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Simple Summary: The establishment of biomarkers that can identify individuals at high risk of early
recurrence after surgery will be an important issue in decision-making for perioperative therapy. In
this review, we describe potential biomarkers for predicting the likelihood of recurrence in patients
who undergo surgery for stage I NSCLC. ACTN4 is a possible biomarker for identifying patients at
high risk of postoperative recurrence, and patients with gene amplification of ACTN4 might thus
benefit the most from adjuvant chemotherapy.

Abstract: Surgical treatment is the best curative treatment option for patients with non-small cell
lung cancer (NSCLC), but some patients have recurrence beyond the surgical margin even after
receiving curative surgery. Therefore, therapies with anti-cancer agents also play an important role
perioperatively. In this paper, we review the current status of adjuvant chemotherapy in NSCLC and
describe promising perioperative therapies, including molecularly targeted therapies and immune
checkpoint inhibitors. Previously reported biomarkers of adjuvant chemotherapy for NSCLC are
discussed along with their limitations. Adjuvant chemotherapy after resective surgery was most
effective in patients with metastatic lesions located just outside the surgical margin; in addition, these
metastatic lesions were the most sensitive to adjuvant chemotherapy. Thus, the first step in predicting
patients who have sensitivity to adjuvant therapies is to perform a qualified evaluation of metastatic
ability using markers such as actinin-4 (ACTN4). In this review, we discuss the potential use of
biomarkers in patient stratification for effective adjuvant chemotherapy and, in particular, the use of
ACTN4 as a possible biomarker for NSCLC.

Keywords: non-small cell lung cancer; adjuvant chemotherapy; biomarker; actinin-4; metastatic ability

1. Introduction

Lung cancer is the leading cause of cancer death worldwide [1]. (NSCLC) non-small
cell lung cancer (NSCLC) accounts for 85% of all lung cancers [2]. Almost 20% of patients
have early-stage disease (stage I–II) and around 30% of patients have locally advanced
disease (stage III) at the time of diagnosis of NSCLC [3]. Surgical resection is the best
curative treatment option for patients with NSCLC. However, local or systemic relapse of
the disease is common despite complete resection. Five-year overall survival (OS) rates are
reported to be about 70%, 50–60%, and 35% for pathological stages IB, IIA–IIB, and IIIA
NSCLC, respectively [4].

Adjuvant chemotherapy is performed to prevent recurrence in patients who undergo
complete resection of NSCLC. Adjuvant cisplatin-based chemotherapy is the standard
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treatment for postoperative patients with stage IIA–IIIA NSCLC. Pooled analysis of several
clinical trials has shown that adjuvant cisplatin-doublet chemotherapy improved the 5-year
disease-free survival (DFS) rate by 5.8% and the 5-year OS rate by 5.4% [5] Moreover,
the IMpower 010 trial demonstrated that atezolizumab after adjuvant platinum-based
chemotherapy improved DFS in postoperative patients who were selected by programmed
death-ligand 1 [PD-L1] expression [6]. The ADAURA trial demonstrated that osimertinib
improved DFS in epidermal growth factor receptor (EGFR) mutation-positive stage IB–IIIA
disease following complete resection [7]. However, a pooled analysis of several clinical
trials showed that some patients without adjuvant chemotherapy achieved five-year DFS
and that the rate of overall grade 3 to 4 toxicity was 66% in patients with adjuvant platinum-
based chemotherapy [5]. As a result, some patients with lung cancer were cured by chest
surgery alone, and adjuvant chemotherapy may be overtreatment for such patients [5]. An
economic analysis of a randomized trial of adjuvant vinorelbine plus cisplatin suggested a
high cost-effectiveness of this combined treatment compared with other standard health-
care interventions [8]. However, a pilot study revealed that patients undergoing cancer
treatment may change their treatment to defray out-of-pocket costs because of financial
burden [9]. In particular, molecularly targeted therapies and immune checkpoint inhibitors
(ICIs) may increase economic toxicity for cancer patients due to the high prices of these
drugs [10]. From the perspective of reducing adverse events and saving on the medical
costs of adjuvant chemotherapy, biomarkers that can predict the likelihood of recurrence
after surgery would be of great interest. In contrast, some patients with completely resected
NSCLC may have minimal residual disease (MRD) that is undetectable radiographically
due to the limits of imaging resolution. Therefore, it is important to establish biomarkers
that can predict the risk of recurrence of lung cancer. To date, many studies have investi-
gated specific gene expression, gene signature, and excision repair cross-complementation
group 1 (ERCC1), which is related to cisplatin (CDDP) sensitivity, as candidate biomarkers
for adjuvant chemotherapy in patients with NSCLC [11–25]. However, a robust biomarker
has not yet been established and clinical application has been challenging because it is diffi-
cult to quantify the biomarkers and determine the cutoff values. It is generally considered
that patients with MRD are the best candidates for adjuvant chemotherapy, as the presence
of MRD beyond the surgical margin is known to be a strong indicator of the metastatic
ability of the primary site. Thus, there is a need for biomarkers that can accurately evaluate
the metastatic ability of the primary site and thus help decide the strategy for precision
adjuvant chemotherapy.

Actinin-4 (ACTN4) is an anti-binding protein involved in cancer invasion and metasta-
sis [23]. In various cancers, including lung cancer, increased protein expression of ACTN4
indicates malignancy and metastatic potential [26–28]. Gene amplification of ACTN4 lo-
cated on 19q13 is also significantly associated with metastatic potential in various types
of cancer [29–31]. We have recently reported that increased protein expression and gene
amplification of ACTN4 can be a promising biomarker for adjuvant chemotherapy in
postoperative patients with NSCLC [32–34]. In this review, we discuss the role of ACTN4
in the process of tumor progression and the usefulness of ACTN4 as a potential biomarker
for selecting patients most likely to benefit from adjuvant chemotherapy.

