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ABSTRACT

Aberrant DNA methylation is an epigenetic hallmark of malignant tumours. The DNA methylation
level is regulated by not only DNA methyltransferases (DNMTs) but also Ten-Eleven Translocation
(TET) family proteins. However, the exact role of TET genes in breast cancer remains controversial.
Here, we uncover that the ERa-positive breast cancer patients with high TET2 mRNA expression
had better overall survival rates. Consistently, knockout of TET2 promotes the tumorigenesis of
ERa-positive MCF7 breast cancer cells. Mechanistically, TET2 loss leads to aberrant DNA methyla-
tion (gain of 5mC) at a large proportion of enhancers, accompanied by significant reduction in
H3K4me1 and H3K27ac enrichment. By analysing the epigenetically reprogrammed enhancers, we
identify oestrogen responsive element (ERE) as one of the enriched motifs of transcriptional
factors. Importantly, TET2 loss impairs 17beta-oestradiol (E2)-induced transcription of the epigen-
etically reprogrammed EREs-associated genes through attenuating the binding of ERa. Taken
together, these findings shed light on our understanding of the epigenetic mechanisms under-
lying the enhancer reprogramming during breast cancer pathogenesis.
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Introduction . . .
several types of tumour tissues (including breast

Breast cancer is the most prevalent malignant
tumour and one of the leading causes of cancer
death for women [1]. In addition to the well-
recognized genetic factors, epigenetic dysregulations
also contribute to the development and progression
of breast cancer [2]. In general, aberrant epigenetic
modifications (e.g, DNA hyper- and hypo-
methylation) and alterations to chromatin structure
can affect the transcriptional programmes that con-
tribute to the malignant phenotypes observed in
breast cancer.

TET (Ten-Eleven Translocation) family proteins
(TET1/2/3) play a key role in the dynamic process of
DNA demethylation [3]. The dysregulation of TET
genes and aberrant 5mC oxidation have been
described in both haematopoietic malignancies and
solid tumours [4,5]. Yang et al. reported that TET1/
2/3 mRNA and global 5hmC levels were decreased in

cancer) when compared to tumour-adjacent normal
tissues [5]. Shao and colleagues found that TET1/2/3
mRNA levels were positively associated with clinical
outcome in breast cancer patients [6]. Tsai et al.
reported that low 5hmC level (an indicator of TET
catalytic activity) is correlated with poor prognosis
only in ERa-negative breast cancer but not ERa-
positive breast cancer [7]. Conversely, Belmonte
and colleagues demonstrated that high TET1/3
expression predict poor prognosis of patients with
breast cancer [8].

Several labs have provided many evidences that
TET genes play a tumour suppressive role in breast
cancer pathogenesis. For instance, TET1 can inhi-
bit growth, invasion and metastasis of breast can-
cer cells through demethylating the promoter
regions of tumour suppressor genes, such as
TIMP2/3 and HOXA9, ultimately leading to their
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expression and activation [9,10]. Chen et al. found
that TET2 could inhibit the migration and inva-
sion of breast cancer cells through the demethyla-
tion of EpCAM and E-cadherin, again preceding
their expression and activation [11]. Pandolfi and
colleagues revealed that TET1/2/3 expression can
be inhibited by miR22, resulting in the hyper-
methylation of miRNA200a/b/c promoters and
transcriptional repression of these miRNAs, lead-
ing to a series of malignant phenotypes such as
uncontrolled cell growth, epithelial-mesenchymal
transition (EMT), and metastasis [12]. Wu et al.
confirmed that TET2 suppresses breast cancer
stem cells (CSC) through the regulation of the
miRNA200c/PKC{ axis [13]. In contrast, a few
studies indicated that TET1 and TET3 might exhi-
bit oncogenic roles in breast cancer [8,14,15].
Moreover, a recent work revealed that TET2
could function as a co-activator of oestrogen
receptor a (ERa) in breast cancer cells [16]. The
authors uncovered that depletion of TET2 impairs
the E2-stimulated cell growth of MCF?7 cells. These
paradoxical results suggest that the role of TET
genes in breast cancer is still not fully understood.

Here, we provide evidences that TET2 functions
as a tumour suppressor in ERa-positive breast
Mechanistically, TET2 can safeguard
a subgroup of enhancers (e.g., oestrogen response
elements (ERE)) from aberrant DNA methylation
and fine-tune the transcription of associated genes
through maintaining the binding of transcriptional
factors (e.g., ERa) to enhancers.

cancer.

Materials and methods
Kaplan-meier analysis of survival rates

The Kaplan-Meier survival plots for ERa-positive
and negative breast cancer patients were generated
and downloaded from www.kmplot.com. Breast
cancer patients were divided to ERa positive and
negative groups using IHC. High-TETs group and
low-TETs groups were quantified and identified by
using the JetSet best probe set. Breast cancer patients
were splitted by an auto-selected cut-off, which was
achieved by computing all possible cut-oft values
between the lower and higher quartiles, and the
best performing threshold is used as the final cut-
off. PAM50 classifier was used to divide the breast
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cancer patients into Luminal A, Luminal B, HER2
positive, Basal like, and Normal like subtypes.

