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TET1 and TDG suppress inflammatory response in intestinal
tumorigenesis: implications for colorectal tumors with the CpG
Island Methylator Phenotype
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Abstract

Background & aims: Aberrant DNA methylation is frequent in colorectal cancer (CRC), but
underlying mechanisms and pathological consequences are poorly understood.

Methods: We disrupted active DNA demethylation genes 7etZ and/or Tdg from ApcMin mice,
and characterized the methylome and transcriptome of colonic adenomas. Data were compared to
human colonic adenocarcinomas (COAD) in TCGA.

Results: There were increased numbers of small intestinal adenomas in Apcin mice expressing
the TagN151A allele, whereas 7etI-deficient and 7er1/TdgN151A-double heterozygous ApcMin
colonic adenomas were larger with features of erosion and invasion. We detected reduction

in global DNA hypomethylation in colonic adenomas from 7etZ-and 7ag-mutant ApcMin

mice, and hypermethylation of CpG islands in 7etZ-mutant ApcMiM adenomas. Upregulation of
inflammatory, immune and interferon response genes was present in 7etZ- and 7dg-mutant colonic
adenomas compared to control ApcMin adenomas. This upregulation was also seen in murine
colonic organoids and human CRC lines infected with lentiviruses expressing 7E71 or TDG
shRNA. A 127-gene inflammatory signature separated COAD into four groups, closely aligned
with their microsatellite or chromosomal instability, and characterized by different levels of DNA
methylation and DNMT1 expression that anti-correlated with 7E7Z expression. Tumors with the
CpG island methylator phenotype (CIMP) had concerted high DNMT1/low TET1 expression.
TETI1or TDG knockdown in CRC lines enhanced killing by NK cells.

Conclusions: Our findings reveal a novel epigenetic regulation, linked to the type of genomic
instability, by which TET1-TDG-mediated DNA demethylation decreases methylation levels

and inflammatory/interferon/immune responses. CIMP in CRC is triggered by an imbalance of
methylating activities over demethylating activities. These mice represent a model of CIMP CRC.

Keywords

DNA methylation; DNA demethylation; CpG Island Methylator Phenotype; inflammatory
response; interferon response

Introduction

Colorectal cancer (CRC) is the second leading cause of cancer death in Western countries.
Every year, approximately 140,000 new cases are diagnosed in U.S.A. and approximately
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50,000 deaths occur?. Successful control of this disease, via appropriate preventive,
interventional and therapeutic strategies, will depend on the precise characterization of

its molecular basis. CRC, like many other epithelial malignancies, is characterized by
multi-step carcinogenesis, in which accumulation of (epi)genetic alterations in critical genes
affect rate-limiting steps of cell proliferation, differentiation and death?=4. Common genetic
alterations in CRC initiation and progression include inactivating mutations of the tumor
suppressor genes APC, SMAD2-4and TP53, and activating mutations of the oncogene
KRAS. In addition, epigenetic changes during CRC progression involve DNA methylation,
chromatin modification and remodeling, and microRNA expression?: 4 5,

Although several discrete alterations in DNA methylation patterns have been identified in
CRC their causes are poorly defined. These include loss of imprinting marks distinguishing
the paternal and maternal alleles; genome-wide DNA hypomethylation, particularly
evident at satellite sequences; and DNA hypermethylation and silencing of CpG-rich

loci and promoters (i.e., the CpG island methylator phenotype (CIMP)8-8. While some
hypermethylation events are linked to aging?, it is clear that even after correcting for age,
consistent hypermethylation of clusters of CpG islands is found in a subset of tumors,

in which CIMP represents a powerful pathogenetic mechanisms because it can achieve
inactivation of multiple tumor suppressor genes at once’: 19, Pan-analyses of The Cancer
Genome Atlas (TCGA) have identified CIMP in multiple cancer typesl. Whereas CIMP
in glioma (G-CIMP) is associated with gain-of-function mutations in /DH1 that lead to
inactivation of dioxygenases, suggesting a generalized impact on the epigenome?2, the
molecular basis of CIMP in CRC is unknown?3,

Ten-Eleven Translocation (TET) family dioxygenases play a crucial role in active DNA
demethylation by oxidizing 5-methylcytosine to 5-hydroxymethylcytosine (5hmC), and
converting 5ShmC to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)4-16. Low levels
of 5hmC have been reported in CRC, suggesting an involvement of TET enzymes in

CRC tumorigenesis’: 18, In past work, we showed that TET1 binds preferentially to
hypomethylated CpG islands and maintains their hypomethylated status by removing and
preventing the spreading of aberrant DNA methylation from nearby locil®. In addition, we
and others identified the base excision repair enzyme Thymine DNA Glycosylase (TDG)

as a critical effector of DNA demethylation downstream of TET enzymes, mediating

the removal of 5fC, 5caC and 5-hydroxymethyluracil (5hmU), a deamination product of
5hmC20-25, We also found that the expression of TDG is frequently reduced in CRC

cell lines, and that 7DG acts as a tumor suppressor in the pathogenesis of a subset of
intestinal tumors28. Importantly, inactivation of 7DG by knock-out in developing murine
embryos?2: 24 and by knockdown in melanoma cell lines?’ is associated with increased DNA
methylation.

