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Abstract: Long intergenic non-coding RNA (lincRNA) is a family of gene transcripts, the functions of
which are largely unknown. Although cigarette smoking is the main cause for lung cancer, lung cancer
in non-smokers is a separate entity and its underlying cause is little known. Growing evidence
suggests lincRNAs play a significant role in cancer development and progression; however, such data
is lacking for lung cancer in non-smokers, or those who have never smoked. This study conducted
comprehensive profiling of lincRNAs from RNA sequencing (RNA-seq) data of non-smoker patients
with lung adenocarcinoma. Both known and novel lincRNAs distinctly segregated tumors from
normal tissues. Approximately one third of lincRNAs were differentially expressed between tumors
and normal samples and most of them were coordinated with their putative protein gene targets.
More importantly, lincRNAs defined two clusters of tumors that were associated with tumor
aggressiveness and patient survival. We identified a subset of lincRNAs that were differentially
expressed and also associated with patient survival. Very high concordance (R? = 0.9) was observed
for the differentially expressed lincRNAs in the Cancer Genome Atlas (TCGA) validation set of
85 transcriptomes and the lincRNAs associated with survival from the discovery set were similarly
predictive in the validation set. These lincRNAs warrant further investigation as potential diagnostic
and prognostic markers.
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1. Introduction

Lung cancer is the leading cause of cancer death worldwide. Although lung cancer mostly occurs
in patients with a smoking history, the incidence in those who have never smoked is increasing [1-3],
which approximately accounts for 25% of lung cancer patients and would rank as the seventh most
common cause of cancer mortality around the world [4]. Lung cancer in non-smokers has many
unique clinical, pathological and genetic features, which include dominant adenocarcinoma subtype,
more frequent in women, higher frequency of EGFR and EML4-ALK mutations, and family history of
lung cancer [2,3]. These characteristics make it a different disease and studies specific to this entity are
needed [4].

Long noncoding RNAs (IncRNAs) are a large class of gene transcripts discovered or characterized
in recent years [5,6] and those located in intergenic regions (lincRNAs) are a subset that can be detected
from diverse RNA sequencing (RNA-seq) protocols as they have no overlap with other transcripts and
overlapping transcripts need to be distinguished by strand specific RNA-seq. Accumulating evidence
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suggests that IncRNAs or lincRNAs play a significant role in cancer etiology and progression and may
be potential diagnostic and prognostic markers for various cancers [5]. Some of well-known IncRNAs
related to lung cancer etiology and progression are well described [7-9]. MALAT1, CCAT1, H19,
and UCAL1 are reported to be oncogenic and associated with worse outcome; MEG3, TUG1 BANCER,
and GASS are tumor-suppressive and associated with better outcome in lung adenocarcinoma [7].

With the popularity of RNA-seq, genome-wide view of lincRNAs is emerging. Through mining
567 adenocarcinoma and squamous cell carcinoma tumors with normal lung controls, a study reported
111 “lung cancer-associated IncRNAs” [9]. However, this patient cohort is mostly from smokers and
no information is available for those who have never smoked.

Taking advantage of a well-characterized lung cancer cohort from ‘never smokers” with RNA-seq
data at our institution, we conducted comprehensive lincRNA profiling for 27 pairs of tumor and
normal transcriptomes. Not only did we profile known lincRNAs, we also detected and analyzed
predicted novel lincRNAs using our internally developed pipeline. For both known and novel
lincRNAs we identified tumor associated lincRNAs and lincRNAs associated with patient survival.
These findings were further validated in an independent cohort of never-smoker patients with lung
cancer from the Cancer Genome Atlas (TCGA).

