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ABSTRACT

Avian leukosis virus (ALV) induces tumors by integrating its proviral DNA into the chicken genome and altering the expression
of nearby genes via strong promoter and enhancer elements. Viral integration sites that contribute to oncogenesis are selected in
tumor cells. Deep-sequencing analysis of B-cell lymphoma DNA confirmed that the telomerase reverse transcriptase (TERT)
gene promoter is a common ALV integration target. Twenty-six unique proviral integration sites were mapped between 46 and
3,552 nucleotides (nt) upstream of the TERT transcription start site, predominantly in the opposite transcriptional orientation
to TERT. Transcriptome-sequencing (RNA-seq) analysis of normal bursa revealed a transcribed region upstream of TERT in the
opposite orientation, suggesting the TERT promoter is bidirectional. This transcript appears to be an uncharacterized antisense
RNA. We have previously shown that TERT expression is upregulated in tumors with integrations in the TERT promoter region.
We now report that the viral promoter drives the expression of a chimeric transcript containing viral sequences spliced to exons
4 through 7 of this antisense RNA. Clonal expansion of cells with ALV integrations driving overexpression of the TERT antisense
RNA suggest it may have a role in tumorigenesis.

IMPORTANCE

The data suggest that ALV integrations in the TERT promoter region drive the overexpression of a novel antisense RNA and con-
tribute to the development of lymphomas.

Avian leukosis virus (ALV) is a simple retrovirus that does not
carry a viral oncogene but induces tumors by insertional mu-

tagenesis (1, 2). ALV typically induces B-cell lymphomas, but can
also induce erythroblastomas, hemangiomas, and myeloid tu-
mors (1–3). Proviral integration can upregulate the expression of
nearby genes via strong enhancers and promoter elements in the
viral long terminal repeat (LTR) sequences. An advantage of using
ALV as an insertional-mutagenesis tool is its relatively random
integration pattern, with only a slight preference for actively tran-
scribed sites (4–6). A reduced integration bias allows us to map
proviral integrations in many genomic locations and to observe
the selection of integration sites with oncogenic potential. Previ-
ous studies have shown common integration sites in ALV-in-
duced lymphomas in the MYC, MYB, BIC (miR 155 precursor),
and telomerase reverse transcriptase (TERT) genes (6–10). High-
throughput sequencing revealed multiple integration sites in a
series of rapid-onset B-cell lymphomas (6). The TERT promoter
region was identified as the most clonally expanded of these inte-
grations, suggesting this is an early event in tumorigenesis (6).
Twenty-six unique integration sites were identified in the region
in multiple independent tumors (6).

Telomerase is a ribonucleoprotein complex that adds repeat
sequences to chromosome ends. It contains a catalytic protein
component, TERT, as well as a noncoding telomerase RNA tem-
plate component (TERC). Elevated telomerase activity has been
detected in more than 90% of all human cancers (11). In addition,
many human tumors have a point mutation in the TERT pro-
moter at nucleotide (nt) �124 or �146 upstream of the TERT
translation start site (12). These mutations upregulate TERT ex-
pression (13–16). Elevated telomerase activity maintains telomere
lengths and prevents apoptotic signaling, thus allowing continual
proliferation and long-term viability of cancer cells (17). It has

also been shown that TERT can promote oncogenesis indepen-
dently of the reverse transcriptase function of telomerase (18).

Telomerase activity in most somatic cells is limited by the avail-
ability of the TERT protein, and expression of TERT is tightly
regulated at the transcriptional level through epigenetic modifica-
tions in the promoter region (19, 20). In addition, extensive alter-
native splicing of the TERT transcript has been shown to generate
inactive variants that decrease telomerase activity (21–23). Both
human and chicken telomerase expression is downregulated in
most normal somatic tissues (24, 25). Furthermore, human and
chicken telomeres shorten with age, and telomerase activity is im-
portant for oncogenesis (26). In contrast, mice express telomerase
in normal somatic cells and have longer telomeres than humans or
chickens (27). Therefore, the chicken serves as a good model to
study oncogenic events of TERT activation and signaling.

