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Bioinformatics methods for various RNA-seq data analyses are in fast evolution with the improvement of sequencing technol-
ogies. However, many challenges still exist in how to efficiently process the RNA-seq data to obtain accurate and comprehen-
sive results. Here we reviewed the strategies for improving diverse transcriptomic studies and the annotation of genetic vari-
ants based on RNA-seq data. Mapping RNA-seq reads to the genome and transcriptome represent two distinct methods for 
quantifying the expression of genes/transcripts. Besides the known genes annotated in current databases, many novel 
genes/transcripts (especially those long noncoding RNAs) still can be identified on the reference genome using RNA-seq. 
Moreover, owing to the incompleteness of current reference genomes, some novel genes are missing from them. Ge-
nome-guided and de novo transcriptome reconstruction are two effective and complementary strategies for identifying those 
novel genes/transcripts on or beyond the reference genome. In addition, integrating the genes of distinct databases to conduct 
transcriptomics and genetics studies can improve the results of corresponding analyses. 
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INTRODUCTION 

RNA-seq technologies have been greatly improved in terms 
of sequencing time, cost, throughput and accuracy. These 
improvements have tremendously facilitated the tran-
scriptomic studies for diverse species (Chen et al., 2011b; 
Oshlack et al., 2010; Ozsolak and Milos, 2011; Wang et al., 
2009). However, in order to accomplish corresponding re-
search goals, the matter of how to efficiently and fully ex-
plore the RNA-seq data using appropriate approaches faces 

many challenges. Notably, the annotation of genes on the 
reference genome of many organisms is still far from com-
plete and many novel genes/transcripts (including both pro-
tein-coding and noncoding) remain to be identified. On the 
other hand, those reference genomes constructed for diverse 
species may be incomplete and some genomic sequences 
that contain genes are missing (Chen et al., 2011a, 2013b; 
Li et al., 2010). These problems raise the urgent need for 
identifying and characterizing those novel genes/transcripts 
on or out of the reference genome. Many studies, using 
RNA-seq, have identified a number of novel protein-coding 
and noncoding genes/transcripts of interested organisms 
(Cabili et al., 2011; Chettoor et al., 2014; Guttman et al., 
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2010; Pauli et al., 2012; Roberts et al., 2011). Because long 
noncoding RNAs (lncRNAs) were less explored previously, 
they are a significant portion of those identified novel 
genes/transcripts.  

Transcriptomic and genetic studies are generally con-
ducted based on annotated genes, thus the completeness of 
gene annotation could substantially influence related anal-
yses (Chen et al., 2013a, 2015). RefSeq database was the 
most popular one used in previously published research. 
This is because of the high-confidence of its annotated 
genes. Nevertheless, RefSeq is very conservative and anno-
tated a limited number of genes (Pruitt et al., 2014). The 
ENCODE project has greatly improved the human gene 
annotation and provided a more comprehensive gene set in 
GENCODE database (Consortium, 2012; Harrow et al., 
2012). Moreover, GENCODE (corresponding to Ensembl 
(Cunningham et al., 2015)) annotated many lncRNAs. The 
transcripts annotated in GENCODE/Ensembl databases can 
be divided into multiple distinct categories, whereas the 
majority of genes annotated in RefSeq database are pro-
tein-coding. Besides, UCSC (Rosenbloom et al., 2015) and 
AceView (Thierry-Mieg and Thierry-Mieg, 2006) databases 
also provide the genes for distinct organisms. Each database 
used their own pipeline and criteria to annotate different 
types of genes. Thus, the genes annotated in those databases 
can vary in quantity and quality, but each database may 
contain specific genes that were not annotated in other da-
tabases (Chen et al., 2013a). Knowing how to integrate 
those databases for comprehensively carrying out gene ex-
pression analysis using RNA-seq could be very helpful. 
Furthermore, RNA-seq has the potential to capture all the 
genes/transcripts expressed in cells, which could provide the 
possibility of detecting novel genes/transcripts unannotated 
in present databases. Although several reviews have  
discussed how to process the RNA-seq data properly in  
order to characterize the gene expression profile, they were 
mainly focused on the common analyses of known genes 
(Chen et al., 2011b; Garber et al., 2011; Oshlack et al., 
2010; Pepke et al., 2009). A knowledge of how to charac-
terize and annotate those novel genes/transcripts on or  
beyond the reference genome using RNA-seq is currently 
lacking.  