2. Materials and Methods

2.1. Never-Smoker Patients with Lung Adenocarcinoma

The cohort consisting of 27 patients with lung adenocarcinoma from never smokers was described
in our previous publication [10] and the paired tumor and normal tissues were sequenced by RNA-seq.
Briefly, all participants were provided written informed consent, and the study protocols were
approved by the Mayo Clinic Institutional Review Boards (IRB#225-99). A pair of fresh frozen
tissue, one from the primary tumor and another from the unaffected normal lung, was cut, stained,
and reviewed by an experienced pathologist to make sure each case’s correct diagnosis and sufficient
tumor component (greater than 70%) to be qualified for the study. Included patients in this study all
had adenocarcinoma and were in stage I. The follow-up time ranged from 2.98 to 11.94 years with the
median time of six years.

2.2. RNA-Sequencing Data and Long Intergenic Non-Coding RNA Detection

The raw sequencing data was deposited into Gene Expression Omnibus (GEO accession
GSE87340). Briefly, total RNA extraction was performed using Exiqon’s miRCURY RNA Isolation
Kit (Exiqon, Vedbaek, Denmark). mRNA was resolved using poly-dT oligonucleotides attached to
magnetic beads (Illumina, San Diego, CA, USA), fragmented using divalent cations under elevated
temperatures, and converted to complementary DNA (cDNA) using random primers. After conversion
of the cleaved fragments into cDNA, the cDNA underwent blunt end repair, addition of an ‘A’ base
to the 3’ blunt ends, and ligation of adapter molecules which were used for PCR amplification, and
bridge amplification. The sequencing was carried out using the Illumina HiSeq 2000 sequencer
(IIIumina, San Diego, CA, USA) (pair-end in 50 bp long). For lincRNA detection, both known and
novel, we used our internally developed pipeline Ultrafast and Comprehensive long non-coding RNA
detection from RNA-seq (UCIncR) [11]. Briefly, the Tophat [12] alighed bam files (version 1.4.0) were
provided to UCIncR, which conducts transcript assembly using StringTie [13] and novel lincRNA
prediction after various filtering steps (coding length >200 bases, protein coding potential <0.1,
expression level >10 percentile, and overlap with repetitive region less than 5%). The predicted
novel lincRNAs from each sample were merged across all samples using Cuffmerge function in
Cufflinks [14]. This master transcript annotation was then combined with known lincRNAs defined in
GENECODE (v18) annotation for gene expression quantification by featureCounts (v.1.4.6) [15].
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2.3. Long Intergenic Non-Coding RNA Differential Expression between Tumors and Normal Lungs

Differential gene expression was conducted between tumors and their normal lung tissues on
raw gene count using DESeq2 [16], in which the normalization was performed by RLE algorithm
(Relative Log Expression) and differential expression by negative binomial general liner model and
Wald statistics on the two groups (unpaired). LincRNAs with false discovery rate (FDR) <0.05,
mean expression value >1 and absolute log, fold change >1 were defined as significant. For analyses
that compared relative expression across genes or unsupervised analysis such as principal components
analysis (PCA) or unsupervised clustering, logo RPKM (reads per kilobase per million mapped reads)
normalized data [17] was used, which was conducted on all lincRNAs together with the total number
of reads mapped to lincRNAs in a sample (as library size), lincRNA coding length, and expression
value of each lincRNA in a sample.

As the biological functions for vast majority of lincRNAs are unknown, we interpreted
differentially expressed or patient survival associated lincRNAs using their neighboring protein
coding genes if they were within 10 kb upstream and 1.5 kb downstream of the transcription start site
(TSS) of the protein coding gene. Pathway enrichment analysis was performed by Ingenuity Pathway
Analysis (IPA) (https:/ /www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).

2.4. Long Intergenic Non-Coding RNA Association with Clinical Variables and Patient Survival

For the tumor samples, we conducted unsupervised clustering using all lincRNAs (either known
or novel) and the clusters formed were evaluated for their association with clinical variable of
patient age at diagnosis (grouped into young, intermediate and old groups), gender, tumor stage,
and histologic grade of differentiation by Fisher’s exact test (t test was also conducted for age at
diagnosis between two clusters). The significant variables from univariate analysis were also included
for multivariate analysis using Cox proportional hazards model. Kaplan Meier survival curves and
log rank test were used for survival difference between groups.

