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Introduction

of efficient miRNA sponge transcripts contain multiple highaffinity miRNA binding sites and are expressed at high levels
(Ebert and Sharp 2010; Hansen et al. 2013; Memczak et al.
2013; Rani et al. 2016; Thomson and Dinger 2016). At present,
64 and 117 miRNA sponge transcripts with experimental evidence are documented in humans and mice, respectively
(Wang et al. 2015). Examples include recently evolved pseudogene PTENP1, lncRNAs linc-RoR, and lncND specific to
primates, as well as transcripts well conserved among vertebrate species: circular RNAs (circRNAs) CDR1as and sry RNA
(Hansen et al. 2013; Memczak et al. 2013; Poliseno et al. 2010;
Rani et al. 2016; Wang et al. 2013).
Functionally, miRNA sponges were shown to play diverse
roles. The PTENP1 transcript regulates tumor suppressor
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Fast Track

miRNAs are well-recognized posttranscriptional regulators
that fine-tune the expression of the majority of mammalian
protein-coding genes (PCG) and long noncoding RNA
(lncRNA). The main function of miRNAs is to guide RNAInduced Silencing Complex (RISC) to transcript-containing
complementary binding sites (Bartel 2004; Friedman et al.
2009; Lewis et al. 2003; Yoon et al. 2014). Some of the miRNA
target transcripts have been recently recognized to function as
miRNA sponges—transcripts that modulate the repression of
other targets by sequestering RISC bound miRNAs (Ebert and
Sharp 2010; Salmena et al. 2011; Thomson and Dinger 2016).
Whereas miRNA sponges containing single miRNA binding sites have been described (Wang et al. 2013), the majority
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MicroRNA (miRNA) sponges are vital components of posttranscriptional gene regulation. Yet, only a limited number of
miRNA sponges have been identified. Here, we show that the recently evolved noncoding tumor suppressor transcript,
antisense RNA to TP73 gene (TP73-AS1), functions as a natural sponge of human-specific miRNA miR-941. We find
unusually nine high-affinity miR-941 binding sites clustering within 1 kb region on TP73-AS1, which forms miR-941
sponge region. This sponge region displays increased sequence constraint only in humans, and its formation can be traced
to the tandem expansion of a 71-nt-long sequence containing a single miR-941 binding site in old world monkeys. We
further confirm TP73-AS1 functions as an efficient miR-941 sponge based on massive transcriptome data analyses,
wound-healing assay, and Argonaute protein immunoprecipitation experiments conducted in cell lines. The expression
of miR-941 and its sponge correlate inversely across multiple healthy and cancerous tissues, with miR-941 being highly
expressed in tumors and preferentially repressing tumor suppressors. Thus, the TP73-AS1 and miR-941 duo represents an
unusual case of the extremely rapid evolution of noncoding regulators controlling cell migration, proliferation, and
tumorigenesis.
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gene (TSG) PTEN’s expression by sequestering miRNAs from
broadly conserved miR-17 and miR-19 families in several cancers (Poliseno et al. 2010). linc-RoR plays roles in the control of
self-renewal and pluripotency maintenance of human embryonic stem cells by regulating pivotal pluripotent cell-specific
factors SOX2, OCT4, and NANOG by sequestering conserved
mammalian miR-145 (Wang et al. 2013). lncND, which contains 16 binding sites for conserved mammalian miR-143-3p
acquired on the evolutionary branch leading to old world
monkeys (OWMs), apes, and humans, mediates the Notch
signaling pathway during neuronal development (Rani et al.
2016). CDR1as, the antisense transcript to cerebellar
degeneration-related protein 1, which contains 72 miR-7
binding sites, was shown to regulate midbrain size in zebrafish
and sensorimotor gating and synaptic transmission in mice
(Memczak et al. 2013; Piwecka et al. 2017). Notably, both miR7 and 72 miR-7 binding sites within CDR1as are conserved
among most vertebrate species (Memczak et al. 2013). sry
RNA transcribed from sex-determining region Y was shown
to sequester miR-138 with exact functions remaining to be
elucidated. While miR-138 is conserved among vertebrate
species, sry RNA contains 16 miR-138 binding sites in mice
(Hansen et al. 2013) and one site in its human homolog,
suggesting different roles in humans and rodents (Guo
et al. 2014).
The abovementioned examples, as well as other known
sponge transcripts target broadly conserved miRNA. Yet,
miRNA have rapid evolutionary dynamics characterized by
high birth and death rates (Lu et al. 2008; Meunier et al. 2013)
resulting in a number of prominent species-specific members,
including human-specific miRNA miR-941 (Hu et al. 2012).
Here, we present analytical and experimental evidence that a
recently evolved lncRNA transcript annotated as antisense
RNA to TP73 gene (TP73-AS1) functions as a sponge of
this human-specific miRNA.

