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Abstract

Rationale: As the transcriptional products of active enhancers, enhancer RNAs (eRNAs) are essential
for the initiation of tumorigenesis. However, the landscape and functional characteristics of eRNAs in
Chinese lung adenocarcinoma, and the clinical utility of eRNA-based molecular subtypes remain largely
unknown.

Methods: A genome-wide profiling of eRNAs was performed in 80 Chinese lung adenocarcinoma
patients with RNA-seq data. Functional eRNAs and associated genes were identified between paired
adenocarcinoma and adjacent samples. Unsupervised clustering of functional eRNAs was conducted and
the associations with molecular characteristics and clinical outcomes were accessed by integrating
whole-genome sequencing data and clinical data. Additionally, 481 lung adenocarcinoma patients were
used for the validation based on The Cancer Genome Atlas (TCGA) dataset.

Results: A total of 3297 eRNAs with sufficient expression were identified, which were globally
upregulated in adenocarcinoma samples compared to matched-adjacent pairs (P = 7.61%10-3). Further
analyses indicated that these upregulated eRNAs were correlated with copy number amplification (CNA)
status (Cor = 0.22, P = 0.045), and eRNA-correlated genes were primarily involved in cell cycle and
immune system-related pathways. Based on the co-expression analysis of eRNAs with protein-coding
genes, we defined 188 functional eRNAs and their correlated genes were overrepresented in cancer
driver genes (ER = 1.98, P = 5.95%10-12) and clinically-actionable genes (ER = 2.19, P = 3.44x10-4). The
eRNA-based consensus clustering further identified a novel molecular subtype with immune deficiency
and a high-level of genomic alterations, which was associated with poor clinical outcomes of lung
adenocarcinoma patients (OS: HR = 1.91, P = 0.015; PFI: HR = 1.64, P = 0.034).

Conclusions: The genome-wide identification and characterization of eRNAs reveal novel regulators
for the development of lung cancer, which provides a new biological dimension for the understanding of
eRNAs during lung carcinogenesis and emphasize the clinical utility of eERNA-based molecular subtypes in
the treatment of lung adenocarcinoma.
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Introduction

Lung cancer is the Ileading cause of
cancer-related mobility and mortality worldwide [1].
Adenocarcinoma is the predominant histological
subtype of lung cancer, accounting for approximately
40% of lung cancer cases [2, 3]. Despite recent
advances in multi-modality therapy, the overall
5-year survival rate of lung adenocarcinoma remains
about 15% [3], mainly because of the late-stage
diagnosis and a lack of effective therapeutic targets.

The development of lung adenocarcinoma is a
multistep, evolving process which involves the
interaction between environmental exposures and a
diversity of molecular alterations, including germline
variations, somatic variations, transcriptional and
epigenetic alterations [4-9]. Recently, by integrating
multi-dimensional omics (multi-omics) data, The
Cancer Genome Atlas (TCGA) group profiled lung
adenocarcinoma and identified several molecular
subtypes with targetable candidates in oncogenic
pathways [7]. However, because of the intra-tumor
heterogeneity, biological mechanisms underlying the
development and progression of lung adeno-
carcinoma remain elusive. Moreover, the application
of multi-omics strategy in clinical practices still faces
some challenges, such as the sample collection, the
high cost, and the target therapy selection [10].
Therefore, using a one-dimensional feature sharing
interconnectedness with other omics as an alternative
is essential for elucidating molecular mechanisms
underlying the pathogenesis of lung adenocarcinoma,
which may also provide candidate therapeutic targets
and improve clinical outcomes.

Enhancers are a class of distal DNA cis-
regulatory elements that can be activated by
chromosomal rearrangement, focal amplification and
over-expression of transcriptional factors (TFs) [11],
which may selectively regulate genes during the
development and differential of cancer cells [12-17]. In
the past decade, the Encyclopedia of DNA Elements
(ENCODE) [18], Functional Annotation of the
Mammalian Genome (FANTOM) [19] and Roadmap
Epigenomics [20] projects have detected tens of
thousands of enhancers across different cell types and
tissues. Recently, mounting evidence shows that
enhancers can also act as transcriptional units to
produce enhancer RNAs (eRNAs), which are
hallmarks of active enhancers [15, 21, 22]. The
functional importance of eRNAs in oncogene
deregulation and cancer initiation have been
established in many cancer types [15]. For example,
the activation of MYC-eRNAs was reported to
promote the development of a range of cancers
[23-25]. 17B-estradiol (E2)-associated eRNAs activate

the expression of E2-dependent genes in breast
cancers [26]. KLK3-eRNAs control the expression of
androgen receptor-related genes in prostate cancers
[26]. eRNA AC026904.1 was considered as one of the
key regulators of EMT in metastatic breast cancer [27].
Although some lung adenocarcinoma related eRNAs
have been described in TCGA samples [28, 29], their
transcriptional landscape, molecular characteristics,
and clinical utility among Chinese lung
adenocarcinoma remain largely unexplored.

Thus, by integrating whole-genome sequencing
(WGS) and RNA-seq of 80 lung adenocarcinoma
patients from Nanjing Lung Cancer Cohort (NJLCC),
we intended to present a genome-wide detection and
characterization of eRNAs in lung adenocarcinoma.
The molecular characterization and prognostic value
of our eRNA-based molecular subtypes were further
evaluated among 481 TCGA lung adenocarcinoma
patients.

Materials and Methods

Study subjects

Surgically resected tumor specimens, adjacent
normal tissues, and matched peripheral blood
samples of 80 Chinese lung adenocarcinoma patients
were collected from Jiangsu Cancer Hospital affiliated
to Nanjing Medical University in China, and were
subjected to WGS and RNA-seq. All patients had
definite pathological diagnosis and had no treatment
or neoadjuvant therapy history before surgery. Frozen
tumor-adjacent pair specimens were stained with
hematoxylin and eosin, and microscopically
evaluated by two independent pathologists. Only
adenocarcinoma tissues with malignant cell purities
over 70% and adjacent normal tissues contained no
tumor cells were selected for DNA and/or RNA
extraction and subsequent sequencing. The study was
approved by Nanjing Medical University, and written
informed consent were obtained from all participants.
Sequencing data of 481 lung adenocarcinoma patients
(55 with matched normal adjacent samples) from
TCGA were also included in this study, all of whom
were subjected to RNA-seq and 477 tumor-blood pairs
were subjected to whole-exome sequencing (WES).
Detailed demographic information of participants is
shown in Table S1.

