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Abstract: Lung cancers are life-threatening malignancies that cause great healthcare burdens in
Taiwan and worldwide. The 5-year survival rate for Taiwanese patients with lung cancer is approx-
imately 29%, an unsatisfactorily low number that remains to be improved. We first reviewed the
molecular epidemiology derived from a deep proteogenomic resource in Taiwan. The nuclear factor
erythroid 2-related factor 2 (NRF2)antioxidant mechanism was discovered to mediate the oncogenesis
and tumor progression of lung adenocarcinoma. Additionally, DNA replication, glycolysis and stress
response are positively associated with tumor stages, while cell-to-cell communication, signaling, inte-
grin, G protein coupled receptors, ion channels and adaptive immunity are negatively associated with
tumor stages. Three patient subgroups were discovered based on the clustering analysis of protein
abundance in tumors. The first subgroup is associated with more advanced cancer stages and visceral
pleural invasion, as well as higher mutation burdens. The second subgroup is associated with EGFR
L858R mutations. The third subgroup is associated with PI3K/AKT pathways and cell cycles. Both
EGFR and PI3K/AKT signaling pathways have been shown to induce NRF2 activation and tumor
cell proliferation. We also reviewed the clinical evidence of patient outcomes in Taiwan given various
approved targeted therapies, such as EGFR-tyrosine kinase inhibitors and anaplastic lymphoma
kinase (ALK)inhibitors, in accordance with the patients’ characteristics. Somatic mutations occurred
in EGFR, KRAS, HER2 and BRAF genes, and these mutations have been detected in 55.7%, 5.2%,
2.0% and 0.7% patients, respectively. The EGFR mutation is the most prevalent targetable mutation
in Taiwan. EML4-ALK translocations have been found in 9.8% of patients with wild-type EGFR.
The molecular profiling of advanced NSCLC is critical to optimal therapeutic decision-making. The
patient characteristics, such as mutation profiles, protein expression profiles, drug-resistance profiles,
molecular oncogenic mechanisms and patient subgroup systems together offer new strategies for
personalized treatments and patient care.

Keywords: Taiwan; lung cancer; precision medicine; proteogenomics; targeted therapy; NRF2

1. Characteristics of Lung Cancer Patients in Taiwan

The lung is a vital organ responsible for the exchange of oxygen and carbon dioxides,
and sustaining metabolism in humans. Lung cancer is the major cause of death for males
and females with malignant tumors in Taiwan [1]. Only 15~20% of patients are diagnosed
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at early stages. Lung cancer comprises small cell lung cancer and non-small cell lung
cancer (NSCLC), the predominant histology type, which is further categorized into ade-
nocarcinoma, squamous cell carcinoma, large cell neuroendocrine carcinoma and others.
The 5-year survival rate of Taiwanese patients with lung cancer has been reported to be
approximately 28.6% in 2019. Of the ten most common malignancies in Taiwan, lung cancer
has the lowest 5-year survival rate. The number of patients who died as a result of lung
cancer increased from 5749 to 9701 between 1998 and 2019, suggesting that lung cancer is
still a severe threat to the health and well-being of Taiwanese people [2]. The incidence of
lung cancer in Taiwan has not decreased with time and the high mortality rate emphasizes
the unmet need for optimizing treatment by leveraging a more personalized approach,
including finding precise cancer subtypes, seeking driver oncogenes, overcoming drug
resistance, and developing the optimal sequences of treatments [1].

2. Molecular Epidemiology and Pathophysiology of Lung Cancer in Taiwan

The distribution of patients with distinct molecular characteristics in a population, i.e.,
molecular epidemiology, is crucial for guiding the treatment policy to provide personalized
treatments. NSCLC patients in Taiwan comprise higher percentages of nonsmokers than
smokers, and females than males (Table 1). This is quite different from the demographics
in western countries, such as the United States where there are more male patients and
smokers (Table 1). Thus, molecular epidemiology of Taiwan warrants investigation. Re-
cently, a comprehensive and deep proteogenomic resource of a cohort of treatment-naïve
early-stage lung cancer patients in Taiwan was released, comprising high-quality molecular
assessments of tumor and normal adjacent tissues (NAT) of surgical specimens, including
gene expressions quantified by RNAseq and protein abundances quantified by mass spec-
trometry [3]. In this cohort, the majority of patients have adenocarcinoma. This resource
facilitated the elucidation of lung cancer biology and molecular epidemiology in Taiwan.

Table 1. Distinct demographics of NSCLC patients in Taiwan compared with those in United States.

Demographics Taiwan [3] United States [4]

Gender

Female 60.67% 35.51%
Male 39.33% 64.49%

Smoking History

Non-smoking 86.52% 44.00%
Smoking 13.48% 56.00%

Somatic mutation analysis of this cohort echoed a well-known fact that patients with
the epidermal growth factor receptor (EGFR) mutations in the tumor account for 85% of the
total patient population which comprises predominantly nonsmokers (83%) [3]. RBM10
and EGFR L858 mutations are more common in females, whereas KRAS and APC mutations
are frequently found in male patients. Additionally, ATM and KRAS are often found to
have mutated in smokers.

Gross functional evaluations of increasing and decreasing proteins in this deep pro-
teogenomic resource was performed with respect to the tumor stages. The increasing
proteins are associated with DNA replication, glycolysis and stress response. The decreas-
ing proteins pertain to cell-to-cell communication, signaling, integrin, G protein coupled
receptors, ion channels and adaptive immunity. Based on the protein profiles of the tumor
microenvironment, patients were clustered into three subgroups. The first subgroup ac-
counts for 61% of the cohort. This subgroup is associated with more advanced cancer stages
and visceral pleural invasion, as well as higher mutation burdens. Subgroup 2 accounts for
12% of the cohort and is associated with EGFR L858R mutations. Subgroup 3 accounts for
27% of the cohort and is associated with PI3K/AKT pathways and cell cycles, identified
by protein phosphorylation analysis. Moderate RNA-to-protein correlations are found in
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this study, resulting in a slight disparity in the patient subgroups detected using RNA and
protein alone [3].

An independent analysis of this proteogenomic resource further elucidated that the
nuclear factor erythroid 2-related factor 2 (NRF2)/nuclear factor erythroid-derived 2-like 2
(NFE2L2) antioxidant mechanisms underlie the oncogenesis and tumor progression of lung
adenocarcinoma in Taiwan, based on the higher expressions of NRF2 antioxidant genes in
the tumor than in adjacent normal tissues [5]. Data suggested that the NRF2 antioxidant
mechanism was the most prominent mechanism, among a total of 189 oncogenic mecha-
nisms evaluated. This was a gross analysis performed regardless of the three subgroups
mentioned above, with the goal of discovering the shared driving mechanism. To cope
with the carcinogens and/or oxidative stress caused by the fast division of cells, NRF2 an-
tioxidant mechanisms are induced. NRF2 is a transcription factor that can regulate the
expression of other genes via binding with the antioxidant-response elements (ARE) of
the genome and activating a series of downstream effects (Figure 1). These activities alto-
gether mediate the metabolic reprogramming and increased antioxidant capability of the
cancer cell.
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Figure 1. The stress-induced NRF2 antioxidant system can activate a series of downstream genes
which ultimately leads toward lung cancer carcinogenesis and progression. Genes activated by
the NRF2 transcription factor include those related to glutathione metabolism, thioredoxin-based
antioxidant system, NADPH regeneration and heme and iron homeostasis. Subsequent effects, such
as detoxification, reactive oxygen species removal, pentose phosphate pathway and inhibition of
ferroptosis then follow.

Apart from the aforementioned oncogenic mechanisms derived from this proteoge-
nomic resource, new insights can still be obtained using more advanced multi-omics
analysis methods, such as similarity network fusing [6]. Furthermore, several important
mechanisms are worth noting. Tissue fibrosis and inflammatory mechanisms have been
found to be an important molecular signature associated with cancer stage and the poor
prognosis of lung cancer [7]. This is a mechanism akin to wound healing. Patients with
lung cancer often have metastasis to the brain. Thus, the cross-referencing of brain and
lung cancer gene-expression signatures is warranted [8]. Additionally, eukaryotic initiation
factors represent crucial members which can activate oncogenic pathways [9].

Like most cancers, lung adenocarcinoma is a heterogeneous collection of diseases.
Partitioning a heterogeneous collection of diseases into relatively homogeneous subgroups
allows for more precise estimation of patient outcomes and more precise subgroup-specific
treatments [10]. The established oncogenic mechanisms, including EGFR mutation, anaplas-
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tic lymphoma kinase (ALK) fusion, ROS1 fusion and RET fusion, only account for certain
proportions of the entire patient population [4]. Hence, the search for new subtypes that
better characterize the patient population is warranted. In research conducted in Japan,
a country that is geographically close to Taiwan, two subtypes of lung adenocarcinoma
were found using hierarchical clustering methods analyzing the miRNA profiles in the
tumor tissues. The two subtypes are driven by the dysregulation of miRNA miR-30d and
miR-195, respectively. The first subtype represents less differentiated tissue and implies
poorer survival. The second subtype represents well-differentiated tissue and implies better
survival [11]. In another study utilizing The Cancer Genome Atlas (TCGA) data, three
subtypes (high, medium and low immunity) were identified [12]. The high-immunity
group has a better response to immunotherapy and chemotherapy.

3. Translational Oncology Studies of Lung Cancer in Taiwan
3.1. EGFR

The molecular profiling of advanced NSCLC is critical to optimal therapeutic decision-
making. EGFR mutation is the most prevalent targetable mutation in Taiwan and could
be detected in approximately 56% of patients with pulmonary adenocarcinoma [1,13].
The first prospective study in Taiwan to identify the incidence of five driver oncogenes,
including EGFR, Kirsten rat sarcoma viral oncogene homolog (KRAS), B-Raf proto-oncogene
serine/threonine kinase (BRAF), human epidermal growth factor receptor 2 (HER2) and echinoderm
microtubule-associated protein-like 4-anaplastic lymphoma kinase (EML4-ALK) fusion mutations
in 1772 patients with treatment-naïve pulmonary adenocarcinoma showed that EGFR,
KRAS, HER2 and BRAF mutations were detected in 987 (55.7%), 93 (5.2%), 36 (2.0%) and 12
(0.7%) patients, respectively [14]. Most of the above-mentioned mutations were mutually
exclusive. In addition, 29 of 295 EGFR-wild type patients (9.8%) were found to have
EML4-ALK translocation. EGFR mutations were more frequent in female patients and
never-smokers [14]. EGFR exon 19 deletions (44.8%) and exon 21 L858R (47.9%) were shown
to be the main subtypes of EGFR mutations. Fewer Taiwanese patients aged ≤ 50 years
have been reported to have EGFR mutations, and the subtypes of EGFR mutation were
more uncommon. Age ≤ 50 years was associated with inferior efficacy of EGFR-tyrosine
kinase inhibitors (TKI) [15–18]. Mutant plasma EGFR (pEGFR) was reported to be a poor
prognostic factor in EGFR-mutant patients [19]. A retrospective study showed that multiple
primary malignant tumors occurred more frequently in patients with lung cancer harboring
classic EGFR mutations, particularly those with exon 19 deletions [20]. Patients with
adenocarcinoma of the lung who also had scar cancer or old pulmonary tuberculosis lesions
were shown to have a higher probability of harboring EGFR mutations, particularly exon
19 deletions [21]. EGFR-tyrosine kinase inhibitors (EGFR-TKIs), including gefitinib [22],
erlotinib [23], afatinib [24], dacomitinib [25] and osimertinib [26] are treatment options as a
first-line therapy for advanced NSCLC patients with EGFR mutations [27–30]. The survival
benefit of EGFR-TKIs has also been reported in nonagenarian patients with advanced
EGFR-mutant NSCLC [31].

