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DNA methylation functions as a repressive epigenetic mark that can be reversed by the
Ten-eleven translocation (TET) family of DNA dioxygenases that sequentially oxidize
5-methylcytosine into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and
5-carboxylcytosine (5caC). Both 5fC and 5caC can be excised by DNA base-excision
repair factors leading to unmodified cytosines. TET enzymes were recently impli-
cated as potential risk factors for inflammatory bowel disease (IBD), but the contri-
bution of TET-mediated DNA oxidation to intestinal homeostasis and response to
environmental stressors are unknown. Here, we show prominent roles of TET3 in
regulating mouse intestinal epithelial differentiation and response to luminal stress-
ors. Compared with w11d type littermates, mice with intestinal epithelial cell-specific
ablation of 7¢¢3 (7e¢3*F°) demonstrated a decreased transcriptome involved i in mnate
immune response, Paneth cell differentiation, and epithelial regeneration. Tet3™¢ mice
exhibited an elevated susceptibility to enteric pathogen infection that is correlated with
a decreased epithelial 5ShmC abundance. Infection of human enterocytes or mice with
the pathogenic bacteria acutely increased 5ShmC abundance. Genome-wide 5hmC
profiling revealed a shift of genomic enrichment of 5ShmC toward genes involved
in activating Notch, Wnt, and autophagy pathways. Furthermore, chemical stressor
dextran sulfate sodlum (DSS) represses epithelial 5ShmC abundance in a temporal
fashion, and 72z3" mice exhibited increased susceptibility to DSS experimental colitis
with reduced regenerative capacity. TET3 is a critical regulator of gut epithelial DNA
methylome and transcriptome, especially in response to luminal stressors, for the
maintenance of tissue homeostasis.

epigenetic | cell biology | immunology | inflammation | intestinal epithelia

Epigenetic mechanisms contributing to intestinal homeostasis and disease susceptibility
remain poorly understood (1). Changes to DNA methylation profiles in intestinal epi-
thelial cells (IECs) have been observed upon colonization by commensal microbiota (2).
Methylated DNA functions as a repressive mark for gene expression and is pivotal for cell
fate commitment in embryonic development (3). DNA methylation at specific genomic
loci has been shown to be critical for the acquisition and maintenance of cellular identity
and function in mammals (3). However, there remains a paucity of experimental data on
how DNA methylation patterns are dynamically regulated in response to intestinal luminal
stressors and participate in mucosal innate response. DNA methylation is catalyzed by
DNA methyltransferases (DNMT), generating 5-methylcytosine (5SmC) (4). In mammals,
in addition to passive removal of methyl groups during DNA replication, active demeth-
ylation can be catalyzed by the Ten-eleven translocation (TET) family of enzymes, TETT,
TET2,and TET3 (4). TET enzymes are DNA dioxygenases that can sequentially oxidize
5mC into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and
5-carboxylcytosine (5caC) (4). These DNA oxidations can function as DNA demethylation
intermediates, as thymine DNA glycosylase (TDG) can further excise 5fC and 5caC
through a DNA base-excision repair (BER) mechanism resulting in unmodified cytosines
(4). TET-mediated DNA oxidations are enriched at genomic loci with high transcription
factor occupancy in embryonic stem cells (5).

A human scRNA-seq study predicted TET enzymes among new risk genes in ulcerative
colitis patients (6). However, the role of TET enzymes in IEC physiology remains
unknown. Based on scRNA-seq data (7), we found that 773 is highly expressed in mouse
IECs comparing to 7et! and 7ez2. Here, we genetically ablated Ter3 in mouse intestinal
epithelia and observed a global reduction of ShmC in 734" mouse IECs that exhibited
an altered epithelial differentiation program at steady states. These mice also showed
elevated susceptibilities to challenges by enteric pathogenic bacteria or barrier-disrupting
chemical stressor. Genomic profiling of ShmC in human enterocytes before and after
pathogenic bacterial infection revealed that infection triggered a significant genomic
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Significance