Cell culture

MCE-7 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Hyclone) supplemen-
ted with 10% foetal bovine serum (FBS)(Gibco)
and 100 U/ml penicillin/streptomycin
(Invitrogen). For oestrogen stimulation, MCEF-7
cells were cultured in phenol red-free RPMI 1640
medium (Hyclone) plus 10% charcoal-depleted
FBS (Biological Industries) for 5 days and followed
by EtOH or E2 (1 nM) (Sigma) treatment for
24 hours.

Generation of TET2 knockout cell line

TET2 knockout cells were generated by CRISPR
method according to previous paper [17,18].
Forty-eight hours post transfection, the single-cell
wells were obtained through serial dilution in 96-
well plate. Ten days later, the single-cell colonies
were picked and expanded for identification and
future experiments. Among them, two representa-
tive TET2 KO cell lines generated with different
sgRNAs (sg#l and sg#2) were used in this study.
The TET2 knockout efficiency of these colonies
was examined by western blot analysis of TET2
protein expression and DNA sequencing of geno-
mic DNA for indels around the sgRNA targeting
region. The following target sequences on TET2
exon 3 were used for sgRNA design: sg#l:
AGGACTCACACGACTATTG; sg#2:
GGAGAAAGACGTAACTTCG.

Western blot analysis

All these experiments were carried out strictly as
previously described [19]. The following antibo-
dies were wused this study: anti-TET2 (Cell
Signalling  Technology,18950S), anti-LaminBl1
(Proteintech, 66,095-1-Ig).

Adherent and soft agar cell growth assays

2 x 10° cells were seeded in 96-well plate and the
cell viability at day 0 and day 2 were measured
using CellTiter-Lumi™ Luminescent Cell Viability


http://www.kmplot.com

1182 (& R.LYUETAL

Assay Kit (Beyotime Biotechnology Ltd., Nantong,
China). The Luminescence(RLU) values of certain
cells at day 2 were normalized with that of corre-
sponding wells at day 0 and expressed as Fold
change. Luminescence (RLU) values were detected
by Multi-Detection Microplate Reader (Synergy
HT). Soft agar growth assay was performed as
previously published [20].

Xenograft tumour assay

The animal protocols were approved by the
Animal Welfare Committee of Fudan University.
1 x 107 cells (WT and TET2 KO MCF7) were
subcutaneously inoculated into the immunodefi-
cient NOD/SCID mice (n = 3 for each group)
which were subcutaneously planted with oestrogen
pill. The sizes of tumours were measured on day 9,
12, 16, and 19 after initial injection. Tumours were
excised on day 19 and photographed.

Dot blot and HPLC/MS analysis

Genomic DNA was extracted from cells using
Dneasy blood & tissue kit (QIAGEN). Dot blot
analysis of 5hmC and 5mC levels in genomic
DNA was performed as previously described [21].
For DNA treatment and mass spectrometric ana-
lysis, we refer to previous descriptions [19].

Whole genome bisulphite sequencing (WGBS)

DNA (1 ug) with 0.5% non-methylated DNA
spike-in was sheared by Covaris M220 instrument
to an average size of 350 bp in length. DNA was
then end-repaired, dA-tailed, and ligated with
methylated adaptors. Bisulphite conversion was
carried out using an EpiTect fast bisulphite con-
version kit (Qiagen) according to the manufac-
turer’s instructions. Twenty minutes were used in
both conversion steps. Bisulphite-converted DNA
was then amplified with five PCR cycles to obtain
the final library. The WGBS libraries were per-
formed on a X10 platform (Illumina), WuXi App
Tec. Low-quality bases and adapter-containing
reads were trimmed from raw data by trim_galore
with default parameters. Bsmap v2.74 was used to
align reads to the reference genome (hgl9) under
the parameters: - w 100 - v 0.1. The coverage

depth and methylation level of each cytosine
were extracted by methratio.py from bam files
(Table S1). Only CpG dinucleotides were analysed,
information from both strands were combined,
and a coverage of at least five reads was required,
which were filtered from methratio.py output by
awk. For hyper-DM and hypo-DM CpG sites, we
used the cut-off of 20% methylation difference.
Distribution analysis of DNA methylation on
enhancers and EREs were performed using trans-
formed DNA methylation data, which came from
our home-made smooth algorithm.

ChiP-seq

Chromatin immunoprecipitation was performed
as previously described [22,23]. Following antibo-
dies were used for ChIP (anti-H3K4mel, Active
Motif #39,297; anti-H3K27Ac, Active Motif
#39,133; anti-ERa, Cell Signalling Technology
#8644S). Library preparation and sequencing pro-
cedures were carried out as described previously
according to Illumina protocols with minor mod-
ifications (Illumina, San Diego).