2.5. Validation Dataset from the Cancer Genome Atlas

From TCGA lung adenocarcinoma dataset, we identified those who did not have smoking history.
We downloaded the raw RNA-seq data and aligned them to human reference genome (hgl9) by
HiSAT?2 [18], an improved much faster version of Tophat. The known and novel lincRNAs were
quantified by featureCounts [15] after combining the known lincRNAs with the predicted novel
lincRNAs from the internal discovery dataset of 27 tumor/normal pairs. These lincRNAs were
analyzed in the similar manner as the internal dataset.

All analyses were performed using R (v3.2.3, https://www.r-project.org/) and relevant
Bioconductor packages (http:/ /bioconductor.org/)

3. Results

3.1. Known Long Intergenic Non-Coding RNA Expression between Tumor and Normal Lung Samples

Among the 6763 known lincRNAs, 6248 had at least 1 read expressed in one of the 54 tumor and
normal samples. PCA and unsupervised clustering analysis showed the tumors and normal tissues
formed two distinct clusters, suggesting they had very different lincRNA expression profiles (Figure 1).
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Figure 1. Principal components analysis (PCA) and unsupervised clustering by known long intergenic
non-coding RNAs (lincRNAs). (A) PCA shows that all tumors except 1 form a distinct cluster from the
normal tissues; normal lung tissues (N); lung tumors (T); (B) Unsupervised clustering shows the similar
pattern. Both suggest the tumors and normal tissues have distinct lincRNA transcription programs.

Differential expression analysis found 1708 significantly changed lincRNAs at false discovery
rate less than 0.05, among which 1111 were up and 597 down expressed in tumors. To select more
reliable and biologically meaningful lincRNAs, we further filtered out those low expressed (mean
expression <1) and with absolute log, fold change less than 1, which led to 1067 (701 up and 366 down
expressed in tumors) lincRNAs (Figure 2, and Supplementary Table S1).
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Figure 2. M-A (log ratio vs. mean) plot for differentially expressed known lincRNAs between tumors
and normal lung tissues. X-axis for mean expression of a lincRNA across all samples and y-axis for logp
fold changes comparing tumor to normal samples. Each dot represents a gene. Genes with red color
are significantly changed. (A) Changed lincRNAs at false discovery rate (FDR) <0.05; (B) Changed
lincRNAs with FDR <0.05, log; fold change greater than 1 (2 fold), and mean expression of reads per
kilobase per million mapped reads (RPKM) value greater than 1.

3.2. Long Intergenic Non-Coding RNA and Potential Target Protein Coding Gene Association

As most lincRNAs have no known functions, one of the common approaches is to look their
association with nearby protein coding genes for their potential regulation or association. For this we
checked the differential expression data of protein coding genes and those differentially expressed
lincRNAs within 10 kb upstream or 1.5 kb downstream of protein coding gene transcription start
sites. This analysis identified 250 lincRNA and protein coding gene pairs that were both differentially
expressed. Interestingly, the vast majority of these pairs (180, 72%, X? p value = 1.602 x 1014
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demonstrated coordinated expression, i.e., the change of lincRNA was in the same direction as its
neighboring protein coding gene (Figure 3A). Pathway analysis for these protein coding genes showed
significantly enriched pathways such as ‘signaling by rho family GTPases’, ‘notch signaling’, ‘protein
kinase A signaling’, and ‘integrin signaling’ (Supplementary Table S2).

