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ABSTRACT

Transcriptional reactivation of hTERT is the limiting
step in tumorigenesis. While mutations in hTERT pro-
moter present in 19% of cancers are recognized as
key drivers of hTERT reactivation, mechanisms by
which wildtype hTERT (WT-hTERT) promoter is re-
activated, in majority of human cancers, remain un-
known. Using primary colorectal cancers (CRC) we
identified Tert INTeracting region 2 (T-INT2), the criti-
cal chromatin region essential for reactivating WT-
hTERT promoter in CRCs. Elevated �-catenin and
JunD level in CRC facilitates chromatin interaction
between hTERT promoter and T-INT2 that is neces-
sary to turn on hTERT expression. Pharmacological
screens uncovered salinomycin, which inhibits JunD
mediated hTERT-T-INT2 interaction that is required
for the formation of a stable transcription complex on
the hTERT promoter. Our results showed for the first
time how known CRC alterations, such as APC, lead
to WT-hTERT promoter reactivation during stepwise-

tumorigenesis and provide a new perspective for de-
veloping cancer-specific drugs.
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INTRODUCTION

Expression of hTERT (human TElomerase Reverse
Transcriptase), which encodes the catalytic subunit of
the telomerase enzyme complex, is transcriptionally re-
pressed in somatic cells (1). In up to 90% of human cancer
cells, hTERT expression is reactivated, resulting in the
reconstitution of telomerase activity that is required for
replicative immortality (1). Persistent telomerase activity
is also essential for the survival and maintenance of stem
cells (2). Hence systemically inhibiting telomerase causes
intolerable cytotoxicity (3). Targeting cancer cell-specific
transcriptional reactivation of hTERT, which leaves its
activity in stem cells intact, could provide an alternate
way of making clinically usable telomerase inhibitors. It
is now understood that 19% of human cancers harbour
single-base mutations that create de novo binding sites for
the ETS family of transcription factors in the proximal
hTERT promoter, thereby driving its reactivation (4–6). A
long-range chromatin interaction between these mutant
(Mut)-hTERT promoters and a genomic region (Tert
INTeracting region 1; T-INT1) located 260 kb upstream
and consisting of multiple binding motifs for GA-binding
protein (GABP)�/� (members of the ETS transcription-
factor family) is essential for reactivation of the mutant
hTERT promoters (7). Surprisingly, T-INT1 was found to
have no role in regulating wild-type (WT)-hTERT promot-
ers (7), which drive hTERT reactivation in the majority
of cancers, raising the questions, if long-range chromatin
interactions are only necessary to drive Mut-hTERT
promoters, and how key genetic alterations or oncogenes
known as drivers of the step-wise models of tumorigenesis
contribute to telomerase reactivation in cancers with
WT-hTERT promoters.

In this study, using colorectal cancer (CRC) as a model,
we investigated the molecular mechanism of WT-hTERT
reactivation. We find that the AP-1 family transcription fac-
tor JunD, is essential for the reactivation of WT-hTERT
transcription in CRCs. Increased levels of JunD work by
creating a conducive chromatin architecture to facilitate the
formation of Sp1–Sp1 tetramers between the proximal WT-
hTERT promoter and a distal regulatory chromatin region,
which we name Tert INTeracting region 2 (T-INT2). Chem-
ical screens uncovered salinomycin as a specific inhibitor of
WT-hTERT promoter in CRCs. Salinomycin works by in-
hibiting the action of JunD on the formation of productive
chromatin architecture required for the formation of Sp1-
SP1 tetramers. Our results indicate, for the first time, how
cancer-initiating oncogenes contribute to the reactivation
of WT-hTERT promoters, the rate limiting step in transfor-
mation. Targeting such cancer-specific hTERT reactivation
mechanisms could enable the development of novel cancer
cell specific therapeutic strategies in CRC and in other ma-
lignancies.

MATERIALS AND METHODS

Cell lines and culture conditions

The A375 and HCT116 cell lines were a gift from
Dr Shang Li (DUKE-NUS Medical School, Singapore).

HCT116−146C and HCT116−146C>T isogenic cell lines were
generated in our previous study (7). DLD1, Caco2, HT29
and Colo205 cell lines were a gift from Dr Ernesto Guccione
(Institute of Molecular and Cell Biology, Singapore). All
cells were maintained in DMEM supplemented with 10%
fetal bovine serum, penicillin and streptomycin (Gibco).
Patient-derived primary CRC cell lines were derived in the
laboratory of Dr. Ramanuj DasGupta. Primary CRC cell
lines were grown in six-well tissue-culture treated plates
(Falcon) precoated using a Coating Matrix Kit (Gibco), and
were maintained in DMEM/F12 medium (Gibco) supple-
mented with penicillin–streptomycin (Gibco), B27 (without
vitamin A; Gibco), 20 ng/ml EGF (Gibco) and 10 ng/ml
bFGF (Gibco).

ATAC sequencing

ATAC-seq library preparation was as previously described
(8). Briefly, 50 000 cells were lysed for isolation of nuclei.
Transposition reaction was performed using Nextera DNA
library preparation kit (NEB). Samples were amplified by
eight PCR cycles for library preparation. Primer dimers
and long DNA fragments were cleaned by an AMPure
XP beads purification step. DNA concentration was mea-
sured by Qubit fluorometric assay, and library quality was
determined by Bioanalyzer. The library was sequenced in
Nextseq High 76 bp paired-end configuration using an Illu-
mina platform.

ATAC-seq data analysis

CRC PDC ATAC-Seq data was analysed by first filtering
low-quality bases and adapter sequences using the Trimmo-
matic tool (9). Good-quality sequences were subsequently
aligned to the human genome (GRCh38) using the HISAT2
aligner, and the alignment was sorted by read name using
Samtools (10,11). With alignment files, peak calling was
performed separately for each group (high-TERT and low-
TERT) using the Genrich tool with options -j, -r, -e MT,
which respectively adjust for ATAC-seq alignment, remove
PCR duplicates and remove mitochondria reads. Signif-
icant peaks (false-discovery-rate-adjusted P-value <0.05)
of both groups were then merged for downstream analy-
sis to identify differential chromatic accessible regions (dif-
ferential peaks). Homer getDifferentialPeaksReplicates.pl
tool was used in differential-peak calling with parame-
ter log2 fold change ≥0.5 (12). Visualization files in big-
Wig format were generated using deepTools bamCoverage
(13).

