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Background: Telomerase reverse transcriptase (TERT) promoter mutations play a role in carcinogenesis and are
found in both tumors and cancer cell lines. TERT promoter methylation, transcription factor binding, chromatin
remodeling, and alternative splicing are also known to play an integral role in TERT regulation.
Methods: Using nanopore Cas9 targeted sequencing, we characterized allele-specific methylation in thyroid
cancer cell lines heterozygous for the TERT promoter mutation. Furthermore, using chromatin immunopre-
cipitation followed by Sanger sequencing, we probed allele-specific binding of the transcription factors GABPA
(GA binding protein transcription factor subunit alpha) and MYC, as well as the chromatin marks H3K4me3
and H3K27me3. Finally, using coding single nucleotide polymorphisms and the long-read sequencing, we
examined complementary DNA for monoallelic expression (MAE).
Results: We found the mutant TERT promoter allele to be significantly less methylated than wild type, while
more methylated in the gene body in heterozygous TERT mutant cell lines. We demonstrated that the tran-
scriptional activators GABPA and MYC bind only to the mutant TERT allele. In addition, the activating and
repressive chromatin marks H3K4me3 and H3K27me3, respectively, bind mutant and wild-type alleles ex-
clusively. Finally, in heterozygous mutant cell lines, TERT exhibits MAE from the mutant allele only.
Conclusions: In summary, by employing new long-read sequencing methods, we were able to definitively
demonstrate allele-specific DNA methylation, histone modifications, transcription factor binding, and the re-
sulting monoallelic transcription in cell lines with heterozygous TERT mutations.
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Introduction

The catalytic subunit of telomerase, telomerase
reverse transcriptase (TERT), is silenced in somatic cells

and transcriptionally active in stem cells and cancer cells (1).
Its activation is regulated by multiple factors, including
promoter mutations, chromatin status, promoter methylation,
transcription factor binding, and alternative splicing of TERT
(2–5). It is believed that different types of regulation can
work in concert and modulate each other’s effects on tran-
scription (6). Previously, we characterized TERT promoter
methylation, transcription factor binding, and their relation-
ship to TERT promoter mutations in thyroid cancer cell lines
(7). Specifically, we identified a unique methylation pattern
suggesting allele-specific methylation in heterozygous TERT
mutant thyroid cancer cell lines. Herein, we investigate the
allele-specific effects of TERT promoter mutations on pro-

moter methylation, transcription factor binding, chromatin
marks, and transcriptional activation.

Activating heterozygous TERT promoter mutations occurs
upstream of the translational start site, most commonly at
-124 C > T and -146 C > T relative to ATG (8–10). Com-
pared with the -146 C > T mutation, the -124 C > T mutation
produces higher levels of TERT promoter transcriptional
activation (11). Overall, among differentiated thyroid can-
cers, 11.7% of papillary thyroid cancers and 11.4% of fol-
licular thyroid cancers harbor the TERT mutation, with
incidence associated with advanced stages of disease and
aggressive clinicopathologic characteristics, and the TERT
mutation is present in the majority of established thyroid
cancer cell lines (12–15). Both -124 C > T and -146 C > T
mutations create a binding site for the E-twenty-six (ETS)
family of transcription factors. Previous work in several
cancer types has shown GA binding protein transcription
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factor subunit alpha (GABPA) to bind at the TERT promoter,
including in thyroid cancer (11,16). GABPA binds as a het-
erotetramer with GABPB to activate transcription of TERT
(11). In a recent study, we demonstrated binding of GABPA
to the TERT promoter in thyroid cancer cell lines (7). Pre-
vious studies in glioblastoma, melanoma, hepatocellular
carcinoma, and urothelial carcinoma showed GABPA bind-
ing in an allele-specific manner to only the mutant TERT
allele (11,17).

