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Abstract N\
Lung cancer is the most common cause of cancer-associated death worldwide. Postoperative relapse and subsequent metastasis |
result in a high mortality rate, even in early stage lung cancer. MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene
expression at the post-transcriptional level and are frequently dysregulated in various cancers. The aim of this study was to identify
recurrence-associated miRNAs in early stage lung cancer. To screen for differentially expressed miRNAs related to postoperative
recurrence, MIBNA microarray data derived from stage | lung adenocarcinoma formalin-fixed paraffin-embedded (FFPE) tissue
samples (n=06) and publically available the Cancer Genome Atlas (TCGA) data were analyzed. An independent sample (n=29) was
used to validate candidate miRNAs by quantitative real-time polymerase chain reaction (QRT-PCR). In miRNA expression profiling, we
identified 60 significantly dysregulated miRNAs in the relapsed group. Additionally, 20 dysregulated miRNAs were found using TCGA
data set. Three miRNAs (let-7g-5p, miR-143-3p, and miR-374a-5p) were associated with postoperative recurrence in both
microarray and TCGA data sets. All 3 candidate miRNAs were validated in the independent cohort of stage | adenocarcinoma by
gRT-PCR. We discovered 3 recurrence-associated miRNAs of stage | lung adenocarcinoma samples using FFPE tissue, which
showed possible clinical utility as biomarkers predicting recurrence after curative surgery. Further investigation of the functional
properties of these MIRNAs is needed.

Abbreviations: Axin2 = axis inhibition protein 2, FFPE = formalin-fixed paraffin-embedded, FoxO1 = forkhead box protein O1,
mMiRNAs = microRNAs, NSCLC = non-small cell lung cancer, gRT-PCR = quantitative real-time polymerase chain reaction, RPKM =
reads per kilobase per million mapped reads, TCGA = The Cancer Genome Atlas, TGF-a = transforming growth factor alpha.
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1. Introduction

Primary lung cancer is the leading cause of cancer mortality
worldwide."! Death due to lung cancer is primarily due to
recurrence or distant metastasis. After curative surgery of early
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non-small cell lung carcinoma, the possibility of recurrence and
overall prognosis are evaluated primarily by assessment of
histopathologic characteristics such as tumor size, histologic
type, differentiation, and lymph-vascular or pleural invasion.”!
According to the National Comprehensive Cancer Network,
patients with lung adenocarcinoma advanced beyond stage II
should receive adjuvant chemotherapy and/or radiotherapy after
curative surgery (https://www.ncen.org/). However, guidelines
for patients with stage I adenocarcinoma are not clear yet, and
only high-risk patients derive substantial benefit from adjuvant
therapy. Therefore, biomarkers predicting recurrence in early
lung cancer are needed to improve management.

MicroRNAs (miRNAs) are short (~22 nucleotides) non-protein-
coding RNAs first discovered in 1993.13' MiRNAs negatively
regulate gene expression either by suppressing mRNA translation
or by causing mRNA degradation at the post-transcriptional
level.®! They have been found to be important in physiologic
processes including inflammation, metabolism, differentiation,
cell-cycle regulation, and apoptosis. High throughput analyses
have shown that miRNA expression is commonly deregulated in
cancer tissue compared to normal tissue.¥ This dysregulation is
associated with the development and progression of malignant
tumors with the miRNAs functioning as oncogenes or tumor
suppressor genes in various human cancers."”! Cancer-related
miRNAs have a role in almost all hallmarks of cancer such as
cell proliferation, apoptosis, genomic instability, angiogenesis,
immune response, invasion, and metastasis.!®!

The RNA expression analysis using formalin-fixed paraffin-
embedded (FFPE) samples is limited by the lower RNA quality
than that obtained from fresh frozen samples.””! However,
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miRNAs are not affected by formalin fixation-induced cross-
linking, and this can result in FFPE miRNA expression levels
similar to those found in fresh-frozen tissue even though FFPE
samples exhibit near total degradation of mRNA.®! Several other
studies have shown that miRNAs are expressed at reliable levels
in FFPE tissue compared with fresh frozen samples.”~"®! Tumor
specimens are routinely stored as FFPE blocks, and these can be
linked with clinical follow-up information. Therefore, a study can
be conducted using FFPE tissue to evaluate miRNA as a new
diagnostic, prognostic, and predictive biomarker.