The approved first-line treatment for advanced EGFR-mutant NSCLC in Taiwan
includes gefitinib, erlotinib, afatinib, dacomitinib, and osimertinib. However, the third-
generation EGFR-TKI, osimertinib, is only reimbursed by the National Health Insurance
(NHI) as a first-line treatment for advanced EGFR exon 19 deletion-positive NSCLC
with central nervous system metastasis. Therefore, many patients still received second-
generation EGFR-TKIs, including afatinib, as the first-line treatment [1]. Previous reports
showed that afatinib as a first-line treatment provided better survival outcomes for ad-
vanced EGFR-mutant lung adenocarcinoma than gefitinib and erlotinib [32–34]. Afatinib is
also effective for pulmonary adenocarcinomas with complex EGFR mutations, especially
those with uncommon mutations [33]. Erlotinib and afatinib revealed better treatment
efficacy in patients with initial brain metastases than gefitinib [33]. In a retrospective study,
alternative treatment with Chinese herbal medicine (CHM) during first-line EGFR-TKI
showed a tolerable toxicity profile and a tendency toward better progression-free sur-
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vival (PFS)and overall survival (OS) than those who did not receive CHM [35]. Multiple
studies have reported that not only erlotinib plus bevacizumab, but also afatinib com-
bined with bevacizumab, demonstrated favorable efficacy for the first-line treatment of
advanced pulmonary adenocarcinoma harboring EGFR mutations [36–38]. A multicenter
observational study reported that the first-line afatinib plus bevacizumab demonstrated
an ORR of 87.7%, a median PFS of 23.9 months, and a median OS of 45.9 months. Fur-
ther prospective studies are warranted to confirm the clinical efficacy [37,38]. In addition,
immunotherapy plus chemotherapy tended to be more effective than immunotherapy
alone in previously TKI-treated NSCLC harboring EGFR mutations [39]. A study showed
that the level of immunosuppressive cells and immune checkpoint proteins increases
during the EGFR-TKI resistance period, implicating a critical mechanism for tumor pro-
gression [40]. The decreased infiltration levels of CD8+ T cells after the development of
EGFR-TKI resistance have also been reported [41]. Therefore, the combination of EGFR-TKI
and immunotherapy has been investigated in multiple studies, and current data showed
controversial findings [42].

Among patients with EGFR-mutant advanced pulmonary adenocarcinoma who had
acquired resistance to first-line TKIs, pemetrexed-based doublet chemotherapy has been
shown to be the preferred chemotherapy regimen until a more efficient therapeutic option
is identified. Moreover, PFS and OS were longer in patients who underwent combination
chemotherapy than single-agent chemotherapy [42]. A study that enrolled 330 patients
with advanced EGFR-mutant pulmonary adenocarcinoma showed that elderly patients
aged 70 years or older with disease progression after first-line TKI could receive chemother-
apy and had a response rate similar to that of younger patients [43]. The retreatment
of first/second-generation EGFR-TKIs after initial TKI followed by chemotherapy has
been reported to be effective in prolonging survival, and a useful option for subsequent
treatment, especially in patients with longer drug holidays and female patients with exon
21 mutation [44–47]. Patients with EGFR-mutant pulmonary adenocarcinoma have been
found to have a higher proportion of synchronous liver metastasis (LM) than those with
EGFR wild-type tumor, and patients with an adequate performance status and ≤5 LM
nodules could be considered for systemic therapy combined with radiofrequency ablation
when LM develops [48].

Acquired resistance to first/second-generation EGFR-TKI inevitably occurs regard-
less of which EGFR-TKI is used. The most common molecular resistance mechanism to
first/second-generation TKIs is the EGFR T790M mutation in exon 20 which could be
treated with osimertinib and accounts for about 50–60% of patients [1,49]. The T790M
acquisition rate was around 46.3–55.1% in Taiwan [50–53]. Higher frequency of T790M
acquisition in patients with exon 19 deletion, L858R, longer treatment duration of previous
EGFR-TKIs, previous gefitinib treatment, initial liver metastasis, and rebiopsy at metastatic
sites has been reported. The longer duration between the first and second rebiopsy among
patients with the T790M mutation in the second biopsy has been found compared to those
without T790M [50–55]. The presence of circulating EGFR cell-free DNA, including the
exon 19 deletion, L858R mutation, or T790M mutation showed different influences on OS
in patients with advanced EGFR-mutant pulmonary adenocarcinoma who have progressed
on first-line EGFR-TKIs [55]. Complex EGFR mutations with T790M and a shorter treat-
ment duration of previous EGFR-TKIs have been associated with shorter PFS and OS in
patients with advanced NSCLC treated with osimertinib [56]. Potential resistance mecha-
nisms, including Cys797Ser, cMET amplification, BRAF mutation, KRAS mutation, and
small-cell transformation, developed in patients who have progressive disease following
osimertinib [57,58]. A retrospective study showed that continuous osimertinib in combi-
nation with other therapies was related to improved OS in patients who have progressed
on osimertinib [59].

After treatment with first/second-generation EGFR-TKIs, patients with EGFR muta-
tions were reported to have a higher frequency of developing brain metastasis than those
without [60]. The optimal brain surveillance strategy during EGFR-TKI treatment remains
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unclear. One retrospective study revealed that the strategy of regular brain magnetic
resonance imaging (MRI) every 3–6 months did not demonstrate a significant impact on
the survival outcome, irrespective of initial brain metastasis [61]. A single-center study
showed a significantly higher proportion of patients with EGFR-mutant NSCLC died
from central nervous system (CNS) metastases compared to those with EGFR wild-type
tumors [62]. The addition of stereotactic radiosurgery (SRS) to EGFR-TKI therapy has
been reported to improve intracranial tumor control and provide a potential benefit of
preventing neurological deficits and seizures. [63] The combined use of Gamma Knife
radiosurgery and EGFR-TKI was shown to have the most significant effect on prolonging
survival time after SRS in patients with EGFR-mutant lung cancer and brain metastasis [64].
A prospective study showed that the supernatant of cerebrospinal fluid (CSF) in patients
with EGFR-mutant NSCLC and leptomeningeal metastasis (LM) is a valuable specimen
for EGFR mutation testing, demonstrating that the detection rates of EGFR mutations and
T790M in cell-free DNA (cfDNA) of CSF were 68.8%, and 14.6%, respectively. [65] The
best way to use CSF for diagnosis, tracking tumor heterogeneity, or treatment guidance
requires further investigation [66]. CSF diversion, including ventricular peritoneal shunt,
and lumbar peritoneal shunt has been reported to be a useful and safe management for LM
and hydrocephalus [67].

Stage III NSCLC includes a very heterogeneous group of patients who require different
treatment strategies. An investigation that enrolled 92 cases with unresectable stage III
pulmonary adenocarcinoma reported that patients with EGFR-mutant adenocarcinoma
who underwent upfront EGFR-TKIs had significantly superior PFS and OS than those
who underwent upfront concurrent chemoradiation. An observational study of stage III
NSCLC in Taiwan showed that upfront chemoradiotherapy with subsequent EGFR-TKI
provided a longer survival time compared to upfront EGFR-TKI in patients with a stage III
unresectable EGFR-mutant NSCLC [68]. The above-mentioned information suggests that
further randomized studies are necessary to validate these findings [69].

3.2. ALK

About 10% of cases with EGFR wild-type pulmonary adenocarcinoma are positive for
EML4-ALK rearrangements in Taiwan [1]. ALK translocation is associated with ALK expres-
sion and mutually exclusive with EGFR mutation in Taiwanese patients with NSCLC [70].
A multicenter prospective study showed that 29 of 295 (9.8%) EGFR-wild type patients
with lung adenocarcinoma were positive for EML4-ALK translocation, which occurred
more frequently in patients younger than 65 years [14,16]. Another study reported that
124 of 1255 (9.9%) patients with EGFR-wild type NSCLC were ALK-positive [71]. Among
them, the rates of programmed death-receptor ligand-1 (PD-L1) tumor proportion score
(TPS) ≥ 1% and ≥50% were 50% and 16%, respectively, and no significant relation between
PD-L1 expression and ALK fusion variants was found. The characteristics of ALK-positive
NSCLC in Taiwan are different from those in western countries, such as the United States
(Table 2) [71–75]. In Taiwan, positive PD-L1 expression (≥1%) was related to unfavorable
PFS in patients with ALK-positive pulmonary adenocarcinoma receiving crizotinib [72,76].
In addition, neither ALK variants nor the Bcl-2-like 11 (BIM) polymorphism was related
to the PFS or OS in ALK-positive NSCLC receiving crizotinib [77]. ALK mutations were
found more frequently in cases with age < 50 years, female gender, non-smokers, and the
histology type of adenocarcinoma. Age ≤ 50 years and non-smokers were independent
predictors for ALK mutation. The ALK mutation rate in the never/light smokers aged less
than 50 years with EGFR-wild type NSCLC could be as high as 23% [71].
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Table 2. Characteristics of ALK-positive NSCLC in Taiwan compared with those in the United States.

Taiwan [71,72] United States [73–75]

Age, Median (Range), Years 55.1 (32–89) 52 (29–76)

Male gender (%) 46 58

Smoking History (%)

Non-smoking 65 74
Smoking 35 26

Metastatic Site (%)

Brain 25 33.3
Liver 17.3 16.7
Bone 38.5 33.3

PD-L1 Expression (%)

PD-L1 TPS 0% 50% 37%
PD-L1 TPS 1–49% 34% 37%
PD-L1 TPS ≥ 50% 16% 26%

ALK inhibitors, including crizotinib, alectinib, ceritinib, brigatinib, and lorlatinib have
been approved in Taiwan, but only crizotinib, alectinib, and ceritinib are reimbursed by the
NHI as the first-line treatment for advanced ALK-positive NSCLC [1].