Results
Computational Search for miR-941-Sponge Genes
To identify putative miR-941-sponge genes, we screened human noncoding transcripts (NCTs) including 36,687 linear
transcripts and 36,019 circRNAs. For this, we compiled known
linear NCTs and identified putative circRNA using Ribominus sequencing data from four human prefrontal cortex
(PFC) samples generated for this study and the re-analysis of
54 published Ribo-minus sequencing data sets (supplementary table S1, supplementary Data S1, Supplementary
Material online). We identified miR-941 binding sites residing
within NCTs using TargetScan (Grimson et al. 2007) with no
site conservation requirement. Out of 72,706 NCTs examined
in our study, 70,472 (96.9%) contained no miR-941 binding
site and 2,050 (2.8%) contain one. Remarkably, a linear transcript annotated as antisense RNA to TP73 gene (TP73-AS1,
also known KIAA0495 or PDAM) contained nine miR-941
binding sites (fig. 1a, supplementary table S2,
Supplementary Material online). Finding nine binding sites
within a 6.4-kb-long transcript is highly unexpected, based
on the binding sites identification within shuffled NCTs
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sequences maintaining the original dinucleotide frequency
(maximum N ¼ 6, simulations, P < 0.001) and suggests that
TP73-AS1 might function as a miR-941-sponge.
To validate our miRNA sponge identification method, we
applied it to search for sponge transcripts for other human
miRNAs. Using 505 high confidence human miRNA families
constructed by intersecting annotation from miRbase, mirDB,
and mirGeneDB, we identified 152 putative sponge transcripts for 121 miRNA families (see Materials and Methods,
supplementary Data S2, Supplementary Material online).
Notably, these putative miRNA sponges included both
known human miRNA sponge transcripts containing high
numbers of miRNA binding sites, Cdr1as and ZNF91 (Guo
et al. 2014; Memczak et al. 2013). Similarly, our method classified well known mouse sponge transcript, Sry RNA, as a
miRNA sponge (Hansen et al. 2013).
Within TP73-AS1, nine miR-941 binding sites are not distributed uniformly, but cluster within an 900-nt-long region, which forms miR-941 sponge region (fig. 1b). Each of the
nine binding sites contains a 9-nt-long region of perfect complementarity to positions 2–10 at the 50 end of miR-941
(fig. 1c, supplementary fig. S1, Supplementary Material online). The 9-nt-long target sites are more efficient in miRNA
target repression experiments than the canonical 7- or 8-ntlong target sites (Hafner et al. 2010; Stark et al. 2003).
Moreover, two additional sequence features further enhance
the predicted binding efficiency of TP73-AS1: adenosine at
position 9 of the target site associated with the most efficient
9-mer target site type (Lewis et al. 2005), and >2-fold overrepresentation of miR-941 subseed motif (a 3-mer sequence,
GGT, matching to miR-941 positions 2–4) in the vicinity of
miR-941 binding sites associated with an AGO2 initial target
site search (Chandradoss et al. 2015; fig. 1c and d, supplementary fig. S2, Supplementary Material online). The enrichment
of each 3-mer sequence was estimated by comparing its frequency with the chance frequency estimated by shuffling
TP73-AS1 sponge region sequence, while maintaining the
same dinucleotide frequency, 1,000 times. Notably, the miR941 subseed motif is the only 3-mer sequence overrepresented in the vicinity miR-941 binding sites (Binomial test,
Bonferroni corrected P < 0.0001, fig. 1d). Taken together,
these sequence features result in the significantly higher binding affinity of TP73-AS1 compared with the other miR-941
target genes (Wilcoxon rank sum test, P < 0.01, supplementary fig. S3, Supplementary Material online), further indicating
that the TP73-AS1 transcript represents a naturally occurring
miR-941 sponge.

Evolution of TP73-AS1 Sponge Sequence
The emergence of miR-941 binding sites in TP73-AS1 transcripts precedes the evolution of miR-941. Tandem repeats
containing a miR-941 binding site in either direct or reverse
configuration (the reverse complementary of miR-941 binding site) are present within a specific region of TP73-AS1 in
humans, apes and OWMs (fig. 2a). OWMs, such a macaques
and baboons, have one and two miR-941 binding sites respectively, orangutans have six, gorillas have 12, chimpanzees
have 16, and humans have 9. The increase of the miR-941
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FIG. 1. Sequence features of miR-941 sponge gene TP73-AS1. (a) Numbers of miR-941 binding sites within noncoding putative target transcripts.
(b) Location of nine miR-941 binding sites within the TP73-AS1 gene shown by vertical bars. The five TP73-AS1 isoforms are based on RefSeq
annotations: exons—boxes, introns—lines. (c) The schematic representation of base-pairing interaction between miR-941 and TP73-AS1. The
interaction features the 9-nt-long extended seed region match, as well as the presence of adenosine at position 9 of the target site (purple). The
canonical seed region is shown in red. (d) The enrichment of the miR-941 subseed motif in the vicinity of miR-941 binding sites. The x-axis shows
the start position of each 3-mer motif relative to the miR-941 mature sequence. The background frequency of each 3-mer motif was estimated by
1,000 permutations of target noncoding transcript sequences retaining the same dinucleotide composition.

binding site number on the human and ape lineages can be
traced to the tandem expansion of a 71-nt-long sequence
containing a single miR-941 binding site in OWMs (fig. 2a
and b).
Notably, the 1-kb-long genomic region encompassing the
“sponge” part of TP73-AS1 containing all miR-941 binding
sites shows increased sequence conservation only in humans.
Specifically, an analysis of common single nucleotide polymorphisms (SNPs) within the region and in the flanking
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1-kb-long sequences showed a clear reduction of SNP occurrence in humans, but not in chimpanzees and macaques
(fig. 2c).

Sequence and Expression of TP73-AS1
In the human genome, TP73-AS1 is annotated as a 6, 409-ntlncRNA located between two PCGs, TP73 and CCDC27, in
the p36.32 region of chr1 (fig. 3a). TP73-AS1 overlaps with
TP73 in a tail-to-tail configuration with an overlap length of
1065
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FIG. 2. The evolution of TP73-AS1 sponge region. (a) Location of predicted miR-941 binding sites within human TP73-AS1 sponge region and
within the orthologous regions in apes and OWMs. The vertical bars and the numbers represent miR-941 binding sites (red) and the reverse
complementary sequences of miR-941 binding site (blue). The horizontal green bars show the 71 nt-long repetitive sequence containing the miR941 binding site. (b) The alignment of the 71 nt-long repetitive sequence unit among human, ape and OWM genomes. The red underscore
indicates the region complementary to miR-941 canonical seed. Asterisks represent conserved nucleotides. (c) The SNP proportion within 976-ntlong sponge sequence region (SR), 976-nt-long upstream region (UR), and 976-nt-long downstream region (DR) in humans, chimpanzees, and
macaques.