Firstly, same as we did for RNA-seq and
WGBS-seq data, Low-quality bases and adapter-
containing reads were also trimmed from raw
data using trim-galore package under default para-
meters, trimmed reads were mapped to reference
genome (hgl9) using bowtie2 (v2.3.3.1) under
default parameters. Duplicate reads were removed
with samtools rmdup (v1.9) to get the unique
mapped reads, then the mapped unique and
monoclonal reads were extended to 150 bp to
match the average length of insert DNA fragments
of our ChIP-seq libraries (Table S1). Extended
mapped unique and monoclonal reads were trans-
formed to bedGraph files and bigWig files, which
were used to calculate tag density under 50-bp
resolution.

RT-qPCR and RNA-seq

Total RNA from cell lines were extracted using
TRIzol reagent (Invitrogen). The concentration of
isolated total RNA was measured by NanoDrop
2000 spectrophotometer (Thermo scientific). The
total RNA was reverse-transcribed into cDNA
using PrimerScript RT kit (Takara) according to



the manufacturer’s protocol. The qPCR reactions
were carried out on an Roche LightCycler 480 II
system using the SYBR green Mix (Roche). The
real-time PCR reactions were performed in tripli-
cate. Gene expression was normalized to GAPDH.

For RNA-seq, barcoded RNA-seq libraries were
constructed using NEBNext ultra-directional RNA
library prep kit for Illumina according to the man-
ufacturer’s instructions (New England Biolabs).
Non-strand-specific pair-end 150 bp sequencing
was performed on a X10 platform (Illumina),
WuXi App Tec.

Low-quality bases and adapter-containing reads
were trimmed from raw data by trim-galore with
default parameters. Then remaining trimmed
sequence were mapped against the reference gen-
ome (hgl9) with hisat2, which allowed mapping
across splicing junctions by read segmentation. All
programs were performed with default settings
unless otherwise specified. The expression level of
each gene was quantified with normalized FPKM
with  FPKM_count.pl in RSeQC software.
Differentially expressed genes were identified
using DESeq2 package, Log,(Fold change) >1 and
adjusted p value < 0.05 are used to define up-
regulated genes; Log2(Fold change) <-1 and
adjusted p value < 0.05 are used to define down-
regulated genes (Table S1).

Integrative analysis

Identification of enhancer regions or EREs with
differential H3K4me1, H3K27ac and ERa binding
The MultiBigwig Summary was used to compute the
average scores of H3K4mel, H3K27ac and ERa with
normalized ChIP-seq bigwig files on enhancer
regions or EREs. Enhancers or EREs with gain aver-
age scores(log2(Foldchange)>1, P-value<0.05) or
lost average scores(log2(Foldchange)<-1,
P-value<0.05) were defined as increased(or gain)
H3K4mel, H3K27ac or ERa peaks, or decreased
(or lost) H3K4mel, H3K27ac or ERa peaks.

Motif enrichment

To find the possible motifs of transcription factors
that were significantly enriched in the ‘gain of
5mC’ enhancers, we extracted genomic DNA
sequences on ‘gain of 5mC’ enhancers from the
hg19 genome FASTA file using getfasta module in
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bedtools tool. Then, the genomic sequences were
further analysed with TRAP algorithm to identify
enriched motifs, compared to JASPAR vertebrates
with human promoters as the control, and
Benjamini-Hochberg as the correction [24].

TF prediction

To identify the upstream transcriptional factors
that involve in mediating TET2KO induced gene
regulation, we performed an integrative analysis
on the DEGs identified by RNA-seq using Lisa in
WT and TET2KO MCF7 cells as described [25].

Gene set enrichment analysis

Gene set enrichment analyses (GSEA) were per-
formed according to the instructions. To generate
a custom gene set associated with ‘gain of 5mC,’
‘gain of ERa,” ‘loss of 5mC,” and ‘loss of ERa’
EREs, we assigned these genes with the EREs in
the 100kb regions of TSS as ERE-associated genes.
Gene sets for oestrogen early response genes and
oestrogen late response genes were obtained from
Molecular Signatures Database.

GO analysis

GO analysis for differentially expressed genes were
performed on the annotation, visualization and
integrated discovery (DAVID) website (https://
david.ncifcrf.gov/).

GREAT analysis

GREAT analysis for the ‘gain of 5mC’ enhancers
and the ‘reduced ERa binding’ EREs were per-
formed on the GREAT website (http://bejerano.
stanford.edu/great/public/html/).

