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Abstract: Long non-coding RNAs (IncRNAs) play a significant role in maintaining tissue morphology and functions, and their
precise regulatory effectiveness is closely related to expression patterns. However, the spatial expression patterns of IncRNAs in
humans are poorly characterized. Here, we constructed five comprehensive transcriptomic atlases of human IncRNAs covering
thousands of major tissue samples in normal and disease states. The IncRNA transcriptomes exhibited high consistency within the
same tissues across resources, and even higher complexity in specialized tissues. Tissue-elevated (TE) IncRNAs were identified in
each resource and robust TE IncRNAs were refined by integrative analysis. We detected 1 to 4684 robust TE IncRNAs across
tissues; the highest number was in testis tissue, followed by brain tissue. Functional analyses of TE IncRNAs indicated important
roles in corresponding tissue-related pathways. Moreover, we found that the expression features of robust TE IncRNAs made
them be effective biomarkers to distinguish tissues; TE IncRNAs also tended to be associated with cancer, and exhibited
differential expression or were correlated with patient survival. In summary, spatial classification of IncRNAs is the starting
point for elucidating the function of IncRNAs in both maintenance of tissue morphology and progress of tissue-constricted
diseases.
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1 Introduction

Long non-coding RNAs (IncRNAs), a class of
non-coding RNAs in the human genome, control vari-
ous crucial biological functions (Xu et al., 2020). As a
large group of RNA regulators, their precise regulatory
effectiveness is closely related to the tissue context
(Lv et al., 2020), as well as their expression patterns
in tissues under both healthy and diseased states. More-
over, spatial characterization of IncRNA expression
across tissues is important, because tissue-constricted
IncRNA expression and pathway regulation underlie
human physiology, and their dysfunction often results
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in disease. These factors combined to make the under-
standing of the tissue context of IncRNA functions,
disease pathophysiology, and IncRNA—disease asso-
ciations particularly challenging.

Identifying tissue-elevated (TE) IncRNAs across
tissues is the first step in exploring their spatial ex-
pression patterns. Indeed, apart from a small number
of genes only expressed in one tissue, more and more
studies have observed an interesting group of protein-
coding genes with TE expression in certain tissues or
groups, which are either not expressed or expressed
at lower levels in other tissues (She et al., 2009; Bur-
gess, 2015; Uhlén et al., 2016; Aran et al., 2017;
Wang et al., 2019). Thus, TE genes, including tissue-
specific ones, can serve as biomarkers of specific bio-
logical processes or tissues in which they are ex-
pressed. To obtain a more comprehensive picture of
the functions of IncRNAs, a multiple-tissue analysis
is usually performed to look at their expression in a
panel of tissues or organs. Indeed, it has been shown
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that disease genes, including IncRNAs, generally tend
to be expressed in a limited number of tissues (Li
et al., 2020). However, the spatial expression pattern
of IncRNAs is still not comprehensively characterized
across human tissues and cancers.

Over the years, quantitative transcriptomic tech-
nologies such as RNA-sequencing (RNA-seq) and cap
analysis of gene expression (CAGE) have been used
to build genome-wide expression drafts of human
genes, including both IncRNAs and protein-coding
genes. The spatial patterns of protein-coding genes
have been studied (Rawal et al., 2021). However, for
IncRNAs, broader scale analyses had mostly focused
on a single tissue or cell-type-resolved analysis. To
the best of our knowledge, no broad-scale quantitative
or integrative analysis of available IncRNA tran-
scriptomes across healthy human tissues has been per-
formed that would enable a comprehensive investiga-
tion of the spatial expression patterns of IncRNAs.
Fortunately, several recent efforts to build large-scale
expression profiles in samples representing most of
the major human organs and tissues have been pub-
lished. Well-accepted transcriptome studies on human
tissues have been published by the Genotype-Tissue
Expression (GTEx) consortium (Uhlén et al., 2015),
the Human BodyMap 2 (HBM2) (Schroth, 2011),
the Human Protein Atlas (HPA) consortium (Uhlen
et al., 2010), the Functional Annotation of the Mam-
malian Genome (FANTOM) consortium (Hon et al.,
2017), and The Cancer Genome Atlas (TCGA) (The
Cancer Genome Atlas Research Network et al., 2013),
collectively comprising thousands of samples from all
major human tissues. The former three were profiled
from the normal physiological state in humans; in par-
ticular, the GTEx generated normal transcriptome with
the greatest number of samples pooled from 30 healthy
human tissues. On the other hand, TCGA provides a
comprehensive transcriptome for various cancers. Four
(GTEx, HBM2, HPA, TCGA) of these five expression
profiles were derived from RNA-seq assemblies,
and the last one (FANTOM) was derived from CAGE.
Genes with accurate 5'-ends were identified. These five
expression profiles are notable for representing inde-
pendent surveys of human genes by distinct methods
(RNA-seq vs. CAGE), in different tissues under dis-
tinct conditions (normal vs. disease). Therefore, these
five large-scale expression profiles provide an oppor-
tunity to integrate data sets and further refine the

spatial classification of IncRNAs in association with
tissue context expression, and not just for protein-
coding gene analysis.