Recent single-cell transcriptomic
studies predicted TET enzymes,
which are DNA dioxygenases
capable of changing the
epigenome, among risk genes in
ulcerative colitis patients.
However, the role of TET-mediated
epigenetic reprogramming
affecting intestinal epithelial
physiology under conditions of
homeostasis and in response to
stressors remains largely unclear.
Here, we described an essential
role for TET3-mediated DNA
production of 5hmC to protect
intestinal epithelial integrity from
pathogenic infection and chemical
stressors by promoting the
expression of genes involved in
Notch and Wnt signaling
pathways.
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redistribution of 5ShmC to genes involved in regulating epithelial
regeneration and growth signaling pathways. Our results suggest
that TET3 is an essential DNA dioxygenase responsible for an
epigenetic reprogramming that allows proper epithelial cell differ-
entiation and response to barrier-disrupting luminal stressors.

Results

Genetic Ablation of Tet3 in the Intestinal Epithelium Altered
the Mature Mouse IEC Population. To determine the expression
levels of the three mouse 7er genes, we analyzed the mouse IEC
single-cell RNA sequencing (scRNA-seq) data reported by Haber
et al. (7) (Fig. 14). We found that compared to 7ez! (Fig. 1B)
and 7ez2 (Fig. 1C), 7et3 is the most abundantly expressed 7Zer

gene in the IECs (Fig. 1D). Notably, 7¢z3 is expressed in diverse
epithelial cell types, most notably the enterocytes and Tuft
cells (Fig. 1E), which regulate intestinal barrier and immune
functions (8, 9). Immunohistochemistry for TET3 confirmed its
expression along the crypt-villus axis with villus IECs showing
higher abundances (Fig. 1F). Immunohistochemistry for ShmC
illustrated strong epithelial cell nuclear staining in both cryptand
villus compartments (Fig. 1G).

As TET3 may be the major TET enzymes in mouse IECs, we
developed IEC-specific 7ez3 knockout mice (Ter3A™) by crossing
7et3™ mice (10) to Villin-Cre driver to investiéate the role of
TET3 in IEC function. At steady states, 7234 mice do not
show overt abnormality by body weight or intestinal histology.
Immunohistochemistry revealed a significant reduction of lysozyme-
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Fig. 1.

Tet3 is more abundantly expressed in IECs than Tet7 and Tet2. Gene expression analysis was performed using the mouse intestinal epithelial single-cell

RNA dataset of Haber et al. (7). (A) tSNE of whole mouse small IECs (7,216 cells) showed different IEC clusters. (B-D) Mapping Tet1, Tet2, and Tet3 on IECs by tSNE
analysis. (E) Dot plots show cell type-specific expressional abundance of Tet3 across various IEC cell types. Larger dots indicate higher expression compared to
smaller dots. (F and G) Immunohistochemistry (IHC) staining showing the distribution of TET3 and 5hmC in the crypt-villus axis of WT mice.
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Fig.2. Tet3**“mouse intestinal epithelia show altered epithelial cell composition. (4 and B) Lysozyme staining and quantification to assess Paneth cells. (C and D)
Alcian blue staining and quantification to assess goblet cells. (E and F) DCLK-1 staining and quantification to assess Tuft cells. (G and H) Olfm4 staining and
quantification to assess crypt base columnar stem cells. Statistical analysis was performed five to six mice per genotype (**P < 0.01 and ****P < 0.0001, error
bars represent SEM). (/) Dot blot analysis showing a global decrease of 5hmC abundance in genomic DNA from the Tet3*"*“ mice ileum compared to WT littermates
under homeostasis. (/) ShmC quantification from of the WT and Tet3* ¢ mice ileum (n = 4 per genotype, **P < 0.01, ****P < 0.0001, error bars represent SEM). (K
and L) TET3 staining (IHC) and quantification in the crypt-villus axis of WT and Tet3**“ mice (n = 9 per genotype, ****P < 0.0001). (M and O) 5hmC staining (IHC) of
WT and Tet3““ mice and quantification in the crypt-villus axis (n =30 per genotype, ****P <0.0001) and quantification in crypt (n = 5 per genotype, **P < 0.0088).