We previously reported that ALV integrations upstream of
TERT cause 2- to 4-fold upregulation of TERT expression in
rapid-onset B-cell lymphomas (10). However, these integrations
were in the opposite transcriptional orientation to TERT, unlike
most previously characterized common integration sites in ALV-
induced tumors (7, 9, 28). In this work, we show that these inte-
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grations also drive the overexpression of a novel antisense tran-
script associated with the bidirectional TERT promoter, which we
call TAPAS (TERT antisense promoter associated) RNA. The ALV
integrations result in chimeric transcripts with ALV leader se-
quences spliced into exon 4 of the 7-exon TAPAS RNA.

MATERIALS AND METHODS
Tumor induction. All of the B-cell lymphomas included in the study were
rapid-onset lymphomas induced by either the wild type (WT) or variants
of LR-9 virus infections in 10-day-old chicken embryos, as described pre-
viously (29). LR-9 is an ALV subgroup A recombinant virus consisting of
gag, pol, and env genes derived from UR2-associated virus and LTRs de-
rived from ring-necked pheasant virus (30). Tumors were collected from
primary bursal (B) tumors or metastasized liver (L) tumors. A1B was
induced by �LR-9, with a deletion in the gag gene, causing increased
splicing to downstream genes (31). Tumors C2B, C2L, C6L, C7B, and C7L
were induced by infection with LR-9 containing a silent mutation, G919A,
which induces a higher incidence of rapid-onset lymphomas (29), prob-
ably due to increased readthrough and splicing to downstream genes (32).
Tumor D2L was induced by WT LR-9 (30).

DNA and RNA isolation. Genomic DNA was prepared by standard
proteinase K digestion followed by phenol-chloroform extraction, as de-
scribed previously (3). RNA was extracted from tissue homogenates using
RNA Bee extraction agent (Tel-Test, Inc., Friendswood, TX).

Reverse transcription, PCR amplification, and Sanger sequencing.
Total RNA was reverse transcribed with Maxima H minus reverse trans-
criptase (ThermoFisher Scientific) and oligo(dT)18 primer and/or ran-
dom hexamers, following the manufacturer’s protocol. Tumor C2L was
excluded from analysis due to poor RNA quality. All the PCR primers
were commercially synthesized (Integrated DNA Technologies, Inc.). 3=
rapid amplification of cDNA ends (RACE) was performed with the lock-
docking oligo(dT) primer (33). PCR amplification was performed with
Phusion High-Fidelity DNA polymerase (New England BioLabs), follow-
ing the manufacturer’s instructions. The amplified fragments were gel
purified using a gel extraction kit (Qiagen) and sequenced (Eurofins
MWG Operon LLC).

Detection of splice variants and ALV-TAPAS RNA fusion tran-
scripts. Spliced variants were detected using primers in the antisense di-
rection in TERT exon 1 and in exon 7 of TAPAS RNA (TGGCCTCGG
CGTAGCAG and CAAATGGCTTGTCTGCATTTTCTTC). Fusion tran-
scripts were amplified using a 5= primer positioned immediately before
the viral splice donor or complementary to sequences in the R region of
the viral LTR (TCAAGCATGGAAGCCGTCATAAAG and GCCATTTG
ACCATTCACCACATTG) and a set of 3= primers located throughout the
TAPAS RNA gene sequence (CAAATGGCTTGTCTGCATTTTCTTC,
CCAAAGCCACGGCTTCCATGTTAGTATC, and TAAGGTGGAGAAT
AAGACATAATAATATGAGATGAG).

High-throughput sequencing. DNA libraries for deep sequencing
were prepared and analyzed as previously described (3, 6). Transcrip-
tome-sequencing (RNA-seq) libraries were prepared according to a pre-
viously published protocol (34). The reads were aligned to the chicken
genome (galGal4) using TopHat (35). Splice junctions enabled the deter-
mination of the orientations of spliced transcripts. Additional RNA-seq
data for analysis of tissue distribution and embryonic expression of
TAPAS RNA and TERT in chickens were downloaded from the public
Sequence Read Archive (SRA) database (SRA accession no. ERX697750
and DRX001564) (36). The abundances of transcripts (fragments per ki-
lobase per million [FPKM]) were estimated and compared using Cuf-
flinks (37).