To improve our understanding of the spatial ex-
pression patterns of IncRNA across human tissues, we
built a comprehensive spatial expression atlas of
IncRNA in humans by re-analyzing a large-scale tran-
scriptomic atlas and provided a comprehensive base-
line map of IncRNA expression across the human
body. Using integrative analysis of a IncRNA tran-
scriptome covering 20519 samples across 38 tissues,
we firstly assessed the relative expression of IncRNAs
in each tissue in all publications. Next, robust TE
IncRNAs in normal tissues were identified by analyz-
ing four transcriptomes of normal tissues. We extended
this analysis to investigate the expression feature of TE
IncRNA in cancer, and discovered candidate clinically
associated IncRNA markers by comparing transcrip-
tional profiles of pathological samples to the normal
transcriptome. Our integrative analysis substantially
obtained the robust TE IncRNAs across the datasets.
The comprehensive atlas of TE IncRNAs across mul-
tiple tissues and cancers provides data for a better un-
derstanding of IncRNA function and disease develop-
ment and progression.

2 Materials and methods

2.1 Construction of a IncRNA and mRNA tran-
scriptome across tissues

We used patients’ data acquired from publicly
available datasets that were collected with patients’
informed consent. To conduct a systematic analysis
of the transcriptome across multiple tissues, we used
five widely available IncRNA and messenger RNA
(mRNA) expression datasets (Table S1). From the
GTEx (Lonsdale et al., 2013), we obtained the expres-
sion profiles for 8555 samples across 30 tissues. Ex-
pression of IncRNAs and protein-coding genes was
measured by reads per kilobase of transcript per mil-
lion mapped reads (RPKM). We obtained the raw
RNA-seq data from two other tissue banks, HBM2
(Schroth, 2011) and HPA (Rustici et al., 2013; Uhlén
et al., 2015). The HBM2 includes 16 samples across
16 tissues, and the HPA includes 95 samples across
27 tissues. The sequence reads were mapped to the
human genome 19 using TopHat (http://ccb.jhu.edu/



software/tophat/index.shtml) (Kim et al., 2013), and
the expression levels were calculated using Cufflinks
v2.1.1 based on fragments per kilobase of transcript
per million mapped reads (FPKM) (Trapnell et al.,
2012). In addition, we obtained gene and IncRNA ex-
pression profiles from 760 samples across 34 tissue
types from the FANTOM project (https://fantom.gsc.
riken.jp/5) (Noguchi et al., 2017). Expression of genes
and IncRNAs was measured by maximum counts per
million (CPM).

Moreover, we obtained the IncRNA and gene
expression datasets generated by the TCGA Re-
search Network (http://cancergenome.nih.gov). In
total, 33 different TCGA projects representing differ-
ent cancer types were analyzed. RNA-seq-based ex-
pression profile data were obtained via the R package
“TCGADiolinks” (Colaprico et al., 2016). We down-
loaded the FPKM-based gene expression for 33 types
of cancer. Based on the annotations in GENCODE
(https://www. gencodegenes.org) (Derrien et al., 2012),
we divided the gene expression profiles into IncRNA
and protein-coding gene expression for each cancer type.

2.2 Cluster analysis of tissues based on IncRNA
expression

To investigate whether the expression of IncRNAs
can distinguish different tissues, the top 1000 IncRNAs
with higher variance were obtained from each data re-
source. The overlapping IncRNAs in four resources
(GTEx, HBM2, HPA, FANTOM) were selected. We
next performed uniform manifold approximation and
projection (UMAP) dimension reduction with the R
package “umap” (https:/github.com/tkonopka/umap),
using these shared top IncRNAs. Each sample was visu-
alized in two dimensions and the samples were colored
by tissue type and data resource.

2.3 Analysis of the complexity of the IncRNA tran-
scriptome for each tissue

In each tissue, IncRNAs were first ranked in desc-
ending order based on their average expression levels
in the tissue. For a given top number of IncRNAs
(k), we defined the complexity (C) of the IncRNA
transcriptome in tissue (7) as follows:

lzexp(a,i)
Clik)=———

zexp(a, i)

Qk: 17273) ...’n’
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where 7 is the total number of IncRNAs in tissue i
and exp (a, i) represents the average expression value
of IncRNA « in tissue i.

2.4 Identification of robust TE IncRNAs by integra-
tion analysis

All the human TE IncRNAs were identified based
on the spatial expression patterns of IncRNAs across
different tissues, as has been done with coding genes
in a previous study (Uhlén et al., 2016). Collectively,
three sub-categories of TE IncRNAs were further
stratified to reflect increasing degrees of elevated expres-
sion in a particular tissue, including “tissue-specific
(TS),” “tissue-enriched (TER),” and “tissue-enhanced
(TEH)”: (1) TS IncRNAs were expressed only in a
particular tissue; (2) TER IncRNAs had at least five-
fold higher expression level in a particular tissue com-
pared to other tissues; and (3) TEH IncRNAs had at
least five-fold higher expression level in a particular
tissue compared to the average expression levels in all
other tissues. Similarly, we identified TE IncRNAs in
each cancer type.

We identified TE IncRNAs individually from
each resource and integrated the TE IncRNAs from
different datasets. To integrate datasets and further re-
fine the robust TE IncRNAs in normal tissues, we re-
quired that the robust TE IncRNAs be identified in
the same tissue in at least two resources.

2.5 Assessment of the power of TE IncRNAs to
predict tissue origin

We used TE IncRNAs as molecular markers to
identify each tissue. First, we normalized the expres-
sion of TE IncRNAs in each resource by Z-score.
Then, the normalized expression profiles were sub-
jected to CIBERSORT (Newman et al., 2015) to pre-
dict the proportion in each tissue.

