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Simple Summary: Lymph nodes (LNs) metastasis is one of the most important factors affecting the
outcome of non-small cell lung. The aim of this study is to explore whether presence of oncogenic
alterations in histologically-negative lymph nodes (LNs) can be of prognostic significance in stage
I lung adenocarcinoma (LUAD). We confirmed that presence of oncogenic alterations in regional
LN may be associated with higher risks of postsurgical recurrence of Stage I LUAD, particularly
for certain molecular subgroups. These results warranted future studies on larger cohort of NSCLC
patients using more comprehensive cancer gene panels to establish the clinical impact of molecular
LN occult metastasis for localized NSCLC and identify Stage I patients at high risks for recurrence
for appropriate adjuvant therapy.

Abstract: Background: Survival of patients with stage I non-small cell lung cancer (NSCLC) varies
greatly. We sought to explore whether presence of oncogenic alterations in histologically-negative
lymph nodes (LNs) can be of prognostic significance in stage I lung adenocarcinoma (LUAD).
Methods: Genomic analysis of oncogenic alterations was applied to 123 stage I LUAD tumors. The
same genomic variants identified in primary tumors were examined in corresponding histologically-
negative LNs. Results: A total of 102 (82.9%) patients had at least one canonical oncogenic alteration
detected in primary tumors, and 57 LNs from 12 patients (11.8%) were found to carry the identical
oncogenic alterations detected in the corresponding primary tumor tissues, including EGFR mutations
(six cases), KRAS mutations (three cases), ALK fusion (one case), BRAF mutation (one case) and HER2
& NRAS co-mutations (one case). None of these LNs was found to have occult tumor cells by routine
pathological assessment or immunohistochemistry staining using antibodies against pan-cytokeratins
(AE1/AE3) and the epithelial marker Ber-EP4. The detection rate of oncogenenic alterations in LN was
significantly higher in RAS-mutant tumors than EGFR mutant tumors (36.36% verse 7.41%, p = 0.017).
Patients with oncogenic alterations in LN showed inferior disease-free survival (DFS, p = 0.025) and
overall survival (OS, p = 0.027). Furthermore, patients with RAS-mutations detected in LN had the
worst DFS and OS (p = 0.001). Among the 11 patients with RAS mutation in primary tumors, DFS and
OS in the four patients with mutations detected in LN were significantly shorter than the remaining
seven patients without mutations LN (DFS, p = 0.001, OS, p = 0.002). Conclusions: Genomic analysis
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has the potential to detect oncogenic alterations in regional LNs for localized LUAD and presence
of oncogenic alterations in regional LN may be associated with inferior clinical outcome of stage I
LUAD, particularly for certain molecular subgroups. ClinicalTrials.gov ID NCT04266691

Keywords: oncogenic alteration; lymph node; stage I lung adenocarcinoma; prognosis; genomic analysis

1. Introduction

Lung cancer is the leading cause of cancer deaths worldwide. Lymph node (LN) metas-
tasis is considered as one of the most important prognostic factors affecting the survival
of localized non-small cell lung cancer (NSCLC). The 5-year survival is less than 50% for
patients with LN positive NSCLC [1]. On the other hand, the prognosis varies greatly in
patients without LN involvement [2]. One possible explanation are occult micrometastases
(OM) in regional LNs undetected by routine pathological assessment [3,4], leading to inac-
curate staging and suboptimal treatment. Improved LN staging is of importance for more
accurate prognostication and to identify patients, who are at higher risks of postsurgical
recurrence and may benefit from adjuvant therapy.

In the era of precision medicine, diagnosis and prognostication of cancer patients rely
heavily on molecular biomarkers in addition to traditional pathology assessment. Over
the past decade, great efforts have been made to improve methods to detect OMs at the
molecular level by immunohistochemical (IHC) for epithelium-specific proteins or tumor
associated proteins [5–7], reverse transcription-polymerase chain reaction (RT-PCR) of
tumor associated mRNA [3,8] etc. However, since these markers were not specific to lung
cancer, the accuracy of these assays has been in question. Moreover, whether OM in LNs is
associated with higher risk of recurrence and poorer survival remains controversial, likely
due to suboptimal markers and/or technologies [3,6,9,10].