216 nt. Our analysis of ribosome profiling data from GWIPSviz (Michel et al. 2014) further confirmed that TP73-AS1 does
not contain any active open reading frames (supplementary
fig. S4, Supplementary Material online).
While both TP73 and CCDC27 are conserved among
mammals, sequence orthologs of human TP73-AS1 can be
identified in apes, OWMs, and new world monkeys (NWMs),
but not in mice, rats, cows and chickens (fig. 3a, supplementary fig. S5, Supplementary Material online). Furthermore, an
examination of the putative promoter region of TP73-AS1
inferred using CpG-islands and chromatin states
information(Rosenbloom et al. 2015) revealed the absence
of the promoter region in NWMs and nonprimate species
(fig. 3a, supplementary fig. S6, Supplementary Material online). This implies that transcription of TP73-AS1 is restricted
to humans, apes and OWMs. Our assessment of transcriptional activity at the TP73-AS1 region based on sequencing
reads from chimpanzees, gorillas, orangutans, macaques, marmosets, mice, and rats, as well as reads mapped to splice
junctions and strand-specific reads, confirmed this notion
(fig. 3b–d).
Although TP73-AS1 is a recently evolved lncRNA, it is
ubiquitously and highly expressed across 63 human tissues
(Consortium 2013; Petryszak et al. 2016; Uhlen et al. 2015;
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fig. 4a). In most tissues, TP73-AS1 expression is higher than
the expression of almost all lncRNAs and primate-specific
PCGs, as well as the median expression of PCGs detected in
a tissue (fig. 4a). Furthermore, the TP73-AS1 expression is on
average 50 times higher than the expression of its neighboring
genes, TP73 and CCDC27 (fig. 4a). Notably, even though there
are five annotated TP73-AS1 isoforms, an isoform containing
all nine miR-941 binding sites constitutes nearly 80% of all
TP73-AS1 expression in human tissues (fig. 4b).

TP73-AS1 Is an Authentic Target of miR-941 in
Human Tissues and Cells
Because of the inhibitory function of miRNA, its expression
commonly inversely correlates with the expression of linear
sponge transcripts (Thomson and Dinger 2016). To assess
whether this is the case for miR-941 and TP73-AS1, we conducted cell line transfection and immunoprecipitation experiments, and we analyzed existing transcriptome data.
TP73-AS1 is among the predicted targets of miR-941,
which was experimentally verified in transfection experiments
in three human cell lines (HSF, HEK293, and 293T) measured
using microarrays (Hu et al. 2012). To verify this, we transfected 293T cell line with miR-941 duplex or mock control in
triplicates and assessed TP73-AS1 expression using RNA-seq.

Rapid Evolution of Noncoding Regulators . doi:10.1093/molbev/msy022
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FIG. 3. The sequence and RNA-seq read profile of TP73-AS1 transcript across species. (a) The sequence conservation of the genomic region containing
TP73-AS1, CCDC27, and TP73 based on the genome alignment across 10 species. Each gene is represented by its longest isoform. The green box shows the
location of the putative promoter region of TP73-AS1. (b) TP73-AS1 RNA-seq read profile shown as normalized RNA-seq coverage (dark red) and
orthologous transcript structure. The orthologous regions in mice and rats are drawn based on genomic synteny. The vertical black bars indicate the
location of the predicted miR-941 binding sites. (c) TP73-AS1 transcription in the eight species calculated based on reads that cross the splice junction
within TP73-AS1 transcript in either sense (red) or antisense (blue) orientation. (d) TP73-AS1 RNA-seq read profile in humans, macaques, and
marmosets, estimated using normalized RNA-seq coverage of sense and antisense reads based on strand-specific RNA-seq data.

Compared with the mock, TP73-AS1 expression decreased
significantly 24 h after miR-941 duplex transfection (fig. 5a,
negative binomial test, P < 0.001, FDR < 0.1%). Thus, TP73AS1 expression is consistently negatively regulated by miR941 in various human cell lines.
We further examined miR-941 and TP73-AS1 expression
relationship in vivo using data from the human PFC (Hu et al.
2014) and immune cells (Allantaz et al. 2012). Mature
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miR-941 is only expressed in humans (Hu et al. 2012),
while expression of its host gene, DNAJC5, is conserved
in chimpanzees and macaques. In human PFC, miR-941
expression rises and TP73-AS1 expression decreases over
the lifespan (Pearson correlation, r ¼ 0.61, P < 0.01,
fig. 5b). Notably, the TP73-AS1 expression decrease is
only found in humans and is restricted to isoform carrying
miR-941 binding sites (fig. 5c).
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FIG. 4. TP73-AS1 expression in 63 human tissues. (a) The expression levels of TP73-AS1, protein-coding genes (PCG), primate-specific proteincoding genes (PS-PCG), long noncoding RNAs (lncRNA), and neighboring genes CCDC27 and TP73. (b) The proportion of reads mapping within
TP73-AS1 isoforms containing miR-941 binding sites (sponge-isoform) and the other isoforms (other isoforms).

Similarly, expression miR-941 and TP73-AS1 transcript inversely correlated across 11 types of human immune cells
(Pearson correlation r ¼ 0.74, P < 0.01, fig. 5d).
To assess whether TP73-AS1 physically interacts with miR941 in RISC, we conducted AGO2 immunoprecipitation
(AGO2-IP) experiment in 293T cell line transfected with
miR-941 duplex. A microarray-based analysis of IP products
showed consistent enrichment of TP73-AS1 in AGO2 complexes compared with IgG control for all three microarray
probes specific to TP73-AS1 (fig. 5e), indicating direct interaction of TP73-AS1 and miR-941 in RISC. Altogether, the
above-mentioned results strongly suggest that TP73-AS1 is
an authentic target of miR-941.