Quantitative PCR. Quantitative reverse transcription-PCR (qRT-
PCR) was performed using iQ SYBR green Supermix (Bio-Rad) according
to the manufacturer’s protocol on a Bio-Rad C1000 thermal cycler/CFX96
Real-Time System. The expression of TAPAS RNA in chicken tissue was
measured using primers in exons 4 and 5 (CAGACTACTTTACCTCTTG
ACACAG and ATGGTGAGCCTTGTGTTGGC). TERT expression was

measured using primers in exons 11 and 12 (AACATGAAATGCAAATT
GACTGC and ACTGTCTGAAGGCTGTTGATCT). Expression was nor-
malized to the expression of ribosomal protein L30 (RPL30) using exon
junction primers (38). Quantitative PCR (qPCR) was performed in trip-
licate, with each sample present in technical duplicate during each run.
The results were normalized to those for normal bursa using the compar-
ative threshold cycle (CT) method.

Evolutionary analysis. The sequence encompassing exons 4 to 6 and
intervening introns of the chicken TAPAS gene was analyzed via BLASTN
against the whole-genome shotgun database at the NCBI website (http:
//blast.ncbi.nlm.nih.gov/). All high-quality matches with an E value lower
than 10�40 were retrieved and further analyzed. Sequences were aligned
and plotted by the maximum-likelihood method with PhyML, utilizing
the GTR substitution and aBayes branch support (39).

RESULTS
The TERT promoter is a common ALV integration site in B-cell
lymphomas. In order to identify genes contributing to the forma-
tion of ALV-A (subgroup A)-induced rapid-onset B-cell lympho-
mas, high-throughput sequencing of proviral-host DNA junc-
tions was previously performed (6). Common integration sites in
the host genome that contribute to tumorigenesis are present in
multiple tumor cells and thus are overrepresented in the deep-
sequencing data. The TERT promoter region was identified as the
most clonally expanded common integration site, with integra-
tions present in seven different lymphomas from five birds (Fig.
1A). We analyzed 19 of the most clonally expanded unique inte-
grations from both primary bursal tumors (B) and tumors metas-
tasized to the liver (L). Three of the clonally expanded integrations
were present in multiple tissues from the same bird. The integra-
tion sites ranged from 46 nt to 3,552 nt upstream of the TERT
transcription start site. The majority of the proviral integrations
(16/19) were in the opposite transcriptional orientation to TERT.
Four out of 7 lymphomas, termed C7B, C6L, C7L, and D2L, had
integrations only in the opposite orientation. The remaining three
tumors—A1B, C2B, and C2L— harbored integrations in the same
orientation as TERT but also contained integrations in the oppo-
site orientation that were more clonally expanded. In contrast, no
integrations in the TERT promoter region were identified in any
nontumor tissues of infected birds (Fig. 1B). The observation of
proviral integrations in this region in multiple tumors suggests
that ALV integration in the TERT promoter contributes to driving
lymphomagenesis in these birds.

Novel antisense (TAPAS) RNA is transcribed from the TERT
bidirectional promoter. In order to assess the effects of proviral
integrations on host gene expression, deep sequencing of the tran-
scriptomes of selected ALV-induced lymphomas and normal-
bursa controls was performed. This analysis revealed a 9-kb tran-
scribed region upstream of and in the opposite transcriptional
orientation to TERT in the normal-bursa controls (Fig. 2A). This
suggests that the TERT promoter is bidirectional. With the use of
TopHat bioinformatics tools, a number of putative introns were
identified and confirmed by sequence analysis of exon junctions.
This analysis suggested a 3.6-kb spliced transcript containing 7
exons. RT-PCR studies confirmed 2.2 kb of this transcript con-
taining exons 1 through 7 (Fig. 2A). The RT-PCR experiments
were not able to amplify the last 1,050 nt of exon 7. Two putative
poly(A) sites were identified by 3= RACE at positions 1051 and
1114 of exon 7.

Strand-specific RNA-seq data indicated that the first exon
of TERT and the associated bidirectional transcript overlap
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(Fig. 2A). RT-PCR verified that at least the first 161 nt of TERT
exon 1 are shared with TAPAS RNA. It is possible that more of
exon 1 is shared between the two genes; however, this could not be
confirmed by RT-PCR, likely due to the high GC content of TERT
exon 1. Additionally, a number of alternatively spliced transcripts
were detected, including some skipping exon 2 and others skip-
ping both exons 2 and 3 (Fig. 2B).