Genomic aberrations in oncogenes such as epidermal growth factor receptor (EGFR)
mutations and anaplastic lymphoma kinase (ALK) fusions have defined different molecular
subtypes of NSCLC with unique cancer biology and response to matched tyrosine kinase
inhibitors (TKI) [11]. As these oncogenic drivers are highly specific to certain molecular
subtypes of NSCLCs, they could be potentially ideal biomarkers to detect lymph node
molecular alterations. In the present study, we sought to employ genomic analysis of
canonical oncogene alterations frequently identified in lung adenocarcinoma (LUAD) in
histologically-negative LNs from stage I LUAD patients to detect molecular alterations and
assess its prognostic value.

2. Patients and Methods
2.1. Patients

Patients with stage I LUAD who underwent surgical resection with curative intent
between January 2009 and December 2015 in the Cancer Hospital of the University of
Chinese Academy of Sciences in China (study registration number: NCT 04266691 at
ClinicalTrial.Gov). All enrolled patients had mediastinal LN dissection and the treating
surgeons decided the stations of LN sampling. Pathological diagnoses were independently
confirmed by two pathologists. Only patients with pathological stage I disease with tumor
≤4 cm (T1–T2aN0M0) based on the 8th Edition of the American Joint Committee on
Cancer (AJCC) Staging Manual were included in this study [12]. Patients who received
neoadjuvant chemotherapy, had R1 resection or inadequate tumor specimens were excluded
from subsequent genomic analysis. All patients were followed up until death or censored
since the date from their primary surgery. The survival data was locked on 26 June 2019.
This study was approved by the institutional review board of the Cancer Hospital of the
University of Chinese Academy of Sciences (No. IRB-2021-387).
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2.2. Specimen Processing and DNA/RNA Extraction

The formalin-fixed paraffin-embedded (FFPE) tumor tissues from each patient was
collected and subjected to DNA/RNA co-extraction using DNA and RNA Extraction Kits
(Amoy Diagnostics, Xiamen, China). If gene alterations were identified in the primary
LUAD tumors, the corresponding LNs were collected and DNA/RNA was subsequently
extracted separately. Genomic analysis for LNs were performed on 10-µm-thick FFPE
tissues using tissue scrolls. AmoyDx FFPE DNA Kit (Amoy Diagnostics) or AmoyDx FFPE
RNA Kit (Amoy Diagnostics) was used for DNA or RNA extraction from LNs, respectively.

2.3. Detection of Oncogenic Gene Alterations in Lung Cancer Specimens

Oncogenic alterations of EGFR, ALK, ROS1, RET, KRAS, BRAF, HER2, NRAS, and
PIK3CA were detected by fluorescence quantitative PCR in tumor samples using Stratagene
Mx3000P™ and AmoyDx Multi-Gene Mutations Detection Kit (Amoy Diagnostics, Xiamen,
China). Fusions of ALK, ROS1 and RET genes were identified by mRNA-based methods us-
ing specific primers and fluorescent probes in a one-step RT-PCR [13] and point mutations
in EGFR, KRAS, BRAF, NRAS, HER2, and PIK3CA genes were identified using the ADx-
amplification refractory mutation system (ARMS) as previously described [14]. Only the
canonical oncogenic mutations such as EGFR L858R/19Del/T790M, KRAS G12C/A/V/R,
BRAF V600E, NRAS G12C/R/V/A, PIK3CA E545K, HER2 20ins etc. were included in
the current study. This sensitive ARMs-qPCR assay can detect mutations present in as
low as 1% of cell population [15]. The results were confirmed according to the manufac-
turer’s guidelines.