TP73-AS1 Expression Blocks miR-941-Driven
Migration Inhibition
The overexpression of miR-941 was shown to cause significant inhibition of cell migration in hepatocellular, colorectal,
and gastric cancer cells (Kim et al. 2014; Zhang et al. 2014).
1068
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Our analysis of protein–protein interaction (PPI) networks based on experimentally verified miR-941 targets
similarly singled out a network module significantly
enriched in genes linked to the “cell migration” term using
CoCiter (Qiao et al. 2013; fig. 6a, permutations, P < 0.005,
supplementary table S4, Supplementary Material online).
Furthermore, the “cell migration” term enrichment was
20-times greater among module genes compared with the
other network genes (fig. 6a, Fisher’s exact test, P < 0.001,
odds
ratio ¼ 20.9,
supplementary
table
S3,
Supplementary Material online).
To assess whether TP73-AS1 can block miR-941 inhibition
of cell migration, we conducted miR-941 and TP73-AS1 overexpression experiments followed by wound-healing assays in
293T cells. Consistent with previous studies, the transient
transfection of 293T cells with vector carrying human miR941 cluster region containing seven miR-941 precursors reproducibly inhibited cell migration. In contrast, parallel transfection with miR-941 vector and vector carrying human
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FIG. 5. TP73-AS1 is an authentic miR-941 target. (a) The log2-transformed gene expression fold-change (LFC) between the miR-941 duplex and
mock duplex transfection in human cells lines. The red dots stand for the TP73-AS1 transcript and the gray boxes stand for nonmiR941 target
transcripts. (b) The expression of TP73-AS1 and miR-941 in human PFC at different ages. (c) The expression of miR-941, DNAJC5, and TP73-AS1
isoforms containing and not containing miR-941 binding sites (sponge-isoform and nonsponge-isoform) in the PFC of humans, chimpanzees, and
macaques at different ages. In (b) and (c), dots indicate individuals, lines represent cubic spline curves fitted with four degrees of freedom. (d) The
expression of TP73-AS1 and miR-941 in 11 human immune cell types. (e) The log2-transformed gene expression fold-change (LFC) between
AGO2-IP and IgG control after miR-941 duplex transfection. The red bars stand for three TP73-AS1 microarray probes and the gray box stands for
probes complementary to nonmiR941 target transcripts.

TP73-AS1 region containing nine miR-941 binding sites
(TP73-AS1 sponge region) abolished the inhibition, and led
to accelerated cell migration (fig. 6b). This result was further
reproduced in an independent experiment conducted in triplicates (t-test, P < 0.05, fig. 6b and supplementary fig. S7,
Supplementary Material online).
Gene expression measurements conducted using RNA-seq
in transfected cells showed significantly higher expression of
the predicted miR-941 targets after TP73-AS1 sponge region
overexpression (Kolmogorov–Smirnov test, P < 0.001, fig. 6c).
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Furthermore, genes upregulated after TP73-AS1 sponge region overexpression overlapped significantly with the experimentally verified targets of miR-941 (hypergeometric test,
P < 0.001, fig. 6d). These targets included TP73, an antisense
gene of TP73-AS1 (negative binomial test, P < 0.002,
FDR < 0.1%, supplementary fig. S8, Supplementary Material
online). TP73 upregulation by TP73-AS1 was further confirmed using qPCR in U251 cells stably transfected with
TP73-AS1 sponge region (t-test, P < 0.05, supplementary fig.
S8, Supplementary Material online).
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FIG. 6. TP73-AS1 expression blocks miR-941-driven migration inhibition. (a) The bold edges indicate protein–protein interaction network module
constructed based on experimentally verified miR-941 targets. The red nodes indicate genes linked to cell migration terms by publications: citation
index (CI)  3. (b) The microscope images of cell density in a wound healing assay (left) and quantified wound efficiency (middle and right) after
transient transfection with empty SD1266 vector (control), vector carrying miR-941 cluster region containing seven miR-941 precursors (miR941), and vector carrying both miR-941 cluster region and TP73-AS1 sponge region (miR-941 þ sponge). The middle and right panels represent the
results of two independent transfection experiments, the right one conducted in triplicates. The significance of wound closure difference
estimated using a t-test is shown above the bars: * P < 0.05. (c) Cumulative distribution of log2-transformed gene expression fold-change
(LFC) values for genes containing predicted miR-941 target sites (red) and all other expressed genes (grey) after transfection with control and
miR941 þ sponge vectors into 293T cells. The y-axis shows the cumulative distribution function (CDF) of LFC distribution. (d) The overlap
between miR-941 target genes (purple) identified in miR-941 duplex transfection experiment (blue) and miR941 þ sponge vector transfection
experiment (red).

TP73-AS1 Acts as a Tumor Suppressor against
Oncogenic miR-941
Previous studies demonstrated that TP73-AS1 functions as a
tumor suppressor (Koga et al. 2009; Pang et al. 2010;
Ronchetti et al. 2016; Wang et al. 2014; Wong et al. 2015),
while miR-941 is preferentially expressed in proliferating and
tumor cells (Hu et al. 2012). We showed that TP73-AS1 and
miR-941 have strikingly opposite expression patterns in 15
healthy human tissues and 8 human cancer cell lines: miR-941
expression is 8-fold higher in tumors, TP73-AS1
expression—4-fold higher in healthy tissues (fig. 7a).
Similarly, we find the elevated expression of TP73-AS1 in
healthy tissues using an RNA-seq data set encompassing 63
healthy tissues and 675 cancer cell lines (Consortium 2013;
Klijn et al. 2015; Petryszak et al. 2016; Uhlen et al. 2015;
Wilcoxon rank sum test, P < 0.0001, fig. 7b), and a microarray
1070

Downloaded from https://academic.oup.com/mbe/article-abstract/35/5/1063/4893245
by MPI für evolutionäre Anthropologie user
on 01 June 2018

data set surveying 87 healthy tissues and 287 primary tumors
(Shaul et al. 2016; Wilcoxon rank sum test, P < 0.0001, fig. 7c).
The expression repression of TP73-AS1 was observed in
many cancers, including melanoma, presumably due to DNA
hypermethylation of the promoter region (Koga et al. 2009;
Wang et al. 2014). Our results suggest that this might lead to
miR-941 upregulation. To test this, we examined miR-941 and
its target gene expression changes during the transformation
of normal melanocytes to melanoma (Xiao et al. 2012). We
found that while TP73-AS1 declined, miR-941 expression indeed increased more than 2-fold from melanocytes to melanoma (fig. 7d). Accordingly, expression of the miR-941 target
genes was significantly inhibited in melanoma (Kolmogorov–
Smirnov test, P < 0.005, fig. 7e). Furthermore, TP73-AS1 expression correlated positively with the expression of miR-941
target genes in 82 primary and metastatic melanoma cell lines
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FIG. 7. TP73-AS1 and miR-941 properties in tumors and healthy tissues. (a) The expression level of TP73-AS1 and miR-941 in 15 healthy human
tissues (green) and 8 human cancer cell lines (grey). (b) The distribution of TP73-AS1 expression levels in 63 healthy human tissues (green) and 675
human cancer cell lines (grey) based on RNA-seq data. (c) The distributions of TP73-AS1 expression levels in 87 healthy human tissues (green) and
287 human primary tumors (grey) based on microarray data. (d) The expression differences between melanocytes and melanoma of TP73-AS1,
miR-941, and miR-941 host gene DNAJC5. (e) Cumulative distribution plots of log2-transformed gene expression fold-changes (LFC) between
melanocytes and melanoma drawn for predicted miR-941 targets (red) and all other nonmiR-941 target genes (grey, background genes). The y-axis
shows the cumulative distribution function (CDF) of LFC distribution. (f) The expression level correlations between TP73-AS1 transcript and four
groups of genes computed using gene expression data from 82 primary and metastatic melanomas. The four groups are: nonmiR-941 target genes
(background), annotated tumor suppressor genes (TSG), miR-941 target genes (miR-941-TG), miR-941-regulated tumor suppressor genes (miR941-TG&TSG). (g) The enrichment of miR-941 target gene in annotated TSG. The background distribution of TSG numbers was computed by
randomly sampling the same numbers of miRNA target genes 1,000 times.

