR) was 8.5 months and 17.2 months, and the median overall survival
(mOS) was 31.8 months and 38.6 months (HR = 0.8, p = 0.046), respec-
tively.17,18 At 3 years, 28% of patients in the osimertinib group and 9% in
the gefitinib and erlotinib group continued with a clinical trial.18 Osimertinib
also has a similar safety profile and lower rates of severe adverse events
than the standard EGFR-TKIs.17 Combined post hoc analysis of LUX-Lung
2, LUX-Lung 3, and LUX-Lung 6 clinical trials revealed that afatinib was active
in patients with uncommon EGFR mutations, especially G719X, L861G, and
S768I.70 The mPFS and mOS values for afatinib in the three groups of
EGFR mutations were 10.7, 2.9, and 2.7 months and 19.4, 14.9, and
9.2 months, respectively.70 Another phase II study (KCSG-LU15-09) showed
that osimertinib demonstrated favorable activity with manageable toxicity in
patientswithNSCLC harboring uncommon EGFRmutations; the ORR,mPFS,
and mDoR for osimertinib were 50%, 8.9 months, and 11.2 months, respec-
tively.19 However, so far no high-quality randomized controlled trial (RCT) has
directly compared the efficacy of osimertinib and the second-generation
EGFR-TKIs in NSCLC patients harboring uncommon EGFR mutations.

For patients with advanced NSCLC with central nervous system (CNS)
metastases, the first-/second-generation EGFR-TKIs were ineffective,
since the penetration of these drugs into the brain is relatively low.20 In
www.cell.com/the-innovation
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Figure 2. Global launched EGFR inhibitors The launching time and chemical structures of three generations of EGFR-TKIs are displayed. Moreover, the related multi-
targeted TKIs are also listed for reference. CN, China; US, United States.
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contrast, osimertinib effectively crossed the blood-brain barrier (BBB)
due to its lower efflux by human BBB multi-drug efflux pumps than other
EGFR-TKIs, which implies the attainment of a higher concentration of
osimertinib in the brain.71 The AURA3 study on CNS metastasis in
NSCLC patients with the T790M EGFR mutation demonstrated that
CNS ORR was 70% with osimertinib and only 31% with the platinum-pe-
metrexed combination (odds ratio [OR] = 5.13, p = 0.015); the ORR was
40% and 17% (OR = 3.24, p = 0.014), respectively.20 The mDoR of CNS
was 8.9 months for osimertinib and 5.7 months for platinum-peme-
trexed, whereas the mPFS of CNS was 11.7 and 5.6 months (HR =
0.32, p = 0.004), respectively.20 Moreover, the BLOOM study on EGFR-
mutated NSCLC patients with leptomeningeal metastases showed that
mPFS and mOS of osimertinib were 8.6 months and 11.0 months,
respectively.21 Among these patients, the neurologic function was
ameliorated in 57% (12/21) of patients with an abnormal assessment
at baseline, which improved the quality of life and prognosis.21
ll
For patientswith advancedNSCLCwhose sensitive EGFRmutations were
found during chemotherapy, completion or interruption of the planned
chemotherapeutic regimen was recommended, followed by an administra-
tion of osimertinib or thefirst-/second-generation EGFR-TKIs.33When the dis-
ease progresses after osimertinib treatment, definitive local therapy com-
bined with continued treatment of osimertinib is recommended for
asymptomatic patients and patients with brain metastases or isolated le-
sions.33 When the disease progresses after other EGFR-TKI treatment, the
detection of the T790M mutation is recommended, and osimertinib is the
preferred treatment for patients with this frequent T790M EGFR mutation.33

As postoperative adjuvant therapy, osimertinib significantly reduces the
recurrence rate after the operation by 79%.22

Colorectal cancer
EGFR is a crucial target for colorectal cancer. EGFR mAbs are the first

group of targeted drugs developed for the treatment of metastatic colorectal
The Innovation 2, 100103, May 28, 2021 3



Table 1. Clinical progress of the third-generation EGFR-TKIs

Drugs Stage Company Indications Clinical trials Refs.

Osimertinib 2015, approved
(US); 2017,
approved (CN)

AstraZeneca NSCLC, other
solid cancers

NCT02296125a,
NCT02151981a,
NCT02511106a,
NCT03521154a,
NCT04413201a

Soria et al.17, Ramalingam
et al.18, Cho et al.19, Wu
et al.20, Yang et al.21, Wu et al.22

Olmutinib 2016, approved
(South Korea)

Hanmi Pharma NSCLC NCT01588145a,
NCT02485652a,
NCT03228277a

Guardiola et al.2, Wang
and Adjei24, Tan et al.25

Almonertinib 2020,
approved (CN)

Hansoh Pharma NSCLC NCT04500717a,
NCT04500704a

Wang and Adjei24

Maverlertinib phase II Pfizer NSCLC NCT02349633a, Wang and Adjei24, Tan et al.25

Nazartinib phase II Novartis NSCLC, other
solid cancers

NCT02335944a,
NCT03040973a,
NCT02323126a

Wang and Adjei24, Tan et al.25

Avitinib phase II ACEA Pharma NSCLC, B cell
lymphoma

NCT03300115a,
NCT03060850a

Wang and Adjei24, Tan et al.25

CK-101 phase II CKPT NSCLC, other
solid cancers

NCT02926768a Wang and Adjei24

D-0316 phase II InventisBio NSCLC, other
solid cancers

NCT03861156a,
NCT04206072a

Wang and Adjei24

BPI-7711 phase III Beta Pharma NSCLC NCT03866499a Wang and Adjei24

SH-1028 phase III Sanhome Pharma NSCLC NCT04239833a Wang and Adjei24

ASK120067 phase III Aosaikang Pharma NSCLC NCT04143607a Wang and Adjei24, Zhang et al.26

ZN-e4 phase II Zeno Pharma NSCLC NCT03446417a Wang and Adjei24

Rociletinib phase III Clovis Oncol NSCLC NCT02147990a Wang and Adjei24, Tan et al.25

Naquotinib phase I Astellas Pharma NSCLC NCT02113813a Wang and Adjei24, Tan et al.25

Lazertinib phase III Yuhan/Genosco/
Janssen Pharma

NSCLC NCT04248829a Wang and Adjei24

NCT04487080a

Alflutinib phase III Allist Pharma NSCLC NCT03787992a Wang and Adjei24

ES-072 phase I Bossan NSCLC CTR20180074b

TY-9591 phase I TYK Med NSCLC NCT04204473a

TAS-121 phase I Taiho Pharma NSCLC JapicCTI142651c

BPI15086 phase I Beta Pharma NSCLC NCT02914990a

FHND9041 phase II Chuangte Pharma NSCLC CTR20191359b

C-005 phase I Shuangliang Bio NSCLC CTR20191910b

BEBT-109 phase I Bebetter Med NSCLC CTR20192575b

YZJ-0318 phase I Haiyan Pharma NSCLC CTR20171646b

TQB3456 phase I ChiaTai TianQing NSCLC NCT03754244a Wang and Adjei24

WZ4002 pre-clinical Ricordel et al.27

CNX-2006 pre-clinical Ricordel et al.27

CN, China; US, United States; CKPT, Checkpoint Therapeutics; NSCLC, non-small cell lung cancer.
ahttps://www.clinicaltrials.gov
bhttp://www.chinadrugtrials.org.cn
chttps://www.clinicaltrials.jp
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cancer (mCRC). In patients with wild-type KRAS, Cetuximab combined with
FOLFIRI significantly improved mOS (23.5 versus 20.0 months; HR = 0.796,
p = 0.0093), mPFS (9.9 versus 8.4 months; HR = 0.696, p = 0.0012), and
response rate (RR) (57.3% versus 39.7%; OR = 2.069, p = 0.001) when
compared with FOLFIRI alone.72 Addition of cetuximab to FOLFOX4 remark-
4 The Innovation 2, 100103, May 28, 2021
ably prolonged mPFS (8.3 versus 7.2 months, HR = 0.576, p = 0.0064) than
FOLFOX4 alone, resulting in a trend of OS benefit (22.8 versus 18.5 months,
HR = 0.855, p = 0.39).73 Cetuximab plus panitumumab also improved the
mPFS of FOLFOX4 (10.0 versus 8.6 months, HR = 0.80, p = 0.01).74 Interest-
ingly, mCRC originating from the left colon was found to bemore sensitive to
www.cell.com/the-innovation
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Table 2. Aberrant EGFR in different cancers

Cancer type EGFR aberration
EGFR inhibitors approved
by FDA in clinic

NSCLC 15%–50% mutation
(Ex19del, L858R, Ex20ins,
G719X, L861G, S768I,
E709X, etc.),46,47

32% gene amplification45

erlotinib, gefitinib,
afatinib, dacomitinib,
osimertinib, brigatiniba

Colorectal
cancer

7%–89% increased
gene copy number,49

<1% mutation48

cetuximab,
panitumumab

SCCHN 10%–17% gene
amplification,50

42% EGFRvIII mutation51

cetuximab,
nimotuzumab

Pancreatic
cancer

55%–69% protein
overexpression,52,53

1.5% mutation54

erlotinib

Renal cell
cancer

38% gene amplification55 NA

Hepato
carcinoma

68% protein
overexpression56

NA

Breast cancer 14%–64% gene
amplification,57,58

3%–11% mutation58,59

(Ex19del, T847I, L858R,
G719A, V786M), 13%
SNP (T725T, Q787Q)59

lapatinib, neratinib,
pyrotinib, afatinib

Prostate
cancer

14%–30% protein
overexpression,60,61

15% mutation62 (Ex19del,
V738G, D761G, E709K)

NA

Gastric
cancer

27% protein
overexpression,63 5.2%
mutation64 (Y801C,
L858R, G863D); 37.9%
SNP64 (Q787Q)

NA

Glioma 40%–45% gene
amplification,65 14%
mutation66,67 (D46N,
G63R, R108K, T263P,
A289X, R324L, E330K,
P596L, G598V, L861Q);
30% EGFRvIII mutation52

nimotuzumab

Ovarian
cancer

4%–22% gene
amplification,68 23.5%
mutation69 (Ex19del,
T725X, L858R, R832C,
E868D, T852M, L703P,
S720F, N700S, etc.)

NA

aThe approval of brigatinib for NSCLC is mainly due to its ALK inhibition.
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EGFR-targeted mAbs.75 Hence, the first-line treatment of combined EGFR
mAbs with chemotherapy is recommended only for metastatic colon cancer
with wild-type KRAS, NRAS, or BRAF in the clinic.76 Another phase II study re-
vealed that cetuximab plus erlotinib was also active in mCRC with wild-type
KRAS (mPFS = 5.6 months), hence deserving further clinical assessment.77
Squamous cell carcinoma of the head and neck
Cetuximab was the first mAb that showed clinical activity for SCCHN.

Cetuximab combined with radiotherapy notably ameliorated the prognosis
of SCCHN.78 The mOS times in the group of this cetuximab and radio-
therapy group and the group undergoing radiotherapy alone were 49.0
and 29.3 months (HR = 0.74, p = 0.03), mPFS was 17.1 and 12.4 months
(HR = 0.70, p = 0.006), and the 5-year survival rate was 45.6% and 36.4%,
respectively.78 Erlotinib, combined with cisplatin and radiotherapy in pa-
tients with locally advanced SCCHN, failed to improve PFS.79 Multi-targeted
ll
EGFR-TKIs such as afatinib, dacomitinib, and lapatinib may be effective in
SCCHN, although they should also be further assessed for their potential
side effects.2 In recurrent metastatic nasopharyngeal carcinoma after
radical radiotherapy, addition of nimotuzumab to chemotherapy resulted
in a superior ORR, PFS, and OS than those who did not receive this nimo-
tuzumab addition (88.9% versus 12.5%, p < 0.001; 7.4 versus 2.7 months,
p = 0.081; 17.0 versus 8.0 months, p = 0.202).80 This combination was well
tolerated and displayed a potential clinical application prospect in nasopha-
ryngeal carcinoma.80

Pancreatic cancer
Combining erlotinib with gemcitabine can improve the prognosis of

pancreatic cancer patients, and this combination has been clinically
approved.81 A phase II study of advanced pancreatic cancer with wild-type
KRAS showed that nimotuzumab plus gemcitabine could significantly
ameliorate patient prognosis.82 The mOS for combined therapy and gemci-
tabine alone was 8.6 and 6.0 months (HR = 0.69, p = 0.0341), mPFS was
5.1 and 3.4 months (HR = 0.68, p = 0.0163), and the 1-year OS/PFS rate
was 34%–22% and 19%–10% (HR = 0.69, p = 0.03; HR = 0.68, p = 0.02),
respectively.82 Neoadjuvant therapy with intensity-modulated radiotherapy,
cetuximab, and gemcitabine was tolerable and increased margin negative
resection rates.83 Partial locally advanced tumors may be downstaged by
applying this combination to allow for complete resection.83 However, the
addition of cetuximab to gemcitabine could not improve prognosis
compared with gemcitabine alone, and EGFR inhibitors plus MEK inhibitors
were also of finite benefit to advanced pancreatic cancer.84,85 Overall,
although EGFR-targeted therapy can improve pancreatic cancer prognosis,
its clinical benefit is still limited.

Renal cell cancer
A phase II study showed that erlotinib improved disease control and sur-

vival outcomes under acceptable toxicity in renal cell cancer, with mOS of
27 months.86 Unfortunately, gene detection was absent before treatment.86

Detailed molecular typing may enhance the efficacy of EGFR inhibitors in
renal cell cancer. Other clinical trials suggested that erlotinib plus bevacizu-
mab achievedmPFS of 11months inmetastatic clear renal cell cancer.87 La-
patinib resulted in longer OS than hormone in EGFR-positive advanced renal
cell cancer (46.0 versus 37.9 weeks, HR = 0.69, p = 0.02).88 These clinical tri-
als highlight the therapeutic potential of EGFR inhibitors in renal cell cancer;
however, additional investigations are warranted.

Hepatocellular carcinoma
A phase II study of patients with advanced hepatocellular carcinoma sug-

gested that the mOS of erlotinib was 13 months.89 Combined erlotinib with
bevacizumab achieved more potent activity, prolonging mPFS and mOS to
9 and 15.7months, respectively.90 Another phase II study found that lapatinib
waswell tolerated, while it only had a therapeutic effect on a certain subgroup
of patients with advanced hepatocellular carcinoma (mPFS = 1.9 months;
mOS = 12.6 months), for whom predictive molecular or clinical characteris-
tics have not been fully clarified.91

Breast cancer
HER2 is the main driver gene in breast cancer. EGFR/HER2 target EGFR-

TKIs, such as pyrotinib, neratinib, afatinib, and lapatinib, display an efficacy in
breast cancer.2 For selective EGFR-TKIs, data from a phase II study uncov-
ered a finite efficacy of erlotinib plus bevacizumab in breast cancer.92 More-
over, another study showed that a combination of gefitinib andanastrozoleor
trastuzumabcould not improve the treatment efficacy in breast cancer.93,94 A
phase II study of triple-negative breast cancer showed that addition of cetux-
imab to cisplatin achieved clinical benefit compared with cisplatin alone;
mPFS for cetuximab plus cisplatin was 3.7 months and for cisplatin it was
1.5 months (HR = 0.67, p = 0.032), whereas mOS was 12.9 and 9.4 months
(HR = 0.82, p = 0.31), respectively.95 However, these researches also sug-
gested that the application of selective EGFR inhibitors for breast cancer
should be further assessed.
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Figure 3. Summary of EGFRmutations associated with resistance to third-generation EGFR-TKIs Shown are the various EGFRmutations that result in resistance to TKIs.
The localization of these mutations on the various domains of the EGFR protein and exons are also depicted. L1, L2, ligand-binding domains; CR1, CR2, cysteine-rich
domains; TM, transmembrane region.
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Prostate cancer
A phase II study of metastatic prostate cancer showed that erlotinib

achieved clinical benefit (decrease or stabilization of prostate-specific anti-
gen [PSA] levels without clinical progression) in 40% of the patients.96 For
androgen-resistant metastatic prostate cancer, a phase II study indicated
that cetuximab decreased PSA in some patients and prolonged survival
time (mOS = 13.3 months).97

Other indications
Multi-target EGFR inhibitors have been applied in other cancer types such

as gastric cancer, thyroid cancer, leukemia, and ovarian cancer.2 These EGFR
inhibitors may achieve activity by suppressing kinase targets other than
EGFR. Nevertheless, selective EGFR inhibitors need further investigation in
these cancer types.