2.4. Detection of Oncogenic Gene Alterations in Lymph Nodes

If genetic alterations were found in the primary lung cancer tissues, the corresponding
LNs were examined for these same variants. A total of 1418 LNs from different LN stations
were classified based on 8th Edition of the AJCC staging and all the patients did mediastinal
lymph node dissection [12]. N1 LNs included ipsilateral peribronchial and/or ipsilateral
hilar LNs and intrapulmonary nodes, while N2 LNs included ipsilateral mediastinal and/or
subcarinal LNs. LNs of the same LN station were pooled for DNA/RNA extraction and
sequencing. Skip metastasis in N2 LNs was defined as driver gene mutations detected in
N2 but not in N1 LNs. All histologically negative LNs were examined by two pathologists
independently prior to DNA/RNA extraction.

2.5. Immunohistochemical (IHC) Detection of Occult Lymph Node Metastases

IHC assay was performed to detect micrometastases using antibodies against pan-
cytokeratin (AE1/AE3, dilution 1:100, ZhongShan JinQiao, Beijing, China) and the epithelial
marker Ber-EP4 (dilution 1:25, Maixin, Fujian, China) [3,16] in LNs with mutations detected
by PCR assay. FFPE tissue blocks were cut into 4-µm-thick sections and attached to a
positive-charged glass slide. IHC staining of AE1/AE3 and Ber-EP4 were carried out
with a Bond-III automatic IHC staining device (Leica Biosystems, Wetzlar, Germany) as
previously described [17]. Small tumor deposits or solitary tumor cells were defined as
micrometastases or occult metastases.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS statistics version 22.0 (IBM Corp.,
Armonk, NY, USA). The categorical variables were described as number (percentage) and
the continuous variables were described as means and standard deviations (SD). Pearson
Chi-square test or Fisher’s exact test was used to compare between categorical variables, as
appropriate. Kaplan-Meier (K-M) analysis was used and differences between the groups
were evaluated by the log-rank test. The overall survival (OS) was defined as the time
from the date of the first surgery to the date of death from any cause or the date of the last
follow-up. Disease-free survival (DFS) was considered as the time from the date of the
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initial surgery until the date of diagnosis of the initial recurrence or death from any cause.
A two-sided p-value < 0.05 was considered statistically significant.

3. Results
3.1. Patients’ Characteristics

A total of 140 patients with stage I LUAD who underwent surgical resection with
curative intent between January 2009 and December 2015 and had final pathology staging
of pN0 were enrolled (NCT 04266691). Fifteen patients were excluded including eight
patients who received neoadjuvant chemotherapy, three patients with R1 resection and
four patients with inadequate tumor specimens (Figure 1). The H&E slides of all primary
tumors and LNs from these 125 patients were independently reviewed by two experienced
pathologists to confirm the diagnosis. All LNs were re-cut and the first as well as the
last recut slides were evaluated to rule out any metastatic involvement. LN metastasis
was identified in two of the 125 (1.6%) patients after meticulous review. A small locus
of metastasis (2.2 mm) was missed in the original paraffin section in one patient and for
the other patient, metastasis was not present in the original section, but a 1.6 mm locus
of metastasis was found after re-sectioning. These two patients were excluded from the
subsequent genomic analyses (Figure 1).
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Figure 1. Study scheme. A total of 140 patients were initially quired and 17 patients were excluded
because of receiving neoadjuvant chemotherapy (n = 8), R1 resection (n = 3), inadequate tumor
specimens (n = 4) or identification of LN metastasis at the time of FFPE block sectioning. Finally, the
remaining 123 eligible patients were subjected to subsequent analyses.

