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Gene structure, differential exon usage, and expression of the testis
long intergenic non-protein coding RNA 1016 in humans reveals isoform-specific roles
in controlling biological processes
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The distinct molecular role of LINC01016 isoforms reveals intricate biology associated with
lncRNA transcription and processing.
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Abstract
Long noncoding RNAs (lncRNAs) have emerged as critical regulators of biological
processes. The constant expansion of newly-identified lncRNA genes requires that each one be
comprehensively annotated to understand its molecular functions. Here, we describe a detailed
characterization of the gene which encodes long intergenic non-protein coding RNA 01016
(LINC01016, a.k.a., LncRNA1195) with a focus on its structure, exon usage, and expression in
human and macaque tissues. In this study, we show that it is exclusively conserved among nonhuman primates, suggesting its recent evolution and is expressed and processed into 12 distinct
RNAs in testis, cervix, and uterus tissues. Further, we integrate de novo annotation of expressed
LINC01016 transcripts and isoform-dependent gene expression analyses to show that human
LINC01016 is a multi-exon gene, processed through differential exon usage with isoform-specific
functions. Furthermore, in gynecological cancers, such as cervical squamous cell carcinoma and
uterine corpus endometrial carcinoma, LINC01016 is downregulated; however, its higher
expression is predictive of relapse-free survival in these cancers. Collectively, these analyses
reveal that, unlike coding RNAs, lncRNA isoforms are differentially regulated and precisely
processed in specific tissues to perform distinct biological roles.
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Introduction
Long noncoding RNAs (lncRNAs) play critical roles in normal physiological processes
and aberrant conditions, such as cancer (1,2). Similar to protein-coding messenger RNAs
(mRNAs), lncRNAs are transcribed by RNA polymerase II, spliced, polyadenylated, and capped.
However, most lncRNAs lack protein-coding potential (1-3), with a few exceptions. LncRNAs are
diverse due to different modes of transcription, and they are expressed in a tissue-specific manner.
Moreover, lncRNAs have been demonstrated to be excellent tumor biomarkers with therapeutic
value (2,4,5); however, their therapeutic application has been limited by the lack of a mechanistic
understanding of their actions in the cell. This knowledge gap is due in part to the limited or poor
annotation of lncRNAs, which hinders functional studies (6). Thus, it is imperative to determine
the gene structure, exon usage, and expression pattern of developmental and disease-relevant
lncRNAs to facilitate their functional characterization.
Unlike with protein-coding mRNAs, the annotation of lncRNAs is challenging due to low
copy numbers and extreme tissue specificity. Further, it is more difficult to determine the 5’/3’
ends of lncRNAs that are chromatin-associated, transcribed from a divergent promoter, or
transcribed in an antisense direction since they coexist with unprocessed transcripts (3,6,7). These
challenges have been partly addressed by recent advances in next-generation sequencing
technologies, which provide unparalleled prospects in elucidating gene structure, exon usage,
expression, isoform-specific biological roles, and evolution of specific noncoding genes (3,8-10).
This information can be accessed through publicly available genome and gene expression
databases (9,11-13). Notably, a recent study has identified 15,000 to 35,000 differentially
expressed lncRNAs across different organs and species, emphasizing the cell-, evolution-, and
developmental-specific transcriptional programs (14). However, these studies are insufficient to
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indicate the tissue-specific isoform functions, and given the nature of lncRNA-dependent-biology,
unlike proteins where RNA itself plays a central role. Each lncRNA gene requires isoform-specific
annotation and characterization in target tissues to understand its biological role (2).
In this study, we functionally characterize the long intergenic non-protein coding RNA
01016 (LINC01016), an intergenic lncRNA, using gene expression data from overexpression of
major isoforms, as well as data presented in the Genotype-Tissue Expression (GTEx) project, the
Cancer Genome Atlas (TCGA), and the Nonhuman Primate Reference Transcriptome Resource
(NHPRTR) (15). We have leveraged these datasets generated through next-generation sequencing
to annotate and study the expression, differential exon usage, and isoform-specific roles of
LINC01016 in human and non-human primates. We have interrogated its association with clinical
outcome in cervical squamous cell carcinoma, testicular germ cell, and uterine corpus endometrial
carcinoma patients.
Results show that the LINC01016 gene is transcribed using differential exon usage and
alternative splicing and, also, different isoforms control specific biological processes. LINC01016
is abundantly expressed in the testis in the late stages of tissue development, and its gene structure
is conserved among non-human primate species. Intriguingly, expression and survival analysis in
cervical squamous cell carcinoma, testicular germ cell, and uterine corpus endometrial carcinoma
cancer patients suggests that LINC01016 isoforms are differentially expressed and that higher
levels of the aggregate expression of LINC01016 predict outcome in cervical and testicular cancer
patients. Overall, these findings have revealed an essential aspect of lncRNA biology that is rarely
associated with protein-coding RNAs.
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Materials and methods
Database searches and analyses.
Primate genomic databases were accessed from the Ensembl Genome Browser. Searches were
performed as described elsewhere (16,17). Briefly, BlastN was employed under optimal
parameters by means of probes: human LINC01016 DNA segments (Homo sapiens genome
assembly GRCh38.p13). The following genome assemblies were examined: chimpanzee (Pan
troglodytes, Pan_tro_3.0), gorilla (Gorilla gorilla, gorGor4), macaque (Macaca mulatta,
Mmul_10), marmoset (Callithrix jacchus, ASM275486v1), and mouse lemur (Microcebus
murinus, Mmur_3.0).

