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Abstract 

Last decades have witnessed the great progress in exploration of tumor transcriptome. How- 
ever, most researches were restricted in gene-level expression. mRNA isoforms, especially tumor- 
specific isoforms have not been fully explored in tumor. Here, by analyzing RNA-seq data derived 
from hundreds of samples in TCGA projects, we comprehensively characterized the expression 
variations of mRNA isoforms in adenocarcinoma of lung (LUAD), which is one of leading causes 
of cancer-related death. Our analysis found that a variety of mRNA isoforms showed differential 
expression in LUAD tumor samples. Some of them even showed distinct variations compared to 
their host genes. Further analysis of functional enrichment revealed that up- and down-regulated 
mRNA isoforms took part in different types of biological process. In addition, we also identified 
hundreds of isoforms that expressed exclusively in LUAD tumor samples. Furthermore, the ex- 
pression level of several isoforms, such as uc001kuk.3 and uc003yls.2, could separate tumor 
patients by overall survival periods. Our study provided new candidates for the diagnosis and 
prognosis of lung cancer. 
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Introduction 

The primary goal across diverse areas of oncology is identi-
fication of tumor-specific molecules for applications in early
diagnosis, prognosis and the therapeutic strategy design.
Among various molecules, RNA has been proven to be one
of the most attractive ones mainly because of its prevalence
in cells which enables the highly sensitive early detection and
diagnostic assays [1,2] . The main themes of tumor investi-
gations during the last few decades have been focused on
gene-level aberrance. Actually, “gene” is a collective term for
all RNA isoforms transcribed from a genomic locus [2] . Ex-
periments based on “gene” concept hindered the efforts to
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discover molecules expressing in a tumor-specific way. Re-
cent studies have proven that isoform-level expression could
represent the molecule alterations more clearly in tumor [3–6] .

High-throughput sequencing technologies have provided
researchers powerful tools to investigate RNA level expres-
sion [7] . Transcriptome sequencing (RNA-seq) could enable
genome-wide quantification of mRNA isoforms expression.
Subhash et al. employed high throughput RNA-seq analysis
of buccal mucosal cancer (BMC) to identify aberrant tran-
scriptional events [8] . Their analysis revealed hundreds of
aberrant isoforms and splice variants that might be help-
ful in deep understanding of pathological changes. A recent
study in ovarian cancer developed custom bioinformatics al-
gorithms to identify mRNA isoforms with tumor-specific ex-
pression from hundreds of RNA-seq datasets [2] . Their study
found that tumor-specific isoforms played important roles in
the development of ovarian cancer and might be useful in the
clinical diagnosis and molecular therapy. Wei et al. system-
atically analyzed the isoform-level expression patterns and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cancergen.2018.11.004&domain=pdf
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isoform switching events by using 819 mRNA-seq datasets
of breast tumor and normal samples [5] . Wei et al. found that
most isoforms were associated with breast cancer subtypes
and showed biological significance. In addition, a number of
large databases such as The Cancer Genome Atlas (TCGA,
https://cancergenome.nih.gov/) have released mountains of
RNA-seq data derived from malignant and normal tissues.
Public resources provide opportunities to promote tumor re-
search, especially in diagnosis and therapy. Nevertheless, to
date these data have not been rigorously evaluated for the dis-
covery of tumor-specific molecules in many types of tumors,
including lung adenocarcinoma. 

Lung cancer is one of the leading causes of cancer-related
mortality worldwide, the most common histological type of
which is adenocarcinoma [9] . Smoking is the major risk for
lung adenocarcinoma, however, last decades have witnessed
increasing proportion cases in non-smoking individuals [10] .
Recently, molecule-target therapies proved dramatic improve-
ment on treatment for patients with specific genomic features.
Such genes as EGFR [11] , TP53 [12] , ALK [13] and KEAP1
[14] were investigational targets for significant genomic alter-
ations. However, the genomic abnormalities of these genes
are not clinically actionable. Recent study focusing in tumor
transcriptome revealed various RNA molecules as potential
diagnosis and therapy biomarkers. Hence, it is a necessity to
investigate the expression alterations of isoforms and iden-
tify tumor-specific isoforms genome-wide in lung adenocarci-
noma. 

