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SUMMARY

A mutation in the promoter of the Telomerase Reverse Transcriptase (7£RT) gene is the most
frequent noncoding mutation in cancer. The mutation drives unusual monoallelic expression of
TERT, allowing immortalization. Here we find that DNA methylation of the TERT CpG Island
(CGl) is also allele-specific in multiple cancers. The expressed allele is hypomethylated, which is
opposite to cancers without 7ERT promoter mutations. The continued presence of Polycomb
repressive complex 2 (PRC2) on the inactive allele suggests that histone marks of repressed
chromatin may be causally linked to high DNA methylation. Consistent with this hypothesis,
TERT promoter DNA containing 5-methyl-CpG has much increased affinity for PRC2 in vitro.
Thus, CpG methylation and histone marks appear to collaborate to maintain the two 7ERT alleles
in different epigenetic states in 7ERT promoter-mutant cancers. Finally, in several cancers DNA
methylation levels at the 7TERT CGI correlate with altered patient survival.
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INTRODUCTION

TERT encodes the catalytic subunit of telomerase, the ribonucleoprotein complex that
maintains telomere length in stem cells and most cancer cells (Counter et al., 1992).
Multiple cancers show unusual monoallelic activation of TERT by the de novo acquisition of
a C>T transition on one 7ERT promoter (Horn et al., 2013; Huang et al., 2013, 2015; Killela
et al., 2013; Stern et al., 2015). These mutations occur at —124 (occasionally at —146) base
pairs (bp) from the translational start site and provide a new binding site for the GABPA/B1
transcription factor; the transcriptionally inactive 7ERT promoter in the same cell bears the
H3K27me3 repressive mark (Bell et al., 2015; Stern et al., 2015). In many other cancers,
TERT is expressed biallelically or monoallelically by molecular mechanisms that remain
poorly understood (Huang et al., 2015).

In addition to H3K27me3, 5-methyl-cytosine (5mC) at CpG dinucleotides is a canonical
epigenetic mark of transcriptional silencing (Baylin et al., 1998; Herman, 1999; Herman et
al., 1998; Laird and Jaenisch, 1996; Merlo et al., 1995). Here, however, the TERT gene has
been an outlier. TERT expression in most previously studied cancers is associated with
increased 5mC in the 7ERT promoter CGI (Barthel et al., 2017; Dessain et al., 2000;
Devereux et al., 1999) Thus, in these cancers, TERT transcription occurs despite this gain of
5mC. To explore this non-canonical relationship with 5mC in more detail, we chose to study
cancers with heterozygous —124 mutations, capitalizing on the fact that these cells contain
TERT alleles maintained in different transcriptional states. We reasoned that if 7ERT CGI
methylation were a positive regulator of TERT mRNA expression in these cells as suggested
by previous studies (e.g., Barthel et al., 2017), we should observe higher levels of 5mC on
the active promoter-mutant allele.

Contrary to this expectation, our results indicate that 5mC levels at the 7ERT promoter in
cancers with heterozygous —124 mutations are maintained at lower levels on the active allele
than on the transcriptionally silent allele. This finding is consistent with the canonical
influence of 5mC on transcription. Thus, TERT promoters with =124 mutations exhibit
divergent regulatory dynamics compared to those with wild-type (wt) promoters. We find
that the EZH2 subunit of PRC2, the enzyme responsible for deposition of H3K27me3,
resides at the inactive TERT allele. Testing for a causal relationship between DNA
methylation and histone methylation, we show that PRC2 displays a strong binding
preference for methylated 7ERT promoter DNA /n vitro. This suggests a regulatory circuit,
wherein low 5mC discourages PRC2 binding on active 7ERT alleles in these —124 cancers.

RESULTS
Distinct 5mC Levels at the TERT CGI in —124 Cancers

The TERT promoter contains a CGlI that is methylated in cancer, and the entire feature
extends from near chr5:1296000 (—838 relative to the 7ERT ATG) to a position near the end
of exon 2 (chr5:1293450). We first studied 5mC levels in the promoter region of the TERT
CGlI using ENCODE reduced representation bisulfite sequencing (RRBS) data generated on
a wide variety of primary cells and tumor-derived cell lines (Fig. 1A, B, Table S1A). We
observed a nearly uniform lack of methylation in this region of the 7ERT CGlI in primary
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cells (e.g., fibroblasts, BJ cells, IMR90) (Fig. 1B). In contrast, a nearly uniform gain of 5mC
characterized the tumor-derived lines.