RNA-Seq expression datasets for testes in rhesus macaque.
NGS paired-end reads (101bp) were downloaded from the NHPRTR (15). The datasets are of
Indian-origin rhesus macaque (University of Washington) from testes samples. FASTQ files were
downloaded and analyzed by a standard RNA-Seq analysis pipeline.

LINC01016 Assembly of Transcriptome Data and Differential Gene Expression.
Paired-end reads (150 bp) were mapped to the human transcriptome (hg38) release 101 version
(August 2020) by standard RNA-Seq analysis pipeline and differential gene expression done by
DESeq2.

Tumor sample analysis.
The expression of LINC01016 was determined using RNA-seq counts from the GTEx Portal
(Version 8) and the TCGA GDC v28. in testicular germ cell tumor (TGCT), cervical squamous
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cell carcinoma, endocervical adenocarcinoma (CESC), and uterine corpus endometrial carcinoma
(UCEC) samples.

Survival analysis of ovarian cancer, testicular germ cell tumor, and uterine corpus
endometrial carcinoma patients.
To evaluate the prognostic value of LINC01016, we explored its expression in patient samples of
cervical squamous cell carcinoma, testicular germ cell, and uterine corpus endometrial carcinoma
cancer. The Kaplan-Meier plotter tool was used to plot relapse-free survival for LINC01016 (19).
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Results
The human LINC01016 gene
The LINC01016 gene is found on chromosome 6 of the human genome, located at the short arm
of the chromosome (6p21.31). In human genome assembly, GRCh38.p13, Ensembl genome
browser predicts 4 exons of LINC01016, spanning 29,408 base pairs between genomic coordinates
33,896,914 and 33,867,506 (Fig. 1A). According to Ensembl (version 101), the LINC01016 gene
is transcribed and processed into 12 different RNA species via a differential arrangement of exons
and alternative splicing (Fig. 1B), and each transcript is composed of either one, two, or three
exons (Fig. 1B). The sequences for LINC01016 that are found in the NCBI nucleotide database
(accession numbers NR_038989.1 and AK057709) do not contain the entire list of sequences
found in Ensembl; however, they are similar to transcript 201 (Fig. 1B).
The LINC01016 gene in non-human primates
In Ensembl, the LINC01016 gene has not been annotated in any known non-human primate
species, which encouraged us to investigate its presence and location in the target non-human
primate genomes. Through examining relevant genomic databases, the LINC01016 sequence was
discovered in 5 different primate species (Fig. 2A and 2B, Table 1), in a region analogous to the
location of human LINC01016, except for in marmoset, where the chromosome annotation was
absent, and in macaque, where it was found on chromosome 4 (Fig. 2B). The data showed the
LINC01016 of interest is comprised of 4 exons (Fig. 2B, Table 1), similarly to human LINC01016
(Fig. 2A). There was also a similarity in the predicted LINC01016 gene structure in these primates,
and significant DNA conservation was shown for all putative exons, especially in chimpanzee and
gorilla (99.37 to 99.19%, respectively) (Fig. 2B, Table 1). However, mouse lemur and marmoset
were exceptions, as segments of exon 3 deviated from the other species (Fig. 2B, Table 1).
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Moreover, RNA-Sequencing analyses showed that LINC01016 RNAs were present in the testis of
macaque species, and an isoform with three exons was predominantly expressed (Fig. 2C). The
overall organization of the LINC01016 gene structure is similar to other reproductive tissuespecific genes, such as MIR503HG (7).
Expression of LINC01016 in different human tissues
We sought to understand the extent to which the human LINC01016 gene had been
annotated in Ensembl; analyses were performed by interrogating human gene expression data
available from GTEx. Intriguingly, exon-exon junction expression differs across testis, cervix, and
uterus tissues (Fig. S1 A and B). In testis, exon-exon junction 5 (Fig. S1 A and B) is predominantly
expressed, leading to the formation of a single continuous exon 4 (comprising of exon 3 and 4)
(Fig. S1 C), which is similar to isoform 212 described in Ensembl (Fig. S1 B). In contrast, both in
the cervix and uterus, junctions 2 and 3 are expressed (Fig. S1 A and B), giving rise to exons 1, 2,
and 4 (Fig. S1 C), corresponding precisely to what was defined in the genome database for isoform
201 (Fig. S1 B). However, in the cervix, junction 6 is also expressed but doesn’t affect the exon
arrangement (Fig. S1 A and B). Although these data vary from the information presented in
Ensembl, they concur firmly with findings recently reported by Sarropoulos et al. (14)
(see:https://apps.kaessmannlab.org/lncRNA_app/). The observations described above define a
human LINC01016 gene of 2 exons in the testis and 3 exons in both the cervix and uterus (Fig. S1
D).
To understand and determine the differential expression of specific isoforms in respective
tumor tissues, we analyzed different LINC01016 transcripts expression using gene expression
profiles from normal (GTEx) and Pan-Cancer (PANCAN) samples. Surprisingly, all the isoforms
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showed varied expression levels and appeared to be differentially regulated in normal and tumor
tissues (cervical, testis, and uterine), suggesting an isoform-specific functional role (Fig S2).
Human LINC01016 gene expression
Given the limited evidence of a functional role for the LINC01016 gene in the literature,
the relative abundance of the gene-specific transcripts could indicate its biological significance.