(Kabbarah et al. 2010; Wilcoxon rank sum test, P < 1e-7,
fig. 7f). Notably, among miR-941 targets, TSG showed even
stronger correlations (Wilcoxon rank sum test, P < 0.001,
fig. 7f, supplementary table S4, Supplementary Material online), including known TSG TP73, an antisense gene of TP73AS1 (Pearson correlation, r ¼ 0.40, P < 0.001, supplementary
fig. S9, Supplementary Material online). In contrast, TSG not
targeted by miR-941 did not show any significant correlations.
Intriguingly, we found significantly more TSG among miR-941
targets (simulation, P < 0.02, fig. 7g).
Our analysis of a large cohort of MCTP cancer samples
from nine different tissue types containing a total of 303
measurements yielded similar results (supplementary fig.
S10 and supplementary table S4, Supplementary Material online). Thus, a strong link between the expression of miR-941
and TP73-AS1 that affects expression levels of multiple TSGs
might indicate the importance of the role of transcripts in
both tumorogenesis and tumor suppression.

Discussion
The pervasive transcription of mammalian genomes produces numerous noncoding RNAs (Awan et al. 2017; Rashid
et al. 2016; Yu and Shan 2016). The functionality of these
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transcripts is far from being fully understood, and novel types
of noncoding RNAs linked diverse functional mechanisms
continue to emerge (Chen et al. 2015; Hu et al. 2016).
Naturally occurring miRNA sponges represent a specific
type of noncoding RNA that play important roles in the
mediation of posttranscriptional regulation. While functionally annotated miRNA sponges are rare, the well known
examples include human CDR1as, ZNF91 and mouse circular
Sry transcripts (Guo et al. 2014; Hansen et al. 2013; Memczak
et al. 2013). A characteristic feature of these transcripts is the
large number of binding sites for a specific miRNA: 74, 24, and
16. Even though miRNA sponges containing only one miRNA
binding site were revealed by functional studies (Wang et al.
2013, 2014), the presence of multiple miRNA binding sites,
their high density and high binding affinity represent the
major criteria for computational prediction of miRNA sponge
transcripts. Our screen of 36,687 linear and 36,019 circRNAs
singled out TP73-AS1 transcript as potential miR-941 sponge.
TP73-AS1 exhibits all known features of an efficient
miRNA sponge. We showed that TP73-AS1 contains an unusually large number of high affinity miR-941 binding sties, as
well as additional sequence features involved in AGO binding,
such as the high density of subseed motifs: 8 per 100 bp.
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Furthermore, miRNA binding sites and subseed motifs cluster
within a specific region of a transcript, with distances allowing
them to act synergistically (Grimson et al. 2007; Sætrom et al.
2007). Another important feature increasing TP73-AS1 efficiency as miRNA sponge is its unusually high expression
across human tissues. On the basis of data from 63 human
tissues, TP73-AS1 ranks 23rd among all 1,085 expressed
lncRNAs and ninth among 837 recently evolved ones (primate-specific lncRNA). TP73-AS1 expression is also 50
times higher than the expression its two neighboring PCGs,
TP73, and CCDC27, indicating specific regulation rather than
a general chromatin conformation change.
Our experiments conducted in cell lines, as well as analysis
of in vivo expression patterns, demonstrate that TP73-AS1 is
targeted by miR-941, interacts with miR-941 in RISC, and
blocks miR-941-induced inhibition at the levels of transcriptome and physiological effects, such as cell migration rates.
These findings confirm our computational assessment that
TP73-AS1 functions as a miR-941 sponge. Recent reports
show that TP73-AS1 can function as miR-200 sponge in human hepatocellular carcinoma cells and breast cancer cells (Li
et al. 2017; Zou et al. 2018). TP73-AS1 contains a single miR200 binding site located outside of miR-941-sponge region,
but still within the same major isoform. This suggests that
TP73-AS1, analogous to well-characterized sponge transcripts
circHIPK3 and CDR1as (Guo et al. 2014; Zheng et al. 2016),
can absorb multiple miRNAs. Intriguingly, the two miRNAs
bound by TP73-AS1 appear to play opposite roles: while miR941 is highly expressed in cancerous and proliferating cells,
miR-200 functions as tumor suppressor (Hu et al. 2012; Li
et al. 2017; Zou et al. 2018).
Both TP73-AS1 and miR-941 are recently evolved transcripts: miR-941 is specific to humans and TP73-AS1 is present in OWMs, apes, and humans. At the same time, both
TP73-AS1 and miR-941 are highly expressed, ranking ninth
and first among evolutionary novel lncRNAs and miRNAs
respectively. We showed that the emergence of miR-941 in
humans leads to increased constraint of the miR-941 binding
sites’ sequence within TP73-AS1. These observations suggest
the functional significance of TP73-AS1 and miR-941, as well
as the potential importance of their interplay.
Previous studies demonstrated that TP73-AS1 has tumorsuppressive properties in gastric cancer, oligodendrogliomas,
glioblastoma, and melanoma (Koga et al. 2009; Pang et al.
2010; Wang et al. 2014; Wong et al. 2015). Moreover, TP73AS1 resides in 1p36.32 chromosome region that is frequently
deleted in neuroblastoma and other tumors (Kaghad et al.
1997). Accordingly, we show that TP73-AS1 expression is
inhibited in 675 cancer-derived cell lines and 287 primary
tumors compared with healthy tissues. In contrast, miR-941
expression is on average 8-times higher in tumors and proliferating cells compared with healthy tissues. It is therefore
appealing to speculate that in humans the TP73-AS1 tumor
suppressor function is counterbalanced by miR-941. Indeed,
we show that TSGs are overrepresented among miR-941 target genes, and the expression of these TSGs positively correlates with TP73-AS1 expression across multiple tumors. These
observations also fit reports of higher prevalence of epidermal
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cancers, such as prostate, breast or lung carcinomas, in
humans compared with nonhuman primates(Beniashvili
1989; McClure 1973; Puente et al. 2006; Waters et al. 1998).
Taken together, these observations allow us to propose a
possible scenario of TP73-AS1 and miR-941 evolution. The
rapid rise of TP73-AS1 expression after its emergence
40 million year ago might be due to its tumor suppressor
function providing a fitness benefit to individuals who express
it. In turn, the rapid rise of miR-941 expression after its emergence over the past 6 million years might have been facilitated
by TP73-AS1 functioning as a miR-941 sponge and, therefore,
reducing the potential deleterious effects of a new regulator.
Yet, miR-941 appears to act as a TP73-AS1 antagonist and
could represent a potent tumorigenesis factor. This apparently deleterious function of miR-941 must have been outweighed by the adaptive advantage it provided to its carriers,
possibly linked to cell migration regulation during development. If these notions are correct, the regulatory balance of
evolutionary novel TP73-AS1 and miR-941 transcripts might
play an important role in tumorigenesis in human tissues.
Moreover, this role would be missed in model systems based
on species other than human.