Based on this work, we hypothesized that CIMP in CRC may originate from an imbalance
of methylating activities over demethylating activities that normally protect CpG islands
from methylation’: 28, To functionally study the role of TET1 and TDG in epigenome
modulation in CRC formation, we crossed mice bearing the 7erZ~ knock-out allele?® and/or
the dominant-negative, glycosylase-dead 7dgV?>1A allele?2 with ApcMin (Multiple Intestinal
Neoplasia) mice, which are predisposed to colorectal neoplasia3®. Analysis of the resulting
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tumor phenotypes revealed complex roles for TET1 and TDG in modulating methylation
patterns/CIMP and gene expression, and revealed a tumor suppressive role associated with
inhibition of inflammatory, interferon and immune response pathways. Analysis of the colon
adenocarcinoma (COAD) dataset in TCGA confirmed the association between low DNA
methylation levels and low inflammatory, interferon and immune response, which may have
important diagnostic and (immuno)therapeutic implications. To our knowledge, this is the
first study in which TET1 and TDG have been studied and compared in the context of cancer
disposition and inflammation.

Material and Methods

Experimental animals

The Institutional Animal Care and Use Committee of the Fox Chase Cancer Center approved
animal protocols and mouse handling procedures. 7etZ*/~ (from The Jackson Laboratory)2®
and ApAMin mice3! were mated with 7agN1®1A* mice?2. The resulting Fy 7z~ ApcMin/+
and TetI*~ TagN151A* mice were crossed to generate 92 F, mice: 7etI™~ Tagt* ApcMin'+
(n=8); Tet1*"~ TagNISIA* ApAMin'+ (n=22): Tet1** TagNLSIA* ApMin'* (n=33); and

Tet1** Tdgt'* ApcMiV'+ (n=29)(Suppl. Fig. 1). All the strains used in this study have a
C57BL/6J genetic background.

Histopathology and tumor load analyses

Animals were monitored weekly for rectal prolapse and/or bleeding and sacrificed at 150
days. At the time of sacrifice, small intestine, cecum, colorectum and other organs were
collected and inspected. Small intestinal and colorectal adenomas were counted, evaluated
for hemorrhagic features and measured with a ruler. Proximal, middle, and distal small
intestine and colorectum were embedded in paraffin, and sections were stained with
hematoxylin/eosin?® for histopathological evaluation by a pathologist (RN) with expertise
in gastrointestinal cancer.

Immunohistochemistry

Colonic adenoma sections were fixed for 24hr in 10% buffered formalin and embedded

in paraffin. Sections were deparaffinized, rehydrated, and antigen retrieval was performed

in citrate buffer (pH 6.0) for 1hr at 95°C. Sections were incubated with 3%H,0, for

10min and blocked with 5% goat serum in 1%BSA in PBS for 30min. Sections were
incubated overnight at 4°C with rat anti-mouse F4/80 and anti CD45R/B220 antibodies (BD-
Pharmingen), and rabbit anti-mouse CD3 antibody (Dako/Aligent). After incubation with
biotinylated goat anti-rat and anti-rabbit secondary antibodies, staining was visualized using
streptavidin—horseradish peroxidase (BD-Pharmingen) and chromogen diaminobenzidine
(Sigma) for 10min.

DNA methylation analysis by DREAM

Genomic DNA was extracted from normal colonic mucosa (n=6 from 6 C57BL/6J mice)
and colonic adenomas (n=12, from three mice each of the four genotypes), using Gentra
Puregene Tissue Kit (Qiagen). Adenomas had similar size (4-6mm) and lacked hemorrhagic
features. DNA methylation was determined with Digital restriction enzyme analysis of
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methylation (DREAM)32. Sequencing reads were mapped to Smal/Xmal restriction sites in
mouse genome mm10, and methylation ratios were calculated as a proportion of methylated
counts to the sum of unmethylated and methylated counts32. Differentially methylated CpG
sites had minimal methylation differences of 5% with false discovery rate (FDR)< 0.05.

Whole Genome Methylome by Enzymatic Methyl-Seq (EM-Seq)

Genomic DNA from duplicate colonic adenomas (n=8, from two mice each of the four
genotypes) was processed for library preparation using NEBNext Enzymatic-Methyl-seq Kit
(New England Biolabs). Libraries were pair-end sequenced (150 cycles) on NextSeq550
(IMlumina). EM-seq reads were trimmed and aligned to reference mouse genome (mm10).
Duplicate reads were removed and methylation ratios were calculated per CpG.

Analysis of DNA Methylation by Bisulfite Modification Sequencing

Genomic DNA (250-500ng) was modified by sodium bisulfite using EZ DNA
Methylation-Lightning kit (Zymo Research). Amplicons were designed using Primer3
(http://biocinfo.ut.ee/primer3-0.4.0/); primer sequences are available upon request. PCR
products were purified with PCR Purification Kit (QIAGEN), subcloned into pGEM-T-Easy-
I (Promega), and sequenced (n=12-19). Methylation levels were analyzed by QUMA (http://
quma.cdb.riken.jp/).

RNA sequencing

Total RNA was isolated from colonic adenomas from all genotype groups in triplicate
using TRIzol (Invitrogen); adenomas had similar size (4—6mm) and lacked hemorrhagic
features. Sequencing libraries were constructed using TruSeq RNA Sample pre-kit-V2
(IMlumina), and single-read sequenced (75 cycles) on HiSeq2500 (Illumina). Reads were
aligned to mouse mm10 genome using Tophat233. Cufflinks algorithm34 was implemented
to assemble transcripts and estimate their abundance. Cuffdiff3® was used to statistically
assess expression changes; genes with FDR<0.05 and fold change =2 were considered
differentially expressed. Analysis of differentially expressed genes among genotypes was
conducted with SuperExactTest package in R36. Gene ontology was done with Ingenuity
Pathway Analysis (http://www.giagen.com).