Upon closer examination, it appeared that the three cell lines with —124 mutations (HepG2,
U87 MG, and SK-N-SH) exhibited intermediate or low levels of methylation at cg11625005
(Fig. 1B). We then examined unpublished RRBS data for 55 tumor-derived cell lines with
-124 or —146 mutations in the Cancer Cell Line Encyclopedia (CCLE) and compared them
with 207 cell lines lacking 7ERT promoter mutations (Fig. 1C, Fig. S1). These cell lines
were derived from a very broad range of cancer types (Table S1B). The data indicate that the
average level of 5mC is significantly lower in the lines with mutated 7ERT promoters
starting from around —220 bp upstream of the 7TERT ATG through —700 bp, and
significantly higher within exon 1 (+109 — +145, Fig. 1C, Table S2).

Some cancer cell lines show monoallelic expression (MAE) of TERT even in the absence of
promoter mutations (Huang et al., 2015). This phenotype suggested that the epigenetic
conditions that facilitate 7ERT expression in these cells might be distinct from those with wt
promoters that express TERT biallelically or cancers with promoter mutations. We therefore
examined DNA methylation in 16 cell lines with MAE and found methylation levels
resembling the wt cell lines at many nucleotide positions (Fig. 1C, Fig. S1). At two positions
(=290 — -271 and +109 — +145), however, the MAE cells converged with the epigenotype of
TERT promoter mutants, suggesting that these positions may be important for monoallelic
expression.

To assess whether patient tumor samples in The Cancer Genome Atlas (TCGA)
recapitulated the observed reduction in methylation in the 7TERT CGI seen in these
promoter-mutant cell lines, we combined —124 genomic profiling with 7ER7 promoter 5mC
from lllumina Infinium HumanMethylation450 BeadChip array at cg11625005 (a specific
CpG dinucleotide at —634.). We compared patient tumor samples with —124 mutations to
samples without mutations in cutaneous melanoma, liver cancer and bladder cancer. Despite
the Infinium array data comprising both active and inactive alleles, we detected significantly
reduced levels of methylation at cg11625005 in —124 tumors (Fig. S2). Thyroid cancer and
lower grade glioma did not display the same relationship between 5mC and the -124
mutation, although both of these tumor types exhibited conspicuously low TERT mRNA,
and thyroid cancer also displayed overall anomalously low levels of DNA methylation (Fig.
S2B).

Higher TERT Transcription in Bladder Cancer Cell Lines Associates with Reduced 5mC in
the TERT CGI

Data above indicate that both =124 mutant tumors and —124 cell lines exhibit distinct
methylation patterns at the 7ER7 CGI compared to tumors and cell lines with wt promoters.
Given the importance of promoter DNA methylation in regulating transcription, we
measured 7ERT CGI methylation and transcription in a panel of related —124 mutant
bladder cancer cell lines. T24 bladder carcinoma cells are a non-metastatic tumor-derived
cell line; T24T is a metastatic relative of T24 and was subsequently passaged in mice to
obtain the metastatic lines FL3 and SLT4 (Gildea et al., 2000, 2002). Bisulfite sequencing
analysis indicated that T24 exhibited the highest level of 5mC at the 7ERT CGl, while the
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other three lines exhibited decreased levels of 5mC at specific CpG dinucleotides (Fig. 2A,
Fig. S3A). T24 expresses low levels of the telomerase enzyme, while FL3, SLT4, and T24T
express much higher levels (Borah et al., 2015). We assessed the level of TERT mRNA in
these cells and found that the levels were highest in the metastatic derivative lines (Fig. 2B).
Thus, levels of 5mC at this locus are negatively correlated with TERT mRNA expression in
this series of related bladder cancer lines.