Materials and Methods
Ethics Statement
Experiments were approved by the ethics committee of CASMPG Partner Institute for Computational Biology. Human
brain tissues were obtained from the Wuhan brain bank in
accordance with the brain bank protocol. Ethical agreements
were obtained from the donors or their relatives by written
informed consent.

RiboMinusSeq in Human PFC
The human PFC samples were taken from the frontal part of
the superior frontal gyrus: a cortical region approximately
corresponding to Brodmann Area 9, from two infant and
two adult postmortem humans (supplementary table S1,
Supplementary Material online). For all frozen PFC samples,
similar proportions of grey and white matter were collected.
Total RNA was isolated from the PFC samples using the Trizol
(Invitrogen, USA) protocol with no modifications. Ribosomal
RNA (rRNA) was depleted from the total RNA using the
Ribominus kit (Invitrogen). The cDNA libraries were prepared
from the rRNA-depleted RNA in accordance with the standard Illumina RNA-seq protocol. The generated cDNA library
was sequenced using Illumina HiSeq2000 with 1  100 bp run
(RiboMinusSeq). All original RiboMinusSeq data were deposited in the GEO database with accession number: GSE93708.

miR-941 Duplex Transfection and RNA-Seq
Experiments
The miR-941 duplex (miR-941 mimics from Invitrogen) transfection experiments were conducted in a highly transfectable
derivative of human embryonic kidney 293 cells (293T cells)
in triplicates. Briefly, miR-941 duplex and Lipofectamine 2000
complexes (Invitrogen) were prepared before transfection
freshly according to the manufacturer’s protocol. The 293T
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cells were firstly plated 24 h before transfection in 0.5 ml culture medium DMEM with 10% fetal bovine serum (from
HyClone) without antibiotics in six-well plates, and then
transfected using miR-941 duplex and Lipofectamine 2000
with a final oligonucleotide concentration of 10 nmol/l. In
parallel, negative control transfections with mock oligonucleotide (a scrambled oligo) were conducted according to the
manufacturer’s instructions. The transfection experiments
with miR-941 duplex Lipofectamine 2000 and negative control oligonucleotides were carried out in three independent
replicates. For each replicate, the transfected 293T cells were
harvested after 24 h, total RNA were extracted with Trizol
reagent (Invitrogen) and prepared into cDNA library according to the standard Illumina RNA-seq protocol. The generated cDNA library was sequenced using Illumina HiSeq2000
with 1  100 bp run. All original RNA-seq data are deposited
in GEO database with accession number: GSE93717. To estimate the expression changes of predicted miR-941 targets
after miR-941 duplex transfection, the obtained six RNAseq data sets (three miR-941-transfection data sets and three
mock-control-transfection data sets) were mapped to human
genome (hg19) using STAR (Dobin et al. 2013) by requiring
minimal mapped nucleotides no <90 nt. The targets of miR941 were predicted using TargetScan without considering
target site conservation. The log2-transformed gene expression fold-changes (LFC) and significantly differentially
expressed miR-941 target genes between miR-941transfection and mock-control-transfection were estimated
using edgeR (Robinson et al. 2010) after TMM normalization
(FDR < 0.1%).

AGO2 IP and Microarray Experiments
The AGO2-IP experiments after miR-941 duplex transfection
were conducted in 293T cell line. Briefly, transfection experiments were performed in 293T cells with miR-941 duplex
Lipofectamine 2000 and corresponding mock oligonucleotides (Invitrogen) at 30 nmol/l each (final concentration) per
1  106 cells per well in a six-well plate using DharmaFECT
(GE Healthcare). After collecting 5  106 miR-941 duplex
transfected cells, AGO2-IP was conducted using the RNA
isolation kit human Ago2 (Wako Chemicals) in accordance
with the manufacturer’s protocol. For the negative control,
immunoprecipitation was performed using non-immune IgG
beads prepared with the antibody immobilization bead kit
(Wako Chemicals). The IP pull down RNA was processed and
hybridized to Affymetrix Human Genome U133 Plus 2.0
arrays following the manufacturer’s instructions. The gene
expression levels were determined using RMA in affy R package. All original microarray data are deposited in GEO database with accession number: GSE93707.