Tissue-specific gene expression data were extracted from the GTEx database to determine the
abundance of LINC01016 transcript in healthy human tissues. The analysis revealed that a
significant number of LINC01016 isoforms are expressed in the cervix, testis, and uterus (Fig. S1
D). LINC01016 transcript levels slightly varied over a 40 TPM range between tissues; the highest
expression was seen in testis tissue (Fig. 3). Further investigation in human testes during
developmental stages suggests that LINC01016 RNA starts appearing as early as the 13th year and
as late as the 63rd year (Fig. 3B). These results strongly suggest a potential role played by
LINC01016 plausibly in germ cell development, especially in males.
De novo prediction of splice events, expression, and isoform identification in testis and cervix
To independently evaluate and define the LINC01016 gene structure, RNA-Seq datasets
(20-22) were obtained, and splice events were determined based on de novo predictions for
LINC01016 in the testis (Fig. 4A) and cervix (Fig. 5A). Testis splice graph analysis (Fig. 4A)
shows 3 predicted exons and 2 junctions for eight normal testis samples. The heat map shows
differential exon usage and expression (FPKM) based on each sample. On the other hand, cervix
splice graph analysis (Fig. 5A) shows 4 predicted exons and 3 junctions for four normal cervix
samples. The heat map shows differential exon usage and expression (FPKM) based on each
sample, with the lowest expression for junction 1.
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Gene models for the LINC01016 isoforms detected on the RNA-Seq datasets are shown
for normal testis (Fig. 4B) and cervix (Fig. 5B). The top panel shows isoform 201 (NCBI Refseq)
and the predicted collapse structure for each tissue. The bottom panel depicts the different RNAseq detected isoforms; in the case of testis, a total of 6 different isoforms were detected with an
expression range of 0.19 – 12.50 FPKM (Fig. 4B), while cervix tissue analysis identified a total of
4 isoforms with an expression range of 0.12- 0.36 FPKM (Fig. 5B). The gene-specific mature
transcript analyses show differential exon usage and isoform expression based on tissue-specificity
for normal samples.
Comparison of LINC01016 gene models between GTEx and RNA-Seq sample predictions
Human LINC01016 shows diverse isoform expression depending on the tissue. However,
there is variability in the expression of the isoforms of LINC01016 depending on the data source
and method used to analyze the samples. GTEx database (Release V8) shows only 2 isoforms for
cervix/uterus (Fig. 6A), while our RNA-Seq de novo analysis predicts a total of 4 detected isoforms
(Fig. 6C). Moreover, for testis, GTEx (Release V8) shows three isoforms (Fig. 6A), while our
RNA-seq de novo analysis predicts 6 different isoforms for the samples (Fig. 6B). Importantly,
our RNA-seq data analysis uses the latest release of the gene annotations for LINC01016, which
includes a higher number of isoforms. Nevertheless, the intricate and differential expression profile
of LINC01016 transcripts indicates that each isoform is plausibly associated with distinct
biological processes.
Functional analysis of LINC01016 isoforms
To unravel and define isoform-specific roles, six different transcripts of the LINC01016
human gene were cloned in a mammalian expression vector and sequenced. Each transcript was
expressed in a heterologous cell line (HEK293 cells, LINC01016 is not transcribed). An advantage
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of this strategy is that endogenous lncRNA-driven compensatory mechanisms, which could
potentially mask the isoform-specific analyses, can be avoided. Figure 7 shows the gene model
diagrams of the cloned transcripts with the chromosome location, sequencing coverage, junction
plots, and RNA-Seq transcript expression (FPKM) for each independent replicate. The heat map
depicts the differential expression fold change for each cloned transcript (Fig. 8A). Results show
significant variability in gene expression depending on the transcript. Intersections of differentially
expressed genes were analyzed between samples in different groups: All regulated genes (Fig. 8B),
Up-regulated genes (Fig. 8C), and Down-regulated genes (Fig. 8D). These results clearly show
that although there are a common set of genes regulated by all the transcripts, the non-overlapping
isoform-dependent gene sets are more extensive and mutually exclusive.
Transcript-specific molecular signatures of regulated biological pathways
To study LINC01016 transcripts' potential roles in biological pathways, we performed a
Gene Ontology analysis. Different molecular signature databases were queried to obtain more
insights into the potential transcript-specific biological functions of LINC01016. Heat maps
showing normalized enrichment scores were generated for the different datasets: Hallmark gene
sets (Fig. 9A), KEGG Pathways (Fig. 9B), molecular functions (Fig. 9C), and biological processes
(Fig. 9D). All molecular signature databases showed significant variability of pathways involved
depending on the selected transcript, which correlates well with the identified gene sets specific to
each isoform.
Expression and possible prognostic value of LINC01016 in cervical squamous cell carcinoma,
testicular germ cell tumor, and endometrial carcinoma cancer
Differentially expressed lncRNAs in reproductive tissues have been thought to be potential
tumor biomarkers (4), prompting us to explore the expression of LINC01016 in malignant tissue