expressing Paneth cells, when compared to control littermates
(Fig. 2 A and B). This reduction of Paneth cells was accompanied
by ~fourfold expansion in the number of goblet and Tuft cells in
7et3A"€ ileum (Fig. 2 C—F). Interestingly, the number of Offn4
expressing intestinal stem cells (ISCs) was modestly reduced in
76134 ileum (Fig. 2 G and H). These changes in epithelial cell

composition were not due to the presence of 73" or Villin-Cre

PNAS 2023 Vol.120 No.37 e2221405120

allele alone, or due to cage effects, as littermates with no Villin-Cre
or with Villin-Cre alone were examined as controls in our analysis.
These data suggest that TET3 deficiency causes an alteration in
the IEC composition in homeostasis.

Since TET enzymes are DNA dioxygenases targeting the oxida-
tion of 5mC into ShmC (4), we determined the abundances of
5hmC in 7634 mouse small intestinal epithelia by dot blot

https://doi.org/10.1073/pnas.2221405120 3 of 11
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analysis. Under homeostatic conditions, we found a radical decrease
of 5hmC abundance in 7234™ compared to wild-type (WT)
mouse ileum (P < 0.01, Fig. 2 /and ), suggesting that TET3 may
play a predominant role compared to other TET enzymes in IECs
(Fig. 1 D and E). Immunohistochemistry for TET3 and for 5ShmC
suggested decreased abundances along the crypt-villus axis in
Tet3A"™C mice compared to controls (Fig. 2 K~O and SI Appendix,
Fig. S2 A and B). Since 5ShmC is usually enriched at actively tran-
scribed genes (5), the decreased ShmC in 7ez3-deficient IECs sug-
gest that TET3-mediated DNA oxidation may regulate the
expression of specific genes involved in IEC functions such as epi-
thelial differentiation or tissue maintenance.

Decreased Growth Signaling and Innate Immune Response
Gene Networks in Tet3"™ Mice. To identify genes whose
expression is affected by 7ez3 deletion in IECs, we performed
bulk RNA-Seq analysis using ileal RNAs extracted from control
and 76347 littermates (n = 5 each genotype, both genders).
Principal component and differential gene expression analysis
showed transcriptomic differences including 631 si%niﬁcantly
decreased and 960 increased transcripts in the 7234"°¢ mouse
ileum (Fig. 3 A and B). Heatmap and pathway analysis revealed
reduced gene networks involved in growth signaling, antimicrobial
response, immune defense, and cellular stemness (Fig. 30).
Gene ontology (GO) analysis by Enrichr cataloged the most
significantly reduced pathways in 7ez34" mice included type I
interferon responses (e.g., Ifitm2, Ifitm3, Irf7, Ifitl, and Gbp2),
Wnt and Notch signaling (e.g., DI/, Dl/4, Wnt3, and Wnt9b),
antimicrobial response (e.g., Lyzl, Lyz2, Reg3b, and Reg3g), and
cellular stemness (e.g., Olfm4, Lgr4, Lgr5, and Sox9) (Fig. 3 Cand
D and Dataset S1). Immunohistochemistry for HES1, a Notch
signaling target and effector (11), showed a significant reduction
in 7er3A™¢ mouse IECs, comparing to controls (Fig. 3 F and
G). Interestingly, the most significantly increased genes revealed
by Enrichr are involved in cellular glucuronidation, a major
detoxification pathway for endo- and xenobiotics (e.g., Ugrlal0,
Ugtla5, Ugtla9, and Ugrla8), and epithelial development (e.g.,
Hey2, Snail, Pax8, Pou3f3, Pkhdl, Sle4a7, Rilpll, and Pdzd7)
(Fig. 3 and Dataset $2). Among them, Hey2 and Snail are noted
as transcription factors downstream of Notch signaling, which
affects differentiation of Paneth cells (12). Thus, loss of 7é£3 in
mouse intestinal epithelia altered the transcriptomic networks
involved in epithelial growth and innate defense.