2.6 Enrichment analysis of cancer TE IncRNAs

To evaluate whether the TE IncRNAs identified
in cancer patients were significantly enriched in the
TE IncRNAs identified in corresponding normal tis-
sues, we performed a hypergeometric test for each
cancer type. The P-value was calculated by

<[00

P=1-F(x-1NMn)=1- ,
(1)
M

1
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where N is the total number of IncRNAs, »n and M are
the numbers of TE IncRNAs identified in cancer pa-
tients and corresponding normal tissue, respectively,

and x is the number of overlapping TE IncRNAs. We
also calculated the odds ratio (OR) by OR = JZ/—%
2.7 Identification of clinically relevant IncRNAs in

cancer

To identify clinically relevant IncRNAs in cancer,
we detected both differentially expressed and survival-
related IncRNAs. First, a #-test was used to identify
differentially expressed IncRNAs in each cancer type.
We only considered cancer types with more than five
normal samples, and IncRNAs with an expression level
of 0 in less than 30% of samples were included for
subsequent analysis. The IncRNAs with fold changes
of >2 or <0.5 and adjusted P-value of <0.05 were iden-
tified as differentially expressed in each cancer (Li
YS et al., 2018). To identify survival-related IncRNAs
in cancer, we firstly ranked the cancer patients based
on the expression of a specific IncRNA. The top-
ranked and bottom-ranked 20% of patients were se-
lected. The difference in the survival time of these
two groups was analyzed with the log-rank test and
IncRNAs with P-value of <0.05 were identified as
survival-related IncRNAs in cancer.

2.8 Functional enrichment analysis of IncRNAs

To predict the function of TE IncRNAs, we de-
tected their co-expressed protein-coding genes via
Pearson’s correlation coefficient (R>0.4 and P<0.05).
The hypergeometric test was used for detecting en-
riched Gene Ontology (GO) categories. Then, the en-
riched significant P-values were adjusted with the
Benjamini and Hochberg’s methods, and finally, GO
terms with adjusted P-value of <0.05 were considered.

3 Results

3.1 High consistency exhibited by IncRNA tran-
scriptomes within tissues

Analysis of the spatial expression of the IncRNA
transcriptome across different tissues and organs would
greatly improve our understanding of human biology
and disease. Five independent datasets that covered
distinct methods and conditions were obtained, and

provided the opportunity to perform an integrative
analysis of the spatial features of IncRNA expression.
First, we discovered that approximately 30 tissues were
available in each resource, except for HBM2, which
included 16 tissues (Figs. 1a and 1b, Table S1). There
were totally 9426 normal samples across 38 normal
tissues and 11 093 samples across 33 cancer types.

Next, we collected a comprehensive IncRNA
annotation, including Ensembl (GRCH37) (Aken
et al., 2017), GENCODE (Derrien et al., 2012), and
an additional data of a previous study by Cabili et al.
(2011). We compared the genomic coordinates of these
IncRNAs to obtain non-redundant IncRNA annotation.
If two IncRNA loci overlapped by more than 80%, we
reserved these IncRNAs from GENCODE. Finally,
15646 IncRNAs were analyzed. We calculated the
average expression of IncRNAs and mRNAs across
all tissues and compared the expression distribution
of IncRNAs and coding genes. To explore IncRNA
expression patterns across this heterogeneous pool of
data among different datasets and tissue types, we
performed unsupervised clustering based on the expres-
sion of IncRNAs with high variation.

We discovered that the sample groups of the same
tissues from different data resources were clustered
together (Fig. 1c). At the same time, these groups of
samples were not clustered together in the same way
as in the dataset (Fig. S1a). Moreover, the frequent
high similarity within the same tissues between the
HPA (fresh-frozen tissues) and GTEx (postmortem tis-
sues) indicated negligible effects in the sampling pro-
cedures. These results suggested that IncRNA expres-
sion exhibited high consistency within the same tissue
and could distinguish different tissues more reliably
than other factors, including the laboratory of origin.
Thus, we are able to present a comprehensive resource
of IncRNA expression across multiple tissues and con-
ditions obtained by different methods.

3.2 Higher complexity expressed by IncRNA within
specialized tissues

The evidence is clear that IncRNA plays a signifi-
cant role in maintaining the morphology and function
of tissues (Cabili et al., 2011; Li et al., 2014). However,
it is unclear how many human IncRNAs exist, where
are they expressed, and in what quantities. First, we
calculated the average expression of IncRNAs and
mRNAs across all tissues and compared the expression
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Fig. 1 Overview of the IncRNA spatial transcriptome. (a) Data collection and classification of IncRNAs across different
resources. (b) Top bar plot shows the number of tissues or cancers obtained from each of the five resources. Bottom bar
plot shows the number of IncRNAs and coding genes across resources. (¢) UMAP visualization of all samples from four
normal IncRNA transcriptome resources. Samples were colored by tissue type. LncRNA: long non-coding RNA; GTEx:
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distribution of IncRNAs and coding genes. Consistent
with previous studies (Eisenberg and Levanon, 2013;
Lingadahalli et al., 2018), we found that IncRNAs
showed lower expression levels in tissues obtained
from all four projects (Fig. 2a). The numbers of ex-
pressed IncRNAs in each tissue were also far less
than that in protein-coding genes (Fig. S2). In an at-
tempt to explore the tissue complexity and compos-
ition of the human IncRNA transcriptome, the first
question we asked was how many IncRNAs were
expressed in a specific tissue. As a result, we found
11035-13023 IncRNAs (at the expression threshold
of 0.1 in GTEx, HPA, and HBM2) expressed in at
least one of the 38 studied tissues (Fig. 2b), suggest-
ing that expression of approximately 80% of total
IncRNAs seems to account for all basic and special-
ized functions in the studied tissues. The number of

expressed IncRNAs in FANTOM was higher than
that obtained from RNA-seq data at a similar propor-
tion of expressed IncRNAs. Moreover, we found that
the majority of IncRNAs were consistently expressed
in all projects. When a relatively strict threshold of
expression was set, we also found a similar proportion
of expressed IncRNAs in the GTEx, HPA, and HBM2.
Only approximately 1%—9% of IncRNAs were de-
tected in individual projects. This may be due to the
difference in the detection of different tissues in these
projects. We also obtained similar results when we
used a relatively strict expression threshold to define
the expressed IncRNAs (Fig. S3).