There is a small open reading frame (ORF) (258 nt) that spans
exons 4 and 5 and two longer ORFs, of 408 and 375 nt, present in
exon 7. However, one of these ORFs is located within the unveri-
fied region at the 3= end of the transcript beyond the main tran-
scription termination sites discussed above. Further, we observed
that exon 7 is poorly conserved between most avian species (data
not shown). Moreover, no protein domain homology was ob-
served in any region of the transcript (40), implicating the tran-
script as a putative long noncoding RNA (lncRNA).

The recent release of the Gallus gallus 5 whole-genome as-
sembly predicts an antisense transcript upstream of TERT (gene
ID LOC107052651). The predicted transcript variant (XR_00146
5267.1) corresponds to exons 2 through 7 of TAPAS RNA (Fig. 2A).
This variant contains 643 nt more of exon 7 and does not share any

sequence with TERT exon 1, unlike the transcript reported here. An-
other transcript variant with retention of an intron between our ex-
ons 2 and 3 is also predicted (XR_001465266.1). Further, the NCBI
eukaryotic gene prediction tool, Gnomon, annotates the predicted
transcript as an lncRNA (accession no. NC_006089).

TAPAS RNA expression is elevated in tumors with integra-
tions in the TERT promoter. The predominance of proviral in-
tegrations in the opposite orientation to TERT, as well as the
identification of a bidirectional transcript, suggested that the
integrations might also drive increased expression of TAPAS
RNA. To test this hypothesis, we performed qRT-PCR to deter-
mine TAPAS RNA expression levels in tumors containing integra-
tions in the TERT promoter region (Fig. 3A). Normal liver has
148- and 5-fold less expression than normal bursa for TAPAS and
TERT RNAs, respectively. Compared to normal liver, tumors with
integrations in the TERT promoter had significantly increased
expression of the TAPAS RNA. Expression of the bidirectional
TAPAS RNA was upregulated approximately 250- to 3,858-fold
relative to normal liver tissue. In contrast, TERT was upregulated
4- to 42-fold relative to normal liver tissue (Fig. 3B). This suggests
that the observed integrations in the TERT promoter drive expres-

FIG 1 The TERT promoter region is a common site of ALV proviral integration in lymphomas. (A) Schematic of the most clonally expanded ALV integration
sites near TERT in 7 tumors, shown with the first 3 exons of the TERT gene. The tumor names correspond to the bird and tissue from which the tumor was
collected. All of the integrations clustered within 3.5 kb upstream of the TERT transcriptional start site. The integrations are predominantly in the opposite
orientation (red) with respect to TERT transcription. (B) Schematic of integrations near TERT in 6 nontumor tissues from infected chickens.
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sion of a bidirectional lncRNA. These findings were also con-
firmed by RNA-seq analysis of liver tumors C6, C7, and D2 (data
not shown).

Viral transcripts splice into exon 4 of TAPAS RNA. Retrovi-
ruses can induce overexpression of host genes by multiple mech-
anisms (1, 41). For instance, insertion of viral enhancer elements

in the vicinity of host gene promoters can induce overexpression
(1). Alternatively, the viral promoter can drive expression of the
host gene directly, if both are in the same orientation, by read-
through of the viral poly(A) site (28). If the promoter in the viral
5= LTR is driving expression, the viral RNA transcript can splice
via the gag splice donor into the cellular mRNA (28). Alterna-
tively, if the promoter in the 3= LTR is used, readthrough into the
adjacent host genomic region occurs (7). To determine the mech-
anism by which proviral integrations affect TAPAS RNA expres-
sion, we analyzed metastasized tumors with integrations in the
same transcriptional orientation as the TAPAS RNA. We per-
formed RT-PCR using LTR-specific primers and primers within
the TAPAS RNA exons to obtain and sequence viral TAPAS RNA
fused transcripts (Fig. 4A).

Proviruses in tumor D2L use the 5= LTR to drive expression of
TAPAS RNA. One splice variant used the canonical 5= viral splice
donor site in gag (nucleotide 398). Transcripts were also detected
in which an alternative splice donor site in the viral gag gene (nu-
cleotide 857) spliced into exon 4 of TAPAS RNA. In tumor C7L, a
provirus integrated in intron 2 also spliced into exon 4 of TAPAS
RNA from the canonical 5= viral splice donor site.