Our study is the first to comprehensively characterize
isoform-level expression in lung adenocarcinoma (LUAD). A
variety of isoforms were found to express differentially in
LUAD tumor samples compared to normal samples. Differ-
entially expressed isoforms showed biological significance in
LUAD. We also identified a number of tumor-specific isoforms
that could be potential biomarkers for clinical diagnosis. Sev-
eral tumor-specific isoforms showed prognostic potential to
predict the overall survival period of LUAD patients. 

Materials and methods 

TCGA RNA-seq data 

RNA-seqV2 read counts and patient clinical parameters of
573 samples from the TCGA lung adenocarcinoma (LUAD)
cohort were downloaded from the TCGA data portal ( https://
tcga-data.nci.nih.gov/ tcga/ ). The raw sequencing reads were
aligned to the human genome (hg19) by the TCGA consortium
using MapSplice [15] . Additionally, the quantification was per-
formed by RSEM [16] against the reference transcriptome of
UCSC hg19 GAF2.1(17) for known genes and isoforms [18] .
Furthermore, the raw read counts for each gene and isoform
were normalized as RPKM (Reads Per Kilobase per Million
mapped reads). RPKM value is a method for quantifying gene
expression from RNA sequencing data by normalizing for fea-
ture (such as genes) length and the number of total sequenc-
ing reads [19] . We calculated the RPKM value for each gene
or isoform as follows: 

RPK M i = 1000 , 000 , 000 × R i j 

N j × L i 
Where R ij is the count of reads mapped to gene (or isoform) i
in sample j. N j represents the total number of reads mapped
to all genes in sample j and L i for the length of exonic regions
in gene (or isoform) i . 

Identification of differentially expressed 

genes and isoforms 

Included in the LUAD samples were 58 paired tumor/normal
samples, on which differential expression analysis was per-
formed using paired Student’s t test. All genes and isoforms
that were differentially expressed (Benjamini-Hochberg cor-
rected p -value ≤0.01 and fold change ≥2 or ≤0.5) between
paired tumor and normal samples were selected for further
analysis. 

Calculate the PSI values for isoforms 

For isoforms, the Percent Spliced In (PSI) value represents
relative abundance of the included isoforms among the same
genes. The PSI values were calculated as follows: 

P S I gi = 

RP K M gi 
∑ n 

j=1 RP K M g j 

Where PSI gi denotes the PSI value of isoform i that belongs
to gene g , and gene g has a total of n isoforms. RPKM gi rep-
resents the RPKM value of isoform i . 

Functional enrichment analysis 

Gene Ontology (GO) and KEGG pathway gene sets were re-
trieved from Molecular Signatures Database (MSigDB v6.0)
[20] . Functional enrichment were performed using Hypergeo-
metric test to identify significantly relevant biological process
and pathways of the differentially expressed isoforms (re-
lated to 2432 up-regulated genes and 1842 down-regulated
genes). 

Identification of genes with switch isoforms 

The expression contribution of distinct isoforms from the same
genes might alter in different biological conditions. For each
gene, the dominant isoforms were first identified in all paired
samples. Genes that expressed different dominant isoforms
in normal and paired tumor samples were considered to have
switch isoforms in tumor. We then computed the occurrence
frequency of switch isoforms in tumor samples. The PSI differ-
ence between dominant and second rank isoforms in tumor
samples was also calculated. A switch isoform with occur-
rence frequency higher than 30% and average PSI difference
no less than 0.3 was defined as valid switch isoforms. 

Identification of tumor-specific isoforms 

First of all, isoforms with RPKM value larger than 0.1 were
considered as expressed isofor ms. Isofor ms that were not

https://cancergenome.nih.gov/
https://tcga-data.nci.nih.gov/tcga/
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expressed in all benign adjacent samples ( n = 58) were iden-
tified as tumor-expressed isoforms. To filter out isoforms that
were low-expressed across all samples, isoforms that were
detected expressed in less than ten percent of all tumor sam-
ples ( n = 515) were further discarded. All remained isoforms
were considered as tumor-specific isoforms. 