In this study, we identified miRNAs associated with recurrence
of early lung adenocarcinoma after curative surgery using
archived FFPE specimens.

2. Materials and methods

2.1. Patients and tissue specimens

For miRNA expression profiling, 6 patients with relapsed or
recurrent-free stage I lung adenocarcinoma after curative surgical
excision at Hanyang University Hospital in Korea were enrolled.
To validate the miRNA profiling data, 29 independent patients
with stage I lung adenocarcinoma who underwent primary
surgical treatment were enrolled in the study. This study was
approved by the Institutional Review Board of Hanyang
University Hospital (IRB file no. 2016-07-038).

2.2. RNA extraction

Total RNA was extracted from FFPE tumor tissues with the
miRNeasy FFPE kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. The concentration of RNA was
evaluated using a NanoDrop 2000 (NanoDrop Technologies,
Waltham, MA), and RNA quality was assessed by an Agilent
2100 bioanalyzer (Agilent Technologies, CA). Hematoxylin and
eosin-stained slides were reviewed to identify areas of tumor with
minimal necrosis and non-neoplastic lung parenchyme. Slides
and blocks were aligned, and the non-neoplastic areas were
trimmed out. Three or four 10-wm-thick tissue sections were
obtained from each of the trimmed FFPE blocks.

2.3. MiRNA microarray and data analysis

The MIRNA expression profiling was performed using the
miRCURY LNA microRNA array kit (Exiqon, Vedbaek,
Denmark) according to the manufacturer’s protocol. This array
contains 3100 capture probes covering human miRNAs in
miRBase v. 19.0. Slides were scanned using an Agilent C scanner
(Agilent Technologies). Next, scanned images were imported into
GenePix Pro 5.1 software (Axon Instruments, Foster City, CA) for
grid alignment and data extraction. Expressed data were
normalized using quantile normalization. After normalization,
miRNAs that were significantly differentially expressed between
the 2 groups were identified through fold changes (>1.5) and P-
values (<.05). The sample number was limited; thus, we did not
perform a multiple hypotheses testing, such as false discovery rate.
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2.4. The Cancer Genome Atlas miRNA data set

Level 3 miRNA-seq isoform quantification data and correspond-
ing clinical data for 450 lung adenocarcinoma specimens
obtained using illumine HiSeq were downloaded from The
Cancer Genome Atlas (TCGA) data portal (https://tcga-data.nci.
nih.gov/tcga/tcgaHome2.jsp). We only selected patients with
stage I lung adenocarcinoma with follow-up data, resulting in
inclusion of 277 cases. The patients consisted of 216 Caucasians,
27 Black or African Americans, 6 Asians, and 28 unknowns.
Mean miRNA expression more than 10 reads per kilobase per
million mapped reads (RPKM) in each group was used to
calculate fold changes and P-values.

2.5. Quantitative real-time polymerase chain reaction

To convert RNA into complimentary DNA, we used a Universal
c¢DNA synthesis kit (Exiqon) according to the manufacturer’s
protocol. Expression of let-7g-5p, miRNA-143-3p, and miRNA-
374a-5p was measured by quantitative real-time polymerase
chain reaction (QRT-PCR) using a specific primer set (microRNA
LNA PCR primer set; Exiqon) and ExiLENT SYBR Green Master
mix (Exiqon). Primers used in the experiments are listed in
Table 1. Amplification was performed using a CFX96 thermo-
cycler (Bio-Rad, Hercules, CA). PCR parameters were as follows:
95°C for 15 minutes, followed by 45 cycles of 95°C for 10 seconds
and 60°C for 1 minute. Melting curve analysis was performed at
the end of the PCR cycle. The expression level of each miRNA
was normalized using U6 small nuclear RNA (RNU6B), and
relative expression was calculated with the 224 method.