One prospective multicenter study to investigate the resistance mechanisms in patients
with advanced NSCLC who progressed after ALK inhibitors demonstrated heterogeneous
mechanisms of resistance, including the loss of ALK mutations in less than one-third
of cases, in addition to various compound ALK mutations, and bypass mutations [78].
Therefore, rebiopsy to discover the resistant mutations might be considered to determine
the optimal treatment for ALK-inhibitor-resistant NSCLC [79]. In retrospective studies of
ALK-positive advanced NSCLC, ceritinib demonstrated a longer median PFS compared
to crizotinib for first-line treatment [80], and a second-generation ALK inhibitor, alectinib
demonstrated a lower incidence of CNS progression and a tendency toward superior PFS
compared to ceretinib in specific patients who had progressed on crizotinib [81].

3.3. Rare Mutation Other Than EGFR and ALK

A multicenter prospective study in Taiwan enrolled 1772 patients and demonstrated
that BRAF, HER2 and KRAS mutations were identified in 12 (0.7%), 36 (2.0%) and 93 (5.2%)
patients, respectively. KRAS mutations were more frequently detected in male patients and
smokers. Most of the genetic alterations were mutually exclusive, except for co-occurring
mutations in seven (0.4%) patients, including one with KRAS and BRAF mutations, three
with KRAS and EGFR mutations, and three with HER2 and EGFR mutations [14]. The
incidence of mesenchymal-epithelial transition (MET) exon 14 skipping mutation has been
reported to be 3.3% for lung cancer and 4% for pulmonary adenocarcinoma. Patients
harboring MET exon 14 skipping mutation without anti-MET therapy had a similar OS
compared to those without a major driver gene mutation [82].

In Taiwan, dabrafenib plus trametinib is approved for the treatment of advanced BRAF
V600E-positive NSCLC but is not reimbursed by the NHI [1] Crizotinib and entrectinib
are approved and reimbursed for the treatment of advanced ROS1-positive NSCLC. Cap-
matinib and tepotinib have received approval for the treatment of MET exon 14 skipping
mutation but are not reimbursed. Larotrectinib and entrectinib have been approved for
metastatic NTRK fusion-positive NSCLC but are not reimbursed by the NHI. No drug has
received approval for the treatment of HER2 mutation-positive and KRAS-mutated NSCLC
as of May 2022 in Taiwan [1].

Whole-exome or targeted gene sequencing was used in one study and showed that
KRAS and TP53 mutations were identified in 5.56% and 25% of Taiwanese patients, respec-
tively. The other mutations, including ARID1A, ARID2, CDK12, CHEK2, GNAS, H3F3A,
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KDM6A, KMT2C, NOTCH1, RB1, RBM10, RUNX1, SETD2, SF3B1, SMARCA4, THRAP3,
TP53, and ZMYM2 were also found. The mutation profiles in Taiwanese patients may have
a critical influence on the determination of targeted therapies. [83] One study demonstrated
that the inactivation of TP53/RB1 function may be associated with the histogenesis of
synchronous/metachronous SCLC/NSCLC. In addition, the SCLC component may derive
from the adenocarcinoma component through the activation of achaete-scute family bHLH
transcription factor 1 (ASCL1) and PI3K/AKT1 signal transduction pathways [84]. The
PIK3CA mutation rate was reported to be 1.8% (14/760) in lung cancer without EGFR-TKI
treatment. No significant different treatment response or PFS of EGFR-TKI was found
between patients with PIK3CA mutation and those without. The PIK3CA mutation rate
in patients with pulmonary adenocarcinoma who have progressed on EGFR TKI was not
higher than that in patients without EGFR-TKI treatment [85].

The KIF5B-MET fusion variant has been detected in one person (0.5%) out of 206 pul-
monary adenocarcinomas. Among 28 patients with pulmonary sarcomatoid carcinoma, one
case with a KIF5B-MET fusion variant (3.6%) was identified and had rapid progression of
tumor invasion. This patient passed away about 1 month after diagnosis with lung cancer [86].

In the aforementioned cohort with early-stage, predominantly female, and non-smoking
pulmonary adenocarcinoma, the mutational signature analysis showed a high prevalence of
APOBEC mutational signature in younger females. Moreover, in older females, overrepresen-
tation of environmental carcinogen-like mutational signatures was found [3].

A study regarding mitochondria genome in stage I pulmonary adenocarcinoma
showed that patients with somatic mutations in the D-loop region had longer relapse-free
survival (RFS) than those without, whereas somatic mutations in mitochondrial Complex IV
and Complex V genes were related to shorter RFS [87]. In pulmonary adenocarcinoma, the
NGS study also showed six potential oncogenic genes, including AGR2, SPDEF, CDKN2A,
CLDN3, SFN, and PHLDA2, and seven tumor suppressor genes [88].

3.4. Small Cell Lung Cancer

The most aggressive type of lung cancer in Taiwan is small-cell lung cancer (SCLC)
characterized by rapid growth and early metastasis [89,90]. A large observational population-
based cohort study of SCLC in Taiwan revealed that more than 80% of the patients were
ES-SCLC at diagnosis [90]. SCLC is highly responsive to chemotherapeutic drugs, and no
targeted therapies have been approved for the treatment of SCLC to date. Chemotherapy is
the mainstay of initial treatment for ES-SCLC, prolonging survival in comparison with best
supportive care [91]. The addition of immunotherapy to doublet chemotherapy provides
further survival benefits [92–94]. The median survival times for Taiwanese patients with
LS- and ES-SCLC have been reported to be 16.92 and 8.71 months, respectively [90]. The
preferred and superior first-line chemotherapy regimen was etoposide plus platinum. The
preferred second-line treatment for relapsed SCLC was topotecan which has demonstrated
limited efficacy [90].

A study that enrolled 76 patients with SCLC revealed two (2.6%) cases with EGFR muta-
tions in which both were exon 19 deletions. [95] Another study showed that one case (1.6%)
with EGFR exon 21 L858R was detected among 63 patients with SCLC [96]. SCLC with EGFR
mutations may be attributed to the combined component of adenocarcinoma [95]. An investi-
gation of combined SCLC and NSCLC demonstrated that the inactivation of TP53/RB1 func-
tion is related to the histogenesis of de novo combined SCLC/NSCLC and pulmonary adeno-
carcinoma with SCLC transformation after EGFR-TKI treatment. Furthermore, the activation
of the PI3K/AKT1 and ASCL1 signal transduction pathways was shown to be associated with
the transformation of adenocarcinoma to SCLC [84].

4. Discussion

Patient demographics of lung cancer in Taiwan are different from those in western
countries. With a high percentage of young female patients and high proportions of non-
smokers in Taiwan, the etiology of the tumor occurrence is largely elusive. Air pollution
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has been nominated as one culprit. A lack of definitive etiology makes it difficult at this
time to avoid the carcinogens in people’s daily life. Low-dose computed tomography
(CT) is a valuable tool for detecting lung cancer at the early stages. In 2013, the results
of the US National Lung Cancer Screening Trial indicated that low-dose CT is useful in
high-risk lung cancer populations. In 2014, the American College of Radiology published
the Lung-RADS guidelines for low-dose CT lung cancer screening. In Taiwan, the low-dose
CT screen of lung nodules has become more and more popular to be included in regular
health examination packages. These would facilitate the detection of lung cancer at earlier
stages when the patients have better prognosis given treatments.

The treatment of advanced lung cancer is guided by the molecular characteristics of
the tumor. Current treatment guidelines specify the following procedure for the systemic
treatments of patients [1,97–106]. For NSCLC, activation of EGFR, ALK, ROS-1, and other
targetable genes in the tumor are evaluated. Antagonistic agents are given if any of the
oncogenic activations mentioned above are found [22–25,97–105].

With this treatment algorithm in place, the 5-year survival rate of Taiwanese patients
with lung cancer is approximately 29%, an unsatisfactorily low number that remains to be
improved. One of the reasons is that certain patients lack EGFR, ALK, ROS-1 and other
targetable mutations to support a rational treatment of these pathogenic mechanisms. Hence,
it is warranted to investigate under-recognized patient subgroups and their corresponding
mechanisms, so as to design corresponding targeted strategies. This could be achieved using
both the top-down and bottom-up approaches. Top-down approaches are exemplified by
the discovery of NRF2 activations, which were detected in all lung cancer tissues regardless
of the status of other biomarkers, such as EGFR, ALK, ROS-1 and other genetic alterations.
The detected mechanism thus represents an underlying mechanism with various degrees
of importance in different patient subgroups. One other example is the aforementioned
identification of three patient subgroups, including the PI3K/AKT patient subgroup, which
may encourage the development of PI3K/AKT inhibitors for lung cancer.

Interestingly, both EGFR and PI3K/AKT signaling pathways have been shown to
induce NRF2 activation and tumor cell proliferation [107,108]. The NRF2-mediated cell
proliferation is dually regulated by EGFR and an NRF2-repressor protein, KEAP1 [107].
NRF2 is constitutively activated by EGFR signaling in the presence of EGFR activation
mutations [108]. Since NRF2 is a downstream molecule of EGFR, oxidative stress reduces
the anticancer effect of EGFR-TKI [107]. Additionally, the inhibition of the PI3K pathway
markedly attenuated the expression of NRF2 downstream genes [108]. Constitutively
active AKT mutants stimulated NRF2 activation. Thus, the NRF2 antioxidant mechanism
represents a source of counteracting strategies to deter cancer progression, particularly in
cases when drug resistance has been acquired in upstream molecules.

We can also perform bottom-up investigations, by checking all the decision points in
the current treatment roadmaps to see if better molecular markers can be used to indicate a
better treatment for an individual patient. This way, precision medicine can be achieved,
and the survival rates of the patients could be improved.

5. Conclusions

Lung cancers are responsible for great healthcare burdens in Taiwan, and the medical
institutes here have been giving state-of-the-art treatments to the patients. To learn from
these valuable treatment experiences, we reviewed the genomic landscape of lung cancer
and the treatment efficacies of various approved targeted therapies in patients with different
mutation profiles. The somatic mutations in EGFR, KRAS, HER2 and BRAF genes have
been detected in 55.7%, 5.2%, 2.0% and 0.7% patients, respectively. EGFR mutation is the
most prevalent targetable mutation in Taiwan. EML4-ALK translocations have been found
in 9.8% of patients with wild-type EGFR. The molecular profiling of advanced NSCLC
is of prime importance to optimal therapeutic decision-making. To further elucidate the
molecular epidemiology and underlying oncogenic mechanisms, we reviewed a deep
proteogenomic resource in Taiwan. The discovery of the NRF2 oncogenic mechanism as
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an important driving mechanism in Taiwan and the discovery of the patient subgroup
system offers new angles for deriving future counteracting strategies against specific lung
cancer mechanisms. Further studies are warranted to discover more genetic alterations,
protein expression profiles, drug-resistance profiles, and signal transduction pathways that
are essential to the development of lung cancer. Integration of molecular and clinical data
would be critical to better understand lung cancer in Taiwan and improve the outcome of
this fatal disease.