11

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ramos et. al., (Gadad)

March 26, 2021

types of cervix, testis, and uterus. By interrogating the TCGA database, we found that LINC01016
is downregulated in cervical squamous cell carcinoma and endocervical adenocarcinoma,
testicular germ cell tumor, and uterine corpus endometrial carcinoma tissues (5,23) (Fig. 10A).
Further, to determine the clinical value of its altered expression patterns across these cancers, we
generated Kaplan Meier plots using a cancer resource containing samples of cervical squamous
cell carcinoma, testicular germ cell tumor, or uterine corpus endometrial carcinoma. We observed
elevated levels of LINC01016 RNA to be indicative of relapse-free survival in uterine corpus
endometrial carcinoma and testicular germ cell tumors, but not in cervical squamous cell
carcinoma (Fig. 10). Altogether, these results suggest that LINC01016 is a testis tissue-specific
lncRNA with prognostic value in a subset of cancer types.
Discussion
LncRNAs are found to be aberrantly expressed in tumors and can be excellent diagnostic
markers with therapeutic value (1,24). Interestingly, a subset of these lncRNAs is differentially
expressed spatiotemporally across reproductive tissue types such as ovary, placenta, and testis
(7,24-26). While few have been investigated for their function, the lack of proper annotation
presents a formidable challenge in understanding the molecular role of newly identified lncRNAs
(6). Genome-wide transcriptomic analyses help define molecular features of lncRNAs, including
ends of transcripts, exon usage, and relative isoform abundance (27); however, detailed genespecific analysis remains the gold standard to accurately determine the gene structure and quantify
the isoform-specific expression of relatively less abundant lncRNAs. In this regard, we have used
novel and public datasets to annotate and quantify a testis-specific long intergenic noncoding
RNA, LINC01016, in humans and non-human primates. Our results indicate that the Ensembl
annotation predicts isoforms with one to four exons (Fig. 1), while similar to Ensembl data, our
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analysis suggests that LINC01016 consists of four exons (Fig. 2). Contrary, exon and exon-exon
expression analyses show that LINC01016 with three exons is the predominantly expressed
transcript in the cervix and uterus tissue. The signal-, space-, and time-dependent variability in the
expression of isoforms is a widely observed feature of human transcripts (28). Overall, these
results suggest an intricate organization of the LINC01016 gene. This information is very
intriguing since variable isoform expression through differential exon usage has been linked to
several cancers (29,30). The aberrant expression of an isoform from the same gene could lead to
protein or RNA with altered functions due to changes in their secondary structures or
conformations (31). Hence, it is imperative to study individual isoforms of a lncRNA gene since
each one of them could be functioning independently.
In addition to gene structure, LINC01016 expression varies across tissues and organs (Fig.
3). This tissue-specific expression can be leveraged as a potential diagnostic or prognostic marker,
a feature common to several lncRNAs (5,7,32). We also observed that in a manner similar to
several reproductive tissue-specific genes (7), LINC01016 is expressed during developmental
stages of testis tissue, indicating a plausible role in germ cell development (33). Given the tissue
specificity of LINC01016, it will be interesting to study its role in the testis, which could lead to
potential functioning in reversibly arresting sperm production or in contraceptive technologies
aimed at germ cell development. For this purpose, the majority of genes currently studied are those
encoding proteins, leaving the gold mine of unstudied lncRNA genes unexplored (34), which gives
an ample opportunity to explore them as novel targets.
Our data shows LINC01016 has significant differential exon usage (Fig. 4, 5 & S1), as well
as isoform-specific roles in diverse biological processes (Fig. 9). This is important because this
characteristic contributes to the variability in detected isoforms across different samples and to
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plausible functions regulating various biological processes depending on isoform, tissuespecificity, and present conditions at a specific time point. Differential gene expression of
LINC01016 (Fig. 8) from RNA-Seq using diverse transcripts is a clear representation of gene
regulation variability. Intersectional Venn diagrams from differentially expressed genes show
some overlap of regulation between different isoforms of LINC01016, but for the most part, each
transcript has a regulation of specific gene networks. Similarly, Gene Ontology analysis (Fig. 9)
shows that regulation of biological pathways is isoform-dependent.
It is critical to point out the latest releases of widely used genomic databases such as GTEx,
and TCGA shows only a portion of the identified LINC01016 isoforms; 5 (Fig. 6 & S2) because
their analysis is based on previous gene annotations and therefore might not reflect the full extent
of known isoforms. Newer annotations from Ensembl (version 101) and GENCODE (version 37)
show 12 additional isoforms of LINC01016 matching predictions from RNA-Seq experimental
sample datasets. Therefore it is crucial to compare versions and parameters of genomic databases
when designing a study.
Many reproductive tissue-specific lncRNAs are differentially expressed in various cancers
due to epigenetically dysregulated promoters and enhancers (2). Notably, LINC01016 is
downregulated in cervical squamous cell carcinoma, uterine corpus endometrial carcinoma
samples, and in testicular germ cell tumors (Fig. 10). Survival analysis in uterine corpus
endometrial carcinoma and cervical squamous cell carcinoma suggests higher LINC01016
expression to be a predictor of a clinical outcome in patients. Previously, LINC01016 has also been
implicated in endometrial and breast cancer (35,36). Collectively, these results imply that
LINC01016 could be a promising tumor biomarker.
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Our study also provides a unique perspective on using previously untapped information
embedded in deep-sequencing results from species that are otherwise intractable experimental
animal models (17,37). Because of the poor conservation in mice, the most widely used
mammalian system, studying primate-specific lncRNA genes, is challenging due to limited
comparable models in which application of lncRNA findings could be recapitulated (2). Thus, our
results provide resources/experimental models as sources of information to bridge this gap in
understanding, potentially aiding in developing an experimentally testable hypothesis.
In summary, through our study, we show a) complexity of gene organization at DNA and
transcript level can be understood by integrating publicly available data with targeted experimental
approaches, b) differential exon usage, c) evolutionary significance of LINC01016, d) relative
expression of LINC01016 in tissues with a plausible role in reproductive physiology, e) isoformdependent differences in regulation of gene networks and biological pathways, and f) LINC01016
as a potential tumor biomarker.
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Table 1: Nucleotide Identity with Human LINC01016 Exons
Species
Chimpanzee
Gorilla
Macaque
Marmoset
Mouse Lemur
Dog

Exon1 (329)
99.7
99.08
94.9
90.62
88
92.86*
*28 bp aligned

Exon2 (122)
100
100
94.21
91.89
86.59
96.15*
*26bp aligned
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Exon3 (4284)
98.72
98.93
93.33
86.91
84.39*
84.26#
*300 bp aligned
#269 bp aligned

Exon4 (321)
99.07
98.75
94.08
85.45
82.42*
88.89#
*273bp aligned
#36bp aligned
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Figure Legends
Figure 1. The human LINC01016 gene in the Ensembl genome database. A. Diagram of the
human LINC01016 gene on chromosome 6 from Ensembl. Exons are depicted as boxes and introns
as lines. Chromosomal coordinates and a scale bar are shown. B. Diagrams of human LINC01016
RNAs from Ensembl. The exons or portions of exons found in each transcript are illustrated and
are aligned with their location within the gene. The scale is the same as in A.