In this review, we first discussed genome-based and 
transcriptome-based approaches for characterizing the ex-
pression profile of known genes. Then, we summarized how 
to use genome-guided and de novo transcriptome recon-
struction methods to identify the novel genes/transcripts 
unannotated on the reference genome. We also provided 
different approaches to characterize the novel genes/  
transcripts that were missing from the reference genome. 
Furthermore, we described current strategies for identifying 
and annotating lncRNAs. In the end, we further discussed 
how to combine different gene databases and RNA-seq data 

to improve the annotation of genetic variants. 

EXPLORING THE EXPRESSION PROFILES OF 
KNOWN GENES 

Integrating different gene databases 

To comprehensively characterize the gene expression pro-
files, it is important to make the gene set used in the study 
as complete as possible. There are different gene databases 
that can be used for conducting related RNA-seq data anal-
ysis, such as RefSeq (Pruitt et al., 2014), Ensembl 
(Cunningham et al., 2015), UCSC (Rosenbloom et al., 
2015) and AceView (Thierry-Mieg and Thierry-Mieg, 
2006). However, previously, we showed that thousands of 
Ensembl genes were not annotated in AceView database 
and vice versa, and an integrated gene set of these two da-
tabases significantly improved diverse transcriptomic anal-
yses (Chen et al., 2013a). The specific genes in each data-
base could result from the differences of resources and 
methodologies used in their gene annotation. Therefore, 
incorporating the genes in different databases could both, 
increase the completeness of transcriptome and benefit as-
sociated studies. 

To fully explore the expression profiles of all 
known/annotated genes, combining the Ensembl genes with 
those annotated in other databases for the purpose of gener-
ating a more complete gene set would be a good choice. Our 
previous study indicated that those human genes from one 
database, but unannotated in another, are mainly in the in-
tergenic and intronic regions (Chen et al., 2013a). However, 
two genes from two distinct databases may partially overlap 
each other in sequence, and it is hard to determine whether 
they are the same ones or not due to the incomplete annota-
tion of each database. To avoid counting duplicated genes, 
one can only add those genes that are in the intergenic and 
intronic regions of Ensembl gene annotation. Although a 
portion of genes in those databases might be predicted 
based on certain pipelines, RNA-seq data can be used to 
validate the authenticity of those predicted genes. Until 
now, a large number of RNA-seq data sets regarding vari-
ous tissues and cell lines were published and can be ac-
cessed from distinct public databases, such as GEO (Barrett 
et al., 2013), ArrayExpress (Kolesnikov et al., 2015) and 
SRA (Kodama et al., 2012). Those RNA-seq data sets are 
valuable resources for examining the expression profiles of 
genes. 

Strategies for quantifying the expression of 
genes/transcripts 

After choosing an appropriate gene set, gene quantification 
can be carried out using related quantification tools (Figure 1). 
Two different methods could be used to quantify the ex-
pression of known genes: (i) one is based on the genome 
and gene annotation file (genome-based), such as Cufflinks 
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Figure 1  Strategies for quantifying the expression of known genes. The gene set used for quantifying expression directly decides how many genes can be 
profiled. One can use the genes of specific database or integrate the genes of distinct databases. RNA-seq reads can be mapped to the reference genome or 
transcriptome to quantify the gene/transcript expression.  

(Trapnell et al., 2010) and Scripture (Guttman et al., 2010); 
and (ii) another is based on the transcriptome sequences 
(transcriptome-based), for example, MMSEQ (Turro et al., 
2011) and rSeq (Jiang and Wong, 2009). Genome-based 
approaches need to map the RNA-seq reads to the reference 
genome first, and then quantify the expression of those an-
notated genes according to the annotation file and read 
mapping information. In this case, spliced alignment tools 
are required for the mapping step in order to identify ex-
on-exon splice junctions on the genome. Many spliced 
alignment programs (such as HISAT (Kim et al., 2015), Star 
(Dobin et al., 2013) and TopHat2 (Kim et al., 2013)) have 
been developed for aligning RNA-seq reads to the genome. 
However, the performances of these spliced aligners may 
vary greatly and the corresponding comparison for them can 
be found in a relevant review (Engstrom et al., 2013) and 
the recent paper of HISAT (Kim et al., 2015). In contrast, 
transcriptome-based methods employ unspliced aligners 
(such as BWA (Li and Durbin, 2009)) to map RNA-seq 