Author Contributions: Conceptualization, Y.-H.L., K.-H.L. and Y.-M.C.; methodology, Y.-H.L.,
K.-H.L. and Y.-M.C.; software, Y.-H.L. and K.-H.L.; validation, H.-C.H., C.-I.S., C.-L.C. and
M.-L.W.; formal analysis, K.-H.L.; investigation, Y.-H.L. and K.-H.L.; resources, S.-H.C. and
Y.-M.C.; data curation, Y.-H.L. and K.-H.L.; writing—original draft preparation, Y.-H.L. and K.-H.L.;
writing—review and editing, Y.-H.L. and K.-H.L.; visualization, Y.-H.L. and K.-H.L.; supervision,
S.-H.C. and Y.-M.C.; project administration, Y.-H.L.; funding acquisition, Y.-H.L., S.-H.C. and Y.-M.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology (MOST) (109-2314-
B-075-083-MY3, 109-2628-B-07-023, 110-2314-B-075-078-MY3, 110-2811-B-075-513, 110-2811-B-075-
512, and 110-2321-B-075-001), Taipei Veterans General Hospital (V108D46-004-MY2-2, V108E-006-
43, V109C-123, V109E-007-3, V110C-140, V110C-197, V111C-138, V111E-001-3, VN111-10, V111C-
136, V110E-004-1, and V111E-007-1), Yen-Tjing-Ling Medical Foundation (CI-111-10), Melissa Lee
Cancer Foundation (MLCF-V111_A11105), and the Department of Health Cancer Center Research of
Excellence (MOHW109-TDU-B-211-134019, MOHW110-TDU-B-211-144019), Taiwan.

Conflicts of Interest: C.-I.S. has received support for attending meetings from Merck Sharp &
Dohme. The rest of authors declare that there are no conflict of interest. C.-L.C. has received speaking
honoraria from AstraZeneca, Boehringer Ingelheim, Bristol-Myers Squibb, Chugai Pharmaceutical,
Merck Sharp & Dohme, Novartis, Pfizer, and Roche.

References
1. Luo, Y.H.; Chiu, C.H.; Scott Kuo, C.H.; Chou, T.Y.; Yeh, Y.C.; Hsu, H.S.; Yen, S.H.; Wu, Y.H.; Yang, J.C.; Liao, B.C.; et al. Lung

Cancer in Republic of China. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2021, 16, 519–527. [CrossRef]
2. Health Promotion Administration; Ministry of Health and Welfare. Taiwan. 2019 Cancer Registry Annual Report. Available online:

https://www.hpa.gov.tw/Pages/ashx/File.ashx?FilePath=~{}/File/Attach/14913/File_17794.pdf (accessed on 4 February 2022).
3. Chen, Y.-J.; Roumeliotis, T.I.; Chang, Y.-H.; Chen, C.-T.; Han, C.-L.; Lin, M.-H.; Chen, H.-W.; Chang, G.-C.; Chang, Y.-L.; Wu,

C.-T.; et al. Proteogenomics of non-smoking lung cancer in east asia delineates molecular signatures of pathogenesis and
progression. Cell 2020, 182, 226–244.e217. [CrossRef]

4. Gillette, M.A.; Satpathy, S.; Cao, S.; Dhanasekaran, S.M.; Vasaikar, S.V.; Krug, K.; Petralia, F.; Li, Y.; Liang, W.W.; Reva, B.; et al.
Proteogenomic Characterization Reveals Therapeutic Vulnerabilities in Lung Adenocarcinoma. Cell 2020, 182, 200–225.e235.
[CrossRef]

5. Liang, K.-H.; Wang, M.-L. Deep proteogenomic investigations elucidate the NRF2 antioxidant mechanism as a major driving
mechanism of lung adenocarcinoma in Asia. J. Chin. Med. Assoc. 2021, 84, 766–771. [CrossRef]

6. Wang, B.; Mezlini, A.M.; Demir, F.; Fiume, M.; Tu, Z.; Brudno, M.; Haibe-Kains, B.; Goldenberg, A. Similarity network fusion for
aggregating data types on a genomic scale. Nat. Methods 2014, 11, 333–337. [CrossRef]

7. Chang, H.Y.; Sneddon, J.B.; Alizadeh, A.A.; Sood, R.; West, R.B.; Montgomery, K.; Chi, J.-T.; van de Rijn, M.; Botstein, D.; Brown,
P.O. Gene expression signature of fibroblast serum response predicts human cancer progression: Similarities between tumors and
wounds. PLoS Biol. 2004, 2, E7. [CrossRef]

8. Cahoy, J.D.; Emery, B.; Kaushal, A.; Foo, L.C.; Zamanian, J.L.; Christopherson, K.S.; Xing, Y.; Lubischer, J.L.; Krieg, P.A.; Krupenko,
S.A.; et al. A transcriptome database for astrocytes, neurons, and oligodendrocytes: A new resource for understanding brain
development and function. J. Neurosci. 2008, 28, 264–278. [CrossRef]

9. Ramírez-Valle, F.; Braunstein, S.; Zavadil, J.; Formenti, S.C.; Schneider, R.J. eIF4GI links nutrient sensing by mTOR to cell
proliferation and inhibition of autophagy. J. Cell Biol. 2008, 181, 293–307. [CrossRef]

10. Bild, A.H.; Yao, G.; Chang, J.T.; Wang, Q.; Potti, A.; Chasse, D.; Joshi, M.-B.; Harpole, D.; Lancaster, J.M.; Berchuck, A.; et al.
Oncogenic pathway signatures in human cancers as a guide to targeted therapies. Nature 2005, 439, 353–357. [CrossRef]

11. Arima, C.; Kajino, T.; Tamada, Y.; Imoto, S.; Shimada, Y.; Nakatochi, M.; Suzuki, M.; Isomura, H.; Yatabe, Y.; Yamaguchi,
T.; et al. Lung adenocarcinoma subtypes definable by lung development-related miRNA expression profiles in association with
clinicopathologic features. Carcinogenesis 2014, 35, 2224–2231. [CrossRef]

12. Xu, F.; Chen, J.-X.; Yang, X.-B.; Hong, X.-B.; Li, Z.-X.; Lin, L.; Chen, Y.-S. Analysis of Lung Adenocarcinoma Subtypes Based on
Immune Signatures Identifies Clinical Implications for Cancer Therapy. Mol. Ther. Oncolytics 2020, 17, 241–249. [CrossRef]

http://doi.org/10.1016/j.jtho.2020.10.155
https://www.hpa.gov.tw/Pages/ashx/File.ashx?FilePath=~{}/File/Attach/14913/File_17794.pdf
http://doi.org/10.1016/j.cell.2020.06.012
http://doi.org/10.1016/j.cell.2020.06.013
http://doi.org/10.1097/JCMA.0000000000000577
http://doi.org/10.1038/nmeth.2810
http://doi.org/10.1371/journal.pbio.0020007
http://doi.org/10.1523/JNEUROSCI.4178-07.2008
http://doi.org/10.1083/jcb.200710215
http://doi.org/10.1038/nature04296
http://doi.org/10.1093/carcin/bgu127
http://doi.org/10.1016/j.omto.2020.03.021


Int. J. Mol. Sci. 2022, 23, 7037 11 of 15

13. Huang, S.F.; Liu, H.P.; Li, L.H.; Ku, Y.C.; Fu, Y.N.; Tsai, H.Y.; Chen, Y.T.; Lin, Y.F.; Chang, W.C.; Kuo, H.P.; et al. High
frequency of epidermal growth factor receptor mutations with complex patterns in non-small cell lung cancers related to gefitinib
responsiveness in Taiwan. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2004, 10, 8195–8203. [CrossRef]

14. Hsu, K.H.; Ho, C.C.; Hsia, T.C.; Tseng, J.S.; Su, K.Y.; Wu, M.F.; Chiu, K.L.; Yang, T.Y.; Chen, K.C.; Ooi, H.; et al. Identification
of five driver gene mutations in patients with treatment-naive lung adenocarcinoma in Taiwan. PLoS ONE 2015, 10, e0120852.
[CrossRef]

15. Wu, S.G.; Chang, Y.L.; Yu, C.J.; Yang, P.C.; Shih, J.Y. Lung adenocarcinoma patients of young age have lower EGFR mutation rate
and poorer efficacy of EGFR tyrosine kinase inhibitors. ERJ Open Res. 2017, 3, 00092–2016. [CrossRef]

16. Hsu, C.H.; Tseng, C.H.; Chiang, C.J.; Hsu, K.H.; Tseng, J.S.; Chen, K.C.; Wang, C.L.; Chen, C.Y.; Yen, S.H.; Chiu, C.H.; et al.
Characteristics of young lung cancer: Analysis of Taiwan’s nationwide lung cancer registry focusing on epidermal growth factor
receptor mutation and smoking status. Oncotarget 2016, 7, 46628–46635. [CrossRef]

17. Tseng, C.H.; Chiang, C.J.; Tseng, J.S.; Yang, T.Y.; Hsu, K.H.; Chen, K.C.; Wang, C.L.; Chen, C.Y.; Yen, S.H.; Tsai, C.M.; et al. EGFR
mutation, smoking, and gender in advanced lung adenocarcinoma. Oncotarget 2017, 8, 98384–98393. [CrossRef]

18. He, C.H.; Shih, J.F.; Lai, S.L.; Chen, Y.M. Non-small cell lung cancer in the very young: Higher EGFR/ALK mutation proportion
than the elder. J. Chin. Med. Assoc. 2020, 83, 461–465. [CrossRef]

19. Luo, Y.-H.; Tseng, P.-C.; Lee, Y.-C.; Perng, R.-P.; Whang-Peng, J.; Chen, Y.-M. A prospective study of the use of circulating markers
as predictors for epidermal growth factor receptor-tyrosine kinase inhibitor treatment in pulmonary adenocarcinoma. Cancer
Biomark. Sect. A Dis. Markers 2015, 16, 19–29. [CrossRef]