4C and 3C assays and 4C-seq analysis

4C and 3C assays were performed as previously described
(7). 3C qPCR primers are shown in Supplementary Table
S1. 4C-seq analysis is described in the supplementary ma-
terials. FASTQ files of 4C-Seq were processed using the
pipe4C analysis pipeline (14,15). In brief, the 5′ ends and 3′
ends of the sequencing reads were trimmed to the primary
restriction enzyme (HindIII) location and/or secondary re-
striction enzyme (DpnII) location. Trimmed reads were
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then mapped against a human reference genome (GRCh38)
using the Bowtie2 aligner. With reference to the fragment-
end library created in silico, reads mapped per fragment
end were then quantified and normalized. Lastly, peak call-
ing was performed using the peakC R package (16), to
identify significant interacting regions (window size = 31,
P < 0.05).

Removal of hTERT interaction regions by CRISPR/Cas9
genome editing

The gRNAs targeting the 5′ and 3′ ends of the T-INT2
region were cloned into pX-458-GFP and pX458-dsRED
(no-Cas9) vectors (17). Cells were transfected in 6-well
plates using X-tremeGENE 9 transfection reagent (Roche).
Double-positive cells expressing GFP and dsRED were
sorted into 96-well plates (1 cell/well), and each clone
was genotyped with T-INT2-specific primers. The T-INT2-
SP1 cluster (560 bp) in the T-INT2 region, and the
JunD-CTCF region (220 bp), were removed using the
same strategy. All gRNAs are listed in Supplementary
Table S1.

Targeting chromatin interactions by dCas9

T-INT2 specific gRNAs were designed to tile the en-
tire interaction region. All gRNAs were cloned into the
lentiGuide-Puro vector (Addgene #52963). Cells were
transfected with a gRNA together with KRAB-dCas9 (Ad-
dgene #71237) or AM-dCas9 (Addgene #92220) vectors.
Cells were harvested 48 h after transfection for ChIP and
gene expression analysis. All gRNAs are listed in Supple-
mentary Table S1.

Transfection

For RNA interference, cells were transfected with the dsi-
RNAs dsi-control and dsi-JunD (Integrated DNA Tech-
nologies) using Lipofectamine reagent (Thermo). Trans-
fection medium was replaced with DMEM supplemented
with 10% FBS after 6 h, and cells were harvested after
36 h.

RNA isolation and expression analysis

RNA was extracted by the Trizol method, followed by col-
umn purification (Qiagen). cDNA synthesis was performed
from 1 �g RNA using the Maxima First-strand cDNA syn-
thesis kit (Thermo). qPCR was performed using 5 ng cDNA
and SSO-Sybr Greener qPCR master mix (BioRAD). Data
were normalized to actin and analysed by the 2−��Ct delta-
delta Ct method. All qPCR primers are listed in Supple-
mentary Table S1.

Chromatin immunoprecipitation (ChIP) assays

ChIP was performed as described previously (18). Cells
were cross-linked for 10 min using 1% formaldehyde. Af-
ter sonication and pre-clearing, anti-Sp1 (Active-Motif;
39058), anti-H3K4Me3 (Millipore; 04-745), anti-CTCF
(Active-Motif; 91285), anti-Pol2 (Millipore; 05-623) and

IgG (Santa Cruz Biotechnology) antibodies were used for
immunoprecipitation at a concentration of 1 �g per 1 mil-
lion cells. ChIP eluate was used to perform ChIP-qPCR
with specific primers. Primers are shown in Supplementary
Table S1.

ChIP-seq data analysis

ChIP-seq data (bigWig file) for transcription factors JunD
and CTCF in HCT116 lines were obtained from NCBI
GEO GSE32465 and GSE30263, respectively.

Pharmaceutical drug screen analysis

Gene’s expression (Cancer Cell Line Encyclopedia, genes
TPM) and drug sensitivity datasets (PRISM repurposing
screen, MFI log2 fold-change) were obtained from Broad
Institute DepMap web portal (https://depmap.org/portal/
download/), 21Q3 release (19). Pearson’s correlation was
used in the correlation analysis of genes expression with
drugs sensitivity. Negative correlation means higher drug
sensitivity with high expression of respective gene in the
cells. Unpaired two-samples t-test was used in comparison
of drug sensitivity in between CRC cells with high and low
JunD expression.

Telomerase-activity assay (TRAP)

The TRAP assay was performed as previously described
(20).

Cell proliferation and viability

Cell proliferation was measured using CCK8, according
to the manufacturer’s recommendations. Briefly, 2000 cells
per well were seeded into 96-well plates. Cells were treated
with 2 �M dimethyl sulphoxide (DMSO) and 5 �M sali-
nomycin. Medium was replaced with CCK8 regent 2h
before of each time point. Absorbance was measured at
450 nm.

Xenograft studies

HCT116 T-INT2-SP1-WT and T-INT2-SP1-KO cells (5 ×
106) were subcutaneously injected into NOD/SCID mice.
Tumour volume was monitored for 24 days.

Statistical analysis

The two-tailed Student’s t-test was applied to compare two
groups for the ChIP-qPCR, 3C-qPCR, qPCR and RT-
TRAP experiments. The mean ± SD of each ChIP, 3C, gene
expression, 4C and 3C assay were obtained from at least
three independent experiments, as indicated in the figure
legends.

RESULTS

Increased open chromatin and hTERT expression in CRCs
correlate with JunD levels

Expression of AP-1 family of transcription factors is up-
regulated in CRCs (21). To evaluate the influence of mem-
bers of the AP-1 family on hTERT expression, the rate
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limiting step in tumorigenesis, we analysed RNA-seq data
from 292 CRC samples (22) and found a positive corre-
lation between JunD and hTERT expression (Supplemen-
tary Figure S1A). It is widely perceived that detection of
hTERT is challenging in RNA-seq experiments because of
its low levels of mRNA, which often result in low cor-
relation coefficients (23). The correlation between hTERT
and JunD levels was also evident when validated by RT-
qPCR using patient-derived CRC cells (PDCs) (n = 10)
and fresh CRC patient samples (n = 20) (Figure 1A and
B). Indeed increased JunD levels were seen in primary tu-
mours as compared to their matched normal controls (Fig-
ure 1B, bottom panel). We hence evaluated whether JunD
directly regulates hTERT transcription. Depletion of JunD
using two different siRNAs reduced hTERT expression in
HCT116 human CRC cells (Supplementary Figure S1B,
C). Since most CRCs harbour no hTERT promoter muta-
tions, we queried if JunD specifically regulates hTERT ex-
pression via the WT-hTERT promoters. Depletion of JunD
in HCT116 isogenic cells HCT116−146C or HCT116−146C>T

harbouring WT-hTERT or Mut-hTERT promoters respec-
tively, showed that JunD specifically regulated the WT-
hTERT promoter (Figure 1C).