Tet3"¢ Mice Have Increased Susceptibility to Enteric Pathogen
Infection. The changed expression of innate immune response
genes suggests that TET3 may be required for IECs to respond
to luminal stressors such as invasive pathogens. We therefore
analyzed 5ShmC abundances in the ileum and colon of WT mice
at different time points after Salmonella infection. We found a
significant enrichment of 5ShmC abundance 6 h after Salmonella
infection in the ileum (Fig. 4 A-C) and a similar enrichment in
the colon only 3 h after infection (Fig. 4 D—F), suggesting that
infection acutely promoted TET enzyme activity.

Next, we challenged WT and 7385 “mice with 10°
colony-forming unit (CFU) Salmonella typhimurium per mouse,
following a standard protocol with an oral streptomycin pretreatment.
Infected 76234 mice, of both genders, showed greater body weight
loss than littermate WT mice (Fig. 4G). Experiments were terminated
at 5 days after infection (dpi), as 72z34™ mice showed 20% body
weight loss. Scoring of colonic inflammation revealed a significantly
increased mucosal inflammation in 7234 mice (Fig. 4 Hand 1),
consistent with an increased systemic Salmonella dissemination to

https://doi.org/10.1073/pnas.2221405120

the spleen and liver in these 7e£3A™ animals (Fig. 4 J and K). We
measured global 5ShmC contents in intestinal epithelia of infected
mice 5 dpi, and found a diminished ShmC abundance in 72:34"¢
mice (Fig. 4 L and M), suggesting that the other TET enzymes did
not effectively compensate TET function after infection. These data
suggest that TET3-mediated 5ShmC regulation plays a critical role in
the host response to gut pathogen infection.

Pathogen Infection in Human Enterocytes Induces TET-Mediated
DNA Oxidation and Genomic 5hmC Redistribution. TET3 is
highly enriched in mouse enterocytes (Fig. 1 D and E), which
are the major cell type of infection by Salmonella. It is unknown
whether pathogenic infection of human enterocytes may affect
TET-mediated DNA oxidation. We thus infected the human
enterocyte cell line Caco2-BBE with S. gyphimurium. Caco2-BBE
is a Caco2 subclone (13) that develops brush border with enriched
expression of Villin that facilitates Sa/monella infection (14). Upon
Salmonella infection of confluent Caco2-BBE monolayer, we
observed a temporal and significant increase of 5ShmC abundance
within the first 10 min followed by a 3-h time course of infection
(Fig. 5 A and B).

To investigate whether infection drives TET-mediated DNA
oxidation to specific gene networks, thereby modifying the cellular
transcriptome in response to infection, we infected Caco2-BBE
monolayers with S. zyphimurium for 3 h and then performed ShmC
DIP (DNA immunoprecipitation)-sequencing (hMeDIP-seq) on
uninfected and infected cells (Dataset S3). Principal component
analysis revealed the differential clustering between uninfected and
infected Caco2 cells (SI Appendix, Fig. S14). We observed a global
redistribution of 5hmC at various genomic regions including
enhancers, introns, exons, promoters, and CpGs (Fig. 5 Cand D
and Datasets S4 and S5). Gain and loss of 5ShmC were observed at
8,761 and 15,493 gene loci, respectively (Fig. 5E and ST Appendix,
Fig. S1B). Notably, the genes that acquired a gain in 5hmC are
involved in the activation of Wnt/p-catenin (CBP, SMARCA4, and
KIF3B), Notch (RBPJ, PRKCI, and ZMIZI), or autophagy
(ITGB4, ING1, and UBXN2A) pathways (Fig. 5 Fand G). These
pathways have been shown to be activated in IECs as part of the
innate immune defense program (15-17). Genome-wide analysis
has associated 5hmC enrichment with high transcription factor
occupancy at genomic regions including active enhancers, thereby
enrichment of ShmC on the above genes suggested a potential
positive regulation for their expression (18). Interestingly, we found
that the gain of 5ShmC for these genes occurs at enhancer regions
(Fig. 5 Cand G). The genes exhibiting a loss of ShmC after path-
ogenic infection are related to cell migration and cell-cell adhesion,
negative regulation of cell proliferation, and Fc-gamma receptor
signaling, which is involved in cytotoxicity and phagocytosis during
microbial infection (19) (SI Appendix, Fig. S1D).