RNA extraction and RNA sequencing

Total RNA was extracted from frozen tumor-
adjacent tissue pairs using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The quality and quantity
of extracted RNA were assessed using the NanoDrop
2000 (Thermo Fisher Scientific, Wilmington, DE,
USA), Qubit 2.0 Fluorometer (Life Technologies, CA,
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USA), and 1% agarose gel electrophoresis. RNA
integrity was accessed using RNA Nano 6000 Assay
Kit (Agilent Technologies, CA, USA) and only high-
quality RNAs (RIN = 7.5) were selected for cDNA
library construction.

A total amount of 3 pg high-quality RNA per
sample was used for ribosomal RNA removal by
Epicentre Ribo-zero rRNA Removal Kit (Epicentre,
USA). Sequencing libraries preparation with the
rRNA depleted RNA was performed with NEBNext
Ultra Directional RNA Library Prep Kit for Illumina
(NEB, USA) following manufacturer’s
recommendations. Clustering of the index-coded
samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS
(Ilumina, San Diego, CA, USA) followed by 150-bp
paired-end sequencing on the HiSeq 1500 platform
(lumina, San Diego, CA, USA) according to the
manufacturer’s protocols. The sequenced reads of 80
lung adenocarcinoma tumor-adjacent pairs are shown
in Table S2.

Annotation and quantification of eRNAs

We first obtained the genomic regions of
1,310,152 candidate regulatory elements defined by
Chip-seq histone modification peaks from the
ENCODE consortium (https://www.encodeproject.
org/), and 65,423 active enhancers defined by the
integration of chromatin modification, transcription
factor binding, and CAGE-seq data from FANTOMS5
[19], and then filtered out enhancers that can only be
detected in one dataset. Finally, a total of 48,453
enhancers were included, including 1932 exonic
enhancers (enhancer regions overlapped with the
exon regions of known genes), 18,501 intergenic
enhancers (enhancers located in the intergenic
regions), and 28,020 intronic enhancers (enhancers
regions overlapped with the intronic regions of
known genes) (Table S3).

For enhancer expression quantification, RNA
reads were first aligned to the GENCODE v19
genome assembly with STAR v2.4.1 [30], and then
quantified with featureCounts v1.5.0 [31]. Only
enhancers with raw read counts > 1 in more than 10%
tumor or adjacent normal samples were defined as
transcribed eRNAs and were included in the
following analysis. Expression of eRNAs was
normalized to the number of reads per million
mapped reads (RPM) [28]. The quality score and
base-call distributions of raw sequencing reads were
accessed with the FastQC tool (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc).

Whole-genome sequencing and variants
detection

Paired-end WGS (150 bp) was performed on 80
matched tumor-blood lung adenocarcinoma samples.
Detailed methods for DNA extraction and WGS have
been described in our previous study [32]. The quality
score and base-call distributions of raw sequencing
reads were accessed with the FastQC tool (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc
). The Burrows-Wheeler Aligner (BWA-MEM)
algorithm  (http://bio-bwa.sourceforge.net/) was
used to map sequenced reads to the reference genome
(GRCh37) with default parameters [33], and Picard
(v1.70, http://broadinstitute.github.io/picard/) was
used to mark the duplicates which were discarded
from further analyses. Local realignment and base
quality score recalibration (BQSR) were performed
with the Genome Analysis Toolkit (GATK, version
3.7) with default settings [34].

Somatic single-nucleotide variations and small
insertions and deletions were detected using the
Mutect2 mode in GATK following the best practice
(https:/ /software.broadinstitute.org/ gatk/ best-pract
ices/). Somatic variants were further filtered out if it
was detected in: (1) a panel of normal built by the 80
matched normal samples; (2) the segmental
duplication or simple repeat regions marked by UCSC
browser (http://genome.ucsc.edu/); or (3) the 1000
genomes project (the Phase III integrated variant set
release, across 2,504 samples) with the same mutation
direction.

DNA-seq and RNA-seq data from TCGA
project

Raw [llumina HiSeq RNA-seq data of 481
unduplicated lung adenocarcinoma samples was
downloaded from the GDC data portal (https://
portal.gdc.cancer.gov/) in TCGA and was performed
with the same quantification process as NJLCC data.
The mRNA expression data of 481 adenocarcinoma
samples was obtained from the UCSC Xena website
(https:/ /xenabrowser.net/datapages/) and
quantified as fragments per kilobase of exon per
million reads mapped (FPKM). To replicate the
associations of eRNA-based molecular subtypes with
somatic mutations and copy number alterations
identified in our data, we further obtained the somatic
mutation data of TCGA lung adenocarcinoma
samples from a recent published study [35], and the
somatic copy number alteration information from the
cBioPortal website [36, 37].
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Comparison of eRNA expression between
tumor and adjacent normal samples

The difference of each eRNA expression
(single-eRNA) and global eRNA expression
(global-eRNA) between 80 adenocarcinomas and
matched adjacent normal samples was evaluated. For
global comparison, we first measured the global
eRNA expression by counting RPM on all expressed
eRNAs for each sample, and then scaled the
expression by the number of expressed eRNAs.
Wilcoxon signed-rank test was used to perform the
differential expression analysis. For single-eRNA
level analysis, log, transformed fold change was
further calculated to quantify the expression change
from tumor to normal samples.

Integrative analysis of eRNA expression with
other demographic and molecular
characteristics

For demographic characteristics, Wilcoxon rank-
sum test was performed to evaluate the difference of
global-eRNA expression in subgroups divided by age,
gender, or smoking status. For genomic variation
evaluation, we first estimated the percentage of
genome that was affected by copy number gains (the
fraction of amplified genome) or losses (the fraction of
deleted genome) [36], and the number of non-silent
mutations for each sample, and then performed
Spearman’s rank correlation test to evaluate the
correlation between global-eRNA expression and two
molecular characteristics (copy number variation and
non-silent mutations). Fisher’s exact test was used to
evaluate the association between mutation status of
previously  reported lung adenocarcinoma
significantly mutated genes and global-eRNA
expression level. The same analysis was performed to
estimate the correlation between the copy number
alteration status of previously reported copy number
variation genes of lung adenocarcinoma and
global-eRNA expression level.