MECHANISMS OF ACQUIRED RESISTANCE TO
THIRD-GENERATION EGFR-TKIs

Considering the capacity to overcome resistance induced by the T790M
EGFR mutation, the third-generation EGFR-TKIs, especially osimertinib,
have received a great deal of attention. After approximately 1–2 years of
treatment, disease progression occurred in most patients, implying the
emergence of a drug-resistant phenotype.98 Mechanisms of the acquired
resistance to the third-generation EGFR-TKIs possess significant tumor het-
erogeneity and can be classified as EGFR-dependent and EGFR-independent
in general (Figures 3, 4, and 5; Table 3).

EGFR-dependent mechanisms
EGFR mutations. EGFR mutations, especially in exons 18, 20, and 21,

account for about one-third of themechanisms of resistance to the third-gen-
eration EGFR-TKIs (Figure 4).25 Cys797 is the most frequent mutation hot-
spot. Non-Cys797 EGFR mutations often coexist with other EGFR muta-
tions.13,25 These mutations reduce the binding of the third-generation
EGFR-TKIs to EGFR via different mechanisms.
Mutations in EGFR exon 20. C797S (22%–40% of the mutations) is the
most frequent mutation that mediates resistance to the third-generation
EGFR-TKIs.25 Cys797 is located at the edge of the ATP-binding pocket in
the EGFR kinase domain. Third-generation EGFR-TKIs such as osimertinib
and rociletinib are based on a pyrimidine scaffold and covalently bind to
Cys797 via aMichael acceptor group.23,102,131 The C797Smutation prevents
the formation of the covalent bond and results in drug resistance.23,102,131

Clinical data showed that theC797Smutation ismore frequent in the Ex19del
mutation.132 Intriguingly, activation of downstream signaling pathways
induced by L858R/T790M/C797S mutant EGFR partially requires EGFR
dimerization, promoting its sensitivity to cetuximab to a certain extent.13

For patients without the T790Mmutation, C797Smutated EGFRmoderately
responds to the first-generation EGFR-TKIs.99 In patientswith the T790Mmu-
6 The Innovation 2, 100103, May 28, 2021
tation, the colocalization of the T790M and C797S on the allele determines
the option of a treatment strategy for overcoming C797S-mediated resis-
tance. If C797S and T790M reside on different alleles (T790M/trans-C797S
mutation), a combination of the first- and third-generation EGFR-TKIs may
be active.100,101 If residing on the same allele (T790M/cis-C797S mutation),
all clinically approved EGFR inhibitors will fail to surmount drug resistance.133

To overcome the T790M/C797S mutation, the combination therapy of brig-
atinib with EGFRmAbs or themutant-selective allosteric inhibitorsmay be an
effective strategy.103,104 Some studies pointed out that the C797G or C797N
EGFR mutations also mediated resistance to third-generation EGFR-
TKIs.25,134

Next-generation sequencing (NGS) on cell-free DNA (cfDNA) of 93 osimer-
tinib-resistant NSCLC patients revealed Gly796/Cys797 as well as Leu792
EGFR mutations in 24.7% and 10.8% of the cases, respectively.135 Among
the L792X mutations including L792F, L792H, L792R, L792Y, L792V, and
L792P, the L792H EGFR mutation results in the most potent resistance to
osimertinib.135 L792X mutations in the absence of T790M also lead to osi-
mertinib resistance.135 G796X mutations include G796R and G796S.135

Structural analyses uncovered that the L792H and G796R mutations steri-
cally and energetically hinder the binding of osimertinib to EGFR via a similar
mechanism.105 The L792H mutation is sensitive to the combination therapy
of cetuximab + osimertinib.105Moreover, docetaxel, a potent antimitotic cyto-
toxic agent, effectively decreased the proliferation of tumor cells with L792H
or G796S mutation.105

cfDNA detection in an L858R/T790M-mutated NSCLC patient who
received a third-line treatment of osimertinib revealed that the M766Qmuta-
tion apparently induced disease progression.106 A further study indicated that
thisM766Qmutation reduced the binding of osimertinib to EGFR, resulting in
osimertinib resistance.106 Cells with this mutation were also resistant to the
most first-/second-generation EGFR-TKIs but retained sensitivity to neratinib
and poziotinib.106

The C797S mutation occurs in <3% of NSCLC patients after rociletinib
treatment.136 A new L798I mutation was found in cis with T790M by circu-
lating tumor DNA (ctDNA) analysis.136 Molecular dynamics simulations
revealed that the Asp800 side chain forms a hydrogen bond with the qua-
ternary piperazine NH+ of rociletinib in the T790M mutation.136 However,
the double T790M/L798I mutation triggered the rotation of rociletinib orien-
tation in EGFR, which hindered the formation of this hydrogen bond, and
altered the angle of the Cys797 side chain, which diminished its nucleophi-
licity, leading to reduction in the binding affinity of rociletinib to EGFR.136

Importantly, MET gene amplification was found to be the most frequent
mechanism of rociletinib resistance, and patients with multiple pre-existing
resistance mechanisms (T790M and MET gene amplification) experience
inferior responses.136 Similarly, rociletinib-resistant xenografts develop
MET gene amplification that can be overcome with the MET inhibitor
crizotinib.136
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Figure 4. EGFR-dependent mechanisms of resistance to third-generation EGFR-TKIs (A) Mutations located in the EGFR kinase domain induce resistance to third-gen-
eration EGFR inhibitors. (B) Amplification of the EGFRWT and EGF. (C) Deletion of the T790M mutation. (D) Clathrin-mediated internalization could not induce the
degradation of mutant EGFR. Internalized mutant EGFR still harbors the capacity to activate downstream signaling pathways. (E) Heterodimerization of EGFR and HER2 or
AXL activates PKCd via phosphorylation of Tyr1173. Activated PKCd triggers nuclear translocation of PKCd and activates AKT and NF-kB signaling.
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Cells with EGFR D770insSVD, H773insH, or H773insNPHmutations retain
sensitivity to osimertinib. When these EGFR insertion mutations are accom-
panied by E762K, L792I/S, P794S, or G796D mutation, tumor cells acquire
resistance to osimertinib.137

Mutations in EGFR exon 18. The aforementioned analysis of 93 osimerti-
nib-resistant NSCLC patients also found EGFR Leu718/Gly719 mutations
in 9.7% of the patients.135 Leu718 is located in the ATP-binding pocket of
the EGFR kinase domain. L718Q results in more robust resistance to osimer-
tinib than the L792X mutation.135 The L858R/T790M/cis-L718Q mutation
shows similar resistance to osimertinib compared with the L858R/T790M/
cis-C797S mutation, but slightly less resistance than the Ex19del/T790M/
cis-C797S mutation.135 The L718Q mutation also induces resistance to osi-
mertinib in the absence of the T790Mmutation.135 Free-energy calculations
uncovered that the L718Qmutation does not decrease the affinity of osimer-
tinib to EGFR, whereas Gln718 forms a hydrogen bond with an acrylamide
warhead of osimertinib and maintains the latter in a specific conformation,
which hampers Cys797 alkylation, contributing to the easy replacement of
osimertinib from EGFR by a high concentration of ATP.138 In the absence
of the T790M mutation, the L718V mutation was also detected in osimerti-
nib-resistant NSCLC patients.135 This mutation also causes resistance to
the first-generation EGFR-TKIs, while afatinib retains its cytotoxic effect on
these two EGFR mutations.107 Because of the close location to Leu718,
the Gly719 mutation may also drive resistance to osimertinib.135 However,
a clinical trial indicated that osimertinib displayed remarkable efficacy in
NSCLC patients harboring the G719A mutation.19

Gly724 is located in a glycine-rich loop on the N lobe of the EGFR kinase
domain, greatly contributing to the binding of relevant TKIs.108 The G724S
mutation shifts the glycine-rich loop into a newconformation, which is incom-
patible with drug binding, leading to a decreased affinity for the third-genera-
tion EGFR-TKIs.108 In osimertinib-resistant patients, the G724Smutation has
only been found in the Ex19delmutation.139 For T790M-negative patients, the
G724S mutation is sensitive to afatinib139 while in T790M-positive patients,
combined therapy of afatinib with osimertinib is suggested.
Mutations in EGFR exon 21. The L844Vmutation lessens the binding of the
third-generation EGFR-TKIs (WZ4002 and rociletinib) to the EGFR kinase
domain, resulting in drug resistance.109 Interaction and molecular dynamics
ll
simulation suggested that osimertinib has a high affinity to the L844Vmuta-
tion.110 Combined osimertinib with gefitinib or afatinib may surmount the
drug resistance mediated by this mutation.110

EGFRWT gene amplification. Upregulation of EGFRWT has been reported
in Ex19delmutantNSCLCpatients after treatmentwithosimertinib.13,140 This
EGFR upregulation provoked resistance to osimertinib. In addition, upregula-
tion of EGF also induces resistance to osimertinib.13,140 Combination with
EGFR mAbs may enhance the sensitivity of osimertinib in this case.

Deletion of T790Mmutation. After receiving osimertinib treatment, dele-
tion of T790M has been reported in T790M mutant patients.13 Such cases
have been frequently accompanied by other mechanisms of osimertinib
resistance.13 Identifying the concomitantmechanismof drug resistance con-
tributes to the determination of the treatment strategy to overcome this
chemoresistance.

Defective degradation of EGFR. EGFRWT is internalized into the cyto-
plasm after activation of the downstream signaling pathway and is degraded
in lysosomes. However, clathrin-mediated internalization of mutant EGFR
could not induce its degradation, resulting in a continuous activation of its
downstream cascades.111 In osimertinib-resistant cells, clathrin inhibition
by pitstop initiated micropinocytosis-dependent internalization of EGFR,
which prompted the degradation of mutant EGFR and inhibited activation
of related downstream signaling pathways.111 This study suggested that re-
activation of degradation of mutant EGFR may be a promising strategy to
overcome resistance to the third-generation EGFR-TKIs,111 although only
further investigations may confirm the clinical efficacy of clathrin inhibition
in cancer with resistance to the third-generation EGFR-TKIs.

EGFR-dependent activation of PKCd. An intriguing phenomenon
whereby EGFR knockdown could reverse drug resistance, which could
not be reversed by EGFR-TKIs, has been observed in resistant cells
harboring a mutant EGFR.112 A further study indicated that a new role of
activating-mutant EGFR, which is independent of EGFR kinase activity, stim-
ulates the survival of TKI-resistant NSCLC with mutant EGFR.112 In detail,
TKI-induced EGFR dimerizes with other membrane receptors of the tyrosine
protein kinase family such as Anexelekto (AXL) as well as HER2.112 It
should be noted that AXL is known to serve as a cancer driver and thus
has been associated with poor survival in various aggressive malignancies
The Innovation 2, 100103, May 28, 2021 7



Figure 5. EGFR-independent mechanisms of resistance to third-generation EGFR-TKIs (A) Activation of downstream EGFR signaling pathways. NRAS mutation, KRAS
mutation, BRAF mutation, MEK1 mutation, deletion of NF1, or amplification of the CRKL gene sustains the activation of the MAPK/ERK signaling pathway. Deletion of the
PTEN or PIK3CA mutation results in constitutive activation of the PI3K/AKT signaling pathway. (B) Oncogene fusions trigger sustained activation of survival-related
signaling pathways. (C–G) Amplification of tyrosine kinase receptors including MET (C), HER2/3 (D), IGF1R (E), AXL (F), and FGFR1 (G). (H) Alteration of cell-cycle-related
genes. (I) Aberrant phosphorylation of ACK1 enhances the activation of the AKT signaling pathway, leading to decreased BIM levels. (J) Increased nuclear translocation of
YAP upregulates the expression of FOXM1, which promotes the expression of SACmembers. (K) Epithelial-mesenchymal transition (EMT). (L) Transformation fromNSCLC
to SCLC.
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including NSCLC.141 This heterodimer triggers phosphorylation of Tyr1173
and the activation of PLCg2 (phospholipase Cg2), leading to nuclear trans-
location of protein kinase Cd (PKCd) and development of resistance to
third-generation EGFR-TKIs.112 PKCd also activates AKT and nuclear factor
kB (NF-kB) signaling pathways.112 Consistently, combined inhibition of both
PKCd and EGFR brings about robust regression of resistant NSCLC with
EGFR mutations.