Preparation and lentiviral transduction of colonic organoids

AP and AKP organoids, provided by Grivennikov lab, were obtained3” from colons

of tamoxifen-treated CDX2::ER-T2-Cre Apcilox/flox p55loxiflox ang CDX2::ER-T2-Cre
Apciloxiflox psfloxiflox iiras | SI-G12D mice. After dissociation into single cells with
TrypLE (Invitrogen), 1x10° cells were mixed with polybrene (8pg/ml) and lentiviral control
pLKO or C8 lentivirus?’ expressing ShRNA against Tdg. The mixture was transferred to
Matrigel (BD Sciences)-coated well at 37°C for 24hr. After puromycin selection (4 and
5ug/ml for AP and APK, respectively), organoids were expanded in Matrigel-DMEM F12
(supplemented with antibiotics, 10mm Hepes, L-Glut-Max, N2, B27 and EGF 50ug/ml) for
RNA isolation.
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Bioinformatic analysis

The Cancer Genome Atlas (TCGA) COAD (colon adenocarcinoma) and READ (rectal
adenocarcinoma) datasets38 were downloaded from NCI Genomic Data Commons
(https://gdc.cancer.gov/). cBioPortal (https://www.cbioportal.org/) and Oncomine (http://
www.oncomine.org) were used to explore the alterations and expression levels, respectively,
of TET1-3and 7DG in TCGA COAD and READ. Hierarchical clustering of TCGA
COAD mRNA expression data from 278 tumor samples was performed using the heatmap.2
function from the R gplots package; rows were centered and scaled, and the distance

metric was Euclidean with complete linkage. Boxplots of gene expression used Z-scores
from cBioPortal3%; and p-values for expression differences among groups are from Kruskal-
Wiallis tests. Processed TCGA data to analyze counts of copy humber variants (CNVs)

in C2 and C4 tumors were obtained from UCSC Xena Functional Genomics Explorer;
CNVs were calculated for each chromosome and compared between tumor groups (C2/C4)
using Poisson regression, including chromosome as a random effect; exponent of Poisson
regression coefficient estimates ratio of mean chromosome aberration rates between groups.

Quantitative Real-Time PCR

RNA was reverse transcribed to cDNA using SuperScript-1V-VILO (ThermoFisher); gPCR
was performed using SYBR Green (ThermoFisher). Primer sequences are available upon
request.

Killing by Natural Killer Cells

Killing of HT29 by NK-92 cells was monitored on xCELL igence platform (ACEA
Biosciences), measuring electrical impedance of adherent cells; impedance decrease over
time reflects cytotoxicity. HT29 cells transfected with scramble siRNA or siRNA against
TETI1or TDG (Horizon Discovery) were plated in triplicate at 4,000 cells/well on
XCELLigence plates. The next day, NK-92 cells were added at 50,000 cells/well. Impedance
was recorded at 15-minute intervals for additional 24hr.

Statistical analysis

Comparison of adenoma size/number between different genotypes was by binomial test

of proportions, whereas comparison of fraction of hemorrhagic adenomas was by Mann-
Whitney test; all tests were two-sided and used a Type-I Error of 5% to determine

statistical significance; computations were done with R language®. Differences of hypo-
and hypermethylated CpG sites in volcano plots between adenomas of various genotypes
and normal colonic mucosa were analyzed using two-sided one sample test of proportions
whereby comparison involving 7etZ*'* Tdg*"* ApAMiM* adenomas vs. normal colonic mucosa
was used as reference; a Type-I Error of 5% was used to determine statistical significance.

Data availability
Datasets are in GEO repository at accession numbers GSE179313 and GSE179526.
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Results

Tetl and Tdg act as intestinal tumor suppressors in the context of the ApcMin mutation

To investigate the biological significance of the TET-TDG demethylation axis (Suppl. Fig.
1A) in intestinal tumorigenesis, we crossed 7erZ knockout mice2® and/or mice bearing

the dominant-negative, glycosylase-dead 7dgN151A allele?2 with ApcMin mice, predisposed
to intestinal adenomas3% 31; we employed the ApcMin Fox Chase Cancer Center variant
characterized by high incidence of colonic adenomas3!. We studied mice with the following
4 genotypes (Suppl. Fig. 1B): 7et1™~Tdg™* (Tet1 knockout) ApcMin* (hereinafter referred
to as Tel-Tel-Am mice); 7etI*~ TagVL52A%* (@ouble heterozygotes) ApcMin'* (Tel-Td-Am
mice); Tetl™* TdgVI51A%* (Tdg heterozygotes) ApcMiM* (Td-Am mice), and 7etI** Tag™*
(“wild type”) ApcMin’* (control Am mice). We note that, as the 7dgV252A mutation is
embryonically lethal in homozygosity22, we were unable to include these mice in our
analysis. In addition, live-birth 7erz~~ TagVI52A%* ApcMin* mice were never obtained, due to
embryonic lethality.

We first investigated whether 7etZ and /or Tag defects modify tumor multiplicity or size

in the ApcMin background. For tumor multiplicity, we found that Td-Am mice showed

a predisposition to develop a large number of adenomas (>30) in the small intestine, a
phenotype that was not observed in Tel-Tel-Am, Tel-Td-Am or control Am mice; in
contrast, Tel-Td-Am and Tel-Tel-Am mice tended to have <10 small intestinal adenomas
(less than control Am mice), but more colonic adenomas than Am mice (Fig. 1A; Suppl. Fig.
2A). For tumor size, Td-Am mice tended to develop small (<2mm) adenomas of the small
intestine (Fig. 1B, left); in contrast, both Tel-Tel-Am and Tel-Td-Am mice exhibited a
tendency to develop large colonic adenomas (>3mm) compared with control Am mice (Fig.
1B; Suppl. Fig. 2B). Histopathological analysis revealed more frequent surface erosion in
adenomas from Tel-Tel-Am, Tel-Td-Am and Td-Am mice, in comparison with adenomas
from control Am mice (Fig. 1C-D).