2. Adjuvant Chemotherapy in NSCLC

Previous clinical trials have demonstrated improvements in DFS and OS following adju-
vant cisplatin-based chemotherapy for resected NSCLC [35–37]. A meta-analysis including
five clinical trials also showed that cisplatin-based adjuvant chemotherapy prolonged OS com-
pared with surgery alone (hazard ratio [HR], 0.89; 95% confidence interval [CI], 0.82–0.96).
Adjuvant cisplatin-doublet chemotherapy achieved a 5.4% improvement in the 5-year
OS rate [5]. However, some of these patients had severe adverse events (AEs). In the
meta-analysis, the rates of grade 3 or 4 AEs and of grade 4 AEs were reported to be 66%
and 32%, respectively. Although toxicity types differed according to the chemotherapeutic
regimen, the most frequent AE was neutropenia. Treatment-related deaths were reported
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as 0.9%. Subset analysis by stage of cancer showed possible harm in stage IA (HR, 1.40;
95%CI, 0.95–2.06) [5]. The clinical benefits of adjuvant chemotherapy tend to be higher at
more advanced stages [5]. In Japan, adjuvant therapy with tegafur/uracil (UFT) is recom-
mended for patients with stage IA–IB NSCLC after complete resection [38]. A meta-analysis
of adjuvant UFT in NSCLC demonstrated that surgery plus UFT prolonged OS compared
with surgery alone (HR, 0.74; 95%CI, 0.61–0.88) [38,39].

Molecular targeted therapy has been a standard treatment for advanced NSCLC pa-
tients with driver mutations such as EGFR mutation or anaplastic lymphoma kinase (ALK)
rearrangement. Clinical trials of adjuvant chemotherapy using tyrosine kinase inhibitors
(TKIs) have been conducted perioperatively in patients with EGFR-mutant NSCLC. In
the RADIANT randomized controlled trial, Erlotinib was compared to placebo in pa-
tients with completely resected stage IB-IIIA NSCLC [40]. In a subgroup analysis of the
RADIANT trial, erlotinib prolonged DFS (HR, 0.61; 95%CI: 0.38–0.98) but not OS (HR,
1.09; 95%CI: 0.55–2.16) compared to placebo in patients with EGFR-mutant NSCLC. The
ADJUVANT trial compared gefitinib (oral for two years) with cisplatin plus vinorelbine
(four cycles) in stage II–IIIA NSCLC patients with common EGFR mutations (exon 19
deletion or exon 21 L858R mutation) after complete resection [41]. DFS was significantly
longer in the gefitinib group (HR, 0.60; 95%CI, 0.42–0.87), but there was no significant
difference in OS between the groups (HR, 0.92; 95%CI, 0.62–1.36). In the IMPACT trial,
adjuvant gefitinib (oral for two years) did not prolong DFS and OS compared with cis-
platin plus vinorelbine (four cycles) in patients with completely resected Stage II–IIIA
NACLC with common EGFR mutations [42]. The ADAURA trial compared osimertinib
(oral for three years) with placebo in stage IB–IIIA NSCLC patients with common EGFR
mutations after complete resection. In that study, the physician decided whether patients
received adjuvant platinum-based chemotherapy before administration of osimertinib
or placebo. Adjuvant osimertinib significantly prolonged DFS compared with placebo
(HR, 0.17; 99.06%CI, 0.11–0.26), although OS was immature [7]. These results suggest that
adjuvant chemotherapy using EGFR-TKI may become a treatment option in the near future,
but toxicity and medical cost should be considered. Therefore, it is necessary to identify
biomarkers for detecting patients with a high risk of recurrence and those who would
benefit from adjuvant EGFR-TKI.

ICIs including anti-programmed cell death 1 (PD-1) antibodies, anti-PD-L1 antibodies,
and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) antibodies have greatly
improved prognosis in patients with metastatic NSCLC. ICIs have recently moved from
the second-line to the first-line setting for metastatic NSCLC patients without driver muta-
tions [43–47]. At present, ICIs play an important role in the treatment of locally advanced
NSCLC. The PACIFIC trial revealed that durvalumab after chemoradiotherapy prolonged
progression-free survival (PFS) and OS in unresected stage IIIA NSCLC patients [48].
Moreover, ICI has become a promising treatment in perioperative patients with NSCLC.
The IMpower 010 trial demonstrated that atezolizumab after adjuvant platinum-based
chemotherapy significantly prolonged DFS in postoperative patients with PD-L1 (SP263)
positive stage II–IIIA NSCLC (HR, 0.66; 95%CI, 0.50–0.88) [6], but there were no survival
benefits in patients without PD-L1 expression (HR, 0.97; 95%CI, 0.72–1.31). Neoadjuvant
chemotherapy has not become a standard perioperative treatment in patients with NSCLC
because it can lead to increased perioperative complications [49]. However, there are many
clinical trials of neoadjuvant chemotherapy using ICIs, and neoadjuvant immunotherapy is
a promising treatment [50]. The Checkmate 816 trial showed that neoadjuvant nivolumab
plus platinum-based chemotherapy achieved a significantly longer event-free survival
(HR, 0.63; 97.38%CI, 0.43–0.91; p = 0.005) and a higher pathological complete response
rate (odds ratio, 13.94; 99%CI, 3.49–55.75) compared with neoadjuvant platinum-based
chemotherapy alone in patients with stage IB-IIIA NSCLC [51]. However, neoadjuvant
chemotherapy in patients with NSCLC can induce severe adverse events preoperatively
that may cause surgery to be postponed or canceled. In the Checkmate 816 trial, definitive
surgery was canceled in 16% of patients included in the nivolumab plus chemotherapy arm.
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The reasons for canceled surgery were disease progression (7%), AEs (1%), or other scenar-
ios (8%). Patient selection by appropriate biomarkers is important in both the adjuvant and
neoadjuvant settings.

3. Current Biomarker Candidates for Perioperative Patients with NSCLC

Many previous studies have attempted to identify useful biomarkers for adjuvant
chemotherapy, but none have yet been established in clinical practice.

Numerous studies have reported that signatures based on gene expression are prog-
nostic factors in patients with NSCLC [11–22]. However, none of these signatures are
ready for clinical application as they require statistical validation and reproducibility of
the signatures. In addition, their actual medical utility and medical cost are unknown. It is
also difficult to standardize the quantification methods and set cutoff levels because most
studies have been based on microarray analysis of mRNA expression levels [11–22]. There
is no consensus regarding the usefulness of genetic analysis in determining a treatment
strategy for patients with postoperative lung cancer.

