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TERT upstream promoter methylation
reqgulates TERT expression and acts as
a therapeutic target in TERT promoter
mutation-negative thyroid cancer
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Abstract

Background DNA hypermethylation and hotspot mutations were frequently observed in the upstream and

core promoter of telomerase reverse transcriptase (TERT), respectively, and they were associated with increased

TERT expression and adverse clinical outcomes in thyroid cancer. In TERT promoter mutant cancer cells, the
hypomethylated TERT mutant allele was active and the hypermethylated TERT wild-type allele was silenced. However,
whether and how the upstream promoter methylation regulates TERT expression in TERT mutation-negative cells
were largely unknown.

Methods DNA demethylating agents 5-azacytidine and decitabine and a genomic locus-specific demethylation
system based on dCas9-TET1 were used to assess the effects of TERT upstream promoter methylation on TERT
expression, cell growth and apoptosis of thyroid cancer cells. Regulatory proteins binding to TERT promoter were
identified by CRISPR affinity purification in situ of regulatory elements (CAPTURE) combined with mass spectrometry.
The enrichments of selected regulatory proteins and histone modifications were evaluated by chromatin
immunoprecipitation.

Results The level of DNA methylation at TERT upstream promoter and expression of TERT were significantly
decreased after treatment with 5-azacytidine or decitabine in TERT promoter wild-type thyroid cancer cells. Genomic
locus-specific demethylation of TERT upstream promoter induced TERT downregulation, along with cell apoptosis and
growth inhibition. Consistently, demethylating agents sharply inhibited the growth of thyroid cancer cells harboring
hypermethylated TERT but had little effect on cells with TERT hypomethylation. Moreover, we identified that the
chromatin remodeling protein CHD4 binds to methylated TERT upstream promoter and promotes its transcription by
suppressing the enrichment of H3K9me3 and H3K27me3 at TERT promoter.

Conclusions This study uncovered the mechanism of promoter methylation mediated TERT activation in TERT
promoter mutation-negative thyroid cancer cells and indicated TERT upstream promoter methylation as a therapeutic
target for thyroid cancer.
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Background

Thyroid cancer increased rapidly over the past few
decades, and now it has become the most common endo-
crine malignancy and ranks in the 7th place among all
types of cancer [1]. A number of genetic variants and epi-
genetic alterations orchestrate the initiation and progres-
sion of thyroid cancer by upregulating the expression of
some oncogenes and downregulating the expression of
tumor suppressor genes. It has been well recognized that
most of thyroid cancer cases carry genetic alterations
in the MAPK and PI3K/AKT pathways, and somatic
mutations and gene fusions were frequently occurred in
several driver genes like BRAF, RAS, RET, PIK3CA and
EIF1AX [2-4]. As the most widely investigated epigenetic
modification, DNA methylation had been well proved to
contributes to thyroid cancer by regulating the expres-
sion of thyroid-specific genes, transcriptional factors,
and several tumor suppressor genes [5, 6].

Telomerase reverse transcriptase (TERT), the catalytic
subunit of telomerase, function as an oncogene in human
cancers through telomere -dependent and -independent
manners [7]. It is undetectable in normal tissues, but
constitutively reactivated in 85-90% of cancer cases. Ear-
lier studies revealed that several transcriptional factors,
including ¢-MYC and SP1, were capable of activating
TERT transcription by directly binding to its promoter
in cancer cells [8]. Recently, two hot-spot somatic muta-
tions in the core promoter region of TERT were identi-
fied in several types of cancer, including thyroid cancer
[9]. And they constructively activated TERT expression
by recruiting ETS transcriptional factors [10-13]. In
addition, the expression of TERT was regulated by his-
tone modifications, non-coding RNA and DNA methyla-
tion [14].