Reduced 5mC Characterizes the —124 Mutant TERT Alleles

Because the levels of 5mC described in the previous datasets are a composite of both
transcriptionally active and inactive alleles, we considered the possibility that tumor-derived
—124 cells may have allele-specific reduction of methylation. To isolate the active alleles for
bisulfite sequencing analysis, we employed chromatin immunoprecipitation (ChlP) using
anti-H3K4me2/3 antibodies (Stern et al., 2015) in six —124 cell lines. DNA fragments
isolated by ChIP were subjected to bisulfite sequencing. Bisulfite conversion results in the
transition of cytosine to thymine only in the absence of 5mC; methylated cytosines are
protected from this chemical reaction. Therefore, for each nucleotide position, the level of
5mC in ChIP samples relative to input samples can be assessed by quantifying the peak
height of unconverted cytosine relative to thymine. For each sequencing sample, the bisulfite
conversion was efficient as assessed by the complete conversion of neighboring non-CpG
cytosines. Quantification of these data across the six cell lines revealed that the H3K4me2/3-
associated active alleles commonly exhibited lower levels of CpG methylation at many
positions in the 7ERT CGlI (Fig. 2C,D, S3C). Note that these results are opposite to the
expectation from the literature of increased TERT gene expression correlating with high
CpG methylation in other cell types (Barthel et al., 2017; Guilleret and Benhattar, 2004), but
are consistent with our data on the four related bladder cancer lines (Fig. 2A,B). To provide
additional confidence in this conclusion, we cloned the PCR products from four cell lines
from input and H3K4me2/3 ChlIP products (Fig. S3D). The observation of higher
methylation in the input samples than the ChIP samples supports our conclusion that
reduced methylation characterizes the transcribed alleles in these heterozygous cell lines.

EZH?2 Is Preferentially Associated with the Silent TERT Allele

Previously we have described that transcriptionally inactive alleles in cancers with —124
mutations bear the H3K27me3 histone mark (Stern et al., 2015), which is one of the two
canonical histone marks of repressive chromatin. The enzyme responsible for the deposition
of H3K27me3, enhancer of zeste homolog 2 (EZH?2), is the catalytic subunit of the PRC2
complex. To test if EZH2 exhibited allele-specific recruitment at 7ERT7, we performed ChIP
using antibodies directed against histone marks or EZH2, followed by DNA purification,
PCR and Sanger sequencing. While DNA purified from chromatin prior to ChIP displayed
both alleles in sequencing traces, ChIP for both H3K27me3 and EZH2 exhibited enrichment
for the CCCTCC sequence (Fig. 3A,B) diagnostic of the silent allele. Thus, in these cells at
this locus, PRC2 exhibits a preference for occupying the inactive TERT allele. The second
major histone mark of repressive chromatin, tri-methylated H3K9, can co-occur with
H3K27me3 (Mozzetta et al., 2015). Allele-specific ChlP using antibodies against H3K9me3
showed that it was also enriched on the inactive, wt TERT promoter in these cells (Fig. 3B).
Therefore, the inactive TERT promoter is the target of both PRC2 as well as enzymes
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responsible for deposition of H3K9me3 such as G9a, SetDB1, and SUV39H1 and 2 (Greer
and Shi, 2012).

Because cell lines with wt TERT promoters typically exhibit much higher levels of 5mC at
the promoter (Fig. 1B), we tested whether this might correlate with relatively higher levels
of EZH2 recruitment. We therefore performed EZH2 ChIP in three lines with wt promoters:
HelLa, SNU-449, and HEK-293T. In addition, since the heterozygous liver cancer cell line
HepG2 displays relatively higher levels of 5mC for a 7ERT promoter mutant line, we also
tested EZH2 occupancy in this line. Each of these lines displayed relatively high levels of
EZH2 at the TERT promoter (Fig. S4B) compared to the heterozygous lines (Fig. 3C). To
further test the relationship between EZH2 and 5mC, we analyzed ENCODE ChiP-seq data
for HepG2 for which 5mC data are also available (Fig. S4C). These data indicate that both
5mC and EZH2 levels are higher in the 5” region of the 7ERT CGlI, while levels of both are
reduced near the 7ERT TSS. Because the active allele in HepG2 cells is likely to contribute
relatively little signal to these ChiP-seq data, and as we have demonstrated that in
heterozygous lines the active allele is hypomethylated, we conclude that the levels of 5mC
and EZH2 are correlated at this locus in this liver cancer cell line.