EGFR-independent mechanisms
Aberrant activation of downstream EGFR signaling pathways Activation

of MAPK/ERK signaling pathway. Several alterations, such as NRAS muta-
tions (G12V, G12R, Q61K, and E63K), KRAS mutations (G12S, G12A, Q61H,
G12D, G13D, and A146T), BRAFmutations (G469A and V600E), MEK1muta-
tions, deletion of neurofibromin 1 (NF1), a GTPase-activating protein which
negatively regulates the RAS/MAPK pathway, and gene amplification of v-
crk sarcoma virus CT10 oncogene homolog-like (CRKL), provoke the
sustained activation of RAS/RAF/MEK/ERK signaling pathway.13,27,142,143

Combined therapy with MEK inhibitors may effectively overcome drug resis-
tance. The recent development of KRAS inhibitors has been suggested as a
new potential strategy to address this drug resistance.144 In addition, Src ho-
mology 2 domain-containing phosphatase (SHP2) acts as the key cascade
for the activation of MAPK/ERK signaling pathway.113 Data from the NSCLC
mouse model indicated that treatment with IACS-13909 an allosteric SHP2
inhibitor alone or IACS-13909 plus osimertinib markedly reduced tumor
growth and prolonged survival time, suggesting the importance of further
assessment of SHP2 inhibitors.113

Activation of PI3K/AKT signaling pathway. Deletion of phosphatase and
tensin homolog (PTEN) increased phosphatidylinositol 3-kinase (PI3K) levels
and induced hyperactivation of AKT, resulting in resistance to the third-gener-
ation EGFR-TKIs.13,114 Peroxisome proliferator-activated receptor-g (PPARg)
8 The Innovation 2, 100103, May 28, 2021
agonists such as rosiglitazone restore the sensitivity of PTEN-deleted cells
displaying resistance to EGFR-TKIs via promotion of autophagy.114 PIK3CA
is one of the PI3K isoforms, and PIK3CA mutations abnormally activate
AKT. Specifically, the PIK3CA mutations, E545K, E542K, R88Q, N345K, and
E418K, have been reported to confer resistance to osimertinib.27,142,143,145

The PIK3CAmutations E545K, E81K, and E542K were also described in roci-
letinib-resistant patients.27,145

Oncogenic fusions. Studies have found that 3%–10% of patients who
received second-line treatment of osimertinib developed resistance due to
oncogenic fusions, including CCDC6-RET, PCBP2-BRAF, AGK-BRAF,
FGFR3-TACC3, NTRK1-TPM3, RET-ERC1, NCOA4-RET, GOPC-ROS1,
ESYT2-BRAF, and EML4-ALK.27,128,142,146–149 SPTBN1-ALK was found in
the first-line treatment of osimertinib but not in second-line treat-
ment.128,142,143 Combination therapy greatly contributes to overcoming
oncogenic fusion-dependent drug resistance to third-generation EGFR-
TKIs. For instance, selective RET inhibitors, such as BLU-667 plus osimertinib,
were effective in CCDC6-RET-mediated drug resistance in NSCLC.98

Activation of bypass survival signaling pathways. MET gene
amplification. TheMET signaling pathway is themost frequent bypass sur-
vival signaling pathway as an acquired resistance mechanism to EGFR-
TKIs.128,142,143,150,151 MET activated by hepatocyte growth factor potentiates
tumor cell survival through persistent activation of EGFR downstream
signaling pathways, boosting the emergence of resistance to EGFR-
TKIs.128,150,151 Combination of crizotinib, a multi-targeted MET inhibitor,
and osimertinib, or alternatively capmatinib and afatinib, could be active in
MET gene amplification-dependent resistance to osimertinib.115,116 This
combination also acted onMET exon 14 skipping-mediated resistance to osi-
mertinib in NSCLCwithmutant EGFR.117 A phase Ib study also confirmed the
efficacy of the combination therapy of savolitinib, a potent and selectiveMET
TKI along with osimertinib in drug-resistant NSCLC.118
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Table 3. General resistant mechanisms toward the third-generation EGFR-TKIs and
corresponding countermeasures

Resistant
mechanisms

Third-generation
EGFR-TKIs Countermeasures

EGFR C797S osimertinib first-generation
EGFR-TKIs99–101

rociletinib fourth-generation
EGFR-TKIs93,102–104

WZ4002

EGFR C797N/G osimertinib NA

EGFR L792H osimertinib chemotherapy
(docetaxel)105

cetuximab105

EGFR L792F/
R/Y/V/P/I/S

osimertinib NA

EGFR G796R osimertinib chemotherapy
(docetaxel)105

EGFR G796S/D osimertinib NA

EGFR M766Q osimertinib neratinib or
poziotinib106

EGFR L798I rociletinib NA

EGFR E762K osimertinib NA

EGFR P794S osimertinib NA

EGFR L718Q osimertinib afatinib107

WZ4002

rociletinib

EGFR L718V osimertinib NA

WZ4002

EGFR G724S osimertinib second-generation
EGFR-TKIs108

EGFR L844V WZ4002 gefitinib109

rociletinib afatinib109

osimertinib109,110

EGFRWT or EGF
amplification

osimertinib EGFR mAbs

Deletion of T790M
mutation

osimertinib according
accompanied mechanism

Defective degradation
of EGFR

osimertinib clathrin inhibitors111

EGFR-dependent
activation of PKCd

osimertinib PKCd inhibitors112

MAPK/ERK signaling
pathway

osimertinib MEK inhibitor13

rociletinib SHP2 inhibitor113

WZ4002

PI3K/AKT signaling
pathway

osimertinib PPARg agonist114

rociletinib

Oncogene fusions osimertinib RET inhibitor,98 etc.

Table 3. Continued

Resistant
mechanisms

Third-generation
EGFR-TKIs Countermeasures

MET amplification osimertinib MET inhibitor115–118

rociletinib

CNX-2006

HER2/3 amplification osimertinib HER2/3 inhibitor
(U3-1042)119,120

rociletinib

Exon16-skipping
HER2 mutation

osimertinib afatinib121

IGF/IGF1R
amplification

osimertinib IGF/IGF1R inhibitor122,123

WZ4002

GAS6/AXL amplification osimertinib AXL degrader124

AXL inhibitor124

Alteration of cell-cycle-
related genes

osimertinib CDC4/6 inhibitor125

ACK1 activation ASK120067 ACK1 inhibitor26

SAC components
activation

osimertinib AURKA/AURKB
inhibitor126,127

rociletinib PLK1 inhibitor126

Survivin inhibitor126

KSP inhibitor126

FGF2/FGFR
amplification

osimertinib FGF2/FGFR1
inhibitor128

EMT osimertinib EMT inhibitor
(JMF3086)129

rociletinib Twist1 inhibitor129

ZEB1 inhibitor127

YAP inhibitor127

SCLC
transformation

osimertinib chemotherapy
(etoposide and
carboplatin)130
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HER2/3 gene amplification. Amplification ofHER2 arose in 2% or 5% cases
that received first-line or second-line osimertinib treatment, respec-
tively.142,143 HER2 gene amplification reduced the sensitivity of T790M-
mutant cells to osimertinib and rociletinib.128 Plasma cfDNA analysis of
one patient with the L858R/T790M mutation revealed that the occurrence
of exon16-skipping HER2mutation rendered the patient resistant to osimer-
tinib.121 Thismutation expresses HER2D16, leading to osimertinib resistance
via a steroid receptor coactivator (src)-independent signaling pathway.121

Combining osimertinib with afatinib could synergistically repress the growth
of tumor cells with HER2D16.121 HER3 forms heterodimers with other HER
familymembers andactivates thePI3K-AKTsignaling pathway,which further
contributes to the development of resistance to the third-generation EGFR-
TKIs.152 A triple mixture of monoclonal antibodies simultaneously targeting
EGFR, HER2, and HER3 repressed the growth of T790M-expressing tu-
mors.119 This antibody triplet, also containing cetuximab and trastuzumab,
inhibited C797S-expressing tumors. Unlike osimertinib, which induces
apoptosis, this mAb triplet enhanced the degradation of the three receptors
and induced cellular senescence.119 Consistently, combined treatment with
these three mAbs and subinhibitory doses of osimertinib displayed a syner-
gistic effect and eliminated tumors.
The Innovation 2, 100103, May 28, 2021 9
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U3-1042 is a promising HER3 inhibitor that has been recently discov-
ered.120 A phase II study demonstrated that the combination of U3-1042
and osimertinib could significantly ameliorate the patient prognosis.120

Owing to the characteristics of the HER3 heterodimer, U3-1042 can substan-
tially overcome resistance to the third-generation EGFR-TKIs caused by
C797S, MET amplification, BRAF mutations, and other drug-resistance
modalities.120

IGF/IGF1R amplification. Aberrant expression of insulin-like growth factor
(IGF)/IGF1 receptor (IGF1R) triggers continuous activation of MAPK/ERK
andPI3K/AKTsignaling pathways, hence provoking resistance toosimertinib
in cancers.122,123 Combination with IGF1R or IGF inhibitors could restore osi-
mertinib sensitivity.122,123

GAS6/AXL amplification. In lung cancer, AXL and its ligand GAS6 are upre-
gulated after resistance to osimertinib.13,153 Degradation of AXL is slower in
osimertinib-resistant cells than in drug-sensitive cells.124 AXL also drives
intrinsic resistance to osimertinib.154 Activated AXL by its ligand GAS6 trig-
gers activation of MEK/ERK and PI3K/AKT pathways and boosts resistance
to third-generation EGFR-TKIs.154 Agents inducing AXL degradation (such as
yuanhuadine) or inhibition (BGB324) may be a potentially effective treatment
to surmount resistance to osimertinib.124

Alteration of cell-cycle-related genes. In 12% and 10% of NSCLC patients
treated with first-line and second-line osimertinib, cell-cycle-related genes
were altered, including gain ofCCND,CCNE1, andCDK4/6, aswell asCDKN2A
E27fs.142,143 cfDNA analysis of 41 osimertinib-treated NSCLC patients
discovered that CDC4/6-positive patients had a poor response to osimertinib
and shorter PFS.155 Indeed, CDC4/6 inhibitors such as palbociclib enhanced
the response to osimertinib.125

Activation of ACK1-related signaling pathway. A human phospho-RTK
array on ASK120067-resistant lung cancer cells with the T790Mmutation re-
vealed that phosphorylation of activated cdc42-associated tyrosine kinase 1
(ACK1)was upregulated in resistant cells.26 A further study revealed that acti-
vation of ACK1 drives resistance to ASK120067 through the AKT-BIM (Bcl-2-
like protein 11) signaling pathway.26 ACK1, a non-receptor tyrosine kinase, is
a survival kinase associated with tumor cell survival.156 Consistently, ACK1
inhibitors effectively restored the sensitivity of resistant cells to ASK120067.
Activation of spindle assembly checkpoint components. A previous study
of lung cancer cells indicated that AURKA (Aurora kinase A, one of the spindle
assembly checkpoint [SAC] components) activity significantly increased in
both osimertinib-resistant and rociletinib-resistant cells compared with
parental cells.126 Activation of AURKA by its coactivator targeting protein
for Xklp2 (TPX2), which is upregulated simultaneously, promotes mitosis
and suppresses phosphorylation of BIM, hence conferring drug resis-
tance.126 Combined with MLN8237 (AURKA inhibitor) effectively improved
the sensitivity of resistant cells to osimertinib or rociletinib, and this combina-
tion should be directed toward eliminating residual cancer cells before the ac-
quired resistance occurs, which may prevent the development of resis-
tance.126 Another study of T790M-negative NSCLC demonstrated that
increased nuclear translocation of Yes-associated protein (YAP) upregulated
Forkhead box protein M1 (FOMX1), which triggered an increase in the abun-
dance of SAC components, containing AURKA, Aurora kinases B (AURKB),
Polo-like kinase 1 (PLK1), survivin, and kinesin spindle protein (KSP).127 These
alterationsmay increase resistance to EGFR-TKIs, other multiple serine/thre-
onine kinase inhibitors, and TKIs.127 Targeting these cascades may enhance
the sensitivity of resistant cells to third-generation EGFR-TKIs.127 In addition,
loss of neurofibromin 2 (NF2), which inhibits YAP’s phosphorylation and in-
duces nuclear translocation of YAP, has also been found in osimertinib-resis-
tant cells.127

Other factors. Amplification of FGF2/FGFR, RB1 mutations, and KIT muta-
tions, for example, may also develop resistance to third-generation EGFR-
TKIs.13,127,128 For the activated bypass signaling pathway, combined therapy
would be considered as a promising strategy to overcome resistance.

Histologic transformation. Epithelial-mesenchymal transition. The
epithelial-mesenchymal transition (EMT) is a paramount molecular mecha-
nism for the escape of lung cancer from treatment with EGFR-TKIs.157 A pre-
vious study found that osimertinib-resistant lung cancer cells displayed
10 The Innovation 2, 100103, May 28, 2021
mesenchymal cell-like characteristics, such as loss of E-cadherin andupregu-
lation of vimentin, indicating that EMT may also drive osimertinib resis-
tance.157 Another study indicated that zinc finger E-box-binding protein 1
(EZB1) and the YAP/FOXM1 axis are central regulators of EMT-associated
resistance and represent therapeutic vulnerabilities in targeting this drug-
resistance phenotype.127 JMF3086, a dual histone deacetylase and HMG co-
enzyme A reductase inhibitor, disrupted the Src/Hakai and Hakai/E-cadherin
interaction, reversing E-cadherin expression and attenuating vimentin and
stemness; this resulted in restoration of gefitinib and osimertinib sensitivity
in lung cancer cells.157 Blockage of Twist1, which could induce EMT, also
decreased resistance to the third-generation EGFR-TKIs.129

Small cell lung cancer transformation. The transformation fromNSCLC to
small cell lung cancer (SCLC) is another escape mechanism of a cancer cell
from treatment, which has been confirmed in 14% of patients with acquired
resistance to EGFR-TKIs.158 A study reported that patients harboring this
transformation also failed to respond to osimertinib.130 The levels of both
EGFR protein and mRNA were decreased in SCLC. In addition, SCLC did
not display EGFR signaling pathway addiction, which may account for
EGFR inhibitor resistance. The underlying mechanism of transformation re-
mains unclear. Recent studies pointed out that SCLC transformation may
beassociatedwith the inactivationofRbandp53.159,160Etoposideandcarbo-
platin are reported tobe active in twocases ofSCLC transformedpatients.130

EXPLORATION OF NEXT-GENERATION EGFR-TKIs
To overcome the EGFR mutation-mediated resistance to third-generation

EGFR-TKIs, great attention have been dedicated since 2015/2016 to explore
the next generation of EGFR-TKIs, known as the fourth generation (Table 4).
Since the fourth generation of EGFR-TKI is an emerging area, de novo library
screening as well as receptor structure-based drug design studies provide
original hit compounds, while the evolved structure-activity relationships pro-
vide important guidelines and rationales for the discovery and iterative devel-
opment of new drugs. After years of innovative research, several promising
drug candidates have been evaluated in pre-clinical stages and phase I
studies.28,165–169

EAI045
A novel EGFR allosteric inhibitor hit compound with a thiazole amide skel-

eton, EAI001, was discovered by a library screening comprising �2.5 million
compounds displaying special selectivity for mutant EGFR.102 The IC50 value
of EAI001 against L858R and T790M mutant EGFR kinase reached 24 nM,
while the IC50 value for the EGFRWT was more than 50 mM.102 EAI045
emerged from medicinal chemistry-based optimization of EAI001 (Fig-
ure 6A).102 At a concentration of 1 mM ATP, the IC50 of EAI045 to T790M/
L858R mutant kinase was 3 nM, hence being more than 1,000-fold selective
when compared with EGFRWT, in which the inhibition is not affected by the
concentration of ATP.102 According to the crystal structure of EAI001 binding
to T790M-mutant EGFR, EAI045may also bind to allosteric sites in the EGFR
kinase domain and requires EGFR to stay at the C-helix-out conformation.102

Molecular dynamics simulations revealed the mechanism underlying the
selectivity of EAI045 towardmutant EGFR. In EGFRWT, the Leu858 side chain
is stably buried in the hydrophobic allosteric pocket and prevents the binding
of EAI045 to EGFR.170 In the L858R mutant EGFR, Arg858 induces the allo-
steric pocket to open, thus enabling the binding of EAI045 to EGFR.170 Other
similar mutations that could expose the allosteric pocket, such as L861Q,
may also bear high affinity toward EAI045.170 However, EAI045 exhibited
poor antitumor activity and incomplete inhibition of EGFR autophosphoryla-
tion in cancer cells.102 In EGFRWT asymmetric dimers, the C-lobe of the “acti-
vator” subunit turned the C-helix located at the N-lobe of the “receiver” subunit
into an in conformation.102 Hence, only the “receiver” subunit is activated in
EGFRWT. In mutant EGFR dimers, both subunits could activate the down-
stream signaling pathway while EAI045 only binds to one subunit, resulting
in incomplete inhibition of mutant EGFR.102 Combined with other agents
that could block EGFR dimerization, they could enhance the efficacy of
EAI045.102 More precisely, cetuximab effectively enhanced the activity of
EAI045 toward L858R/T790M/C797S triple FGFR mutant cells.102
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Table 4. Progress of the next-generation EGFR-TKIs

Drug Company Targeted mutation Active mechanism Stage Reference

EAI045 Novartis T790M/C797S reversible pre-clinical Jia et al.102

L858/C797S non-ATP competitive

L858R/T790M/C797S

JBJ-04-125-02 Johnson & Johnson T790M/C797S reversible pre-clinical To et al.104

L858/C797S non-ATP competitive

L858R/T790M/C797S

CH7233163 Roche Pharma T790M/C797S reversible pre-clinical Kashima et al.161

L858/C797S ATP competitive

Ex19del/C797S

Ex19del/T790M/C797S

L858R/T790M/C797S

TQB3804 ChiaTai TianQing Ex19del/T790M/C797S NA phase I Liu et al.162

L858R/T790M/C797S

BBT-176 Bridge Bio Ex19del/T790M/C797S NA phase I Pharmabiz163

L858R/T790M/C797S

BLU-945 Blueprint Medicines Ex19del/T790M/C797S NA pre-clinical Schalm et al.164

L858R/T790M/C797S

Brigatiniba TAKEDA Pharma Ex19del/T790M/C797S reversible FDA approved Uchibori et al.103

L858R/T790M/C797S ATP competitive

aMultiple-target inhibitor.
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For the T790Mmutant EGFR without L858R, although a decreasing trend
occurred with the increasing ATP concentration, EAI045 still displayed a
promising inhibition effect on the T790M mutation.102 However, the afore-
mentioned molecular dynamics simulations could not explain this robust
EAI045 inhibition of T790M/C797S EGFR mutation.170 The crystal structure
of EAI045-T790M/C797S/V948R mutant EGFR indicated that EAI045 could
bind to a deep pocket between the ATP pocket and the C-helix, thus requiring
adequate space created by the C-helix-out rotation (Figure 6B).171 Amino
acids deletion pulls the C-helix toward the ATP-binding pocket and constrains
the allosteric site to a small volume, leading to the lowaffinity of EAI045 to the
Ex19del EGFRmutation.102 However, EAI045 is inactive as a single agent and
is only active when combined with EGFR-targeted mAbs, such as cetuxi-
mab.102 Cetuximab’s on-target EGFRWT toxicities may limit its clinical trans-
lational potential.