High expression of ERCC1 was reported to be a prognostic factor in patients with
early-stage NSCLC who had received surgery alone [23]. DNA repair capacity is strongly
associated with cisplatin resistance. In particular, the ERCC1 protein is considered to play
an important role in nucleotide excision repair [24]. Therefore, several studies have investi-
gated the association between ERCC1 expression and the efficacy of adjuvant platinum-
based chemotherapy. A previous study suggested that ERCC1 was related to the resistance
of NSCLC to cisplatin-based chemotherapy [24]. It included patients with completely
resected NSCLC and found that patients with ERCC1-negative tumors benefited from adju-
vant cisplatin-based chemotherapy but patients with ERCC1-positive tumors did not [24].
However, another study that performed immunohistochemical analysis of patients in two
independent phase 3 trials was unable to validate ERCC1 protein expression as a predic-
tive marker for the efficacy of adjuvant-chemotherapy [25]. Therefore, the usefulness of
ERCC1 expression has not been established in therapeutic decision-making for patients
with completely resected NSCLC.

Previous studies have verified the prognostic and predictive effects of the tumor sup-
pressor gene tumor protein p53 gene (TP53) in patients with completely resected NSCLC.
TP53 is considered to have important roles in the prevention and suppression of abnor-
mal cell proliferation through multiple mechanisms, including cell cycle arrest, apoptosis,
and DNA repair [52–54]. The Lung Adjuvant Cisplatin Evaluation Biomarker (LACE-
Bio) pooled analysis demonstrated that TP53 mutations were marginally predictive of OS
benefits from adjuvant platinum-based chemotherapy [54]. However, a study including
197 NSCLC patients enrolled in a randomized trial of postoperative radiation therapy and
chemotherapy showed that TP53 mutations and increased expression of P53 protein were
not significant prognostic factors in resected stage II–IIIA NSCLC [55]. A previous study
suggested that HOXA9 promoter methylation was a prognostic factor that, in combination
with mRNA and miRNA-based biomarkers, could identify patients with stage I adenocar-
cinoma at high risk of recurrence [11]. However, its usefulness is unclear for patients with
completely resected NSCLC who have received adjuvant chemotherapy.

ICIs targeting PD-1/PD-L1 have improved the survival of patients with many types of
cancer. PD-L1 is currently the most commonly used biomarker for selecting patients who
would receive clinical benefits from anti-PD-1/PD-L1 antibodies [56]. Several studies have
examined the relationship between PD-L1 expression and the benefit of postoperative adju-
vant chemotherapy. A recent study suggested that PD-L1 expression in tumor cells is associ-
ated with improved survival with adjuvant chemotherapy (HR, 3.02; 95%CI, 1.69–5.40) [57].
In contrast, the LACE-Bio study showed that neither tumor nor immune cell PD-L1 ex-
pression is predictive of clinical benefits from adjuvant chemotherapy [58]. Therefore,
it is controversial whether PD-L1 expression in tumor cells is a biomarker for adjuvant
chemotherapy in patients with completely resected NSCLC.
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Recent studies have attempted a method of verifying cancer characteristics and prog-
nosis by detecting tumor cells and tumor-derived DNA in the blood. Detection and
quantification of circulating tumor DNA (ctDNA) by personalized mutation detection
panels or cancer personalized profiling by deep sequencing (CAPP-Seq) may help to detect
MRD that cannot be detected by imaging [59–61]. A recent study showed that postopera-
tive ctDNA positivity is significantly associated with shorter recurrence-free survival. In
patients with completely resected stage II–III NSCLC, patients with postoperative ctDNA
positivity received benefits from adjuvant chemotherapy, whereas those with postoperative
ctDNA negativity had a low risk of relapse without adjuvant chemotherapy [62]. However,
its usefulness may be limited in patients with early-stage NSCLC because ctDNA levels in
the blood are reported to be associated with tumor size and stage. A study that included
640 cases of various types of cancer showed that ctDNA levels were 100 times higher in
stage IV than in stage I disease [63]. The detection sensitivity of ctDNA in early-stage
NSCLC is considered to be an issue that requires addressing. CAPP-Seq is a comprehensive
mutation analysis method for measurement of ctDNA that is considered to have high
sensitivity and may help to detect recurrence of lung cancer in postoperative patients with
NSCLC in the future [64]. However, it remains unclear whether measurement of ctDNA
using CAPP-Seq is useful as a biomarker for the efficacy of adjuvant chemotherapy in pa-
tients with NSCLC. Further studies are needed for the practical use of ctDNA measurement
in early-stage NSCLC.