A statistically significant increase of congested, hemorrhagic adenomas, limited to the colon,
was observed in Tel-Tel-Am (p-value=0.0044) and Tel-Td-Am (p-value=0.0008) mice,
compared with control Am mice, in which they were rarely detected (Fig. 2A). In addition,
histopathological analysis of hemorrhagic adenomas from Tel-Tel-Am and Tel-Td-Am
mice revealed features of invasion compared with control Am mice (Fig. 2B). Infiltration

of macrophages (F4/80 staining) in the stroma surrounding adenomatous crypts was seen

in Tel-Tel-Am, Tel-Td-Am and Td-Am mice, but not control Am mice, whereas there

was no difference in T-cell infiltration (CD3 staining) among the four genotypes (Suppl.
Fig. 3A,B). No B-cell infiltration (CD45R/B220 staining) was noted (hot shown). Gene
expression (see below) deconvolution confirmed these infiltration results (Suppl. Fig. 3C).
For all genotypes, tumors were only observed in the digestive tract, and no significant
differences in survival among the four genotypes (i.e., no spontaneous deaths) were detected
before planned euthanasia at 150-160 days. Tel-Tel, Tel-Td and Td mice (lacking ApcMin
mutation) did not manifest tumors when aged up to 1 year.

These observations indicate that both 7agand Tet act as tumor suppressor genes in the
intestine in the context of the ApcMin background, affecting tumor size ( 7etZ) or multiplicity
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(7dg). In addition, 7etZ homozygous mutations or double heterozygous 7et1/Tdg mutations
enhance intestinal tumorigenesis in the ApcMin background, by causing hemorrhagic
adenomas with features of invasion, indicating an incipient conversion to malignancy.

Tetl and Tdg mutations affect the methylome of colonic adenomas in the ApcMin

background

To determine whether comparable epigenomic changes are associated with 7etZ and 7dg
defects in the context of the Apci* background, we conducted a genome-wide DNA
methylation analysis of adenomas by Digital restriction enzyme analysis of methylation
(DREAM)32, which interrogates approximately 25K CpG sites in the murine genome,
including both CpG islands (CGI) and non-CpG islands (NCGI), and provides high-
coverage of target CpG sites*!. DREAM analysis was conducted on three adenomas from
mice of each of the four genotypes, and on six samples of normal colonic mucosa from wild
type C57BL/6J mice. Analyzed adenomas from each genotype were chosen based on similar
size (4-6mm) and lack of hemorrhagic features.

We first focused on methylation levels at NCGls. Compared to normal colonic mucosa, a
global hypomethylation at NCGls was detected in control Am adenomas (Fig. 3A) and is
reminiscent of the genome-wide hypomethylation reported in human colonic adenomas as
one of the earliest manifestations of multistep tumorigenesis® 42. Remarkably, this global
hypomethylation was progressively decreased in Td-Am, Tel-Td-Am and Tel-Tel-Am
adenomas (Fig. 3A,C), which indicates a shift towards increased methylation levels in the
absence of a functional TET-TDG axis.

Previous DNA methylation analysis of ApcMin tumors showed little evidence of CGI
hypermethylation#3. However, Tel-Tel-A adenomas showed elevated methylation at CpG
sites (Fig. 3B,C), which resembles the CIMP in humans. Microsatellite instability (MSI),
usually associated with CIMP in humans, was not detected in Tel-Tel-Am adenomas (not
shown).

An overall shift towards increased methylation was also detected when Tel-Tel-Am, Tel-
Td-Am and Td-Am adenomas were compared to control Am adenomas (Fig. 3D and Suppl.
Fig. 4).

Because a restriction enzyme-based method like DREAM could potentially introduce a bias,
we employed whole-genome enzymatic methylation-sequencing (WGEM-seq) for duplicate
adenoma samples of four genotypes, covering approximately 80% of CpG sites in the
genome (Suppl. Table 1). Am adenomas demonstrated hypomethylation (54.45% of the
CpG sites) in comparison to normal colonic mucosa**, but the fraction of hypomethylated
sites was decreased in Td-Am (45.92%), Tel-Tel-Am (42.40%) and Tel-Td-Am (37.21%)
adenomas (Fig. 3E). When we compared mutant adenomas to control Am adenomas,
hypermethylation was detected in Td-Am (59.51%), Tel-Tel-Am (62.40%) and Tel-Td-Am
(66.78%) adenomas (Fig. 3F), confirming DREAM analysis.

Thus, 7etl and Tdg mutations shape the methylome of colonic adenomas in the ApcMin
background: colonic adenomas from Tel-Tel-Am, Tel-Td-Am and Td-Am mice exhibit
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increased methylation at NCGls in comparison to control Am adenomas, whereas only
Tel-Tel-Am adenomas display evidence of increased methylation at CGI - a CIMP-like
phenotype.

Tet1- and Tdg-mutant ApcMiM colonic adenomas upregulate inflammatory, immune and
interferon response genes relative to control ApcMi" adenomas

To clarify the role of 7etZ and 7dg mutations in CRC tumorigenesis and evaluate the
impact of the observed methylation changes on gene expression, we conducted RNA-seq
of adenomas from Tel-Tel-Am, Tel-Td-Am, Td-Am and control Am mice, identifying 88,
74 and 123 differentially expressed genes, respectively (Fig. 4A). By SuperExactTest, the
commonality of differentially expressed genes among genotypes was statistically significant
when calculated against the background (null hypothesis) of 25,000 genes in the mouse
genome (Fig. 4B). Gene ontology analysis of each group of differentially expressed genes
revealed an enrichment of common processes of inflammatory response, inflammatory
disease, and immunological disease (Fig. 4C). A direct comparison of these 224 genes to
interferon beta-stimulated genes*® revealed that the differentially expressed genes between
7etl and Tdg mutant adenomas and the ApcMin* control adenomas are also enriched for
interferon response genes (Fig. 4D).