We next investigated whether gain of 5ShmC correlates with acti-
vation of gene expression in the context of infection. We performed
a correlation analysis using our ShmC genome-wide results with
RNA-seq data from the human 3D enteroid model system infected
with Salmonella (20). Sixty-two genes enriched for ShmC were
increased in response to Salmonella infection (Fig. 64 and Dataset S6).
Strikingly, 11 out of these 62 genes (18%) are direct activators of the
Wnt/p-catenin pathway, while six of them (e.g., CBR, BRGI, AXIN1,
MSI2, ZMIZ1, and MSN) are also involved in promoting the Notch
pathway (Fig. 6B and SI Appendix, Fig. S1C). Consistent with an
enriched 5hmC occupancy, we validated that these genes (RBP/,
SENP2, and CREBBP) were significantly increased in Caco2-BBE
cells after Salmonella infection (Fig. 6C). Furthermore, we established
a TET2-knockdown Caco2-BBE cell line, where both 7E77 and
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Fig.3. Altered transcriptome in the Tet3**“ mouse ileum. (4) Bulk RNA sequencing was performed on the control and Tet3**“ mouse ileum. Principal components
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TET3 were also significantly down-regulated supporting our previ- ~ ShmC-enriched genes was significantly down-regulated in 7E72-

ous finding suggesting an autoregulatory mechanism among the TET ~ deficient Caco2-BBE cells (Fig. 6D). These data linked ShmC
family of enzymes (21). We found that the expression of these  enrichmentwith positive transcriptional activation during infection,
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Fig. 4. Tet3* mice are susceptible to S. typhimurium infection. (A-C) Dot blot analysis and quantification showing time-dependent augmented 5hmC in
genomic DNA from the ileum of WT mice at 0, 3, 6, 12, and 15 h after Salmonella infection (n = 3, *P < 0.02). (D-F) Dot blot analysis and quantification showing
time-dependent augmented 5ShmC in genomic DNA from the colon of WT mice at 1, 3, 6, 12, and 24 h after Salmonella infection (n = 3, *P < 0.05). (G) Body weight
changes after Salmonella infection of WT and Tet3**“ mice (four to six mice per genotype). (H and /) Histopathology and scoring of colonic inflammation of infected
mice at 5 dpi. (/ and K) Salmonella CFUs in the spleen and liver at 5 dpi. (L and M) Dot blot analysis and quantification showing decreased 5hmC abundance
in genomic DNA from WT mice ileum after 5 d of Salmonella infection, which is nearly undetectable in Tet3**“ mice ileum (n = 3, *P < 0.05, **P < 0.01, and

****p < (0.0001, error bars represent SEM).

suggesting that TET-mediated DNA oxidation may be an integral
epigenetic program of enterocytes in response to pathogen
infection.

Tet3“*¢ Mice Show Exacerbated DSS-Induced Colitis. I[ECs expose
to various luminal stressors including chemicals. To investigate
whether TET-mediated DNA modification changes in response
to chemical stressors, we measured colonic 5ShmC abundance
following dextran sulfate sodium (DSS) treatment of WT mice
through drinking water. Notably, colonic 5hmC remained
constant at early time points but became significantly reduced 7

d after the treatment (Fig. 7 A and B). We next challenged WT

https://doi.org/10.1073/pnas.2221405120

and 7er3A™ mice with 3% DSS through drinking water for 7 d
followed by regular water to allow recovery. Both 7234 and
control littermates exhibited body weight loss in the first 7 d,
while 72¢3A™¢ mice showed virtually no recovery following the
switch to regular water (Fig. 7C). Control mice showed a recovery
at day 9. We terminated the experiments on day 12 when some
7et3A™ mice showed more than 20% body weight loss. Upon
killing, 7et3A™C mice showed significantly shorter colons (Fig. 7
D and E), severer inflammation scored on epithelial damage, and
immune cell infiltration (Fig. 7 F and G). Measuring of colonic
5hmC showed a diminished 5ShmC in 7£34" colons comparing
to WT mice (Fig. 7 H and /). Immunohistochemistry suggested
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Fig.5. Genomic distribution of 5hmCin response to pathogenic infection. (A and B) Dot blot analysis and quantification showing augmented ShmC in genomic
DNA from human enterocytes (Caco-2 cells) in a time course-dependent manner after Sa/monella infection (n = 3, *P < 0.05, **P < 0.01, and ****P < 0.0001,
error bars represent SEM). 5ShmC DIP-seq analysis in uninfected and Sa/monella-infected Caco2 cells (n = 3). (C) Gain and loss of 5hmC at different genomic
regions including enhancers, promoters, introns, exons, and CpGs. (D) Heatmap from 5hmC DIP-seq (E) Volcano plot showing the gain and loss of 5hmC at
specific genes. (F) Biological and cellular pathway analysis by Enrichr. (G) ShmC enrichment on specific genes involved in Notch, autophagy, and Wnt signaling
using Integrative Genomics Viewer.