reads directly to the transcriptome sequences and do not 
require considering splice junctions between exons. Differ-
ent unspliced aligners may also have distinct mapping per-
formances and some reviews have compared them in detail 
(Fonseca et al., 2012; Li and Homer, 2010). In general, ge-
nome-based methods take more time to quantify gene/  
isoform expression compared with transcriptome-based 
approaches. However, genome-based strategies can be used 
to identify novel genes/transcripts. Such cannot be done by 
transcriptome-based approaches.  

CHARACTERIZING UNANNOTATED 
GENES/TRANSCRIPTS ON THE REFERENCE 
GENOME  

Genome-guided transcriptome reconstruction 

Gene annotation of the reference genome for diverse organ-
isms is undergoing continuous improvement and many nov-
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el genes/transcripts could be annotated using RNA-seq. To 
identify the novel genes/transcripts on the reference ge-
nome, two distinct approaches of genome-guided and de 
novo transcriptome (see next paragraph) assembly can be 
applied (Figure 2). For genome-guided transcriptome re-
construction, RNA-seq reads are first mapped to the refer-
ence genome using the aforementioned spliced aligners. 
Then ab initio transcriptome assembly can be carried out 
based on the mapping results in sam/bam format by em-
ploying corresponding tools, such as Cufflinks (Trapnell et al., 
2010) and Scripture (Guttman et al., 2010). After transcrip-
tome reconstruction, those novel genes/transcripts can be 
identified by removing the known genes/transcripts anno-
tated in relevant databases based on certain filtering criteria.  

De novo transcriptome reconstruction 

De novo transcriptome assembly provides an alternative 
way for detecting novel genes on the reference genome 
(Figure 2). Firstly, RNA-seq reads are assembled using a de 
novo transcriptome assembler (such as Bridger (Chang et al., 
2015), Trinity (Grabherr et al., 2011), Oases (Schulz et al., 
2012), Trans-ABySS (Robertson et al., 2010) and etc.). 
Next, the assembled transcripts/contigs are mapped to the 
reference genome by employing an aligner for aligning long 
sequences (for example, Blat (Kent, 2002)). After mapping 

the assembled transcripts/contigs to the reference genome, 
one can compare the assembly with known genes to designate 
those not annotated in current databases as novel. However, 
assembly errors tend to increase for those assembled tran-
scripts/contigs with short length and low coverage. In order to 
minimize the false positives, it is better to remove those as-
sembled transcripts/contigs shorter than a certain length (such 
as <100 bp) and lower than a certain coverage.  

Comparison of genome-guided and de novo transcrip-
tome reconstruction 

Genome-guided and de novo transcriptome reconstruction 
strategies have their own strengths and weaknesses (Martin 
and Wang, 2011). Choosing which approach to explore the 
novel genes/transcripts is based on the particular research 
goal and the properties of the data at hand. Generally,  
genome-guided approaches require lower sequencing depth 
as compared to de novo assembly methods (Garber et al., 
2011). Because of the high accuracy and flexibility of  
genome-guided assembly, this is the main strategy for 
characterizing novel genes/transcripts. However, a major 
limitation of this approach is that it can only be applied to 
species for which a reference genome is available. Moreo-
ver, assembly quality of genome-guided transcriptome re-
construction approaches heavily depends on the read 

 

 