Survival analysis 

Expression levels across all tumor samples of each tumor-
specific isoforms were used to explore whether they were
associated with prognosis of tumor patients. For each tumor-
specific isoform, all tumor samples were dichotomized into
low- and high-expression group by using the median expres-
sion level as cutoff. The Kaplan-Meier method was further
used to evaluate the overall survival time for the two groups.
The differences between overall survival times of two groups
were compared by log-rank test. In addition, isoforms that
divided patients with longer survival time into high-expression
group were considered as positive tumor-specific isoforms.
Conversely, negative tumor-specific isoforms divided patients
with shorter survival time into high-expression group. 
Fig. 1 The status of genes and isoforms in TCGA annotation. (A) 
isoforms in TCGA LUAD cohort. (B) Distribution of isoform numbers in
and isoforms in tumor samples compared to normal samples. (D) Ex
and uc010trb.1 in normal and tumor samples. 
Statistical analysis and figures 

All statistical analyses used in our study were performed in R
software [21] . Figures were also built using R software. With-
out specific statement, statistical tests with a P -value less than
0.05 were considered significant. 

Results 

Exploring the expression of genes and isoforms in
TCGA LUAD cohort 

To identify genes and isoforms that exhibit potential roles
in the carcinogenesis process of LUAD, expression profiles
of 573 LUAD samples were obtained from TCGA, including
58 paired tumor/normal samples ( Fig. 1 (A)). In addition,
the UCSC annotation (GAF2.1) [17] was used as the gene
model, which contains 20,531 genes and 73,599 previously
deter mined isofor m definitions ( Fig. 1 (A)). In our study,
only these known isoform definitions or gene model were
analyzed and no de novo isoform discovery was performed.
Most genes can be transcribed into diverse isoforms, which
Numbers of normal and tumor samples, numbers of genes and 
 genes. (C) Numbers of up-regulated and down-regulated genes 
pression level of KTN1 gene and two of its isoforms uc001xcd.2 
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Fig. 2 The expression overview of isoforms in TCGA LUAD cohort. (A) Overall distribution of expression level of isoforms. (B) Sample 
distribution of isoforms with different expression levels. (C) The expression contributions of distinct isoforms from the same genes in 
normal or tumor samples. (D) The percentage of isoforms with different expression ranks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

extends the transcriptional diversity. In our gene model, over
two third (71.3%) of genes have multiple isoforms ( Fig. 1 (B)),
and 34.96% of those have more than three. The expres-
sion levels of genes were quantified by counting the reads
mapped to the whole exonic regions, whereas the junction
coverage was an extra consideration in the estimation of
isoform expression. Obviously, reads that were counted into
the isoform expression also contributed to the expression of
corresponding genes. For genes having diverse isoforms,
not all isoforms were supposed to positively correlate with
genes in expression level. In order to testify this, correlations
of expression levels between genes and their isoforms were
calculated. Consequently, about one third (35.2%) of the
multi-isoform genes showed this discrepancy. 

The prevalent discrepancy between different isoforms
belonging to the same genes raised the question that genes
that were not identified differential expression might harbor
differentially expressed isoforms. To further the investigation,
differential expression analysis for both genes and isoforms
was performed by comparing paired tumor and normal
samples (see Methods). Consequently, 4104 differentially
expressed genes (DEGs) and 10,877 differentially expressed
isoforms (DEIs) were identified in LUAD ( Fig. 1 (C)), and
most of these DEGs or DEIs were up-regulated. Although the
host genes of most DEIs (7434, 68.3%) were DEGs, a non-
negligible part of DEIs were transcribed from genes that were
not differentially expressed. Among the non-differentially ex-
pressed genes, 2545 genes harbored isoforms that exhibited
differential expression levels. Several cancer-related genes
were amid these genes, such as KTN1 ( Fig. 1 (D)), which
was reported in liver cancer [22] and colorectal cancer [23] ,
but not in lung cancer. 
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Fig. 3 Functional investigation of differential expression isoforms. (A) Scatter plot shows the difference (fold change and p values) of 
1000 up-regulated and 1000 down-regulated isoforms with top difference scores. (B) Significant GO biological process of functional 
enrichment in up- and down-regulated isoforms. (C) Significant KEGG pathways of functional enrichment in up- and down-regulated 
isoforms. (D) Scatter plot indicates the occurrence frequency and PSI values of genes with switch isoforms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These observations showed that some non-differential
genes can be identified to play potential roles in tumor through
the analysis of mRNA isoforms. The “gene-centered” re-
search in tumor might make some intriguing things still un-
explored. 