Co-expression analysis and Gene Set
Enrichment Analysis (GSEA)

To evaluate the difference of biological functions
of transcribed eRNAs in four groups of samples
(tumor and normal tissues of smokers or non-
smokers), we first conducted co-expression analysis of
eRNAs and 20,345 protein-coding genes (PCGs)
defined in the GENCODE dataset (https://www.
gencodegenes.org/, Version 19), and computed
Spearman's rank correlation coefficient for all eRNA-
PCG pairs. Then, we performed GSEA in above four
groups of samples based on the GO Biological Process
Ontology gene sets, KEGG, and Reactome pathway
databases with the R Bioconductor package

clusterProfiler (v 3.10.1) [38], respectively. All PCGs
were ranked according to the number and the average
correlation coefficient of co-expressed eRNAs.
eRNA-PCG pairs with absolute correlation coefficient
> (.2 and the Benjamini-Hochberg false discovery rate
(FDR-BH) adjusted P-value < 0.05 were defined as
co-expressed.

Definition of functional upregulated/
downregulated eRNAs in lung
adenocarcinomas

To define candidate functional eRNA-PCG pairs
in lung adenocarcinoma, we evaluated the expression
alterations of both eRNAs and co-expressed PCGs in
tumor and adjacent normal samples. Putative
eRNA-PCG pairs were defined if matching all the
following criteria: (1) eRNA with a significantly
elevated (upregulated eRNA: log>FC > 2, Prpr < 0.05)
or decreased (downregulated eRNA: log>FC < -2, Prpr
< 0.05) expression in tumor samples; (2) the
co-expressed PCG showed a positive expression
correlation with specific eRNA in tumor (upregulated
eRNA) or normal (down-regulated eRNA) samples
within one mega base pair (Mbp) (the length scale was
restricted to avoid spurious predictions); and (3) the
co-expressed PCG with a significantly upregulated
(Meanwumor = 0.5 Transcripts Per Kilobase of exon
model per Million mapped reads [TPM], log.FC = 2,
Prpr < 0.05) or downregulated (Meannorma = 0.5 TPM,
log>FC < -2, Prpr < 0.05) expression pattern in tumor
samples (Figure 1A).

To further identify functional eRNA-PCG pairs
activated by the copy number amplification (CNA) of
target eRNA regions, an eRNA was included if met all
the following three criteria: (1) eRNA with an
amplification ratio = 10%; (2) the correlation
coefficient between the copy number and expression
level of the candidate eRNA > 0.2 and the correlation
P < 0.05; and (3) association between the candidate
eRNA and co-expressed PCG was independent of the
copy number level of the co-expressed PCG.

Consensus clustering of eRNA expression
profile

To further distinguish subgroups of samples
sharing similar expression patterns of eRNAs,
consensus clustering was applied with the R package
ConsensusClusterPlus (v 1.46.0) [39]. The input data
for each sample was the expression value (RPM) for
above-defined functional eRNAs. Expression level of
each eRNA was mean-centered across the samples
prior to clustering. The following parameters were
used for consensus clustering: number of repetitions =
1000; pltem = 0.7; pFeature = 0.7; Pearson distance
metric and Ward linkage method.
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Figure 1. Identification of transcribed eRNAs in Nanjing Lung Cancer Cohort (NJLCC) lung adenocarcinomas. A. Overview of the study workflow. B. Number
of transcribed eRNAs in 80 tumor/adjacent lung adenocarcinoma (LUAD) samples. C. Global expression of transcribed eRNAs in tumor and adjacent samples. D. Differential

expression pattern of transcribed eRNAs in tumor and adjacent samples.

To infer biological functions of the differentially
expressed PCGs in above defined subgroups of
samples, we conducted GSEA analysis using log»
transformed fold change of PCGs based on the GO
Biological Process Ontology gene sets, KEGG, and
Reactome pathway databases with the R
Bioconductor package clusterProfiler (v 3.10.1) [38],
respectively.

Survival analysis

To evaluate the prognosis effect of eRNA-based
clusters, follow-up data were obtained for TCGA lung
adenocarcinoma patients [40]. The multivariate Cox
proportional hazards regression model was
performed with adjustment for age, gender, and
smoking status, where crude hazard ratios (HRs) and
95% confidence intervals (Cls) were -calculated.
Participants with a follow-up time less than one
month were not included. Overall survival (OS),
disease-free interval (DFI), and progression-free
interval (PFI) were set as clinical outcome endpoints,
respectively. The Kaplan-Meier (K-M) method was
used to create survival plots and log-rank test was

used to compare the difference of survival curves.

GRO-seq data

The GRO-seq data of a lung adenocarcinoma cell
line A549 [41] was retrieved from Gene Expression
Omnibus (GEO) (GEO Accession: GSE92375). Details
for cell line culture and libraries preparation as well as
the pipeline of processing and mapping of the
sequencing data were described in a previous
work[41] . The de novo identification of enhancers was
performed using R package groHMM (v1.16.0) with
default parameters [42].

RNA extraction and qRT-PCR (Quantitative
Real-time PCR) analyses for eRNA

Total RNA was extracted from lung
adenocarcinoma tissues using Trizol reagent
(Invitrogen). The expression of candidate eRNAs
were determined by using qRT-PCR. RNA was
reverse transcribed to cDNA by using a Reverse
Transcription Kit (Takara, Dalian, China), and
qRT-PCR analyses were performed with SYBR Green
(Takara, Dalian China). The results were normalized
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to the expression of GAPDH. The qRT-PCR and data
collection were carried out on ABI 7500 real-time PCR
system (Applied Biosystems, USA). The specific
primer sequence for eRNA was designed according to
the reference sequence of genome (hgl9). The
sequence of primers was listed in Table S4.

Statistical analysis

Expression correlations between eRNAs and
EP300 and POLR2A were evaluated by Spearman’s
rank correlation test. Two-sided P values < 0.05 were
considered statistically significant. General statistical
analyses were performed using R software (R version
3.3.1, The R Foundation for Statistical Computing,
http:/ /www.cran.r-project.org/).

Results

Overview of eRNA expression in lung
adenocarcinoma

We comprehensively profiled the expression
signal of 48,453 previously annotated enhancers
(FANTOMS and ENCODE) with RNA-seq data from
80 NJLCC lung adenocarcinoma tumor-adjacent
normal pairs (Figure 1A, Figure S1), and detected a
total of 11,937 eRNAs with expression across more
than 10% of the samples, including 1552 exonic, 3297
intergenic, and 7088 intronic eRNAs (Figure 1B, Table
S3). We included 3297 intergenic eRNAs with a
median length of 699 bp (75~6598 bp) in the following
analysis to avoid the influence of transcribed genes.