Statistical analysis

All graphs were analysed using GraphPad Prism
Software. Data were presented as an average of at
least three independent experiments. For all
experiments with error bars, standard deviation
(S.D.) was calculated and presented as mean *
SD. P-values less than 0.05 were considered statis-
tically significant (¥, p < 0.05; **, p < 0.01; ***,
p < 0.001; ***, p < 0.0001; ns, not significant).
Comparisons between two groups were analysed
by unpaired student t-test.


https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://bejerano.stanford.edu/great/public/html/
http://bejerano.stanford.edu/great/public/html/

1184 R. LYU ET AL.

Results

TET2 acts as a tumour suppressor in ERa-positive
breast cancer

To evaluate the clinical significance of TET genes’
expression in breast cancer, the breast cancer
patients were split into high-TETs group and low-
TETs group, and be used to compare their relapse-
free survival rates by Kaplan-Meier analysis [26].
Interestingly, we determined that the mRNA level
of TET2 was positively correlated with the patient
survival rates, with higher levels of TET2 predict-
ing better patient outcome (Fig. S1b). On the other
hand, we found that TET1 was not significantly
correlated with patient outcome, and TET3 dis-
played slightly negative correlation with the
patient survival rates (Fig. Sla, and Fig. Slc).
Additionally, the positive correlation between
TET2 and patient survival was found to exist
only in ERa-positive or Luminal A, Luminal
B and HER2-positive breast cancers patients, but
not the patients with ERa-negative or Basal-like
and Normal-like breast cancer (Fig. Sle, and Fig.
S1k). This phenomenon was similarly observed for
the negative correlation between TET3 and patient
survival (Fig. Sd-i, and Fig. Sj-1).

To assess the functional role of TET2 in ERa-
positive breast cancer, we generated TET2-
knockout (KO) MCF7 cell lines with two different
sgRNAs using the CRISPR/Cas9 approach.
Western blot analysis of TET2 protein expression
and DNA sequencing of TET2 exon 3 (the target
site of sgRNAs) confirmed the successful depletion
of TET?2 expression in two MCF7 single-cell clones
(Figure 1a, and Fig. S2). WT and TET2 KO MCF7
cells displayed similar adherent proliferative prop-
erties (Figure 1b). Such dispensable effect of TET2
depletion on adherent cell growth was also
observed in another ERa-positive breast cancer
cell line, T47D cells (Fig. S3). However, TET2
KO MCF7 cells formed more colonies than WT
MCEF7 cells in soft-agar assays (Figure Ilc-d).
Moreover, the xenograft experiment in immuno-
deficient NOD/SCID mice showed that TET2 KO
MCEF?7 cells led to remarkably larger tumours com-
pared to WT MCF7 cells (Figure le-f).
Collectively, these findings support a tumour sup-
pressive role of TET2 in ERa-positive breast
cancer.

TET2 loss results in DNA hyper-methylation
within a subgroup of enhancers

Given the importance of TET proteins in the reg-
ulation of DNA methylation dynamics, we exam-
ined the effect of TET2 deletion on DNA hydroxy-
methylation (5hmC) and methylation (5mC). Dot
blot and HPLC/MS analysis showed a decrease of
the global 5ShmC level in MCF7 cells upon TET2
depletion while the global 5mC level was not sig-
nificantly altered (Fig. S4a, and Figure 2a-b). To
identify the CpG sites affected by TET2 depletion,
we conducted whole-genome bisulphite sequen-
cing (WGBS) to profile the DNA methylomes of
WT and TET2 KO MCF7 cells. Although WGBS
detects both 5mC and 5hmC, our unpublished
oxBS-seq and hMeDIP-seq data revealed that the
major WGBS signals in MCF7 cells come from
5mC instead of 5hmC due to the lower abundance
of 5hmC (data not shown). Thus, we refer to the
values obtained from WGBS as 5mC in this ana-
lysis. Interestingly, TET2 depletion results in not
only DNA methylation but also DNA demethyla-
tion on many CpG sites in MCF7 cells (Fig. S4b-c).
Using a cut-off of 20% DNA methylation differ-
ence [27], 3,882,103 and 2,848,962 CpG sites were
identified to be methylated and demethylated in
TET2KO MCEF7 cells, respectively (Fig. S4d).
Unexpectedly, we observed dramatic DNA
demethylation in many large-scale intergenic
regions (Fig. S4e, h). Consistent to recent reports,
DNA methylation mainly occurred on the CpG
sites within enhancers as well as promoters albeit
in lower frequency (Figure 2c-e, and Fig. S4f-g).
Differential methylated CpG sites analysis revealed
16,174 ‘gain of 5mC’ enhancers (~40% of total
40,211 enhancers) and 2,085 ‘loss of 5mC’ enhan-
cers in MCF7 cells upon TET2 depletion
(Figure 2f, and Table S2). TRAP analysis showed
that the pioneer factor FOXA1l and hormone
receptor ERa were among the list of TF motifs
overrepresented on these ‘gain of 5mC’ enhancers
(Figure 2g). GREAT analysis demonstrated that
the ‘gain of 5mC’ enhancers-associated genes are
enriched in the items of ‘Cellular response to
decreased oxygen levels,” ‘Cytoskeleton-dependent
intracellular transport,” ‘Regulation of Notch sig-
naling pathway,” and ‘Mammary gland alveolus
development’ (Fig. S4i). Collectively, our data
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Figure 1. TET2 acts as a tumour suppressor in ERa-positive breast cancer. (a) Western blot analysis of TET2 expression in wild-type
(WT) and TET2 KO MCF7 cells. KOT and KO2 are two representative TET2 KO clones. (b) Effect of TET2 depletion on adherent growth

of WT and TET2 KO MCF7 cells. n = 3, ns: no significant difference.