The remaining 123 cases were subjected to genomic analysis. There were 78 (63.4%)
male and 45 (36.6%) female patients, with a mean age of 61 (ranging from 44 to 77 years
old). Never smokers constituted 56.1% (n = 69) of the cohort and 41 (33.3%) patients had
a family history of lung cancer (Table 1). All patients had peripheral LUAD. 113 (91.9%)
patients received lobectomies and 10 (8.1%) patients received segmentectomies. All patients
had mediastinal lymph node dissection. Among the 123 patients, seven were found to have
only N1 LNs but no N2 LN tissues (fibrous tissues instead) in the final pathology despite
mediastinal lymph node dissection was performed. The mean number of resected lymph
nodes was 14.5 ± 7.4 (range 1 to 38). With a median follow up of 48.7 months, 24 (19.5%)
patients have recurred and 12 of these 24 patients expired, while all 99 (80.5%) patients
without recurrence were alive at the date of data lock. The median disease-free survival
(DFS) was 47.64 months (ranging from 1 to 113 months) and the median overall survival



Cancers 2022, 14, 824 5 of 12

(OS) was 48.69 months (ranging from 12 to 113 months). Age, sex, smoking status, tumor
size or lympho-vascular invasion was not found to associate with the patients’ outcome,
which may be due to small sample size of the current cohort [18–21].

Table 1. Clinical characteristics of 123 stage I LUAD with or without oncogenic alterations.

Characteristic Total (N = 123) Without Genetic Alterations
in Tumor (N = 21)

With Genetic Alterations
in Tumor (N = 102) p-Value

Age ≤60 55 (44.7%) 12 (21.8%) 43 (78.2%)
>60 68 (55.3%) 9 (13.2%) 59 (86.6%) 0.208

Sex Male 78 (63.4%) 16 (20.5%) 62 (79.5%)
Female 45 (36.6%) 5 (11.1%) 40 (88.9%) 0.182

Smoke No 69 (56.1%) 6 (8.7%) 63 (91.3%)
Yes 54 (43.9%) 15 (27.8%) 39 (72.2%) 0.005

Family history No 82 (66.7%) 11 (13.4%) 71 (86.6%)
Yes 41 (33.3%) 10 (24.4%) 31 (75.6%) 0.127

Tumor Size ≤3 cm 107 (87.0%) 18 (16.8%) 89 (83.2%)
>3 cm 16 (13.0%) 3 (18.8%) 13 (81.3%) 0.736

Surgery type Lobectomies 113 (91.9%) 18 (15.9%) 95 (84.1%)
Segmentectomies 10 (8.1%) 3 (30.0%) 7 (70.0%) 0.372

p was calculated by Chi-square test or Fisher’s exact test.

3.2. Oncogenic Alternations in Primary Lung Adenocarcinoma Specimens

As shown in Table 1, at least one oncogenic alteration was detected in the primary
lung cancer tissues from 102 of the 123 patients (82.93%) including EGFR mutations in
81 patients (65.85%), KRAS mutations in nine patients (7.32%), ALK fusions in three patients
(2.44%), NRAS mutations in one patient (0.81%), HER2 mutations in two patients (1.63%),
RET fusions in two patients (1.63%), ROS1 fusion in one patient (0.81%), BRAF mutation
in one patient (0.81%), PIK3CA & EGFR co-mutations in one patient (0.81%) and HER2
& NRAS co-mutations in one patient (0.81%) (Table 2). Presence of driver mutations was
associated with never smoker (Table 1).

Table 2. Oncogenic gene alterations status in primary lung cancer tissues from 123 patients.

Gene Type Mutations in Primary Lung Cancer Tissues
No. %

Wild Type 21 17.07
EGFR mutation 81 65.85
KRAS mutation 9 7.32
NRAS mutation 1 0.81
HER2 mutation 2 1.63