To evaluate the transcriptional activity of
transcribed eRNAs, we compared the chromatin
status of 3297 transcribed and 15,204 un-transcribed
intergenic enhancers with 44 TF binding site
annotations of two well-known TFs associated with
transcriptional activity (POLR2A and EP300) from 11
types of cell lines, and observed an enrichment of
transcribed eRNAs in the binding sites of these two
TFs (Table S5). Further expression correlation
analysis also revealed that the number of
positively-correlated eRNAs for EP300 and POLR2A
(EP300: 430/3297=13.04%, ER = 4.00, P = 9.17x10-;
POLR2A: 511/3297=15.50%, ER = 4.33, P = 6.32x10-%)
was significantly higher than that of negatively-
correlated eRNAs (EP300: 119/3297=3.61%; POLR2A:
134/3297=4.06%) (Table S6, Figure S2). In addition,
we also found that tumor samples had significantly
elevated eRNA expression at both the global-level
(expression of all eRNAs as a combination) (P =
7.61x103)  (Figure 1C) and individual-level
(expression of every single eRNA) than adjacent
normal samples, where 15.68% (517/3297) of the
eRNAs with higher expression in tumor samples and
7.19% (237/3297) in adjacent samples (Figure 1D).

Tobacco smoking exposure affects the
epigenetic regulation of eERNA expression

When accessing the expression difference of
eRNAs among subgroups divided by age, gender, or
tobacco smoking history, we found no correlation of
eRNA expression with age or gender (Figure 2A).
However, a significantly elevated eRNA expression
was observed in normal tissues of smokers than that
in non-smokers (P = 0.027) (Figure 2B), and the
expression level in normal smokers was comparable
to that in tumor samples (normal smokers vs. tumor
non-smokers: P = 0.83; normal smokers vs. tumor
smokers: P = 0.70) (Figure 2B). Differential expression
analysis between tumor samples and normal smokers
as well as between tumor samples and normal non-
smokers also revealed that the expression pattern of
eRNAs among normal smokers was more similar to
tumor samples than that in normal non-smokers,
where significantly fewer differentially expressed
eRNAs were observed between normal smokers and
tumor samples than that between normal smokers
and non-smokers (Fisher’'s exact test: P = 9.75x10-31)
(Figure S3). These findings indicated that processes of
tobacco smoking exposure and tumorigenesis could
both affect the epigenetic modification of eRNAs.

Co-expression and GSEA analyses were
performed to elucidate the biological functions of 3297
eRNAs among four groups of samples (smokers and
non-smokers of tumor samples as well as normal
adjacent samples) (Figure 2C). While eRNA-
correlated genes identified in tumor (smoker and
non-smoker) samples were primarily involved in
immune system-related pathways, i.e., adaptive
immune response pathway (tumor smokers:
Normalized enrichment score (NES) = 1.15, P = 0.091,
Prpr = 0.85; tumor non-smokers: NES = 145, P =
9.99x10-4, Prpr = 0.042; normal smokers: NES = 0.80, P
= 0.98, Prpr = 1.00; normal non-smokers: NES = 0.80, P
= 0.99, Prpr = 1.00), eRNA-correlated genes identified
in tumor non-smokers were also involved in cell
cycle-related pathways, i.e., chromosome segregation
pathway (tumor smokers: NES = 0.94, P = 0.69, Prpr =
1.00; tumor non-smokers: NES = 1.66, P = 9.99x10+4,
Prpr = 0.042; normal smokers: NES = 1.15, P = 0.092,
Prpr = 0.62; normal non-smokers: NES = 1.09, P = 0.18,
Prpr= 0.54). Genes identified in normal (smoker and
non-smoker) samples were primarily involved in
modification and mRNA metabolic processes-related
pathways. The specific enrichment of eRNA-
correlated genes in the cell cycle and immune system-
related pathways among tumor samples of non-
smokers were replicated when using Reactome and
KEGG datasets (Figure 2D-E, Figure S4).
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adjacent normal non-smokers. Color of the bar indicates the normalized enrichment score. Statistical significance levels are depicted by *Pror < 0.05, **Pror < 0.01. D. Gene Set
Enrichment Analysis (GSEA) plot depicts the enrichment of co-expressed protein-coding genes (PCGs) of eRNAs in the Cell Cycle gene set from Reactome pathway dataset. E.
GSEA plot depicts the enrichment of co-expressed PCGs of eRNAs in the Immune System gene set from Reactome pathway dataset.
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depicts the enrichment of co-expressed PCGs of eRNA:s in clinical actionable genes (CAGs).

Cancer driver genes and clinically-actionable
genes are overrepresented in eRNA-
correlated genes

To identify eRNAs-correlated genes during lung
tumorigenesis, we built a global eRNA-gene
regulatory network in tumor samples and identified a
total of 14,267 PCGs with significant expression
correlations with 3204 eRNAs (absolute value of the
correlation coefficient = 0.20, Prpr < 0.05), of which
9239 were located in the same chromosome of 2471
co-expressed eRNAs. The histogram of distances
between eRNAs and correlated genes decayed
sharply with distance (Figure 3A), and exhibited a
significant enrichment within one Mbp distance (ER =
1.56, Fisher’s exact test: P < 2.20x10-16). Most (52.56%,
4856/9239) PCGs were mapped to less than three
different eRNAs (Figure 3B), whereas 55.00%
(1359/2471) eRNAs were predicted to interact with
less than ten correlated PCGs (Figure 3C).

We then collected 615 candidate cancer driver
genes from Cancer Gene Census (CGC) and 135
clinically-actionable genes (CAGs) of cancer, and
identified that 81.46% of CGC genes and 82.96%
CAGs were correlated with eRNAs (Table S7). These
two groups of cancer-related genes were significantly
overrepresented among eRNA-correlated genes
(CGC: ER =198, P =5.95x101%; CAG: ER = 2.19, P =
3.44x104), and similar results were observed when the
GSEA method was applied (CGC: NES = 1.25, P =
9.99x104, CAG: NES = 1.35, P = 2.00x103) (Figure
3D-E).