a significantly reduced HES1-positive colonic epithelial cells in (Fig. 7 L and M). Collectively, these data indicate that TET3 has
DSS-treated 7£3A™C colons (Fig. 7 J and K), accompanied by a protective role against chemical stressors in addition to enteric
a similarly reduced epithelial proliferation marked by Ki67 cells ~ pathogen.
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Discussion

TET-dependent DNA oxidations are an integral part of the epig-
enome and can function as intermediates of DNA demethylation
(4). However, it remains unknown if DNA oxidations control cell
fate changes in the intestinal epithelia under homeostasis or stress
conditions. We previously showed that TET-mediated DNA oxi-
dation is required for the maintenance of stemness in ESCs (21).
However, the impact of TET-mediated DNA oxidations on mature
IEC response to luminal stressors and their downstream molecular
pathways remain not fully determined. A previous study by Kim
et al. (22) focused on ISCs, in which they found that 7ez1 was the
mostly abundantly expressed 7er gene. Haber et al. scRNA-seq sur-
vey of mouse IECs (7) suggests that TET3 is the most broadly
expressed TET enzyme, especially in multiple clusters of entero-
cytes. We validated at the protein level that TET3 is expressed in
[ECs along the crypt-villus axis, with higher abundance in the villus

https://doi.org/10.1073/pnas.2221405120

epithelial cells. Of note, 7ZezI-deficient mice are growth-retarded
and show partial postnatal lethality, indicating 7e#/’s critical role in
stem cell renewal or maintenance (22). In contrast, adult 7e£3-
deficient mice in our study are viable and fertile, even though the
intestines have an altered IEC population. Interestingly, ISC genes
with high levels of hydroxymethylation are strongly associated with
Whntsignaling and 7ez-deficient intestines had reduced Wnt target
genes that correlate with lower 5ShmC (22). Consistently, our study
independently demonstrated reduced Wnt and Notch pathway
genes in 7er3-deficient intestines through bulk RNA-seq. Our
5hmC DIP-seq analysis of human enterocyte cells also pointed to
TET-regulated hydroxymethylation at Wnt and Notch pathway
genes in steady state and in response to infection. Inhibition of
Notch led to goblet cell hyperplasia or metaplasia (23, 24). A
reduced Notch signaling in 7é3-deficient mice is consistent with
the observed goblet cell hyperplasia in these mice. Thus, TET1-
mediated DNA hydroxymethylation may play a dominant role in
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Fig. 7. Tet3** mice failed to recover from DSS-induced colitis. (4 and B) Dot blot analysis and quantification showing a time-dependent decrease in 5hmC in
genomic DNA from the colon of WT mice at days 1, 2, and 7 after DSS treatment (n = 3, *P < 0.05). (C) Body weight changes during DSS-induced colitis development
in control and Tet3*C littermates (n > 3 per genotype). (D and E) Colon length and gross morphology of control and Tet3*“ mice. (F and G) Histopathology and
colitis scores of DSS-treated WT and Tet3* mouse colons at 5 dpi. (H and /) Dot blot analysis and quantification showing a global decrease of 5ShmC abundance
in genomic DNA from WT mice following 7 d of DSS treatment followed by 5 d of recovery (n = 6 experimental replicates, *P < 0.05). (/ and K) 1 staining (IHC) of
the colon from WT and Tet3*¢ mice treated with DSS and quantification of mean intensity in the colon (n =18, **P < 0.0033). (L and M) Ki67 staining (IHC) of the
colon from WT and Tet3* mice treated with DSS and quantification of mean intensity in the colon (n = 16, **P < 0.0034).

the ISC compartment whereas TET3 may be essential for the dif-
ferentiation of mature epithelial cells and for response to luminal
SEressors.