In many cancer types, Jun family members form homo
or hetero dimers and regulate proliferation by recruiting
the CBP/p300 complex to specific promoters (24,25). Aside
from other AP-1 members, JunD has also been shown
to co-localize with CTCF on chromatin (26) and regulate
chromatin compactness through alteration of CTCF occu-
pancy and activity. To identify accessible chromatin regions
that are influenced by JunD occupancy and which might
have functional roles in regulating hTERT expression, we
first analysed differential ATAC-seq regions in high-JunD
and low-JunD patient-derived CRC cells (PDCs) (Figure
1D, E) all of whom had a WT-hTERT promoter (Supple-
mentary Figure S1D) and compared them with ATAC-seq
peaks from healthy colon cells. To identify JunD-dependent
CRC-specific open chromatin regions, we overlapped our
high-JunD-specific open chromatin regions with ATAC-seq
peaks from public CRC samples. Subsequently, these re-
gions were matched with JunD and CTCF chromatin im-
munoprecipitation sequencing (ChIP-seq) peaks leading to
the identification of 25 candidate regions that might func-
tionally regulate WT-hTERT activity (Figure 1F). Unlike
in stem cells, where WT-hTERT promoter is constitutively
active, hTERT reactivation in cancer cells is a consequence
of oncogene mediated epigenetic alterations (27–31). To
identify cancer-specific distal regulatory regions which drive
WT-hTERT promoter in response to oncogenes, we com-
pared accessible chromatin regions between CRC cells and
embryonic stem cells. Among the 25 identified genomic re-
gions, we observed 10 unique accessible regions co-enriched
with JunD and CTCF that were not present in stem cells.
We focused on the most significant, chr5:1 437 340–1 438
020 region located ∼140 kb upstream of the hTERT prox-
imal promoter (Figure 1G). Genomic tracks of ATAC-seq
and ChIP-seq peaks (for JunD and CTCF) are shown for
chr5:1 437 340–1 438 020 (hereafter referred to as the JunD-
CTCF region) (Figure 1H). These results suggested for the
first time that distinct open chromatin regions and under-
lying mechanisms, not only between WT-hTERT and Mut-

hTERT promoters but also between WT-hTERT promoters
in cancer cells and stem cells, likely regulate hTERT expres-
sion.

The JunD-CTCF region functionally regulates WT-hTERT
promoter in CRCs

To analyse the functional relevance of the JunD-CTCF
region (Figure 2A) in regulating hTERT expression, we
knocked out (KO) this region by CRISPR, creating
HCT116JunD-CTCF-KO and DLD1JunD-CTCF-KO cells (Figure
2B). Interestingly, removal of this non-coding, distal DNA
region located ∼140 kb upstream of the WT-hTERT pro-
moter resulted in dramatic reduction of hTERT expres-
sion, suggesting that epigenetic regulation, possibly through
alteration of chromatin architecture may regulate WT-
hTERT promoter (Figure 2C, Supplementary Figure S1E).
Five Sp1 binding sites in the proximal WT-hTERT pro-
moter are the major determinants of its activity in can-
cer cells (32). We performed ChIP analysis to determine
whether the reduction of hTERT expression observed in
HCT116JunD-CTCF-KO cells was the result of the loss of
Sp1 occupancy on the proximal hTERT promoter. Sp1,
H3K4Me3 and Pol2 occupancy on the proximal hTERT
promoter significantly reduced in HCT116JunD-CTCF-KO and
DLD1JunD-CTCF-KO cells, which suggested that the distal
JunD-CTCF region had a functional role in regulation of
WT-hTERT promoter activity (Figure 2D, F and Supple-
mentary Figure S1F). To assess whether the JunD binding
site immediately upstream of JunD-CTCF region was es-
sential for WT-hTERT regulation, we knocked down JunD
in HCT116JunD-CTCF-WT and HCT116JunD-CTCF-KO cells and
found that hTERT expression was specifically reduced in
HCT116JunD-CTCF-WT cells with intact JunD-CTCF region
(Figure 2G). To examine whether JunD regulated hTERT
expression via opening of the chromatin, enabling CTCF
to bind to the JunD–CTCF region, we created HCT116
and DLD cells (HCT116�JunD and DLD1�JunD) which
had a 9-bp deletion in JunD binding motif within the
JunD-CTCF region (Figure 2H, I). Similar to the ob-
servations in HCT116JunD-CTCF-KO and DLD1JunD-CTCF-KO

cells where JunD-CTCF region was completely deleted,
HCT116�JunD DLD1�JunD cells with targeted deletion of
JunD sites showed marked reduction in hTERT expres-
sion (Figure 2J), when compared with HCT116WT-JunD cells
where JunD site was intact. Compared to HCT116WT-JunD

cells HCT116�JunD showed no JunD occupancy and re-
duced CTCF occupancy in the JunD-CTCF region (Fig-
ure 2K, L). Similar to deletion of the JunD-CTCF re-
gion, JunD-motif deletion also abrogated Sp1 binding
in the proximal WT-hTERT promoter (Figure 2M). Sp1
molecules are known to form dimers or tetramers, either be-
tween adjacent or (via long-range chromatin interactions)
distal Sp1 sites, leading to super-activation of promoters
(33). Our results suggested that Sp1 occupancy on the prox-
imal WT-hTERT promoter was regulated by a distal reg-
ulatory region enriched with CTCF binding sites. Because
CTCF is known to regulate the formation of chromatin in-
teractions, we postulated that Sp1 bound to the proximal
WT-hTERT promoter might be tethering long-range Sp1–
Sp1 dimers to stabilize and drive WT-hTERT expression.
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Figure 1. Colon cancer cells with high levels of expression of JunD and hTERT harbour a CTCF-occupied open chromatin region. (A, B) Gene expression
correlation of JunD and hTERT is shown in patient derived CRC cells (n = 10) and (B) fresh CRC tumor samples (n = 20) by RT-qPCR analysis. Bottom
panel in (B) shows JunD protein levels in normal-tumor matched samples by western-blot analysis. (C) Gene expression analysis of hTERT by RT-qPCR
in isogenic HCT116 cells transfected with si-Control or si-JunD. (D, E) Gene expression analysis of hTERT and JunD genes by RT-qPCR in six PDCs.
We selected the top 30% high JunD expressed samples based on panel (A) and grouped them as JunD-High (red). Similarly, lowest 30% of the PDC
samples in panel (A) were selected as JunD-Low (green) group. Gene expression is calculated relative to the sample with lowest hTERT expression. (F)
Differential accessible regions identified between cells with low and high JunD expression sequentially overlapped with normal samples, CRC-specific
chromatin accessible regions, JunD and CTCF binding sites. Numbers of potential regulatory regions in chromosome 5 are listed in the Venn diagram. (G)
Additional filter applied to eliminate overlapping peaks associated with embryonic stem cells from the consensus regions. The hits remained after filtering
are indicated in a table. (H) Genome tracks show the ATAC-seq and ChIP-seq peaks at the candidate region (chr5:1 437 340–1 438 020) closest to the
hTERT promoter (∼140 kb upstream) for the indicated samples.
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Figure 2. The JunD-CTCF region regulates hTERT promoter activity. (A) Schematic view of chromosome 5 with the hTERT promoter and JunD-CTCF
region (chr5:1 437 340–1 438 020) identified by ATAC-seq and ChIP-seq analysis. The discontinuous line indicates the regions removed by genome editing
with CRISPR/Cas9. (B) Genotyping results are shown for each of the HCT116JunD-CTCF-WT and HCT116JunD-CTCF-KO clones. (C) Comparison of hTERT
expression levels in HCT116JunD-CTCF-WT and HCT116JunD-CTCF-KO clones by RT-qPCR analysis (D–F) ChIP was performed in HCT116JunD-CTCF-WT and
HCT116JunD-CTCF-KO cells using antibodies against Sp1, H3K4Me3 and Pol2, followed by qPCR with primers specific to the proximal hTERT promoter
region. (G) HCT116JunD-CTCF-WT and HCT116JunD-CTCF-KO cells were transfected with si-control, si-JunD#1 and si-JunD#2. The graph shows hTERT
gene expression analysis by RT-qPCR after 36 h of transfection. (H) Schematic view of chromosome 5 indicating the hTERT promoter and JunD-CTCF
region. The discontinuous line indicates the JunD binding site that was removed by genome editing with CRISPR/Cas9. (I) Genotyping results by Sanger
sequencing are shown for HCT116WT-JunD and HCT116�JunD clones. (J) Comparison of hTERT expression levels in HCT116WT-JunD and HCT116�JunD