2.6. Statistical analysis

Statistical analysis was performed using SPSS 21.0 software for
Windows (SPSS Inc, Chicago, IL). Two groups were compared
using Student ¢ test. P-values <.05 were considered statistically
significant.

3. Results

3.1. Identification of recurrence-associated miRNAs in
early lung adenocarcinoma by microarray analysis

Microarray analysis was used to identify recurrence-associated
miRNAs in lung adenocarcinoma. We compared the miRNA
expression profiles of 3 stage I lung adenocarcinomas with
recurrence within 2 years and 3 relapse-free stage I cases with a
follow-up interval of more than 5 years after curative surgery.
None of the 6 patients received adjuvant therapy after surgery.
On histologic examination, none of the cases had pleural,
lymphovascular, or perineural invasion (Table 2). The mean
follow-up time of patients without recurrence was 95 months
(range, 93-96 months). That of relapsed patients was 9.67
months (range, 5-14 months). Through comparison of these 2
profiles, we identified 36 upregulated and 24 downregulated

MicroRNA primer name, miRBase 19.0 ID, and sequence information.

MicroRNA primer (Exigon) MiRNase 19.0 ID Sequence Product no (Exigon) miRBase accession number
hsa-let-79-5p hsa-let-7g-5p UGAGGUAGUAGUUUGUACAGUU 204565 MIMAT0000414
hsa-miR-143-3p hsa-miR-143-3p UGAGAUGAAGCACUGUAGCUC 205992 MIMAT0000435
hsa-miR-374a-5p hsa-miR-374a-5p UUAUAAUACAACCUGAUAAGUG 204758 MIMAT0000727
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Summary of clinical characteristics of the 6 cases for which microarray analyses were performed.

Case Gender Age Histologic subtype Tumor size (cm) Recurrence Follow-up interval (mo)
#1 Male 62 Lepidic predominant 25 No 96
#2 Male 69 Solid predominant 2.3 No 96
#3 Female 74 Acinar predominant 3.0 No 93
#4 Male 63 Solid predominant 25 Yes 5
#5 Female 42 Solid predominant 2.6 Yes 10
#6 Female 63 Acinar predominant 1.9 Yes 14

miRNAs in relapsed tumors based on a fold change >1.5 and a P-
value <.05 (Table 3).

3.2. Identification of recurrence-associated miRNAs in
early lung adenocarcinoma using TCGA data set

To further assess changes in miRNA expression profiles
associated with recurrence, we used publically available miRNA
expression and clinical data from TCGA. We identified 277 cases
with stage I lung adenocarcinoma, including 68 cases with
recurrence and 209 cases without recurrence (Table 4). The mean

follow-up time of patients without recurrence was 462.66 days
(range, 0-6812 days). That of relapsed patients was 964.72 days
(range, 18-4961 days). Comparing these 2 groups, we identified
14 miRNAs that were significantly upregulated and 6 miRNAs
that were significantly downregulated (Table 5) in the 68 cases
with recurrence.

3.3. Validation of candidate miRNAs by qRT-PCR

We selected 3 candidate miRNAs (let-7g, miR-143, and miR-
374a) identified in both our microarray and TCGA data sets. We

List of differentially expressed microRNAs (miRNAs) between recurrent and non-recurrent tumors based on microarray analysis (fold

change >1.5, P-value <.05).