5mC Enhances PRC2 Binding to TERT Promoter DNA in vitro

Given that the inactive 7ERT allele in the —124 mutant cells accumulates both 5mC and
H3K27me3, as well as EZH2, we hypothesized that a functional relationship may exist
between these marks of inactive chromatin. Indeed, a number of studies have addressed the
relationship between DNA methylation and repressive histone marks (Bartke et al., 2010;
Lynch et al., 2012). Therefore, we tested whether 5mC-modification of DNA affects PRC2
binding /n vitro. We purified a recombinant human five-protein PRC2 complex (EZH2,
SUZ12, EED, RBBP4, and AEBP2; Fig. S4A) and used electrophoretic mobility shift assays
(EMSA) to test its ability to bind to either a fully unmethylated or fully methylated 7TERT
CGI DNA. PRC2 displayed >30-fold higher affinity to the 5mC-modified region of the
TERT promoter over the unmethylated DNA (Fig. 3D,E). These data suggest a positive
feedback relationship whereby reduced 5mC methylation at an active 7ERT locus may
discourage PRC2 recruitment.

5mC Levels at the TERT CGI Associate with Patient Survival in Multiple Cancers

Methylation levels at cg11625005 are negatively correlated with patient survival in some
cancers (Castelo-Branco et al., 2013, 2016; Gojo et al., 2017). We therefore analyzed overall
survival (OS) with respect to methylation and TERT promoter mutation in patient samples
for a range of cancers within the TCGA. We first analyzed the data for cutaneous melanoma
(SKCM) and found that samples with cg11625005 methylation beta values = 0.75 showed a
trend towards poorer survival, with borderline statistical significance (p=0.058) (Fig. 4). We
therefore analyzed the remaining cancer types using this threshold. These analyses revealed
that in HCC (LIHC, in which —124 mutations are common) and kidney renal papillary cell
carcinoma (KIRP, in which —124 mutations are uncommon), patients with methylation
above 0.75 at cg11625005 had significantly poorer OS. In contrast, patients with stomach
adenocarcinoma (STAD, in which —124 mutations are uncommon) exhibited significantly
better survival (Fig. 4). STAD not only exhibited an opposite relationship between 5mC and
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survival compared to LIHC and KIRP, but STAD also had an opposite relationship between
EZH2 expression levels and OS (Fig. S4D). These data suggest that the processes underlying
TERT CGI hypermethylation and genome-wide activity of PRC2 may be linked and are
indicative of altered patient survival in these cancers.
DISCUSSION

A key question in understanding the indefinite proliferation of cancer cells is how they
regulate the expression of their telomere maintenance machinery. Most cancers activate
TERT expression, either biallelically through poorly understood mechanisms or
monoallelically driven in many cases by heterozygous promoter mutations. Here we find
that a major arm of epigenetic gene regulation, CpG methylation, exhibits opposing
dynamics in cancers with heterozygous —124 mutations compared to cancers with wt 7TERT
promoters. Thus, the machinery maintaining the immortal phenotype in these two classes of
cancers is distinct. Reduced 5mC in the TERT promoter has been reported previously for
isolated subtypes of cancers with =124 mutations (Fan et al., 2016; Lindsey et al., 2014),
although the allele specificity of 5mC has not previously been reported. Our analyses of
large datasets of clinical samples broaden these findings to numerous cancers across many
tissue types and provide a mechanistic rationale for how DNA methylation may effect 7TERT
gene silencing in =124 cancers.

Cancers with heterozygous —124 mutations also exhibit allele-specific deposition of
H3K27me3 by EZH2/PRC2, as well as deposition of H3K9me3 (Fig. 3B). Intriguingly,
there is a direct mechanistic relationship between H3K9me3 and the enzymatic machinery
responsible for the 5mC modification (Cedar and Bergman, 2009; Epsztejn-Litman et al.,
2008; Liu et al., 2013; McGarvey et al., 2006; Rose and Klose, 2014; Rothbart et al., 2012,
2013; Schiibeler, 2015; Smith and Meissner, 2013) suggesting that the presence of
H3K9me3 on the inactive allele could promote the accumulation of 5mC at the 7TERT
promoter.

