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Epigenetic driftis a key feature of aging and is associated with age-related
diseases including cancer, yet the underlying molecular mechanisms
remain unclear. Here, by analyzing DNA methylation and gene expression
datafrom healthy and cancerous human colon samples, we identify an
aging and colon cancer-associated DNA methylation (DNAm) drift. We find
evidence that this driftis conserved in the mouse intestinal epithelium,
where we demonstrate its origin withinintestinal stem cells and identify
its cell-intrinsic and non-mitotic characteristics, finding that its expansion
isregulated via crypt clonality and fission. Mechanistically, we find that
this driftis driven by age-related inflammation and reduced Wnt signaling,
which dysregulate iron metabolism and impair TET activity. Despite
CpG-level heterogeneity, we find that DNAm changes are consistent at the
gene level, suggesting potential functionality. Our findings shed light on
the epigenetic mechanisms of aging and provide a mechanistic basis for the
hypermethylation observed in cancer.

A time-dependent change of epigenetic pattern during organismal
aging is termed as epigenetic drift'. In recent years, several studies
reported changes of the DNA methylation (DNAm) landscape through
aging in different human tissues®’. Some of these DNAm drifts have
been used to derive epigenetic clocks such as the blood-based Han-
num epigenetic clock, the multi-tissue Horvath’s epigenetic clock, or
the mitotic-based EpiTOC2 to predict the age, the biological status
and/or the number of cell division of a specific tissue or organism*™°.
These aging-associated DNAm changes seem to be acquired in a sto-
chasticmanner, and the DNAm patterns at age-associated regions were
found to be very heterogeneous’”®; however, it has been reported that
there are age-related DNAm changes that are conserved across species
and linked to developmental genes’. Stochastic epigenetic variation

may represent the very early seeds for carcinogenesis, favoring clonal
expansions, which may lead to neoplastic transformation and tumor
development"'™°. Moreover, a stronger epigenetic drift may reflecta
biologically older organism, and as cancer incidence increases with
age, most of these epigenetic drifts correlate with cancer risk.
Anincreasingbody of evidence indicates that aging is associated
with an accumulation of aberrant DNAm both in human and mouse
tissues' . Several studies have revealed acommon set of epigenomic
features shared between aging and cancer™". Cancers have shown
to have a significant age acceleration (+36 years on average) and a
lower cancer age correlates with higher mutational load, suggest-
ing that an epigenetically older tissue may need fewer mutations to
develop cancer’. It has been known for a long time that DNAm plays
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Fig.1| Colon cancer associates with epigenetically drifted cells. a, PCA of WGBS
datasets generated in human healthy and colon cancer samples of the indicated
ages (yo, years old). Data were obtained from the TCGA database. b, Bar chart
indicating the number of genes with hyper- or hypomethylated promotersin
theindicated conditions (total n =100; Supplementary Table 1). Differential
methylation was assessed by comparing individuals older than 60 years to those
younger than 15 for aging-related changes, and by comparing all CRC samples to
all healthy controls for cancer-related changes. The Pvalue was calculated using
achi-squared test (two-sided). ¢, Venn diagrams of the DM promoters found in
aging and cancer datasets; differential methylation was assessed as described
inb. The Pvalue was calculated by a one-sided hypergeometric test. d, Boxplot
indicating the DNAm level of the promoter of ACCA drift genes in colon cancer
samples and nine other cancer types from the TCGA datasets: COAD, ESCA, liver
hepatocellular carcinoma (LIHC), HNSC, bladder urothelial carcinoma (BLCA),

kidney renal clear cell carcinoma (KIRC), breast invasive carcinoma (BRCA), lung
adenocarcinoma (LUAD), glioblastoma multiforme (GBM) and skin cutaneous
melanoma (SKCM). Boxplots represent interquartile range with 5-95 percentile
whiskers. Pvalues were computed using two-sided Wilcoxon rank-sum tests
between healthy and tumor samples. n = 50 samples per cancer type (50 healthy
+50 tumor). e, Proportional distribution of the ACCA drift genes classified as
upregulated (15.92%), downregulated (45.21%) or not regulated (39.87%) in CRC
compared to healthy controls. Differential expression was determined based
onboth effect size (log, fold change) and statistical significance (false discovery
rate (FDR) < 0.05) (Supplementary Table 2). f, Schematic representation of an
integrative analysis of DNA methylation and gene expression datasets of human
healthy colon samples. g, GO analysis of the statistically correlated genes
revealed inf.Numbers indicate the number of significant genes included in the
relative GO term.