Figure 2  Approaches for identifying novel genes/transcripts on the reference genome. Both genome-guided and de novo transcriptome reconstruction are 
the two distinct methods that can be used to identify novel genes/transcripts.  
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mapping quality. Splice junctions, single nucleotide poly- 
morphisms (SNPs), indels (insertions and deletions) and 
other variants in the reads cause difficulties for correctly 
allocating reads to the right loci of the genome. Alterna-
tively, one can use de novo transcriptome reconstruction 
methods to assess the expression profiles of known and 
novel genes/transcripts. Such an approach does not require 
reference genome. The two major advantages of de novo 
transcriptome assembly are: (i) it is applicable for any  
organisms whether a reference genome is available or not; 
and (ii) it can be used to detect genes that are missing from 
the reference genome. However, a de novo transcriptome 
assembly could not successfully reconstruct genes with long 
repetitive and highly similar sequences (like homologous 
genes). Moreover, high sequencing depth and large memory 
are needed for accurately and smoothly reconstructing the 
transcriptome. It is important to pay much attention to the 
quality of novel genes/transcripts identified from genome- 
guided or de novo transcriptome reconstruction methods. 
This is because those novel genes/transcripts reconstructed 
from RNA-seq data might not be in full-length. Rather, they 
may be just gene fragments. Stringent criteria and other 
validation methods are required to evaluate the quality of 
novel genes/transcripts. Therefore, combining genome- 
guided and de novo transcriptome reconstruction could 
achieve better assembly results and help to reliably identify 
more novel genes/transcripts. 

IDENTIFYING NOVEL GENES ABSENT FROM 
THE REFERENCE GENOME 

Factors responsible for the incompleteness of reference 
genomes 

Technological limitations and complexity of genomes cause  

present reference genomes of various species, including that 
of humans, to contain assembly errors and missing genomic 
sequences. Several studies have revealed that due to its  
incompleteness, some functional genes were missing from 
the human reference genome (Chen et al., 2011a, 2013b;  
Li et al., 2010). Three major factors could be responsible for 
the incompleteness of constructed reference genomes. The 
first one is that genomes (especially for mammals) usually 
contain a large number of repetitive sequences, a situation 
which is a big challenge for de novo genome assembly 
(Gongora-Castillo and Buell, 2013). The second one is that 
different individuals may have their own specific genomic 
sequences. A significant number of human genomic se-
quences specific to Asians and Africans have been identi-
fied previously (Li et al., 2010). The last, but not the least, 
the limitation of sequencing technologies and assembly al-
gorithms that can cause assembly errors and lead to missing 
certain genomic sequences. Two different approaches can 
be applied to identify the missing genes of the reference 
genome (Chen et al., 2013b) (Figure 3). 

Strategy based on genome-wide comparison coupled 
with genome-guided transcriptome reconstruction 

The first strategy is to obtain the gene sequences specific to 
other assembled genomes that are absent from the reference 
genome for the same organism. Genome-wide comparison 
between reference genome and other non-reference ge-
nomes (such as LAST (Kielbasa et al., 2011) tool) of the 
same organism is required to get the genomic sequences of 
non-reference genomes that are missing from the reference 
genome. Genome-guided transcriptome reconstruction can 
be conducted using those genomes as references to assess 
whether those specific genomic sequences harbor genes.  

 

 

Figure 3  Methods for identifying the novel genes beyond the reference genome. In order to identify the genes missing from the reference genome, those 
genes that can be annotated on the reference genome should be removed from the assembled transcriptome.  
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Strategy based on de novo transcriptome assembly 

Another approach is based on de novo transcriptome as-
sembly (Figure 3). The first step is to reconstruct the tran-
scriptome using a de novo assembler as mentioned before. 
Next, one can map the assembled transcripts/contigs to the 
reference genome and remove those alignable sequences. 
The last step is to discriminate those bona fide missing gene 
sequences from those unalignable transcripts/contigs to the 
reference. If other assembled genomes of the same organ-
ism are available, one can align those reference-unalignable 
transcripts/contigs to those genomes to identify the aligna-
ble sequences. Those alignable transcripts/contigs could be 
the truly missing ones. If no other genomes of the same or-
ganism are available, mapping those reference-unalignable 
transcripts/contigs to the genomes of close relatives is an 
alternative possibility. For instance, one can map the refer-
ence-unalignable transcripts/contigs of human to chimpan-
zee, macaque, mouse and rat to identify the bona fide miss-
ing human genes (Chen et al., 2013b).  