Repression facilitated by EZH2/PRC2 at the TERT locus may also be directly linked to CpG
methylation (Fig. 3), with the specificity for 5mC possibly conferred by the AEBP2 subunit
of PRC2 (Wang et al., 2017). Preferential PRC2 binding to methylated 7ER7 CGI DNA is
likely to be locus-dependent, because in other cases PRC2 has been found to bind
unmethylated CpG-rich chromatin (Bartke et al., 2010; Lynch et al., 2012). Factors other
than CpG methylation certainly affect the level of PRC2 occupancy at any given locus /n
Vivo.

Our data reveal that cell lines with MAE expression exhibit 5mC levels similar to wt TERT
promoters at many CpG positions, but at specific loci (=290 — —271 and +109 — +145) they
closely resemble 7ERT promoter mutants. The higher level of methylation within exon 1
(+109 — +145) for cells expressing 7ERT monoallelically (with or without promoter
mutations) may represent a mechanism to increase the fidelity of transcription initiation
(Maunakea et al., 2010; Neri et al., 2017) perhaps to more efficiently utilize their single
active TERT allele.
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The association between 5mC levels at the 7ERT promoter and either poorer overall survival
in liver cancer and kidney renal papillary cell carcinoma, or significantly improved overall
survival in patients with stomach adenocarcinoma, suggests that these epigenotypes may be
relevant to cancer progression. Association between higher methylation at cg11625005 and
poorer patient survival has been previously reported (Castelo-Branco et al., 2013, 2016;
Gojo et al., 2017; Seynnaeve et al., 2017); our results extend these findings to two additional
cancer types, suggesting that hypermethylation of the TERT promoter may represent a
broadly applicable prognostic marker. To our knowledge, our data showing a more positive
outcome for stomach adenocarcinoma patients with higher methylation at cg11625005 or
with high EZH2 expression and suggest that the mechanisms driving survival in these
patients may be distinct.

In conclusion, we find that 7ERT promoters in cancers with =124 mutations exhibit allele-
specific chromatin and DNA modifications that differ from those on active 7ERT genes in
cancers with wt promoters. These findings implicate multiple mechanisms by which cancers
reactivate or maintain 7ERT expression to achieve telomere maintenance and
immortalization. Such information may be clinically relevant, because inhibitors for both
5mC deposition and EZH2 are being developed for cancer therapy (Pfister and Ashworth,
2017).

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in Supplemental
Experimental Procedures.

Statistical Methods

For CCLE samples, comparisons were made using the Wilcoxon rank-sum test. The
cg11625005 survival analysis was done using the survival R package (Therneau, 2000)
(https://cran.r-project.org/web/packages/survival/citation.html). Patients were stratified
based on a cg11625005 methylation beta value threshold of 0.75 and differences between
the survival curves of the stratified patient groups were tested using the log-rank test. 5mC:C
ratios in H3K4me2/3 ChlP of —124 samples were log transformed and compared using a
single sample t-test against a hypothetical mean of 1. This analysis assumes the underlying
data are distributed normally. For this analysis, the /7was the number of CpGs tested (18) in
the TERT CGl.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 5mC Levels at the TERT Promoter CGI Are Reduced in Cell Lines with =124
Mutations

(A) The position of the TERT CGl relative to the —124 mutation, transcription start site
(TSS) and ATG. The region of the TERT CGlI displayed extends from —668 to =577
(Chr5:1,295,678 1,295,774 in HG19).

(B) ENCODE RRBS data indicate reduced 5mC at the CGI in —124 heterozygous cells vs.
cancer cells with wt promoters. The position of cg11625005 is indicated (—633 from the
TERT ATG). Direct bisulfite sequencing analyses are shown in Fig. S1. See Table S1 for cell
types.