animportant role in colorectal cancer (CRC) by epigenetically inacti-
vating oncosuppressors like the DKK and SFRP genes” . More recent
studies also highlighted a causal connection between the TET1 protein,
which mediates DNA demethylation, and intestinal tumorigenesis®*'.
Additionally, asubset of CRCs shows a specific CpGisland methylator
phenotype (CIMP) that promotes cancer development and is already
presentin healthy colonic mucosa of CIMP* patients®**. Very recently,
CIMP has also been observed to spontaneously arise in wild-type
colonorganoids duringlong-term culture invitro and to promote the
BRAFY°°-driven tumorigenesis*.

These observations collectively suggest that age-associated epi-
genetic drifts predispose healthy cells to transform into cancer cells;
however, little isknown about how age-dependent DNAm changes are

mechanistically originated. Here, we have identified and mechanisti-
cally characterized a tissue-specific (intestine) DNAm driftin intestinal
stem cells (ISCs) during aging that is highly enriched in human colon
cancer. This epigenetic signature mainly involves promoter hyper-
methylation of a specific group of genes. Different from the CIMP
thatis specific to aminor fraction of colon cancers, this DNAm driftis
strongly expanded in all human colon cancer types.

Results

Colon cancer associates with epigenetically drifted cells

To understand the correlation between DNAm alterations observed
during aging in healthy colon tissues and colon cancer insurgence,
we analyzed whole-genome bisulfite sequencing (WGBS) DNAm
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profiles of human colon samples from The Cancer Genome Atlas
(TCGA). Principal-component analysis (PCA) separated well the healthy
colon samples from cancer colon samples (Fig. 1a). In particular, the
principal component (PC)1, that represented half of the total vari-
ance between all the samples in the analyzed dataset, showed the
age-correlated variance in the healthy samples (Fig. 1a). Notably, the
two clusters of colon cancer samples are localized further along the
young-aged axis compared to the healthy samples from aged indi-
viduals, suggesting that CpGs contributing to PC1 have increased
DNAm drift in cancer compared to healthy epithelium. We observed
asimilar number of both hypomethylated and hypermethylated gene
promotersin healthy colon epithelium during aging, whereas cancer
samples showed anincrease in hypermethylated promoters (Fig. 1b
and Supplementary Table 1). A total of 63% of the promoters that
were found to be hypermethylated in aging were also found hyper-
methylated in cancer, whereas only 18% of the aging-hypomethylated
promoters were found to be hypomethylated in cancer (Fig. 1c). The
hypermethylated promoters represented a consistent aging- and
colon cancer-associated epigenetic drift, named here as ACCA drift.
By performing Gene Ontology (GO) analysis, we found that the genes
undergoing ACCA drift were enriched inintracellular signaling path-
ways, such as cAMP-mediated signaling, and in stem cell-associated
pathways, including the Wnt signaling pathway, which is almost always
altered in colon cancer (Extended DataFig.1a,b)**. Notably, the ACCA
drift gene promoters were hypermethylated bothin CIMP~and in CIMP*
tumors with respect to healthy samplesindicating that the ACCA drift
istargeting all the human CRCs and involves a different subset of genes
than the CIMP phenomenon®*?* (Extended Data Fig. 1c). Analysis of
ACCA drift in cancer samples of another dataset confirmed hyper-
methylation in colon cancer adenocarcinoma (COAD) and showed
an enrichment also in esophageal cancer (ESCA) and head and neck
squamous cell carcinoma (HNSC) suggesting that ACCA drift may
involve all the sections of the digestive system (Fig. 1d). Of note, DNAm
analysis of arecently generated biobank of patient-derived xenografts
(PDXs)” revealed the persistence of DNA hypermethylation, indi-
cating that ACCA driftis a robust and cell-intrinsic feature of CRCs
(Extended Data Fig.1d). Moreover, gene expression analysis of ACCA
drift genes in CRC samples showed that almost half of them (45.2%)
aredownregulated in cancer with respect to healthy tissue, suggesting
an important functional role of this epigenetic alteration in cancer
(Fig.1e and Supplementary Table 2).