Recently, ETS variant 5 (ETV5) was shown to bind at
higher levels than GABPA in cell lines derived from highly
aggressive anaplastic thyroid cancers, but not shown to pre-
dominantly bind in well-differentiated thyroid cancer cell
lines (18). Furthermore, allele-specific binding has not been
previously demonstrated in TERT mutant well-differentiated
thyroid cancer cell lines (16).

TERT promoter methylation may also play a key regula-
tory role, including inhibition of transcription factor binding
and changing of chromatin state (19–21). In other genomic
locations, DNA methylation blocks binding of the tran-
scriptional activator MYC (22), which also binds to the TERT
minimal promoter to activate TERT transcription (23). Our
previous work demonstrated binding of MYC at the minimal
TERT promoter and methylation patterns in heterozygous
TERT mutant thyroid cancer cell lines in about 50% meth-
ylation (7). This suggested that allele-specific methylation in
heterozygous mutant cell lines might play a role in regulation.

In support of this, TERT mutant cancers were recently
shown to display lower levels of methylation at the TERT
promoter than wild-type cancers (24). However, allele-
specific methylation at the TERT promoter or allele-specific
binding of MYC to TERT has not been shown. This is in part
because standard methylation sequencing has mostly been
performed in the context of sodium bisulfite pretreatment of
DNA, which reverts both TERT promoter mutations back to
wild type (C- > T). New nanopore sequencing technology
(25) relies on Cas9 targeting and cutting at specific genomic
locations, allowing for targeted long-read sequencing. Unlike
Illumina sequencing based on florescence, nanopore se-
quencing detects nucleotide-specific changes in ionic current
as a single molecule of DNA moves through a protein pore
inserted into a synthetic polymer membrane (26).

Importantly, nanopore sequencing can distinguish cytosine
from methyl-cytosine, negating the need for sodium bisul-
fite pretreatment of DNA. This profiles DNA methylation at
the targeted sequence directly, thus enabling one to assess
methylation in an allele-specific manner over a much larger
genomic region than previously possible.

The TERT mutation is believed to play a role in tran-
scriptional activation, and the TERT mutant allele is associ-
ated with RNA polymerase II and activating chromatin
marks. In cells heterozygous for the TERT promoter muta-
tion, the mutant allele exhibits activating H3K4me2/3 chro-
matin marks, while the wild-type allele exhibits silencing
H3K27me3 marks (17). Furthermore, a subset of cancer cell
lines appear to show monoallelic expression (MAE) of TERT
from the TERT mutant promoter (27). Studies have identified
heterozygous single nucleotide polymorphisms (SNPs) in the
TERT coding region and demonstrated only one allele in the
TERT complementary DNA (cDNA) transcript (17,24).
However, since the TERT promoter mutation is not re-
presented in the coding sequence, studies have not defini-

tively linked the TERT promoter mutation with MAE from
the mutated allele.

In this study, we definitively demonstrate for the first time
allele-specific methylation at the TERT promoter and into the
gene body, in which the mutant allele is significantly less
methylated at the TERT promoter than the wild-type allele,
while the mutant allele is more methylated into the gene body
than the wild-type allele, consistent with the methylation
pattern of actively transcribed genes (28,29). We utilized
chromatin immunoprecipitation (ChIP) followed by Sanger
sequencing to confirm allele-specific binding of GABPA to
the mutant TERT allele in thyroid cancer cell lines and
demonstrate for the first time similar allele-specific binding
of MYC. Furthermore, we show chromatin marks associated
with active transcription (H3K4me3) on only the mutant al-
lele, while repressive chromatin marks (H3K27me3) asso-
ciate with the wild-type allele.

The allele-specific TERT promoter methylation, differen-
tial histone modifications, and activator binding, all result in
MAE, demonstrated by phasing a SNP present in exon 2 of
TERT with the TERT promoter mutation. In summary, we
report the first direct evidence of MAE by the TERT promoter
mutation and confirm previous findings in other cancer types
of allele-specific binding of GABPA and chromatin marks in
thyroid cancer cell lines. Additionally, new long-read se-
quencing technology allowed the demonstration of allele-
specific methylation, allele-specific MYC binding, and MAE
of the TERT mutant allele in heterozygous TERT mutant cell
lines, deepening our understanding of the mechanism of
TERT activation in cancer.