JBJ-04-125-02
An iterative process of synthesizing structural analogs of EAI001 was

applied, whereby a new compound, designated as JBJ-04-125-02, was ob-
tained (Figure 6A).104 The crystal structure revealed that, like EAI045, JBJ-
04-125-02 also binds to the allosteric pockets in the C-helix-out conformation
of EGFR.104 Intriguingly, JBJ-04-125-02 binding induced a novel conforma-
tion of the A-loop that seems to be stabilized by a hydrogen bond between
the piperazine group of the compound and Glu865 in the A-loop (Fig-
ure 6C).104 JBJ-04-125-02 displayed a cytotoxic effect on L858R, L858R/
T790M, or L858R/T790M/C797S mutations without coadministration of ce-
tuximab.104 JBJ-04-125-02 also lacks binding affinity toward EGFRWT or the
Ex19del mutant.104 Further research indicated that osimertinib might
enhance the binding affinity of JBJ-04-125-02 to EGFR, leading to a more
potent antitumor activity.104 Thesedatasuggested that combining a covalent
mutant-selective allosteric EGFR-TKI may be a useful treatment strategy for
some of the lung cancer patients who are resistant to the third-generation
ll
EGFR-TKIs. However, both EAI045 and JBJ-04-125-02 cannot overcome
the resistance mediated by the Ex19del/T790M/C797S triple mutant.102,104

CH7233163
A novel compound, CH7233163 (IC50 = 0.28 nM), which is capable of over-

coming the resistance mediated by the Ex19del/T790M/C797S triple muta-
tion, has been isolated from a massive chemical library (Figure 6A).161

Compared with EGFRWT, CH7233163 exerted a more selective inhibition
on various EGFRmutants (e.g., L858R/T790M/C797S, L858R/T790M, Ex19-
del/T790M, Ex19del, and L858R).161 Further tests verified the significant anti-
tumor activity of CH7233163 in cancer cells with the Ex19del/T790M/C797S
or L858R/T790M/C797S triple mutation.161 The crystal structure of
CH7233163-L858R/T790M/C797S triple mutant EGFR revealed that
CH7233163 interacts with the ATP-binding pocket via hydrogen bonds and
CH/p interactions but not with the Ser797 residue (Figure 6D).161 Compared
with osimertinib, CH7233163 not only binds to the P-loop and the hinge re-
gion but directly interacts with Met790 residues.161 Compared with EAI001,
CH7233163 binds to the C-helix in the conformation of EGFR, contributing
to its high affinity toward Ex19del/T790M/C797S mutation.161

Other compounds
TQB3804 (Figure 6A) and BBT-176 are novel fourth-generation EGFR-TKIs

isolated by pharmaceutical enterprises.162,163 Pre-clinical study showed that
TQB3804 and BBT-176 displayed an outstanding inhibitory effect on Ex19-
del/T790M/C797S and L858R/T790M/C797S triple mutation.162,163 BLU-
945 is another fourth-generation EGFR-TKI targeting the T790M/C797S mu-
tation reported in ESCO.164 In vitro data suggested that BLU-945 achieved
robust inhibition of Ex19del/T790M/C797S and L858R/T790M/C797S triple
mutation, rather than EGFRWT. Cell-derived xenograft and patient-derived
xenograft models consistently showed that single treatment with BLU-945
or coadministration with osimertinib/gefitinib significantly blocked the
The Innovation 2, 100103, May 28, 2021 11



Figure 6. Crystal structure determination of the fourth-generation EGFR-TKIs (A) The published chemical structure of the fourth-generation EGFR-TKIs. (B–D) EAI045-
EGFR T790M/C797S/V948R (PDB: 5ZWJ) (B), JBJ-04-125-02-EGFR T790M/V948R (PDB: 6DUK) (C), and CH7233163-EGFR L858R/T790M/C797S (PDB: 6LUB) (D) crystal
structures are shown as a cartoon diagram by PyMol 2.4.1. Compounds are shown as a color-coded stick model (C, green; O, red; N, blue; S, yellow; F, pale-cyan). Distinct
hydrogen bonds are shown as yellow dashed lines.
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progression of tumors with the Ex19del/T790M/C797S mutation.164 Brigati-
nib was identified as a next-generation inhibitor targeting anaplastic
lymphoma kinase (ALK).28 A series of screening data suggested that brigati-
nib potently inhibits the proliferation of cells harboring the triple EGFR
mutation.103 Moreover, several small-molecule compounds, including the
4-aminopyrazolopyrimidines, tri-substituted imidazoles, and 2-aryl-4-amino-
quinazolines, have also been reported to be able to surmount C797S
mutation-mediated drug resistance.28 Additional clinical trials for these
fourth-generation EGFR-TKIs may offer a promising therapeutic strategy to
overcome mutant EGFR-based TKI resistance in various cancers.

SEQUENCING TECHNOLOGY ACCELERATING THE
REALIZATION OF EGFR-TARGETED PRECISION THERAPY

Gene sequencing based on tumor tissue may help discover cancer driver
genes and target genes for treatment, serving as an ideal “compass” for pre-
12 The Innovation 2, 100103, May 28, 2021
cision therapy. The development of NGS provides a powerful tool for gene
sequence determination, contributing to the molecular typing of tumors
and EGFR-targeted precision medicine.172,173 Compared with traditional
sequencing technologies such as fluorescence in situ hybridization, amplifi-
cation refractory mutation system PCR (ARMS-PCR), and droplet digital
PCR (ddPCR), NGS can detect known and unknown EGFR mutations, gene
copy-number variation, gene rearrangement, and other gene abnormalities
via large-scale and high-throughput methods.174 Various driver genes
contribute to cancer progression, and there also have been multiple muta-
tions or comutations in different cases. Different driver genes or mutations
require different targeted treatments, leading to arduous selection in the
clinic. For example, NSCLC with common or uncommon EGFR mutations
displays a greatly variable response to different EGFR-TKIs, for which
NGS could effectively determine the precise therapeutic strategy and also
predict patient prognosis.173,175–177 For EGFR inhibitor-resistant patients,
www.cell.com/the-innovation
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heterogeneous and unknown drug-resistance mechanisms greatly limit the
clinical application of traditional sequencing technology. In contrast, NGS
can identify the mechanism underlying drug resistance and provide effective
means to guide the overcoming of resistance to EGFR-TKIs;175–177 this could
facilitate the transformation of amalignant disease to a chronic disorder and
help patients with advancedmalignant tumors to achieve long-term survival.

In some cases it is difficult to obtain tumor tissues, such as an unresect-
able advanced tumor or high-risk biopsy. Liquid biopsy is a newly emerging
technique and constitutes a new dawn for patients from whom tumor spec-
imens cannot be obtained.178 Moreover, compared with a single-lesion nee-
dle biopsy, liquid biopsy can better capture the molecular heterogeneity of
different clonal populations in a given tumor.178 ctDNA detection based on
liquid biopsy has rapidly become a crucial means of standard tumor biopsy,
even a potentially alternative method. Present methods for ctDNA detection
comprise cobas PCR, ARMS-PCR, ddPCR, BEAMing, and NGS. The ability of
cobas PCR, ARMS-PCR, ddPCR, and BEAMing to detect common EGFRmu-
tations (Ex19del, L858R, and T790M) was assessed, whereby it was found
that different methods have their own advantages in detecting different mu-
tations.179 These fourmethods could guide individualizedmedicine based on
EGFR inhibitors by detecting known EGFR mutations. Nevertheless, these
methods are deficient in their abilities to detect unknown gene alterations,
making it difficult to meet the demands of precision medicine therapy.
NGS detected ctDNA in 15,000 patients with advanced cancer, consisting
of 37% lung cancer, 14% breast cancer, 10% colorectal cancer, and 38%other
cancers, and indicated that compared with data from tissues in The Cancer
Genome Atlas database, the correlation of EGFR mutations between ctDNA
and tissue detection was 92%.180 These data suggested that ctDNA could
also be the biomarker for cancer and guide precision medicine targeting
EGFR.180 In fact, patients who received EGFR therapy can benefit from
NGS of ctDNA.176,181,182 In particular, EGFRmutations are detected in ctDNA
by NGS, which is more instructive for EGFR-targeted therapy. However, NGS
of ctDNA is prone to false negativity due to the low concentration of ctDNA,
especially in early-stage tumor or low-burden tumor patients.183 An American
Society of Clinical Oncology report evaluated the guiding significance of
ctDNA in urine and blood for rociletinib treatment in NSCLC. Taking histolog-
ical T790M mutation detection as a standard, plasma and urine sensitivity
was 80.9% and 81.1%, respectively.184 Patients were then divided into three
groups according to the type of detected samples, including tissues, plasma,
and urine. Based on the results of this detection, patients in each group
received rociletinib treatment. The authors found, remarkably, that there
was no significant difference in ORR and mDoR among these three
groups.184 Moreover, T790M mutation-negative patients in these three
distinct groups of body fluids were not overlapping,184 indicating that detec-
tion of ctDNA fromdifferent body fluidsmay substantially decrease the false-
negative rate. Another study showed that the detection of ctDNA in both urine
and plasma could effectively identify Ex19del and L858R mutations.185

Taken together, NGS of multiple body fluids or tissues is conducive to the
realization of personalized medicine based on targeted EGFR.

CONCLUSIONS AND FUTURE PERSPECTIVES
EGFR inhibitors have enormous benefit for cancer patients. However,

since tumor heterogeneity and genomic instability are hallmarks in tumor
biology, the theme of anticancer drug resistance becomes inevitable for
such EGFR inhibitors.13,16,25,186–190 The present review describes that highly
heterogeneousmechanismsmediate resistance of EGFR-mutated tumors to
the third-generation EGFR-TKIs. Diverse and distinct mechanisms of chemo-
resistance emerge and coexist simultaneously. Since distinct resistance
mechanisms require different treatment strategies, identification of precise
molecularmechanismsof drug resistance is essential in overcoming chemo-
resistance. The discovery of new resistance mechanisms and selection of
the proper treatment strategies is of paramount importance. The emergence
ofNGS and liquid biopsy provides a powerful tool for the precise surmounting
of resistance to EGFR inhibitors.175–177,179–185 Through the detection of
known or unknown resistance mechanisms via dynamic monitoring
achieved by applying NGS, accurate overcoming modalities can be devel-
ll
oped in the clinic, which is conducive to the long-term survival of cancer
patients.

How to improve the efficacy of EGFR inhibitors in cancer treatment is
another important issue. Sequential therapy is an effective strategy to
enhance the clinical benefit of patients from EGFR inhibitors. Based on the
integration and analysis of clinical data from several independent clinical tri-
als, the OS of NSCLCpatientswho received different sequential therapies has
been predicted. It was found that sequential treatment of the first-/second-
generation EGFR-TKIs, the third-generation EGFR-TKIs, and chemotherapy
or sequential treatment of the third-generation EGFR-TKIs and chemotherapy
may be the preferred strategy for NSCLC treatment to achieve longer OS.25

Another study indicated that sequential treatment of afatinib and osimertinib
prolonged themPFSofNSCLCpatients to 21.9months; also, themOS values
for this sequential treatment were not reached after 4.7 years of follow-up.186

Comparedwith the FLAURA study of osimertinib,17,18 sequential treatment of
afatinib and osimertinib seems to be an optimal choice to maximize OS. A
phase IV study (NCT04413201) that compared osimertinib alone versus afa-
tinib followed by osimertinib is still in the patient recruitment phase. Unfortu-
nately, high-quality RCTs for evaluation of sequential EGFR inhibitor therapy
in cancers are still overwhelmingly rare. Moreover, it is unclear whether
sequential treatment of osimertinib and the fourth-generation EGFR-TKIs
can be used as a more efficient strategy. Hence, high-quality clinical trials
are urgently needed to assess the efficacy of different sequential EGFR inhib-
itor therapies.

Combination therapy such as immunotherapy is another meaningful
strategy to increase the benefit of patients from EGFR inhibitors.191 Data
from NEJ026, RELAY, and ARTEMIS studies showed that combination of
EGFR inhibitors with anti-angiogenic therapy significantly prolonged PFS
but not OS.192–194 A phase III study indicated that combining EGFR inhibi-
tors with chemotherapy markedly extended PFS and OS.195,196 Combina-
tion therapy could also effectively overcome resistance to third-generation
EGFR-TKIs induced by activation of bypass signaling pathways. For
instance, a combination of cetuximab, trastuzumab, and low-dose osimer-
tinib induced degradation of EGFR and HER2 and reduced the abundance
of several bypass signaling cascades such as MET, AXL, and HER3, which
are able to provoke the onset of resistance to osimertinib.197 Other combi-
nation therapies for combating resistance phenomena have also been dis-
cussed herein. Nevertheless, the combination of several drugs has also re-
sulted in more side effects, implying that personalized medicine and timely
treatment should be of much concern when using combination therapy in
the clinic.

For some rare drug-resistance mechanisms it is difficult to conduct clin-
ical trials with a sufficient number of patients, leading to arduous investiga-
tion of potential strategies to overcome drug resistance to third-generation
EGFR-TKIs. Furthermore, the aberrant rate and altered form of EGFR are
also greatly cancer specific, representing similar problems concerning the
small sample size hence being too small to meet the needs of clinical trials
for certain cancers. A master protocol is an integrated experimental
scheme designed to resolve multiple issues, including an umbrella trial, bas-
ket trial, and platform trial.198 These trials consist of a series of substudies
that share key design and implementation elements, yielding a better coor-
dination effect than when they are designed and implemented sepa-
rately.198 Therefore, it is of great clinical value to carry out a master protocol
related to large-scale clinical trials to evaluate the antitumor effect of the
third-generation EGFR-TKIs and customize strategies to overcome drug
resistance.