Next, we analyzed the transcriptomes (RNA-seq) of healthy
colon samples of patients at different ages to find genes showing a
higher correlation with the DNAm level of ACCA drift genes (Fig. 1f
and Supplementary Table 3). GO analysis of statistically correlated
genes revealed again intracellular and stem cell-associated signaling
pathways (Fig. 1g and Extended Data Fig. 1e), suggesting an associa-
tionbetween these differentially methylated (DM) genes and specific
processes in intestinal cells, such as Wnt signaling. Among the genes
associated with Wnt signaling, we found that all the members of the
DKK and SFRP gene families (except SFRPS) showed linear promoter
hypermethylation during aging (Extended Data Fig. 1f); however,
these genes are expressed at low levelsin human and mouse intestinal
epithelium during aging and we found a significant downregulation
of only Dkk3 during mouse aging, whereas no significant differences
were found for the other DKK/SFRP genes (Extended Data Fig. 1g,h).

The DKK and SFRP genes are inhibitors of the Wnt pathway,
whose promoters undergo hypermethylation in colon cancer, and
their de-repression inhibits cell proliferation and cancer develop-
ment/progression'®2°. Of note, their DNAm level in cancer tissue is
much higher than the DNAm level in age-matched healthy samples
(Extended DataFig. 1i). As usually both alleles of a cell are either meth-
ylated or unmethylated, DNAm shows a bimodal distribution and the
CpG methylation percentage inabulk sample reflects the percentage
of cells having agiven CpG methylated. Therefore, these dataled to the
hypothesis that during aging, the intestinal epithelium accumulates
cells with ACCA drift and that colon cancer may originate from one of
these drifted cells.

ACCA driftis conserved in mice, is specific to the intestinal
tissue and is maintained at the stem cell level

To determine the main features and the origin of ACCA drift, we first
investigated whether this epigenetic drift also exists in mouse intestinal
epithelium, which would be an ideal experimental model for further
investigations. Intestinal epitheliumis composed of villiand intestinal
crypts that are invaginations of the epithelium in which ISCs reside.
We performed reduced-representation bisulfite sequencing (RRBS)
of intestinal crypts of female and male mice at different ages to map
DNAm genome-wide. PCA of the RRBS datasets accurately clustered
the samples according to age (PC1) and sex (PC2), indicating that the
DNAm landscape changes with age and between the intestinal crypts
of female and male mice (Fig. 2a). We found that approximately 5%

Fig. 2| ACCA drift is conserved in mouse intestine, originates at the stem cell
level and s cell-cycleindependent. a, PCA of the RRBS datasets generated in
aging female and male intestinal crypts. m, months. n = 4 mice per group were
analyzed. b, Bar charts indicating the percentage of DM gene promoters found
inthe RRBS analysis asin a. Hyper, hypermethylated in aged samples; Hypo,
hypomethylated in aged samples. ¢, Venn diagram showing the overlap of the
hypermethylated gene promoters found in the indicated conditions. Pvalue was
calculated by a one-sided hypergeometric test. d, Schematic representation of
adrifted stem cell expansion within anintestinal crypt. e, Venn diagrams of DM
promoters found in Lgr5" cells and whole crypts. Pvalue s calculated by one-
sided hypergeometric distribution test. f, Scatter-plot of the A delta methylation
(aged minus young) on all the promoters in Lgr5" cells and whole crypts. Only
promoters covered in both analyses are shown. Linear regression was performed
(Im functionin R) and statistical significance of regression coefficients was
assessed using two-sided t-tests; overall model fit was evaluated using an F-test
(Fstatistic, 1.693 x 10#). The Pvalue for the slope was obtained as twice the
probability of observing a t-statistic as extreme as 130.11 under a Student’s ¢-test
distribution with 17,452 degrees of freedom. Because this value is far smaller than
machine precision, the exact Pvalue cannot be reported and is conventionally
writtenas P<2.2 x1071¢, g, The DNAm level of the Dkk2 gene promoter analyzed
by bisulfite (BS) pyrosequencing in the different tissues at the indicated ages.
n=3mice per group were analyzed. SI, small intestine. h, Representative
pictures of organoids cultured in the indicated conditions. Scale bar,

200 pm. For details, see the main text. i, Organoid-forming efficiency in

the indicated conditions. Dots represent individual animals. n = 3 mice per group
were analyzed. Pvalue was calculated by an unpaired ¢-test, two-tailed.
Jj,Budding efficiency of organoids cultured in the indicated conditions.n=3
mice per group were analyzed. Pvalue was calculated by an unpaired ¢-test, two-
tailed. k, Bar chart indicating the DNAm level of the Dkk2 gene promoter analyzed
by BS pyrosequencing upon 1 month of organoid culture of crypts isolated from
young and aged mice and cultured in the indicated conditions. n = 3 mice per
group were analyzed. Pvalue was calculated by an unpaired ¢-test, two-tailed.