Figure 2. LINC01016 gene structure and expression in primates. A. Human LINC01016 gene
conservation between different vertebrates. Top panel (blue histogram track) shows 100 vertebrate
Basewise conservation by PhyloP score. The bottom panel (green alignment track) shows Multiz
Alignment & Conservation for 7 vertebrate species. B. Conserved identity between different
primates and LINC01016. Depicted are the predicted genomic structures with conserved exons,
and in black are genomic regions missing from BLAST alignments to their respective human
sequence. Percentage identity from BLAST search results is provided for each of the species. C.
The top panel shows the genomic location of the predicted structure for LINC01016 in rhesus
macaque with four conserved exons, similar to human RNAseq experiments. Data from the
Nonhuman Primate Reference Transcriptome Resource (NHPRTR) project are shown for
expression in testis, and the expression of different exons are shown as FPKM (Fragments Per
Kilobase of transcript per Million mapped reads).

Figure 3. Expression of LINC01016 in different human tissues. A. LINC01016 gene expression
in all the normal human tissues, as accessed from GTEx. Results are graphed as transcripts per
million. B. LINC01016 gene expression across developmental stages of the human testis,
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represented as RPKM (Reads Per Kilobase of per Million mapped reads) (wpc: weeks postconception; m: months; y: years). The expression data were accessed using the
https://apps.kaessmannlab.org/lncRNA_app/.

Figure 4. Testis RNA-Seq predicted splice events, quantification expression, and isoform
identification. A. Splice graph analysis based on de novo prediction for LINC01016 on testis
samples, coverage, and expression quantification from RNA-Seq normal datasets. B. Gene models
for LINC01016 isoforms expression detected on RNA-Seq normal testis datasets. Included is
isoform 201, which is NCBI Refseq, and the predicted collapsed structure.

Figure 5. Cervix RNA-Seq predicted splice events, quantification expression, and isoform
identification. A. Splice graph analysis based on de novo prediction for LINC01016 on cervix
samples, coverage, and expression quantification from RNA-Seq normal datasets. B. Gene models
for LINC01016 isoforms expression detected on RNA-Seq normal cervix datasets. Included is
isoform 201, which is NCBI Refseq, and the predicted collapsed structure.

Figure 6. Comparison of gene models for LINC01016 between normal GTEx, RNA-seq
predicted normal testis, and RNA-seq predicted normal cervix. A. Isoforms detected by GTEx
database v8 (dbGaP Accession phs000424.v8.p2) for normal cervix/uterus and testis samples. B.
Gene models for LINC01016 RNA-Seq de novo predicted isoforms expressed on normal testis
samples. C. Gene models for LINC01016 RNA-Seq de novo predicted isoforms expressed on
normal cervix samples.

26

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ramos et. al., (Gadad)

March 26, 2021

Figure 7. Gene models, coverage, junctions, and expression for LINC01016 cloned
transcripts on experimental RNA-Seq data. The diagram shows the chromosome location,
sequencing coverage, junction plots, gene models, and RNA-Seq transcript expression (FPKM)
for each cloned transcript: 201 CU2, 202 T1, 204 T2, 205 CU1, 205 ENC, and 205 ENU.

Figure 8. LINC01016 cloned transcripts RNA-Seq differential expression and Venn
diagrams of gene overlaps. A. Heatmap showing the log2(FoldChange) differential expression
on cloned LINC01016 transcripts. B. Venn diagrams for all regulated genes from overlapping
intersections between the different categories. C. Venn diagrams for up-regulated genes from
overlapping intersections between the different categories D. Venn diagrams for down-regulated
genes from overlapping intersections between the different categories

Figure 9. LINC01016 cloned transcripts RNA-Seq Gene Ontology and KEGG Pathways
analysis. A. Gene Ontology (GO) analysis for Cancer Hallmark Pathways using Normalized
Enrichment Score (NES) B. KEGG Pathways heatmap for top 25 up/down regulated pathways on
the RNA-Seq dataset using NES. C. GO analysis for Molecular Functions signatures using NES
(molecular functions are grouped by parental term). D. GO analysis for Biological Processes
signatures using NES (Biological Processes are grouped by parental term).

Figure 10. Expression of LINC01016 in reproductive cancers. A. Box plot representation of
LINC01016 in testicular germ cell tumors (TGCT); cervical squamous cell carcinoma and
endocervical adenocarcinoma (CESC); and uterine corpus endometrial carcinoma (UCEC).
LINC01016 RNA levels are lower in tumors (T- black box) than in normal tissues (N- red box).
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The expression data was accessed from the GTEx portal (Version 8) and TCGA GDC databases
(v28). B-D. Kaplan-Meier survival analyses of patients expressing higher (red line) or lower (black
line) levels of LINC01016 RNA in uterine corpus endometrial carcinoma (B), cervical squamous
cell carcinoma (C), and testicular germ cell tumors (D). The cancer outcome-linked gene
expression data was accessed and graphed using www.kmplot.com. (19).