Alternatively, transcripts in which the viral 3=LTR served as the
promoter were observed in tumor C6L. These transcripts con-
tained 63 nucleotides of host DNA adjacent to the 3= LTR. It ap-
pears that a cryptic splice donor site present in this intronic region
may be used to splice into the downstream exon 4. Sequencing of
the provirus C6L revealed a large deletion that included the viral
splice donor site in gag (Fig. 4B); this would prevent its splicing
into the TAPAS RNA if it initiated in the 5= LTR. However, the
deletion would probably also prevent transcription initiation at
the 5= LTR, as previously observed with ALV integrations in MYC
(42). A similar 3= LTR-initiated transcript was observed from the
C7L proviral integration in intron 1 of TAPAS RNA. This variant

FIG 2 Schematic of the TAPAS gene. (A) Representative RNA-seq (Bedgraph) from normal bursa tissue showing normalized transcription coverage. Coverage on the
plus (green) and minus (blue) strands is shown. The primary transcript observed by RNA-seq in normal chicken bursa is approximately 9 kb. The principal form of the
spliced transcript is 3.6 kb and contains 7 exons. The confirmed region of the shared exon 1 is hatched in blue. A portion of exon 7 that could not be verified by RT-PCR
is indicated in light blue. Transcripts confirmed by RT-PCR are 2 to 3 kb. The two main 3= ends identified are indicated by vertical orange lines and are located at
nucleotides 1051 and 1114 of exon 7. (B) Multiple alternatively spliced variants of TAPAS RNA were also identified in normal bursa by RT-PCR.

FIG 3 Expression of TAPAS RNA and TERT in ALV-induced B-cell lympho-
mas. qRT-PCR was performed to determine TAPAS RNA (A) and TERT (B)
expression in seven ALV-induced tumors, as well as normal bursa (NB) and
normal liver (NL) controls. Expression of both transcripts was significantly
higher in 5 of the 6 tumors than in NL. The P values are representative of
Bonferroni corrections for multiple comparisons. The error bars indicate stan-
dard deviations.
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spliced from a cryptic splice donor site 28 nucleotides downstream
of the provirus into exon 4 of the TAPAS RNA.

The majority of proviral integrations are located between exon
1 and exon 4 of the TAPAS gene (Fig. 4A). However, regardless of
the integration site location, all of the viral transcripts analyzed
invariantly spliced into exon 4 of the TAPAS RNA. For most of the
viral transcripts, this means that nearby exons are skipped and
splicing is preferentially to exon 4. While the 5= spliced viral leader
sequence contains a bit of the ALV gag gene, the analyzed chimeric
transcripts have a termination codon before the AUG of the ORF
in exon 4 of the TAPAS RNA. Thus, no hybrid protein is pre-
dicted. Consistent splicing into exon 4 suggests the possible func-
tional importance of this region of the TAPAS RNA.

TAPAS RNA is expressed in normal chicken tissues and dur-
ing development. To further characterize the expression of the
TAPAS RNA, we analyzed publicly available RNA-seq data sets
from the SRA database (36). TAPAS RNA and TERT expression
was measured in various chicken tissues of an 18-day embryo. In
addition, transcriptomes of total embryos were analyzed at differ-
ent time points up to 12 days of development (SRA accession no.
ERX697750 and DRX001564) (36). Quantification of transcript
expression was performed by calculating the fragment count nor-

malized to the transcript length and the total number of reads
(FPKM). This analysis showed that the TAPAS RNA is expressed
in some normal chicken embryo tissues. TAPAS RNA was ex-
pressed at particularly high levels in bursa, testes, and kidney and
was undetectable in muscle and heart tissue (Fig. 5A). TAPAS
RNA expression was higher than that of TERT in bursa and testes
but more comparable in other tissues and in total early embryos.

Furthermore, both TAPAS RNA and TERT expression were
elevated early in chick development and progressively decreased
with time (Fig. 5B). Thus, the tissue-specific and developmental
expression of TAPAS RNA correlates with TERT expression. This
suggests that the TAPAS RNA may have a role in regulating TERT
expression or that the expression of the two transcripts is coregu-
lated.