1, Representative pictures of organoids cultured in the indicated conditions.
Scale bar, 200 pm. For details, see the main text. m, Organoid forming efficiency
intheindicated conditions asinl. Dots representindividual animals. n =3 mice
per group were analyzed. Pvalue was calculated by an unpaired ¢-test, two-tailed.
n, Budding efficiency of organoids cultured in the indicated conditions asin

1. n=3 mice per group were analyzed. Pvalue was calculated by an unpaired ¢-test,
two-tailed. o, Bar chartindicating the DNAm level of the Dkk2 gene promoter
analyzed by BS pyrosequencing upon 1 month of organoid culture of crypts
isolated from young mice and cultured in the indicated conditionsasinl.n=3
mice per group were analyzed. Pvalue was calculated by an unpaired t-test, two-
tailed. p, Bar chartindicating the DNAm level of the Dkk2 gene promoter analyzed
by BS pyrosequencing upon 1 month of organoid culture of crypts isolated from
young and aged mice and cultured in the presence of CHIR99021 or recombinant
Wnt3a.n =3 mice per group were analyzed. Pvalue was calculated by an unpaired
t-test, two-tailed. Error bars in the figure bar charts represent the s.d.
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and 10% of the total CpGs decreased and increased their methylation
level, respectively (Extended Data Fig. 2a), therefore indicating a slight
overallincrease of DNAm during aging. The methylation alteration
trend was continuous along the different age points (2 m versus 18 m
or 26 m) and with a very similar pattern among the different sexes
(Extended Data Fig. 2b). Hypermethylated CpGs were more enriched
ongene promoters and CpGislands (CpGi) thanintragenic, intergenic
and CpG-poor genomic regions with respect to hypomethylated CpGs
(Extended DataFig.2c,d). Indeed, more than 10% of RRBS-covered CpG

islands showed a significant increase in methylation, and less than 1%
was hypomethylated (Extended Data Fig. 2e). CpGi hypermethylation
showed strong (-90%) overlap between different age points and sexes,
suggesting that the gain of DNAm on CpGirepresents a conserved and
systematic alteration during aging (Extended Data Fig. 2f,g). Hyper-
methylation of CpGi in gene promoters is a well-known epigenetic
alteration occurring in CRC initiation>*%%,

To understand whether these aging-associated DNAm altera-
tions might have an actual functional role in regulating gene
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transcription, we further analyzed DM promoters (Fig. 2b and
Supplementary Table 4). As expected, we found that DM promoters
showed stronger hypermethylation during aging (probably due to the
presence of CpGi). Of note, most of the gene promoters undergoing
ACCA driftin humanintestinal samples were also found to be hyper-
methylated during mouse aging (Fig. 2c), demonstrating that ACCA
driftis conserved in mice.

Gut tissue renews rapidly (3-5 days) thanks to the action of ISCs
that continuously proliferate and differentiate into all the cell types of
theintestinal epithelium®**'. We hypothesized that ACCA drift is initi-
ated at the stem cell level and further propagated by differentiation
into the other cell types of the crypt, where it gradually accumulates
over time (Fig. 2d). To verify our hypothesis, we performed WGBS of
the Lgr5" ISCs isolated from young and aged Lgr5-GFP-IRES-CreERT2
mice®® and profiled their DNAm during aging at genome-wide level
(Extended DataFig.2h). WGBS revealed aslightincrease of global DNAm
inaged Lgr5" cells with respect to young ones (Extended DataFig. 2i);
however, the DM CpGs were equally distributed among hyper- or hypo-
methylated ones, indicating that both the gain and loss of DNAm take
placeinLgr5" cells during aging (Extended Data Fig. 2j). Like the DNAm
landscape of whole crypts, hyper-DM CpGs were enriched in gene
promoters and CpGi, whereas hypo-DM CpGs were enriched inintra-/
intergenic and CpG-poor genomic regions (Extended Data Fig. 2k).
Correspondingly, Lgr5" cells showed solid CpGi hypermethylation
during aging (Extended Data Fig. 21) with a significant correlation with
the whole-crypt DNA methylation profile (Extended DataFig. 3a,b) sug-
gesting that CpGi hypermethylationisinitiated in stemcells. Notably,
CpGionthe Dkk2and Sfrp1 gene promoters also showed age-dependent
hypermethylation (Extended DataFig. 3c).