cells by RT-qPCR analysis. (K–M) ChIP was performed in HCT116WT-JunD and HCT116�JunD cells using antibodies against JunD, CTCF and Sp1,
followed by qPCR with primers specific to the JunD-CTCF region and the proximal hTERT promoter region. Enrichment was calculated by the % input
method for ChIP-qPCR experiments. Ct values were normalized to actin in RT-qPCR analyses. Error bars indicate the mean ± SD of three independent
CRISPR clones. P-values were calculated by Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001; n.s. not significant).
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JunD is one of the factors that regulate CTCF occupancy
seeds long-range chromatin interactions between the T-INT2
and WT-hTERT promoter in CRC

Given that increased occupancy of CTCF in the JunD-
CTCF region, facilitated by JunD, enhanced hTERT ex-
pression, and because CTCF is known to mediate chro-
matin interactions, we performed circularized chromosome
conformation capture sequencing (4C-seq) in CRC cells to
identify chromatin interactions that functionally drive WT-
hTERT promoters. We observed distinct chromatin inter-
actions in CRC cells harbouring an active WT-hTERT pro-
moter (Figure 3A). 4C-seq was used to distil the common
interaction regions detected in all CRC cells and these were
validated and quantified by chromosome conformation
capture (3C) qPCR assays. A 7.5-kb T-INT2 region (here-
after referred to as Tert interacting region 2 [T-INT2]) with
the genomic location chr5:1 417 891–1 425 309 was found to
interact strongly with the proximal WT-hTERT promoter
(Supplementary Figure S1G). T-INT2 was also found to
form stronger interactions with the WT-hTERT promoter
in PDCs with high hTERT expression than in samples with
low hTERT expression (Figure 3B), thereby suggesting that
it harbours functional elements key to drive hTERT. There
was no significant difference in the interaction of T-INT1
with proximal WT-hTERT in CRCs, irrespective of their
high or low hTERT levels (Figure 3B), further reiterating
that distinct chromatin regions drive Mut-hTERT vs. WT-
hTERT promoters; while T-INT1 drives Mut-hTERT, T-
INT2 is needed to drive WT-hTERT promoters. To investi-
gate whether any of the chromatin interactions detected in
the 4C and 3C experiments functionally regulated the WT-
hTERT promoter, we systematically knocked out T-INT2
(Supplementary Figure S1H) and all other chromatin re-
gions, including T-INT1, in HCT116 cells, using two guide
RNAs (gRNAs) targeting the 5′ and 3′ ends of each inter-
acting chromatin region, and assayed for hTERT expression
(Supplementary Figure S1I–K). T-INT2 region (chr5:1 417
891–1 425 309) is functionally key in driving WT-hTERT,
since the removal of this region specifically led to the loss
of hTERT expression in HCT116T-INT2-KO cells (Supple-
mentary Figure S1H). Additionally, deletion of T-INT1 re-
gion, known to drive Mut-hTERT promoter (7), did not al-
ter hTERT expression driven by the WT-hTERT promoter
in HCT116T-INT1-KO cells (Supplementary Figure S1K). We
also generated DLD1T-INT2-KO cells and observed a simi-
lar reduction of hTERT expression as in HCT116T-INT-KO

cells (Supplementary Figure S1L). Notably, deletion of T-
INT2 region in A375 and BLM cells (which harbour Mut-
hTERT promoters) had no significant effect on hTERT ex-
pression (Supplementary Figure S1M, N). These results
suggested that T-INT2 functionally regulates hTERT ex-
pression specifically via WT-hTERT promoters (Figure 3B).
By contrast, T-INT1 did not have any role in the regulation
of hTERT expression in these cells (Figure 3B and Supple-
mentary Figure S1K). For easy reference, Table 1 summa-
rizes the chromosome coordinates of all the edited regions,
along with the hTERT promoter status in the edited cells
and the figure numbers where these have been used in this
study.

But how does T-INT2 region regulate WT-hTERT ac-
tivity? Given the correlation between JunD and hTERT
expression in cells with WT-hTERT promoters, we next
analysed if JunD plays a key initiating role in the forma-
tion of long-range chromatin interactions between T-INT2
and proximal WT-hTERT promoter. Depletion of JunD in
isogenic HCT116−146C or HCT116−146C>T cells with WT-
hTERT and Mut-hTERT promoters, respectively, showed
that T-INT2 interaction with proximal WT-hTERT pro-
moter is specifically reduced in HCT116−146C cells (Figure
3C). Similarly, deletion of JunD-CTCF region inhibited the
interaction between T-INT2 and proximal WT-hTERT pro-
moter in HCT116JunD-CTCF-KO cells (Figure 3D). We anal-
ysed T-INT2 and JunD-CTCF regions for H3K4Me1 and
H3K27Ac histone mark enrichment and showed that nei-
ther of these regions have enhancer features (Supplemen-
tary Figure S2). These results suggest that JunD enrichment
in the JunD-CTCF region relaxes the chromatin structure
and enables CTCF to bind and bend the chromatin to en-
hance the interaction between T-INT2 and proximal WT-
hTERT promoter. This function of JunD was specifically
relevant to WT-hTERT promoters, as JunD loss had no
consequences on hTERT expression and chromatin inter-
actions via Mut-hTERT promoters (Figures 1C and 3C).