To determine whether upregulation of inflammatory and interferon response is, at least
initially, cell autonomous, i.e., occurring in epithelial cells, we studied double mutant Apc-
p53 (AP) and triple mutant Apc-Kras-p53 (AKP) murine colonic organoids. Infection of
these organoids with a lentivirus expressing ShRNA against 7adg led to increased expression
of key inflammatory and interferon response genes, including //6, Zbp1, OasZ, in both
organoid models, although the response was somewhat blunted in AKP organoids (Fig.
4E). Upregulation of inflammatory and interferon response genes, including /rf7, Ccl2,
IL10, IFNBand OASZ2, was also seen in human CRC HT29 cells infected with lentiviruses
expressing sShRNA against 7E71 and 7DG (Fig. 4F).

Taking advantage of WGEM-seq data, we explored the connection between changes in
methylation and changes in gene expression. The vast majority of differentially expressed
genes do not change their methylation status in mutant adenomas compared to control
adenomas (Fig. 5B), regardless of whether they contain a CGl-promoter (like DuspI) or not
(like Cxcr2)(Fig. 5C), which suggest an indirect mode of regulation. However, two genes
upregulated in Tel-Tel-Am adenomas only, Hspala (Fig. 5C) and Hspalb (not shown),
showed increased gene body methylation, likely responsible for increased expression.

Thus, in comparison to control ApcdMin adenomas, adenomas from the three 7etZ and 7dg
mutant genotypes exhibited a similar transcriptional profile characterized by enrichment,
and prevalently upregulation, of genes belonging to the inflammatory, immune and
interferon response. Because this upregulation occurs in organoids and human CRC cells, it
is, by definition, cell autonomous. In general (with two notable exceptions), the mechanism
of upregulation does not appear to be directly linked to methylation changes in CGI/
promoter or gene body.
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The TET1/TDG-related inflammatory signature is linked to genomic instability in human

CRC

By conducting unsupervised hierarchical cluster analysis, we identified 160 genes, highly
divergent between 7etZ or Tdg mutant adenomas and control ApcAMin* adenomas (Fig. 5A),
composing an inflammatory signature that included mostly upregulated genes. To assess
the significance of this inflammatory signature, we conducted an analysis of the colon
adenocarcinoma (COAD) TCGA. We first converted the murine 160-gene signature to a
human 127-gene signature (Suppl. Table 2) by discarding genes that did not have a human
counterpart, then conducted an unsupervised cluster analysis and looked for association
with clinico-pathological parameters annotated in TCGA. The human 127-gene signature
separates COAD samples into four clusters (Clusters C1-4), that do not correspond
(adjusted Rand index=0.142) to the Consensus Molecular Subtypes*®, but remarkably align
strongly with the genomic instability profile, i.e., with either their chromosomal instability
(CIN) status or MSI status (p<0.0001)(Fig. 6A). Whereas Cluster C1 has mixed MSI-CIN
status and separates early from the other groups, Clusters C2 and C4 are CIN with low

and high expression of the inflammatory signature; Cluster C3 corresponds mostly to

MSI cases that are characterized by CIMP. We next overlayed on these four clusters the
overall DNA methylation levels, that are known to be established mostly by maintenance
DNA methyltransferase 1 (DNMT1). Cluster C2 (low inflammatory score, cold) exhibited
high 7TETZ/low DNMTI1 and low methylation; Cluster C4 (high inflammatory score, /0i)
exhibited low TET1/high DNMTI and high methylation; Cluster C3 has the highest levels of
DNMT 1/methylation/inflammatory score, and the lowest 7E£71 expression (Fig. 6B). TDG
expression did not vary significantly across the four clusters, with the caveat that we are not
measuring its activity. Thus, a TET1/TDG-derived inflammatory signatures separates COAD
cases into four groups all characterized by anti-correlation between DNMT1/methylation
levels and TET1 levels. Further, in Clusters C2 and C4, characterized by CIN, there is
anti-correlation between expression levels of inflammatory genes and 7E71 levels.

Recently, the metaplasia/BA (Braf-Alk5) and WNT/WA (Wntactivation) gene signatures
have been found to characterize the serrated and tubulovillous CRC pathways,
respectively?’: 48, There is no overlap between the 127-gene set and any of these signatures
(Suppl. Table 4). However, the metaplasia and BA z-scores are highest in C3, whereas the
WNT and WA signatures are highest in C2 and second highest in C4 (Fig. 6C).

Taken together, these observations suggest that the (epi)genetic program set forth by TET1-
TDG suppresses inflammation in human colonic adenocarcinomas; and subversion of this
program is strongly linked to, and helps stratify, the intrinsic features of genomic instability
(MSI vs. CIN). Specifically, whereas inactivation of the WNT pathway characterizes,

to different extent in C2 and C4, the tubulovillous/CIN pathway, impairment of active
demethylation and increased DNA methylation drive tumors towards the serrated/CIMP
pathway.
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CIMP in human CRC is characterized by a concerted imbalance of DNMT1 and TET1

expression

Knockdown

The observation that highest levels of DNMT1/methylation/inflammatory score and

lowest TETI expression were found in Cluster C3, corresponding mostly to MSI cases
characterized by CIMP, prompted us to directly evaluate these parameters according to
CIMP status. Human COAD cases were divided in three groups: non-CIMP, low frequency
(CIMP-L) and high frequency (CIMP-H) of DNA hypermethylation*®.