Materials and Methods

Cell lines, culture conditions, and TERT
mutation status

Papillary [TPC-1 (30), BCPAP (31)] and follicular thyroid
cancer cell lines [FTC-133 (32), FTC-238 (32), and WRO
(33)] were kindly provided by Dr. Motoyasu Saji (The Ohio
State University Wexner Medical Center, Columbus, OH).
Cell lines were grown as previously described (7). The normal
thyroid follicular epithelial cell line Nthy-ori-3 (34) was kindly
provided by Dr. Thomas Fahey (Weill Cornell Medical Center,
New York, NY). Nthy-ori-3 was grown in Roswell Park
Memorial Institute-1640 (RPMI-1640; Sigma–Aldrich, St.
Louis, MO) medium with 10% heat-inactivated fetal bovine
serum (GE Healthcare Life Sciences, Marlborough, MA).

All cell lines were authenticated by short tandem repeat
profiling and mycoplasma testing by polymerase chain re-
action (PCR)-based MycoDtect Kit within a year of experi-
ments. Cell lines were used below the laboratory’s passage
12. Sanger sequencing of the TERT promoter to deter-
mine TERT mutation status was conducted as previously
described (7).

Nanopore Cas9 targeted sequencing

Nanopore Cas9 targeted sequencing (nCATS) was con-
ducted as previously described (25). Briefly, two crRNAs
were designed to target 7.806 kb surrounding the TERT re-
gion at chr5:1,288,699–1,296,505: Forward ‘‘AAGGCT-
TAGGGATCACTAAG’’ and Reverse ‘‘AGCGGCAGGT
GCCCAGAATA.’’ crRNAs were mixed at equimolar
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amounts to a final concentration of 100 lM. After duplex
formation, dephosphorylation of the genomic DNA, cleavage
and dA tailing, adaptor ligation, and cleanup (25), each
sample was sequenced on a nanopore flow cell (version 9.4.1)
using the GridION sequencer (Oxford Nanopore Technolo-
gies, Oxford, UK).

Data processing for methylation

Analysis of the nanopore data was conducted as previously
described (25). Base calling to generate FASTQ reads was
performed by the GUPPY algorithm. The resulting reads
were aligned to the human genome, hg19, by Minimap2 (35).
CpG methylation calling was conducted using nanopolish
(36). Reads were phased into wild-type or mutant allele by
identifying the promoter motif in FASTQ reads.

ChIP analysis

ChIP analysis was performed as previously described (7).
The following antibodies were used (10 lg per ChIP): anti-
MYC (No. 9402; Cell Signaling Technology, Danvers, MA),
anti-GABPA (No. 27795; Thermo Fisher, Waltham, MA),
anti-H3K4me3 (No. 9727; Cell Signaling Technology), anti-
H3K27me3 (No. 9733; Cell Signaling Technology), and anti-
ETV5 (No. 30023; Thermo Fisher). DNA was purified by
MinElute PCR Purification Kit (Qiagen, Hilden, Germany).
Quantitative PCR (qPCR) of ChIP and input DNA was car-
ried out as previously described (7), in triplicate, with posi-
tive and negative control regions for each antibody described
in Supplementary Table S1 and Supplementary Figure S1.

Factor binding was determined by the percentage of input
normalization method (37), normalizing the binding at the
TERT locus, encompassing the TERT promoter mutation and
transcription start site (TSS), relative to DNA input into
ChIP. After ChIP, immunoprecipitated DNA and input DNA
were amplified by PCR surrounding the TERT -124 C > T
mutation and Sanger sequenced (7).