REFERENCES
1. Kumar, A., Petri, E.T., Halmos, B., et al. (2008). Structure and clinical relevance of the

epidermal growth factor receptor in human cancer. J. Clin. Oncol. 26, 1742–1751.
2. Guardiola, S., Varese, M., Sanchez-Navarro, M., et al. (2019). A third shot at EGFR:

new opportunities in cancer therapy. Trends Pharmacol. Sci. 40, 941–955.
3. Porcelli, L., Giovannetti, E., Assaraf, Y.G., et al. (2014). The EGFR pathway regulates

BCRP expression in NSCLC cells: role of erlotinib. Curr. Drug Targets 15, 1322–1330.
4. Assaraf, Y.G., Brozovic, A., Gonçalves, A.C., et al. (2019). Themulti-factorial nature of

clinical multidrug resistance in cancer. Drug Resist. Updat. 46, 100645.
The Innovation 2, 100103, May 28, 2021 13

ctgov:NCT04413201
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref1
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref1
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref2
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref2
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref3
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref3
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref4
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref4


Review
T
he

In
no

va
ti
on
5. Bar-Zeev, M., Livney, Y.D., and Assaraf, Y.G. (2017). Targeted nanomedicine for can-
cer therapeutics: towards precision medicine overcoming drug resistance. Drug
Resist. Updat. 31, 15–30.

6. Gonen, N., and Assaraf, Y.G. (2012). Antifolates in cancer therapy: structure, activity
and mechanisms of drug resistance. Drug Resist. Updat. 15, 183–210.

7. Leonetti, A., Assaraf, Y.G., Veltsista, P.D., et al. (2019). MicroRNAs as a drug resis-
tance mechanism to targeted therapies in EGFR-mutated NSCLC: current implica-
tions and future directions. Drug Resist. Updat. 42, 1–11.

8. Leonetti, A., Wever, B., Mazzaschi, G., et al. (2019). Molecular basis and rationale for
combining immune checkpoint inhibitors with chemotherapy in non-small cell lung
cancer. Drug Resist. Updat. 46, 100644.

9. Lepeltier, E., Rijo, P., Rizzolio, F., et al. (2020). Nanomedicine to targetmultidrug resis-
tant tumors. Drug Resist. Updat. 52, 100704.

10. Mosca, L., Ilari, A., Fazi, F., et al. (2021). Taxanes in cancer treatment: activity, chemo-
resistance and its overcoming. Drug Resist. Updat. 54, 100742.

11. Zhitomirsky, B., and Assaraf, Y.G. (2016). Lysosomes as mediators of drug resis-
tance in cancer. Drug Resist. Updat. 24, 23–33.

12. Malapelle, U., Ricciuti, B., Baglivo, S., et al. (2018). Osimertinib. Recent Results Cancer
Res. 211, 257–276.

13. Nagano, T., Tachihara, M., and Nishimura, Y. (2018). Mechanism of resistance to
epidermal growth factor receptor-tyrosine kinase inhibitors and a potential treatment
strategy. Cells 7, 212.

14. Wood, E.R., Truesdale, A.T., McDonald, O.B., et al. (2004). A unique structure for
epidermal growth factor receptor bound to GW572016 (Lapatinib): relationships
among protein conformation, inhibitor off-rate, and receptor activity in tumor cells.
Cancer Res. 64, 6652–6659.

15. Yun, C.H., Boggon, T.J., Li, Y., et al. (2007). Structures of lung cancer-derived EGFR
mutants and inhibitor complexes: mechanism of activation and insights into differ-
ential inhibitor sensitivity. Cancer Cell 11, 217–227.

16. Wu, S.G., and Shih, J.Y. (2018). Management of acquired resistance to EGFR TKI-tar-
geted therapy in advanced non-small cell lung cancer. Mol. Cancer 17, 38.

17. Soria, J.C., Ohe, Y., Vansteenkiste, J., et al. (2018). Osimertinib in untreated EGFR-
mutated advanced non-small-cell lung cancer. N. Engl. J. Med. 378, 113–125.

18. Ramalingam, S.S., Vansteenkiste, J., Planchard, D., et al. (2020). Overall survival with
osimertinib in untreated, EGFR-mutatedadvancedNSCLC.N. Engl. J.Med.382, 41–50.

19. Cho, J.H., Lim, S.H., An, H.J., et al. (2019). Osimertinib for patients with non-small-cell
lung cancer harboring uncommon EGFR mutations: a multicenter, open-label, phase
II trial (KCSG-LU15-09). J. Clin. Oncol. 38, 488–495.

20. Wu, Y.-L., Ahn, M.-J., Garassino, M.C., et al. (2018). CNS efficacy of osimertinib in pa-
tients with T790M-positive advanced non-small-cell lung cancer: data from a ran-
domized phase III trial (AURA3). J. Clin. Oncol. 36, 2702–2709.

21. Yang, J.C.H., Kim, S.-W., Kim, D.-W., et al. (2019). Osimertinib in patients with
epidermal growth factor receptor mutation-positive non-small-cell lung cancer and
leptomeningeal metastases: the BLOOM study. J. Clin. Oncol. 38, 538–547.

22. Wu, Y.L., Tsuboi, M., He, J., et al. (2020). Osimertinib in resected EGFR-mutated non-
small-cell lung cancer. N. Engl. J. Med. 383, 1711–1723.

23. Yan, X.E., Ayaz, P., Zhu, S.J., et al. (2020). Structural basis of AZD9291 selectivity for
EGFR T790M. J. Med. Chem. 63, 8502–8511.

24. Wang, F., and Adjei, A.A. (2020). Does the lung cancer field need another third-gen-
eration EGFR tyrosine kinase inhibitor? J. Thorac. Oncol. 15, 881–883.

25. Tan, C.S., Kumarakulasinghe, N.B., Huang, Y.Q., et al. (2018). Third generation EGFR
TKIs: current data and future directions. Mol. Cancer 17, 29.

26. Zhang, T., Qu, R., Chan, S., et al. (2020). Discovery of a novel third-generation EGFR
inhibitor and identification of a potential combination strategy to overcome resis-
tance. Mol. Cancer 19, 90.

27. Ricordel, C., Friboulet, L., Facchinetti, F., et al. (2018). Molecular mechanisms of ac-
quired resistance to third-generation EGFR-TKIs in EGFR T790M-mutant lung cancer.
Ann. Oncol. 29, i28–i37.

28. Chen, L., Fu, W., Zheng, L., et al. (2018). Recent progress of small-molecule epidermal
growth factor receptor (EGFR) Inhibitors against C797S resistance in non-small-cell
lung cancer. J. Med. Chem. 61, 4290–4300.

29. Riess, J.W., Gandara, D.R., Frampton, G.M., et al. (2018). Diverse EGFR exon 20 inser-
tions and co-occurring molecular alterations identified by comprehensive genomic
profiling of NSCLC. J. Thorac. Oncol. 13, 1560–1568.

30. Arcila, M.E., Nafa, K., Chaft, J.E., et al. (2013). EGFR exon 20 insertion mutations in
lung adenocarcinomas: prevalence, molecular heterogeneity, and clinicopathologic
characteristics. Mol. Cancer Ther. 12, 220–229.

31. Vyse, S., and Huang, P.H. (2019). Targeting EGFR exon 20 insertionmutations in non-
small cell lung cancer. Signal Transduct Target Ther. 4, 5.

32. Naidoo, J., Sima, C.S., Rodriguez, K., et al. (2015). Epidermal growth factor receptor
exon 20 insertions in advanced lung adenocarcinomas: clinical outcomes and
response to erlotinib. Cancer 121, 3212–3220.

33. National Comprehensive Cancer Network (2020). NCCN Clinical Practice Guidelines
in Oncology: Non-Small Cell Lung Cancer (2020.V6) (NCCN). https://www.nccn.org/
professionals/physician_gls/default.aspx#site.
14 The Innovation 2, 100103, May 28, 2021
34. Gonzalvez, F., Zhu, X.T., Huang, W.S., et al. (2016). AP32788, a potent, selective inhib-
itor of EGFR andHER2 oncogenicmutants, including exon 20 insertions, in preclinical
models. Cancer Res 76, abstract nr 2644.

35. Lovly, C.M. (2019). Early Results from TAK-788 in NSCLC with EGFR Exon 20
Insertions (ASCO Daily News). https://dailynews.ascopubs.org/do/10.1200/ADN.
19.190339/full/.

36. Yun, J., Lee, S.H., Kim, S.Y., et al. (2020). Antitumor activity of Amivantamab (JNJ-
61186372), an EGFR-MET bispecific antibody, in diverse models of EGFR exon 20
insertion-driven NSCLC. Cancer Discov. 10, 1194–1209.

37. Cho, B.C., Lee, J.S., Han, J.Y., et al. (2018). JNJ-61186372 (JNJ-372), an EGFR-
cMET bispecific antibody, in advanced non-small cell lung cancer (NSCLC): an
update on phase I results. Ann. Oncol. 29, https://doi.org/10.1093/annonc/
mdy292.118.

38. Haura, E.B., Cho, B.C., Lee, J.S., et al. (2019). JNJ-61186372 (JNJ-372), an EGFR-
cMet bispecific antibody, in EGFR-driven advanced non-small cell lung cancer
(NSCLC). J. Clin. Oncol. 37, 9009.

39. Xu, Y., Zhang, L., Zhu, L.F., et al. (2019). DZD9008, an oral, wild type selective EGFR
inhibitor for the treatment of non-small-cell lung cancer with Exon20 insertion and
other activating mutations. Cancer Res 79, abstract nr 3081.

40. Hasako, S., Terasaka, M., Abe, N., et al. (2018). TAS6417, a novel EGFR inhibitor tar-
geting exon 20 insertion mutations. Mol. Cancer Ther. 17, 1648–1658.

41. Udagawa, H., Hasako, S., Ohashi, A., et al. (2019). TAS6417/CLN-081 is a pan-mu-
tation-selective EGFR tyrosine kinase inhibitor with a broad spectrum of preclinical
activity against clinically relevant EGFR mutations. Mol. Cancer Res. 17,
2233–2243.

42. Rolfo, C., Giovannetti, E., Hong, D.S., et al. (2014). Novel therapeutic strategies for pa-
tients with NSCLC that do not respond to treatment with EGFR inhibitors. Cancer
Treat. Rev. 40, 990–1004.

43. Piotrowska, Z., and Sequist, L.V. (2016). Treatment of EGFR-mutant lung cancers af-
ter progression in patients receiving first-line EGFR tyrosine kinase inhibitors : a re-
view. JAMA Oncol. 2, 948–954.

44. Recondo, G., Facchinetti, F., Olaussen, K.A., et al. (2018). Making the first move in
EGFR-driven or ALK-driven NSCLC: first-generation or next-generation TKI? Nat.
Rev. Clin. Oncol. 15, 694–708.

45. Cappuzzo, F., Hirsch, F.R., Rossi, E., et al. (2005). Epidermal growth factor receptor
gene and protein and gefitinib sensitivity in non-small-cell lung cancer. J. Natl.
Cancer Inst. 97, 643–655.

46. Yasuda, H., Kobayashi, S., and Costa, D.B. (2012). EGFR exon 20 insertion mutations
in non-small-cell lung cancer: preclinical data and clinical implications. Lancet
Oncol. 13, e23–e31.

47. O’Kane, G.M., Bradbury, P.A., Feld, R., et al. (2017). Uncommon EGFR mutations in
advanced non-small cell lung cancer. Lung Cancer 109, 137–144.

48. Yang, Z.-Y., Shen, W.-X., Hu, X.-F., et al. (2012). EGFR gene copy number as a predic-
tive biomarker for the treatment of metastatic colorectal cancer with anti-EGFR
monoclonal antibodies: a meta-analysis. J. Hematol. Oncol. 5, 52.

49. Barber, T.D., Vogelstein, B., Kinzler, K.W., et al. (2004). Somatic mutations of EGFR in
colorectal cancers and glioblastomas. N. Engl. J. Med. 351, 2883.

50. Sharafinski, M.E., Ferris, R.L., Ferrone, S., et al. (2010). Epidermal growth factor recep-
tor targeted therapy of squamous cell carcinoma of the head and neck. Head Neck
32, 1412–1421.

51. Sok, J.C., Coppelli, F.M., Thomas, S.M., et al. (2006). Mutant epidermal growth factor
receptor (EGFRvIII) contributes to head and neck cancer growth and resistance to
EGFR targeting. Clin. Cancer Res. 12, 5064–5073.

52. Bloomston, M., Bhardwaj, A., Ellison, E.C., et al. (2006). Epidermal growth factor re-
ceptor expression in pancreatic carcinoma using tissue microarray technique. Dig.
Surg. 23, 74–79.

53. Fj€allskog, M.L., Lejonklou, M.H., Oberg, K.E., et al. (2003). Expression of molecular
targets for tyrosine kinase receptor antagonists in malignant endocrine pancreatic
tumors. Clin. Cancer Res. 9, 1469–1473.

54. Lee, J., Jang, K.T., Ki, C.S., et al. (2007). Impact of epidermal growth factor receptor
(EGFR) kinasemutations, EGFR gene amplifications, and KRASmutations on survival
of pancreatic adenocarcinoma. Cancer 109, 1561–1569.

55. Cossu-Rocca, P., Muroni, M.R., Sanges, F., et al. (2016). EGFR kinase-dependent and
kinase-independent roles in clear cell renal cell carcinoma. Am. J. Cancer Res.
6, 71–83.

56. Ito, Y., Takeda, T., Sakon, M., et al. (2001). Expression and clinical significance of erb-
B receptor family in hepatocellular carcinoma. Br. J. Cancer 84, 1377–1383.

57. Maennling, A.E., Tur, M.K., Niebert, M., et al. (2019). Molecular targeting therapy
against EGFR family in breast cancer: progress and future potentials. Cancers
(Basel) 11, 1826.

58. Park, H.S., Jang, M.H., Kim, E.J., et al. (2014). High EGFR gene copy number predicts
poor outcome in triple-negative breast cancer. Mod. Pathol. 27, 1212–1222.