Figure S1. Characterization of the structure of the human LINC01016 gene by analysis of
RNA-Seq data. A. Collapsed view of human LINC01016 gene exon and exon-exon junction
structure from GTEx (8,9). B. Exon-exon junction levels in testes expressed as read count,
accessed from GTEx. C. Exon-specific expression in testes obtained from GTEx testes. D.
Diagram of the human LINC01016 isoforms as analyzed in parts A-C above. Exons are depicted
as boxes and introns as lines.

Figure S2. GTEx and TCGA LINC01016 transcript expression from available RNA-Seq
datasets on different tissues. LINC01016 isoforms detected by GTEx database (8,9) for normal
tissue and TCGA Pan-Cancer (PANCAN) tumor samples for A. Cervical, B. Testis, and C. Uterine
tissue samples. Isoform annotation is based on GENCODE v22.

28

Fig 1
A

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Human LINC01016 gene - Ensembl (Chr 6:33.896.914-33.867.506)

Chromosme 6
33.89 mb

33.87 mb

33.9 mb

exon: 1

2

3

Human LINC01016 RNAs - Ensembl
203
208
210
ENSEMBL - Splice Variants

B

33.88 mb

212
201
209
206
207
204
211
205
202

1 kb

4

Fig 2

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A Human LINC01016 gene - Ensembl (Chr 6:33.896.914-33.867.506)
exon: 1

2

3

4

1 kb

Human LINC01016 gene sequence conservation

Conservation

Conservation

2

B

1
0
-1
Chimp
Rhesus
Mouse
Rat
Dog
Opposum

Primate LINC01016 genes
Chr 6:33.896.914-33.867.506

Human hg38
100%
Chimpanzee
99.37%
Gorilla
99.19%

Chr 6:34189649-34219039
Chr 6:34518849-34548252
Chr 4:135592761-135621410

Macaque
94.13%

NTIC01022223:131894794-131922256

Marmoset
88.72%

C

Chr 6:11543499-11566500

Mouse Lemur
85.35%

Location and expression of LINC01016 in rhesus macaque
rheMac10

Chromosome 4

135.62 mb

135.6 mb
135.61 mb

LINC01016
exon: 1

2

3

Expression in testis

4

Sashimi plot:
Splice junctions

Expression:FPKM
Exon

1:

6.95

Exon

2:

8.03

Exon

3:

6.71

Exon

4:

5.8

B

4wpc
5wpc
6wpc
7wpc
8wpc
9wpc
10wpc
11wpc
12wpc
13wpc
16wpc
18wpc
19wpc
6−9m
2−4y
13−14y
15−19y
25−32y
39−41y
46−54y
58−63y

RPKM
Amygdala
Aorta
Atrium auricular region
Blood
Breast
Caudate nucleus
Cerebellar hemisphere
Cerebellum
Cerebral cortex
Coronary artery
Cortex of kidney
Ectocervix
Endocervix
Esophagogastric junction
Esophagus mucosa
Esophagus muscularis mucosa
Fallopian tube
Greater omentum
Heart left ventricle
Hippocampus proper
Hypothalamus
Liver
Lower leg skin
Lung
Minor salivary gland
Nucleus accumbens
Ovary
Pancreas
Pituitary gland
Prostate gland
Putamen
Sigmoid colon
Skeletal muscle tissue
Small intestine Peyer's patch
Spleen
Stomach
Subcutaneous adipose tissue
Substantia nigra
Suprapubic skin
Testis
Thyroid gland
Tibial artery
Tibial nerve
Transformed skin fibroblast
Transverse colon
Urinary bladder
Uterus
Vagina

Transcripts per million

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
Fig 3 (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
AHuman LINC01016 gene expression - GTEx

60

40

20

0

Expression in human testes

40

30

20

10

0

Fig 4

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Testis

A
E1

E2

J1

chr6:33892696-33892881

E3

J2

chr6:33890088-33892084

chr6:33892317-33892451

33

7

44

38

21

34

E1

E2

J1

E3

J2

Expresion (FPKM)

B

ERR315351
ERR315350
ERR315391
ERR315446
ERR315415
ERR315352
ERR315456
ERR315492

1.1

5.3

Chromosome 6
33.897 mb

33.895 mb

33.896 mb

33.893 mb

33.894 mb

201 - NCBI Refseq
Predicted - Collapsed Structure
RNA-Seq Detected Isoforms:
209 - Expression (FPKM) 12.50
206 - Expression (FPKM) 0.37
204 - Expression (FPKM) 0.19
211 - Expression (FPKM) 0.53
202 - Expression (FPKM) 4.36
212 - Expression (FPKM) 1.70

33.891 mb

33.892 mb

33.889 mb

33.89 mb

Fig 5
A

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cervix
J1
chr6:33896586-33896818

E1

J2

E2

chr6:33896819-33896944

J3

E3

E4

chr6:33893579-33893699

1

chr6:33889817-33892451

14

25

4

4

6

11

1

3

1

2

0

E1

E2

E3

E4

J1

J2

J3
SRR11095735
SRR11095734
SRR11095733
SRR11095736

Expresion (FPKM)
0

B

17

Chromosome 6
33.89 mb

33.87 mb

33.88 mb

201 - NCBI Refseq
Predicted - Collapsed Structure

RNA-Seq Detected Isoforms:
201 - Expression (FPKM) 0.31
205 - Expression (FPKM) 0.36
203 - Expression (FPKM) 0.12
212 - Expression (FPKM) 0.34