ALK fusion 3 2.44
RET fusion 2 1.63

ROS1 fusion 1 0.81
BRAF mutation 1 0.81

PIK3CA&EGFR mutations 1 0.81
HER2&NRAS mutations 1 0.81

3.3. Oncogenic Alternations Were Present in Histologically Negative Lymph Nodes

If genetic alterations were identified in the primary lung cancer tissues, the LNs from
the same patients were sequenced for the same genes. A total of 1418 morphologically
negative LNs from 102 patients with oncogenic alterations identified in primary tumors
were subjected to genomic analysis of same variants in their corresponding primary tumors.
Totally, 57 LNs from 12 of the 102 patients (11.8%) were found to carry the identical
oncogenic alterations detected in the corresponding primary NSCLC tumor tissues. Among
12 cases, six were EGFR mutations, three were KRAS mutations, one was an ALK fusion, one
was a BRAF mutation and one was HER2 & NRAS co-mutations (Table 3). To exclude occult
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tumor cell metastasis, all of these positive LNs were analyzed by IHC for pan-cytokeratin
(AE1/AE3) and Ber-EP4 and none of these LNs had cancer cells detected (Figure S1).
Among these 12 patients, eight patients had N1 LN-only oncogenic alternations (five with
LNEGFR Mutation, two with LNKRAS Mutation, one with LNALK Fusion), three patients had N2
LN-only oncogenic alternations (one with LNEGFR Mutation, one with LNKRAS Mutation, one
with LNBRAF Mutation) and one patient was found to have oncogenic alternations in both
N1 and N2 LNs (LNHER2/NRAS co-Mutation in N1 while LNNRAS Mutation in N2, Figure 2 and
Table 3). The rate of LN oncogenic alternations in patients with RAS (NRAS or KRAS or
NRAS/HER2) was significantly higher than those with EGFR mutation (4/11 verse 6/81,
p = 0.017, Table 4).

Table 3. Clinical characteristics in 12 patients with lymph node molecular alterations.

Molecular Alteration Type Number
(Percentage)

Lymph Node
Station

Average Age
(Year)

Total 12 56.4
EGFR mutation 6 (50%) N1; N2 63.5

ALK fusion 1 (8.3%) N1 58
KRAS mutation 3 (25%) N1; N2 59.6

Her2&NRAS mutaions 1 (8.3%) N1 & N2 51
BRAF mutation 1 (8.3%) N2 71

Table 4. Rate of LN molecular alterations in patients with EGFR or RAS mutations.

No LN Molecular
Alterations

LN Molecular
Alterations p

EGFR mutation 75 (92.59%) 6 (7.41%)
0.017RAS mutation 7 (63.64%) 4 (36.36%)

p was calculated by Fisher’s exact test.
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Figure 2. Disease-free survival (A) and overall survival (B) of patients with LN molecular alterations
of different oncogenic mutations. Different colors represent those molecular alterations in different
LN stations. Arrows indicate that patients had no recurrence or death.

3.4. Oncogenic Alternations in LN Impacts Survival

With the small sample size fully acknowledged, we next sought to investigate whether
the presence of oncogenic alternations in LN impacts survival of histologically LN-negative
stage I LUAD. The median age of these 12 patients was 56.4 years old with the median DFS
of 51.9 months and median OS of 70 months (Figure 2 and Table 3). Among these 12 patients,
all three patients with LNKRAS Mutation recurred at 45.6, 4.9, 16.4 months and expired at 67.6,
21.5 and 21.9 months post-surgery, respectively. The patient with LNHER2 & NRAS co-Mutations

also recurred 15 months and expired 29 months post-surgery. On the other hand, only one
of the six patients with LNEGFR Mutation recurred 6 months post-surgery and was still alive
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while the other five patients were all alive without recurrence at the time of data lock, with
a median DFS of 70.6 months and median OS of 71.2 months. In addition, the patient with
LNALK fusion and the patient with LNBRAF Mutation did not recur with OS of 47.31 months
and 47.74 months, respectively.

Among the 102 patients with oncogenic alternations detected in primary tumor tissues,
the median DFS or OS has not been reached, but the 12 patients with oncogenic alternations
in LN had shorter DFS and OS (DFS: p = 0.025, OS: p = 0.027, Figure 3A,B). Of particular
interest, patients with RAS mutations identified in LN (including KRAS mutation and
HER2 & NRAS co-mutations) showed the worst DFS and OS (p < 0.001, Figure 3C,D) among
these 102 patients, suggesting RAS mutations in LN may be a poor prognostic factor for
histologically stage I LUAD.
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Comparison of DFS (A) and OS (B) between patients with molecular alterations in LN (LNMT, green
line) versus those without molecular alterations in LN (LNNegative, blue line). Comparison of DFS
(C) and OS (D) of patients carrying EGFR molecular alterations in LN (LNEGFR MT, green line), RAS
molecular alterations in LN (LNRAS MT, yellow line), other molecular alterations in LN (LNOther MT

purple line) and patients without molecular alterations in LN (LNNegative, blue line). Comparison of
DFS (E) and OS (F) of EGFR-mutant patients with molecular alterations in LN (LungEGFR MTLNEGFR