CHARACTERIZING AND ANNOTATING 
LONG NONCODING RNAS USING RNA-SEQ 
DATA 

Identifying long noncoding RNAs 

Long noncoding RNAs (lncRNAs) have important regula-
tory functions and they have become a hot research field in 
recent years (Cabili et al., 2011; Chen et al., 2011c; Derrien 
et al., 2012; Fan and Zhang, 2015; Lee and Kikyo, 2012; 
Pauli et al., 2012). In the past decades, researchers mainly 
focused on exploring the functions of protein-coding genes, 
but neglected an important category of genes called 
lncRNAs. Until now, only a small portion of lncRNAs have 
clear functions (Quek et al., 2015), while the functions of 
most lncRNAs are still unclear. RNA-seq provides unprec-
edented opportunities for exploring those novel lncRNAs. 
Some studies identified a number of novel lncRNAs based 
on the RNA-seq data in different organisms including hu-
mans (Cabili et al., 2011), mouse (Guttman et al., 2010) and 
zebrafish (Pauli et al., 2012). A popular way to identify 
lncRNAs is to conduct transcriptome reconstruction using 
genome-guided methods (such as Cufflinks (Trapnell et al., 
2010)) first (Figure 4). Then those novel transcripts with 
high confidence can be obtained using a series of criteria 
(see the pipelines used in related research (Cabili et al., 
2011; Guttman et al., 2010; Pauli et al., 2012)) and their 
protein-coding potential can be further assessed. Several 
programs have been developed for efficiently assessing the 
protein-coding capacity of transcripts, such as CPAT (Wang 
et al., 2013), CPC (Kong et al., 2007), lncRNA-MFDL (Fan 
and Zhang, 2015) and CONC (Liu et al., 2006). After pro-
tein-coding potential assessment, one can discriminate the 

noncoding RNAs from protein-coding ones based on their 
scores of protein-coding capacity. However, it is hard to 
correctly determine the protein-coding potential of some 
transcripts, especially for those bifunctional RNAs that have 
both protein-coding and noncoding functional properties 
(Ruiz-Orera et al., 2014). Tandem mass spectrometry is a 
powerful technology to identify proteins encoded by the 
corresponding transcripts (Nesvizhskii, 2007). Therefore, a 
complementary approach is to use mass spectrometry data 
to determine the protein-coding capacity of transcripts di-
rectly. 

Functional annotation of long noncoding RNAs 

After obtaining the novel lncRNAs from RNA-seq data, the 
next step is to annotate their functions (Figure 4). For pro-
tein-coding genes, one can characterize their functions by 
carrying out GO (gene ontology) term and KEGG pathway 
analyses directly. Functional annotation of lncRNAs is not 
so direct because the knowledge about lncRNAs is very 
limited so far. However, lncRNAs may be involved in the 
same pathways with those protein-coding genes in the same 
co-expressed module (Liao et al., 2011; Zhao et al., 2014). 
Thus one can annotate the functions of lncRNAs through 
construction of the co-expression network using WGCNA 
(Langfelder and Horvath, 2008) or other tools. Then the 
functions of lncRNAs can be inferred by assessing the func-
tions of their co-expressed protein-coding genes. On the 
other hand, one can also predict the interactions between 
lncRNAs and proteins or miRNAs based on the CLIP-Seq 
data (Konig et al., 2011) or the known/predicted interactions 
in corresponding databases. For example, starBase cata-
logued many interactions of potein-RNA and miR-
NA-ncRNA (Li et al., 2014), which can be used to explore 
the potential regulatory functions of lncRNAs. 

INTEGRATING DISTINCT DATABASES TO 
ANNOTATE GENETIC VARIANTS  

With the development of genome- and exome-sequencing 
technologies, a large number of genetic variants have been 
identified in diverse diseases (Nielsen et al., 2011). Moreo-
ver, thousands of SNPs associated with various traits/  
diseases have been characterized in genome-wide associa-
tion studies (Welter et al., 2014). However, most of these 
genetic variations are located in the intergenic and intronic 
regions, and only a small portion (~5%) is in the RefSeq 
exonic regions. How to interpret the functions of those in-
tergenic and intronic variations represents a big challenge. 
In fact, the incomplete gene annotation is an important fac-
tor that hinders the functional annotation of those noncoding 
genetic variants. In our previous study, we showed that in-
tegrating the genes annotated in different databases could 
generate a more comprehensive gene set, which can locate  
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Figure 4  Identifying and annotating novel long noncoding RNAs. Novel transcripts identified from genome-guided or de novo transcriptome reconstruc-
tion are used to assess their protein-coding potential. Long noncoding RNAs are those that are longer than 200 nt, but lack of protein-coding capacity.  

more variants correctly into corresponding genic regions 
(Chen et al., 2015). 