4. ACTN4 as a Biomarker for Evaluation of Metastatic Ability

Even if the primary tumor is completely removed grossly, microscopic metastases
may remain that cannot be detected by diagnostic imaging. Therefore, indicators of tumor
malignancy and high metastatic ability may be useful candidate biomarkers in assessing
patient suitability for postoperative adjuvant chemotherapy. Cancer metastasis advances
in a multiple-step process. Cancer cells break through the basement membrane, invade
the extracellular matrix, and intravasate through the endothelium into the vascular and
lymphatic systems to finally establish distant metastatic sites [65–68]. The dynamic as-
sembly of the actin cytoskeleton plays an important role in the formation processes of
cancer metastases. ACTN4 was isolated as a novel isoform of alpha-actinin, which is the
actin-binding protein [26,28]. Alpha-actinin has several isotypes in humans, and ACTN4
is classified as the non-muscle type of alpha-actinin [26,28]. Non-muscle types of alpha-
actinin, including ACTN4, are related to cell adhesion and cell migration. ACTN-4 has been
reported to show increased protein expression in several types of cancers, such as colorectal
cancer, pancreatic cancer, ovarian cancer, oral squamous cell carcinoma [29,69–72], salivary
gland carcinoma [73], and lung cancer [28,74–76]. Cancer cells at the invasive front of the
primal site have high migration and metastatic ability. These cells lose their epithelial
cell characteristics, resulting in epithelial–mesenchymal transition [77,78]. Cancer cells at
the invasive front show increased expression of ACTN4 protein and EMT-like changes in
colorectal cancer tissues [71]. In an in vitro study using cell lines of lung adenocarcinoma, a
decrease of ACTN4 expression by siRNA reduced metastatic ability [32]. A previous study
showed that siRNA suppression of ACTN-4 protein expression diminished cell protrusion
associated with cancer invasion in colon cancer cells [27]. In pancreatic cancer cells, siRNA
knockdown of ACTN4 reduced the invasive potential of cancer cells [27]. These results
show that ACTN4 is associated with the migration and invasion of cancer cells and plays an
important role in the metastasis of cancer. Moreover, ACTN4 directly regulates cell motility
by remodeling the actin cytoskeleton [26]. These preclinical studies suggest that ACTN4
may indicate the metastatic ability and malignancy of cancer. Figure 1 shows the possible
roles of ACTN4 in cancer metastasis and invasion. ACTN4 mediates the cytoskeleton to
sites of cell adhesion and is modulated to enable cell migration [26,79]. ACTN4 has also
been reported to induce epithelial–mesenchymal transition (EMT) through upregulation of
Snail, which is a transcriptional repressor of E-cadherin expression and one of the main
inducers of EMT [80]. Moreover, Snail upregulated by ACTN4 induces cell migration
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and cancer invasion via Snail-mediated matrix metalloproteinase-9 expression. ACTN4
is involved in the stabilization of β-catenin. The accumulation of β-catenin induced by
ACTN4 upregulates cyclin D1 and c-myc, leading to tumorigenesis [81]. Nuclear factor-
kappa B (NF-κB) is a transcription factor that regulates cell proliferation, cell differentiation,
cellular immunity, and apoptosis [82]. Actinin-4 is related to the transcriptional activity of
NF-κB and the NFκB pathway promotes tumor-cell proliferation and survival [83]. NF-κB
also plays an important role in both the induction and maintenance of EMT [84]. Further
studies are needed to identify the molecular mechanisms of ACTN4 in cancer metastasis
and invasion in more detail.
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Recent studies using clinical specimens have also examined the usefulness of evaluat-
ing ACTN4 in NSCLC. Among these, Miura et al. reported that increased expression of
ACTN4 mRNA may be a biomarker for adjuvant chemotherapy in patients with stage IB–II
NSCLC. They reported that in a subgroup of patients with increased expression of ACTN4
mRNA, the OS of patients treated with adjuvant cisplatin plus vinorelbine was significantly
longer than that of patients who underwent observation without adjuvant chemotherapy
(HR, 0.273; 95%CI, 0.079–0.952) [32]. In another study, ACTN4 protein expression was re-
ported to be a promising biomarker in patients with completely resected stage II–IIIA lung
adenocarcinoma. In an ACTN4 immunohistochemistry (IHC)-positive subgroup, the OS of
patients with adjuvant platinum-based chemotherapy was significantly longer than that of
patients without adjuvant platinum-based chemotherapy (HR, 0.307; 95%CI, 0.107–0.882).
The five-year relapse-free survival (RFS) rate was 56.5% in patients with adjuvant platinum-
based chemotherapy and 33.5% in those without adjuvant platinum-based chemotherapy.
In the ACTN4 IHC-negative subgroup, however, there was no significant difference be-
tween patients with and without adjuvant platinum-based chemotherapy [33].

Moreover, recent studies have suggested the usefulness of ACTN4 for the evaluation
of patients with early-stage lung adenocarcinoma. Even in patients with stage I lung
adenocarcinoma, some have recurrence and poor prognosis after curative surgery. ACTN4
gene amplification is determined by fluorescence in situ hybridization (FISH) in cancer
tissues and has been shown to be a prognostic factor in several cancers. Noro et al. reported
that ACTN4 gene amplification was a promising biomarker for predicting the prognosis
of chemo-naive patients with stage I adenocarcinoma of the lung, with 5-year DFS and
OS rates of patients with ACTN4 gene amplification of 37% and 64%, respectively. In
contrast, the 5-year DFS and OS rates of patients without ACTN4 gene amplification
were 86% and 92%, respectively [85]. In addition to its potential as a prognostic factor,
ACTN4 gene amplification may also be a predictive biomarker for adjuvant UFT therapy in
patients with completely resected stage I lung adenocarcinoma. In a retrospective study
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that included a total of 1136 patients with stage I adenocarcinoma, a subgroup analysis
in patients aged ≥ 65 years showed that RFS was significantly longer in the adjuvant UFT
therapy group than in the observational group in the ACTN4 gene amplification positive
cohort (HR, 0.084; 95%CI, 0.009–0.806) (Figure 2A) [34]. Among patients who did not
receive adjuvant UFT therapy, those with ACTN4 gene amplification negative had a longer
RFS than those with ACTN4 gene amplification positive (HR, 0.475; 95%CI, 0.239–0.946)
(Figure 2B). In contrast, there was no difference in RFS between the adjuvant UFT therapy
group and the observational group among ACTN4 gene amplification negative patients
(HR, 0.923; 95%CI, 0.566–1.506) (Figure 2C).
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Figure 2. Analyses of patients aged ≥65 years with stage I adenocarcinoma who received adjuvant
tegafur/uracil (UFT) therapy or underwent observation. (A) comparison of RFS between the adjuvant
UFT therapy group and the observational group in patients who were actinin-4 (ACTN4) gene
amplification positive, (B) comparison of RFS between ACTN4 gene amplification negative and
positive patients in the observational group, and (C) comparison of RFS between the adjuvant UFT
therapy group and the observational group (Noro, R. et al., 2022 [34]).

Evaluation of ACTN4 may be beneficial in patients with lung adenocarcinoma as
well as those with lung squamous cell carcinoma. The mRNA expression of ACTN4
evaluated by quantitative real-time PCR was a factor significantly associated with cancer-
specific mortality in patients with stage I–II lung squamous cell carcinoma (HR, 2.68;
95%CI, 1.21–5.92) [86].