(c) Representative graphs of soft-agar growth assay for WT and

TET2 KO cells. (d) Quantitative data of the numbers of colonies in soft-agar growth assay (D). n = 3, *** P < 0.001. (e) Xenograft
tumour assay of WT and TET2 KO MCF7 cells in NOD-SCID female mice, tumours were excised at day 19 after initial injection, n = 3
for each group. (f) Measurement of xenograft tumour volume. ***p < 0.001.

suggest that TET2 is required for the maintenance
of DNA hypo-methylated status within a subset of
enhancers in breast cancer cells.

TET2 loss leads to alteration of histone
modifications on gain-of-5mC enhancer

Since DNA methylation has tight crosstalk with
histone modifications, we further performed
ChIP-seq analysis of the enhancer histone mod-
ifications (H3K4mel and H3K27ac) in WT and
TET2 KO MCF7 cells (Fig. S5). Overall, we
identified 4,284 ‘gain of H3K4mel,’ 231 ‘loss
of H3K4mel,’ 2,436 ‘gain of H3K27ac,” and
1,512 ‘loss of H3K27ac’ peaks in MCF7 cells
upon TET2 depletion (Figure 3a, Table S3,
and Table S4). Venn diagram analysis showed

significant overlap between ‘gain of 5mC’ and
‘loss of H3K4mel or H3K27ac’ enhancers that
58.9% ‘loss of H3K27ac’ and 42.6% ‘loss of
H3K4mel’ enhancers undergo ‘gain of 5mC’
in TET2 KO MCEF7 cells (Figure 3b), which
was not observed for ‘gain of H3K4mel or
H3K27ac’ enhancers (Fig. S6a-c). As expected,
the averaged signal of H3K4mel and H3K27ac
on the ‘gain of 5mC’ enhancers in TET2 KO
MCEF?7 cells were lower than those in WT MCF7
cells (Figure 3c-d, and Fig. S6d-e). Consistently,
the averaged 5mC levels across the ‘loss of
H3K4mel’ and ‘loss of H3K27ac’ peaks were
significantly higher in TET2 KO MCF7 cells
when compared with WT MCF7 cells
(Figure 3e-f, and Fig. S6f-g). The influence of
TET2 deletion on H3K27ac modification of two
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samplings of genomic loci. (d-e) Profile plot of the average 5mC signal on all promoters (d) and all enhancers (e) in WT (red line) and
TET2 KO (blue line) MCF7 cells. (f) Pie chart showing the percentage of ‘gain of 5mC,’ ‘loss of 5mC’ and ‘no change’ enhancers in TET2
KO MCF7 cells. (g) Representation of TF binding motifs overrepresented on the ‘gain of 5mC’ enhancers. Human promoters were

used as the comparison library.

example enhancers near IGFBP4 and KCNK6
were confirmed by ChIP-qPCR (Fig. S6h-i).
Similarly, TRAP analysis also revealed that pio-
neer factor FOXA1 and hormone receptor ERa

were also in the list of TF motifs overrepre-
sented on these reprogrammed enhancers, espe-
cially on the ‘loss of H3K27ac’ enhancers
(Figure 3. G-H). These findings suggested that
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TET2 deletion leads to dramatic epigenetic
reprogramming of enhancers (especially ‘gain
of 5mC’ enhancer).

TET2 loss dampens E2-induced transcription of
a subgroup of ERa target genes through
reducing ERa binding

To investigate the effect of TET2 loss-induced
enhancer reprogramming on gene transcription,
we performed RNA-seq analysis for WT and
TET2 KO MCF7 cells (Fig. S7a-b). Overall, we
identified 617 differentially expressed genes
(DEGs) (365 up-regulated genes and 252 down-
regulated genes) in TET2 KO v.s. WT MCF7 cells
(Figure 4a, and Table S5). We then used a recently
developed computational biology framework, Lisa,
to identify the possible transcriptional regulators
that involve in mediating the transcriptional reg-
ulation [25]. In line with the results of enhancer
motif analysis, ERa was found in top hits of Lisa
predicted upstream regulators of TET2 loss-
induced down-regulated genes (Figure 4b). GSEA
analysis showed that both ‘estrogen early response
genes’ and ‘estrogen late response genes were
down-regulated in MCF7 cells upon TET2 loss
(Figure 4c-d). These data raise the possibility that
TET2 may play an important role in E2-induced
gene transcription.