Fig 6

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chromosome 6
33.87 mb

33.89 mb
33.88 mb

A) Human LINC01016 gene - Mapped (GTEx)
205

Cervix/ Uterus

201

chr6:33891711-33896914

Cervix/ Uterus

Testis

202

chr6:33891797-33892750

Testis

204

chr6:33891702-33892779

Testis

203

chr6:33889511-33896907

chr6:33867506-33893653

B) Human LINC01016 gene - RNA-Seq de novo prediction (Testis)
Testis predicted collapsed
212

chr6:33892696-33892084

209
206
204
211
202

chr6:33891059-33893034

chr6:33888751-33892762
chr6:33891698-33892826
chr6:33891702-33892779
chr6:33891703-33892732
chr6:33891797-33892750

C) Human LINC01016 gene - RNA-Seq de novo prediction (Cervix)

ENSEMBL - Splice Variants

Cervix predicted collapsed
203
212

chr6:33888751-33892762

201

chr6:33889511-33896907

205

chr6:33891711-33896914

chr6:33896819-33892451
chr6:33867506-33893653

Fig 7

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chromosome 6

33.896 mb

33.894 mb
33.895 mb

33.892 mb
33.893 mb

33.89 mb
33.891 mb

201 CU2

201 rep1 - FPKM 662.80
201 rep2 - FPKM 582.36
202 T1
202 rep1 - FPKM 2,217.25
202 rep2 - FPKM 2,042.81

204 T2
204 rep1 - FPKM 4,070.98
204 rep2 - FPKM 3,757.55

205 CU1
205 rep1 - FPKM 6,009.30
205 rep2 - FPKM 3,370.79
205 ENC
205 rep1 - FPKM 4,768.54
205 rep2 - FPKM 4,198.09

205 ENU
205 rep1 - FPKM 7,189.02
205 rep2 - FPKM 4,869.12

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
Fig 8 (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND
International license.
A) RNA-seq Differential Expression
B) All4.0
Regulated

Fold change
6

4

2

0

-2

-4

-6

205 CU1
832

201 CU2

180

76

63

203

77

60

70

78

62

74

158

154

105

205 CU1
ENU

204

65

79

823
66

69

126

123

89
73

154

178

51

85

132

77

86

68

73

102

71

204

64

414
172

1152

89

72
74

220

80
172

82

106

57

1290

202

72

80

73

77

77

65

789

163

205 CU1
ENC

171

183

204 T1

82

755

202 T1

204 T2

205 CU1
ENC

205 CU1
ENU

205 CU1

Control

201 CU2

204 T2

C) Up-Regulated

D) Down-Regulated
205 CU1

205 CU1
284

548

201 CU2

75
34
69

29

90

34

96

39

22

38

19

36

38

123

28

205 CU1
ENU

90

201 CU2

26
79

38

578

41

55

38

74

32

36

40

40

205 CU1
ENU

25

65

67

32

34

245
26

23

36

44

34
28

83
50

39

89 29
27

204 T1

47

27
96

45

30

30
72

33

23

25
69
437

204 T2

29

727

64

205 CU1
ENC

40

64

32
39

204 T1

56

27
52

79

42

34

595

33

90

57
41

280

68

41

41

36

112

74
45

38

28

38
563

49

37
33

50
44

300

30

36

88

79

31

30

126

21

112

131

872

43

62

37

19

30

38

96

42

38
76

38

35

36
48
88
318

204 T2

50

194

87

205 CU1
ENC

1

0

-1

-2

3

-3

Interferon alpha response
Interferon gamma response
Bile acid metabolism
TNFA signaling via NFKB
Spermatogenesis
Apoptosis
WNT Beta Catenin signaling
P53 Pathway
KRAS signaling UP
Fatty acid metabolism
Inflammatory response
MTORC1 signaling
Protein secretion
Unfolded protein response
Adipogenesis
IL2 STAT5 signaling
Epithelial mesenchymal transition
Peroxisome
DNA repair
HEME metabolism
UV response DN
NOTCH signaling
Reacitve oxygen species pathway
TGF Beta signaling
Cholesterol homeostasis
Hedgehog signaling
PI3K AKT MTOR signaling
MYC targets v2
Complement
Allograft rejection
KRAS signaling DN
Pancreas Beta cells
Estrogen response late
IL6 JAK STAT3 signaling
Myogenesis
Androgen response
Apical junction
Estrogen response early
Hypoxya
Glycolysis
Xenobiotic Metabolism
Angiogenesis
Mitotic spindle
Coagulation
Apical surface

2

1

0

-1

-2

-3

202 T1

2

204 T2

3

205 CU1
ENC

bioRxiv preprint doi:
The
copyright
holder Pathways
for this preprint
A)https://doi.org/10.1101/2021.03.26.437262
GO Analysis - Hallmark Pathways ; this version posted March 28, 2021.
B) GO
Analysis
- KEGG
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under
aCC-BY-NC-ND 4.0 International licenseNormalized
.
Enrichment Score
Normalized Enrichment
Score