Interestingly, DNA methylation in the promoter
region is well known to silence gene’s expression, while
the TERT promoter region was high methylated in
tumor samples in multiple types of cancer, particular
in a 433-bp region encompassing 52 CpG sites located
upstream the core promoter, which was termed as
TERT hypermethylated oncological region (THOR)
[15]. Increasing studies have established an association
between TERT promoter hypermethylation and high
expression of TERT, aggressive characteristics and/or
poor prognosis in several types of cancer, including gli-
oma, prostate cancer, pancreatic cancer, bladder cancer,
breast cancer, and thyroid cancer [16—26]. An allele-
specific model of TERT regulation was recently estab-
lished in TERT promoter mutant cancer cells based
on findings that the activated TERT mutant allele was
hypomethylated while the silenced wild-type allele was
frequently hypermethylated [27-31]. However, the reg-
ulatory effect of TERT upstream promoter methylation
on the gene’s expression remains elusive in cancer cells
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that do not harbor TERT promoter mutation. Herein,
this study aimed to explore whether and how DNA
methylation at the upstream region of TERT promoter
regulates its expression in TERT promoter mutation-
negative thyroid cancer cells.

Methods

Cell lines and demethylating agents

Thyroid cancer cell lines TTAl, CAL62, WRO and
human embryonic kidney 293T cells were purchased
from the National Collection of Authenticated Cell Cul-
tures (Shanghai, China), the thyroid cancer cell line
MDA-T41 was purchased from American Type Culture
Collection (Manassas, VA, USA). All the cells were cul-
tured in DMEM medium (#10-013-CVRC, Corning) with
10% fetal bovine serum (#04-001-1A, Biological Indus-
tries) under the condition of 5% CO, and 37 °C. The
mutational status at TERT core promoter region were
examined as we described previously [32], and all these
cell lines were negative for TERT promoter mutation. The
DNA demethylating drugs 5-Azacytidine (#A2385) and
decitabine (5-Aza-2’-deoxycytidine, #A3656) were pur-
chased from Sigma-Aldrich. These drugs were dissolved
in DMSO and used for treating cells at different con-
centrations for 1-5 days as indicated based on specific
research purpose.

Bisulfite sequencing

Genomic DNA was extracted from cultured cells using
the EZNA Tissue DNA Kit (#D3396-02, Omega Bio-tek)
and subjected to sodium bisulfite modification using
the EZ DNA Methylation Lightning Kit (#D5031, Zymo
Research) according to the manufacturer’s instructions.
The TERT promoter region was amplified by PCR using
ZymoTaq PreMix (#E2004, Zymo Research) with two
pairs of primers (Additional file 1). The primer pair F1/
R1 was used for amplifying the —175 to -466 bp of TERT
promoter, the primer pair F2/R2 was used for amplify-
ing the —430 to -840 region of TERT promoter. The PCR
products were then cloned to T vector and subjected to
Sanger sequencing.

RNA extraction and quantitative PCR (qPCR) analysis

Total RNA was extracted from cultured cells using
the TRIzol reagent (#15596018, Invitrogen) and then
reverse-transcribed to cDNA using the RevertAid First
Strand cDNA Synthesis Kit (#K1622, ThermoFisher).
Gene expression was detected in triplicate using the
PowerUp SYBR Green Master Mix (#A25742, Applied
Biosystem). B-Actin was used as the internal control for
normalization. The primers used for qPCR amplification
are listed in Additional file 1. Relative mRNA expres-
sion of the aimed genes was calculated according to the
272ACT method.
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Gene knockdown

The short hairpin RNA (shRNA) specifically against
PRKDC, SMCla, CND2, TF3C2 and CHD#4 as well as the
scramble control shRNA (Additional file 2) were cloned
into the lentiviral vector pLKO.1-puro (#8453, Addgene).
The lentiviral ShRNA-expressing vector together with the
packaging plasmid psPAX2 (#12260, Addgene) and the
VSV-G envelope expressing plasmid pMD2.G (#12259,
Addgene) were co-transfected into 293T cells using the
jetPRIME reagent (#101000046, Polyplus-transfection),
the lentiviral particles were harvested by centrifuging the
supernatant of cells 48 h after transfection. Then the col-
lected lentiviral particles were used for infecting cancer
cells for 2 days in the presence of 8 ug/ml polybrene and
selected by 2 ug/ml puromycin for 1 week.

CHD4 overexpression

The CHD4 cDNA clone (EX-Z1057-Lv117) and the
empty vector pReceiver-Lvl17 were purchased from
GeneCopoeia and used for overexpressing CHD4 in thy-
roid cancer cells. The procedures of lentivirus produc-
tion, infection and stable cell line selection were same as
gene knockdown as described above.