Given the importance of E2/ERa signalling in
breast cancer, we compared the E2-induced tran-
scriptomic responses of hormone-depleted WT
and TET2 KO MCF7 cells. Among the 367 E2-
upregulated genes in WT MCEF7 cells, we found
that 71 genes (I-Cluster) were significantly
impaired and 42 genes (E-Cluster) were enhanced
by TET2 loss (Figure 4e, and Fig. S7c). Notably,
about a half of the I-Cluster genes (I-Cluster 1,
n = 33) were negatively regulated by TET2 loss
only under E2-treated condition, whereas the
other half of I-Cluster genes (I-Cluster 2, n = 38)
were transcriptionally down-regulated by TET2
loss under both hormone-depleted and E2-treated
conditions (Figure 4e), and similar differential
response of TET2 loss was also found to occur
for E-Cluster genes (E-Cluster 1, n = 11;
E-Cluster 2, n = 31) (Fig. S7d-e). As expected,
enhancers nearby I-Cluster genes showed signifi-
cant TET2 binding (Fig. S7d-e). However,

unexpectedly, we also observed significant TET2
binding on the enhancers of the E2-upregulated
genes enhanced by TET2 loss (E-Cluster 1 and
E-Cluster 2) in WT MCEF7 cells (Fig. S7f-g).
These observations suggest dual functions of
TET2 in transcriptional transcription. On one
hand, TET2 could promote transcriptional activa-
tion through DNA demethylation. On the other
hand, TET2 may suppress transcriptional overac-
tivation through recruiting Sin3A and HDAC1/2
co-repressor complex to specific gene as reported
previously [28]. The influence of TET2 loss on E2-
induced mRNA expression of several representa-
tive genes (IGFBP4, KCNK6, CXCLI2, HSPBS,
CTSD, and CXXC5) were also validated by RT-
qPCR (Figure 4f). GO analysis showed that the
TET2 loss-impaired E2-upregulated genes were
enriched in items correlated with ‘Response to
unfolded protein,” ‘Response to endoplasmic reti-
culum stress,” ‘Apoptotic signaling pathway,” and
‘Regulation of programmed cell death’ (Fig. S8a-
d), consistent to the more malignant phenotype of
TET2 KO MCEF7 cells.

Epigenetic remodelling of enhancers often recon-
figures the binding of corresponding transcriptional
factors (TFs). To assess whether TET2 loss affects
the ERa cistrome, we performed ChIP-seq analysis
for ERa in E2-stimulated WT and TET2 KO MCF7
cells. As expected, the average signal of ERa binding
on the EREs was significantly reduced in MCF?7 cells
upon TET?2 depletion (Figure 5a). We subsequently
did the differential analysis for ERa binding on these
EREs, 1,435 (21%) EREs were found to display ‘loss
of ERa’ binding in TET2 KO MCEF?7 cells (Figure 5b
and Table S6). Of note, we also identified many
EREs displaying ‘gain of ERa’ binding; however,
the number is much less than that of the Toss of
ERa binding’ regions (Figure 5b and Table S6).
Interestingly, we observed that ‘gain of ERa’ and
‘no-change of ERa’ EREs have significantly lower
methylation levels compared to ‘loss of ERa’ EREs
in WT MCEF?7 cells (Fig. S9a), suggesting that the
EREs at higher methylation level may be more sen-
sitive to TET2 depletion-induced DNA methylation.
Additionally, we compared the DNA methylation
levels on all three types of EREs in WT and TET2
KO MCF?7 cells, and found ‘gain of ERa’ and ‘no-
change of ERa’ EREs are slightly hypermethylated,
but significantly weaker than ‘loss of ERa’ EREs
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Figure 4. TET2 loss dampens E2-induced transcription of a subgroup of ERa target genes. (a) Volcano plot of DEGs (adjusted P value
< 0.05, log,(Fold change) =1 or <-1) in WT and TET2 KO MCF7 cells showing the number of down- (green point) and up-regulated
(red point) genes. Each gene is represented by one point on the plot. n = 2. (b) Top 5 hits of TFs that may regulate the up-regulated
(Left) or down-regulated (Right) DEGs between TET2 KO and WT MCF7 cells. (c-d) GSEA analysis of TET2 KO versus WT RNA-seq in
MCF7 cells using gene signatures of ‘Estrogen early response genes’ (c) or ‘[Estrogen late response genes.” Normalized enrichment
score (NES) and nominal p-value were provided according to GSEA. (e) Heatmap representation of E2-upregulated genes that were
dampened by TET2 loss. I-Cluster 1 represents the genes with difference only in the E2-stimulated condition. I-Cluster 2 represents
the genes with difference in both the hormone-depleted and E2-stimulated conditions. (f) RT-qPCR analysis of six representative
genes with attenuated response to E2-induced upregulation in MCF7 cells upon TET2 depletion.
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Figure 5. TET2 loss impairs E2-induced ERa binding to a subgroup of ERa target genes. (a) Profile plot of the averaged ERa ChIP tag
density on the EREs in WT and TET2 KO MCF7 cells treated with oestrogen. WT MCF7 cells treated with oestrogen is red line. TET2 KO
MCF7 cells treated with oestrogen is blue line. (b) Pie chart showing the numbers of EREs with gain, loss, or no change of ERa
binding in TET2 KO v.s. WT MCF7 cells. (c) Profile plot of the averaged 5mC levels on the ‘loss of ERa’ EREs in WT and TET2 KO MCF7
cells. WT MCF7 cells is red line. TET2 KO MCF7 cells is blue line. (d-e) Profile plot of the average ERa ChIP tag density on the EREs
around I-Cluster 1 (d) and |-Cluster 2 (e) genes in WT and TET2 KO MCF7 cells treated with oestrogen. WT MCF7 cells treated with
oestrogen is red line. TET2 KO MCF7 cells treated with oestrogen is blue line. (f) GSEA analysis of TET2 KO versus WT RNA-seq in
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provided according to GSEA. (g) UCSC genome browser view of 5mC, ERa and mRNA on two representative genes (IGFBP4 and
KCNK6) in WT and TET2 KO MCF7 cells treated with oestrogen. EREs were highlighted with light green shading.