TAPAS RNA is conserved. To determine if the novel TAPAS
RNA is conserved, we performed phylogenetic analysis in multiple
avian species. Exons 4, 5, and 6 were used for the analysis because
this region was found in all alternatively spliced transcripts, as well
as in all viral TAPAS RNA fused transcripts, suggesting it may have
functional importance. Regions homologous to the TAPAS gene
exons 4 to 6 and intervening introns were identified in various
avian genomes by BLASTN, and the sequences were aligned by

FIG 4 Viral RNAs splice into exon 4 of TAPAS RNA. (A) Splicing of viral transcripts was determined by RT-PCR of tumor RNA. All proviruses shown were in
the opposite transcriptional orientation to TERT. The arrows indicate the genomic locations of proviral integration. Despite the presence of upstream exons, all
the viral transcripts analyzed spliced into exon 4 of the TAPAS RNA either from a canonical gag splice donor (SD) or via alternate splice donor (ASD) sites.
Readthrough transcription from the 3= LTR is depicted by the red square. (B) Sequence analysis showing mutations in proviruses C6L and one of the C7L
integrations. Three integrated proviruses, two in tumor C7L and one in tumor C6L, were sequenced. The viral LTRs are depicted as white boxes at the termini
of the viral genome with the U3, R, and U5 direct repeats. gag-pol are depicted in gray and env in black. The 1.2-kb deletion in C6L removes the canonical viral
splice donor and induces transcription from the 3= LTR. The exon positions of TERT and TAPAS RNA are shown for reference.
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ClustalX. It was observed that the region is highly conserved at
the sequence level in many, but not all, avian lineages (Fig. 6).
Additionally, based on transcriptome analysis, there exists a
predicted lncRNA in the TERT promoter region in the most
recent genome assemblies for chicken (LOC107052651), tur-
key (LOC104910189), and Japanese quail (LOC107309454)
(data not shown). The chicken sequence shared 95% identity with
the corresponding genomic region of the closely related black
grouse (Lyrurus tetrix) and 72 to 76% identity with the genomes of
various neoavian lineages. The turkey and chicken sequences
share limited similarities in exons 4 to 6 but have significant se-
quence homology in exon 7. The only perching bird species in
which this region was conserved was the most basal species of New
Zealand wren (Acanthisitta chloris), suggesting the possibility that
these sequences underwent rapid evolutionary changes in Passeri-
formes. The ORF in exons 4 and 5 was not conserved in most birds
(data not shown). Further, we did not find any regions homolo-
gous to the chicken TAPAS RNA in mammalian genomes at the
sequence level. Exon 6 was the most conserved in avian species,
with 72 to 96% identity. The splice donor sites of exon 5, as well as
the donor and acceptor sites of exon 6, are perfectly conserved in
all species analyzed (data not shown).

DISCUSSION

In order to better understand tumor pathogenesis, we analyzed
the distribution of ALV integration sites in chicken B-cell lympho-
mas using a high-throughput sequencing strategy. We identified
numerous clonally expanded proviral integrations in the TERT
promoter region associated with elevated TERT expression, sug-
gesting these integrations may promote tumorigenesis (6, 10).

Previously, ALV subgroup J proviral integrations have been ob-
served near TERT in chicken myeloid tumors (43). Other studies
have reported integrations of hepatitis B virus and human papil-
lomavirus DNAs in the TERT promoter region in human liver and
cervical tumors, resulting in elevated TERT expression (44).
While sense and antisense retroviral activation has been previ-
ously reported (1, 41), to our knowledge, this is the first report of
retroviral activation of a bidirectional promoter-associated ln-
cRNA. In this work, we show that most of the proviral integrations
in our tumors are in the antisense direction relative to TERT and
drive the overexpression of a novel lncRNA transcribed from a
bidirectional promoter. The prevalence of integrations in the
same orientation as the TAPAS RNA in multiple tumors suggests
that overexpression of the transcript may have contributed to on-
cogenic transformation. We further characterize this novel tran-
script and show that, in addition to being conserved among some
avian lineages, expression of the transcript is correlated with
TERT expression in various tissues and throughout development
in chickens.