The second question we asked was how the
various tissues and the IncRNA transcriptome dif-
fered in composition and complexity. We calculated
tissue complexity by measuring the proportion of the
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transcriptome contributed by the most abundant
IncRNAs at different gradients (Fig. 2c). Notably, the
testis, brain, and kidney showed consistently high
transcriptome complexity in all resources. These tis-
sues expressed large percentages of IncRNAs in the
genome, with a small fraction of the IncRNA pool con-
tributing to the most highly expressed genes. On the
other hand, the liver and muscle had a less complex
transcriptome, expressing fewer genes in the genome.
A large fraction of the transcriptome in these tissues
contributed to the most highly expressed genes. For
example, the top thousand most highly expressed
genes contributed to 96.4% of the IncRNA population
in muscle tissue in the HBM2, whereas they contrib-
uted less than 62.4% of the IncRNA in testis tissue in
the GTEx. Similar trends in transcriptome complexity
were reported from previous studies on protein-coding
genes in mammals (Jongeneel et al., 2005; Ramskold
et al., 2009; Zhu et al., 2016), suggesting conservation
of the tissue-controlled expression patterns. We pro-
posed that this complexity in the expression pattern of

IncRNAs might be explained in terms of not only the
degree of specialization, but also the types of cells in
each tissue. For example, the brain has a variety of
cells specialized for equally important but different
functions. As different cell types express different cell-
controlled IncRNAs, tissue as a whole has a large col-
lection of equally important TE genes expressed at
comparable rates.

3.3 Spatial classification of IncRNAs based on
tissue profiling

As described above, IncRNAs exhibit notably
higher variation of expression among tissues when
compared to protein-coding genes. However, know-
ledge about their expression patterns across tissues is
still limited. We found that more than 80.61% of the
IncRNAs were expressed in two or more tissues with
a minimum expression value of 0.1. Moreover, 65.95%
were expressed in five or more tissues. Thus, the com-
prehensive collection of a genome-wide IncRNA tran-
scriptome would be an attractive way to establish a



refined classification of IncRNAs with regard to their
spatial expression patterns; the expression pattern of
TE IncRNAs can be explained in terms of tissue com-
plexity (Salem et al., 2015). In this study, TE IncRNAs
were detected only if their expression in one tissue was
five-fold or higher compared to the expression values
of the other tissues. Collectively, three sub-categories
of TE IncRNAs were further stratified to reflect in-
creasing degrees of elevated expression in a particular
tissue, including TS, TER, and TEH (Fig. 3a).

Based on the definition, TE IncRNAs were iden-
tified based on analysis of the four resources of nor-
mal tissues (Figs. 3b—3e), and accounted for 56.47%—
75.38% of the IncRNAs. Notably, there were a higher
number of TE IncRNAs in testis and brain tissues. In
addition, about one-third of TE IncRNAs were the TS
subtype in the GTEx project, and the majority of
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IncRNAs were TEH across other tissues (Fig. 3b). For
the other resources, there were more TEH IncRNAs
in the HPA and FANTOM projects (Figs. 3c—3¢). As
in the GTEx project, the testis was observed to con-
tain the largest number of TE IncRNAs again, fol-
lowed by brain, blood, and skin tissues. We also
found that the proportion distributions of these three
TE IncRNA subtypes in the four resources were highly
similar (Fig. 3f). For instance, approximately 44%—
71% of the TS IncRNAs were shared among different
resources. There were higher similarity scores between
the GTEx and HPA projects for all three types of TE
IncRNAs. Moreover, we obtained similar results when
using the higher threshold of expression (Fig. S4).
Overall, there was significant overlap in the spatial
classification of IncRNAs based on these four inde-
pendent datasets.
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GTEx (b), HBM2 (c), HPA (d), and FANTOM (e). Purple represents TS, green represents TER, and light blue represents
TEH. Pie charts showing the proportion of each type of TE IncRNAs in four transcriptome resources. (f) The similarity of
different IncRNA categories among different transcriptome resources. Rows and columns indicate TE IncRNA categories,
and the number is the similarity index between two types of IncRNA. LncRNAs: long non-coding RNAs; GTEx:
Genotype-Tissue Expression; FANTOM: Functional Annotation of the Mammalian Genome; HPA: Human Protein Atlas;
HBM2: Human BodyMap 2; TS: tissue-specific; TER: tissue-enriched; TEH: tissue-enhanced.
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3.4 Closely correlation between robust TE IncRNAs
and tissue-related functions

The above three types of IncRNA all exhibited
high expression in specific tissues. Thus, we combined
them and identified robust TE IncRNAs (Section 2.4).
To integrate the TE IncRNAs across different resources,
we next focused on the 34 tissues that were investi-
gated in at least two projects. In total, we identified
1-4684 TE IncRNAs across these tissues (Fig. 4a).
Similar to our results above, the male reproductive
tissue and the testis had by far the highest number
of TE genes, followed by the brain. Moreover, the
majority (40.7%) of TE IncRNAs in testis tissue were
identified in more than two resources. Approximately
12.0% of the TE IncRNAs in testis tissue were ob-
served in all resources. This indicated their robust