MT, green line), EGFR-mutant patients without molecular alterations in LN (LungEGFR MTLN Negative,
blue line), RAS-mutant patients with molecular alterations in LN (LungRAS MTLNRAS MT, purple
line), and RAS-mutant patients without molecular alterations in LN (LungRAS MTLN Negative, yellow
line). p was determined with the log-rank test.

Furthermore, among the 11 patients with RAS mutations in primary lung cancer tis-
sues, DFS and OS in the four patients with RAS mutations detected in LN were significantly
shorter than the remaining seven patients without mutations in LN (DFS: 15.1 months
versus 90 months, p = 0.001; OS: 21.9 months versus 90 months, p = 0.002). On the other
hand, among the 81 patients with EGFR mutations detected in primary lung cancer tissues,
the median DFS or OS has not been reached and the survival of the six patients with
mutations detected in LN was not different from their counterparts without mutations in
LN (DFS: p = 0.904; OS: p = 0.278, Figure 3E,F).

4. Discussion

Lymph node metastasis is one of the most important prognostic factors for many
localized malignancies, including LUAD [22,23] and routine histologic assessment may not
be always satisfactory. Serial sectioning of sentinel LN has been demonstrated efficacy to
detect small metastases in melanoma [24]. We were able to identify small LN metastasis
from two patients that were missed by routine postsurgical pathologic assessment in
the current study. However, serial LN sectioning and histological assessment of LNs
is time-consuming and subjective to human errors. As such, molecular OM have been
scrutinized. For example, it was shown that dissemination of lung cancer cells to regional
LN and distant organs can be detected by immunohistochemical (IHC) using monoclonal
antibodies against epithelium-specific proteins or tumor-specific biomarkers [5–7]. Reverse
transcription-polymerase chain reaction (RT-PCR) of tumor associated mRNA such as
carcinoma embryonic antigen (CEA) mRNA [3] and mucin type 1 (MUC1) mRNAs [8]
was also demonstrated having the potential to identify a small number of tumor cells
in histologically negative LN from NSCLC patients. However, none of these markers is
specific to lung cancers and RNA/protein expression of these genes may vary significantly
in different cancer cells (spatial heterogeneity) [25,26] and change during disease course
(temporal heterogeneity) [27,28]. These limitations have precluded the prognostic values
of these assays. Genomic alterations of cancer genes are ideal markers because: (1) cancer
gene alterations are often specific to cancers; (2) the majority of these cancer gene mutations
are clonal thus are present in all tumor cells [29] including LN metastasis [30]; (3) the
technologies for genomic analysis are mature and reproducible.

In the current study, we sought to assess the feasibility of genomic analysis of onco-
genes to detect molecular OM in histologically negative LNs in stage I LUAD. Oncogenic
alternations were identified from 12 patients, accounting for 11.8% of patients with onco-
genic alternations detected in primary tumors, which further confirmed by IHC that showed
no isolated tumor cells. This incidence of 11.8% was likely underestimated since only nine
oncogenes were analyzed. As such, genomic alternations in regional LNs may be detected
in a much larger proportion of stage I LUAD patients if additional commonly mutated
cancer genes were included. These findings may be of significant impact given the high
incidence of lung cancers.

Interestingly, the detection rate of oncogenic alterations in LNs was significantly higher
in RAS-mutant (NRAS or KRAS or NRAS/HER2) patients than EGFR-mutant patients in our
cohort (Table 4). Furthermore, patients with RAS mutations detected in LNs had significant
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shorter survival (Figure 3C,D). Lung cancer is a heterogeneous disease. In addition to
histology and staging, cancer gene mutations define cancer biologic and clinical features
including patterns of local and distant spread. For example, Liu et al. reported that ROS1
rearrangement, RET mutation and ALK rearrangement had higher risks of LN metastasis
than other genotypes [31]. Our results suggested that RAS-mutant lung cancers may be at
higher risks having molecular OM in regional LN.