Cell Migration Assay
The cell migration status of transient-transfected 293T cells
(miR-941 transient-transfected, miR-941 and TP73-AS1 transient-transfected, and SD1266 vector transient-transfected)
was determined using a wound-healing assay. The detailed
procedures of plasmid constructions for transient transfection were described in supplementary Methods,
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Supplementary Material online. In brief, for the woundhealing assay, cells were firstly seeded into 12-well tissue culture plates. When cells reached 70–80% confluence, a straight
scratch wound was created by gently removing attached cells
using a 1,000 ml standard pipette tip. The wounded monolayer cells were washed with fresh media once to remove
floating cells, and then fresh gibco DMEM medium supplemented with 10% FBS was added. For transient-transfected
293T cells, the wound healing assay were photographed at 0 h
and 48 h under a Nikon ECLIPSE Ti-s microscope. To measure
miR-941 target gene expression changes after miR-941 and
TP73-AS1 transient-transfection, the miR-941 and TP73-AS1
transfected 293T cells were harvested after 48 h. In parallel,
SD1266 vector transient-transfected 293T cells were used as a
negative control. Total RNA were extracted with Trizol reagent (Invitrogen) and prepared into cDNA library according
to the standard Illumina RNA-seq protocol. The miR-941 and
TP73-AS1 transient-transfection experiments were conducted in triplicates. The generated cDNA library was sequenced using Illumina HiSeq2000 with 1  100 bp run. All
original RNA-seq data have been deposited in the GEO database with accession number: GSE93716.

Noncoding RNA Transcript (NCT) Data Set
Construction
The NCT data set consists of transcripts of pseudogene,
30 UTR, lncRNA, and circRNA. The transcripts of pseudogene
and 30 UTR were based on Ensembl annotation (Cunningham
et al. 2015). The transcripts of lncRNAs were based on Refseq
annotation (O’Leary et al. 2016) and supplemented by
Ensembl annotation (Cunningham et al. 2015). The
circRNA transcripts were identified based on 58 circRNA
data including four human PFC samples generated in this
study and 54 published circRNA sequencing data (supplementary table S1, Supplementary Material online).
CircRNAs were identified using CIRI (Gao et al. 2015).
Briefly, the raw circRNA sequencing data were mapped to
the human genome (hg19) using BWA-MEM (Li and Durbin
2009) with default parameters except “-T 19” (filters out alignments with score < 19), as recommended by CIRI. To obtain
more comprehensive circRNAs, we predicted circRNAs in
each of the 58 circRNA sequencing data using CIRI with
low stringency requirement with parameter (-low). The identified circRNAs were further merged to construct final
circRNA data set (supplementary Data S1, Supplementary
Material online). The sequences of pseudogene, 30 UTR and
lncRNA were extracted from the human genome directly.
The sequences of circRNA were inferred based on the
circRNAs embraced exon sequences annotated by Refseq
and human transcriptome assembly transcripts. The human
transcriptome assembly transcripts were based on the
merged data set of transcriptome assemblies from human
PFC age-series data (Hu et al. 2014), human body map
(Cabili et al. 2011) and Ulitsky’s lab (Hezroni et al. 2015).

miR-941 Sponge Gene Identification
To identify miR-941 sponge gene candidates from NCTs,
TargetScan was used to predict miR-941 binding sites without
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considering site conservation. The miR-941 sponge gene candidates were classified as the NCTs that contain more miR941 binding sites than any other shuffled NCTs. The shuffled
NCT data set was generated by shuffling NCTs 1,000 times
while keeping the same dinucleotide frequency. The same
procedure was used to predict miRNA sponge transcripts
for the other high-confidence miRNA family. We built highconfidence miRNA data set by intersecting annotated highconfidence miRNAs from three sources: miRBase (Kozomara
and Griffiths-Jones 2014), mirDB (Wong and Wang 2015), and
mirGeneDB (Fromm et al. 2015). The miRNAs supported by
at least two sources were considered as high-confidence
miRNAs in this study. The high-confidence miRNA was further merged into the high-confidence miRNA family based on
the mature sequence seed region identity.

Enrichment Analysis for 3-mer Motif of miR-941
The frequency for the 3-mer motif of miR-941 mature sequence plus upstream two nucleotide sequence was counted
in the vicinity miR-941 binding site region (chr1: 3,655,7783,656,753, hg19, TP73-AS1 sponge region) on TP73-AS1. The
background frequency for those 3-mer motifs were estimated
based on the 1,000 shuffled sequences of TP73-AS1 sponge
region by keeping the same dinucleotide frequency. For each
3-mer motif, expected frequency was estimated using the
average frequency of 1,000 simulations; then, a binomial
test after Bonferroni correction for multiple testing was
used to estimate the enrichment significance (Bonferroni
corrected, P < 0.05).

Evolution of TP73-AS1 Sponge Region
The orthologous sequences of the human TP73-AS1 sponge
region were searched in ape (chimpanzees, gorillas, and
orangutans) and OWM (macaques and baboons), NWM
(marmosets), mammals (mice, rats, cows), and vertebrate
(chickens) genomes using Liftover from UCSC (Rosenbloom
et al. 2015). The miR-941 binding sites and the reverse complementary sequence of miR-941 binding sites (RC-miR-941
binding sites) were identified using TargetScan in the human
TP73-AS1 sponge region and corresponding orthologous
regions in apes and OWMs. To identify the sequence elements that drive miR-941 binding site expansion from
OWMs to apes and human, we aligned the human TP73AS1 sponge region and sponge orthologous regions from apes
and OWMs using MUSCLE (Edgar 2004), and then searched
for the longest continuously conserved sequence segment
containing miR-941 binding site in human, apes and
OWMs, which was defined as the putative sequence motif
that may drive miR-941 sponge region formation.
The SNPs in the human TP73-AS1 sponge region and
corresponding orthologous regions in chimpanzees and rhesus macaques were identified based on the human dbSNP138
database (Sherry et al. 2001), PanMap (http://panmap.uchicago.edu) and RhesusBase PopGateway (http://www.rhesusbase.org/popGateway), respectively. Since chimpanzee and
rhesus macaque SNP data sets contain mainly common
SNPs, only common SNPs were used for SNP analysis in human. The SNPs in the upstream and downstream flanking
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regions of sponge region (with the same size of sponge region) were used as background for estimating sponge region
sequence constraints in humans, chimpanzees and rhesus
macaques.