Deep sequencing of transcriptomes from various species, in-
cluding humans, revealed the presence of a transcribed region
upstream of TERT (data not shown). We found that in chickens it
corresponds to an alternatively spliced, polyadenylated, antisense
lncRNA, leading us to propose that the TERT promoter is bidirec-
tional. Bidirectional promoters have been found to be pervasive in
mammalian genomes, with more than 10% of known protein-
coding genes being transcribed from such promoters (45–47). In
humans, many lncRNAs are transcribed from bidirectional pro-
moters. Approximately 65% of identified human lncRNAs origi-

FIG 5 TERT and TAPAS RNA are expressed at comparable levels in adult tissues and during chick development. (A) RNA-seq data on expression of TAPAS RNA
in normal 18-day chicken embryo tissues. TAPAS RNA is expressed in various tissues at levels similar to those of TERT. In bursa, TAPAS RNA expression is
approximately 3-fold higher than that of TERT (Pearson correlation coefficient � 0.66; P � 0.07). (B) The expression of TERT and TAPAS RNA also seem to be
correlated throughout development (Pearson correlation coefficient � 0.92; P � 0.001). The error bars indicate standard deviations.
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nate within 2 kb of transcription start sites, and almost all of them
are transcribed in the antisense direction relative to the associated
protein-coding genes (48). Furthermore, bidirectional promoters
are significantly more likely to regulate DNA repair genes and
genes implicated in somatic cancers (49).

The chicken TERT promoter has many features characteristic
of bidirectional promoters, such as the absence of a TATA box and
high GC content. The most important feature of a bidirectional
promoter seems to be the presence of binding sites for an Ets
family transcription factor, GABP (46, 50). Interestingly, recur-
rent promoter mutations present in the human TERT promoter
have been shown to introduce a de novo Ets binding site, which has
been shown to drive TERT expression (15, 16, 51). It has recently
been shown that it is the specific Ets factor, GABP, that selectively
binds the mutant TERT promoter (51). Thus, it is possible that,
because GABP selectively binds the promoter mutation, it may
induce bidirectional transcription of an antisense transcript, sim-
ilar to what has been observed in chickens. There is evidence for
antisense transcription in the TERT promoter region in humans
from deep-sequencing data (data not shown). However, there is
no conservation between this putative transcript and the chicken
transcript. Further, RNA abundance in the region is much lower
relative to TERT than what is observed in chickens.

Many lncRNAs are known to play a role in transcriptional reg-
ulation. For example, XIST acts in cis to recruit the polycomb
repressive complex 2 (PRC2) to chromosome X, causing gene
silencing (52). HOTAIR, on the other hand, acts in trans to repress
the expression of genes in the HoxD gene cluster (53). It has been
proposed that antisense lncRNAs transcribed from bidirectional
promoters may be involved in the regulation of the associated
sense transcripts (47, 54). Such an arrangement may allow tighter
transcriptional regulation. Based on the correlation between
TERT and lncRNA expression in normal tissues and tumors, we
hypothesize that the lncRNA may regulate TERT expression.
However, it is also possible that TERT expression and lncRNA
expression are only correlated due to mutual regulation by the

same bidirectional promoter. This raises the possibility that the
lncRNA may have an independent function apart from TERT reg-
ulation.

Given the important role of lncRNAs in transcriptional regu-
lation, it comes as no surprise that many lncRNAs have been im-
plicated in cancer and disease. With the advent of deep sequenc-
ing, many novel lncRNAs have been found to be associated with
cancer pathogenesis. For example, HOTAIR, MALAT1, PCAT-1,
PCGEM1, and TUC338 were reported to be oncogenes, while
GAS5, MEG3, and PTENP1 were reported to be tumor suppres-
sors (55). Since lncRNA functions range from cell growth to can-
cer development, they represent important biological players that
merit further research.

In this study, we identified a novel antisense lncRNA tran-
scribed from the TERT promoter. We show that this lncRNA is
upregulated in tumors and is implicated in tumorigenesis. Further
characterization of the structural and functional motifs of this
TAPAS RNA is required to better understand its mechanistic and
functional roles in cancer signaling. This will help elucidate pos-
sible gene-regulatory mechanisms of lncRNAs and may provide
further insight into the role lncRNAs play in cancer pathogenesis.
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