upon TET2 loss in MCF?7 cells (Figure 5c, and Fig.
S9b-f).

We further analysed the changes of ERa binding
nearby the TET2-finetuned genes. The ERa bind-
ing on the EREs around ‘I-Cluster 1’ and ‘I-Cluster
2’ genes showed dramatic decrease (Figure 5d-e,
and Fig. S9g-h), whereas a weak increase in the
ERa binding was observed on the EREs around
‘E-Cluster 1’ and ‘E-Cluster 2’ (Fig. S9i-j). GSEA
analysis showed that the genes with ‘loss of ERa
binding’ EREs were down-regulated in TET2 KO
MCF7 cells (Figure 5f), by contrast, the genes with
‘gain of ERa binding’ EREs were up-regulated in
TET2 KO MCF7 cells (Fig. S9k). As shown in

Figure 5g (the UCSC snapshots of two representa-
tive genes), our data suggest that TET2 fine tunes
the gene transcription of a subgroup of ERa tar-
gets (as well as the targets of other TFs) through
maintaining enhancer hypomethylation, active his-
tone modifications and efficient TF binding.

Discussion

In this study, we characterize TET2 as a tumour
suppressor in ERa-positive breast cancer cells.
Mechanistically, TET2 loss induces DNA hyper-
methylation on the CpGs within a large propor-
tion of enhancers, leading to the reconfiguration of



enhancer histone marks, TF cistromes, and tran-
scriptome. Therefore, our results provide new evi-
dences that tumour suppressor TET2 could
safeguard enhancers from epigenetic reprogram-
ming and prevent the associated genes from aber-
rant epigenetic silencing in breast cancer.

First, our analysis on the prognostic values of
TET genes’ mRNA expression in breast cancer
patients show that TET2 mRNA expression corre-
lates with the better overall survival of ERa-
positive breast cancer patients. Conversely, TET3
gene expression correlates with poorer patient sur-
vival. According to a published study, the onco-
genic effect of TET3 might be due to the
upregulation of TNFalpha-p38-MAPK signalling
by TET3 [29]. Unexpectedly, for the ERa-
negative breast cancer patients, we did not observe
significant association between TET genes’ mRNA
expression and the overall survival rates. Our find-
ings highlight a context- or cell-of-origin-
dependent role of TET genes in breast cancer,
which may partially explain the paradoxical con-
clusions in the previous studies.

In agreement with the clinical data analysis, we
also confirmed the tumour suppressive role of
TET2 in ERa-positive MCF7 breast cancer cells
as TET2 loss promotes the anchorage-
independent cell growth and xenograft tumour
growth. The phenotype of TET2 loss in our study
is different from a previous report in which TET2
loss impairs E2-induced cell growth [16].
Although their phenotype contradicts the result
of clinical analysis, whether such difference was
caused by the off-target effect of CRISPR/Cas9 or
other factors, such as the bias in picking single-cell
colonies and culture conditions, requires further
investigation in the future.

TET2 can convert 5mC to 5hmC/5caC/5fC and
initiate active or passive DNA demethylation
[3,30,31]. As expected, we observed a marked
decrease of the global 5hmC level in MCF7 cells
upon TET2 depletion. However, the global 5mC
level had no significant change. Our WGBS ana-
lysis showed that TET2 depletion led to not only
‘gain of 5mC’ but also ‘loss of 5mC’ in MCF?7 cells,
which many explain why the global 5mC levels are
comparable between WT and TET2 KO MCEF7
cells. Interestingly, we noticed that loss of 5mC’
(DNA demethylation) mainly occurred in many
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large-scale intergenic regions, consistent to
a recent observation in the ESCs and
T-lymphomas of Tet2™~ mice by Rao and collea-
gues [32]. These observations point to
a unrecognized role of TET2 in regulating the
intergenic DNA methylation and genomic stabi-
lity, while the underlying molecular mechanism
requires further research.