(@
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spatial expression in the testis. Interestingly, these two
tissues have been found to have the greatest number
of TE protein-coding genes in both the HPA and
GTEx (Uhlén et al., 2016). However, the number of
TE IncRNAs is greater than the number of protein-
coding genes, indicating that IncRNAs have a more
important role in these tissues. Functional enrichment
analysis of the TER protein-coding genes in the HPA
has been performed and the results showed links to
the function of each tissue (Uhlén et al., 2015). Simi-
larly, we found that the TE IncRNA testis develop-
mental related gene 1 (TDRGI) was expressed in nor-
mal testis tissue in the four resources, and the expres-
sion level was higher than that in other tissues (Fig. 4b)
(Jiang et al., 2011). Functional analysis of their co-
expressed genes by the Genomic Regions Enrichment
of Annotations Tool (GREAT) (http://great.stanford.edu/
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public/html) revealed that they regulated testis-related
biological functions, including spermatogenesis, male
gamete generation, and spermatid differentiation
(Fig. 4¢) (Gan et al., 2016; Wang et al., 2016; Wei
et al., 2018). Previous research has also shown that
TDRGI1 promoted development and migration of
sperm and that over-expression might induce tumor
development (Chen et al., 2015).

In addition, we found that the numbers of TE
IncRNASs in normal brain tissues ranked third; this
rank had priority over that based on TE protein-coding
genes. An example is SRY-box transcription factor 2
overlapping transcript (SOX2-OT), which had enriched
expression in the brain (Fig. 4d). Functional analysis
suggested that SOX2-OT was involved in chemical syn-
aptic transmission and regulation, regulation of mem-
brane potential, and neurotransmitter secretion (Fig. 4e),
and was associated with brain function. It is evident
that the expression patterns of IncRNAs were likely to
be associated with the phenotype consequences. Con-
versely, the cervix expressed the lowest number of TE
IncRNAs, followed by blood vessel, vagina, duode-
num, bone marrow, and then uterus, in increasing
order. The uterus, cervix, and ovary have been found
to have the least number of TE protein-coding genes;
however, the blood vessel has not yet been investigated.

What is the contribution of the TE IncRNAs to
the transcriptome in different tissues? Although TE
IncRNAs were relatively highly expressed in testis,
brain, and liver tissues, these IncRNAs significantly
contributed to the total cellular IncRNA pool (28.8%,
5.1%, and 1.7% of total IncRNAs, respectively). Con-
versely, in the cervix, blood vessel, and vagina, which
expressed a small number of TE IncRNAs, these genes
contributed only 0.0061%, 0.0061%, and 0.0246% of
total cellular IncRNA, respectively. These findings in-
dicated the wide variation in the number of genes and
regulation of IncRNA expression that determine tissue
variation.

As described above, these TE IncRNAs showed
high consistency across different projects. To deter-
mine whether expression profiles of the identified TE
IncRNAs could distinguish different normal tissue
types, we used the CIBERSORT tool to perform lin-
ear support vector regression (Newman et al., 2015).
The expression profiles of TE IncRNAs were used as
the feature matrix. We found that the majority of tissue
types were recalled based on the expression matrix of
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TE IncRNAs (Fig. S5). These results suggested that
the TE IncRNAs we identified could have critical
tissue-specific functions.

3.5 Trend of evalated expression of TE IncRNAs
within the same tissues in cancers

It has been widely accepted that the identifica-
tion and appropriate use of TE IncRNAs could pro-
vide important insights into disease mechanisms and
tissue-specific therapeutic targets. Besides elevated
expression in normal tissues, high disease-type speci-
ficity has been discovered (Deras et al., 2008; Gupta
et al., 2010; Hung et al., 2011; Fu et al., 2019; Qu
et al., 2022), and genes with disease-restricted ex-
pression are highly desirable both as markers and
pharmacologic targets because selective expression
imparts the specificity required for successful disease-
context targeting approaches. To better understand the
TE features of IncRNAs for each cancer type and to
advance the discovery of clinically related IncRNAs,
we also identified IncRNAs with especially elevated
expression in the corresponding cancer samples that
were absent or expressed weakly in other cancers.

Based on IncRNA expression profiles of more
than 10000 cancer patients across 33 cancer types
from the TCGA project, we identified the TE IncRNAs
in each cancer type. We found that 57.69% of IncRNAs
were TE IncRNAs, 4.80% were TS IncRNAs, and there
were high proportions of both TER (18.00%) and
TEH (77.20%) IncRNAs, unlike the distribution in
the normal tissue states (Fig. S6a). In addition, we
identified a higher number of TE IncRNAs in acute
myeloid leukemia (LAML) than in other solid tu-
mors (Fig. S6b). In solid tumors, there were more
TE IncRNAs in brain lower grade glioma (LGG),
testicular germ cell tumor (TGCT), and liver hepato-
cellular carcinoma (LIHC). Interestingly, the corres-
ponding normal tissues (brain, testis, and liver) also
had many TE IncRNAs. Next, we further explored the
association between TE IncRNAs within the same
tissue under normal or cancer conditions. Significantly
higher overlaps than in random conditions were dis-
covered through both the OR index and hypergeo-
metric test method across all tissues considered, which
is a notable finding (Fig. 5a). In particular, the high-
est number of TE IncRNAs was found in the brain vs.
LGG and glioblastoma multiforme (GBM), followed
by testis vs. TGCT (Table S2). This suggested that