3.3. Association of Long Intergenic Non-Coding RNA with Tumor Aggressiveness and Patient Survival

Unsupervised clustering was performed for the tumor samples by all known lincRNAs and two
distinct clusters were observed (Figure 3B). The clusters were significantly associated with tumor
histological grade of differentiation (Fisher’s exact test p value = 0.009) but none of other variables
(age at diagnosis, gender, tumor stage, cell subtype and EGFR mutation status). Kaplan Meier survival
analysis showed the tumors in the left cluster had significantly worse survival than those in the right
cluster (log rank test p value = 0.002, Figure 3C). Multivariate analysis with age, gender, and tumor
grade as covariates in the model showed the cluster separation remained as an independent predictor
for survival (p value = 0.02).
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Figure 3. LincRNA association with protein coding genes and clinical variables. (A) Fold change
(FC) comparison of differentially expressed lincRNAs and their adjacent protein coding genes. Most
of them are in coordinated changes, i.e., both either up or down expressed as the dots shown in
quadrant I and III; (B) Unsupervised clustering with clinical variables. Stage: dark blue for stage IA
and light green for stage IB; Cell: A—adenocarcinoma, B—adenocarcinoma with bronchoalveolar
carcinoma feature (or lepidic predominant adenocarcinoma in the new classification); Grade: W—well
differentiated and M—intermediately differentiated; Status: patient survival status, 1—dead and
0—alive; EGFRmut: EGFR mutation status, N—none, L—L858R substitution, [—insertion/deletion,
A750P substitution; (C) Kaplan-Meier survival curves by clusters defined by lincRNA expression;
(D) lincRNA differentiation and association with patient survival. lincRNAs that were highly expressed
in tumors also led to worse survival (positive hazard ratio). Conversely those expressed lower had
reduced risk to patient survival.
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3.4. Long Intergenic Non-Coding RNAs Associated with Both Cancer Development and Patient Survival

As tumor clusters by lincRNAs were associated with patient survival, we were interested in which
were these lincRNAs. Furthermore, lincRNAs that were both differentially expressed between tumor
and normal samples and also significantly associated with patient survival were likely key players in
carcinogenesis and tumor progression. To this end, we conducted survival association analysis for
all known lincRNAs by Cox proportional hazards model and those with significant association with
overall survival (p value < 0.05) were compared with the differentially expressed lincRNAs identified
by the previous step. This analysis identified 169 lincRNAs (Supplementary Table S3). Intriguingly,
majority of these lincRNAs showed positive relationship between differential expression and hazard
ratio of the survival, i.e., lincRNAs that were highly expressed in tumors also increased the risk of
patient death and those that were lower in tumors had a protective effect (Figure 3D). The lincRNAs
in the first category are more likely oncogenes while the latter may play a tumor suppressor role.
For example, RAMP2-AS1, which had the lowest hazard ratio of 0.1 and was down expressed 3 fold in
tumors, was previously reported having tumor suppressor role in glioblastoma [19].

3.5. Novel Long Intergenic Non-Coding RNAs and Their Clinical Associations

We detected 5086 novel lincRNAs from this set of 54 transcriptomes, 3704 with single exon
and 1382 with multi-exons. The mean expression of these novel lincRNAs across all samples was
slightly higher than known lincRNAs (Figure 4A, the same lowest mean was used to filter out low
expressed known lincRNAs as the novel lincRNAs), which is not surprising as to name a novel
lincRNA certain expression threshold needs to be met for each lincRNA while known lincRNAs with
low expression were simply quantified. Principal components analysis by novel lincRNAs also showed
clear separation between tumors and normal (Figure 4B). Unsupervised clustering also separated
tumors from normal samples (Figures 4C and S1). Differential expression analysis using the same
criteria as known lincRNAs found 1802 lincRNA that were significantly deregulated, 1203 up and
599 down in tumor samples, the similar pattern as the known lincRNAs (Figure 4D, Supplementary
Table S4). Among these changed novel lincRNAs, 342 were located within 10 K upstream and 1.5 Kb
downstream of TSS of 331 protein coding genes. Pathway analysis for these genes showed significant
enrichment of canonical pathways like ‘G-protein coupled receptor signaling’, “‘Wnt/Ca?* signaling
pathway’, ‘protein kinase A signaling’, and ‘Gs & subunit (G4g) signaling” (Supplementary Table S5).
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Figure 4. Novel lincRNA profiles. (A) Comparison of novel lincRNA expression with known lincRNAs.
Overall novel lincRNAs have higher expression than known lincRNAs; (B) Novel lincRNAs segregate
tumors from normal samples, N for normal and T for tumor samples. (C) Unsupervised clustering by
novel lincRNAs separated tumors from normal; (D) Differentially expressed novel lincRNAs between
tumors and normal lungs (highlighted in red).