To fully explore the functions of genetic variations, it is 
crucial to accurately determine the relationship between 
variants and genes. Therefore, the first important step is to 
make the gene set used for annotation as complete as possi-
ble. At present, RefSeq, Ensembl, UCSC, AceView and 
other databases annotated the genes/transcripts for different 
organisms. To assign more variants into associated genes, 
one can annotate their genetic variants using distinct data-
bases separately and then combine the annotation results to 
interpret the functions of those variants (Figure 5). After 
allocating those genetic variants to related genes, one may 
wonder how many of those genes harboring genetic variants 
are bona fide. Two complementary methods can be used to 
further determine the validity of genes: (i) if a variant was 
located to the same gene in two or more different databases, 
this variant was likely mapped correctly; and (ii) using re-
lated RNA-seq data to check whether those genes associated 
with variants are expressed. If the variants are in the genic 
regions, only those variants located in expressed genes are 
probably functional. Furthermore, although integrating the 
genes of distinct databases can obtain a more complete gene 
set, many genes/transcripts still have not been annotated in 
any databases. If necessary, one can further identify the 
novel genes on the reference genome using the approaches 
we mentioned above to locate more variants to relevant 
genic regions.  

 

Figure 5  Integrating different gene databases to comprehensively anno-
tate genetic variants. RNA-seq data can be used to examine whether those 
involved genes are expressed. 

DISCUSSION 

Here we reviewed how to use RNA-seq data to fully explore 
the gene expression of the whole genome as well as to an-
notate genetic variants. In the past ten years, great progress 
has been achieved in sequencing cells in bulk. Recently, 
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single-cell sequencing technologies have become increas-
ingly popular for characterizing the genome or transcrip-
tome of any organism at the single cell level (Wu et al., 
2014). However, both bulk and single-cell RNA-seq en-
counter the same challenge of how to use RNA-seq data to 
comprehensively investigate the transcriptional profile of all 
genes. Using a general pipeline, one can first map the 
RNA-seq data to the reference genome and then quantify 
the expression of known genes from a certain database like 
Ensembl or RefSeq. However, the genes annotated in all 
current databases are incomplete and many novel genes 
remain to be uncovered. Furthermore, the reference genome 
is incomplete as well, and a portion of genomic sequences 
harboring genes is still missing. Integrating the genes in 
different databases is an efficient way to obtain a more 
comprehensive gene set for corresponding research. Besides 
those genes annotated in databases, one can also use 
RNA-seq to detect novel genes on or beyond the reference 
genome using genome-guided and de novo transcriptome 
reconstruction approaches.  

RNA-seq data from various tissues and cell lines are still 
in exponential growth. These abundant data are valuable 
resources for exploring the expression patterns of known 
and novel genes. Identifying lncRNAs and annotating their 
functions will continue to be a hot field of study in the fu-
ture. On the other hand, the development of mass spectrom-
etry technology can tremendously facilitate the identifica-
tion of proteins generated by corresponding transcripts. 
Computational assessment in conjunction with mass spec-
trometry data can greatly increase the accuracy of identify-
ing lncRNAs and bifunctional RNAs. Furthermore, the in-
novation of sequencing technologies and bioinformatics 
methods, and the refinement of reference genomes will con-
tinuously benefit the exploration of novel genes/transcripts. 
If the genes are more accurate and comprehensive, the func-
tional assessment of genetic variants on genes will also be 
more precise.  

In summary, RNA-seq technologies are powerful to 
characterize the gene expression and unravel the complexity 
of transcriptome. Continual improvements regarding both 
genes and corresponding reference genomes are required to 
make them more complete and accurate. Combining the 
genes in different databases can give rise to a more com-
prehensive gene set for improving diverse transcriptomic 
and genetic analyses. One can identify novel protein-coding 
and noncoding genes using RNA-seq data by employing 
genome-guided and/or de novo transcriptome assembly. 
These two different transcriptome reconstruction approach-
es are complementary and have their respective advantages 
and disadvantages. The completeness of gene set is crucial 
for correctly determining the association between the ge-
netic variants and genes. Collectively, different analytical 
strategies of RNA-seq data coupled with distinct gene data-
bases could dramatically improve the various analyses of 
transcriptomics and genetics. 
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