59. Teng, Y.H., Tan, W.J., Thike, A.A., et al. (2011). Mutations in the epidermal growth fac-
tor receptor (EGFR) gene in triple negative breast cancer: possible implications for
targeted therapy. Breast Cancer Res. 13, R35.
www.cell.com/the-innovation

http://refhub.elsevier.com/S2666-6758(21)00028-X/sref5
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref5
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref5
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref6
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref6
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref7
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref7
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref7
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref8
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref8
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref8
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref9
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref9
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref10
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref10
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref11
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref11
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref12
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref12
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref13
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref13
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref13
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref14
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref14
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref14
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref14
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref15
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref15
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref15
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref16
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref16
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref17
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref17
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref18
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref18
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref19
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref19
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref19
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref20
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref20
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref20
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref21
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref21
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref21
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref22
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref22
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref23
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref23
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref24
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref24
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref25
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref25
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref26
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref26
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref26
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref27
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref27
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref27
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref28
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref28
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref28
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref29
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref29
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref29
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref30
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref30
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref30
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref31
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref31
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref32
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref32
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref32
https://www.nccn.org/professionals/physician_gls/default.aspx#site
https://www.nccn.org/professionals/physician_gls/default.aspx#site
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref34
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref34
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref34
https://dailynews.ascopubs.org/do/10.1200/ADN.19.190339/full/
https://dailynews.ascopubs.org/do/10.1200/ADN.19.190339/full/
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref36
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref36
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref36
https://doi.org/10.1093/annonc/mdy292.118
https://doi.org/10.1093/annonc/mdy292.118
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref38
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref38
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref38
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref39
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref39
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref39
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref40
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref40
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref41
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref41
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref41
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref41
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref42
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref42
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref42
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref43
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref43
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref43
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref44
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref44
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref44
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref45
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref45
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref45
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref46
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref46
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref46
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref47
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref47
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref48
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref48
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref48
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref49
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref49
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref50
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref50
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref50
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref51
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref51
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref51
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref52
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref52
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref52
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref53
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref53
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref53
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref53
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref54
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref54
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref54
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref55
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref55
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref55
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref56
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref56
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref57
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref57
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref57
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref58
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref58
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref59
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref59
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref59
http://www.cell.com/thennovation


Review
T
he

Innovation
60. Nastaly, P., Stoupiec, S., Popeda, M., et al. (2020). EGFR as a stable marker of pros-
tate cancer dissemination to bones. Br. J. Cancer 123, 1767–1774.

61. Schlomm, T., Kirstein, P., Iwers, L., et al. (2007). Clinical significance of epidermal
growth factor receptor protein overexpression and gene copy number gains in pros-
tate cancer. Clin. Cancer Res. 13, 6579–6584.

62. Cho, K.S., Lee, J.S., Cho, N.H., et al. (2008). Gene amplification andmutation analysis
of epidermal growth factor receptor in hormone refractory prostate cancer. Prostate
68, 803–808.

63. Kim, M.A., Lee, H.S., Lee, H.E., et al. (2008). EGFR in gastric carcinomas: prognostic
significance of protein overexpression and high gene copy number. Histopathology
52, 738–746.

64. Liu, Z., Liu, L., Li, M., et al. (2011). Epidermal growth factor receptor mutation in
gastric cancer. Pathology 43, 234–238.

65. Eskilsson, E., Rosland, G.V., Solecki, G., et al. (2018). EGFR heterogeneity and im-
plications for therapeutic intervention in glioblastoma. Neuro. Oncol. 20,
743–752.

66. Lee, J.C., Vivanco, I., Beroukhim, R., et al. (2006). Epidermal growth factor receptor
activation in glioblastoma through novel missense mutations in the extracellular
domain. Plos Med. 3, e485.

67. Yang, K., Ren, X., Tao, L., et al. (2019). Prognostic implications of epidermal growth
factor receptor variant III expression and nuclear translocation in Chinese human gli-
omas. Chin. J. Cancer Res. 31, 188–202.

68. Sheng, Q., and Liu, J. (2011). The therapeutic potential of targeting the EGFR family in
epithelial ovarian cancer. Br. J. Cancer 104, 1241–1245.

69. Tanaka, Y., Terai, Y., Tanabe, A., et al. (2011). Prognostic effect of epidermal growth
factor receptor gene mutations and the aberrant phosphorylation of Akt and ERK in
ovarian cancer. Cancer Biol. Ther. 11, 50–57.

70. Yang, J.C.H., Sequist, L.V., Geater, S.L., et al. (2015). Clinical activity of afatinib in pa-
tients with advanced non-small-cell lung cancer harbouring uncommon EGFR muta-
tions: a combined post-hoc analysis of LUX-Lung 2, LUX-Lung 3, and LUX-Lung 6.
Lancet Oncol. 16, 830–838.

71. Colclough, N., Chen, K., Johnstrom, P., et al. (2021). Preclinical comparison of the
blood-brain barrier permeability of osimertinib with other EGFR TKIs. Clin. Cancer
Res. 27, 189–201.

72. Van Cutsem, E., Kohne, C.H., Lang, I., et al. (2011). Cetuximab plus irinotecan, fluoro-
uracil, and leucovorin as first-line treatment for metastatic colorectal cancer: up-
dated analysis of overall survival according to tumor KRAS and BRAF mutation sta-
tus. J. Clin. Oncol. 29, 2011–2019.

73. Bokemeyer, C., Bondarenko, I., Hartmann, J.T., et al. (2011). Efficacy according to
biomarker status of cetuximab plus FOLFOX-4 as first-line treatment for metastatic
colorectal cancer: the OPUS study. Ann. Oncol. 22, 1535–1546.

74. JY, D., S, S., J, C., et al. (2014). Final results fromPRIME: randomized phase 3 study of
panitumumabwith FOLFOX4 for first-line treatment of metastatic colorectal cancer.
Ann. Oncol. 25, 1346–1355.

75. Arnold, D., Lueza, B., Douillard, J.Y., et al. (2017). Prognostic and predictive value of
primary tumour side in patients with RAS wild-type metastatic colorectal cancer
treated with chemotherapy and EGFR directed antibodies in six randomized trials.
Ann. Oncol. 28, 1713–1729.

76. National Comprehensive Cancer Network (2020). NCCN Clinical Practice Guidelines
in Oncology: Colon Cancer (2020.V2) (NCCN). https://www.nccn.org/professionals/
physician_gls/default.aspx#site.

77. Weickhardt, A.J., Price, T.J., Chong, G., et al. (2012). Dual targeting of the epidermal
growth factor receptor using the combination of cetuximab and erlotinib: preclinical
evaluation and results of the phase II DUX study in chemotherapy-refractory,
advanced colorectal cancer. J. Clin. Oncol. 30, 1505–1512.

78. Bonner, J.A., Harari, P.M., Giralt, J., et al. (2010). Radiotherapy plus cetuximab for lo-
coregionally advanced head and neck cancer: 5-year survival data from a phase 3
randomised trial, and relation between cetuximab-induced rash and survival.
Lancet Oncol. 11, 21–28.

79. Martins, R.G., Parvathaneni, U., Bauman, J.E., et al. (2013). Cisplatin and radio-
therapy with or without erlotinib in locally advanced squamous cell carcinoma
of the head and neck: a randomized phase II trial. J. Clin. Oncol. 31,
1415–1421.

80. C, Z., J, M., G, S., et al. (2019). Anti-epidermal growth factor receptor (EGFR) mono-
clonal antibody combined with cisplatin and 5-fluorouracil in patients with metasta-
tic nasopharyngeal carcinoma after radical radiotherapy: a multicentre, open-label,
phase II clinical trial. Ann. Oncol. 30, 637–643.

81. National Comprehensive Cancer Network (2019). NCCN Clinical Practice Guidelines
in Oncology: Pancreatic Adenocarcinoma (2020.V1) (NCCN). https://www.nccn.
org/professionals/physician_gls/default.aspx#site.

82. Schultheis, B., Reuter, D., Ebert, M.P., et al. (2017). Gemcitabine combined with the
monoclonal antibody nimotuzumab is an active first-line regimen in KRAS wildtype
patients with locally advanced or metastatic pancreatic cancer: a multicenter, ran-
domized phase IIb study. Ann. Oncol. 28, 2429–2435.
ll
83. Pipas, J.M., Zaki, B.I., McGowan, M.M., et al. (2012). Neoadjuvant cetuximab, twice-
weekly gemcitabine, and intensity-modulated radiotherapy (IMRT) in patients with
pancreatic adenocarcinoma. Ann. Oncol. 23, 2820–2827.

84. Philip, P.A., Benedetti, J., Corless, C.L., et al. (2010). Phase III study comparing gem-
citabine plus cetuximab versus gemcitabine in patients with advanced pancreatic
adenocarcinoma: Southwest Oncology Group-directed intergroup trial S0205.
J. Clin. Oncol. 28, 3605–3610.

85. AH, K., T, B.-S., J, V.Z., et al. (2016). A multicenter, open-label phase II clinical trial of
combined MEK plus EGFR inhibition for chemotherapy-refractory advanced pancre-
atic adenocarcinoma. Clin. Cancer Res. 22, 61–68.

86. Gordon, M.S., Hussey, M., Nagle, R.B., et al. (2009). Phase II study of erlotinib in pa-
tients with locally advanced or metastatic papillary histology renal cell cancer:
SWOG S0317. J. Clin. Oncol. 27, 5788–5793.

87. Hainsworth, J.D., Sosman, J.A., Spigel, D.R., et al. (2005). Treatment of metastatic
renal cell carcinoma with a combination of bevacizumab and erlotinib. J. Clin.
Oncol. 23, 7889–7896.

88. Ravaud, A., Hawkins, R., Gardner, J.P., et al. (2008). Lapatinib versus hormone ther-
apy in patients with advanced renal cell carcinoma: a randomized phase III clinical
trial. J. Clin. Oncol. 26, 2285–2291.

89. Philip, P.A., Mahoney, M.R., Allmer, C., et al. (2005). Phase II study of erlotinib (OSI-
774) in patients with advanced hepatocellular cancer. J. Clin. Oncol. 23, 6657–6663.

90. Thomas, M.B., Morris, J.S., Chadha, R., et al. (2009). Phase II trial of the combination
of bevacizumab and erlotinib in patients who have advanced hepatocellular carci-
noma. J. Clin. Oncol. 27, 843–850.

91. Bekaii-Saab, T., Markowitz, J., Prescott, N., et al. (2009). A multi-institutional phase II
study of the efficacy and tolerability of lapatinib in patients with advanced hepatocel-
lular carcinomas. Clin. Cancer Res. 15, 5895–5901.

92. Dickler, M.N., Rugo, H.S., Eberle, C.A., et al. (2008). A phase II trial of erlotinib in com-
bination with bevacizumab in patients with metastatic breast cancer. Clin. Cancer
Res. 14, 7878–7883.

93. Smith, I.E., Walsh, G., Skene, A., et al. (2007). A phase II placebo-controlled trial of
neoadjuvant anastrozole alone or with gefitinib in early breast cancer. J. Clin.
Oncol. 25, 3816–3822.

94. Arteaga, C.L., O’Neill, A., Moulder, S.L., et al. (2008). A phase I-II study of combined
blockade of the ErbB receptor network with trastuzumab and gefitinib in patients with
HER2(ErbB2)-overexpressingmetastaticbreastcancer.Clin.CancerRes.14, 6277–6283.

95. Baselga, J., Gómez, P., Greil, R., et al. (2013). Randomized phase II study of the anti-
epidermal growth factor receptor monoclonal antibody cetuximab with cisplatin
versus cisplatin alone in patients with metastatic triple-negative breast cancer.
J. Clin. Oncol. 31, 2586–2592.

96. Gravis, G., Bladou, F., Salem, N., et al. (2008). Results from a monocentric phase II
trial of erlotinib in patients with metastatic prostate cancer. Ann. Oncol. 19,
1624–1628.

97. Cathomas, R., Rothermundt, C., Klingbiel, D., et al. (2012). Efficacy of cetuximab inmet-
astatic Castration-resistant prostate cancer might depend on EGFR and PTEN expres-
sion: results from a phase II trial (SAKK 08/07). Clin. Cancer Res. 18, 6049–6057.

98. Piotrowska, Z., Isozaki, H., Lennerz, J.K., et al. (2018). Landscape of acquired resis-
tance to Osimertinib in EGFR-mutant NSCLC and clinical validation of combined
EGFR and RET inhibition with osimertinib and BLU-667 for acquired RET fusion.
Cancer Discov. 8, 1529–1539.

99. Rangachari, D., To, C., Shpilsky, J.E., et al. (2019). EGFR-mutated lung cancers resis-
tant to osimertinib through EGFR C797S respond to first-generation reversible EGFR
inhibitors but eventually acquire EGFR T790M/C797S in preclinical models and clin-
ical samples. J. Thorac. Oncol. 14, 1995–2002.

100. Arulananda, S., Do, H., Musafer, A., et al. (2017). Combination osimertinib and gefiti-
nib in C797S and T790M EGFR-mutated non-small cell lung cancer. J. Thorac. Oncol.
12, 1728–1732.

101. Zhou, Z., Zhao, Y., Shen, S., et al. (2019). Durable clinical response of lung adenocar-
cinoma harboring EGFR 19Del/T790M/in trans-C797S to combination therapy of
first- and third-generation EGFR tyrosine kinase inhibitors. J. Thorac. Oncol. 14,
e157–e159.

102. Jia, Y., Yun, C.H., Park, E., et al. (2016). Overcoming EGFR(T790M) and EGFR(C797S)
resistance with mutant-selective allosteric inhibitors. Nature 534, 129–132.

103. Uchibori, K., Inase, N., Araki, M., et al. (2017). Brigatinib combinedwith anti-EGFR anti-
body overcomes osimertinib resistance in EGFR-mutated non-small-cell lung cancer.
Nat. Commun. 8, 14768.

104. To, C., Jang, J., Chen, T., et al. (2019). Single and dual targeting of mutant EGFR with
an allosteric inhibitor. Cancer Discov. 9, 926–943.

105. Zhang, Q., Zhang, X.C., Yang, J.J., et al. (2018). EGFR L792H and G796R: two novel
mutations mediating resistance to the third-generation EGFR tyrosine kinase inhibi-
tor osimertinib. J. Thorac. Oncol. 13, 1415–1421.

106. Castellano, G.M., Aisner, J., Burley, S.K., et al. (2019). A novel acquired exon 20 EGFR
M766Q mutation in lung adenocarcinoma mediates osimertinib resistance but is
sensitive to neratinib and poziotinib. J. Thorac. Oncol. 14, 1982–1988.
The Innovation 2, 100103, May 28, 2021 15

http://refhub.elsevier.com/S2666-6758(21)00028-X/sref60
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref60
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref61
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref61
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref61
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref62
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref62
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref62
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref63
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref63
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref63
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref64
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref64
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref65
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref65
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref65
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref66
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref66
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref66
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref67
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref67
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref67
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref68
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref68
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref69
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref69
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref69
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref70
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref70
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref70
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref70
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref71
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref71
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref71
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref72
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref72
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref72
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref72
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref73
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref73
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref73
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref74
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref74
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref74
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref75
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref75
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref75
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref75
https://www.nccn.org/professionals/physician_gls/default.aspx#site
https://www.nccn.org/professionals/physician_gls/default.aspx#site
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref77
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref77
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref77
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref77
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref78
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref78
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref78
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref78
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref79
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref79
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref79
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref79
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref80
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref80
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref80
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref80
https://www.nccn.org/professionals/physician_gls/default.aspx#site
https://www.nccn.org/professionals/physician_gls/default.aspx#site
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref82
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref82
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref82
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref82
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref83
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref83
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref83
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref84
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref84
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref84
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref84
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref85
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref85
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref85
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref86
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref86
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref86
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref87
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref87
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref87
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref88
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref88
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref88
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref89
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref89
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref90
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref90
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref90
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref91
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref91
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref91
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref92
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref92
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref92
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref93
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref93
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref93
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref94
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref94
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref94
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref95
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref95
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref95
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref95
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref96
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref96
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref96
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref97
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref97
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref97
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref98
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref98
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref98
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref98
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref99
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref99
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref99
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref99
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref100
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref100
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref100
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref101
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref101
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref101
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref101
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref102
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref102
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref103
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref103
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref103
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref104
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref104
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref105
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref105
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref105
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref106
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref106
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref106


Review
T
he

In
no

va
ti
on
107. Starrett, J.H., Guernet, A.A., Cuomo, M.E., et al. (2020). Drug sensitivity and allele
specificity of first-line osimertinib resistance EGFR mutations. Cancer Res. 80,
2017–2030.