Catalytically dead Cas9-induced steric hindrance identifies
an Sp1 cluster 5′ of the T-INT2 region critical for activation
of WT-hTERT promoter in CRCs

To define the core functional region within the 7.5-kb T-
INT2 region, that drives WT-hTERT promoter, we de-
signed eight dCas9 gRNAs spaced throughout the en-
tire T-INT2 region (Figure 3E) and evaluated them in
HCT116−146C and HCT116−146C>T cells. Each gRNA
was co-transfected with a vector expressing the Krüppel-
associated box repressor fused to dCas9 (KRAB–dCas9).
In HCT116−146C cells, but not in HCT116−146C>T cells, we
observed a significant reduction of hTERT expression in
cells transfected with gRNA a, which targets the 5′ region
of T-INT2 (Figure 3E). Next, we designed three closely
inter-spaced gRNAs that bind within the region targeted by
gRNA a. We observed a dramatic and consistent reduction
in hTERT expression in cells transfected with gRNAs a1,
a2 and a3 in HCT116−146C cells but not in HCT116−146C>T

cells (Figure 3F). As the experiments were performed us-
ing dCas9 fused to KRAB, which is a transcriptional in-
hibitor itself and could recruit other epigenetic modifiers
to the site, we repeated the experiment with a version of
dCas9 without the KRAB and noted a similar reduction
in hTERT expression in HCT116–146C cells co-transfected
with gRNAs (control, a1, a2 and a3) and dCas9 (Figure
3G). A motif-prediction algorithm (34) identified five Sp1
and c-MYC binding motifs at the 5′ end of the T-INT2 re-
gion (Supplementary Figure S3A-B). Notably, the hTERT
proximal promoter also harbours five Sp1 and c-MYC mo-
tifs (Supplementary Figure S3C-D). Regulatory factors that
bind to the hTERT promoter, including GABP�/�, Sp1
and c-MYC, have all been shown to mediate chromatin in-
teractions by juxtaposing enhancers to promoters (35–38).
Notably, the gRNAs a1 and a2 targeted the regions imme-
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Figure 3. JunD-mediated CTCF occupancy regulates WT-hTERT–T-INT2 long-range chromatin interaction. (A) 4C sequencing for long-range chromatin
interactions with the hTERT promoter in four CRC cell lines. Significant interaction regions (P < 0.05) identified in each line are plotted and regions
present in all lines are highlighted in red. Interaction regions are shown in dark-blue boxes, and were functionally validated by 3C-qPCR and CRISPR
deletion experiments. (B) Relative chromatin interaction frequency between the hTERT promoter and the indicated chromatin regions identified by 4C
were measured by 3C-qPCR in primary CRC samples. Mut-hTERT-specific chromatin interaction region T-INT1 (chr5:1,558,087) was used as a negative
control. (C) Chromatin interaction frequency between the hTERT promoter and T-INT2 region was measured by 3C-qPCR in isogenic HCT116 cells
transfected with si-Control or si-JunD. (D) Chromatin interaction frequency between the WT-hTERT promoter and T-INT2 was measured by 3C-qPCR
in HCT116JunD-CTCF-WT and HCT116JunD-CTCF-KO cells. (E) Isogenic HCT116−146C and HCT116−146C>T cells were co-transfected with KRAB–dCas9
expression vector and different gRNAs targeting the T-INT2 region, or non-targeting control gRNA. RNA was isolated 2 days after transfection and gene
expression levels of hTERT were measured by qPCR. The horizontal dotted line shows the mean hTERT expression change in HCT116−146C>T cells and
is set as a threshold. The T-INT2 region (chr5:1 417 891–1 425 309) is shown in grey. Putative Sp1 motifs are shown as blue dots within the Sp1 cluster.
(F) HCT116−146C and HCT116−146C>T cells were co-transfected with KRAB–dCas9 expression vector and non-targeting control gRNA (cont) or one of
three different gRNAs targeting the region targeted by gRNA a. Gene expression levels of hTERT were measured by qPCR. (G) HCT116–146C cells were
co-transfected with dCas9, non-targeting control gRNA (cont) or three different gRNAs targeting the region nearby to gRNA a. RNA was isolated two
days after transfection and gene expression levels of hTERT were measured by qPCR. Ct values were normalized to actin. Error bars indicate mean ± SD
of three independent experiments. P-values were calculated by Student’s t-test (*P < 0.05; **P < 0.01).
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diately upstream and downstream of the Sp1 cluster in the
T-INT2 region, suggesting that Sp1 subunits bound at the
5′ end of T-INT2 might have been critical for mediation of
the observed long-range chromatin interactions.

The Sp1 cluster in the T-INT2 region is essential for func-
tional activity of WT-hTERT promoter in CRC

To verify whether the Sp1 cluster in T-INT2 region func-
tionally regulates hTERT expression, we removed a ∼560-
bp region within T-INT2, which contained five Sp1 bind-
ing motifs, resulting in the T-INT2-Sp1-KO genotype in
HCT116 and DLD1 cells (Figure 4A). In multiple iso-
genic clones of HCT116T-INT2-Sp1-KO and DLD1T-INT2-Sp1-KO

cells, hTERT expression was dramatically reduced com-
pared with HCT116T-INT2-Sp1-WT and DLD1T-INT2-Sp1-WT

cells where this cluster was intact, suggesting that the Sp1
cluster in T-INT2 is essential for functional regulation of
hTERT expression via the WT-hTERT promoter (Figure
4B, C). We performed ATAC-seq in HCT116T-INT2-Sp1-WT

and HCT116T-INT2-Sp1-KO cells to determine if the T-INT2
region regulates the compactness of the hTERT pro-
moter. As compared to the HCT116T-INT2-Sp1-WT clones,
we observed a significant reduction in open chromatin
formed at the hTERT promoter in two independent
HCT116T-INT2-Sp1-KO clones (Supplementary Figure S4A).
As a control, we tested Gapdh and Clptm1l promoters (Sup-
plementary Figure S4B, C) and observed no difference in
ATAC signals for these regions. As a control, we showed
that there is no significant difference in Sp1 and JunD lev-
els in isogenic lines suggesting that the reduction of hTERT
expression is due to lack of the T-INT2 long range chro-
matin interaction but not because of Sp1 or JunD protein
levels (Supplementary Figure S4D). We conducted an anti-
H3K4Me3 ChIP-qPCR experiment and observed a reduc-
tion in active histone marks in the WT-hTERT promoter of
HCT116T-INT2-Sp1-KO cells relative to HCT116T-INT2-Sp1-WT