20. Luo, Y.H.; Ho, H.L.; Tsai, C.M.; Shih, J.F.; Chiu, C.H.; Lai, S.L.; Lee, Y.C.; Perng, R.P.; Whang-Peng, J.; Chou, T.Y.; et al. The
association between tumor epidermal growth factor receptor (EGFR) mutation and multiple primary malignancies in patients
with adenocarcinoma of the lungs. Am. J. Clin. Oncol. 2015, 38, 147–151. [CrossRef]

21. Luo, Y.H.; Wu, C.H.; Wu, W.S.; Huang, C.Y.; Su, W.J.; Tsai, C.M.; Lee, Y.C.; Perng, R.P.; Chen, Y.M. Association between tumor
epidermal growth factor receptor mutation and pulmonary tuberculosis in patients with adenocarcinoma of the lungs. J. Thorac.
Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2012, 7, 299–305. [CrossRef]

22. Mok, T.S.; Wu, Y.L.; Thongprasert, S.; Yang, C.H.; Chu, D.T.; Saijo, N.; Sunpaweravong, P.; Han, B.; Margono, B.; Ichinose, Y.; et al.
Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N. Engl. J. Med. 2009, 361, 947–957. [CrossRef] [PubMed]

23. Shepherd, F.A.; Rodrigues Pereira, J.; Ciuleanu, T.; Tan, E.H.; Hirsh, V.; Thongprasert, S.; Campos, D.; Maoleekoonpiroj, S.; Smylie,
M.; Martins, R.; et al. Erlotinib in previously treated non-small-cell lung cancer. N. Engl. J. Med. 2005, 353, 123–132. [CrossRef]
[PubMed]

24. Yang, J.C.; Wu, Y.L.; Schuler, M.; Sebastian, M.; Popat, S.; Yamamoto, N.; Zhou, C.; Hu, C.P.; O’Byrne, K.; Feng, J.; et al. Afatinib
versus cisplatin-based chemotherapy for EGFR mutation-positive lung adenocarcinoma (LUX-Lung 3 and LUX-Lung 6): Analysis
of overall survival data from two randomised, phase 3 trials. Lancet Oncol. 2015, 16, 141–151. [CrossRef]

25. Wu, Y.L.; Cheng, Y.; Zhou, X.; Lee, K.H.; Nakagawa, K.; Niho, S.; Tsuji, F.; Linke, R.; Rosell, R.; Corral, J.; et al. Dacomitinib
versus gefitinib as first-line treatment for patients with EGFR-mutation-positive non-small-cell lung cancer (ARCHER 1050): A
randomised, open-label, phase 3 trial. Lancet Oncol. 2017, 18, 1454–1466. [CrossRef]

26. Soria, J.C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.; Imamura, F.;
Nogami, N.; Kurata, T.; et al. Osimertinib in Untreated EGFR-Mutated Advanced Non-Small-Cell Lung Cancer. N. Engl. J. Med.
2018, 378, 113–125. [CrossRef]

27. Chen, Y.M. Update of epidermal growth factor receptor-tyrosine kinase inhibitors in non-small-cell lung cancer. J. Chin. Med.
Assoc. 2013, 76, 249–257. [CrossRef]

28. Chung, C.H. EGFR tyrosine kinase inhibitor therapy for lung cancer treatments and their clinical outcomes: A cohort study in
Taiwan. Oncol. Lett. 2019, 18, 6090–6100. [CrossRef]

29. Chen, Y.M. Epidermal growth factor receptor mutation in adenosquamous carcinoma: A step forward. J. Chin. Med. Assoc. 2013,
76, 477–478. [CrossRef]

30. Liu, C.Y.; Lin, H.F.; Lai, W.Y.; Lin, Y.Y.; Lin, T.W.; Yang, Y.P.; Tsai, F.T.; Wang, C.L.; Luo, Y.H.; Chen, Y.M.; et al. Molecular target
therapeutics of EGF-TKI and downstream signaling pathways in non-small cell lung cancers. J. Chin. Med. Assoc. 2022, 85,
409–413. [CrossRef]

31. Hsu, C.C.; Huang, Y.T.; Tseng, Y.H.; Luo, Y.H.; Chen, Y.M. Prognostic factors and first-line treatment modalities in nonagenarian
patients with lung cancer. J. Geriatr. Oncol. 2019, 10, 439–441. [CrossRef]

32. Wu, S.G.; Yu, C.J.; Yang, J.C.; Shih, J.Y. The effectiveness of afatinib in patients with lung adenocarcinoma harboring complex
epidermal growth factor receptor mutation. Ther. Adv. Med. Oncol. 2020, 12, 1758835920946156. [CrossRef] [PubMed]

33. Chen, P.Y.; Wang, C.C.; Hsu, C.N.; Chen, C.Y. Association of EGFR Tyrosine Kinase Inhibitor Treatment With Progression-Free
Survival Among Taiwanese Patients With Advanced Lung Adenocarcinoma and EGFR Mutation. Front. Pharmacol. 2021, 12,
720687. [CrossRef] [PubMed]

34. Su, V.Y.; Yang, K.Y.; Huang, T.Y.; Hsu, C.C.; Chen, Y.M.; Yen, J.C.; Chou, Y.C.; Chang, Y.L.; He, C.H. The efficacy of first-line
tyrosine kinase inhibitors combined with co-medications in Asian patients with EGFR mutation non-small cell lung cancer. Sci.
Rep. 2020, 10, 14965. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-04-1245
http://doi.org/10.1371/journal.pone.0120852
http://doi.org/10.1183/23120541.00092-2016
http://doi.org/10.18632/oncotarget.9338
http://doi.org/10.18632/oncotarget.21842
http://doi.org/10.1097/JCMA.0000000000000311
http://doi.org/10.3233/CBM-150537
http://doi.org/10.1097/COC.0b013e318292f88c
http://doi.org/10.1097/JTO.0b013e31823c588d
http://doi.org/10.1056/NEJMoa0810699
http://www.ncbi.nlm.nih.gov/pubmed/19692680
http://doi.org/10.1056/NEJMoa050753
http://www.ncbi.nlm.nih.gov/pubmed/16014882
http://doi.org/10.1016/S1470-2045(14)71173-8
http://doi.org/10.1016/S1470-2045(17)30608-3
http://doi.org/10.1056/NEJMoa1713137
http://doi.org/10.1016/j.jcma.2013.01.010
http://doi.org/10.3892/ol.2019.10942
http://doi.org/10.1016/j.jcma.2013.05.008
http://doi.org/10.1097/JCMA.0000000000000703
http://doi.org/10.1016/j.jgo.2018.07.013
http://doi.org/10.1177/1758835920946156
http://www.ncbi.nlm.nih.gov/pubmed/32843903
http://doi.org/10.3389/fphar.2021.720687
http://www.ncbi.nlm.nih.gov/pubmed/34434112
http://doi.org/10.1038/s41598-020-71583-w
http://www.ncbi.nlm.nih.gov/pubmed/32917914


Int. J. Mol. Sci. 2022, 23, 7037 12 of 15

35. Hung, H.Y.; Tseng, Y.H.; Liao, C.M.; Chen, S.Y.; Wu, T.P.; Lee, Y.C.; Chen, Y.M. The Efficacy of Traditional Chinese Herbal Medicine
in the Treatment of EGFR Mutated Stage IV Pulmonary Adenocarcinoma Patients Who Received First-Line EGFR-TKI Treatment.
Integr. Cancer Ther. 2017, 16, 126–131. [CrossRef] [PubMed]

36. Huang, Y.H.; Hsu, K.H.; Chin, C.S.; Tseng, J.S.; Yang, T.Y.; Chen, K.C.; Su, K.Y.; Yu, S.L.; Chen, J.J.W.; Chang, G.C. The Clinical
Outcomes of Different First-Line EGFR-TKIs plus Bevacizumab in Advanced EGFR-mutant Lung Adenocarcinoma. Cancer Res.
Treat. 2021, 54, 434–444. [CrossRef]

37. Hsu, P.C.; Huang, C.Y.; Wang, C.C.; Kuo, S.C.; Chu, C.H.; Tung, P.H.; Huang, A.C.; Wang, C.L.; Chiu, L.C.; Fang, Y.F.; et al.
The Combination of Afatinib and Bevacizumab in Untreated EGFR-Mutated Advanced Lung Adenocarcinoma: A Multicenter
Observational Study. Pharmaceuticals 2020, 13, 331. [CrossRef]

38. Kuo, C.S.; Chiu, T.H.; Tung, P.H.; Huang, C.H.; Ju, J.S.; Huang, A.C.; Wang, C.C.; Ko, H.W.; Hsu, P.C.; Fang, Y.F.; et al. Afatinib
Treatment Alone or with Bevacizumab in a Real-World Cohort of Non-Small Cell Lung Cancer Patients with Epidermal Growth
Factor Receptor Mutation. Cancers 2022, 14, 316. [CrossRef]

39. Shen, C.I.; Chao, H.S.; Shiao, T.H.; Chiang, C.L.; Huang, H.C.; Luo, Y.H.; Chiu, C.H.; Chen, Y.M. Comparison of the outcome
between immunotherapy alone or in combination with chemotherapy in EGFR-mutant non-small cell lung cancer. Sci. Rep. 2021,
11, 16122. [CrossRef]

40. Jiang, L.; Liu, J. Immunological effect of tyrosine kinase inhibitors on the tumor immune environment in non-small cell lung
cancer. Oncol. Lett. 2022, 23, 165. [CrossRef]

41. Kawana, S.; Saito, R.; Miki, Y.; Kimura, Y.; Abe, J.; Sato, I.; Endo, M.; Sugawara, S.; Sasano, H. Suppression of tumor immune
microenvironment via microRNA-1 after epidermal growth factor receptor-tyrosine kinase inhibitor resistance acquirement in
lung adenocarcinoma. Cancer Med. 2021, 10, 718–727. [CrossRef]

42. Tseng, Y.H.; Hung, H.Y.; Sung, Y.C.; Tseng, Y.C.; Lee, Y.C.; Whang-Peng, J.; Chen, Y.M. Efficacy of chemotherapy in epidermal
growth factor receptor (EGFR) mutated metastatic pulmonary adenocarcinoma patients who had acquired resistance to first-line
EGFR tyrosine kinase inhibitor (TKI). J. Chemother. 2016, 28, 50–58. [CrossRef] [PubMed]

43. Tseng, Y.H.; Tseng, Y.C.; Lin, Y.H.; Lee, Y.C.; Perng, R.P.; Whang-Peng, J.; Chen, Y.M. Epidermal Growth Factor Receptor
(EGFR)-Tyrosine Kinase Inhibitor Treatment and Salvage Chemotherapy in EGFR-Mutated Elderly Pulmonary Adenocarcinoma
Patients. Oncologist 2015, 20, 758–766. [CrossRef] [PubMed]