Western blotting

Cells were lysed in the radio-immunoprecipitation assay
(RIPA) buffer (#R0010, Solarbio, China) with protease
inhibitor cocktail (#B14002, Bimake, China), and the
western blotting analysis was performed as we described
recently [33]. The anti-CHD4 (#12011S) and anti-
GAPDH (#2118S) primary antibodies were purchased
from Cell Signaling Technology. The HRP-linked anti-
rabbit IgG (#7074S, Cell Signaling Technology) was used
as the secondary antibody.

Locus specific demethylation

Targeted demethylation of TERT promoter region was
performed by an epigenetic editing system based on
CRISPR-dCas9 and Tetl with minor modification [34].
The Flag-AviTag-dCas9-SV40ONLS fragment was ampli-
fied from the pEFla-FB-dCas9-puro plasmid (#100547,
Addgene), the 3xSV40NLS-Tet1CD fragment was ampli-
fied from the Fuw-dCas9-Tet1CD plasmid (#84475, Add-
gene), then the two fragments were aligned and cloned
into the pCDH-EF1-copGFP-T2A-Puro vector (#72263,
Addgene) using the ClonExpress Ultra One Step Clon-
ing Kit (#C115-02, Vazyme Biotech). The resulting plas-
mid expressing dCas9-Tet1CD fusion protein was named
as pCDH-dCas9-TetlCD. Then pCDH-dCas9-TetlCD
together with psPAX2 and pMD2.G plasmid were co-
transfected into 293T cells to produce lentivirus and
select stable cells after lentivirus infection. Scramble
gRNA and specific gRNAs used for targeting the —209
to -420 and the —482 to -811 regions were cloned into
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the pSLQ1651-sgRNA(F+E)-sgGal4 plasmid (#100549,
Addgene). To enhance the efficiency of targeted demeth-
ylation, six to eight gRNAs were designed for each region
(Additional file 2). The lentiviral particles made by these
gRNA expressing vectors were used for infecting the cells
with dCas9-Tet1CD stable overexpression.

CRISPR affinity purification

The proteins binding to TERT promoter were identified
by CRISPR affinity purification in situ of regulatory ele-
ments (CAPTURE) and mass spectrometry with minor
modification [35]. The Flag-AviTag-dCas9-SV40NLS
fragment was amplified from the pEFla-FB-dCas9-puro
plasmid (#100547, Addgene) and cloned into the pCDH-
EF1-copGFP-T2A-Puro vector (#72263, Addgene), the
resulting plasmid was named as pCDH-dCas9-puro. The
BirA-V5 tag fragment was amplified from the pEFla-
BirA-V5-neo plasmid (#100548, Addgene) and cloned
into the pLenti CMV/TO Hygro empty vector (#17484,
Addgene), the resulting plasmid was named as pLenti-
BirA-Hygro. The pCDH-dCas9-puro and pLenti-BirA-
Hygro plasmids were used for generating stable cell line
with dCas9 and BirA biotin simultaneous overexpression.
Six gRNAs, as listed in Additional file 2, targeting near
the ATG start codon as well as the scramble gRNA were
cloned into the pSLQ1651-sgRNA(F +E)-sgGal4 plasmid
(#100549, Addgene), and the resulting gRNA-expressing
plasmids were used for making lentivirus to infect the
dCas9 and BirA stably overexpressed cells.

Cells were washed twice with PBS, fixed with 1% form-
aldehyde (#28908, ThermoFisher) for 10 min at room
temperature, and then the cell nucleus were harvested
using the SimpleChIP Plus Sonication Chromatin IP Kit
(#56383, Cell Signaling Technology) and incubated with
Ddel enzyme (#R0175L, NEB) for 24 h at 37°C in water
bath. The digested products were suspended with 1X
ChIP buffer and sonicated by the Bioruptor Plus device.
After that, the DNA-protein complex was isolated by
Dynabeads MyOne Streptavidin T1 (#65601, Thermo-
Fisher) at 4°C overnight, and washed 5 times with 1X
ChIP buffer followed by 3 times washes with 1x high salt
ChIP buffer. Finally, the beads were suspended in pro-
tein loading buffer and subjected to mass spectrometry
analysis on a timsTOF Pro mass spectrometer at BGI
Genomics. The resulting data were analyzed for pep-
tides identification using Mascot Percolator program and
mapped to the UniProt protein database.