cells (Figure 4D). ChIP with an anti-Sp1 antibody demon-
strated that removal of the Sp1 cluster in the T-INT2 re-
gion reduced Sp1 occupancy on the WT-hTERT proxi-
mal promoter in HCT116T-INT2-Sp1-KO cells (Figure 4E). We
also confirmed that, in the absence of the JunD-CTCF re-
gion, Sp1 occupancy also diminished in the T-INT2 region
in HCT116JunD-CTCF-KO cells (Supplementary Figure S5A),
suggesting that Sp1 binding in the proximal WT-hTERT
promoter was dependent on its interaction with distal Sp1
subunits bound to the T-INT2 region (Figure 2D and 4E).
These results indicated that the Sp1 cluster in T-INT2 is es-
sential and specific for regulating the WT-hTERT promoter
(shown in model Figure 4A). As a result of the reduction in
hTERT gene expression, we also observed a significant loss
of telomerase activity in the HCT116T-INT2-Sp1-KO cells (Fig-
ure 4F).

To explore the in vivo functional outcome, we im-
planted HCT116T-INT2-Sp1-WT and HCT116T-INT2-Sp1-KO iso-
genic cells into NOD/SCID mice. Removal of the Sp1 clus-
ter in the T-INT2 region in the HCT116T-INT2-Sp1-KO cells
resulted in a significant dampening of hTERT expression
(Figure 4B) and tumour growth (Figure 4G, H) relative
to that seen in the HCT116T-INT2-Sp1-WT cells. These results
suggested that Sp1 molecules bound to T-INT2 and the

proximal promoter regions were key mediators of a long-
range interaction that regulated hTERT expression and cell
growth in cancer cells with the WT-hTERT promoter (Seen
in model Figure 4A)

These results suggest that the long-range chromatin in-
teraction mediated by T-INT2 contributes to an open chro-
matin structure at the hTERT promoter and this chromatin
interaction allows binding of the master transcription fac-
tor Sp1 to the hTERT promoter, driving hTERT expression
in cancer cells harboring the WT-hTERT promoter.

High �-catenin levels initiate a JunD-mediated cascade of
events leading to WT-hTERT expression in CRC

To understand how JunD levels increase in CRC and what
is the trigger for reactivation of hTERT, we investigated
�-catenin stabilization that occurs due to APC/�-catenin
mutations in CRC. Mutations in APC are highly prevalent
in colon cancer and they lead to the activation of several
oncogenic signaling pathways (39) via the upregulation of
�-catenin protein (40). Analysis of fresh CRC patient sam-
ples revealed a significant correlation between �-catenin
and JunD expression (Supplementary Figure S5B, C). To
validate the mechanical link between �-catenin and JunD,
we analyzed HCT116 and HT29 lines expressing high and
low levels of �-catenin, respectively (Supplementary Fig-
ure S5D). Knock-down of �-catenin with two different
shRNAs reduced hTERT expression in HCT116 cells while
not altering the Sp1 levels (Supplementary Figure S5E–
G). Similar to JunD, �-catenin depletion led to hTERT-T-
INT2 chromatin interaction (Supplementary Figure S5H).
Interestingly, silencing �-catenin in HT29 cells did not have
any impact on hTERT expression (Supplementary Figure
S5I, J); possibly due to very low level of �-catenin in the
basal condition (Supplementary Figure S5D). However,
knock-down of APC increased �-catenin stability and en-
hanced JunD protein expression and increased hTERT ex-
pression significantly in HT29 cells (Supplementary Figure
S5K–M). In addition, we confirmed that APC mediated �-
catenin stability also increased Sp1 occupancy on the WT-
hTERT proximal promoter (Supplementary Figure S5N).

Salinomycin inhibits JunD-mediated interaction between T-
INT2 and proximal WT-hTERT promoter in CRCs

To identify potential inhibitors which can be used to disrupt
specific chromatin structure that can inhibit WT-hTERT
expression in a cancer cell specific manner, we analysed
drug screening datasets on preclinical cell lines (35 CRC
cell lines using 4603 drugs using DepMap (19). We analysed
the correlation between JunD expression levels and cell
viability upon drug treatments (Figure 5A). Salinomycin,
an antibiotic widely used against gram-positive bacteria,
has been shown to have anti-cancer effects against hepa-
tocellular carcinoma and CRC (41–45), and reduce JunD
levels in cancer cells (41), was found as a hit in the screen.
Significantly, a comparison of high (top 30%) and low (bot-
tom 30%) JunD expressing CRC lines revealed significantly
higher efficacy of salinomycin in inhibiting hTERT expres-
sion in CRCs with high JunD expression levels (Figure 5B).
Analysis of salinomycin efficacy as a function of hTERT
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Table 1. Edited cell lines used in the study along with respective figure numbers, edited coordinates and hTERT promoter mutation status are shown

promoter status also revealed higher efficacy in cells with
WT-hTERT promoter (Supplementary Figure S6A, B).
Consistent with these results, salinomycin showed poorer
efficacy in bladder cancer lines where Mut-hTERT pro-
moters are predominant drivers of hTERT (Supplementary
Figure S6C). These results indicate that salinomycin sensi-
tivity is possibly specific to CRC. It most likely works due
to its direct effect on JunD expression levels, which controls
WT-hTERT transcription via the aforementioned mech-
anisms. For confirmation of this mechanism, we treated
isogenic HCT116JunD-CTCF-WT, HCT116JunD-CTCF-KO

and DLD1JunD-CTCF-WT, DLD1JunD-CTCF-WT cells

with salinomycin for 24 h and observed a more
pronounced reduction of hTERT expression in the
HCT116JunD-CTCF-WT and DLD1JunD-CTCF-WT cells as
compared to HCT116JunD-CTCF-KO and DLD1JunD-CTCF-KO

counterparts (Figure 5C–H), suggesting that salinomycin
reduced hTERT expression mainly via its action of JunD
mediated cascade initiated due to its binding on the
JunD-CTCF region described above. Notably, salinomycin
treatment disrupted the interaction between T-INT2
and the WT-hTERT proximal promoter (Supplementary
Figure S6D), and specifically inhibited hTERT expression
in cells with WT-hTERT promoter (Figure 5E). Having
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Figure 4. The Sp1 cluster in the T-INT2 region is essential for functional activity of WT-hTERT promoter in CRC. (A) Schematic representation of the
wild-type (WT)-hTERT promoter and the long-range chromatin interaction region T-INT2. The hTERT promoter is shown in two parts: the proximal
promoter (up to −1 kb) and long-distance elements. The inactive T-INT1 is shown as transparent, and the active T-INT2 region shown as red, with the
chromosome coordinates (chr5:1 417 891–1 425 309). The discontinuous line indicates the CRISPR/Cas9-targeted Sp1 cluster in T-INT2 (T-INT2-SP1). (B,
C) Comparison of hTERT expression levels in parental, HCT116T-INT2-SP1-WT, HCT116T-INT2-SP1-KO and DLD1T-INT2-SP1-WT, DLD1T-INT2-SP1-KO cells.
Genotyping PCR results are shown for the HCT116T-INT2-SP1-WT and DLD1 T-INT2-SP1-WT (1100 bp) and HCT116T-INT2-SP1-KO and DLD1T-INT2-SP1-KO