(C) Relative DNA methylation levels across the TERT CGI in CCLE cell lines (n=278). Cell
lines are grouped by 7ERT promoter mutation status and monoallelic 7ERT expression
status (MAE, wt promoter with monoallelic expression). Each value derives from RRBS
data from one or more CpG; where CpG were pooled, pooling was based on nucleotide
proximity. Data are median + SEM. Significance test (see Methods) compared wt and
—124/-146 cell lines; * p < 0.05.
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Figure 2. Hypomethylati

R R A A R E E E KR
CpG dinucleotides in ¢cg11625005

on of the TERT CGI at —450 — -750 is Specific to Active Alleles and

Associates with Higher TERT mRNA in a Panel of Related -124 Mutant Bladder Cancer Cell

Lines
(A) Sanger sequencing
non-metastatic —124 he

traces of bisulfite-converted genomic DNA from the low-telomerase,
terozygous bladder cancer line T24 vs. its metastatic, high-

telomerase relatives (FL3, SLT4, T24T). After bisulfite conversion, the ratio of the red peak
(T) to the blue peak (C) at CpG sites indicates 5mC/C ratio (see Fig. S3B). Thus, T24 cells
are mostly methylated at CpG2 and CpG3 (blue arrows), and the other lines are partially
hypomethylated (purple arrows). CpG numbers refer to positions in Fig. 2D.
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(B) T24 lines display an inverse relationship between 5mC at CpG-2 and CpG-3 within the
TERT CGI vs. TERT mRNA expression measured at exon 2 (Ex2) and exon 14 (Ex14).
Additional CpGs displayed a similar pattern (Fig. S3A). 5mC data are mean + SEM (n=4),
TERT expression data are mean £ SEM (n=3-7).

(C) Representative Sanger sequencing traces of bisulfite-converted DNA from input
genomic DNA or H3K4me2/3 ChlP-isolated DNA from two cell lines quantified in (D). Red
arrows indicate reduced 5mC in ChIP DNA. Numbers below traces give relative positions of
the CpG in the 7ERT CGI as annotated in (D).

(D) Mean 5mC levels in H3K4me2/3 ChlP-isolated DNA vs. input DNA (see Fig. S3C,D for
individual cell lines and measures of variance). Each cell line bears heterozygous mutations
at —124. A ratio of 1 indicates no difference in 5mC levels between input and ChIP DNA.
Methylation on the actively transcribed allele across all cell lines was significantly lower
(one-sample t-test, p <0.001) compared to the expected value of 1. One CpG dinucleotide in
particular (CpG-4) was consistently under-methylated (p < 0.0001). The six heterozygous
lines analyzed were U87 MG (glioblastoma), SK-N-SH (neuroblastoma), the HCC lines
SNU-475 and SNU-423, melanoma (WM793) and the bladder carcinoma line SCaBER.
CpG-1is cg11625005. The red line indicates the average for the six lines.
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Figure 3. PRC2 Displays a Strong Binding Preference for 5SmC-Rich TERT Alleles in vivo in -124
Cells and Methylated TERT CGI DNA in vitro

(A) Schematic illustrating the position of the allele-specific ChIP analysis (209 — —47).
(B) Representative Sanger sequencing traces from DNA isolated by ChIP and amplified by
three PCR reactions pooled prior to sequencing, showing the presence of H3K27me3,
H3K9me3 and EZH2 on the inactive allele in HCC (SNU-423, SNU-475) and
neuroblastoma (SK-N-SH) —124 heterozygous tumor-derived cell lines. Arrows indicate the
position of the heterozygous —124 mutation.

(C) Quantitative assessment of EZH2 occupancy of 7TERT promoters in three —124 mutant
cell lines. Data are + SEM, n=3 technical replicates.

(D) Sequence tested for PRC2 binding /n vitro. CpG numbers correspond to those listed in
Fig. 2D. Representative EMSA gels showing binding of purified recombinant human PRC2
to the fully CpG-methylated 7TERT DNA vs. the same sequence lacking 5mC modifications.
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(E) Binding data fit with equilibrium binding curves, error bars are £ SD (n=3 independent
experiments).
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Figure 4. High Levels of 5mC at cg11625005 Correlate with Differences in Patient Survival in
Specific Cancers

Kaplan-Meier plots were generated for TCGA patient data with cancers that commonly
harbor TERT promoter mutations (HCC, LIHC; cutaneous melanoma, SKCM) and cancers
that do not typically harbor TERT promoter mutations (kidney renal papillary cell
carcinoma, KIRP; stomach adenocarcinoma, STAD). Patients were stratified based on
methylation (beta value) at cg11625005. Statistical comparison was done using the log-rank
test (see methods for details).
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