Our previous work has shown that ectopic
expression of TET2 protein could demethylate
hypermethylated CpG islands and establish biva-
lent domain in 293 T cells [19]. However, we did
not observe dramatic ‘gain of 5mC’ (DNA methy-
lation) at the promoter regions in TET2 KO MCF7
cells. We speculate that the endogenous TET2
dosage in breast cancer cells may be not sufficient
to protect the promoters from aberrant DNA
hyper-methylation. Alternatively, as many pre-
vious studies reported, the changes in DNA
methylation at promoter regions may occur at
the early stage of tumour initiation [33]. Our pre-
vious work and others have showed that poised
enhancers have more 5hmC enrichment, indicat-
ing that TET proteins may regulate the DNA
methylation dynamics at enhancers [21,34-36].
Indeed, several groups have reported that ‘loss of
function” mutations or experimental depletion of
TET2 gene could result in aberrant DNA hyper-
methylation at enhancers in haematopoietic malig-
nancies and mouse ESCs [35-38]. Consistently, we
found that TET2 depletion-induced aberrant DNA
methylation mainly occurred at CpGs within the
enhancer regions in MCF7 cells. However, our ox-
BS analysis revealed neither significant 5hmC
enrichment nor any marked change in 5hmC on
the enhancers in WT and TET2 KO MCEF7 cells
(data not shown). Since the abundance of 5hmC is
much lower than that of 5mC in cancer cells, it is
rationale that the major WGBS signals in MCF7
cells come from 5mC instead of 5hmC.

Although TET2 could protect a subgroup of
enhancers against aberrant DNA methylation, it
is unclear how these enhancers are selectively
recognized by TET2. Unlike TET1 and TETS3,
TET2 does not include a CpG-binding CXXC
domain [39]. Many reports have shown that
TET2 could be recruited to chromatin by specific
transcriptional factors such as CXXC4/5 and WT1
[40,41]. Although ERE was identified as the target
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of TET2, we did not detect any interaction
between ERa and TET2 in MCF7 cells (data not
shown). In this study, we noticed that FOXA1 and
GATA3 were among the enriched motifs that
undergo ‘gain-of-5mC’ in TET2 KO MCF7 cells.
As a well-established pioneer factor, FOXA1 can
open the condensed chromatin structure for
enhancer establishment [42]. Moreover, GATA3
and FOXA1 could interact with ERa and bind to
ERE:s in breast cancer cells [43]. Therefore, it will
be of great interest to investigate whether FOXA1
and GATA3 play a pioneer factor role in TET2-
mediated DNA demethylation and epigenomic
remodelling. Our ChIP-seq analysis showed that
TET?2 loss-induced DNA hyper-methylation could
trigger epigenetic programming of enhancers.
However, only a small part of ‘gain of 5mC
enhancers underwent ‘loss of H3K4mel’ and/or
‘loss of H3K27ac.” The molecular mechanisms
underlying the crosstalk between DNA methyla-
tion and histone modifications are still unclear.
E2/ERa signalling play critical roles in the
tumorigenesis of ERa-positive breast cancer
[44]. Blockage of E2/ERa pathway by SERD/
SERM have achieved great success in the clini-
cally targeted therapy of ERa-positive breast can-
cer [45-47]. Many previous studies also reported
that ERa cistrome was dramatically altered dur-
ing the development and progression of breast
cancer [48,49]. Our motif analysis identified ERE
as one of the top 20 motifs that undergo ‘gain-of
-5mC’ in TET2 KO MCF7 cells, suggesting that
TET2 depletion may likewise alter ERa cistrome
and transcriptome. Our ChIP-seq and RNA-seq
analyses have confirmed this hypothesis.
Intriguingly, TET2 loss does not alter the
response of most canonical ERa target genes
but selectively impair a subgroup of ERa target
genes (such as ‘Response to unfolded protein,’
‘Response to endoplasmic reticulum stress,” and
‘Apoptotic signaling pathway’) (Fig. S10a-b).
Thus, our findings suggest a ‘double-edged
sword’ role for E2/ERa signalling in breast can-
cer, while TET2 loss skews the role of E2/ERa
signalling towards the direction of tumorigenesis.
In summary, our findings provide compelling
evidences that TET2-mediated DNA demethyla-
tion safeguards the epigenetic signature of
a subset of enhancers and fine-tunes the

transcription of associated genes, which in turn
contributes to the tumour suppressive activity of
TET2 in ERa-positive breast cancer. Our work
sheds light on our understanding of the epigenetic
mechanisms underlying the enhancer reprogram-
ming during breast cancer pathogenesis. However,
the molecular mechanism through which certain
enhancers are selectively protected by TET2 in
breast cancer cells is still unknown and requires
further research.
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