Unsupervised clustering by the novel lincRNAs also separated tumors into two clusters
(Figure 5A). Comparing to the clusters by known lincRNAs, only one sample (LU346A) switched
from one to another cluster. Consistent with the known lincRNAs, the segregation was significantly
associated with patient survival (log rank p value = 0.005, Figure 5B). The significant remained after
adjusting for age, sex and tumor grade (p value = 0.02).

Similarly, we conducted survival association analysis for all the novel lincRNAs and found 926
(15.2%) were significantly associated with survival (at p value < 0.05). Comparing these significantly
associated lincRN As with the differentially expressed lincRNAs found 301 in common (Supplementary
Table S6). As observed in known lincRNAs, most of these lincRNAs were in the positive correlation
between differential expression and survival risk. For the lincRNAs that were highly expressed in
tumors, the higher expression also gave rise to worse survival for the patients. Conversely, for these
lincRNAs that were down-expressed in tumors, the higher expression in the tumors would lengthen
patient survival time (Figure 5C).
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Figure 5. Novel lincRNA expression and association with clinical phenotypes. (A) Unsupervised
clustering separates tumors into two distinct clusters; (B) The two clusters have different survivals by
Kaplan Meier analysis; (C) Differential expression fold change and hazard ratio of survival association.

3.6. Validation of Long Intergenic Non-Coding RNAs in the Cancer Genome Atlas Data

For the same set of lincRNAs (both known and novel) analyzed for the 27 tumor/normal pairs,
we found 11,415 were detectable in the 85 TCGA lung adenocarcinoma and normal samples (78 tumors
and 7 normal lung tissues). PCA and unsupervised clustering segregated tumors from normal samples
clearly. Differential expression analysis identified 2049 lincRNAs that were differentially expressed
(Figure 6A), of which 1450 (519 known and 931 novel lincRNAs) overlap with the significantly changed
lincRNAs from the internal discovery dataset (70.8%, X? p value < 2.2 x 107!°). These commonly
changed lincRNAs were in high agreement in terms of change directions (100% consistency) and
estimated fold changes (correlation coefficient R? = 0.9, Figure 6B). Of note again, vast majority of
these lincRNAs (71.2%) were highly expressed in the tumors.

Unsupervised clustering showed two distinct clusters for tumors samples (Figure 6C), which was
also significantly associated with patient survival (log rank test p value = 0.02, Figure 6D). Using 470
lincRNAs that were differentially expressed and also associated with patient survival in the internal
dataset of 27 patients, the 78 tumors were clustered into three groups, which was significantly
associated with patient survival status (Fisher’s exact test p value = 0.02). Among the lincRNAs that



Genes 2017, 8, 321 90of 13

were differentially expressed and associated with patient survival in the internal dataset, we also found
27 (10 known and 17 novel lincRNAs, Supplementary Table S7) that were differentially expressed and
significantly associated with patient survival in this TCGA dataset. Notably among the known ones,
UCAL1 has been reported to promote the growth and metastasis of lung cancer [20], tumor proliferation
and 5-fluorouracil resistance of colorectal cancer [21], and tumor growth of breast cancer [22] and
bladder cancer [23]. This lincRNA was highly expressed in both our internal and TCGA datasets and
was significantly associated with poor survival of patients.
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Figure 6. LincRNA validation in the Cancer Genome Atlas lung adenocarcinoma of never-smokers.
(A) Differential expression between tumors and normal samples. Those significantly changed lincRNAs
(red) are more up-expressed; (B) The commonly changed lincRNAs between the internal and TCGA
datasets are in good agreement for deregulation directions and fold changes; (C) Two clusters of tumor
samples by lincRNAs; (D) The two clusters are associated with patient overall survivals.