Functional eRNAs-based clustering is
associated with genomic aberrations

Based on the co-expressed eRNA-PCG pairs, we
defined 188 (129 upregulated and 59 downregulated)
eRNAs  with  co-expressed  upregulated or
downregulated PCGs as functional eRNA-PCG pairs
for lung adenocarcinoma (Tables S8-9) after
conducting a series of filtering process as described in
the methods section (Figure 1A). Consensus
clustering analysis based on these 188 eRNAs resulted
in three robust clusters (Cluster 1, Cluster 2 and
Cluster 3) (Figure 4A, Figure S5). Although patients
in three clusters had similar expression level, the two
most common types of cancer genomic events
(somatic mutation and copy number alteration) varied
a lot (Figure 4B). Patients in Cluster 1 exhibited a
normal-like genomic pattern with the lowest level of
genomic  alterations; however, SETD2 (one
established mutation driver gene of lung
adenocarcinoma) mutated only in these patients (P =
1.94x103) (Figure 4A). Patients in Cluster 2 were
enriched for tobacco smokers (P =2.65x103) and had a
median level of mutation rates and copy number
alteration levels (Figure 4A, Figure S6). As patients in
Cluster 3 had the highest level of genomic alterations
(Figure 4B, Figure S7), copy number alterations of
many genes were overrepresented, such as TERC (P =
0.015), PTPRD (P = 0.012), and MYC (P = 0.039)
(Figure 4A). Co-expression analysis and GSEA also
revealed that PCGs co-expressed with eRNAs in these
three groups of patients were involved in different
biological pathways (Table S10).
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Figure 4. Consensus Cluster of the expression of 188 functional eRNAs reveals three distinct integrated clusters in lung adenocarcinoma patients. A.
Heatmap representation of 188 functional eRNAs in three clusters. B. Number of mutations and fraction of copy number alter genomes per sample in three clusters. C. Gene
Set Enrichment Analysis (GSEA) of genes differentially expressed in lung adenocarcinoma patients in Cluster 3 from patients in the other two clusters. The x-axis and the size of
circles indicate the normalized enrichment score (NES) of each pathway. D. Survival analysis reveals a prognostic prediction effect of eRNA-based clusters.

The same analyses were conducted in 481 TCGA  eRNA-PCG pairs were validated. The eRNA-based
lung adenocarcinoma samples, and 80.85% (152/188)  clustering also grouped TCGA patients into three
of the functional eRNAs and corresponding clusters with different somatic mutation loads and
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copy number alteration levels (Figure S8A-B). Strong
concordances were observed when comparing our
eRNA-based clusters to the multiomic iCluster
scheme reported in a previous published study [7]
using RNA-seq, microRNA-seq, DNA methylation,
reverse-phase protein array, and DNA copy number
data. When compared to mRNA-based subtypes
(Figure S8A), we identified that patients in Cluster 3
were enriched in the proximal-proliferative
transcriptional subtype (P = 9.14x10-8) which was
characterized by a high level of chromosome loss [7],
and patients in Cluster 2 were enriched in the terminal
respiratory unit (TRU) group (P = 0.043). In consistent
with previous report that TRU group was
characterized by a high level of EGFR mutations [7],
we also observed significantly more EGFR mutations
in eRNA-based Cluster 2 patients from the TCGA
dataset (P = 1.26x10%) (Figure S9). When compared to
methylation-based subtypes (Figure S8A), Cluster 2
patients were overrepresented in the CpG island
methylator phenotype (CIMP)-high and intermediate
groups (P = 7.04x10%). While CIMP-high and
intermediate groups were characterized by a high
SETD2 mutation rate [7], we also found more SETD2
mutations in eERNA-based Cluster 2 patients, although
didn’t reach the significance level (P = 0.065).

Specific eRNA-based cluster is predictive of
poor clinical outcomes

As patients in Cluster 3 exhibited the highest
genomic instability level, we identified that genes
downregulated in this group of patients compared to
the other two groups of patients were primarily
involved in immune related pathways from both
NJLCC (Figure 4C, Tables S11) and TCGA (Tables
$12) projects. In addition, proportions of four types of
immune cells were attenuated in Cluster 3 patients
compared to patients in other two clusters from
NJLCC project (CD4 T cell: P = 1.62x10-%; Neutrophil:
P = 2.02x104 Macrophage: P = 6.73x10-3; Dendritic
cell: P = 1.03x103), suggesting that the immune
system may be affected (Figure S$10). Cluster 3
patients in TCGA further confirmed the results for
proportions of these four immune cell types (Figure
$10). Further co-expression analysis between 188
functional eRNAs and 40 immune checkpoints
collected from Ruppin et.al [43] also revealed that
significantly less positive (Cluster 3 vs. Clusters 1 & 2:
ER = 0.48, P = 7.34x10-®) and negative (Cluster 3 vs.
Clusters 1 & 2: ER = 0.73, P = 9.76x10%) immune
checkpoint-eRNA pairs were observed among Cluster
3 patients than that in Cluster 1 and 2 patients (Table
$13).

Then, we accessed the clinical outcomes of
patients in Custer 3, and identified that this group of

patients had a relatively worse survival status
compared to patients in Cluster 1 with OS (Cluster 3
vs.1: HR =1.91, P = 0.015; Cluster 3 vs. 2: HR =1.21, P
=0.29) and PFI (Cluster 3 vs. 1: HR = 1.64, P = 0.034;
Cluster 3 vs. 2: HR = 1.33, P = 0.10) as the endpoints,
but not for DFI (Cluster 3 vs. 1: HR = 1.93, P = 0.097;
Cluster 3 vs. 2: HR =1.12, P = 0.67) (Figure 4D).

Copy number amplification activates eRNA
expression in lung adenocarcinoma

When accessing the effect of genomic alterations
on global-eRNA expression, we observed a positive
association with fractions of amplified genome (Cor =
0.22, P = 0.045) (Figure 5A), where no significant
association was found for somatic mutation rates (Cor
=-0.05, P = 0.66) (Figure 5B). By integrating the copy
number information (Figure 5C), we identified that
four of above defined 129 upregulated eRNAs
targeting FOXO6, TERT and PAX9 were activated by
CNA in lung adenocarcinoma samples.

As a classic lung cancer related gene, the
expression of two-candidate functional eRNAs in the
TERT region were highly correlated with their copy
number levels (Figure S11A-B). Other six eRNAs in
this region also showed elevated expression in tumor
samples (Figure S11C). Another interesting finding
was the identification of FOXO6 (Figure 5D-E) as a
novel driver gene for lung adenocarcinoma. We
observed significantly elevated expression of
FOXO0O6-eRNA and FOXO6 in EGFR mutated samples
in both NJLCC (FOXO6-eRNA: P = 3.68x10+, FOXO6:
P = 217x103) (Figure 5F-G) and TCGA samples
(FOXO6-eRNA: P =1.66x101, FOXO6: P = 6.96x10)
(Figure S12), suggesting that the activation of
FOXO6-eRNA may be EGFR-dependent. Further
qPCR also revealed that the expression of one
FOXO6-eRNA was significantly higher in PC9 cell
line (EGFR mut-type) than that in other two EGFR
wide-type lung adenocarcinoma cell lines (A549 and
NCI-H1299) (Figure S13).