Highest methylation (B-value), inflammation score and DNMT1 expression were found in
the CIMP-H group, along with lowest TET1 expression (Fig. 6D), further supporting our
original hypothesis that CIMP in CRC may originate from an imbalance of methylating
activities over demethylating activities. In order to corroborate these results, we determined,
within each tumor sample, how DNMT1 levels related to TET1 levels. There was no
statistically significant pattern for the relationship between DNMT1 and TET1 levels in all
COAD, non-CIMP and CIMP-L tumors, whereas DNMT1 expression was higher than TET1
expression in most CIMP-H samples (36/46, 78.3%, p-value<0.0001 for paired Wilcoxon
test) (Fig. 6E). These results support the notion that CIMP-H in CRC is characterized

by a concerted imbalance of methylating (DNMT1) activities over demethylating (TET1)
activities.

of TET1 and TDG enhances killing of CRC cells by Natural Killer cells

The link between blockade of active DNA demethylation and induction of inflammatory and
interferon response has potentially important therapeutic implications. Because activation of
the interferon response is implicated in cancer cell killing by natural killer (NK) cells®0, we
reasoned that activation of this response may enhance NK killing of CRC cells. We studied
HT29 cells, as they are responsive to TET1 and TDG blockade (Fig. 4F). Indeed, TET1 or
TDG knockdown in HT29 cells accelerate their killing by NK92 cells (Fig. 7).

Discussion

In this article, we show that both 7etZ and 7dg act as tumor suppressors in intestinal
tumorigenesis associated with ApcMin mutation, by affecting the number (Td-Am mice) or
the size (Tel-Tel-Am and Tel-Td-Am mice) of colonic adenomas. In addition, a fraction

of colonic adenomas from Tel-Tel-Am and Tel-Td-Am mice show congestive/hemorrhagic
appearance, corresponding to morphological features of invasion and incipient malignancy,
suggesting a role in tumor progression.

This tumor suppressive function of 7etZ and Tdg is likely linked to their role in active DNA
demethylation, as their mutations had similar impact on epigenome of murine adenomas.
However, only 7etZ inactivation was associated with CIMP-like phenotype; this may
reflect a specific function of 7etZ compared to 7djg or alternatively may be due to the
relative strength of the mutation (stronger 7etZ homozygous inactivation vs. weaker 7dg
heterozygous knock-in) or the fact that, being upstream, the TET1 phenotype takes priority
over the TDG phenotype.
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The data support our hypothesis that an imbalance between methylating and demethylating
activities causes CIMP in CRC, as Cluster C3 MSI cases, which largely align with CIMP
cases in TCGA COAD?8, have the highest levels of DNA methylation and DNMT1
expression and lowest levels of TET1 expression (Fig. 6). This hypothesis is further
supported by the detection of concerted high DNMT1 expression and low TET1 expression
specifically in CIMP-H cases, but not in no-CIMP or CIMP-L colonic adenocarcinomas
(Fig. 6). Downregulation of TET1/2 in BRAFV600E-mutated CRC has been described®?,
but, to our knowledge, this concerted high DNMT1 expression / low TET1 expression has
not been reported before and offers a clear and testable model for future mechanistic studies
aimed at clarifying molecular basis of CIMP in CRC.

Analysis of gene expression revealed transcriptional activation of the inflammatory,
interferon and immune response pathways in 7etZ- and 7dg-mutant colonic adenomas,
murine colonic organoids and HT29 cells. Further, CIN Clusters C2 and C4 with low and
high levels of expression of the inflammatory gene expression signature exhibited high and
low TET1 levels, respectively (Fig. 6). Thus, in an animal model of intestinal tumorigenesis,
murine colonic organoids, human CRC cells and COAD dataset, TET1 and TDG suppress
inflammatory, interferon and immune response pathways. Upregulation of the immune/
inflammatory mRNAs in isolated epithelial cells (organoids and HT29)(Fig. 4E-F) suggests
that suppression of these pathways by TET1 and TDG is largely cell-autonomous, at least
initially, and later in tumor progression, via the secretion of inflammatory chemokines

and cytokines, may lead to the recruitment of immune and stromal cells, particularly

of the myelomonocytic and T-cell lineage (Suppl. Fig. 3). Mechanistically, upregulation

of immune/inflammatory mRNAs in Tet1-Tdg mutant adenomas does not appear to be
directly linked to methylation changes in CGIl-promoter or gene body in most cases (Fig.
5B), suggesting that this transcriptional output could be an indirect response to epigenetic
stress/damage/imbalance caused by impairment of active DNA demethylation. However,
increased gene body methylation due to Tetl deficiency might be the relevant mechanism

in some cases, as for Hspala (Fig. 5C) and Hspalb, suggesting that TET-mediated dynamic
regulation of gene body (hydroxy)methylation has complex effects on transcription.