44. Chang, G.C.; Tseng, C.H.; Hsu, K.H.; Yu, C.J.; Yang, C.T.; Chen, K.C.; Yang, T.Y.; Tseng, J.S.; Liu, C.Y.; Liao, W.Y.; et al. Predictive
factors for EGFR-tyrosine kinase inhibitor retreatment in patients with EGFR-mutated non-small-cell lung cancer–A multicenter
retrospective SEQUENCE study. Lung Cancer 2017, 104, 58–64. [CrossRef]

45. Wu, W.S.; Wu, C.H.; Lai, S.L.; Chiu, C.H.; Shih, J.F.; Lee, Y.C.; Chen, Y.M. Erlotinib Salvage Therapy in Pulmonary Adenocarcinoma
Patients With Disease Progression After Previous EGFR-TKI Treatment. Am. J. Clin. Oncol. 2016, 39, 556–562. [CrossRef]

46. Wu, W.S.; Chen, Y.M. Re-Treatment with EGFR-TKIs in NSCLC Patients Who Developed Acquired Resistance. J. Pers. Med. 2014,
4, 297–310. [CrossRef] [PubMed]

47. Luo, Y.H.; Chen, Y.M. Influence of chemotherapy on EGFR mutation status. Transl. Lung Cancer Res. 2013, 2, 442–444. [CrossRef]
48. Tseng, S.E.; Chiou, Y.Y.; Lee, Y.C.; Perng, R.P.; Jacqueline, W.P.; Chen, Y.M. Number of liver metastatic nodules affects treatment

options for pulmonary adenocarcinoma patients with liver metastases. Lung Cancer 2014, 86, 225–230. [CrossRef]
49. Luo, Y.H.; Liu, H.; Wampfler, J.A.; Tazelaar, H.D.; Li, Y.; Peikert, T.; Liu, D.; Leventakos, K.; Chen, Y.M.; Yang, Y.; et al. Real-world

efficacy of osimertinib in previously EGFR-TKI treated NSCLC patients without identification of T790M mutation. J. Cancer Res.
Clin. Oncol. 2021. [CrossRef]

50. Wu, S.G.; Chiang, C.L.; Liu, C.Y.; Wang, C.C.; Su, P.L.; Hsia, T.C.; Shih, J.Y.; Chang, G.C. An Observational Study of Acquired
EGFR T790M-Dependent Resistance to EGFR-TKI Treatment in Lung Adenocarcinoma Patients in Taiwan. Front. Oncol. 2020,
10, 1481. [CrossRef]

51. Tseng, J.S.; Su, K.Y.; Yang, T.Y.; Chen, K.C.; Hsu, K.H.; Chen, H.Y.; Tsai, C.R.; Yu, S.L.; Chang, G.C. The emergence of T790M
mutation in EGFR-mutant lung adenocarcinoma patients having a history of acquired resistance to EGFR-TKI: Focus on rebiopsy
timing and long-term existence of T790M. Oncotarget 2016, 7, 48059–48069. [CrossRef]

52. Chiang, C.L.; Huang, H.C.; Shen, C.I.; Luo, Y.H.; Chen, Y.M.; Chiu, C.H. Post-Progression Survival in Secondary EGFR T790M-
Mutated Non-Small-Cell Lung Cancer Patients With and Without Osimertinib After Failure of a Previous EGFR TKI. Target. Oncol.
2020, 15, 503–512. [CrossRef] [PubMed]

53. Huang, Y.H.; Hsu, K.H.; Tseng, J.S.; Chen, K.C.; Hsu, C.H.; Su, K.Y.; Chen, J.J.W.; Chen, H.W.; Yu, S.L.; Yang, T.Y.; et al. The
Association of Acquired T790M Mutation with Clinical Characteristics after Resistance to First-Line Epidermal Growth Factor
Receptor Tyrosine Kinase Inhibitor in Lung Adenocarcinoma. Cancer Res. Treat. 2018, 50, 1294–1303. [CrossRef]

54. Cheng, W.C.; Hsia, T.C.; Tu, C.Y.; Chen, H.J. The Impact of Acquired EGFR T790M Mutation and EGFR Circulating Cell-Free
DNA on Survival in Patients with Lung Adenocarcinoma Following EGFR-TKI Therapy. OncoTargets Ther. 2020, 13, 13425–13435.
[CrossRef] [PubMed]

55. Lin, Y.T.; Chen, J.S.; Liao, W.Y.; Ho, C.C.; Hsu, C.L.; Yang, C.Y.; Chen, K.Y.; Lee, J.H.; Lin, Z.Z.; Shih, J.Y.; et al. Clinical outcomes
and secondary epidermal growth factor receptor (EGFR) T790M mutation among first-line gefitinib, erlotinib and afatinib-treated
non-small cell lung cancer patients with activating EGFR mutations. Int. J. Cancer J. Int. Du Cancer 2019, 144, 2887–2896. [CrossRef]

http://doi.org/10.1177/1534735416645181
http://www.ncbi.nlm.nih.gov/pubmed/27151582
http://doi.org/10.4143/crt.2021.671
http://doi.org/10.3390/ph13110331
http://doi.org/10.3390/cancers14020316
http://doi.org/10.1038/s41598-021-95628-w
http://doi.org/10.3892/ol.2022.13285
http://doi.org/10.1002/cam4.3639
http://doi.org/10.1179/1973947815Y.0000000027
http://www.ncbi.nlm.nih.gov/pubmed/25976428
http://doi.org/10.1634/theoncologist.2014-0352
http://www.ncbi.nlm.nih.gov/pubmed/26054633
http://doi.org/10.1016/j.lungcan.2016.12.002
http://doi.org/10.1097/COC.0000000000000096
http://doi.org/10.3390/jpm4030297
http://www.ncbi.nlm.nih.gov/pubmed/25563355
http://doi.org/10.3978/j.issn.2218-6751.2013.10.12
http://doi.org/10.1016/j.lungcan.2014.09.002
http://doi.org/10.1007/s00432-021-03766-5
http://doi.org/10.3389/fonc.2020.01481
http://doi.org/10.18632/oncotarget.10351
http://doi.org/10.1007/s11523-020-00737-7
http://www.ncbi.nlm.nih.gov/pubmed/32696212
http://doi.org/10.4143/crt.2017.512
http://doi.org/10.2147/OTT.S279540
http://www.ncbi.nlm.nih.gov/pubmed/33447048
http://doi.org/10.1002/ijc.32025


Int. J. Mol. Sci. 2022, 23, 7037 13 of 15

56. Lin, Y.T.; Tsai, T.H.; Wu, S.G.; Liu, Y.N.; Yu, C.J.; Shih, J.Y. Complex EGFR mutations with secondary T790M mutation confer
shorter osimertinib progression-free survival and overall survival in advanced non-small cell lung cancer. Lung Cancer 2020,
145, 1–9. [CrossRef] [PubMed]

57. Lin, C.C.; Shih, J.Y.; Yu, C.J.; Ho, C.C.; Liao, W.Y.; Lee, J.H.; Tsai, T.H.; Su, K.Y.; Hsieh, M.S.; Chang, Y.L.; et al. Outcomes in
patients with non-small-cell lung cancer and acquired Thr790Met mutation treated with osimertinib: A genomic study. Lancet
Respir. Med. 2018, 6, 107–116. [CrossRef]

58. Ho, C.C.; Liao, W.Y.; Lin, C.A.; Shih, J.Y.; Yu, C.J.; Yang, J.C. Acquired BRAF V600E Mutation as Resistant Mechanism after
Treatment with Osimertinib. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2017, 12, 567–572. [CrossRef]

59. Su, P.L.; Tsai, J.S.; Yang, S.C.; Wu, Y.L.; Tseng, Y.L.; Chang, C.C.; Yen, Y.T.; Lin, C.Y.; Lin, C.C.; Wang, C.C.; et al. Survival benefit of
osimertinib combination therapy in patients with T790M-positive non-small-cell lung cancer refractory to osimertinib treatment.
Lung Cancer 2021, 158, 137–145. [CrossRef]

60. Luo, Y.H.; Wu, C.H.; Huang, C.Y.; Wu, C.W.; Wu, W.S.; Lee, Y.C.; Whang-Peng, J.; Chen, Y.M. Brain metastasis features and
association with tumor epidermal growth factor receptor mutation in patients with adenocarcinoma of the lung. Asia Pac. J. Clin.
Oncol. 2017, 13, e440–e448. [CrossRef]

61. Shen, C.I.; Huang, H.C.; Chiang, C.L.; Luo, Y.H.; Shiao, T.H.; Chiu, C.H. Effects of different brain surveillance strategies on
outcomes for patients with EGFR-mutant metastatic lung adenocarcinoma under targeted therapy. Lung Cancer 2019, 138, 52–57.
[CrossRef]

62. Wu, W.S.; Chen, Y.M.; Tsai, C.M.; Shih, J.F.; Lee, Y.C.; Perng, R.P.; Whang-Peng, J. The epidermal growth factor receptor-tyrosine
kinase inhibitor era has changed the causes of death of patients with advanced non-small-cell lung cancer. J. Chin. Med. Assoc.
2013, 76, 682–685. [CrossRef] [PubMed]

63. Chiou, G.Y.; Chiang, C.L.; Yang, H.C.; Shen, C.I.; Wu, H.M.; Chen, Y.W.; Chen, C.J.; Luo, Y.H.; Hu, Y.S.; Lin, C.J.; et al. Combined
stereotactic radiosurgery and tyrosine kinase inhibitor therapy versus tyrosine kinase inhibitor therapy alone for the treatment of
non-small cell lung cancer patients with brain metastases. J. Neurosurg. 2021, 1–8. [CrossRef] [PubMed]

64. Lee, C.C.; Hsu, S.P.C.; Lin, C.J.; Wu, H.M.; Chen, Y.W.; Luo, Y.H.; Chiang, C.L.; Hu, Y.S.; Chung, W.Y.; Shiau, C.Y.; et al. Epidermal
growth factor receptor mutations: Association with favorable local tumor control following Gamma Knife radiosurgery in
patients with non-small cell lung cancer and brain metastases. J. Neurosurg. 2019, 133, 313–320. [CrossRef] [PubMed]

65. Chiang, C.L.; Lee, C.C.; Huang, H.C.; Wu, C.H.; Yeh, Y.C.; Shen, C.I.; Luo, Y.H.; Shiao, T.H.; Chang, H.J.; Huang, Y.T.; et al.
Utility of Cerebrospinal Fluid Cell-Free DNA in Patients with EGFR-Mutant Non-Small-Cell Lung Cancer with Leptomeningeal
Metastasis. Target. Oncol. 2021, 16, 207–214. [CrossRef] [PubMed]