4. Discussion

Lung cancer is the number one killer among all cancers. While cancer types related to smoking
are declining, lung cancer from non-smokers is increasing and are becoming a burden to society.
The distinct clinical, pathological and molecular features of such cancer suggest it may have a
different etiology and specific research about this entity might reveal more insights to its development,
progression and clinical outcomes.



Genes 2017, 8, 321 10 of 13

As a large family of transcripts discovered in recent years, IncRNAs are attracting growing
attention as they may play a significant role in disease development and hold higher hope for novel
biomarker discovery [5,7,8]. LincRNAs are non-coding transcripts coded from intergenic regions
between two protein coding genes in the genome. As they do not overlap with other transcripts, it is
relatively easier to quantify known lincRNAs or detect novel ones from RNA-seq data than IncRNAs
that overlap with other transcripts. Although many lincRNAs have been recently annotated, their exact
biological functions and underlying molecular mechanisms for vast majority remain unknown.

This study analyzed a cohort of lung adenocarcinoma patients from never smokers whose clinical
data had been well annotated. We conducted comprehensive lincRNA discovery and analysis and
revealed many interesting findings. First, as previously noted, lincRNA expression is quite tissue or
disease specific. Over 5000 novel lincRNAs were detected from this dataset. Second, both known
and novel lincRNAs were highly differentially expressed between tumors and normal samples where
tumors appeared having increased expression for majority of lincRNAs. This suggests that tumors may
have new lincRNAs expressed or existing lincRNAs in normal lung tissues have increased expression.
New cells such as immune cells or fibrotic cells may also contribute to the difference. By comparing
differentially expressed lincRNAs and their adjacent protein coding genes, we also found they changed
in a coordinated fashion. More importantly, lincRNA expression appeared to be associated with tumor
aggressiveness and patient outcome of overall survival. Notably, we found a set of lincRNAs that were
both differentially expressed and associated with patient survival in both discovery and validation
datasets. Among these, 10 were known and 17 were novel lincRNAs. UCAL1 is an interesting one
as it was highly expressed in both our and TCGA datasets and was significantly associated with
poor survival of patients. It has been previously reported that increased expression of this lincRNA
promotes the growth and metastasis of lung cancer [19] and other cancers [20-22]. No reports have
been found for other lincRNAs and further studies to these lincRNAs are warranted.