Chromatin immunoprecipitation (ChIP)

The ChIP assays were performed using the Simple-
ChIP Plus Sonication Chromatin IP Kit (#56383, Cell
Signaling Technology) according to the manufac-
turer’s instructions. The antibodies against H3K9me3
(#13969S), H3K27me3(#9733S) and CHD4 (#12011S)
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were purchased from Cell Signaling Technology, the IgG
antibody (#2729, Cell Signaling Technology) was used as
negative control. The final isolated DNA was amplified by
qPCR with primers listed in Additional file 1.

Cell viability assay

Cells were seeded in sextuplicate on 96-well cell culture
plates at a density of 1,000 cells per well and treated daily
with DMSO, 5-Azacytidine or decitabine at concentra-
tions ranging from 0.1 to 10 um for 5 days, and the cell
viability was then determined by the Cell Counting Kit-8
(#K1018, ApexBio) according to the manufacturer’s
instructions. The absorbance was measured at 450 nm
using a spectrophotometric microplate reader. The viabil-
ities of lentivirus infected cells were analyzed by the same
procedure, instead of drug administration.

Cell apoptosis assay

Harvested cells were washed twice with cold PBS and
stained with 5 pL of Pacific Blue Annexin V reagent
(#640928, Biolegend) per sample for 15 min at room
temperature in dark, and then incubated with 400 pL
of Annexin V Binding Buffer. Lastly, the stained cells
were determined by flow cytometry and analyzed by the
Flow]Jo software.

Statistical analysis

The cell viability assays were performed twice, and each
was done in sextuplicate; the other cell-based assays were
repeated three times, and each was done in triplicate.
All the statistical analyses were performed by GraphPad
Prism (version 8.0 for Windows). Data were shown as
meanzstandard deviation (SD). The differences between
two groups were assessed by the Student’s t-test. The
half-maximal inhibitory concentrations (IC50) of the
two DNA demethylating agents were calculated using
the four-parameter dose-response model. All tests were
2-sided and P values<0.05 were considered as statisti-
cally significant.

Results

Demethylating agents treatment decreased TERT
expression

To explore whether DNA methylation regulates the
expression of TERT in TERT promoter mutation-neg-
ative thyroid cancer cells, we first examined the effects
of DNA demethylating agents on TERT expression. Two
sets of primers were designed to cover the THOR region
(Fig. 1A), the first primer sets were used for amplifying
a DNA fragment that contains 29 CpG sites between
—209 and —420 relative to the translational start site
ATG (region I), and the second primer sets was used for
amplifying the —482 to -811 region that contains 34 CpG
sites (region II). After treating the TTA1 cells with two
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demethylating agents, 5-azacytidine and decitabine, the
overall methylation level of region I was decreased from
87 to 49% and 35%, respectively; the methylation level of
region II was decreased from 95 to 49% and 33%, respec-
tively (Fig. 1B). Similarly, treatment with 5-azacytidine
and decitabine induced remarkable DNA demethylation
in another thyroid cancer cell line CAL-62 (Fig. 1C).
Importantly, the expression of TERT was significantly
decreased after 5-azacytidine or decitabine treatment in
both of the two cell lines (Fig. 1D). These data suggested
that TERT promoter methylation might positively regu-
lates the gene’s expression.

Targeted demethylation of TERT promoter suppressed
TERT expression

To confirm the regulatory effect of promoter DNA meth-
ylation on TERT expression, we used a genomic locus-
specific DNA methylation editing system based on fusion
of catalytically inactive Cas9 (dCAS9) with the catalytic
domain of TET1 enzyme [34] to precisely edit the CpG
methylation in TERT promoter (Fig. 2A). Eight guide
RNAs (gRNAs) were designed to induce the dCas9-TET1
fusion protein binding to the flanking sides of the —209 to
-420 region. The dCas9-TET1 fusion protein was stably
expressed in TTA1 cells and gRNAs were then induced
into cells, two days after the pooled gRNAs delivery, the
methylation level of this region was decreased from 81
to 60% (Fig. 2B) and the TERT mRNA level was corre-
spondingly decreased (Fig. 2C). The demethylation effect
on the —209 to -420 region by this locus-specific meth-
ylation editing system sustained at least 20 days (Fig. 2D)
and the TERT expression was significantly lower in cells
infected with pooled gRNAs targeting the —209 to -420
region than cells with the scramble gRNAs at the day 20
(Fig. 2E). Thus, demethylation of the —209 to -420 region
of TERT promoter deceased the expression of TERT.
Besides, we designed several gRNAs for demethylating
the —482 to -811 region but failed to decrease the meth-
ylation level of this region.