Previous and our studies collectively suggest that TET1 and
TET3 may share common regulatory targets such as the Wnt path-
way. Alternatively, as our previous and current data suggested inter-
regulation among different TET enzymes (21), the observed 5mhC
changes could be a cumulative effect of multiple TET enzymes.

PNAS 2023 Vol.120 No.37 e2221405120

Kim et al did not examine intestinal phenotypes under chemical
or pathogen-challenged conditions (22). Our study showed tem-
poral changes in global 5ShmC abundance and a dynamic shift of
gene-specific TET-mediated DNA modification in response to
stressors. Our finding that 72234™ mice are susceprtible to path-
ogenic infection and chemical-induced oxidative stress may shed
light on the prediction of TET2 as one of the new risk genes for
human ulcerative colitis (UC) (6). Interestingly, our stable 7E72

https://doi.org/10.1073/pnas.2221405120 9 of 11
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knockdown Caco2 cells had reduced expression of 7ET1, TET3,
and multiple Wnt and Notch pathway genes found in our 5ShmC
DIP-seq analysis. More recently, TET2-mediated maintenance of
5hmC at promoters and enhancers was shown to stimulate demeth-
ylation and activation of stemness genes during somatic cellular
reprogramming to generate induced pluripotent stem cells (25).
Since DNA oxidations can function as intermediates for DNA
demethylation (26), the upregulation of Wnt signaling genes
enriched for ShmC that we observed in response to Salmonella
infection may be caused by DNA demethylation. The cells may
use this mechanism to promote growth and tissue repair.

At the molecular level, we found a global redistribution of 5ShmC
within the epigenetic landscape of human enterocytes in response
to pathogenic infection that resulted in the upregulation of CBP
(CREBBP) and BRG1 (SMARCA4) genes, which encode for major
chromatin regulators capable of interacting with beta-catenin to
promote activation of genes targeted by the Wnt signaling pathway
(27, 28). CBP is a histone acetyltransferase that facilitates gene
expression by creating a transcriptionally permissive epigenetic
landscape and BRGL is a core subunit of the Adenosine triphos-
phate (ATP)-dependent chromatin remodeling complex SWI/SNF
involved in the control of innate immune transcriptional programs
(29) (30). Plausibly, this ShmC-dependent epigenetic reprogram-
ming promotes the expression of master epigenetic regulators such
as CBP and BRGI to synergize the activation of specific gene net-
works in response to stressors such as microbial infection. Overall,
our data support a role for TET3 as an essential stress-responsive
epigenetic regulator to reprogram the transcriptome of IECs in
response to stressors such as pathogenic infection and DSS-mediated
oxidative stress. These data open the door for future research to
investigate how TET enzymes are capable of sensing environmental
challenges, how luminal stressors modulate TET enzyme functions,
and how loss of Paneth cells in 72234 mice might contribute to
the exacerbated phenotypes during infection and chemical injury.

Materials and Methods

Mice. The Tet3flox/flox and Villin-Cre mice have been described previously
(10,31,32). All animals were bred in-house and maintained in specific pathogen-
free conditions at Rutgers University. All animal experiments were conducted in
accordance with the animal protocol approved by Institutional Animal Care and
Use Committee (IACUC) at Rutgers University. The control and knockout mice were
housed in sterilized cages in a room held at a controlled temperature (20 to 22 °C)
with controlled relative humidity (45 to 55%) and 12/12 h light/dark cycles at
the Rutgers Animal Care Facility. All the animals had free access to water and diet
throughout the experiment.The description of S. typhimurium infection and DSS
treatment can be found in S/ Appendix, Materials and Methods.
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Immunohistochemistry of Mouse Intestinal Tissues. Immunohisto-
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