(540 bp) clones. (D, E) ChIP was performed in HCT116T-INT2-SP1-WT and HCT116T-INT2-SP1-KO cells using antibodies against H3K4Me3 and Sp1 followed
by qPCR with primers specific to the proximal hTERT promoter region. Enrichment was calculated by the % input method. (F) Telomerase activity
was measured by RT-qPCR in HCT116T-INT2-SP1-WT and HCT116T-INT2-SP1-KO cells. (G, H) HCT116T-INT2-SP1-WT and HCT116T-INT2-SP1-KO cells were
transplanted into NOD/SCID mice and allowed to form tumours. After 24 days tumours were harvested and analysed. (H) Tumour volume was measured
at indicated time points (n = 4). Error bars indicate mean ± SD of three independent experiments. P-values were calculated by Student’s t-test (*P < 0.05;
**P < 0.01).
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Figure 5. Salinomycin treatment inhibits long-range chromatin interaction and hTERT expression in colon cancer cells. (A) Prediction analysis of
drugs potency in CRC cell lines. Plot shows ranked drug compounds based on correlation of JunD mRNA expression with cell viability in drug re-
sponse assay. (B) Violin plot shows comparison of cell viability in salinomycin treated CRC cell lines separated by JunD mRNA expression levels. (C,
D) HCT116JunD-CTCF-WT, HCT116JunD-CTCF-KO, DLD1JunD-CTCF-WT and DLD1JunD-CTCF-KO cells were treated with DMSO or salinomycin (2 mM)
for 24 h. hTERT gene expression was measured by RT-qPCR. Actin was used as a control. The graph shows the mean values of three independent
HCT116JunD-CTCF-WT, HCT116JunD-CTCF-KO, DLD1JunD-CTCF-WT and DLD1JunD-CTCF-KO clones. (E) Gene expression analysis of hTERT is shown by
RT-qPCR analysis in HCT116–146C and HCT116–146C>T cells treated with or without salinomycin for 24 h. (F, G) Patient-derived colon cancer cells
CRC1489 and 1258 (Low-JunD) and CRC1846 and CRC1707 (high-JunD) were treated with or without salinomycin for indicated concentrations and
time points. The graph shows the hTERT gene expression levels measured by RT-qPCR. (H, I) Graph shows growth rate of the CRC1846 and CRC1707
cells treated with salinomycin by the CCK8 assay. Error bars indicate the mean ± SD of three experiments. p-values were calculated by Student’s t-test (*P
< 0.05; **P < 0.01; ***P < 0.001).
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observed that salinomycin showed JunD dependent hTERT
inhibition, we tested its action using low and high JunD ex-
pressing PDCs. Compared to low JunD expressing PDCs,
salinomycin caused a significant reduction in hTERT ex-
pression in cells with high JunD expressing PDCs (Figure
5F, G). Furthermore, we observed a dramatic reduction
of cell growth in high JunD expressing patient-derived
primary CRC cells (Figure 5H, I). Our results suggested
that elevated levels of JunD in CRCs directly initiate and
contribute to the activation of the WT-hTERT promoter
by increasing the binding of CTCF in a region located
∼140 kb upstream of the hTERT promoter and ∼20 kb
upstream of the T-INT2 region. This binding facilitates
the bending of the chromatin such that Sp1 dimers in the
proximal hTERT promoter (chr5: 1 295 067-1 295 177) can
bind Sp1 dimers at the T-INT2 region (chr5: 1 417 932-1
418 217) thereby stabilizing this long-range interaction and
leading to productive transcription (Figure 6).

DISCUSSION

To circumvent undesirable cytotoxicity of telomerase en-
zymatic inhibitors, which block hTERT action in cancer
cells and stem cells alike, it is crucial to decipher mech-
anisms that specifically drive hTERT reactivation in can-
cer cells. Transcriptional reactivation of hTERT is the rate-
limiting step in tumorigenesis, which makes it a valuable
candidate for cancer therapy. Reactivation of hTERT oc-
curs by two distinct mechanisms based on the status of its
promoter. Mut-hTERT promoter reactivation is initiated
by binding of specific transcription factors on the de novo
cancer cell-specific mutant site. Still, the cascade of events
that ensue upon binding transcription factors to this mutant
site are not fully understood. We had previously identified
a long-range chromatin interaction between the proximal
Mut-hTERT promoters and a genomic region T-INT1 lo-
cated 260kb upstream that was required for reactivation of
hTERT subsequent to the binding of factors to the mutant
site (7). Tetramerization of GABP�/� subunits tethered be-
tween T-INT1 and the de novo ETS site in the proximal
Mut-hTERT promoter was found to be essential for creat-
ing and stabilizing this long-range chromatin interaction,
which promoted the opening of the chromatin around the
Mut-hTERT promoter via recruitment of chromatin mod-
ifiers like BRD4, eventually leading to hTERT expression
(7,46). Before these studies, the use of non-chromatinised
plasmid-based reporters had led us to believe that hTERT
promoter is regulated only by proximal elements less than
300 bp from the start of transcription (47–49). This study
(7) changed the paradigm that hTERT promoter was regu-
lated by chromatin regions way beyond the 300 bp that re-
searchers studied using reporter gene assays (47–49). This
information, on one hand, added to a key academic under-
standing of how hTERT reactivation is regulated in physiol-
ogy, but importantly, on the other hand, also opened oppor-
tunities for targetting hTERT reactivation using transcrip-
tional and epigenetic machinery that operates way beyond
the proximal hTERT promoter.

How does one begin to unravel the mechanistic details
of hTERT reactivation in further detail? With the advent
of genome editing methods, it was possible to edit the

hTERT loci on chromosome 5 and gain information on
hTERT regulation in the true chromatin context in the en-
dogenous loci. However, unlike with Mut-hTERT promot-
ers, where the introduction of single residue changes in the
genome allows for making reagents for studying reactiva-
tion of hTERT, there are no such defined events yet discov-
ered that lead to reactivation of WT-hTERT promoters in
vivo. However, the knowledge gained from our studies on
Mut-hTERT promoter could be a starting point in deci-
phering that hTERT promoters are not driven by elements
just proximal to the basal promoter but require distal re-
gions which have not been interpreted previously. Hence in
this study, we set out to identify previously uncharacterized
molecular and epigenetic drivers of WT-hTERT which drive
hTERT reactivation in 70% of cancers without hTERT pro-
moter mutations.