C) GO Analysis - Molecular functions
Normalized Enrichment Score
-2

-3

205 CU1
ENU

205 CU1

3

2

1

0

-1

-2

204 T2

-1

205 CU1
ENC

0

205 CU1
ENU

1

205 CU1

2

D) GO Analysis - Biological Processes
Normalized Enrichment Score

201 CU2

3

201 CU2

Control

202 T1

204 T2

205 CU1
ENC

205 CU1
ENU

205 CU1

201 CU2

Control

Cytosolic DNA sensing pathway
RIG I like receptor sign. pathway
ABC transporters
Toll like receptor sign. pathway
Natural killer cell med. cytotox
Drug metabolism other enzyme
pantothenate and coa biosyn
JAK STAT signaling pathway
Drug metabolism cytochrome
Epithelial cell sign. in H. Pylori
Primary bile acid biosynthesis
Steroid biosynthesis
Endocytosis
Sulfur metabolism
Beta alanine metabolism
Pyrimidine metabolism
P53 signaling pathway
Cytokine-cytokine recep. inter
ARVC
Ubiquitin mediated proteolysis
Argenine and proline metabo.
Tryptophan metabolism
Tcell receptor sign. pathway
Antigen processing and present
Metabo. of Xenobiotics by P450
Melanoma
Long-term depression
Phenylalanine metabolism
Glycosphingolipid biosynthesis
Insulin sign. pathway
Alzheimers disease
Oxidative phosphorylation
Notch signaling pathway
Aldosterone regulated sodium
Cysteine and methionine meta.
Lysine degradation
Primary immunodeficiency
Basal cell carcinoma
Hedgehog signaling pathway
Basal transcription factors
Huntingons disease
AArachidonic acid metabolism
Chemokine signaling pathway
FC G R mediated phagocytosis
Melanogenesis
Pathways in cancer
Adipocytokine signaling path.
glycolysis gluconeogenesis
Purine metabolism
Fructose and mannose metabo.

Control

-3

Viral life cycle
Transport
Secondary metabolism
Response to stress
Response to external stimulus
Response to endogenous stimulus
Response to biotic stimulus
Responseto abiotic stimulus
Reproduction
Reg of gene expression epigenetic
Protein transport
Protein modification
Protein metabolism
Protein biosynthesis
Organelle organization and biogenesis
Nucleotide and nucleic acid metabolism
Other
Morphogenesis
Mitocho organization and biogenesis
Metabolism

Triplet codon-amino acid adaptor activity
Transporter activity
Translation regulator activity
Translation factor activity nucleic acid
binding
Transferase activity
Transcription factor activity
Structural molecule activity
Signal transducer activity
RNA binding
Receptor binding
Receptor activity
Protein kinase activity
Protein binding
Phosphoprotein phosphatase activity
Peptidase activity
Oxygen binding
Other
Nucleic acid binding
Nuclease activity
Neurotransmitter transporter activity
Motor activity
Lipid binding
Kinase activity
Ion channel activity
Hydrolase activity
Enzyme regulator activity
DNA binding
Cytoskeleton protein binding
Chromatin binding
Catalytic activity
Carbohydrate binding
Calcium ion binding

Lipid metabolism
Ion transport
Growth
Gen. of pre metabolites and energy
Embryonic development
DNA metabolism
Development
Cytoske organization and biogenesis
Cell transduction
Cell signaling
Cell recognition
Cell proliferation
Cell organization and biogenesis
Cell homostasis
Cell growth
Cell differentiation
Cell death
Cell cycle

Binding

Cell communication
Catabolism
Carbohydrate metabolism
Biosynthesis
Behaviour

202 T1

204 T2

205 CU1
ENC

205 CU1
ENU

205 CU1

201 CU2

Control

Antioxidant activity
Acting binding

202 T1

Fig 9

Fig 10

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A)

B)
Normal

2.0

Tumor

Uterine
1.0

p < 2.22e-16

0.8

1.5
5.9e-13

Probability

Expression
log10(FPKM +1)

p < 2.22e-16

1.0

0.5

0.4
0.2

Cervical
T=306
N=18

Testicular
T=156
N=345

C)

0

Uterine
T=552
N=134

0.8
Probability

0.8
0.6
0.4
P-value = 0.28

10

20

40

Time (months)

50

60

50

60

50

60

0.4

0
30

40

0.6

0.2

Expression
low
high

30

Testicular
1.0

0

20

Time (months)

1.0

0

10

D)

Cervical

0.2

P-value = 0.038

Expression
low
high
0

0

Probability

0.6

P-value = 0.0077

Expression
low
high
0

10

20

30

40

Time (months)

Fig S1
A

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Human LINC01016 gene - GTEx

Junction 3

Junction 1&2

3

Read count

4

4

D

Human LINC01016 gene -Mapped
Cervix/Uterus
Chr 6: 33896941-33892310
Cervix/Uterus
Chr 6: 33896907-33889511
Testis
Chr 6: 33892750-33891797
Testis
Chr 6: 33892750-33891797
Testis
Chr 6: 33893653-33867506

Uterus

0.15
0.10

Exon 5

Exon 4

Exon 3

0

Exon 2

0.05

Exon 1

Exon 5

0

Exon 4

0.05

Median read count per base

0.10

Exon 3

Exon 5

Exon 4

Exon 3

0

Exon 2

0.5

0.15

Exon 2

1.0

Cervix

0.20

Exon 1

Testis

1.5

Exon 1

Median read count per base

Human LINC01016 exon expression

Junction 6

Junction 5

Junction 4

Junction 3

Junction 2

Junction 6

Junction 5

0

Junction 1

2

2
0

Junction 6

Junction 5

Junction 4

Junction 3

Junction 2

Junction 1

50

6

Junction 4

100

6

Junction 2

150

Uterus

8

8

Junction 1

Read count

Read count

200

0

Cervix

10

Junction 3

Testis

250

C

5

4

Human LINC01016 exon-exon junction expression

Median read count per base

B

Junction 4&5
2

exon: 1

Junction 6

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437262; this version posted March 28, 2021. The copyright holder for this preprint
Fig S2(which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A) CERVICAL
NORMAL

TUMOR

NORMAL

40

Percentage

30

TUMOR

201
202

20

203
204

10

205
NA

0

201 202 203 204 205 NA

B) TESTIS
NORMAL

Percentage

60

TUMOR

NORMAL

40

TUMOR

201
202
203

20

204
205
NA

0
201 202 203 204 205

NA

C) UTERINE
NORMAL

TUMOR

NORMAL

40

Percentage

30

TUMOR

201
202

20

203
204

10

205
NA

0
201 202 203 204 205

NA