Table 1 summarizes the findings of previous studies that have examined the usefulness
of ACTN4 as a predictive or prognostic biomarker in patients with completely resected
carcinoma of the lung. These findings suggest that ACTN4 is a promising candidate
biomarker for decision-making in postoperative adjuvant chemotherapy in stage I as well
as stage II–III patients with NSCLC.
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Table 1. Previous studies of ACTN4 in patients with early-stage non-small cell lung cancer.

Histology Stage Adjuvant
Chemotherapy

Evaluation
Methods

Miura et al. (2016) [32] NSCLC IB-II CDDP + VNR mRNA expression
Shiraishi et al. (2017) [33] Ad II-IIIA CDDP + VNR Protein expression

Noro et al. (2021) [34] Ad IA/IB UFT Gene amplification
Miyanaga et al. (2013) [75] HGNT resected Not specified cDNA sequencing

Noro et al. (2013) [85] Ad IA-IB Not specified Gene amplification
Noro et al. (2017) [86] Sq I-II Not specified Gene expression

Yamagata et al. (2003) [87] NSCLC resected Not specified cDNA microarrays
Footnotes: Ad, adenocarcinoma; CDDP, cisplatin; cDNA, complementary DNA; HGNT, high-grade neuroen-
docrine tumor; NSCLC, non-small cell lung cancer; mRNA, messenger RNA; Sq, squamous cell carcinoma;
UFT, tegafur/uracil; VNR, vinorelbine.

The curves in Figure 3 were created using a Kaplan–Meier plotter, which can assess
the relationship between gene expression and survival in a variety of cancers, including
lung cancer (https://kmplot.com/analysis/ (accessed on 24 May 2022) [88]. The sources
are the Gene Expression Omnibus (GEO), European Genome-phenome Archive (EGA),
and The Cancer Genome Atlas (TCGA) databases. Figure 3A,B shows that among lung
adenocarcinoma patients, the OS of patients with high ACTN4 is significantly shorter
than that of those with low ACTN4. Figure 3C,D shows that among lung squamous cell
carcinoma patients, the OS of patients with high ACTN4 is significantly shorter than in
those with low ACTN4. These results indicate that ACTN4 is a useful prognostic marker in
patients with non-small cell lung cancer regardless of histology.
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5. Summary of the Advantages and Limitations of Perioperative Biomarkers

Table 2 summarizes the advantages and limitations of candidate biomarkers for the
efficacy of adjuvant chemotherapy in lung cancer patients. ERCC1 and TP53 may indicate
sensitivity to chemotherapeutic agents including cisplatin rather than MRD [24,52]. Like-
wise, PD-L1 expression is a predictor of ICI efficacy but not MRD [56]. Therefore, ERCC1,
TP53, and PD-L1 may be difficult to use when deciding whether to perform adjuvant
chemotherapy, although those biomarkers can be useful for selecting chemotherapeutic
agents for perioperative treatment. In contrast, ACTN4 can be useful for decision-making
for adjuvant chemotherapy because it indicates tumor metastatic potential and cancer inva-
siveness rather than sensitivity to specific chemotherapeutic agents [26,28]. CtDNA testing
may also be a useful method for predicting postoperative MRD. However, medical cost
is one of the challenges regarding its clinical application, as ctDNA testing may increase
out-of-pocket expenses for patients [61]. ACTN4 can be evaluated by relatively simple and
inexpensive methods such as real-time PCR, IHC, and FISH [32–34]. By combining ACTN4
with factors related to sensitivity to certain drugs, such as ERCC1 and PD-L1, it may be
possible to provide more appropriate treatment for perioperative patients with lung cancer.
The utility of ACTN4 needs to be verified in clinical trials.

Table 2. Advantages and limitations of perioperative biomarker candidates.

Biomarker Function Advantage Limitation

Gene expression
signature

Gene combinations for poor
prognosis and poor

chemotherapeutic response

More accurate prognostication of a
signature from multiple genes compared

with individual genes alone

Statistical validation and reproducibility
of the signatures/Not a predictor for MRD

ERCC1
Removal of DNA intrastrand

crosslinks by nucleotide excision
repair

Predictor for the efficacy of cisplatin Negative results in randomized phase III
clinical trials/Not a predictor for MRD

TP53

Prevention and suppression of
abnormal cell proliferation

through mechanisms including
cell cycle arrest, apoptosis, and

DNA repair

One of the most frequently mutated genes
in lung cancer regardless of histologic type Not a predictor for MRD

PD-L1

Binding to its receptor PD-1
expressed by T cells and other

immune cells to regulate
immune responses

Predictor for the efficacy of
anti-PD-1/PD-L1 antibody Not a predictor for MRD

ctDNA Tumor-derived DNA released in
the blood Possibility of MRD detection Cost/Not a predictor for the efficacy of the

specific chemotherapeutic agents

ACTN4 Involvement in cancer invasion
and metastatic potential

Evaluating tumor metastatic potential and
cancer invasiveness

Not a predictor for the efficacy of specific
chemotherapeutic agents

Footnotes: ACTN4, actinin-4; ctDNA, circulating tumor DNA; ERCC1, excision repair cross-complementation
group 1; MRD, minimal residual disease; PD-1, programmed cell death 1; PD-L1, programmed death-ligand 1;
TP53, tumor protein p53 gene.