TERT promoter hypermethylation conferred sensitivity to
demethylating agents

Since the above data showed that DNA methylation of
the —209 to -420 region maintained TERT expression
and previous studies demonstrated that TERT inhibi-
tion suppresses the growth of thyroid cancer cells [11,
36], we next asked whether hypermethylated TERT pro-
moter —209 to -420 region is a therapeutic target for thy-
roid cancer. To address this, we compared cells edited by
the locus-specific demethylation system with the control
cells, and found that demethylation of this region induced
remarkable cell growth inhibition (Fig. 3A) and apop-
tosis (Fig. 3B). We next examined the responses of cell
lines to demethylating agents. As shown in Fig. 3C, the
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TTA1 and CALG62 cell lines were hypermethylated at the
—209 to -420 region, while the MDA-T41 and WRO cell
lines had relatively low methylation levels at this region.
After treating these cells with 5-azacytidine, the growth
of the two hypermethylated cell lines were sharply inhib-
ited (IC50<1 uM), while 5-azacytidine had little effect on
growth of the two hypomethylated cell lines (IC50>10
uM, Fig. 3D). Similar effects were observed when treat-
ing these cells with decitabine (Fig. 3E). These data sug-
gested that DNA methylation of TERT promoter —209

to -420 region is a therapeutic target for thyroid cancer
and hypermethylation of this region confers sensitivity to
demethylating agents.

Identification of regulatory proteins at methylated TERT
promoter

To gain insight into the molecular mechanism of how
promoter DNA methylation regulates TERT expres-
sion, we adopted the CRISPR affinity purification in situ
of regulatory elements (CAPTURE) approach [35] to
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identify proteins binding to TERT promoter region in
the hypermethylated TTA1 cells (Fig. 4A). After puri-
fication and mass spectrometry analysis, 311 proteins
were obtained in cells infected by scramble gRNAs and
376 proteins were obtained in cells infected by gRNAs
targeting TERT promoter, there were 133 proteins,
including many DNA binding proteins, chromatin reg-
ulatory proteins and structure proteins, were identi-
fied specifically in the cells infected by gRNAs targeting
TERT promoter (Fig. 4B, and Additional file 3). Among
these proteins, we selected five for validation. As shown
in Fig. 4C, in TTA1 cells, knockdown the expression of
PRKDC, SMCla, CND2 and TF3C2 increased the level
of TERT, while knockdown CHD4 decreased TERT
expression. Notably, there was no significant change of

TERT expression after knockdown of these genes in the
TERT hypomethylated MDA-T41 cell lines (Fig. 4C, and
Additional file 4), suggesting that the regulatory effect of
these genes on TERT expression is dependent on TERT
promoter methylation.

We further examined the regulatory effect of CHD4
on TERT by gene overexpression (Additional file 4) and
the results showed that CHD4 overexpression increased
TERT expression in TERT hypermethylated TTA1 cells
but not in the hypomethylated MDA-T41 cells (Fig. 4D).
Moreover, the regulatory effect of CHD4 on TERT
expression was abolished after cells treated with demeth-
ylating agent decitabine in TTAIL cells (Fig. 4E). Taken
together, these data indicated that CHD4 binds to and
activates the hypermethylated TERT promoter.
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CHD4 suppressed the inhibitory histone modifications at
TERT promoter

Lastly, we took efforts to explore how CHD4 regulates
TERT expression. The ChIP assay revealed that CHD4
antibody -precipitated DNA fragments were enriched at
the —213 to -466 region of TERT promoter (Fig. 5A), and
the methylation level of this region was not remarkably
changed after CHD4 knockdown (Fig. 5B), indicating
that CHD4 was not involved in the de novo methyla-
tion or demethylation of TERT promoter. Since histone
modification is frequently couples with DNA methylation

to regulates gene expression, we next assessed whether
CHD4 affects the histone modification at TERT pro-
moter, and the results showed that CHD4 knockdown
significantly increased the enrichment of two inhibitory
markers (H3K9me3 and H3K27me3) at TERT promoter
(Fig. 5C). Moreover, the demethylating agent decitabine
inhibited the binding of CHD4 to TERT promoter
(Fig. 5D) and increased the enrichment of H3K9me3 and
H3K27me3 at TERT promoter (Fig. 5E). Taken together,
these data suggested that CHD4 regulates TERT
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decitabine. **P<0.01, ***P <0.001; ns, not significant

expression by affecting histone modifications at hyper-
methylated TERT promoter region.