24 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2023 24(1):15-31

(@) BLcA-bladder [T [ (c) SOX2-0T
PAAD-pancreas I e @] KKK 20 -
CHOL-gall bladder I ] ek
THCA-thyroid 0 *%%*x
PRAD-prostate I F—0— *%xx
COAD-colon I ] k k%
LIHC-liver ] *kxK -
UCEC-uterus I o
ACC-adrenal gland I P ] kkkk g
KIRP-kidney ] Hkkk = 10 -
BRCA-breast| | e hkk z
LuAD-lung | | e *Hkx @N X
ESCA-esophagus e @] Kk &
KiIRc-kidney | | o Kk 3 . - ~ ol NEQE
STAD-stomach I e L - 46T K J'T et st o®
LGG-brain 0 *kix S * . :
GBM-brain I F=0] Hkkk @
KiCH-kidney | | e w g0
PCPG-adrenal gland e @] Kk ke
LUSC-lung I e ]
SKCM-skin I [ e e
LAML-bone marrow ] k¥¥%
OV-ovary I ———— *» ) S R e L S A N P
TeoTtesis| | baduune 85533285835228228052832052558888
g “2EH583E822 335330 #0800 REE53

4 6
Iogz(OR)

The IncRNAs-PCGs function associations in testis and TGCT
Methylation

(b) The IncRNAs-PCGs function associations in brain and GBM
Axeiidevelopment
NN projection morphogenesis
Reglation of axonogenesis

Maeromolecule methylation

Histone H3-K4 trimethylation

NLGN3 Cellimorphogenesis involved in neuron differentiation H4C9

Regulation of cell morphogenesis DNA modification

WARE Regillation of cell morphogenesis involved in differentiation H2BC12 o i

)ermatogenesis

BRSK2 Axgiiogenesis H3C4 " 4
Plasfiia membrane bounded cell projection morphogenesis Gamete generation

DSCAM =
Ceéllipart morphogenesis THE2 Mele gamete generation

TUBB2B Calligrojection morphogenesis . ]
Oligodendrocyte differentiation DNA packaging

ome

Negative regulation of cell development BEND3 Chromatin assembly or disassembly

RND2 Negative regulation of neurogenesis
Negative regulation of nervous system development AL Nucleosome assembly

e liateell differentiation H4c8 Protein-DNA complex subunit organization

RUEY3 Gliogenesis -

Nucleosome organization
Regiilation of neurogenesis KNL1 B
SR R&gillation of neuron differentiation HoBGT Chifomatin assembly
Negative regulation of neuron differentiation DA conformation change
Glialcell fate commitment
.y Chromatin organization
LncRNAs PCGs GO term description LncRNAs PCGs GO term description

Fig. 5 Comparison of IncRNA transcriptome in cancer and corresponding tissue. (a) The odds ratio (OR) of normal
tissue and cancer. © P<0.01, ~ P<0.001, " P<0.0001. (b) The coding genes of GBM, which are co-expressed with the
overlapping TE IncRNAs of the brain (at least in two transcriptome sources) and GBM. (c) Scatter plot showing the
expression level distribution of SOX2-OT in samples of 33 cancer types, with red dots for the average expression of SOX2-
OT in different cancer types. (d) The coding genes of TGCT, which are co-expressed with the overlapping TE IncRNAs of
the testis (at least in two transcriptome sources) and TGCT. PCGs: protein-coding genes; FPKM: fragments per kilobase
of transcript per million mapped reads; SOX2-OT: SRY-box transcription factor 2 overlapping transcript; TGCT:
testicular germ cell tumor; GO: Gene Ontology; GBM: glioblastoma multiforme; ACC: adrenocortical carcinoma;
BLCA: bladder urothelial carcinoma; BRCA: breast invasive cancer; CESC: cervical squamous cell carcinoma and
endocervical adenocarcinoma; CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma; DLBC: lymphoid neoplasm
diffuse large B-cell lymphoma; ESCA: esophageal cancer; HNSC: head and neck squamous cell carcinoma; KICH:
kidney chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LAML:
acute myeloid leukemia; LGG: lower grade glioma; LIHC: liver hepatocellular carcinoma; LUAD: lung adenocarcinoma;
LUSC: lung squamous cell carcinoma; MESO: mesothelioma; OV: ovarian serous cystadenocarcinoma; PAAD: pancreatic
adenocarcinoma; PCPG: pheochromocytoma/paraganglioma; PRAD: prostate adenocarcinoma; READ: rectum
adenocarcinoma; SARC: sarcoma; SKCM: skin cutaneous melanoma; STAD: stomach adenocarcinoma; THCA: thyroid
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these TE IncRNAs in normal tissue were likely to ex-
hibit high expression in a cancer state.

By functional enrichment analysis of their co-
expressed genes, we found that TE IncRNAs in brain
tissue under both normal and cancer conditions were
involved in axon development, neuron projection mor-
phogenesis, and regulation of axonogenesis (Fig. 5b).

For example, SOX2-OT has been demonstrated to be
up-regulated during central nervous system develop-
ment, and is associated with Parkinson’s discase and
a number of cancers (Guo et al., 2021). SOX2-OT is
elevated more than 47-fold in normal brain tissue and
also has >32 times higher expression than that in other
cancers (Fig. 5c). Similarly, TE IncRNAs in testis



tissue under both normal and cancer conditions tend
to regulate spermatogenesis and functions associated
with DNA epigenetic modification (Fig. 5d). Thus,
we conjecture that the strong bias for the high expres-
sion of cancer IncRNAs might be related to more
active functions during the progression of cancer.