6. Conclusions

In this review, we have outlined the circumstances under which adjuvant chemother-
apy is beneficial in NSCLC and discussed the biological roles of ACTN4 related to cancer
invasion and metastases. Increased expression of ACTN4 protein and ACTN4 gene amplifi-
cation may be indicators of cancer invasive ability and metastatic ability in all patients with
NSCLC. In patients with completely resected NSCLC, ACTN4 may be a useful biomarker
of clinical benefit from adjuvant chemotherapy, which may lead to personalized adjuvant
chemotherapy.
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43. Reck, M.; Rodríguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csőszi, T.; Fülöp, 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] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/22080568
http://doi.org/10.1056/NEJMoa065411
http://www.ncbi.nlm.nih.gov/pubmed/17314339
http://www.ncbi.nlm.nih.gov/pubmed/9508771
http://www.ncbi.nlm.nih.gov/pubmed/16204054
http://www.ncbi.nlm.nih.gov/pubmed/26288717
http://www.ncbi.nlm.nih.gov/pubmed/28658966
http://doi.org/10.1111/cas.15228
http://www.ncbi.nlm.nih.gov/pubmed/34845792
http://www.ncbi.nlm.nih.gov/pubmed/15972865
http://www.ncbi.nlm.nih.gov/pubmed/19875974
http://www.ncbi.nlm.nih.gov/pubmed/26324372
http://doi.org/10.1016/S1470-2045(17)30729-5
http://doi.org/10.1200/JCO.21.01729
http://www.ncbi.nlm.nih.gov/pubmed/34726958
http://doi.org/10.1056/NEJMoa1606774
http://www.ncbi.nlm.nih.gov/pubmed/27718847


Cancers 2022, 14, 4363 12 of 13

44. Gandhi, L.; Rodríguez-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]

45. Socinski, M.A.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodríguez-Abreu, D.; Moro-Sibilot, D.;
Thomas, C.A.; Barlesi, F.; et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N. Engl. J. Med. 2018,
378, 2288–2301. [CrossRef]

46. Hellmann, M.D.; Paz-Ares, L.; Bernabe Caro, R.; Zurawski, B.; Kim, S.-W.; Carcereny Costa, E.; Park, K.; Alexandru, A.; Lupinacci,
L.; de la Mora Jimenez, E.; et al. Nivolumab plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2019,
381, 2020–2031. [CrossRef]

47. Paz-Ares, L.; Ciuleanu, T.-E.; Cobo, M.; Schenker, M.; Zurawski, B.; Menezes, J.; Richardet, E.; Bennouna, J.; Felip, E.; Juan-Vidal, O.;
et al. First-line nivolumab plus ipilimumab combined with two cycles of chemotherapy in patients with non-small-cell lung cancer
[CheckMate 9LA]: An international; randomised; open-label; phase 3 trial. Lancet Oncol. 2021, 22, 198–211. [CrossRef]

48. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Kurata, T.; Chiappori, A.; Lee, K.H.; de Wit, M.; et al.
Overall Survival with Durvalumab after Chemoradiotherapy in Stage III NSCLC. N. Engl. J. Med. 2018, 379, 2342–2350. [CrossRef]

49. Blumenthal, G.M.; Bunn, P.A., Jr.; Chaft, J.E.; McCoach, C.E.; Perez, E.A.; Scagliotti, G.V.; Carbone, D.P.; Aerts, H.J.W.L.; Aisner, D.L.;
Bergh, J.; et al. Current Status and Future Perspectives on Neoadjuvant Therapy in Lung Cancer. J. Thorac. Oncol. 2018, 13, 1818–1831.
[CrossRef]

50. Soh, J.; Hamada, A.; Fujino, T.; Mitsudomi, T. Perioperative Therapy for Non-Small Cell Lung Cancer with Immune Checkpoint
Inhibitors. Cancers 2021, 13, 4035. [CrossRef]

51. Forde, P.M.; Spicer, J.; Lu, S.; Provencio, M.; Mitsudomi, T.; Awad, M.M.; Felip, E.; Broderick, S.R.; Brahmer, J.R.; Swanson, S.J.;
et al. Neoadjuvant Nivolumab plus Chemotherapy in Resectable Lung Cancer. N. Engl. J. Med. 2022, 386, 1973–1985. [CrossRef]

52. Kandioler, D.; Stamatis, G.; Eberhardt, W.; Kappel, S.; Zöchbauer-Müller, S.; Kührer, I.; Mittlböck, M.; Zwrtek, R.; Aigner, C.;
Bichler, C.; et al. Growing clinical evidence for the interaction of the p53 genotype and response to induction chemotherapy in
advanced non-small cell lung cancer. J. Thorac. Cardiovasc. Surg. 2008, 135, 1036–1041. [CrossRef]

53. Scoccianti, C.; Vesin, A.; Martel, G.; Olivier, M.; Brambilla, E.; Timsit, J.-F.; Tavecchio, L.; Brambilla, C.; Field, J.K.; Hainaut, P.; et al.
Prognostic value of TP53; KRAS and EGFR mutations in nonsmall cell lung cancer: The EUELC cohort. Eur. Respir. J. 2012, 40,
177–184. [CrossRef]

54. Ma, X.; Le Teuff, G.; Lacas, B.; Tsao, M.S.; Graziano, S.; Pignon, J.-P.; Douillard, J.-Y.; Le Chevalier, T.; Seymour, L.; Filipits, M.; et al.
Prognostic and Predictive Effect of TP53 Mutations in Patients with Non-Small Cell Lung Cancer from Adjuvant Cisplatin-Based
Therapy Randomized Trials: A LACE-Bio Pooled Analysis. J. Thorac. Oncol. 2016, 11, 850–861. [CrossRef] [PubMed]

55. Schiller, J.H.; Adak, S.; Feins, R.H.; Keller, S.M.; Fry, W.A.; Livingston, R.B.; Hammond, M.E.; Wolf, B.; Sabatini, L.; Jett, J.; et al.
Lack of prognostic significance of p53 and K-ras mutations in primary resected non-small-cell lung cancer on E4592: A Laboratory
Ancillary Study on an Eastern Cooperative Oncology Group Prospective Randomized Trial of Postoperative Adjuvant Therapy. J.
Clin. Oncol. 2001, 19, 448–457. [CrossRef]

56. Doroshow, D.B.; Bhalla, S.; Beasley, M.B.; Sholl, L.M.; Kerr, K.M.; Gnjatic, S.; Wistuba, I.I.; Rimm, D.L.; Tsao, M.S.; Hirsch, F.R.
PD-L1 as a biomarker of response to immune-checkpoint inhibitors. Nat. Rev. Clin. Oncol. 2021, 18, 345–362. [CrossRef]