LncRNAs have several modes of action as learned from a few well-studied lincRNAs [24].
The most common one is to target their nearby protein coding genes and regulate their expression.
HOTAIR and MALAT1 probably are the two most comprehensively studied cancer related IncRNA,
whose increased expression are associated with lung cancer progression, metastasis, chemo-resistance
and relapse, resulting in patients’ poor prognosis and survival [25,26]. HOTAIR is an antisense IncRNA
that would need strand specific RNA-seq for accurate detection while MALAT1 is lincRNA. MALAT1 is
highly expressed in tumors of our lung cancer dataset with 1.4 x fold change; however, its expression is
not associated with patient survival. In TCGA dataset, this gene is not differentially expressed between
tumor and normal (p value = 0.07) although it is in the same trend of higher expression in tumors. It is
not associated with patient survival either. As reported, CCAT1 was up-regulated in both our and
TCGA datasets although it was significantly associated with survival only in TCGA dataset, which was
likely caused by the underpowered sample size in our dataset. While MEG3 was not differentially
expressed in our dataset, it was upregulated in TCGA dataset. BANCR was down-expressed in
both our and TCGA dataset although negative survival association was only seen in our dataset.
Unlike previously reported, TUG1 was not differentially expressed in our and TCGA dataset. As most
of lung cancer are smoking related, studies have been conducted on the transcriptome of lung cancer
patients with smoking history revealing broad differences in IncRNA expression pattern between lung
cancer tissues and healthy counterparts [9,27,28]. However, data for genome-wide lincRNA profiling
in never-smoker lung cancer is very limited. The only available study so far analyzed 3 pairs of tumor
and normal tissues and reported 182 differentially expressed IncRNAs, of which 109 were up and 73
were down expressed in tumors [29]. Unfortunately, the paper did not provide the identifiers of these
lincRNAs or their genomic coordinates, which makes it impossible to compare. The small sample
size is also difficult to get reliable results and capture the heterogeneity of the cancer from different
individuals. In this study we did not conduct novel prediction” for known lincRNAs, but rather,
quantified them according to known annotation for several reasons. Known lincRNAs represent years
of previous work with more evidence support. They have universal identifiers for others to cross link
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data from different sources. Pure digital prediction for these lincRNAs from RNA-seq data can be
limited by sequence depth, data quality or algorithms, which lead to incorrectness or broken structure.
Because of these, we analyzed known and novel lincRNAs separately so that we can use known
lincRNAs as reference to evaluate the reliability of the predicted novel lincRNAs. Indeed, our data
showed that the novel lincRNAs recapitulated the expression profiles and clinical associations of
known lincRNAs.

The commonly used RNA-seq protocols are PolyA selection for mRNAs and ribosomal RNA
(rRNA) depletion for all remaining RNAs. The former has been more commonly used as it is simpler
and more consistent but the latter is getting more popular as it can capture additional transcripts (genes)
that are not PolyA tailed [30]. The issue with the latter is that it may contain many intronic reads from
un-processed transcripts (pre-messenger RNAs) [31] or contaminated by unwanted rRNAs as a result
of insufficient rRNA removal. Both our data and TCGA data were generated from PolyA selection and
un-stranded protocol. In IncRNA detection, PolyA protocol obtained the similar number of IncRNAs
as rRNA depletion methods and 15-20% IncRNAs were unique to each protocol [31]. LincRNAs can be
detected by both protocols equally well [31]. Whether overlapping IncRNAs can be detected depends
on stranded or un-stranded protocol, but not RNA enrichment method of PolyA selection or rRNA
depletion. As non-stranded RNA-seq protocol cannot separate overlapping transcripts, the current
practice is to look lincRNAs only [9,32].

One of the limitations of this study is the relative small sample size of the discovery cohort for
survival association, although differentially expressed lincRNAs relative to normal lung tissues are
very robust. Survival association is often complicated by heterogeneous patient population. This study
limited to stage I disease, which minimized the stage impact, the single most important predictor for
patient survival. Although TCGA validation dataset has relatively a larger sample size, the cohort
is more diverse as they are from various stages and different institutions. Moreover, many patients
have very short follow-up times and observed events of death are low (13 events and 19 patients with
follow-up time less than 30 days). Further studies by a large sample size are needed to validate the
prognostic lincRNAs as potential biomarkers.

Strictly speaking, the novel lincRNAs predicted from this study should be called novel lincRNA
candidates as further validation is needed to assess if they are true and reliable transcripts, particularly
for single exon lincRNAs. LincRNAs in adenocarcinoma of never smokers are the focus of this
study; however, the next interesting question is whether and how they differ from smoking related
adenocarcinoma, which is the direction in the future work.

In summary, our study has identified many lincRNAs, both known and novelly predicted,
from lung adenocarcinoma of never smoker individuals that may play a significant role in cancer
development, progression, and patient prognosis.
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and normal samples; Table S5: Enriched pathways for protein coding genes that were differentially expressed
where their neighboring novel lincRNAs were also differentially expressed; Table S6: Novel lincRNAs that are
differentially expressed and also associated with patient survival; Table S7: LincRNAs that are differentially
expressed and associated with patient survival in both internal and TCGA datasets.
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