108. Fassunke, J., M€uller, F., Keul, M., et al. (2018). Overcoming EGFR(G724S)-mediated
osimertinib resistance through unique binding characteristics of second-generation
EGFR inhibitors. Nat. Commun. 9, 4655.

109. Ercan, D., Choi, H.G., Yun, C.H., et al. (2015). EGFR mutations and resistance to irre-
versible pyrimidine-based EGFR inhibitors. Clin. Cancer Res. 21, 3913–3923.

110. Assadollahi, V., Rashidieh, B., Alasvand, M., et al. (2019). Interaction and molecular
dynamics simulation study of osimertinib (AstraZeneca 9291) anticancer drug
with the EGFR kinase domain in native protein and mutated L844V and C797S.
J. Cell. Biochem. 120, 13046–13055.

111. Ménard, L., Floc’h, N., Martin, M.J., et al. (2018). Reactivation of mutant-EGFR degra-
dation through clathrin inhibition overcomes resistance to EGFR tyrosine kinase in-
hibitors. Cancer Res. 78, 3267–3279.

112. Lee, P.C., Fang, Y.F., Yamaguchi, H., et al. (2018). Targeting PKCdelta as a therapeutic
strategy against heterogeneous mechanisms of EGFR inhibitor resistance in EGFR-
mutant lung cancer. Cancer Cell 34, 954–969.

113. Sun, Y., Meyers, B.A., Czako, B., et al. (2020). Allosteric SHP2 inhibitor IACS-13909
overcomes EGFR-dependent and EGFR-independent resistance mechanisms to-
wards osimertinib. Cancer Res. 80, 4840–4853.

114. To, K.K.W., Wu, W.K.K., and Loong, H.H.F. (2018). PPARgamma agonists sensitize
PTEN-deficient resistant lung cancer cells to EGFR tyrosine kinase inhibitors by
inducing autophagy. Eur. J. Pharmacol. 823, 19–26.

115. Martinez-Marti, A., Felip, E., Matito, J., et al. (2017). Dual MET and ERBB inhibition
overcomes intratumor plasticity in osimertinib-resistant-advanced non-small-cell
lung cancer (NSCLC). Ann. Oncol. 28, 2451–2457.

116. Deng, L., Kiedrowski, L.A., Ravera, E., et al. (2018). Response to dual crizotinib and
osimertinib treatment in a lung cancer patient with MET amplification detected by
liquid biopsy who acquired secondary resistance to EGFR tyrosine kinase inhibition.
J. Thorac. Oncol. 13, e169–e172.

117. Suzawa,K.,Offin,M., Schoenfeld,A.J., et al. (2019). AcquiredMETexon14alterationdrives
secondary resistance to epidermal growth factor receptor tyrosine kinase inhibitor in
EGFR-mutated lung cancer. JCO Precis Oncol. 3, https://doi.org/10.1200/PO.19.00011.

118. Sequist, L.V., Han, J.Y., Ahn, M.J., et al. (2020). Osimertinib plus savolitinib in patients
with EGFR mutation-positive, MET-amplified, non-small-cell lung cancer after pro-
gression on EGFR tyrosine kinase inhibitors: interim results from a multicentre,
open-label, phase 1b study. Lancet Oncol. 21, 373–386.

119. Mancini, M., Gal, H., Gaborit, N., et al. (2018). An oligoclonal antibody durably over-
comes resistance of lung cancer to third-generation EGFR inhibitors. EMBO Mol.
Med. 10, 294–308.

120. Yu, H.A., Baik, C.S., Gold, K., et al. (2020). LBA62 efficacy and safety of patritumab
deruxtecan (U3-1402), a novel HER3 directed antibody drug conjugate, in patients
(pts) with EGFR-mutated (EGFRm) NSCLC. Ann. Oncol. 31, S1189–S1190.

121. Hsu, C.C., Liao, B.C., Liao, W.Y., et al. (2020). Exon 16-skipping HER2 as a novel mech-
anism of osimertinib resistance in EGFR L858R/T790M-positive non-small cell lung
cancer. J. Thorac. Oncol. 15, 50–61.

122. Manabe, T., Yasuda, H., Terai, H., et al. (2020). IGF2 autocrine-mediated IGF1R acti-
vation is a clinically relevant mechanism of osimertinib resistance in lung cancer.
Mol. Cancer Res. 18, 549–559.

123. Hayakawa, D., Takahashi, F., Mitsuishi, Y., et al. (2020). Activation of insulin-like
growth factor-1 receptor confers acquired resistance to osimertinib in non-small
cell lung cancer with EGFR T790M mutation. Thorac. Cancer 11, 140–149.

124. Kim, D., Bach, D.H., Fan, Y.H., et al. (2019). AXL degradation in combination with
EGFR-TKI can delay and overcome acquired resistance in human non-small cell
lung cancer cells. Cell Death Dis 10, 361.

125. Qin, Q., Li, X., Liang, X., et al. (2020). CDK4/6 inhibitor palbociclib overcomes acquired
resistance to third-generation EGFR inhibitor osimertinib in non-small cell lung can-
cer (NSCLC). Thorac. Cancer 11, 2389–2397.

126. Shah, K.N., Bhatt, R., Rotow, J., et al. (2019). Aurora kinase A drives the evolution of
resistance to third-generation EGFR inhibitors in lung cancer. Nat. Med. 25, 111–118.

127. Nilsson, M.B., Sun, H., Robichaux, J., et al. (2020). A YAP/FOXM1 axis mediates EMT-
associated EGFR inhibitor resistance and increased expression of spindle assembly
checkpoint components. Sci. Transl. Med. 12, eaaz4589.

128. Leonetti, A., Sharma, S., Minari, R., et al. (2019). Resistance mechanisms to osimer-
tinib in EGFR-mutated non-small cell lung cancer. Br. J. Cancer 121, 725–737.

129. Yochum, Z.A., Cades, J., Wang, H., et al. (2019). Targeting the EMT transcription fac-
tor TWIST1 overcomes resistance to EGFR inhibitors in EGFR-mutant non-small-cell
lung cancer. Oncogene 38, 656–670.

130. Ham, J.S., Kim, S., Kim, H.K., et al. (2016). Two cases of small cell lung cancer trans-
formation from EGFR mutant adenocarcinoma during AZD9291 treatment.
J. Thorac. Oncol. 11, e1–e4.

131. Thress, K.S., Paweletz, C.P., Felip, E., et al. (2015). Acquired EGFR C797S mutation
mediates resistance to AZD9291 in non-small cell lung cancer harboring EGFR
T790M. Nat. Med. 21, 560–562.
16 The Innovation 2, 100103, May 28, 2021
132. Yu, H.A., Tian, S.K., Drilon, A.E., et al. (2015). Acquired resistance of EGFR-mutant
lung cancer to a T790M-specific EGFR inhibitor: emergence of a third mutation
(C797S) in the EGFR tyrosine kinase domain. JAMA Oncol. 1, 982–984.

133. Niederst, M.J., Hu, H., Mulvey, H.E., et al. (2015). The allelic context of the
C797S mutation acquired upon treatment with third-generation EGFR inhibitors
impacts sensitivity to subsequent treatment strategies. Clin. Cancer Res. 21,
3924–3933.

134. Goldberg, M.E., Montesion, M., Young, L., et al. (2018). Multiple configurations of
EGFR exon 20 resistance mutations after first- and third-generation EGFR TKI treat-
ment affect treatment options in NSCLC. PLoS ONE 13, e0208097.

135. Yang, Z., Yang, N., Ou, Q., et al. (2018). Investigating novel resistance mechanisms to
third-generation EGFR tyrosine kinase inhibitor osimertinib in non-small cell lung can-
cer patients. Clin. Cancer Res. 24, 3097–3107.

136. Chabon, J.J., Simmons, A.D., Lovejoy, A.F., et al. (2016). Circulating tumour DNA
profiling reveals heterogeneity of EGFR inhibitor resistancemechanisms in lung can-
cer patients. Nat. Commun. 7, 11815.

137. Lee, Y., Kim, T.M., Kim, D.W., et al. (2019). Preclinical modeling of osimertinib for
NSCLC with EGFR exon 20 insertion mutations. J. Thorac. Oncol. 14, 1556–1566.

138. Callegari, D., Ranaghan, K.E., Woods, C.J., et al. (2018). L718Qmutant EGFR escapes
covalent inhibition by stabilizing a non-reactive conformation of the lung cancer drug
osimertinib. Chem. Sci. 9, 2740–2749.

139. Brown, B.P., Zhang, Y.K., Westover, D., et al. (2019). On-target resistance to the mutant-
selective EGFR inhibitor osimertinib candevelop in anallele-specificmanner dependent
on the original EGFR-activating mutation. Clin. Cancer Res. 25, 3341–3351.

140. Kim, T.M., Song, A., Kim, D.W., et al. (2015). Mechanisms of acquired resistance to
AZD9291: a mutation-selective, irreversible EGFR inhibitor. J. Thorac. Oncol. 10,
1736–1744.

141. Okura, N., Nishioka, N., Yamada, T., et al. (2020). ONO-7475, a novel AXL inhibitor,
suppresses the adaptive resistance to initial EGFR-TKI treatment in EGFR-mutated
non-small cell lung cancer. Clin. Cancer Res. 26, 2244–2256.

142. Papadimitrakopoulou, V.A., Wu, Y.L., Han, J.Y., et al. (2018). Analysis of resistance
mechanisms to osimertinib in patients with EGFR T790M advanced NSCLC from
the AURA3 study. Ann. Oncol. 29, https://doi.org/10.1093/annonc/mdy424.064.

143. Ramalingam, S.S., Cheng, Y., Zhou, C., et al. (2018). Mechanisms of acquired resis-
tance to first-line osimertinib: preliminary data from the phase III FLAURA study.
Ann. Oncol. 29, https://doi.org/10.1093/annonc/mdy483.007.

144. Jiao, D., and Yang, S. (2020). Overcoming resistance to drugs targeting KRAS(G12C)
mutation. Innovation (N Y). 1, 100035.

145. Oxnard, G.R., Hu, Y., Mileham, K.F., et al. (2018). Assessment of resistance mecha-
nisms and clinical implications in patients with EGFR T790M-positive lung cancer
and acquired resistance to osimertinib. JAMA Oncol. 4, 1527–1534.

146. Le, X., Puri, S., Negrao, M.V., et al. (2018). Landscape of EGFR-dependent and -inde-
pendent resistance mechanisms to osimertinib and continuation therapy beyond
progression in EGFR-mutant NSCLC. Clin. Cancer Res. 24, 6195–6203.

147. Oxnard, G.R., Hu, Y., Mileham, K.F., et al. (2018). Assessment of resistance mecha-
nisms and clinical implications in patients with EGFR T790M-positive lung cancer
and acquired resistance to osimertinib. JAMA Oncol. 4, 1527–1534.

148. Zeng, L., Yang, N., and Zhang, Y. (2018). GOPC-ROS1 rearrangement as an acquired
resistance mechanism to osimertinib and responding to Crizotinib combined treat-
ments in lung adenocarcinoma. J. Thorac. Oncol. 13, e114–e116.

149. Zhu, V.W., Klempner, S.J., and Ou, S.I. (2019). Receptor tyrosine kinase fusions as an
actionable resistance mechanism to EGFR TKIs in EGFR-mutant non-small-cell lung
cancer. Trends Cancer 5, 677–692.

150. Shi, P., Oh, Y.T., Zhang, G., et al. (2016). Met gene amplification and protein hyperac-
tivation is a mechanism of resistance to both first and third generation EGFR inhib-
itors in lung cancer treatment. Cancer Lett. 380, 494–504.

151. Ortiz-Cuaran, S., Scheffler, M., Plenker, D., et al. (2016). Heterogeneous mechanisms
of primary and acquired resistance to third-generation EGFR inhibitors. Clin. Cancer
Res. 22, 4837–4847.

152. Romaniello, D., Marrocco, I., Belugali Nataraj, N., et al. (2020). Targeting HER3, a cata-
lytically defective receptor tyrosine kinase, prevents resistance of lung cancer to a
third-generation EGFR kinase inhibitor. Cancers (Basel) 12, 2394.

153. Zhu, C., Wei, Y., and Wei, X. (2019). AXL receptor tyrosine kinase as a promising anti-
cancer approach: functions, molecular mechanisms and clinical applications. Mol.
Cancer 18, 153.

154. Taniguchi, H., Yamada, T., Wang, R., et al. (2019). AXL confers intrinsic resistance to
osimertinib and advances the emergence of tolerant cells. Nat. Commun. 10, 259.

155. Blakely, C.M., Watkins, T.B.K., Wu, W., et al. (2017). Evolution and clinical impact of
co-occurring genetic alterations in advanced-stage EGFR-mutant lung cancers.
Nat. Genet. 49, 1693–1704.

156. Mahajan, K., and Mahajan, N.P. (2015). ACK1/TNK2 tyrosine kinase: molecular
signaling and evolving role in cancers. Oncogene 34, 4162–4167.

157. Weng, C.H., Chen, L.Y., Lin, Y.C., et al. (2019). Epithelial-mesenchymal transition
(EMT) beyond EGFR mutations per se is a common mechanism for acquired resis-
tance to EGFR TKI. Oncogene 38, 455–468.
www.cell.com/the-innovation

http://refhub.elsevier.com/S2666-6758(21)00028-X/sref107
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref107
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref107
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref108
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref108
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref108
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref108
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref109
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref109
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref110
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref110
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref110
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref110
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref111
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref111
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref111
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref112
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref112
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref112
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref113
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref113
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref113
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref114
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref114
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref114
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref115
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref115
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref115
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref116
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref116
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref116
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref116
https://doi.org/10.1200/PO.19.00011
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref118
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref118
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref118
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref118
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref151
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref151
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref151
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref152
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref152
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref152
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref119
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref119
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref119
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref120
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref120
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref120
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref121
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref121
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref121
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref122
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref122
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref122
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref123
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref123
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref123
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref124
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref124
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref125
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref125
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref125
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref126
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref126
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref127
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref127
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref127
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref128
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref128
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref128
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref129
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref129
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref129
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref130
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref130
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref130
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref131
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref131
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref131
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref131
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref132
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref132
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref132
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref133
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref133
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref133
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref134
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref134
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref134
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref135
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref135
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref136
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref136
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref136
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref137
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref137
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref137
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref138
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref138
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref138
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref139
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref139
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref139
https://doi.org/10.1093/annonc/mdy424.064
https://doi.org/10.1093/annonc/mdy483.007
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref142
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref142
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref143
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref143
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref143
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref144
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref144
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref144
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref145
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref145
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref145
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref146
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref146
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref146
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref147
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref147
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref147
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref148
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref148
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref148
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref149
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref149
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref149
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref150
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref150
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref150
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref153
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref153
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref153
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref154
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref154
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref155
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref155
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref155
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref156
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref156
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref157
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref157
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref157
http://www.cell.com/thennovation


Review
T
he

Innovation
158. Sequist, L.V., Waltman, B.A., Dias-Santagata, D., et al. (2011). Genotypic and histolog-
ical evolution of lung cancers acquiring resistance to EGFR inhibitors. Sci. Transl.
Med. 3, 75ra26.