Upregulated miRNAs in relapsed tumors

Downregulated miRNAs in relapsed tumors

Name Fold change P-value Name Fold change P-value
miR-148a-3p 3.0491 0130 miR-3187-5p 4.2852 .0437
miR-4286 2.9155 0155 miR-4283 2.3759 .0214
miR-4701-5p 2.8183 0452 miR-3936 2.3659 .0243
miR-3128 2.4080 0157 miR-550a-3-5p 2.1218 .0433
miR-767-3p 2.3314 0311 miR-1183 2.0779 .0486
miR-4695-3p 2.1601 .0388 miR-564 1.9096 .0173
miR-3907 2.1346 .0071 miR-551b-3p 1.8418 .0460
miR-138-2-3p 2.0728 0289 miR-5011-5p 1.8344 .0453
miR-1260a 2.0132 .0022 miR-219a-1-3p 1.8037 .0465
miR-2681-5p 1.9784 0239 miR-382-5p 1.7554 .0439
let-7g-5p 1.9698 0159 miR-1295b-5p 1.7348 .0004
let-7f-5p 1.9591 0123 miR-4696 1.7002 .0472
miR-4284 1.9344 .0310 miR-409-3p 1.6726 .0260
miR-5581-3p 1.9177 .0054 miR-490-5p 1.6599 0124
let-7¢c-5p 1.8849 .0228 miR-3661 1.6590 .0278
miR-30a-5p 1.8329 0449 miR-575 1.6393 .0453
miR-4275 1.8109 .0332 miR-548av-5p 1.6267 .0323
miR-2116-3p 1.7641 0148 miR-4636 1.5994 .0429
miR-4732-5p 1.7455 0215 miR-181c-3p 1.5531 .0330
miR-5583-5p 1.7260 0275 miR-4643 1.5434 .0194
miR-30e-5p 1.7234 .0391 miR-4670-5p 1.5410 .0219
miR-519d-3p 1.7134 0313 miR-4746-3p 1.5120 .0193
miR-21-5p 1.6981 0127 miR-550b-2-5p 1.5055 .0194
miR-152-3p 1.6701 0148 miR-3166 1.5042 .0242
miR-933 1.6551 0278

miR-374a-5p 1.6434 0377

miR-338-3p 1.5947 .0014

miR-4699-5p 1.5927 .0031

miR-2115-3p 1.5868 .0352

miR-145-5p 1.5863 .0041

miR-590-3p 1.5671 .0251

miR-143-3p 1.5586 0017

let-7b-5p 1.5383 0318

miR-4276 1.5306 .0043

miR-148b-3p 1.5303 .0384

miR-654-3p 1.5146 0163
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Summary of clinical characteristics of stage | lung adenocarci-
noma in the The Cancer Genome Atlas data set.
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Summary of clinical characteristics of stage | lung adenocarci-
noma samples used in the validation study.

44/68 (64.7%

Relapse-free Relapsed Relapse-free Relapsed
Characteristic group (n=209) group (n=68) Characteristic group (n=16) group (n=13)
Age at diagnosis, mean (range) 65.22 (38-87) 68.00 (39-88) Age at diagnosis, mean (range) 60.76 (43-74) 58.31 (42-75)
Gender (male:female) 88:121 (1:1.38) 28:40 (1:1.43) Gender (male:female) 7:9 (1:1.29 2:11 (1:5.5)
Smoking history (%) 143/209 (69.1%) 45/68 (64.3%) Tumor size (cm) 2.565 (1.5-4.1) 2.738 (1.0-4.8)
( )

Mortality (%)
Mean follow-up interval

0/209 (0%)

462.66 d 964.72 d

performed qRT-PCR to validate the expression of the 3 candidate
miRNAs in independent tumor tissues. Twenty-nine cases with
stage I lung adenocarcinoma were used for validation. Thirteen of
the 29 patients had local recurrence or distant metastasis, while
the remaining 16 patients had no recurrence. None of the patients
received neoadjuvant therapy (Table 6). The mean follow-up time
of patients without recurrence was 1654.12 days. That of
relapsed patients was 833.77 days. We found that the expression
patterns of candidate miRNAs were consistent with the micro-
array data (Fig. 1). The relative expression of let-7g-5p, miR-143-
3p, and miR-374-5p was significantly upregulated in relapsed
tumors.

4. Discussion

Screening for lung cancer with low-dose computed tomography
has increased the detection of early stage lung cancer, which is
feasible to completely resect.'”! However, the relapse rate of
stage I non-small cell lung cancer (NSCLC) is nearly 35%, even
though patients with stage I NSCLC have a better prognosis than
those with higher stage NSCLCs, with a 5-year survival rate
around 80%.!"®! Recurrence is the most common cause of disease
progression and mortality due to NSCLC after curative surgery.
Previous studies have described the clinicopathologic and
molecular parameters predicting recurrence in NSCLC after
complete resection, which include histologic subtype, differenti-
ation, lymphovascular invasion, serum carcinoembryonic anti-
gen level, standard uptake value on positron emission
tomography, and various cancer-specific molecular altera-