Real-time quantitative telomeric repeat
amplification protocol

Cells were lysed in CHAPS lysis buffer (Cell Signaling
Technology) and incubated on ice for 20 minutes. Cell debris
was removed by centrifugation, and total protein concentra-
tion was measured. Negative heat inactivation and no tem-
plate controls were utilized; positive telomerase quantitation
controls were performed using serial dilutions of HEK293T
cells (ATCC ACS-4500). The 25 lL reaction contained
1 · SYBR Green (Thermo Fisher), 0.1 lg of TS and ACX
primers, and 250 ng of protein extract. qPCR was performed
as previously described (38).

TERT expression quantitative
reverse transcriptase-PCR

RNA was extracted (7) from cell lines and thyroid tissue
using TRIzol isolation and High Pure RNA Kits (Roche,
Basel, Switzerland), respectively. SuperScript III Reverse
Transcriptase (Thermo Fisher) was utilized to reverse tran-
scribe RNA to cDNA. Full-length TERT transcript levels
were detected by qPCR using SYBR Green PCR Master Mix

(Thermo Fisher) (39). TERT expression was normalized to
GAPDH expression.

Allele-specific transcription characterization

SNPs in the thyroid cancer cell lines were identified by
Sanger sequencing of genomic DNA in the TERT 3¢ un-
translated region (UTR) and by integrative genome viewer
examination of the nCATS data in the TERT 5¢ UTR and
exons 1 and 2. Isolated RNA from the cell lines was DNase I
treated and reverse transcribed as above, then amplified at the
SNP location (Supplementary Table S2) and Sanger sequenced
utilizing the forward primer to determine the genotype.

Results

Allele-specific methylation patterns in thyroid cancer
cell lines

DNA isolated from thyroid cancer cell lines underwent
enrichment and nanopore sequencing at the TERT promoter
by nCATS to determine the methylation status of the TERT
promoter. Nanopore methylation calls for all cell lines were
compared and found comparable to previously published Il-
lumina bisulfite sequencing of the TERT promoter (7) (Sup-
plementary Fig. S2). Unlike traditional bisulfite treatment, in
which the TERT mutation status (C>T) is lost, nanopore se-
quencing identifies native methylation without bisulfite
treatment and thereby maintains the ability to differentiate
mutation status between alleles. In the heterozygous TERT
mutant cell line TPC-1, a significant drop in methylation
surrounding the TERT TSS occurred on the mutant allele, to
<5% methylation (Fig. 1).

The mutant allele also showed higher levels of methylation
throughout the TERT gene body at or above 75%, while the
wild-type allele remained comparatively stable at *50–75%
methylation over the TERT gene body and promoter. The
other heterozygous TERT mutant cell lines BCPAP and FTC-
238 followed the same pattern as TPC-1, in which there was a
drop in methylation at the TSS with only 20% and 30% of the
mutant allele methylated in BCPAP and FTC-238, respec-
tively (Fig. 2; Supplementary Fig. S3). The heterozygous
mutant cell lines also exhibited the higher levels of meth-
ylation in the gene body. In BCPAP, a drop in methylation
in the wild-type allele was observed in the gene body,
specifically in the intron between exons 2 and 3.

The homozygous TERT mutant cell line FTC-133 showed
a methylation pattern consistent with the mutant alleles of
the heterozygous cell lines, showing a drop in methylation to
<15% at the TSS and high gene body methylation. Con-
versely, the homozygous wild-type cell line WRO showed no
significant drop in methylation at the TSS (above 50%) and
lower levels of 50–75% methylation in the gene body, re-
flective of the wild-type alleles in the heterozygous mutant
cell lines (Fig. 2). Further examination of TERT promoter
methylation revealed low methylation surrounding the TSS
in the mutant allele (4.8%, 20%, and 31.8% average meth-
ylation for TPC-1, BCPAP, and FTC-238, respectively),
while high levels of methylation were seen in the wild-type
allele (Fig. 3) (79.9%, 73.1%, and 75.1% average methyla-
tion for TPC-1, BCPAP, and FTC-238, respectively).