Discussion

Here we provided an initial characterization of
eRNA landscape in 80 Chinese lung adenocarcinoma
patients, and observed an elevated global-eRNA
expression among tumor samples compared to
normal samples, which predominantly regulate cell
cycle and immune related genes. We also defined 188
functional eRNAs and the correlated target genes
were overrepresented in cancer driver genes (ER =
1.98, P = 5.95x1012) and clinically-actionable genes
(ER = 219, P = 3.44x104). Consensus clustering of
these 188 eRNAs identified a novel molecular subtype
with immune deficiency and a high-level of genomic
alterations, which was associated with the poor
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clinical outcomes. Taken together, our findings
present a comprehensive description of eRNAs in
lung adenocarcinoma, which provide a new biological
dimension complementary to other genomic features
in understanding the molecular mechanisms
underlying lung carcinogenesis. The clinical utility of
eRNA-based molecular subtypes also provides
implications  for the treatment of lung
adenocarcinoma.

Uncontrolled cell proliferation and tumor-
promoting inflammation are two hallmarks of cancer
[44], which enable cancer cells acquiring genomic
alterations and lead to genome instability [45]. In this
study, we identified that eRNAs expressed in lung
adenocarcinoma (smoker and non-smoker) samples
typically dysregulate genes in cell cycle and immune
system pathways, where cell cycle-specific regulation
ensures the inheritance of reversible epigenetic
markers from generation to generation [46].In
addition, although tobacco exposure also modifies
epigenetic alterations in normal cells [47, 48] by
affecting genes involved in maintaining normal
cellular structure [49], we proposed that the effect
may be greatly attenuated in cancer cells because
these cells are highly disordered [50]. These findings
provided us a better understanding of the different
epigenetic regulation mechanisms underlying both
the smoking process where normal structure is
damaged, and the tumorigenesis process where

highly disordered cancer cells are often more
unstable.
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Previous studies have provided numerous
insights into the effect of somatic mutations and copy-
number alterations in modifying gene expression
during tumorigenesis [51, 52]. In this study, we
proposed that focal genomic amplification is more
likely to activate eRNA expression during cancer
development than somatic mutations, which was
consistent with previous findings [53]. Of the three
amplification-related driver genes implicated in this
study, TERT, the gene encodes human telomere
reverse transcriptase that maintain telomere ends [54],
is a classic predisposition gene for lung cancer [55, 56].
Here, we identified that the highly upregulated
eRNAs upstream of TERT may contribute to lung
cancer development by upregulating the expression
of TERT. Another interesting result is the
identification of FOXO6, a member of Forkhead
transcription factors [57], as a novel driver gene for
lung adenocarcinoma. FOXO6 expression was
upregulated in lung adenocarcinoma, which was
predominantly attributed by the CNA of FOXO6-
eRNA. Although the tumor-promoting role of FOXO6
in adenocarcinoma has not been reported, this TF was
previously found to contribute to the resistance of
erlotinib treatment in EGFR-mutant lung cancers by
inducing the expression of SOX2 [58]. Thus, in
addition to EGFR-FOXO6-SOX2 feedback loop, the
expression of FOXO6 can also be regulated by
FOXO0O6-eRNA, which provided novel implications for
the targeted therapy of FOXO6-related erlotinib
resistance in lung cancer patients.
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With the progression of cancer sequencing
studies, molecular-targeted therapies are increasingly
used as an alternative to chemotherapy [59, 60], which
requires the identification of candidate targets with
key roles in the growth and survival of cancer cells. A
recent study investigated the clinical feasibility of
eRNA-targeted therapy and confirmed the
therapeutic liability of NET1le [29]. Here, we also
found an enrichment of CAGs collected from
Tumor Alterations Relevant for Genomics-driven
Therapy (TARGET) database [61] among eRNA-
correlated genes, which provided additional evidence
for the clinical potential of eRNAs in lung
adenocarcinoma. Moreover, our eRNA-specific
clustering enabled the discovery of a novel subtype
with immune deficiency and correlates with a
malignant progression state. As this group of samples
is enriched for high somatic mutation and copy
number alteration loads, they may have a better
response to immune checkpoint inhibitors [62, 63]. In
addition, we identified that patients in the
low-mutation group specifically carry SETD2
mutations. SETD2 is a gene encodes the histone
H3K36 methyltransferase [64] and loss of STED2
could dysregulate methyltransferase activity, which
was therapeutically manipulate [65]. Generally,
targeted therapy is not applicable for patients with
low mutation rates [66]; but our study proposed that
patients with SETD2 mutations may serve as a
potential cohort for epigenetic therapy [65].

Although this study provided novel information
and intriguing insights into understanding eRNAs
underlying the development of lung cancer, our
findings should be interpreted in the context of some
limitations. First, the limited sample size impacts the
overall statistical power of our study. Second, the
structure of our defined eRNAs is uncertain, given
that we do not have long-range chromosome
interaction data, such as Chip-seq or Hi-C. Third,
since only limited lung-specific enhancer annotation
datasets are available, lung-related eRNAs may be
underestimated. Finally, because eRNAs usually
expressed at a very low level and may get degraded
quickly, GRO-seq is a commonly used technology for
the identification of active enhancers [26, 67].
However, RNA-seq used in this study can also be
utilized for eRNA quantification [28, 29]. When
compared to the nascent enhancers detected with
GRO-seq of a lung adenocarcinoma cell line (A549),
most (68.6%, 2262/3297) of our defined expressed
eRNAs in lung adenocarcinomas could be identified
(Table S14). Additionally, qRT-PCR also validated the
expression of our defined eRNAs in corresponding
lung adenocarcinoma samples (Figure S14),
suggesting a high accuracy of our method used for

eRNA identification.

In summary, we provided a global view of active
eRNAs in lung adenocarcinoma and proposed that
the transcriptional profile of eRNAs represents a
novel biological dimension complementary to other
genomic features. These findings are of great
importance as it not only provides a better
understanding of the mechanisms underlying lung
carcinogenesis, but also provides clinical implications
for the treatment of lung adenocarcinoma.