66. Chiang, C.L.; Huang, H.C.; Luo, Y.H.; Chiu, C.H. Cerebrospinal fluid as a medium of liquid biopsy in the management of patients
with non-small-cell lung cancer having central nervous system metastasis. Front. Biosci. 2021, 26, 1679–1688. [CrossRef]

67. Su, Y.H.; Chiang, C.L.; Yang, H.C.; Hu, Y.S.; Chen, Y.W.; Luo, Y.H.; Chen, C.J.; Wu, H.M.; Lin, C.J.; Lee, C.C. Cerebrospinal
fluid diversion and outcomes for lung cancer patients with leptomeningeal carcinomatosis. Acta Neurochir. 2022, 164, 459–467.
[CrossRef]

68. Su, P.L.; Chang, G.C.; Hsiao, S.H.; Hsia, T.C.; Lin, M.C.; Lin, M.H.; Shih, J.Y.; Yang, C.T.; Yang, S.H.; Chen, Y.M. An Observational
Study on Treatment Outcomes in Patients With Stage III NSCLC in Taiwan: The KINDLE Study. JTO Clin. Res. Rep. 2022,
3, 100292. [CrossRef]

69. Wang, S.Y.; Lai, C.H.; Chen, C.W.; Yang, S.C.; Chang, C.C.; Lin, C.Y.; Yen, Y.T.; Tseng, Y.L.; Su, P.L.; Lin, C.C.; et al. Improved
survival in patients with unresectable stage III EGFR-mutant adenocarcinoma with upfront EGFR-tyrosine kinase inhibitors.
Thorac. Cancer 2022, 13, 182–189. [CrossRef]

70. Hsu, S.C.; Hung, T.H.; Wang, C.W.; Ng, K.F.; Chen, T.C. Anaplastic lymphoma kinase translocation is correlated with anaplastic
lymphoma kinase expression and mutually exclusive with epidermal growth factor receptor mutation in Taiwanese non-small
cell lung cancer. Pathol. Int. 2015, 65, 231–239. [CrossRef]

71. Chang, G.C.; Yang, T.Y.; Chen, K.C.; Hsu, K.H.; Huang, Y.H.; Su, K.Y.; Yu, S.L.; Tseng, J.S. ALK variants, PD-L1 expression, and
their association with outcomes in ALK-positive NSCLC patients. Sci. Rep. 2020, 10, 21063. [CrossRef]

72. Yang, C.Y.; Liao, W.Y.; Ho, C.C.; Chen, K.Y.; Tsai, T.H.; Hsu, C.L.; Liu, Y.N.; Su, K.Y.; Chang, Y.L.; Wu, C.T.; et al. Association of
Programmed Death-Ligand 1 Expression with Fusion Variants and Clinical Outcomes in Patients with Anaplastic Lymphoma
Kinase-Positive Lung Adenocarcinoma Receiving Crizotinib. Oncologist 2020, 25, 702–711. [CrossRef] [PubMed]

73. Shaw, A.T.; Yeap, B.Y.; Mino-Kenudson, M.; Digumarthy, S.R.; Costa, D.B.; Heist, R.S.; Solomon, B.; Stubbs, H.; Admane, S.;
McDermott, U.; et al. Clinical features and outcome of patients with non-small-cell lung cancer who harbor EML4-ALK. J. Clin.
Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 4247–4253. [CrossRef] [PubMed]

74. Yang, P.; Kulig, K.; Boland, J.M.; Erickson-Johnson, M.R.; Oliveira, A.M.; Wampfler, J.; Jatoi, A.; Deschamps, C.; Marks, R.; Fortner,
C.; et al. Worse disease-free survival in never-smokers with ALK+ lung adenocarcinoma. J. Thorac. Oncol. Off. Publ. Int. Assoc.
Study Lung Cancer 2012, 7, 90–97. [CrossRef] [PubMed]

75. Gainor, J.F.; Shaw, A.T.; Sequist, L.V.; Fu, X.; Azzoli, C.G.; Piotrowska, Z.; Huynh, T.G.; Zhao, L.; Fulton, L.; Schultz, K.R.; et al.
EGFR Mutations and ALK Rearrangements Are Associated with Low Response Rates to PD-1 Pathway Blockade in Non-Small
Cell Lung Cancer: A Retrospective Analysis. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2016, 22, 4585–4593. [CrossRef]

http://doi.org/10.1016/j.lungcan.2020.04.022
http://www.ncbi.nlm.nih.gov/pubmed/32387812
http://doi.org/10.1016/S2213-2600(17)30480-0
http://doi.org/10.1016/j.jtho.2016.11.2231
http://doi.org/10.1016/j.lungcan.2021.06.014
http://doi.org/10.1111/ajco.12576
http://doi.org/10.1016/j.lungcan.2019.10.001
http://doi.org/10.1016/j.jcma.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/24064329
http://doi.org/10.3171/2021.9.JNS211373
http://www.ncbi.nlm.nih.gov/pubmed/34920439
http://doi.org/10.3171/2019.4.JNS19446
http://www.ncbi.nlm.nih.gov/pubmed/31226692
http://doi.org/10.1007/s11523-021-00791-9
http://www.ncbi.nlm.nih.gov/pubmed/33566300
http://doi.org/10.52586/5060
http://doi.org/10.1007/s00701-021-04763-w
http://doi.org/10.1016/j.jtocrr.2022.100292
http://doi.org/10.1111/1759-7714.14237
http://doi.org/10.1111/pin.12268
http://doi.org/10.1038/s41598-020-78152-1
http://doi.org/10.1634/theoncologist.2020-0088
http://www.ncbi.nlm.nih.gov/pubmed/32386255
http://doi.org/10.1200/JCO.2009.22.6993
http://www.ncbi.nlm.nih.gov/pubmed/19667264
http://doi.org/10.1097/JTO.0b013e31823c5c32
http://www.ncbi.nlm.nih.gov/pubmed/22134072
http://doi.org/10.1158/1078-0432.CCR-15-3101


Int. J. Mol. Sci. 2022, 23, 7037 14 of 15

76. Wang, C.C.; Huang, K.T.; Chang, H.C.; Tseng, C.C.; Lai, C.H.; Lan, J.; Liu, T.T.; Huang, C.C.; Lin, M.C. Comprehensive analysis of
PD-L1 in non-small cell lung cancer with emphasis on survival benefit, impact of driver mutation and histological types, and
archival tissue. Thorac. Cancer 2022, 13, 38–47. [CrossRef]

77. Lin, Y.T.; Liu, Y.N.; Shih, J.Y. The Impact of Clinical Factors, ALK Fusion Variants, and BIM Polymorphism on Crizotinib-Treated
Advanced EML4-ALK Rearranged Non-small Cell Lung Cancer. Front. Oncol. 2019, 9, 880. [CrossRef]

78. Lin, Y.T.; Chiang, C.L.; Hung, J.Y.; Lee, M.H.; Su, W.C.; Wu, S.Y.; Wei, Y.F.; Lee, K.Y.; Tseng, Y.H.; Su, J.; et al. Resistance profiles
of anaplastic lymphoma kinase tyrosine kinase inhibitors in advanced non-small-cell lung cancer: A multicenter study using
targeted next-generation sequencing. Eur. J. Cancer 2021, 156, 1–11. [CrossRef]

79. Lin, Y.T.; Yu, C.J.; Yang, J.C.; Shih, J.Y. Anaplastic Lymphoma Kinase (ALK) Kinase Domain Mutation Following ALK Inhibitor(s)
Failure in Advanced ALK Positive Non-Small-Cell Lung Cancer: Analysis and Literature Review. Clin. Lung Cancer 2016, 17,
e77–e94. [CrossRef]

80. Huang, S.H.; Huang, A.C.; Wang, C.C.; Chang, W.C.; Liu, C.Y.; Pavlidis, S.; Ko, H.W.; Chung, F.T.; Hsu, P.C.; Guo, Y.K.; et al.
Front-line treatment of ceritinib improves efficacy over crizotinib for Asian patients with anaplastic lymphoma kinase fusion
NSCLC: The role of systemic progression control. Thorac. Cancer 2019, 10, 2274–2281. [CrossRef]

81. Kuo, C.S.; Tung, P.H.; Huang, A.C.; Wang, C.C.; Chang, J.W.; Liu, C.Y.; Chung, F.T.; Fang, Y.F.; Guo, Y.K.; Yang, C.T. A retrospective
study of alectinib versus ceritinib in patients with advanced non-small-cell lung cancer of anaplastic lymphoma kinase fusion in
whom crizotinib treatment failed. BMC Cancer 2021, 21, 309. [CrossRef]

82. Gow, C.H.; Hsieh, M.S.; Wu, S.G.; Shih, J.Y. A comprehensive analysis of clinical outcomes in lung cancer patients harboring a
MET exon 14 skipping mutation compared to other driver mutations in an East Asian population. Lung Cancer 2017, 103, 82–89.
[CrossRef] [PubMed]

83. Chang, Y.S.; Tu, S.J.; Chen, Y.C.; Liu, T.Y.; Lee, Y.T.; Yen, J.C.; Fang, H.Y.; Chang, J.G. Mutation profile of non-small cell lung cancer
revealed by next generation sequencing. Respir. Res. 2021, 22, 3. [CrossRef] [PubMed]

84. Lin, M.W.; Su, K.Y.; Su, T.J.; Chang, C.C.; Lin, J.W.; Lee, Y.H.; Yu, S.L.; Chen, J.S.; Hsieh, M.S. Clinicopathological and genomic
comparisons between different histologic components in combined small cell lung cancer and non-small cell lung cancer. Lung
Cancer 2018, 125, 282–290. [CrossRef]

85. Wu, S.G.; Chang, Y.L.; Yu, C.J.; Yang, P.C.; Shih, J.Y. The Role of PIK3CA Mutations among Lung Adenocarcinoma Patients with
Primary and Acquired Resistance to EGFR Tyrosine Kinase Inhibition. Sci. Rep. 2016, 6, 35249. [CrossRef]

86. Gow, C.H.; Liu, Y.N.; Li, H.Y.; Hsieh, M.S.; Chang, S.H.; Luo, S.C.; Tsai, T.H.; Chen, P.L.; Tsai, M.F.; Shih, J.Y. Oncogenic Function
of a KIF5B-MET Fusion Variant in Non-Small Cell Lung Cancer. Neoplasia 2018, 20, 838–847. [CrossRef] [PubMed]