159. Lee, J.K., Lee, J., Kim, S., et al. (2017). Clonal history and genetic predictors of trans-
formation into small-cell carcinomas from lung adenocarcinomas. J. Clin. Oncol. 35,
3065–3074.

160. Niederst, M.J., Sequist, L.V., Poirier, J.T., et al. (2015). RB loss in resistant EGFR
mutant lung adenocarcinomas that transform to small-cell lung cancer. Nat.
Commun. 6, 6377.

161. Kashima, K., Kawauchi, H., Tanimura, H., et al. (2020). CH7233163 overcomes osi-
mertinib resistant EGFR-Del19/T790M/C797S mutation. Mol. Cancer Ther. 19,
2288–2297.

162. Liu, X.L., Zhang, X.Q., Yang, L., et al. (2019). Preclinical evaluation of TQB3804, a
potent EGFR C797S inhibitor. Cancer Res 79, abstract nr 1320.

163. Pharambiz (2019). Bridge Biotherapeutics seeks approval from US FDA & MFDS in
Korea to begin phase I/II study of BBT-176 to treat NSCLC. http://www.pharmabiz.
com/NewsDetails.aspx?aid=120094&sid=2.

164. Schalm, S.S., Dineen, T., Lim, S.M., et al. (2020). 1296P BLU-945, a highly potent and
selective 4th generation EGFR TKI for the treatment of EGFR T790M/C797S resistant
NSCLC. Ann. Oncol. 31, S839.

165. Choe, H., Jeon, B.U., Jung, M.E., et al. (2017). Structure-activity relationship study of
2,4-dianilinopyrimidine containing methanesulfonamide (TRE-069) as potent and se-
lective epidermal growth factor receptor T790M/C797S mutant inhibitor for anti-
cancer treatment. Bull. Korean Chem. Soc. 38, 1353–1357.

166. Lu, X., Yu, L., Zhang, Z., et al. (2018). Targeting EGFR(L858R/T790M) and
EGFR(L858R/T790M/C797S) resistancemutations in NSCLC: current developments
in medicinal chemistry. Med. Res. Rev. 38, 1550–1581.

167. Lu, X., Smaill, J.B., and Ding, K. (2020). Medicinal chemistry strategies for the devel-
opment of kinase inhibitors targeting point mutations. J. Med. Chem. 63,
10726–10741.

168. He, J., Zhou, Z., Sun, X., et al. (2021). The new opportunities in medicinal chemistry of
fourth-generation EGFR inhibitors to overcome C797S mutation. Eur. J. Med. Chem.
210, 112995.

169. Lu, S., Qiu, Y., Ni, D., et al. (2020). Emergence of allosteric drug-resistancemutations:
new challenges for allosteric drug discovery. Drug Discov. Today 25, 177–184.

170. Kannan, S., Venkatachalam, G., Lim, H.H., et al. (2018). Conformational landscape of
the epidermal growth factor receptor kinase reveals a mutant specific allosteric
pocket. Chem. Sci. 9, 5212–5222.

171. Zhao, P., Yao, M.Y., Zhu, S.J., et al. (2018). Crystal structure of EGFR T790M/
C797S/V948R in complex with EAI045. Biochem. Biophys. Res. Commun. 502,
332–337.

172. Sheikine, Y., Kuo, F.C., and Lindeman, N.I. (2017). Clinical and technical aspects of
genomic diagnostics for precision oncology. J. Clin. Oncol. 35, 929–933.

173. Loong, H.H., Kwan, S.S., Mok, T.S., et al. (2018). Therapeutic strategies in EGFR
mutant non-small cell lung cancer. Curr. Treat. Options Oncol. 19, 58.

174. Metzker, M.L. (2010). Sequencing technologies—the next generation. Nat. Rev.
Genet. 11, 31–46.

175. Zhang, Y.C., Zhou, Q., and Wu, Y.L. (2019). Clinical management of third-generation
EGFR inhibitor-resistant patients with advanced non-small cell lung cancer: current
status and future perspectives. Cancer Lett. 459, 240–247.

176. Wang, Z., Cheng, Y., An, T., et al. (2018). Detection of EGFRmutations in plasma circu-
lating tumour DNA as a selection criterion for first-line gefitinib treatment in patients
with advanced lung adenocarcinoma (BENEFIT): a phase 2, single-arm, multicentre
clinical trial. Lancet Respir. Med. 6, 681–690.

177. Zhao, J., Lin, G., Zhuo, M., et al. (2020). Next-generation sequencing based mutation
profiling reveals heterogeneity of clinical response and resistance to osimertinib.
Lung Cancer 141, 114–118.

178. Heitzer, E., Haque, I.S., Roberts, C.E.S., et al. (2018). Current and future perspectives
of liquid biopsies in genomics-driven oncology. Nat. Rev. Genet. 20, 71–88.

179. Thress, K.S., Brant, R., Carr, T.H., et al. (2015). EGFR mutation detection in ctDNA
from NSCLC patient plasma: a cross-platform comparison of leading technologies
to support the clinical development of AZD9291. Lung Cancer 90, 509–515.

180. Zill, O., Mortimer, S., Banks, K., et al. (2016). Somatic genomic landscape of over
15,000 patients with advanced-stage cancer from clinical next-generation
sequencing analysis of circulating tumor DNA. J. Clin. Oncol. 34, https://doi.org/
10.1200/JCO.2016.34.18_suppl.LBA11501.

181. Laufer-Geva, S., Rozenblum, A.B., Twito, T., et al. (2018). The clinical impact of
comprehensive genomic testing of circulating cell-free DNA in advanced lung can-
cer. J. Thorac. Oncol. 13, 1705–1716.
ll
182. Remon, J., Caramella, C., Jovelet, C., et al. (2017). Osimertinib benefit in EGFR-mutant
NSCLC patients with T790M-mutation detected by circulating tumour DNA. Ann.
Oncol. 28, 784–790.

183. van der Pol, Y., and Mouliere, F. (2019). Toward the early detection of cancer by de-
coding the epigenetic and environmental fingerprints of cell-free DNA. Cancer Cell
36, 350–368.

184. Wakelee, H.A., Gadgeel, S.M., Goldman, J.W., et al. (2016). Epidermal growth factor
receptor (EGFR) genotyping of matched urine, plasma and tumor tissue from non-
small cell lung cancer (NSCLC) patients (pts) treated with rociletinib. J. Clin.
Oncol. 34, 9001.

185. Reckamp, K.L., Melnikova, V.O., Karlovich, C., et al. (2016). A highly sensitive and
quantitative test platform for detection of NSCLC EGFR mutations in urine and
plasma. J. Thorac. Oncol. 11, 1690–1700.

186. Park, K., Bennouna, J., Boyer, M., et al. (2019). Sequencing of therapy following first-
line afatinib in patients with EGFRmutation-positive non-small cell lung cancer. Lung
Cancer 132, 126–131.

187. Misale, S., Di Nicolantonio, F., Sartore-Bianchi, A., et al. (2014). Resistance to anti-
EGFR therapy in colorectal cancer: from heterogeneity to convergent evolution.
Cancer Discov. 4, 1269–1280.

188. Feng, M., Pan, Y., Kong, R., et al. (2020). Therapy of primary liver cancer. Innovation (N
Y). 1, 100032.

189. Gu, C., Shi, X., Dai, C., et al. (2020). RNA m6A modification in cancers: molecular
mechanisms and potential clinical applications. Innovation (N Y). 1, 100066.

190. Dai, H., Shen, Q., Shao, J., et al. (2021). Small molecular NIR-II fluorophores for cancer
phototheranostics. Innovation (N Y). 2, 100082.

191. Lu, Z., Peng, Z., Liu, C., et al. (2020). Current status and future perspective of immu-
notherapy in gastrointestinal cancers. Innovation (N Y). 1, 100041.

192. Saito, H., Fukuhara, T., Furuya, N., et al. (2019). Erlotinib plus bevacizumab versus er-
lotinib alone in patients with EGFR-positive advanced non-squamous non-small-cell
lung cancer (NEJ026): interim analysis of an open-label, randomised, multicentre,
phase 3 trial. Lancet Oncol. 20, 625–635.

193. Nakagawa, K., Garon, E.B., Seto, T., et al. (2019). Ramucirumab plus erlotinib in pa-
tients with untreated, EGFR-mutated, advanced non-small-cell lung cancer
(RELAY): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet
Oncol. 20, 1655–1669.

194. Zhou, Q., Wu, Y.L., Cheng, Y., et al. (2019). CTONG 1509: phase III study of bevacizu-
mab with or without erlotinib in untreated Chinese patients with advanced EGFR-
mutated NSCLC. Ann. Oncol. 30, https://doi.org/10.1093/annonc/mdz260.002.

195. Noronha, V., Patil, V., Joshi, A., et al. (2019). Gefitinib versus gefitinib plus peme-
trexed and carboplatin chemotherapy in EGFR-mutated lung cancer. J. Clin. Oncol.
38, 124–136.

196. Hosomi, Y., Morita, S., Sugawara, S., et al. (2019). Gefitinib alone versus gefitinib plus
chemotherapy for non-small-cell lung cancer with mutated epidermal growth factor
receptor: NEJ009 Study. J. Clin. Oncol. 38, 115–123.

197. Romaniello, D., Mazzeo, L., Mancini, M., et al. (2018). A combination of approved an-
tibodies overcomes resistance of lung cancer to osimertinib by blocking bypass
pathways. Clin. Cancer Res. 24, 5610–5621.

198. Woodcock, J., and LaVange, L.M. (2017). Master protocols to study multiple thera-
pies, multiple diseases, or both. N. Engl. J. Med. 377, 62–70.

ACKNOWLEDGMENTS
The study was supported by the Natural Science Foundation of Shanghai (No.

20ZR1410400), the Extraordinary 2025 Elite Project of Fudan University, the National Natural
Science Foundation of China (No. 81772590 and 81572395), the Open Funding of Key Labo-
ratory of Diagnosis and Treatment of Severe Hepato-pancreatic Diseases of Zhejiang Prov-
ince (No. 2018E10008), and the CAS Interdisciplinary Innovation TeamJCTD-2019-07. All fig-
ures showing EGFR kinase structure and binding modes were generated using PyMol 2.4.1
(www.pymol.org).

AUTHOR CONTRIBUTIONS
X.D., B.Y., and Q.A. performed data collection and analyses. X.D. and X.C. organized the

review and prepared the manuscript. Y.G.A., X.C. and J.X. revised the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing interests.

LEAD CONTACT WEBSITE
http://shmc.fudan.edu.cn/html/xiajinglin.html
The Innovation 2, 100103, May 28, 2021 17

http://refhub.elsevier.com/S2666-6758(21)00028-X/sref158
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref158
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref158
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref159
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref159
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref159
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref160
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref160
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref160
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref161
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref161
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref161
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref162
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref162
http://www.pharmabiz.com/NewsDetails.aspx?aid=120094&amp;sid=2
http://www.pharmabiz.com/NewsDetails.aspx?aid=120094&amp;sid=2
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref164
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref164
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref164
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref165
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref165
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref165
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref165
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref166
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref166
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref166
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref167
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref167
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref167
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref168
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref168
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref168
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref169
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref169
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref170
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref170
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref170
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref171
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref171
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref171
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref172
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref172
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref173
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref173
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref174
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref174
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref175
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref175
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref175
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref176
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref176
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref176
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref176
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref177
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref177
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref177
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref178
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref178
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref179
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref179
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref179
https://doi.org/10.1200/JCO.2016.34.18_suppl.LBA11501
https://doi.org/10.1200/JCO.2016.34.18_suppl.LBA11501
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref181
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref181
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref181
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref182
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref182
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref182
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref183
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref183
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref183
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref184
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref184
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref184
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref184
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref185
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref185
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref185
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref186
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref186
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref186
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref187
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref187
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref187
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref188
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref188
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref189
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref189
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref190
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref190
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref191
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref191
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref192
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref192
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref192
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref192
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref193
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref193
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref193
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref193
https://doi.org/10.1093/annonc/mdz260.002
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref195
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref195
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref195
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref196
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref196
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref196
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref197
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref197
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref197
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref198
http://refhub.elsevier.com/S2666-6758(21)00028-X/sref198
http://www.pymol.org
http://shmc.fudan.edu.cn/html/xiajinglin.html

	Acquired resistance to third-generation EGFR-TKIs and emerging next-generation EGFR inhibitors
	Introduction
	EGFR pathway in cancer and launched EGFR inhibitors
	EGFR-targeted therapy in the clinic
	Lung cancer
	Colorectal cancer
	Squamous cell carcinoma of the head and neck
	Pancreatic cancer
	Renal cell cancer
	Hepatocellular carcinoma
	Breast cancer
	Prostate cancer
	Other indications

	Mechanisms of acquired resistance to third-generation EGFR-TKIs
	EGFR-dependent mechanisms
	EGFR mutations
	Mutations in EGFR exon 20
	Mutations in EGFR exon 18
	Mutations in EGFR exon 21

	EGFRWT gene amplification
	Deletion of T790M mutation
	Defective degradation of EGFR
	EGFR-dependent activation of PKCδ

	EGFR-independent mechanisms
	Aberrant activation of downstream EGFR signaling pathways
	Activation of MAPK/ERK signaling pathway
	Activation of PI3K/AKT signaling pathway
	Oncogenic fusions

	Activation of bypass survival signaling pathways
	MET gene amplification
	HER2/3 gene amplification
	IGF/IGF1R amplification
	GAS6/AXL amplification
	Alteration of cell-cycle-related genes
	Activation of ACK1-related signaling pathway
	Activation of spindle assembly checkpoint components
	Other factors

	Histologic transformation
	Epithelial-mesenchymal transition
	Small cell lung cancer transformation



	Exploration of next-generation EGFR-TKIs
	EAI045
	JBJ-04-125-02
	CH7233163
	Other compounds

	Sequencing technology accelerating the realization of EGFR-targeted precision therapy
	Conclusions and future perspectives
	References
	Acknowledgments
	Author contributions
	Declaration of interests