Furthermore, the regions surrounding the TERT promoter
mutation at the GABPA binding site, as well as the MYC
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binding site, also exhibited significantly less methylation on
the mutant allele, with the exception of the GABPA site in
FTC-238, which exhibited low methylation of both alleles.
Homozygous cell lines followed similar patterns of methyl-
ation, with the homozygous mutant cell line exhibiting low
levels of methylation at the promoter (<20% methylation),
and the homozygous wild-type cell line showing higher
levels of methylation (30–65% methylation) (Fig. 3).

Allele-specific transcription factor binding
in thyroid cancer cell lines

Since the binding sites for GABPA and MYC were dif-
ferentially methylated in our heterozygous mutant thyroid
cancer cell lines, we investigated whether these factors ex-
hibited allele-specific binding as well. ChIP analysis of the
two ETS factors known to bind at the TERT promoter, ETV5

FIG. 1. DNA methylation as-
sessed by nCATS shows drop in
methylation surrounding TSS and
higher levels of methylation in the
gene body of mutant TERT allele
in heterozygous TPC-1 thyroid
cancer cell line. (A) Read-level
methylation plots using IGV.
Depth of coverage at the TERT
gene is shown in the top graph
where the coverage at each base is
indicated by the gray line plot with
the minimum and maximum CpG
coverage stated. Each horizontal
line in the wild-type (top) and
mutant allele (bottom) plots is a
single nCATS read. Red denotes a
methylated CpG, and blue denotes
an unmethylated CpG. The TERT
chromosomal coordinates are
shown at the bottom to designate
position. (B) Average methylation
plots. The wild-type allele is de-
picted in purple, and the mutant
TERT allele in orange. Individual
dots represent methylation at an
individual CpG site. The orange or
purple line represents the
smoothened level of methylation
over the entire area. The black
arrow denotes the TSS. TERT ex-
ons 1 and 2 are shown by thick
black lines. The gene reads from
right to left into the gene body are
denoted by the dashed arrow. The
red line indicates the PCR-
amplified region used in subse-
quent ChIP experiments (Figs. 4
and 5). ChIP, chromatin immuno-
precipitation; IGV, Integrative
genome viewer; nCATS, nanopore
Cas9 targeted sequencing; PCR,
polymerase chain reaction; TERT,
telomerase reverse transcriptase;
TSS, transcription start site.
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FIG. 2. Average methylation plots of the TERT promoter and gene body in homozygous versus heterozygous TERT mutant
thyroid cancer cell lines. Methylation levels were in the following thyroid cancer cell lines: wild-type cell line WRO,
heterozygous TERT mutant cell lines BCPAP and FTC-238, and homozygous mutant cell line FTC-133. The wild-type allele
is depicted in purple, and the mutant TERT allele in orange. Individual dots represent methylation at an individual CpG site.
The purple or orange line represents the smoothened methylation over the entire area, showing drops in methylation
surrounding the TSS, and higher levels in the gene body, of the mutant allele. The black arrow denotes the TSS. TERT exons 1
and 2 are shown by thick black lines. The gene reads from right to left into the gene body are denoted by the dashed arrow.
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and GABPA, showed GABPA as the predominant factor
binding to the TERT promoter in our well-differentiated
thyroid cancer cell lines (Supplementary Fig. S4). We
therefore performed Sanger sequencing of the TERT pro-
moter on DNA precipitated with either MYC or GABPA
antibodies. Sanger sequencing of immunoprecipitated DNA
from TPC-1, BCPAP, and FTC-238 cell lines resulted in only
the mutant TERT allele, indicating selective binding of
GABPA and MYC to the mutant allele (Fig. 4).