87. Raghav, L.; Chang, Y.H.; Hsu, Y.C.; Li, Y.C.; Chen, C.Y.; Yang, T.Y.; Chen, K.C.; Hsu, K.H.; Tseng, J.S.; Chuang, C.Y.; et al.
Landscape of Mitochondria Genome and Clinical Outcomes in Stage 1 Lung Adenocarcinoma. Cancers 2020, 12, 755. [CrossRef]
[PubMed]

88. Hsu, Y.L.; Hung, J.Y.; Lee, Y.L.; Chen, F.W.; Chang, K.F.; Chang, W.A.; Tsai, Y.M.; Chong, I.W.; Kuo, P.L. Identification of novel gene
expression signature in lung adenocarcinoma by using next-generation sequencing data and bioinformatics analysis. Oncotarget
2017, 8, 104831–104854. [CrossRef] [PubMed]

89. Kuo, Y.H.; Lin, Z.Z.; Yang, Y.Y.; Shao, Y.Y.; Shau, W.Y.; Kuo, R.N.; Yang, J.C.; Lai, M.S. Survival of patients with small cell lung
carcinoma in Taiwan. Oncology 2012, 82, 19–24. [CrossRef]

90. Chiang, C.L.; Hsieh, W.T.; Tang, C.H.; Sheu, M.L.; Chen, Y.M. Treatment patterns and survival in patients with small cell lung
cancer in Taiwan. J. Chin. Med. Assoc. 2021, 84, 772–777. [CrossRef]

91. Agra, Y.; Pelayo, M.; Sacristan, M.; Sacristan, A.; Serra, C.; Bonfill, X. Chemotherapy versus best supportive care for extensive
small cell lung cancer. Cochrane Database Syst. Rev. 2003, 4, CD001990. [CrossRef]

92. Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.J.; Huemer, F.; Losonczy, G.; Johnson, M.L.;
Nishio, M.; et al. First-Line Atezolizumab plus Chemotherapy in Extensive-Stage Small-Cell Lung Cancer. N. Engl. J. Med. 2018,
379, 2220–2229. [CrossRef] [PubMed]

93. Liu, S.V.; Reck, M.; Mansfield, A.S.; Mok, T.; Scherpereel, A.; Reinmuth, N.; Garassino, M.C.; De Castro Carpeno, J.; Califano, R.;
Nishio, M.; et al. Updated Overall Survival and PD-L1 Subgroup Analysis of Patients With Extensive-Stage Small-Cell Lung
Cancer Treated With Atezolizumab, Carboplatin, and Etoposide (IMpower133). J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2021,
39, 619–630. [CrossRef] [PubMed]

94. Paz-Ares, L.; Dvorkin, M.; Chen, Y.; Reinmuth, N.; Hotta, K.; Trukhin, D.; Statsenko, G.; Hochmair, M.J.; Ozguroglu, M.; Ji,
J.H.; et al. Durvalumab plus platinum-etoposide versus platinum-etoposide in first-line treatment of extensive-stage small-cell
lung cancer (CASPIAN): A randomised, controlled, open-label, phase 3 trial. Lancet 2019, 394, 1929–1939. [CrossRef]

95. Shiao, T.H.; Chang, Y.L.; Yu, C.J.; Chang, Y.C.; Hsu, Y.C.; Chang, S.H.; Shih, J.Y.; Yang, P.C. Epidermal growth factor receptor
mutations in small cell lung cancer: A brief report. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2011, 6, 195–198.
[CrossRef] [PubMed]

96. Hwang, C.C.; Hsieh, T.Y.; Yeh, K.Y.; Chen, T.P.; Hua, C.C.; Chang, L.C.; Chen, J.R. The rare epidermal growth factor receptor
(EGFR) gene mutation in small cell lung carcinoma patients. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc. 2022. [CrossRef]

97. Reck, M.; Rodriguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csoszi, T.; Fulop, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et al.
Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2016, 375, 1823–1833.
[CrossRef]

http://doi.org/10.1111/1759-7714.14216
http://doi.org/10.3389/fonc.2019.00880
http://doi.org/10.1016/j.ejca.2021.06.043
http://doi.org/10.1016/j.cllc.2016.03.005
http://doi.org/10.1111/1759-7714.13221
http://doi.org/10.1186/s12885-021-08005-1
http://doi.org/10.1016/j.lungcan.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28024701
http://doi.org/10.1186/s12931-020-01608-5
http://www.ncbi.nlm.nih.gov/pubmed/33407425
http://doi.org/10.1016/j.lungcan.2018.10.006
http://doi.org/10.1038/srep35249
http://doi.org/10.1016/j.neo.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/30015159
http://doi.org/10.3390/cancers12030755
http://www.ncbi.nlm.nih.gov/pubmed/32210009
http://doi.org/10.18632/oncotarget.21022
http://www.ncbi.nlm.nih.gov/pubmed/29285217
http://doi.org/10.1159/000335084
http://doi.org/10.1097/JCMA.0000000000000576
http://doi.org/10.1002/14651858.CD001990
http://doi.org/10.1056/NEJMoa1809064
http://www.ncbi.nlm.nih.gov/pubmed/30280641
http://doi.org/10.1200/JCO.20.01055
http://www.ncbi.nlm.nih.gov/pubmed/33439693
http://doi.org/10.1016/S0140-6736(19)32222-6
http://doi.org/10.1097/JTO.0b013e3181f94abb
http://www.ncbi.nlm.nih.gov/pubmed/21178714
http://doi.org/10.5507/bp.2022.007
http://doi.org/10.1056/NEJMoa1606774


Int. J. Mol. Sci. 2022, 23, 7037 15 of 15

98. Gandhi, L.; Rodriguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.; Hochmair, M.J.;
Powell, S.F.; et al. Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2018, 378,
2078–2092. [CrossRef]

99. Peters, S.; Camidge, D.R.; Shaw, A.T.; Gadgeel, S.; Ahn, J.S.; Kim, D.W.; Ou, S.I.; Perol, M.; Dziadziuszko, R.; Rosell, R.; et al.
Alectinib versus Crizotinib in Untreated ALK-Positive Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 377, 829–838.
[CrossRef]

100. Wu, Y.L.; Yang, J.C.; Kim, D.W.; Lu, S.; Zhou, J.; Seto, T.; Yang, J.J.; Yamamoto, N.; Ahn, M.J.; Takahashi, T.; et al. Phase II Study of
Crizotinib in East Asian Patients With ROS1-Positive Advanced Non-Small-Cell Lung Cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin.
Oncol. 2018, 36, 1405–1411. [CrossRef]

101. Shaw, A.T.; Ou, S.H.; Bang, Y.J.; Camidge, D.R.; Solomon, B.J.; Salgia, R.; Riely, G.J.; Varella-Garcia, M.; Shapiro, G.I.; Costa,
D.B.; et al. Crizotinib in ROS1-rearranged non-small-cell lung cancer. N. Engl. J. Med. 2014, 371, 1963–1971. [CrossRef]

102. Planchard, D.; Smit, E.F.; Groen, H.J.M.; Mazieres, J.; Besse, B.; Helland, A.; Giannone, V.; D’Amelio, A.M., Jr.; Zhang, P.; Mookerjee,
B.; et al. Dabrafenib plus trametinib in patients with previously untreated BRAF(V600E)-mutant metastatic non-small-cell lung
cancer: An open-label, phase 2 trial. Lancet Oncol. 2017, 18, 1307–1316. [CrossRef]

103. Wolf, J.; Seto, T.; Han, J.Y.; Reguart, N.; Garon, E.B.; Groen, H.J.M.; Tan, D.S.W.; Hida, T.; de Jonge, M.; Orlov, S.V.; et al. Capmatinib
in MET Exon 14-Mutated or MET-Amplified Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2020, 383, 944–957. [CrossRef]

104. Paik, P.K.; Felip, E.; Veillon, R.; Sakai, H.; Cortot, A.B.; Garassino, M.C.; Mazieres, J.; Viteri, S.; Senellart, H.; Van Meerbeeck,
J.; et al. Tepotinib in Non-Small-Cell Lung Cancer with MET Exon 14 Skipping Mutations. N. Engl. J. Med. 2020, 383, 931–943.
[CrossRef] [PubMed]

105. Hong, D.S.; Fakih, M.G.; Strickler, J.H.; Desai, J.; Durm, G.A.; Shapiro, G.I.; Falchook, G.S.; Price, T.J.; Sacher, A.; Denlinger,
C.S.; et al. KRAS(G12C) Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. J. Med. 2020, 383, 1207–1217. [CrossRef]
[PubMed]

106. Solomon, B.J.; Mok, T.; Kim, D.W.; Wu, Y.L.; Nakagawa, K.; Mekhail, T.; Felip, E.; Cappuzzo, F.; Paolini, J.; Usari, T.; et al. First-line
crizotinib versus chemotherapy in ALK-positive lung cancer. N. Engl. J. Med. 2014, 371, 2167–2177. [CrossRef]

107. Yamadori, T.; Ishii, Y.; Homma, S.; Morishima, Y.; Kurishima, K.; Itoh, K.; Yamamoto, M.; Minami, Y.; Noguchi, M.; Hizawa, N.
Molecular mechanisms for the regulation of Nrf2-mediated cell proliferation in non-small-cell lung cancers. Oncogene 2012, 31,
4768–4777. [CrossRef]

108. Papaiahgari, S.; Zhang, Q.; Kleeberger, S.R.; Cho, H.-Y.; Reddy, S.P. Hyperoxia Stimulates an Nrf2-ARE Transcriptional Response
via ROS-EGFR-PI3K-Akt/ERK MAP Kinase Signaling in Pulmonary Epithelial Cells. Antioxid. Redox Signal. 2006, 8, 43–52.
[CrossRef]

http://doi.org/10.1056/NEJMoa1801005
http://doi.org/10.1056/NEJMoa1704795
http://doi.org/10.1200/JCO.2017.75.5587
http://doi.org/10.1056/NEJMoa1406766
http://doi.org/10.1016/S1470-2045(17)30679-4
http://doi.org/10.1056/NEJMoa2002787
http://doi.org/10.1056/NEJMoa2004407
http://www.ncbi.nlm.nih.gov/pubmed/32469185
http://doi.org/10.1056/NEJMoa1917239
http://www.ncbi.nlm.nih.gov/pubmed/32955176
http://doi.org/10.1056/NEJMoa1408440
http://doi.org/10.1038/onc.2011.628
http://doi.org/10.1089/ars.2006.8.43

	Characteristics of Lung Cancer Patients in Taiwan 
	Molecular Epidemiology and Pathophysiology of Lung Cancer in Taiwan 
	Translational Oncology Studies of Lung Cancer in Taiwan 
	EGFR 
	ALK 
	Rare Mutation Other Than EGFR and ALK 
	Small Cell Lung Cancer 

	Discussion 
	Conclusions 
	References