3.6 Strong clinical associations exhibited by TE
IncRNAs across cancers

Given the significant association of TE IncRNAs
within tissues under normal and cancer conditions, a
fundamental question is what fraction of TE IncRNAs
in tumors is functionally tumorigenic or clinically valu-
able. To address this question, we focused on cancer
TE IncRNAs that showed differential expression or
correlations with patient survival. First, we identified
the differentially expressed TE (DTE) IncRNAs in
each cancer type with more than five normal tissues. A
DTE IncRNA is defined by at least two-fold changes
and P-value of <0.05 (z-test followed by multiple
test correction using Benjamini-Hochberg’s method).
All 15 of the analyzed cancer types contained DTE
IncRNAs, ranging from 21 in ESCA to 256 in LIHC
(Table S3). Interestingly, we found that cancer DTE
IncRNAs were significantly enriched at the genome-
wide level (Fig. 6a, Table S3), indicating that these
TE IncRNAs are likely to be associated with the de-
velopment of cancer.

Moreover, we found that a large number of DTE
IncRNAs in most cancer types were likely to exhibit
up-regulated expression in cancer tissues (Figs. 6a
and 6b). For example, 92.97% (119 out of 128) DTE
IncRNAs were up-regulated in prostate adenocar-
cinoma (PRAD). Most of the up-regulated DTE
IncRNAs were cancer-constricted and up to 92.01%
and 92.06% of DTE IncRNAs were up-regulated and
down-regulated in only one cancer type, respectively
(Fig. 6¢). Among these DTE IncRNAs, only 11.13%
are reported to be related with cancers (Fig. 6d), in-
dicating that most DTE IncRNAs in cancers have not
yet been described. For example, prostate cancer as-
sociated transcript 18 (PCATIS) is elevated more than
16-fold in normal prostate tissue and also has more
than 31 times higher expression in PRAD than in other
cancers. Interestingly, it has been shown to be more
highly expressed in blood in the case of prostate
cancer. Tyrosine aminotransferase (TAT) antisense
RNA 1 (TAT-ASI) is another example; the expression
level is elevated more than 33-fold in normal liver
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tissue and also more than 11 times higher in LIHC
than in other cancers, but its association with disease
has not been reported. Thus, these DTE IncRNAs are
good candidates for cancer diagnosis as well as inves-
tigation of their function in cancer.

On the other hand, IncRNA expression has been
demonstrated to be associated with cancer patients’ sur-
vival (Du et al., 2013; Zhou et al., 2016; Li YS et al.,
2018). We next explored the extent to which the TE
IncRNAs were associated with the survival of patients
in each cancer type. A survival-related TE (STE)
IncRNA was defined by a P-value in survival analysis
of <0.05 (log-rank test). STE IncRNAs were found in
all 33 of the cancers analyzed (Figs. 6e—6g, Table S3).
Interestingly, kidney renal clear cell carcinoma (KIRC)
had 155 STE IncRNAs and also had the most DTE
IncRNAs. Moreover, unlike DTE IncRNAs, the number
of STE IncRNAs in six cancers was relatively small;
for instance, no more than ten STE IncRNAs were
found. These findings indicated that TE IncRNA had
relatively high power as a diagnostic marker than a
prognostic one. We also focused on risky STE IncRNAs,
high expression of which is associated with poor sur-
vival, and found just 476 of them across cancer types.
Among these risk STE IncRNAs, just 9.21% are re-
ported to be related to survival, and these include
rhabdomyosarcoma 2-associated transcript (RMST),
MIR155 host gene (MIR155HG), DiGeorge syndrome
critical region gene 9 (DGCRY), and SOX2-OT. We
found that high expression of surfactant associated 1,
pseudogene (SF741P) and SLIT-ROBO Rho GTPase-
activating protein 3 antisense RNA 2 (SRGAP3-4S2)
was associated with better survival of patients in lung
adenocarcinoma (LUAD), and high expression of
RP11-63411.1 and RP11-53616.2 was associated with
better survival of patients in kidney renal papillary cell
carcinoma (KIRP) (Fig. S7). These STE IncRNAs pro-
vided good candidates for cancer prognostic analysis.

In summary, the association of clinically relevant
TE IncRNAs with cancer points to a strategy of sys-
tematically exploring the relationship between path-
ology and the spatial expression patterns of IncRNAs
across various human tissues.

4 Discussion

Gaining a more complete understanding of the re-
lationship between the human genome and phenotypes
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regulated TE IncRNAs shared by cancers. (d) Numbers of DTE IncRNAs confirmed to be associated with specific diseases in
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will require an improved understanding of the nature
of their specific or abnormal changes across tissues
from health to disease. However, our ability is hin-
dered by the lack of a complete portrayal of IncRNA
with spatial expression patterns. In this study, we col-
lected four large-scale expression profiles of IncRNA
compiled for all the major normal tissues of the human
body, which allowed a comprehensive identification
of TE IncRNAs. The tissue-to-tissue correlation of
IncRNA expression across these resources revealed
high similarity within the same tissue types and dom-
inant distinction among different tissues, rather than
similarity linked to other factors such as laboratory
of origin, sampling procedures, or detection technol-
ogies. Based on expression profiles of protein-coding
genes, previous studies had reported high similarity
within the same tissues after analyzing the HPA and
GTEx (Danielsson et al., 2015; Yu et al., 2015). Thus,
the commonly used transcriptomes of normal tissues
are valuable resources for IncRNAs, and not just for
protein-coding gene analyses. Notably, analysis of the
transcriptome by RNA-seq and CAGE is comple-
mentary, and it would be an attractive endeavor to
integrate data obtained by these two approaches to
refine gene expression models. Thus, our integrated
analysis of these data resources provides the most
comprehensive transcriptome of IncRNAs currently
available, and allows the construction of a robust TE
IncRNA map to explore the spatial expression pat-
terns of IncRNAs.