Allele-specific chromatin marks in thyroid
cancer cell lines

To further investigate transcriptional regulation, ChIP
followed by Sanger sequencing of the region of the TERT
promoter encompassing the TERT mutation and TSS was
conducted on DNA immunoprecipitated with antibodies di-
rected against either H3K4me3 (activating) or H3K27me3
(silencing). This revealed the least amount of active chro-
matin mark, H3K4me3, in the wild-type cell lines Nthy-ori-3
and WRO, an intermediate amount in the heterozygous TERT
mutant cell lines (TPC-1, BCPAP, and FTC-238), and the
highest amount associated with the homozygous TERT mu-
tant cell line FTC-133 (Fig. 5A). The silent chromatin mark,
H3K27me3, displayed the opposite trend, with the highest
level in the homozygous wild-type cell lines and the least

abundant in the homozygous TERT mutant cell line. To fur-
ther delineate the effect of the TERT mutation on chromatin
marks, we conducted Sanger sequencing of the im-
munoprecipitated DNA at the TERT locus. In the heterozy-
gous TERT mutant cell lines, we observed an allele-specific
association with chromatin marks. The TERT mutant allele
preferentially bound to the active H3K4me3, while the wild-
type allele bound to the silent H3K27me3 (Fig. 5B).

Monoallelic expression of TERT

To determine if MAE of TERT occurs in our heterozygous
TERT mutant thyroid cancer cell lines, we identified SNPs in
the TERT coding sequence. As previously described (18),
TPC-1 contains a heterozygous G > A SNP in exon 2
(rs2736098). In the heterozygous cell lines BCPAP and FTC-
238, a C > T SNP (rs2853690) was identified in the TERT 3¢
UTR by Sanger sequencing of the genomic DNA (Fig. 6).
Sanger sequencing of cDNA from all three cell lines showed
transcripts with only one of the SNP alleles, confirming
monoallelic TERT expression (Fig. 6). Furthermore, through
long sequencing reads obtained by nCATS, we confirmed the
TERT promoter mutation to be on the same allele as the
expressed transcript of exon 2 in TPC-1. This expression of
only the ‘‘A’’ allele at exon 2 (rs2736098) in TPC-1 directly
confirms the expression of TERT only from the mutant TERT
allele.

Transcriptional output and telomerase activity

To characterize overall telomerase activation, we mea-
sured full-length TERT transcripts, in which the alpha or beta
regions were present, in our thyroid cancer cell lines by
quantitative reverse transcriptase-PCR. We observed that the
wild-type normal thyroid cell line, Nthy-ori-3, had no mea-
surable amount of full-length TERT transcript, and the wild-
type WRO showed the least amount of transcript of the
cancer cell lines (Fig. 7). Interestingly, FTC-133, the ho-
mozygous TERT mutant thyroid cancer cell line, exhibited
less TERT transcript than the three heterozygous TERT mu-
tant thyroid cancer cell lines. This pattern also correlated with
relative telomerase activity, in which FTC-133 also showed
less telomerase activity than the three heterozygous TERT
mutant cell lines. The wild-type cell lines showed the least
telomerase activity.

Discussion

It is already known that TERT promoter mutations activate
TERT transcription and telomerase activity. However, due to
limitations in sequencing technology, the allele-specific ef-
fects of the heterozygous TERT promoter mutation have not
been completely elucidated. Using thyroid cancer cell lines
that harbor the TERT mutation (12) and nCATS, we dem-
onstrated allele-specific methylation at the TERT promoter
and into the gene body. Specifically, we used ChIP-Sanger
sequencing to show both allele-specific GABPA and MYC
binding and allele-specific distribution of both active and
silent histone modifications (H3K4me3 and H3K27me3).
These allele-specific effects correlated directly with MAE of
TERT in the heterozygous TERT mutant cell lines as well as
overall higher levels of TERT transcription and telomerase
activity.