The next important question is whether LN OM defined by the presence of oncogenic
alterations can inform adjuvant therapies. Adjuvant chemotherapy only provides minimal
if any survival benefit for patients with stage I NSCLC [32]. As such adjuvant chemotherapy
is not recommended for patients with stage I NSCLC without other high-risk features
although a considerable proportion of stage I lung cancer patients still recur [32,33]. As
the goal of adjuvant therapy is to eliminate OM (stages and other high-risk features are
surrogates for OM), detecting actual OM using molecular assays such as liquid biopsy and
molecular profiling of histologically negative LN can serve as better surrogates to identify
high-risk patients with OM, who may benefit from adjuvant therapy. However, routinely
profiling all histologically LNs from all patients can put a large financial burden to patients
and/or medical system. As such, these assays should be applied selectively to patients
who may benefit from certain adjuvant therapies. Importantly, with the data emerging to
support adjuvant targeted therapy in patients with targetable mutations [34] and immune
therapy in patients without [35], molecular profiling has been gradually adapted to resected
NSCLCs tumors. While it is still controversial whether all stage I lung cancer patients with
targetable molecular changes would benefit from adjuvant TKI, patients with confirmed
molecular OM in LNs are reasonable candidates for adjuvant targeted therapies. Therefore,
a potentially cost-effective approach would be to test LNs from patients with stage I lung
cancer that had mutations detected in primary tumors. If mutations are detected in LNs,
these patients may be at higher risk of recurrence and therefore can be considered for
adjuvant targeted therapy, chemotherapy and/or immunotherapy. Furthermore, pooling
DNA from multiple LNs and using targeted panel based on the mutations detected in the
primary tumors could be considered to further reduce the cost.

One caveat of studies on oncogenic alterations in regional LN, including the current
study is that the definition of molecular occult metastasis is still controversial. For example,
in breast cancers, even isolated tumor cells (ITC; or ≤0.2 mm) in LNs detected by HE/IHC
or positive molecular findings by RT-PCR without evidence for metastasis do not correlate
with recurrence or survival and are therefore not defined as metastasis-positive cells in
the TNM classification [36–38]. In our study, the oncogenic alterations identical to those in
primary LUAD tumors were detected in regional LNs indicating these genomic alterations
were from the same cancer cells. However, whether these alterations were from micro-
metastatic cancer cells in LN or cell free tumor DNA transported by lymph fluid [39–41] or
phagocytic immune cells of the regional lymph nodes [42,43] is unclear. Nevertheless, even
with only 12 patients with oncogenic alterations detected in LN, we observed a trend that
presence of oncogenic mutations in regional LN may be associated with inferior clinical
outcome, particularly in patients with RAS-mutant LUADs.

To the best of our knowledge, this is the first study to identify oncogenic mutations
in histologically-negative LNs on a large cohort of stage I LUAD patients. As a proof-
of-concept, our results demonstrated that is feasible to detect cancer gene alterations in
regional LN of localized LUAD by genomic analysis and suggested that the presence of
oncogenic alterations in regional LN may be associated with higher risks of postsurgical
recurrence of stage I LUAD, particularly for certain molecular subgroups. These intriguing
results warrant future studies on a larger cohort of NSCLC patients using more comprehen-
sive cancer gene panels to establish the clinical impact of molecular LN occult metastasis for
localized NSCLC and identify stage I patients at high risks for recurrence for appropriate
adjuvant therapy.
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5. Conclusions

Genomic analysis has the potential to detect oncogenic alterations in regional LNs for
stage I LUAD and presence of oncogenic alterations in regional LN may be associated with
inferior clinical outcome of stage I LUAD, particularly for certain molecular subgroups.
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