Sequence and Expression Analyses for TP73-AS1
The orthologous sequences of TP73-AS1, CCDC27, and TP73
were identified using both global alignment and local alignment across ape (chimpanzees, gorillas, orangutans), OWM
(macaques), NWM (marmosets), mammal (mice, rats and
cows), and vertebrate (chickens) species. The global alignment of TP73-AS1, CCDC27, and TP73 region was extracted
from the genome alignment of 100 species downloaded from
UCSC (Rosenbloom et al. 2015). The local alignment of TP73AS1, CCDC27, and TP73 orthologous sequences was identified using BLAST with default parameters. The genome
sequences of chimpanzees (panTro4), gorillas (gorGor3),
orangutans (ponAbe2), macaques (rheMac3), marmosets
(calJac3), mice (mm10), rats (rn5), cows (bosTau8), and chickens (galGal4) were downloaded from UCSC (Rosenbloom
et al. 2015). The putative promoter of TP73-AS1 was inferred
using the combination of CpG-islands and chromatin states
annotations from UCSC (Rosenbloom et al. 2015).
The expression of TP73-AS1 across species was estimated
by RNA-seq coverage and junction reads using standard RNAseq data as well as sense and antisense RNA-seq coverage using
strand-specific RNA-seq data in humans (SRR649361), chimpanzees (SRR306816), gorillas (SRR306801), orangutans
(SRR306792),
macaques
(SRR630492),
marmosets
(SRR975174), mice (SRR649372), and rats (SRR1041767),
downloaded from SRA (Leinonen et al. 2011). The total
RNA-seq coverage was estimated using uniquely mapped
reads and further normalized by total mapped reads as coverage per million mapped reads (normalized RNA-seq coverage). The junction reads were obtained in reads mapping
procedure conducted using Tophat. The TP73-AS1 orthologous regions in mice and rats were obtained based on genomic
synteny information.
The tissue expression pattern of TP73-AS1 in humans was
estimated using the merged gene expression profiles of 63
human tissues from GTEx (Consortium 2013), HPA (Uhlen
et al. 2015), and Expression Atlas (Petryszak et al. 2016). The
information of the corresponding 63 tissues is listed in supplementary table S3, Supplementary Material online. The
PCGannotation was based on the Refseq annotation. The
primate-specific protein-coding genes (PS-PCG) were classified as the PCGs without detectable orthologous sequences in
mice, rats, dogs, cows and chickens using BLASTP
(E-value >105).

The Analyses of Regulatory Relationship between
TP73-AS1 and miR-941
The regulatory relationship between TP73-AS1 and miR-941
in human tissue was analyzed using age-series RNA-seq data
and small RNA sequencing data from PFC tissue in humans,
chimpanzees and macaques, downloaded from SRP005169
and GSE18012. The expression level of gene and transcript
isoform in human, chimpanzee and macaque PFC was
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quantified and normalized using RSEM in RPKM (Reads Per
Kilobase of transcript per Million mapped reads). The miRNA
expression level was quantified and normalized in TPM
(Transcripts Per Million mapped reads), using small RNA sequencing data downloaded from GSE18069. The expression
correlation between TP73-AS1 and miR-941 was calculated
using the cubic smoothing spline curves, due to the difference
of individuals used in 14 RNA-seq and 12 small RNA sequencing data. For curve fitting, the expression levels of TP73-AS1
and miR-941 were standardized to mean ¼ 0 and SD ¼ 1
(standardized expression) and further fitted as curves using
cubic smooth spline with a degree of freedom 4. The same
procedure was applied to the expression comparison between DNAJC5, miR-941, and the TP73-AS1 isoforms. The
regulatory relationship between TP73-AS1 and miR-941 in
human cells was analyzed using matched and processed
mRNA and miRNA microarray data in 11 human immune
cells, downloaded from GSE28492.

cancer, meningioma, rare cancers) were downloaded from
GSE66729. We used the processed gene expression matrix
based on sense strand reads for our analysis. The TSG list
was downloaded from TSG database 2.0 (http://bioinfo.mc.
vanderbilt.edu/TSGene/).

Cell Migration Associated Network Module
Identification

Acknowledgments

The miR-941 target gene network was constructed using experimental verified miR-941 target genes by incorporating PPI
information downloaded from geneMANIA (http://genemania.org/). Only PPIs with evidence of biological pathways and
physical interactions were used for network construction. The
network module was identified using CFinder (Adamcsek
et al. 2006) requiring clique numbers of >2. The association
between network module genes and cell migration function
was estimated using Cociter with the term “cell migration”
with P-value cutoff 0.01.

The Expression of miR-941 and TP73-AS1 in Healthy
Human Tissues and Cancer Cell Lines
The miR-941 and TP73-AS1 expression levels in healthy human tissues and cancer cell lines (fig. 7a–c) were estimated
using public RNA-seq and microarray data. Specifically, for
miR-941, its expression abundance in normal and cancer
cell lines was estimated using the RNA-seq data from
GSE45159, GSE31616, GSE39162, GSE43550, ERP000773,
GSE33858, SRA012516, GSE31037, GSE26545, and GSE16579.
For TP73-AS1, its expression abundance in normal and cancer
cell lines was estimated using RNA-seq data from GTEx, HPA,
Expression Atlas, and E-MTAB-2706 and using microarray
data queried from MERAV database (http://merav.wi.mit.
edu/). The mRNA and miRNA expression profiles in normal
melanocytes (HEMa-LP) and melanoma (A375), shown in
figure 7d, were analyzed using microarray data that downloaded from GSE35389.
The mRNA gene expression profile of 82 primary and metastatic melanoma, shown in figure 7e–g, was analyzed using a
microarray that downloaded from GSE46517. The gene expression profiles measured using strand-specific sequencing
from 303 cancer tissue samples from the Michigan Center for
Translational Pathology (MCTP) compendium representing
cancer and benign conditions from nine different tissue types
(breast adenocarcinoma, lung adenocarcinoma, lung squamous carcinoma, prostate cancer, ovarian cancer, pancreatic
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