Discussion

High expression of TERT has been linked to poor prog-
nosis of papillary thyroid cancer, the most common his-
tological subtype of thyroid cancer [37]. We and other
groups previous demonstrated that TERT overexpres-
sion in thyroid cancer was partially attributed to the
two hot-spot mutations in the core promoter region
of TERT, multiple members of the ETS transcriptional

factors, including ETV1, ETV4, ETV5, and the GABPA/
GABPB complex selectively binds to and activates the
mutant TERT promoter [10-13]. And a strong associa-
tion between TERT promoter mutation and aggressive
behaviors and poor prognosis of thyroid cancer have
been established by a large number of studies [9, 38—40].
Similar to TERT promoter mutation, hypermethyl-
ation of TERT promoter has been observed in patients
with thyroid cancer and several cohort studies revealed
that thyroid cancer patients with hypermethylated TERT
promoter had more aggressive characteristics and worse
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Fig. 5 CHD4 suppressed enrichment of inhibitory histone modifications at TERT promoter region. (A) Chromatin immunoprecipitation (ChIP) assay for
CHD4 occupancy at different regions of TERT promoter in TTAT cells. (B) Bisulfite sequencing of TERT upstream promoter (-209 to -420 region) in TTA1
cells with or without CHD4 stable knockdown. (C) ChlIP assay for H3K9me3 and H3K27me3 occupancy at TERT promoter in TTA1 cells with or without
CHD4 knockdown. (D) ChIP assay for CHD4 occupancy at TERT promoter in TTA1 cells treated with or without 1 uM of decitabine for 5 days. (E) ChIP assay
for H3K9me3 and H3K27me3 occupancy at TERT promoter in TTAT cells treated with or without 1 uM of decitabine for 5 days. DAC, decitabine. *P < 0.05,

**P<0.01,**P<0.001

clinical outcomes than patients with hypomethylated
TERT promoter [22-26]. However, the regulatory role of
promoter DNA methylation on TERT expression in thy-
roid cancer has not been well understood [28]. A pioneer
study detected the methylation status of the region —662
to +174 relative to the transcription start site of TERT in
thyroid cancer cell lines and normal thyroid tissue sam-
ples, and found that the core promoter region was hypo-
methylated and the upstream portions of TERT promoter
was hypermethylated in thyroid cancer [41]. Importantly,
putative binding sites of transcription activator MYC and
homebox protein goosecoid (GSC) was identified in the
upstream TERT promoter [41], suggesting a potential
regulatory role of this region in TERT expression.

In this study, by treating thyroid cancer cell lines with
DNA methyltransferase (DNMT) inhibitors 5-azacyti-
dine and decitabine, we found that the methylation lev-
els of the upstream region —209 to -811 relative to the
translational start site ATG were significantly decreased,
and importantly, the expressions of TERT were

correspondingly decreased in both the two cell lines we
tested. Consistently, TERT transcription was strongly
repressed after treatment with DNMT inhibitors in cell
lines derived from other cancer types [42—44]. We further
applied a CRISPR-dCas9 based DNA demethylation sys-
tem to specifically suppress the methylation level of the
upstream TERT promoter, and the successful locus spe-
cific demethylation of the region —209 to -420 induced
downregulation of TERT transcription. These findings in
the current study demonstrated that DNA methylation in
the upstream TERT promoter maintains TERT expres-
sion in thyroid cancer. Moreover, we observed that tar-
geted demethylation of the region —209 to -420 sharply
inhibited cell growth by inducing apoptosis. This is con-
sistent with previous findings that genetical or pharma-
cological TERT inhibition induced apoptosis in cancer
cells and targeted THOR demethylation impaired the
development of histologic cancer phenotype in a breast
cancer xenograft model [21, 32, 45]. Together, these find-
ings strongly indicated that hypermethylation of TERT
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upstream promoter is a therapeutic target for thyroid
cancer.