An important and unexpected observation in this study is that the TET1/TDG inflammatory
signature separates TCGA COAD tumors based on the features of their genomic instability
(MSI vs. CIN) status. It is thought that high tumor mutation burden (TMB), and consequent
generation of neo-antigens, is responsible for immune infiltration and inflammation in MSI
tumors®2, most of which are CIMP. However, because the Tel-Tel-Am adenomas exhibit
CIMP, but not MSI, our results suggest that the imbalance of methylation/demethylation

in CIMP-H tumors may be a contributing factor to the proinflammatory features, which

are then exacerbated by the MSI-H status. As recent clinical observations indicate that
response to immune checkpoint blockade (ICB) may depend not on an absolute threshold
of TMB, but rather on the causal context of high TMB®3, future evaluation of epigenetic
milieu, combined with high TMB, may help better stratify patients in ICB-responders and
ICB-non-responders. The TET1/TDG inflammatory signature also separates TCGA COAD
in CIN-cold (C2) and CIN-hot (C4), which is consistent with recent studies highlighting a
role of TET enzymes and 5hmC in genome integrity, DNA damage response and aneuploidy
suppression®4-57,
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Taken together, the findings reported here suggest an important role of active DNA
demethylation mediated by TET-TDG in both epigenome and genome modulation during
CRC tumorigenesis: specifically, the TET-TDG axis enforces methylation patterns and
transcriptional programs that not only prevent activation of immune, interferon and
inflammatory response pathways, but also impinge on the features of genomic instability. In
fact, even in the presence of the strong ApcMin mutation driving tumorigenesis towards the
tubulovillous adenomatous trajectory, inactivation of TET1-TDG propels tumors towards the
serrated/CIMP/inflammatory pathway.

In the future, knowledge acquired through the analysis of active DNA demethylation
mediated by TET-TDG might suggest innovative cancer prevention or therapeutic strategies
for inflammatory bowel disease, colitis-associated cancer, and likely sporadic CRC as well.
Mechanistic exploration of the processes involved in colonic inflammation and immune
response regulated by TET1 and TDG has the potential to disclose novel targets to prevent
transition to malignancy, implement early diagnosis and/or improve the efficacy of cancer
immunotherapy.Our experiments with NK cells (Fig. 7) are in line with this contention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 - Tetl and Tdg inactivation modifies tumor multiplicity or size in the Apc'vIin
background.

Box plots representations of number (A) and size distribution (B) of colonic and small
intestinal adenomas in 7etZ ™~ Tdg** ApAMin* mice; Tet1*~ TdgVI51A%* ApcMin'* mice;
Tet1** TagNI51A%* ApcMin'*+ mice, and control 7et1** Tdg** ApAMin* mice. Small intestinal
adenomas were binned in: <2mm, 2-3mm and >3mm. (C) Histopathological analysis of
adenomas of different genotypes stained by hematoxylin-eosin and visualized at 10x (top
row; scale bar=50 microns) and 20x magnification (bottom row; scale bar=10 microns).

(D) Frequency of surface erosion in adenomas of different genotypes. **p-value <0.01,
***pvalue <0.001.
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Hemorrhagic colonic adenomas
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Figure 2 - Hemorrhagic colonic adenomas in Tet1*/~TdgNS1A* ApcMin/+ mice and

Tetl ™ ~Tdg*/*ApcMin* mice.

(A) Gross morphology and percent of hemorrhagic colonic adenomas in the four
genotype-groups. **p-value=0.0044, ***p-value=0.0008. (B) Representative pictures

of hematoxylin-eosin-stained sections of a hemorrhagic colonic adenoma developed

in 7et1~ TdgV52A% ApcMint* mouse at 10x (left; scale bar=50 microns) and 20x
magnification (right; scale bar=10 microns), showing evidence of malignant transformation,
evidenced by overall disorganized architecture, irregular, ragged and invading glands. Frame
in left panel corresponds to enlarged right panel. White arrowheads mark cancer cells
invading the stroma; black arrowhead points to a budding gland; arrows point to capillaries
responsible for the characteristic hemorrhagic macroscopic appearance.
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A Colonic adenomas vs. normal colonic mucosa: Non-CpG Islands (DREAM)
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Figure 3 - Loss of global DNA hypomethylation in Tetl- and Tdg-mutant Apc'\’Iin adenomas.
Volcano plots showing differences in DNA methylation at (A) non-CpG island (NCGI)

and (B) CpG island sites (CGI) in each comparison of 7et1™~ Tdg** ApcMin'* adenomas,
Tet1~ TagVI51A% ApAMin'+ adenomas, Tetl** TdgVI51A%* ApcMin* adenomas and control
Tet1*”* Tdg*"* ApcMin* adenomas vs. normal colonic mucosa. CpG sites showing average
methylation changes =5% and p-value<0.05 are highlighted in blue (hypomethylated sites)
and orange (hypermethylated sites); number and percent of hypo-/hypermethylated CpG
sites over total number of CpG sites analyzed is shown in each Volcano plot. Volcano
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plots are labeled I through VIII. (C) Summary of p-values for differences in hypo- and
hypermethylated CpG sites between the indicated volcano plots in A and B, labeled |
through VIII; n.s.=non-significant. (D) Volcano plots showing the global (NCGI + CGI)
difference in average DNA methylation in each comparison between 7etl ™~ Tdg** ApcMin+
adenomas, 7et1*~ TdgV52A% ApcMin* adenomas, 7etl?* TdgV52A% ApcMin+ adenomas
vs. control TetI*”* Tdg*”* ApcMin* adenomas. CpG sites showing average DNA
methylation changes =5% and p-value<0.05 are highlighted in blue (hypomethylated

sites) and orange (hypermethylated sites). (E) Percent hypo- and hyper-methylation in
comparisons between normal murine colonic mucosa methylome (GSE57527)** and
methylome of 7et™~Tdg**ApcMiM* adenomas, Tet1?~ TdgV251A%* ApcMin'*+ adenomas,
Tet1™* TdgN?51A%* ApAMin/* adenomas and control 7et** Tag*’* ApcMin* adenomas. (F)
Percent hypo- and hyper-methylation in each comparison between 7et? ™~ Tdg*’* ApcMin'+
adenomas, 7et1*’~ TdgV52A% ApcMin+ adenomas, 7etl?* TdgV52A% ApcMin* adenomas
vs. control TetI** Tag™* ApcMin'* adenomas. Percent hypo-/hypermethylation is computed
by identifying CpGs in the intersection between each methylome comparison; p-value was
computed with Wilcoxon rank-sum test.
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Figure 4 - Tetl- and/or Tdg-mutant ApcMi”
interferon and immune response pathways.
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adenomas exhibit upregulation of inflammatory,