Most genes expressed dominant isoforms 

As the discrepancy observed above implicated that mRNA
isoforms might play crucial roles in tumor biology, we fur-
ther investigated the variations of isoforms in LUAD. In order
to study the potential roles of mRNA isoform in LUAD, we
first analyzed the isoform-level expression across the lung tu-
mors and paired normal lung tissues. Different cutoff for iso-
form detection was used to inquire the distribution of isoform
expression. Across all these samples, an average of 45.6%
isoforms were expressed under 0.1 RPKM value and 6.7%
isoforms showed expression level that were higher than
15 RPKM ( Fig. 2 (A)). On average, 59.7% of all isoforms
were detected in less than 10% samples and approximately
17.6% isoforms were expressed in more than 90% samples
( Fig. 2 (B)). 

Among the various isoforms expressed from the same
gene, there exists a predominant isoform that shows the most
abundant expression. The PSI (Percent Spliced In) values of
each isoform from the same genes were compared to inves-
tigate the dominant isoforms. When quantifying all the anno-
tated isoforms within a gene based on their relative abun-
dance, we observe the existence of a predominant isoform
for most genes in both normal and tumor samples as ex-
pected ( Fig. 2 (C)). In order to limit the degree of sparsity while
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Table 1 Potential isoform targets for pathway-inhibiting 
therapies. 

Isoform Gene Pathway 

uc010vtw.1 FGF11 MAPK signaling pathway; 
Pathways in cancer 

uc003iac.2 PITX2 TGF beta signaling pathway 
uc009xco.2 LAMB3 Focal adhesion;Pathways in 

cancer;Small cell lung 
cancer 

uc002tsu.3 TUBA3D Gap junction 
uc010irs.2 NEIL3 Base excision repair 
uc010bkn.2 NRG4 ERBB signaling pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

including the majority of expressed isoforms, only isoforms
that have at least 0.1 RPKM value in more than 50% sam-
ples in either normal or tumor condition were considered as
expressed isoforms. As a result, 36,473 and 36,605 isoforms
were identified as expressed in normal and tumor samples,
respectively. Among the pool of expressed isoforms, over one
third (37.2% and 36.5% in normal and tumor, respectively,
Fig. 2 (D)) were the dominant isoforms in both normal and tu-
mor conditions. In addition, isoform dominance of each gene
was determined as described in a previous study [6] . Specif-
ically, isoform dominance was quantified by computing the
ratio of the expression levels between the dominant isoform
and the second most abundant one. Overall, in both normal
and tumor conditions, we observed that about one third of the
genes shave a two-fold dominant major isoform (that is, ex-
pressed at least twice as much as the second most abundant
one). 

These results showed that a large slice of isoforms were
expressed in a relatively small portion of all samples (includ-
ing both normal and tumor conditions), which indicated their
specific roles in either condition. Additionally, over one third of
the genes expressed a dominant isoform that expressed more
than twice as much as the second most abundant isoform. 

Differentially expressed isoforms play roles in
the process of LUAD 

To further investigate the variation and importance of isoforms
in lung cancer, we performed differential expression analy-
sis on all isoforms. Consequently, 10,877 isoforms (16.15%
of all isoforms) were shown to differentially express in tu-
mor samples. In particular, 6385 isoforms were up-regulated
and 4492 isoforms were down-regulated in LUAD ( Fig. 3 (A)).
Functional enrichment was performed separately in up- and
down-regulated isoforms to inspect the abnormality of bi-
ological process and pathways in lung cancer. Interest-
ingly, we found that up-regulated isoforms were enriched in
process related to genome stability, whereas down-regulated
isoforms were more likely to be enriched in cell function pro-
cess ( Fig. 3 (B)). Particularly, up-regulated isoforms were in-
clined to be related to such biological process as "Nuclear
chromosome segregation", "DNA replication", "Chromosome
organization" and "DNA repair". Nevertheless, isoforms that
showed down-regulation in tumor samples were enriched in
process like "Regulation of cell differentiation", "Responding
wounds", "Positive regulation of response to stimulus" and
"Negative regulation of cell proliferation". In addition, most up-
regulated isoforms took part in pathways related to nucleotide
metabolism and genome stability, such as "Pyrimidine
metabolism", "Purine metabolism", "Mismatch repair" and
"Base excision repair" ( Fig. 3 (C)). However, down-regulated
isoforms were enriched in pathways like "Complement co-
agulation cascades", "Focal adhesion", "TGF beta signaling
pathway" and "MAPK signaling pathways" ( Fig. 3 (C)). Genes
may use distinct dominant isoforms in different biological con-
ditions to perform various functions. In order to explore the
switch of dominant isoforms in tumor, we identified the dom-
inant isoform for each gene in normal and paired tumor sam-
ples (see Methods). The switch of dominant isoforms were
revealed to occur in thousands of genes between normal and
paired tumor samples ( Fig. 3 (D)). About fifty percent of these
isoform switch occurred in over half of the samples. Addition-
ally, the PSI difference of switch isoform was larger than 0.5. 