FIG. 4. Allele-specific transcription factor binding of
MYC and GABPA at the TERT promoter in heterozygous
TERT mutant thyroid cancer cell lines. Chromatin immu-
noprecipitation (ChIP) in the heterozygous TERT mutant
thyroid cancer cell lines with either MYC or GABPA anti-
bodies followed by Sanger sequencing of the TERT pro-
moter at the -124 C > T TERT mutation compared with
input genomic DNA before ChIP. At the -124 TERT posi-
tion, the mutant allele is represented by the red curve (T),
while the wild-type allele is represented by the blue curve
(C). The input genomic DNA shows the presence of both
alleles at the -124 position, while the immunoprecipitated
DNA shows only the red curve, indicative of the mutant
allele.
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Our characterization of TERT promoter methylation in
thyroid cancer cell lines revealed significantly lower meth-
ylation levels at the TSS, TERT mutation site, and MYC
binding site on the TERT mutant allele compared with the
wild-type allele. These findings corroborate previous work
that showed overall lower levels of TERT promoter methyl-
ation in TERT mutant cancer cell lines (24). Importantly,
however, our study extends the work by examining methyl-
ation patterns on nonamplified DNA in an allele-specific
manner. This demonstrated that only the mutant allele is
hypomethylated, with a significant dip (<30% methylated in
the mutant allele compared with >70% methylated in the
wild-type allele) in methylation restricted to the TSS, thus
demonstrating for the first time allele-specific methylation of
TERT.

The homozygous wild-type and homozygous TERT mu-
tant cell lines follow the same methylation pattern as the
heterozygous alleles. This pattern of promoter hypomethy-
lation and gene body methylation is in line with previously
reported methylation patterns for genes with active tran-
scription (28,29,40). Furthermore, our studies of histone
modifications support the activation of the TERT mutant al-
lele, as the mutant promoter was associated with activating
H3K4me3 marks, while the wild-type allele exhibited si-
lencing H3K27me3 marks, a pattern also seen in other cancer
cell types (17).

The TERT promoter mutation (-124 C>T) creates a con-
sensus binding site for the ETS family factors, and we pre-
viously demonstrated the factor GABPA bound to the TERT
promoter in our cell lines derived from well-differentiated
thyroid cancers (7). After a recent study described ETV5
binding at the TERT promoter in thyroid cancer cell lines
(18), we investigated ETV5 binding in our thyroid cancer cell
lines. We found that ETV5 bound significantly less at the

TERT promoter than GABPA in our thyroid cancer cell lines.
The recent article functionally characterized ETV5 in three
thyroid cancer cell lines, two derived from anaplastic thyroid
cancers and one derived from papillary thyroid cancer,
finding that ETV5 predominantly bound in the two anaplastic
thyroid cancer cell lines, while the papillary thyroid cancer
cell line, TPC-1, showed GABPA binding (18). Our GABPA
results confirm their findings in TPC-1 and further defines
ETS factor involvement in well-differentiated thyroid cancer.
ETV5 and a different regulatory mechanism may be present
in less-differentiated cancer cells.

We have confirmed, as seen in other cancer types (11,17),
that GABPA binds to the TERT mutant allele in an allele-
specific manner in thyroid cancer cell lines. Our previous
work showed the highest level of GABPA binding in the
TERT homozygous mutant, with moderate levels in the het-
erozygous mutants, and very low levels of binding of GABPA
in the wild-type TERT cell line (7). The allele-specific
methylation of TERT also affected the MYC binding site at
the minimal promoter, which exhibits lower levels of meth-
ylation on the mutant allele. As with GABPA, we found MYC
binding to the TERT mutant allele in an allele-specific manner.

Our study is the first to show allele-specific binding of
MYC. MYC is a known direct activator of TERT transcrip-
tion (23). Our previous work showed enrichment for MYC at

FIG. 6. TERT monoallelic expression in heterozygous
TERT mutant thyroid cancer cell lines. Sanger sequencing
analysis of the exon 2 region and 3¢ UTR region of TERT
surrounding SNPs rs2736098 and rs2853690, respectively,
in amplified genomic DNA, as well as cDNA, from TERT
heterozygous mutant cell lines TPC-1, BCPAP, and FTC-
238. While the genomic DNA in all cell lines showed both
alleles of the SNP, the cDNA showed only one allele in all
cell lines. cDNA, complementary DNA; SNP, single nu-
cleotide polymorphism; UTR, untranslated region.