Unlike stem cells and induced pluripotent stem cells,
where 4 factors (Oct4, Sox2, Klf4 and c-Myc) keep WT-
hTERT promoter active (50,51), many cancers such as CRC
are driven by defined oncogenic alterations which func-
tion in a step wise manner. Hence, we reasoned that using
CRC as a model to study WT-hTERT reactivation would
be ideal as it would allow us the ability to toggle the sig-
nals (oncogenes or known alterations in CRC like APC)
that lead eventually to activation of hTERT, which is the
rate-limiting step in transformation. The rationale for such
an approach was also based on our findings that specific
chromatin regions such as the T-INT1 could be defined as
key drivers of Mut-hTERT promoters would allow the de-
signing of different classes of drugs that target the 2 dis-
tinct hTERT reactivation mechanisms with minimal cyto-
toxicity. In the step-wise transformation model in CRC,
KRAS and APC mutations lead to the accumulation of �-
catenin and activation of other oncogenic pathways driven
by AP-1 transcription family members (52,53). We found
that the expression of JunD, an AP-1 family member, was
highly correlated with hTERT expression (Figure 1A and
B). JunD upregulation in CRCs, regulates the transcrip-
tion of target genes by recruitment of epigenetic factors,
including CBP/p300, which are known to unwind chro-
matin, enabling other co-factors and epigenetic mediators
like CTCF to bind to nearby regions (21,24,25). Integrative
analysis of ChIP-seq (for JunD and CTCF) and ATAC-seq
(in CRC and healthy colon tissues) data identified an acces-
sible chromatin interaction region specific to CRC cells with
high expression of hTERT (and JunD). JunD occupancy
in this region augmented CTCF enrichment. CTCF is one
of the epigenetic molecules that regulate the 3D dynamics
of chromatin, and it mediates around 1800 interchromo-
somal and intrachromosomal interactions (54). CTCF and
cohesin work together to mediate long-range interactions
(55). Our results demonstrated that JunD-mediated CTCF
enrichment in the JunD-CTCF region altered the chromatin
structure and regulated long-range chromatin interaction
between the hTERT promoter and a genomic region (T-
INT2) located ∼120 kb upstream of the hTERT promoter.
Interaction between the T-INT2 region and the hTERT pro-
moter was stabilized by Sp1 tetramerization and this for-
mation was crucial for WT-hTERT reactivation, telomerase
activity and transformation. Furthermore, the T-INT2 re-
gion was specific for reactivation of the WT-hTERT pro-
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Figure 6. Stepwise hTERT reactivation mechanism in colorectal cancer. Oncogenic mutations in APC and beta-catenin enhance JunD levels in colon cancer.
Increased JunD enhances occupancy of CTCF on the JunD-CTCF region that mediates the formation of long-range chromatin interaction between T-
INT2 and hTERT, stabilizing Sp1 on the hTERT promoter. This 3D chromatin organization increases the accessibility of the WT-hTERT promoter and
enables Pol2 to transcribe the hTERT gene.

moter, as deletion of this region did not affect the ac-
tivity of Mut-hTERT promoters (Supplementary Figure
S1M, N).

Sp1 is a critical transcription factor for regulating pro-
moters like hTERT that lack TATA boxes (56–58). How-
ever, given that the long-range chromatin interaction that
activates the WT-hTERT promoter depends on Sp1 bridg-
ing, why do healthy somatic cells with abundant Sp1 not
employ this exact mechanism to keep hTERT activated all
the time? Our results showed that in cancers with the WT-
hTERT promoter, reactivation of the promoter involved
two co-occurring steps: a) elevation of JunD levels, enabling
CTCF to bind its target site and alter the chromatin struc-
ture to mediate T-INT2 and proximal hTERT chromatin
interaction; and b) Sp1–Sp1 multimerization by chromatin
looping, enhancing Sp1 occupancy on the hTERT proximal
promoter, increasing active histone mark enrichment and
decreasing promoter compactness. Crucially, our data sug-
gested that accumulation of beta-catenin during the step-
wise CRC transformation process leads to enhanced JunD
levels, which was likely to be the initial trigger that in-
voked a complex string of molecular events that activated
the WT-hTERT promoter. This multi-layered sequence of
events explains why normal cells, despite expressing abun-
dant Sp1, have no hTERT expression. Indeed, the trans-
formation of healthy cells into cancer requires multiple ge-
netic and metabolic alterations leading to hTERT reactiva-
tion (59,60). Therefore, hTERT promoter activity is tightly
regulated in somatic cells to limit replicative capacity. In
somatic cells with long telomeres, TRF2 facilitates a sub-
telomere loop with the hTERT promoter that suppresses
hTERT promoter activity and blocks transcription machin-
ery to transcribe the hTERT gene (61). Therefore, how cells
switch from the suppressive subtelomeric chromatin inter-
action to activating hTERT-T-INT2 must be further inves-
tigated.

Our results also illuminated commonalities and differ-
ences in the hTERT reactivation mechanisms between can-
cer cells with WT-hTERT and Mut-hTERT promoters. We
found that regardless of mutational status, hTERT pro-
moters are regulated epigenetically by long-range chro-
matin interactions that are mediated by tetramerization
of transcription factors in cancer cells. However, the dis-
tal regulatory regions that WT-hTERT and Mut-hTERT
promoters interact with and the transcription factors that
tetramerize for the formation of respective long-range in-
teraction along with co-regulators are significantly differ-
ent in both promoters. Such differences allow for precise
targeting of cancers based on their hTERT promoter sta-
tus. As proof of principle, we have shown here that Sali-
nomycin, an FDA-approved drug, could be used to disrupt
oncogenic chromatin structures in CRC lines to switch off
WT-hTERT promoters. On the other hand, in our previ-
ous study (7), we have demonstrated that cancers with Mut-
hTERT promoters could be targeted specifically with BRD4
inhibitors.

Overall, our results suggest that understanding how tran-
scription factors function in the 3D chromosomal environ-
ment offers great therapeutic potential, as chromatin inter-
actions are largely specific to particular cell types and genes
(62). Direct inhibition of molecules like hTERT and Sp1,
which have dual roles in cancer progression and normal cel-
lular homeostasis, has routinely failed because of intolera-
ble cytotoxicity. Therefore, our results suggest the potential
for new opportunities to identify inhibition strategies that
can be effectively implemented to target cancer cells specif-
ically without causing toxicity to stem cells.
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