The precise actions of IncRNAs are frequently
dependent on their spatial expression patterns. TE
IncRNAs were consistently detected in a genome-wide
manner from four independent datasets. More than
half of human IncRNAs display TE expression pat-
terns across the human body. Functional analysis of
these TE IncRNAs is well in line with their function
in the respective tissue or organ. Moreover, about
80.61% of TE IncRNAs are found in at least two tis-
sues, which is compatible with their function pleiotropy
across different tissues based on their regulation of
different biological functions. Indeed, calculation of
the degree of shared TE IncRNAs based on the Jaccard
index makes it clear that cancer types originating from
similar tissues tend to share TE IncRNAs (Fig. S8).
These results showed that TE IncRNAs might be inter-
esting starting points for further in-depth studies to
gain a better molecular understanding of the cellular
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phenotypes that define the function of each respective
tissue and organ.

Combined with clinical studies, knowledge of
TE IncRNAs provides a new means to generate hy-
potheses of the molecular basis of human disease. TE
IncRNAs are expected to underlie many human dis-
eases. Indeed, it has been shown that disease genes
generally tend to be expressed in a limited number of
tissues. Disentangling TE genes represented in large
data compendia, along with their functions in specific
tissues, offers means to address these challenges. To
better understand the TE features of IncRNAs in dis-
ease states, we also identified TE IncRNAs in each
cancer type. Interestingly, TE IncRNAs exhibited ele-
vated expression in the corresponding cancer tissues
compared to other cancer types, indicating that their
higher expression might be a risk factor for disease.
We used two criteria to prioritize the clinically related
cancer IncRNAs (DTE IncRNAs and STE IncRNAs).
The DTE IncRNAs tend to be up-regulated with cancer-
constricted patterns, indicating their potential as diag-
nostic biomarkers. Similarly, TE IncRNAs tend to be
related to patient survival in cancer-constricted pat-
terns. Most of these DTE and STE IncRNAs have not
yet been described, and could be good candidates for
use in cancer diagnosis and prognostic analysis. Here,
we provided an atlas of IncRNA marker candidates
with elevated expression under both normal and dis-
ease conditions, and their clinical correlations (Fig. 7).

In addition, an awareness of the tissues that ex-
press elevated IncRNAs could allow a IncRNA found
in whole blood or serum to be used as a circulating bio-
marker for a specific disease. For example, expression
levels of TE IncRNAs prostate cancer antigen 3 (PCA3)
and PCATIS are elevated in testis tissue under both
normal and cancer conditions, and are much higher
in tumor tissue. Expression of PCA3 and PCATIS
was also found to be up-regulated in blood samples of
prostate cancer patients (Ren et al., 2013; Crea et al.,
2014; Merola et al., 2015). The TE IncRNA HULC in
liver tissue has also been proposed as a circulating
biomarker for hepatocellular carcinoma, because it is
up-regulated, and can be detected in blood (Panzitt
et al., 2007). Furthermore, TE IncRNAs are suscep-
tible to drug interference, which may provide entry
points for the design of novel and specific therapeut-
ics. For convenience, we also added TE IncRNAs that
are known to act as circulating markers to our online
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are confirmed to be associated with specific diseases in three public databases. ACC: adrenocortical carcinoma;
BLCA: bladder cancer; BRCA: breast invasive cancer; CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma;
ESCA: esophageal cancer; FANTOM: Functional Annotation of the Mammalian Genome; GBM: glioblastoma multiforme;
GTEx: Genotype-Tissue Expression; HBM2: Human BodyMap 2; HPA: Human Protein Atlas; KICH: kidney
chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LAML: acute
myeloid leukemia; LIHC: liver hepatocellular carcinoma; LGG: lower grade glioma; LUAD: lung adenocarcinoma;
LUSC: lung squamous cell carcinoma; LncRNAs: long non-coding RNAs; PAAD: pancreatic adenocarcinoma; PCPG:
pheochromocytoma/paraganglioma; PRAD: prostate adenocarcinoma; SKCM: skin cutaneous melanoma; STAD: stomach
adenocarcinoma; TE: tissue-elevated; TGCT: testicular germ cell tumors; THCA: thyroid carcinoma.

resource LncSpA (Lv et al., 2020) using information
from published databases, including Lnc2Cancer
(Gao et al., 2019), LncRNADisease (Chen et al.,
2013), and exoRBase (Li SL et al., 2018).

5 Conclusions

In summary, we used a framework to identify
IncRNAs with spatial expression patterns based on an

integrative transcriptome atlas of IncRNA across
human tissues, and this framework can readily in-
corporate future IncRNA datasets to increase its utility.
Spatial classification of IncRNAs is a powerful ap-
proach in the analysis of IncRNA function, and can
be used as a starting point for elucidating the role of
IncRNA in both the maintenance of tissue morphology
and the progress of tissue-constricted diseases, cross-
ing the gap between spatial expression patterns of
IncRNAs and tissue physiology or pathology.
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