FIG. 7. Heterozygous TERT mutant thyroid cancer cell
lines exhibit higher levels of TERT transcript and telomerase
activity compared with homozygous wild-type or mutant
thyroid cancer cell lines. (A) TERT transcript level mea-
sured by quantitative reverse transcriptase-PCR in thyroid
cancer cell lines, and (B) RTA in thyroid cancer cell lines
compared with HEK293T cells. White denotes homozygous
wild type (stippling denotes the TERT homozygous wild-
type cancer cell line from the normal thyroid cell line), gray
denotes heterozygous mutant, and black denotes homozy-
gous mutant thyroid cancer cell lines. Standard deviation is
noted. RTA, relative telomerase activity.
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the TERT promoter in the thyroid cancer cell lines (7). As
MYC has been shown to be methylation-sensitive in binding
to its consensus site at other gene locations (22), the higher
level of methylation at the TERT binding site on the wild-type
allele may partially prohibit MYC binding, therefore lessen-
ing activation. Our results contradict a previous study in
cancer cell lines (16) that concluded MYC was a mutation-
independent activating factor of TERT. The previous study
examined the effects on TERT expression after MYC
knockdown in cancer cell lines and therefore could be the
result of MYCs role at other loci. Conversely, our study
specifically interrogated MYC binding to the TERT promoter,
where we did observe mutation-dependent MYC binding.

In addition to the allele-specific binding of activators MYC
and GABPA and the activating chromatin mark H3K4me3,
we confirmed monoallelic transcription of TERT in the het-
erozygous TERT mutant thyroid cancer cell lines by utilizing
SNPs identified in the coding sequence. Analysis of TPC-1
showed that the TERT mutation and the SNP on the expressed
transcript occur on the same allele, providing the first direct
evidence of TERT expression solely from the mutant TERT
allele. Furthermore, this MAE resulted from monoallelic
transcriptional activation of TERT in the thyroid cancer cell
lines. As expected, we observed the lowest levels of TERT
transcription and telomerase activity in the TERT wild-type
cancer cell line, WRO, and the normal thyroid cell line,
Nthy-ori-3.

It is important to note that while Nthy-ori-3 is utilized
as a normal thyroid cell line, the cell line is immortalized
with multiple mutations and chromosomal abnormalities,
although none is known to be oncogenic (41). The three
heterozygous TERT mutant thyroid cancer cell lines showed
the highest levels of TERT expression and telomerase activ-
ity. Surprisingly, the TERT homozygous mutant cell line,
FTC-133, showed less TERT transcript and telomerase ac-
tivity than the heterozygous cell lines. Previous study of
another TERT homozygous mutant cell line, SW1736, also
showed less TERT expression in the cell line than heterozy-
gous mutant cell lines (18). This may suggest additional post-
transcriptional and post-translational regulatory processes
affecting telomerase activity.

In summary, we have demonstrated and characterized
allele-specific methylation at the TERT promoter and into the
gene body in heterozygous TERT mutant thyroid cancer cell
lines. Furthermore, lower levels of methylation at the GABPA
and MYC binding site on the TERT mutant allele correlated
with allele-specific binding of these two transcriptional ac-
tivators. The chromatin mark H3K4me3 further confirmed
activation of only the mutant allele, while the H3K27me3
mark also confirmed silencing of the wild-type allele. These
regulatory mechanisms result in monoallelic transcription of
TERT in heterozygous mutant cell lines, corroborated by
unique SNPs that showed TERT transcription originating
solely from the mutant TERT allele.
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