Abbreviations

CAG: clinically-actionable gene; CI: confidence
interval; CIMP: CpG island methylator phenotype;
CNA: copy number amplification; DFI: disease-free
interval;, ENCODE: the Encyclopedia of DNA
Elements; eRNAs: enhancer RNA; FPKM: fragments
per kilobase of exon per million reads mapped; HR:
hazard ratio; NES: Normalized enrichment score;
NJLCC: Nanjing Lung Cancer Cohort; OS: overall
survival; PCG: protein-coding gene; PFI: progression-
free interval; RPM: reads per million mapped reads;
TCGA: The Cancer Genome Atlas; TF: transcriptional
factor; TPM: Transcripts Per Kilobase of exon model
per Million mapped reads; TRU: terminal respiratory
unit; WES: whole-exome sequencing; WGS:
whole-genome sequencing.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v10p11264s1.pdf

Supplementary tables.
http:/ /www.thno.org/v10p11264s2.xlsx

Acknowledgments

This work was supported by the National
Natural Science of China (81973123, 81922061 and
81521004), National @ Key @ R&D  Program
(2017YFC0907905, 2016YFC0905400) and National
Natural Science of China (81972175).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Bray F, Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018; 68:
394-424.

2. Fry WA, Phillips JL, Menck HR. Ten-year survey of lung cancer
treatment and survival in hospitals in the United States: a national cancer
data base report. Cancer. 1999; 86: 1867-76.

3. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA
Cancer ] Clin. 2005; 55: 74-108.

4. Vogelstein B, Kinzler KW. The multistep nature of cancer. Trends Genet.
1993; 9: 138-41.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 24

11276

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Stratton MR, Campbell PJ, Futreal PA. The cancer genome. Nature. 2009;
458:719-24.

Weir BA, Woo MS, Getz G, Perner S, Ding L, Beroukhim R, et al.
Characterizing the cancer genome in lung adenocarcinoma. Nature.
2007; 450: 893-8.

Cancer Genome Atlas Research N. Comprehensive molecular profiling
of lung adenocarcinoma. Nature. 2014; 511: 543-50.

Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, Cibulskis K, et
al. Somatic mutations affect key pathways in lung adenocarcinoma.
Nature. 2008; 455: 1069-75.

Beer DG, Kardia SL, Huang CC, Giordano TJ, Levin AM, Misek DE, et al.
Gene-expression profiles predict survival of patients with lung
adenocarcinoma. Nat Med. 2002; 8: 816-24.

Hasin Y, Seldin M, Lusis A. Multi-omics approaches to disease. Genome
Biol. 2017; 18: 83.

Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-Andre V, Sigova AA, et al.
Super-enhancers in the control of cell identity and disease. Cell. 2013;
155: 934-47.

Nosworthy MD. Risks of Anaesthesia-1. Br Med J. 1937; 2: 809-10.

Bulger M, Groudine M. Functional and mechanistic diversity of distal
transcription enhancers. Cell. 2011; 144: 327-39.

Ong CT, Corces VG. Enhancer function: new insights into the regulation
of tissue-specific gene expression. Nat Rev Genet. 2011; 12: 283-93.

Li W, Notani D, Rosenfeld MG. Enhancers as non-coding RNA
transcription units: recent insights and future perspectives. Nat Rev
Genet. 2016; 17: 207-23.

Wang S, Zhong L, Li Y, Xiao D, Zhang R, Liao D, et al. Up-regulation of
PCOLCE by TWIST1 promotes metastasis in Osteosarcoma.
Theranostics. 2019; 9: 4342-53.

Tan H, Zhang S, Zhang J, Zhu L, Chen Y, Yang H, et al. Long non-coding
RNAs in gastric cancer: New emerging biological functions and
therapeutic implications. Theranostics. 2020; 10: 8880-902.

Consortium EP. An integrated encyclopedia of DNA elements in the
human genome. Nature. 2012; 489: 57-74.

Andersson R, Gebhard C, Miguel-Escalada I, Hoof I, Bornholdt J, Boyd
M, et al. An atlas of active enhancers across human cell types and tissues.
Nature. 2014; 507: 455-61.

Roadmap Epigenomics C, Kundaje A, Meuleman W, Ernst J, Bilenky M,
Yen A, et al. Integrative analysis of 111 reference human epigenomes.
Nature. 2015; 518: 317-30.

Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu ], et al.
Widespread transcription at neuronal activity-regulated enhancers.
Nature. 2010; 465: 182-7.

Wang D, Garcia-Bassets I, Benner C, Li W, Su X, Zhou Y, ef al.
Reprogramming transcription by distinct classes of enhancers
functionally defined by eRNA. Nature. 2011; 474: 390-4.

Herranz D, Ambesi-Impiombato A, Palomero T, Schnell SA, Belver L,
Wendorff AA, et al. A NOTCH1-driven MYC enhancer promotes T cell
development, transformation and acute lymphoblastic leukemia. Nat
Med. 2014; 20: 1130-7.

Affer M, Chesi M, Chen WG, Keats JJ, Demchenko YN, Roschke AV, et al.
Promiscuous MYC locus rearrangements hijack enhancers but mostly
super-enhancers to dysregulate MYC expression in multiple myeloma.
Leukemia. 2014; 28: 1725-35.

Liang J, Zhou H, Gerdt C, Tan M, Colson T, Kaye KM, et al. Epstein-Barr
virus super-enhancer eRNAs are essential for MYC oncogene expression
and lymphoblast proliferation. Proc Natl Acad Sci U S A. 2016; 113:
14121-6.

Li W, Notani D, Ma Q, Tanasa B, Nunez E, Chen AY, et al. Functional
roles of enhancer RNAs for oestrogen-dependent transcriptional
activation. Nature. 2013; 498: 516-20.

Li GY, Wang W, Sun JY, Xin B, Zhang X, Wang T, et al. Long non-coding
RNAs AC026904.1 and UCAT: a "one-two punch" for TGF-beta-induced
SNAI2 activation and epithelial-mesenchymal transition in breast cancer.
Theranostics. 2018; 8: 2846-61.

Chen H, Li C, Peng X, Zhou Z, Weinstein JN, Cancer Genome Atlas
Research N, et al. A Pan-Cancer Analysis of Enhancer Expression in
Nearly 9000 Patient Samples. Cell. 2018; 173: 386-99 e12.

Zhang Z, Lee JH, Ruan H, Ye Y, Krakowiak J, Hu Q, et al. Transcriptional
landscape and clinical utility of enhancer RNAs for eRNA-targeted
therapy in cancer. Nat Commun. 2019; 10: 4562.

Dobin A, Davis CA, Schlesinger F, Drenkow ], Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013; 29:
15-21.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features.
Bioinformatics. 2014; 30: 923-30.

Wang C, Yin R, Dai J, Gu Y, Cui S, Ma H, et al. Whole-genome
sequencing reveals genomic signatures associated with the

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

inflammatory microenvironments in Chinese NSCLC patients. Nature
communications. 2018; 9: 2054.

Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics. 2009; 25: 1754-60.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky
A, et al. The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome research.
2010; 20: 1297-303.

Bailey MH, Tokheim C, Porta-Pardo E, Sengupta S, Bertrand D,
Weerasinghe A, et al. Comprehensive Characterization of Cancer Driver
Genes and Mutations. Cell. 2018; 174: 1034-5.

Gao ], Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative analysis of complex cancer genomics and clinical profiles
using the cBioPortal. Sci Signal. 2013; 6: pl1.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The
cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer Discov. 2012; 2: 401-4.
Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for
comparing biological themes among gene clusters. Omics : a journal of
integrative biology. 2012; 16: 284-7.

Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery tool
with confidence assessments and item tracking. Bioinformatics. 2010; 26:
1572-3.

Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cherniack AD,
et al. An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive
High-Quality Survival Outcome Analytics. Cell. 2018; 173: 400-16 e11.
Bouvy-Liivrand M, Hernandez de Sande A, Polonen P, Mehtonen J,
Vuorenmaa T, Niskanen H, et al. Analysis of primary microRNA loci
from nascent transcriptomes reveals regulatory domains governed by
chromatin architecture. Nucleic acids research. 2017; 45: 9837-49.

Chae M, Danko CG, Kraus WL. groHMM: a computational tool for
identifying unannotated and cell type-specific transcription units from
global run-on sequencing data. BMC Bioinformatics. 2015; 16: 222.
Auslander N, Zhang G, Lee ]S, Frederick DT, Miao B, Moll T, et al.
Robust prediction of response to immune checkpoint blockade therapy
in metastatic melanoma. Nat Med. 2018; 24: 1545-9.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011; 144: 646-74.

Shen Z. Genomic instability and cancer: an introduction. ] Mol Cell Biol.
2011; 3:1-3.

Probst AV, Dunleavy E, Almouzni G. Epigenetic inheritance during the
cell cycle. Nat Rev Mol Cell Biol. 2009; 10: 192-206.

Breitling LP, Yang R, Korn B, Burwinkel B, Brenner H.
Tobacco-smoking-related differential DNA methylation: 27K discovery
and replication. Am ] Hum Genet. 2011; 88: 450-7.

Zakarya R, Adcock I, Oliver BG. Epigenetic impacts of maternal tobacco
and e-vapour exposure on the offspring lung. Clin Epigenetics. 2019; 11:
32.

Pfeifer GP, Denissenko MF, Olivier M, Tretyakova N, Hecht SS, Hainaut
P. Tobacco smoke carcinogens, DNA damage and p53 mutations in
smoking-associated cancers. Oncogene. 2002; 21: 7435-51.

Meacham CE, Morrison S]. Tumour heterogeneity and cancer cell
plasticity. Nature. 2013; 501: 328-37.

Pleasance ED, Cheetham RK, Stephens PJ, McBride DJ, Humphray SJ,
Greenman CD, ef al. A comprehensive catalogue of somatic mutations
from a human cancer genome. Nature. 2010; 463: 191-6.

Cancer Genome Atlas N. Comprehensive molecular characterization of
human colon and rectal cancer. Nature. 2012; 487: 330-7.

Zhang X, Choi PS, Francis JM, Imielinski M, Watanabe H, Cherniack AD,
et al. Identification of focally amplified lineage-specific super-enhancers
in human epithelial cancers. Nat Genet. 2016; 48: 176-82.

Blackburn EH. Telomerase and Cancer: Kirk A. Landon--AACR prize for
basic cancer research lecture. Mol Cancer Res. 2005; 3: 477-82.

McKay JD, Hung R], Gaborieau V, Boffetta P, Chabrier A, Byrnes G, et al.
Lung cancer susceptibility locus at 5p15.33. Nat Genet. 2008; 40: 1404-6.
Broderick P, Wang Y, Vijayakrishnan J, Matakidou A, Spitz MR, Eisen T,
et al. Deciphering the impact of common genetic variation on lung cancer
risk: a genome-wide association study. Cancer Res. 2009; 69: 6633-41.
Kim DH, Perdomo G, Zhang T, Slusher S, Lee S, Phillips BE, et al. FoxO6
integrates insulin signaling with gluconeogenesis in the liver. Diabetes.
2011; 60: 2763-74.

Rothenberg SM, Concannon K, Cullen S, Boulay G, Turke AB, Faber AC,
et al. Inhibition of mutant EGFR in lung cancer cells triggers
SOX2-FOXO6-dependent survival pathways. Elife. 2015; 4.

Huang M, Shen A, Ding J, Geng M. Molecularly targeted cancer therapy:
some lessons from the past decade. Trends Pharmacol Sci. 2014; 35:
41-50.

Vanneman M, Dranoff G. Combining immunotherapy and targeted
therapies in cancer treatment. Nat Rev Cancer. 2012; 12: 237-51.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 24

11277

61.

62.

63.

64.

65.

66.
67.

Van Allen EM, Wagle N, Stojanov P, Perrin DL, Cibulskis K, Marlow S, et
al.  Whole-exome sequencing and clinical interpretation of
formalin-fixed, paraffin-embedded tumor samples to guide precision
cancer medicine. Nat Med. 2014; 20: 682-8.

McGranahan N, Furness AJ, Rosenthal R, Ramskov S, Lyngaa R, Saini
SK, et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity
to immune checkpoint blockade. Science. 2016; 351: 1463-9.

Anagnostou V, Smith KN, Forde PM, Niknafs N, Bhattacharya R, White
J, et al. Evolution of Neoantigen Landscape during Immune Checkpoint
Blockade in Non-Small Cell Lung Cancer. Cancer Discov. 2017; 7: 264-76.
Yuan H, Li N, Fu D, Ren J, Hui J, Peng J, et al. Histone methyltransferase
SETD2 modulates alternative splicing to inhibit intestinal tumorigenesis.
J Clin Invest. 2017; 127: 3375-91.

Baylin SB, Jones PA. A decade of exploring the cancer epigenome -
biological and translational implications. Nat Rev Cancer. 2011; 11:
726-34.

Sawyers C. Targeted cancer therapy. Nature. 2004; 432: 294-7.

Zhu C, Li L, Zhang Z, Bi M, Wang H, Su W, et al. A Non-canonical Role
of YAP/TEAD Is Required for Activation of Estrogen-Regulated
Enhancers in Breast Cancer. Molecular cell. 2019; 75: 791-806 e8.

http://lwww.thno.org