Our analysis revealed that differentially expressed iso-
forms play impor tant roles in progress of LUAD. Fur ther-
more, distinct biological process and pathways were impacted
through up- or down-regulated isoforms. Intriguingly, the alter-
ations of functions in many genes were performed by switch-
ing the dominant isoforms. 

Tumor-specific isoforms proved clinical 
relevance 

Our analyses have revealed that the altered isoforms play
important roles in the biological process of LUAD. Among
these altered isoforms, there exists a group of isoforms that
only expressed in tumor samples (see Methods). In particu-
lar, we identified 882 tumor-specific isoforms ( Fig. 4 (A)). Most
of these tumor-specific isoforms were detected in 10–20% of
all LUAD tumor samples ( n = 515). Tumor-specific isoforms
might only express in certain types of LUAD patient, which
made them as potential prognosis marker. To further exam-
ine the clinical relevance of these isoforms, we evaluated the
relations between overall survival time of patients and iso-
form expression in tumor samples. These analysis found that
96 tumor-specific isoforms be associated with patient overall
survival (Log-rank test p value < 0.05, Fig. 4 (B)). Expression
level of some isoforms showed negative prognosis, whereas
some showed positive prognosis. For example, higher ex-
pression level of uc001kuk.3 indicated shorter overall survival
( Fig. 4 (C)), whereas higher expression of uc003yls.2 in-
dicated longer overall survival time ( Fig. 4 (D)). In addi-
tion, uc001kuk.3 (LDB1) was involved in pathways like tran-
scriptional misregulation in cancer. And uc003yls.2 (RIMS2)
played roles in ion channel binding. They both showed biologi-
cal significance in cancer. Furthermore, we identified 6 tumor-
specific isoforms were involved in tumor-related pathways ( Ta-
ble 1 ). These isoforms could be useful targets for pathway-
inhibiting therapies. These observations showed that tumor-
specific isoforms might be potential diagnosis or even prog-
nosis markers. 

Discussion 

We have comprehensively characterized the expression of
isoforms in LUAD samples. Our analysis found that a group
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Fig. 4 Survival analysis of tumor-specific isoforms. (A) Scatter plot presents the expression level and frequency of tumor-specific 
isoforms. (B) The significance (p values) of relations between expression level of tumor-specific isoforms and patients overall survival 
time. (C) Survival curve of a negative prognosis isoform uc001kuk.3 . (D) Survival curve of a positive prognosis isoform uc003yls.2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of genes showed no expression variations but some of their
isoforms expressed differentially. We next identified all differ-
entially expressed isoforms in LUAD. Up-regulated and down-
regulated isoforms showed distinct biological significance in
tumor process. These observations indicated that expression
analysis from isoform level could reveal the molecular alter-
ations in LUAD more clearly. Isoform-level analysis in other
types of tumor also revealed amazing observations [2,5] .
Quantifying isoforms from raw sequencing reads with latest
gene structure annotation would enrich these results. How-
ever, RNA-seq level 3 data of TCGA LUAD cohort was the
largest dataset with clinical follow-up information we could
access so far. 

In eukaryotes, alternative splicing process leads to distinct
mRNA isoforms transcribed from the primary transcription
products [24] . Thus, the dis-regulation of alternative splicing
in tumor might bring about differential expression levels of
isofor ms. The alter native splicing process could be affected
by many factors, such as DNA methylation [25] . Further
investigation on the mechanism of dis-regulated isoforms in
tumor might lead to the discovery of drug targets. 

Our further investigation found some hundreds of isoforms
expressed exclusively in tumor. Even more, the expression
level of several of these isoforms showed significant associa-
tion with patient overall survival time. Therefore, our investiga-
tion provides some potential biomarkers for clinical diagnosis
and therapy. 
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