Histologic grade
Well differentiated 5 (31.25%) 1 (7.69%)
Moderately differentiated 10 (62.50%) 8 (61.54%)
Poorly differentiated 1 (6.25%) 4 (30.77%)
Mortality (%) 0/16 (0%) 9/13 (69.23%)
Mean follow-up interval 1654.12 d 833.77 d

tions.!"”! These efforts to identify early stage patients at high
risk of recurrence could allow stratification and selection of
patients who need adjuvant therapy and closer surveillance after
surgical treatment. We hypothesized that recurrent stage I lung
adenocarcinomas have different miRNA expression patterns
than relapse-free tumors and that differentially expressed
miRNAs could be used as biomarkers to predict recurrence.
Our microarray profiling data showed that 60 miRNAs were
differentially expressed between relapsed and non-relapsed stage
I lung adenocarcinoma tumors. In addition, we used the publicly
available TCGA data set with miRNA sequencing results and
found 24 recurrence-related miRNAs in stage I lung adenocarci-
nomas. Three candidate miRNAs (let-7g-5p, miR-143-3p, and
miR-374a-5p) were observed in both the microarray and TCGA
data sets, and these miRNAs were further validated by qRT-PCR
in an independent sample set.

Several previous studies have reported specific miRNAs or
expression signatures associated with recurrence of lung cancer.
Patnaik et al evaluated the expression of 752 miRNAs in 77 cases
of stage IA or IBNSCLC (51 adenocarcinomas and 26 squamous
cell carcinomas).'*®! In microarray profiling, 130 (47%) of the
279 expressed miRNAs were found to be differentially expressed,
and 6 miRNA-based classifiers predicting recurrence with an
accuracy of 70% were identified. The 6 miRNA classifiers were
miR-200b, miR-30c-1, miR-510, miR-630, miR-657, and miR-
146b-3p.*°! Lu et al used 357 FFPE tissues to correlate miRNA

List of differentially expressed microRNAs (miRNAs) between recurrent and non-recurrent tumors in the The Cancer Genome Atlas data

set (read per kilobase per million mapped reads >10, P-value <.05).

Upregulated miRNAs in relapsed tumors

Downregulated miRNAs in relapsed tumors

Name Fold change P-value Name Fold change P-value
miR-205 2.1328 .0195 miR-375 1.8839 .0222
miR-450b 1.5395 .0100 miR-30a 1.4237 .0128
miR-130b 1.5044 .0206 miR-23b 1.2143 .0026
miR-19a 1.4023 .0138 miR-497 1.2037 .0495
miR-10b 1.3896 .0202 miR-34a 1.1987 .0471
miR-33a 1.3784 .0226 miR-125a 1.1825 .0472
miR-340 1.2766 .0037

miR-143 1.2555 .0295

let-7f2 1.2396 .0373

miR-185 1.2158 .0220

miR-378 1.2053 .0425

miR-374a 1.1931 0115

miR-32 1.1810 .0345

let-7¢ 1.1735 .0065
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Figure 1. Validation of candidate microRNAs by real-time polymerase chain reaction. Candidate microRNAs (Let-7g-5p, miR-143-3p, and miR-374-5p) are
significantly upregulated in stage | lung adenocarcinoma with recurrence compared to relapse-free tumors.