The two classic DNA demethylating agents 5-azacyti-
dine and decitabine has been proved by FDA between
2004 and 2006 for treating patients with hematological
malignancies. However, the cytotoxic side effects lim-
ited their clinical application for solid tumors. Strikingly,
Park et al. revealed that TERT overexpression increased
DNMT1 expression and low dose of decitabine resulted
in significant response in gliomas with high expres-
sion of TERT and DNMT1 [46]. Here, in this study we
found that the hypermethylation of the upstream TERT
promoter conferred sensitivity to 5-azacytidine and
decitabine in thyroid cancer cells. Although our finding
needs to be confirmed in more cell lines, these data indi-
cated that high expression of TERT or hypermethylation
in the upstream TERT promoter have the potential to be
effective biomarkers for stratifying patients to maximize
the therapeutic efficacy of DNA demethylating agents in
solid tumors.

Although the methylation of TERT promoter in TERT-
expressing telomerase positive cancer tissue samples or
cell lines had been initially reported over twenty years
[47-49], and the association between promoter DNA
methylation and the gene’s expression is still not fully
understood. It has been demonstrated that absence of
methylation in the core promoter region associated with
active chromatin marks binding and TERT expression
[50-52]. By analyzing the interplay between TERT pro-
moter mutation, methylation and expression at the allele
level, recent studies revealed that hypomethylation of
TERT distal promoter is specific to active alleles in cells
harboring TERT promoter mutation [29-31], while tran-
scriptionally active alleles exhibit hypermethylation in
the THOR or distal promoter region in TERT wild-type
cells [53, 54]. It should be noted that all the cell lines used
in the current study were TERT wild-type, and consistent
with the above-mentioned studies, our results confirmed
a positively regulatory role of hypermethylation of TERT
upstream promoter in TERT expression in TERT wide-
type cells.

Mechanismly, we identified a number of regulatory
proteins bound at the methylated TERT promoter and
verified the regulation of PRKDC, SMCla, CND2, TF3C2
and CHD4 on TERT expression. As a core subunit of the
nucleosome remodeling and deacetylase complex, CHD4
plays important roles in chromatin remodeling and epi-
genetic transcriptional regulation [55]. It maintains DNA
hypermethylation-associated transcriptional silencing of
tumor suppressor genes by recruiting repressive chroma-
tin proteins and involves in the progression of colorectal
cancer [56]. Recently, overexpression and genetic variants
of CHD4 were reported in patients with advanced papil-
lary thyroid cancer [57, 58], suggesting an oncogenic role
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of CHD4 in thyroid cancer. Here we found that CHD4
did not affect the methylation level of TERT promoter
but bound to the hypermethylated TERT upstream pro-
moter and activates its expression. The interplay between
DNA and histone methylation in gene regulation has
been well established in the past three decades, and
some inhibitory histone modifications, such as H3K9me3
and H3K27me3, were representative markers of het-
erochromatin, which associated with gene inactivation
[59, 60]. In this study we found that CHD4 suppressed
the enrichment of H3K9me3 and H3K27me3 at hyper-
methylated TERT promoter, suggesting that chromatin
remodeling was involved in promoter DNA methylation
mediated TERT regulation. In addition to thyroid cancer,
TERT upstream promoter methylation was indicated to
corelated with increased expression of TERT in several
other types of cancer [17-21, 27]; therefore, it is worth
to test whether CHD4 and chromatin remodeling partici-
pate in TERT regulation in these cancer types. Moreover,
the molecular mechanism of how other hypermethylated
TERT promoter binding proteins regulates the gene’s
expression needs to be explored further.

Conclusion

In summary, our results show a positive regulatory effect
of hypermethylation of TERT upstream promoter on
the gene’s expression in TERT promoter mutation nega-
tive thyroid cancer. The chromatin remodeling protein
CHD4 binds to the hypermethylated TERT promoter,
suppresses the inhibitory histone modification, and leads
to TERT upregulation. Locus-specific demethylation for
TERT upstream promoter region induces cell apoptosis
and growth inhibition, and hypermethylation of TERT
upstream promoter confers sensitivity to DNMT inhibi-
tors, suggesting it could be a therapeutic target for TERT
promoter wild-type thyroid cancers.
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