(A) Venn diagrams showing the number of common and differentially

expressed genes between 7etI ™~ Tag*’* ApcMiV'* adenomas, Tetl*~ TdgVI51A%* ApcMin/+
adenomas, 7et1*’* TdgV52A% ApcMin* adenomas vs. control TetZ** Tdg** ApcMin+
adenomas. (B) Bar chart illustrating all possible intersections, by SuperExactTest,

among genes differentially expressed (y-axis) in 7etI ™~ Tdg*"* ApcMiV* adenomas,
Tet1*~ TagVI51A% ApAMin'+ adenomas, Tetl** TdgVIo1A%* ApcMin* adenomas vs. control
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Tet1** Tag*”* ApcMin'+ adenomas confirms statistically significant involvement of the
same genes in 7etZ and 7ag mutant adenomas. The matrix of solid and empty

circles at the bottom illustrates “presence” (solid green) or “absence” (empty) of data

sets in each intersection; numbers to the right of the matrix are set sizes; colored

bars represent intersection sizes with color intensity showing p-value significance. (C)
Ingenuity pathway analysis of differentially expressed genes in 7et1™~ Tdg*’* ApcMin+
adenomas, 7et1*~ TdgV52A% ApcMin* adenomas, Tet1** TdgV52A% ApcMin+ adenomas
vs. control TetI*”* Tdg*”* ApcMin* adenomas. The most highly enriched gene ontology
categories (top diseases and biofunctions) are shown. (D) Differentially expressed

genes between Tetl ™~ Tdg** ApcMi* adenomas, Tet1?/~ TdgV51A% ApcMin* adenomas,
Tet1*/* TagVI51A% ApAMin'+ adenomas vs. control Tet1** Tag*”* ApcMin'+ adenomas are
compared with a list of genes induced by interferon-beta?®. (E) qRT-PCR showing induction
of interferon and inflammatory response genes following 7dg knockdown (C8) versus
lentivirus control (pLKO) infection of colonic organoids bearing Apc/p53 mutation (AP)
or Apc/Kras/p53 mutation (AKP). Morphology of organoids (phase-contrast) is shown. (F)
gRT-PCR showing induction of interferon and inflammatory response genes in HT29 CRC
cells following TET1 or TDG knockdown versus lentivirus control (pLKO) infection.
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Figure 5 - Tetl/Tdg-related inflammatory signature and methylation changes in differentially
expressed genes.

(A) Hierarchical clustering of 160 genes differentially expressed

between TetI ™~ Tdg*"* ApcMin* adenomas, 7et1*~ TdgV51A% ApcMin+ adenomas,

Tet1** TagNI51A%* ApcMin'* adenomas vs. control 7et1** Tag*’* ApcMin'* adenomas.

(B) Summary of changes in methylation of differentially expressed genes in

comparisons between 7et1™~ Tdg™* ApcMiV* adenomas, Tet1*~ TagVI51A% ApcMin/+
adenomas, 7et1*/* TdgV52A% ApcMin+ adenomas vs. control TetZ** Tdg** ApcMin/+
adenomas. NA: for 18% of genes no methylation data were available in WGEM-seq dataset.
(C) Genome browser views of WGEM-seq reads covering select differentially expressed
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genes. Blue: unmethylated CpG site; red: methylated CpG site. Blue arrows indicate
direction of transcription. Red arrowheads mark gene body methylation of Hspala.
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Figure 6 —. The TET1/TDG-related inflammatory signature separates human colon
adenocarcinoma cases according to their genomic instability features; concerted high DNMT1
expression and low TET1 expression in human CIMP-H colonic adenocarcinoma.

(A) The 127-gene human TET1/TDG-related inflammatory signature, derived from the 160-
gene murine Tetl/Tdg-inflammatory signature, identifies 4 clusters in TCGA COAD (colon
adenocarcinoma) differing in microsatellite instability (MSI) or chromosomal instability
(CIN) status. V.h.i.=very high inflammation. (B) Box plot representation of inflammation
score (expression levels of 127-gene signature), mean methylation, DNMT1 and TET1
expression levels in the 4 clusters. (C) Box plot representation of expression (Z-score) of
Metaplasia and WNT/Stem signatures from Chen, Scurrah et al.*8, and BA (Braf-Alk5)
and WA (Wnt activation) signatures from Leach et al.4°. (D) Box plot representation of
mean methylation (B-value), inflammation score (expression levels of 127-gene signature),
DNMT1 and TET1 expression levels in TCGA COAD cases, separated according to CpG
Island Methylator Phenotype (no-CIMP, CIMP-L, and CIMP-H, in gray, orange and red,
respectively, as in panel A). (E) Relationship between DNMT1 and TET1 expression levels
in TCGA COAD cases (MRNA expression Z-scores from cBioPortal; from top to bottom:
no-CIMP, CIMP-L, CIMP-H and all cases); DNMT1 expression was higher than TET1
expression in CIMP-H samples (36/46 cases, 78.3%, p-value< 0.0001 for paired Wilcoxon
test).
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Figure 7 —. Knockdown of TET1 or TDG sensitizes HT29 cells to killing by Natural Killer cells.
Cell killing analysis with xCELLigence system: HT29 cells were transfected with scramble

SiRNA or siRNA against TETZ or TDG, and the next day incubated or not with NK92 cells,
and monitored in real-time for loss of adherent cells.
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