expression and prognosis in stage IA or IB NSCLCs.?" They
identified 2 miRNA expression signatures associated with
prognosis. The first signature consisted of 34 miRNAs obtained
from 357 stage I NSCLCs without regard to cancer subtype,
whereas the second one consisted of 27 miRNAs obtained from
189 stage I lung adenocarcinomas. Then, using an independent
cohort of 170 stage I NSCLCs, mostly adenocarcinomas, they
validated both signatures.*!! For adenocarcinoma only, miRNAs
predicting recurrence were miR-615-5p, miR-34b, miR-1248,
miR-34¢-3p, miR-512-3p, miR-34b*, miR-934, miR-572, and
miR-662.1*11 Skrzypski et al performed microarray analysis and
qRT-PCR to evaluate miRNA expression in 273 stage I-IIIA
NSCLCs (184 squamous cell carcinomas and 89 adenocarcino-
mas).??! Six miRNAs were differentially expressed in the not-
relapsed vs relapsed groups: miR-10b, miR-662, miR-502-3p,
miR-192%, miR-192, and miR-128. Of these 6 miRNAs, miR-
662, miR-192*, and miR-192 were confirmed to be associated
with relapse in the independent squamous cell carcinoma cohort;
however, none of these miRNAs were prognostic in lung
adenocarcinoma patients.”*?! Edmonds and Eischen examined
miRNA expression in fresh frozen tissue samples from stage IA or
IB NSCLC patients with or without recurrence using a qPCR
array and qRT-PCR.?*! The most significant differences in
mRNA expression for recurrent tumors compared to non-
recurrent tumors were decreases in miR-106b*, miR-187, miR-
205, miR-449b, and miR-774* and increases in miR-151-3p, let-
7b, miR-215, miR-520b, and miR-512-3p.31 MiRNAs differ-
entially expressed between the recurrence and relapse-free groups
varied among these previous studies, with only 2 miRNAs (miR-
512-3p and miR-662) found in common; however, these 2
miRNAs were not identified in the current study. Possible
explanations include different proportions of NSCLC histologic
subtypes, stages, and different ethnicities. Compared with
previously published studies, our discovery and validation
studies only included patients with T1 tumors with an
adenocarcinoma histology.

Dysregulation of the candidate miRNAs identified in our study
(let-7g-5p, miR-143-3p, and miR-374a-5p) has been investigated
in various human cancers. Overexpression of let-7g was
associated with poor prognosis in non-small lung cancer.!**!
However, another study using lung cancer cell lines revealed that
let-7g repressed migration and acted as a tumor suppressor.>*! In

gastric cancer cells, let-7g was reported to induce sensitivity to
oxidative stress by indirect repression of DNA damage responsive
and served as a tumor suppressor gene.'*®! In breast cancer tissues
and cell lines, low expression of let-7g was associated with
invasion and metastasis, further supporting its role as a tumor
suppressor gene.?”! MiR-143 levels have been reported to be
lower in bladder cancer tissue than normal tissue./*®2” However,
upregulation of miR-143 is associated with advanced T category
and high histologic grade.*®! Several studies using ovarian
epithelial cancer tissues, a colorectal cancer cell line, non-small
lung cancer cell lines, and prostate cancer tissue and cell lines
have revealed that miR-143 inhibits migration, invasion, and cell
growth; induces apoptosis; and serves as a tumor suppressor.>*-
331 Upregulation of miR-374a inhibited lung adenocarcinoma cell
proliferation and invasion by targeting transforming growth
factor alpha (TGF-a).**! However, another series of studies
reported the opposite result. Xu et al found that miR-374a
contributed to cell proliferation, migration, and invasion in
gastric cancer by targeting SRC kinase signaling inhibitor 1.5
He et al and Lu et al reported that miR-374a promoted the
proliferation of human osteosarcomas by targeting forkhead box
protein O1 (FoxO1) and axis inhibition protein 2 (Axin2).13¢37!
Given that a single miRNA has multiple different mRNA targets,
the overall effect of miRNA dysregulation on cancer can be
determined by the dominant target pathway in a given cancer
subtype.

However, the results of our study should be interpreted with
caution for some limitations. First, the number of total FFPE
samples was not enough to make a strong association for
validation. Second, the patients from TCGA data were mainly
composed of Caucasian, whereas those of our series were Asian,
specifically Korean. Thus, we could not rule out the external
factors, especially race/ethnicity. Thus, the further studies with
larger sample size are required to clarify the role of these miRNAs
in cancer.

5. Conclusion

We identified differentially expressed miRNAs predictive of
recurrence in stage I lung adenocarcinoma through microarray
profiling, TCGA data set analysis, and qRT-PCR validation using
FFPE specimens. Further studies are needed to determine the
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cancer-specific functions of the candidate miRNAs identified in
this study, including their target pathways.
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