57. Gross, D.J.; Chintala, N.K.; Vaghjiani, R.G.; Grosser, R.; Tan, K.S.; Li, X.; Choe, J.; Li, Y.; Aly, R.G.; Emoto, K.; et al. Tumor and
Tumor-Associated Macrophage Programmed Death-Ligand 1 Expression Is Associated with Adjuvant Chemotherapy Benefit in
Lung Adenocarcinoma. J. Thorac. Oncol. 2022, 17, 89–102. [CrossRef]

58. Tsao, M.S.; Le Teuff, G.; Shepherd, F.A.; Landais, C.; Hainaut, P.; Filipits, M.; Pirker, R.; Le Chevalier, T.; Graziano, S.; Kratze, R.;
et al. PD-L1 protein expression assessed by immunohistochemistry is neither prognostic nor predictive of benefit from adjuvant
chemotherapy in resected non-small cell lung cancer. Ann. Oncol. 2017, 28, 882–889. [CrossRef]

59. Ohara, S.; Suda, K.; Sakai, K.; Nishino, M.; Chiba, M.; Shimoji, M.; Takemoto, T.; Fujino, T.; Koga, T.; Hamada, A.; et al. Prognostic
implications of preoperative versus postoperative circulating tumor DNA in surgically resected lung cancer patients: A pilot
study. Transl. Lung Cancer Res. 2020, 9, 1915–1923. [CrossRef] [PubMed]

60. Chaudhuri, A.A.; Chabon, J.J.; Lovejoy, A.F.; Newman, A.M.; Stehr, H.; Azad, T.D.; Khodadoust, M.S.; Esfahani, M.S.; Liu, C.L.;
Zhou, L.; et al. Early Detection of Molecular Residual Disease in Localized Lung Cancer by Circulating Tumor DNA Profiling.
Cancer Discov. 2017, 7, 1394–1403. [CrossRef] [PubMed]

61. Abbosh, C.; Birkbak, N.J.; Wilson, G.A.; Jamal-Hanjani, M.; Constantin, T.; Salari, R.; Le Quesne, J.; Moore, D.A.; Veeriah, S.;
Rosenthal, R.; et al. Phylogenetic ERCC1 analysis depicts early-stage lung cancer evolution. Nature 2017, 545, 446–451. [CrossRef]

62. Qiu, B.; Guo, W.; Zhang, F.; Lv, F.; Ji, Y.; Peng, Y.; Chen, X.; Bao, H.; Xu, Y.; Shao, Y.; et al. Dynamic recurrence risk and adjuvant
chemotherapy benefit prediction by ctDNA in resected NSCLC. Nat. Commun. 2021, 12, 6770. [CrossRef] [PubMed]

63. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

64. Newman, A.M.; Bratman, S.V.; To, J.; Wynne, J.F.; Eclov, N.C.W.; Modlin, L.A.; Liu, C.L.; Neal, J.W.; Wakelee, H.A.; Merritt, R.E.;
et al. An ultrasensitive method for quantitating circulating tumor DNA with broad patient coverage. Nat. Med. 2014, 20, 548–554.
[CrossRef]

65. Kedrin, D.; van Rheenen, J.; Hernandez, L.; Condeelis, J.; Segall, J.E. Cell motility and cytoskeletal regulation in invasion and
metastasis. J. Mammary Gland Biol. Neoplasia 2007, 12, 143–152. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1801005
http://doi.org/10.1056/NEJMoa1716948
http://doi.org/10.1056/NEJMoa1910231
http://doi.org/10.1016/S1470-2045(20)30641-0
http://doi.org/10.1056/NEJMoa1809697
http://doi.org/10.1016/j.jtho.2018.09.017
http://doi.org/10.3390/cancers13164035
http://doi.org/10.1056/NEJMoa2202170
http://doi.org/10.1016/j.jtcvs.2007.10.072
http://doi.org/10.1183/09031936.00097311
http://doi.org/10.1016/j.jtho.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26899019
http://doi.org/10.1200/JCO.2001.19.2.448
http://doi.org/10.1038/s41571-021-00473-5
http://doi.org/10.1016/j.jtho.2021.09.009
http://doi.org/10.1093/annonc/mdx003
http://doi.org/10.21037/tlcr-20-505
http://www.ncbi.nlm.nih.gov/pubmed/33209612
http://doi.org/10.1158/2159-8290.CD-17-0716
http://www.ncbi.nlm.nih.gov/pubmed/28899864
http://doi.org/10.1038/nature22364
http://doi.org/10.1038/s41467-021-27022-z
http://www.ncbi.nlm.nih.gov/pubmed/34799585
http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1038/nm.3519
http://doi.org/10.1007/s10911-007-9046-4
http://www.ncbi.nlm.nih.gov/pubmed/17557195


Cancers 2022, 14, 4363 13 of 13

66. Otey, C.A.; Carpen, O. Alpha-actinin revisited: A fresh look at an old player. Cell Motil. Cytoskelet. 2004, 58, 104–111. [CrossRef]
[PubMed]

67. Palmer, T.D.; Ashby, W.J.; Lewis, J.D.; Zijlstra, A. Targeting tumor cell motility to prevent metastasis. Adv. Drug Deliv. Rev. 2011,
63, 568–581. [CrossRef]

68. Fidler, I.J. The pathogenesis of cancer metastasis: The ‘seed and soil’ hypothesis revisited. Nat. Rev. Cancer. 2003, 3, 453–458.
[CrossRef] [PubMed]

69. Meng, X.; Matsumoto, F.; Mori, T.; Miura, N.; Ino, Y.; Onidani, K.; Kobayashi, K.; Matsuzaki, Y.; Yoshimoto, S.; Ikeda, K.; et al.
BP180 Is a Prognostic Factor in Head and Neck Squamous Cell Carcinoma. Anticancer Res. 2021, 41, 1089–1099. [CrossRef]

70. Kakuya, T.; Mori, T.; Yoshimoto, S.; Watabe, Y.; Miura, N.; Shoji, H.; Onidani, K.; Shibahara, T.; Honda, K. Prognostic significance
of gene amplification of ACTN4 in stage I and II oral tongue cancer. Int. J. Oral Maxillofac. Surg. 2017, 46, 968–976. [CrossRef]
[PubMed]

71. Honda, K.; Yamada, T.; Hayashida, Y.; Idogawa, M.; Sato, S.; Hasegawa, F.; Ino, Y.; Ono, M.; Hirohashi, S. Actinin-4 increases cell
motility and promotes lymph node metastasis of colorectal cancer. Gastroenterology 2005, 128, 51–62. [CrossRef] [PubMed]

72. Yamamoto, S.; Tsuda, H.; Honda, K.; Kita, T.; Takano, M.; Tamai, S.; Inazawa, J.; Yamada, T.; Matsubara, O. Actinin-4 expression in
ovarian cancer: A novel prognostic indicator independent of clinical stage and histological type. Mod. Pathol. 2007, 20, 1278–1285.
[CrossRef] [PubMed]

73. Watabe, Y.; Mori, T.; Yoshimoto, S.; Nomura, T.; Shibahara, T.; Yamada, T.; Honda, K. Copy number increase of ACTN4 is a
prognostic indicator in salivary gland carcinoma. Cancer Med. 2014, 3, 613–622. [CrossRef]

74. Honda, K. Development of Biomarkers to Predict Recurrence by Determining the Metastatic Ability of Cancer Cells. J. Nippon
Med. Sch. 2022, 89, 24–32. [CrossRef]

75. Miyanaga, A.; Honda, K.; Tsuta, K.; Masuda, M.; Yamaguchi, U.; Fujii, G.; Miyamoto, A.; Shinagawa, S.; Miura, N.; Tsuda, H.;
et al. Diagnostic and prognostic significance of the alternatively spliced ACTN4 variant in high-grade neuroendocrine pulmonary
tumours. Ann. Oncol. 2013, 24, 84–90. [CrossRef] [PubMed]

76. Honda, K.; Yamada, T.; Seike, M.; Hayashida, Y.; Idogawa, M.; Kondo, T.; Ino, Y.; Hirohashi, S. Alternative splice variant of
actinin-4 in small cell lung cancer. Oncogene 2004, 23, 5257–5262. [CrossRef]

77. Morris, H.T.; Machesky, L.M. Actin cytoskeletal control during epithelial to mesenchymal transition: Focus on the pancreas and
intestinal tract. Br. J. Cancer 2015, 112, 613–620. [CrossRef]

78. López-Novoa, J.M.; Nieto, M.A. Inflammation and EMT: An alliance towards organ fibrosis and cancer progression. EMBO Mol.
Med. 2009, 1, 303–314. [CrossRef] [PubMed]

79. Shao, H.; Travers, T.; Camacho, C.J.; Wells, A. The carboxyl tail of alpha-actinin-4 regulates its susceptibility to m-calpain and
thus functions in cell migration and spreading. Int. J. Biochem. Cell Biol. 2013, 45, 1051–1063. [CrossRef]

80. Ma, S.Y.; Park, J.-H.; Jung, H.; Ha, S.-M.; Kim, Y.; Park, D.H.; Lee, D.H.; Lee, S.; Chu, I.-H.; Jung, S.Y.; et al. Snail maintains
metastatic potential, cancer stem-like properties, and chemoresistance in mesenchymal mouse breast cancer TUBO–P2J cells.
Oncol. Rep. 2017, 38, 1867–1876. [CrossRef]

81. An, H.-T.; Yoo, S.; Ko, J. α-Actinin-4 induces the epithelial-to-mesenchymal transition and tumorigenesis via regulation of Snail
expression and β-catenin stabilization in cervical cancer. Oncogene 2016, 35, 5893–5904. [CrossRef]

82. Xia, L.; Tan, S.; Zhou, Y.; Lin, J.; Wang, H.; Oyang, L.; Tian, Y.; Liu, L.; Su, M.; Wang, H.; et al. Role of the NFκB-signaling pathway
in cancer. OncoTargets Ther. 2018, 11, 2063–2073. [CrossRef] [PubMed]

83. Zhao, X.; Hsu, K.-S.; Lim, J.H.; Bruggeman, L.A.; Kao, H.-Y. α-Actinin 4 potentiates nuclear factor κ-light-chain-enhancer of
activated B-cell (NF-κB) activity in podocytes independent of its cytoplasmic actin binding function. J. Biol. Chem. 2015, 290,
338–349. [CrossRef] [PubMed]

84. Huber, M.A.; Azoitei, N.; Baumann, B.; Grünert, S.; Sommer, A.; Pehamberger, H.; Kraut, N.; Beug, H.; Wirth, T. NF-kappaB is
essential for epithelial-mesenchymal transition and metastasis in a model of breast cancer progression. J. Clin. Investig. 2004, 114,
569–581. [CrossRef]

85. Noro, R.; Honda, K.; Tsuta, K.; Ishii, G.; Maeshima, A.M.; Miura, N.; Furuta, K.; Shibata, T.; Tsuda, H.; Ochiai, A.; et al. Distinct outcome
of stage I lung adenocarcinoma with ACTN4 cell motility gene amplification. Ann. Oncol. 2013, 24, 2594–2600. [CrossRef] [PubMed]

86. Noro, R.; Ishigame, T.; Walsh, N.; Shiraishi, K.; Robles, A.I.; Ryan, B.M.; Schetter, A.J.; Bowman, E.D.; Welsh, J.A.; Seike, M.; et al.
A Two-Gene Prognostic Classifier for Early-Stage Lung Squamous Cell Carcinoma in Multiple Large-Scale and Geographically
Diverse Cohorts. J. Thorac. Oncol. 2017, 12, 65–76. [CrossRef]

87. Yamagata, N.; Shyr, Y.; Yanagisawa, K.; Edgerton, M.; Dang, T.P.; Gonzalez, A.; Nadaf, S.; Larsen, P.; Roberts, J.R.; Nesbitt, J.C.; et al. A
training-testing approach to the molecular classification of resected non-small cell lung cancer. Clin. Cancer Res. 2003, 9, 4695–4704.
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