More extensive analysis of gene promoters covered both in the
whole crypts and in the Lgr5" cells revealed significant overlap espe-
cially on the hypermethylated promoters (Fig. 2e). Plotting of DNA
methylation delta values (aged minus young) of all the gene promoters
inwhole cryptsand Lgr5" cells showed a very high correlation between
ISCs and whole crypt compartments (Fig. 2f). This strongly indicates
that DNA hypermethylation is established in ISCs and is maintained
in these cells during aging. Several recent studies have reported that
adultstemcells of other tissues undergo epigenetic alterations during
aging" " and we wondered whether ACCA drift could also occur in
other tissues. As genome-wide analysis of DNAm profiles is time- and
money-consuming, we decided to analyze the promoter of the genes
of the Dkk and Sfrp families (Dkk2 and Sfrp1 throughout the study) as
marker genes of ACCA drift genes. The DNAm level of ACCA drift genes
was highly correlated with the average DNAm of the two marker genes
(DKK2and SFRPI), as well as when four marker genes were considered
(DKK1, DKK2, SFRPI and SFRP2) (Extended Data Fig. 3d,e). By using
bisulfite pyrosequencing, which allows a fast, reliable and sensitive
quantification of the DNAm, we did not observe any age-dependent
DNA hypermethylationin other tissues analyzed (blood, muscle, skin
and whole-braincompared to smallintestine whole tissue) (Fig. 2g and
Extended Data Fig. 4a).

All together, these results indicate that ACCA drift is conserved
in mice, is maintained at the stem cell level and is specific to the
intestinal tissue.

DNAm drift is maintained in in vitro cultures, is not driven by
cell division and is modulated by the Wnt signaling pathway
Aging is amultifactorial process driven by cell-intrinsic and extrinsic
changes. To understand better what contributes to ACCA drift, we
isolated intestinal crypts fromyoung and aged mice and cultured them
in vitro as organoids®’ (Extended Data Fig. 4b). We found that DNAm
levels observedinyoung and aged crypts in vivo are maintained in the
respective organoids culturedin vitro, suggesting that ACCA driftis not
lost whenintestinal epithelial cells are extrapolated from their microen-
vironment (Extended Data Fig. 4c). Moreover, the long-term culture of

the organoids (derived frombothyoungand aged mice) led toa further
increasein DNAm levels of Dkk2 and Sfrp1 (Extended DataFig.4d,e). To
better characterize this process, we performed a low-coverage RRBS
experiment on organoids after 1 week, 1 monthand 3 months of culture
and compared themto the cryptsinvivo during aging. The analysis of
DNAm of all ACCA drift gene promoters showed a very similar trend to
that of the Dkk2 and Sfrpl genes (Extended Data Fig. 4f,g).

These results suggested that cell division might representa DNAm
drift-promoting factor as, for example, in the case of the reported
DNAm drift-causing hypomethylation within partially methylated
domains during aging®. To test the potential contribution of cell divi-
sion/proliferation to the origin of DNAm drift, we cultured organoids
for1monthin medium containingastandard concentration of the epi-
thelial growth factor (EGF)/Noggin/R-spondinl (ENR) and in medium
containing a reduced concentration of these growth factors to 50%
(ENR50%) or to25% (ENR 25%) (Fig. 2h). The organoids cultured in ENR
50% or ENR 25% were growing slower, forming fewer new organoids and
fewer buds (crypts-like structures that branch out from the organoid
body) with respect to the control condition ENR (Fig. 2h-j); however,
they did not showadecreasebutratherafurtherincreasein DNAmdrift,
especiallyinthe condition ENR25% (Fig. 2k and Extended DataFig. 4h).
We also manipulated cell proliferation using alternative strategies. We
decreased either R-spondin to 25% (EN-R25) or removed EGF from the
standard ENR medium (NR) or cultured organoids with low glucose (LG)
(1.5%) or without glucose (0 G) as shown in Fig. 21. Organoids showed
less growing and less buddingin all the four conditions (Fig.2m,n), but
we found no differenceinthe DNAm of the Dkk2 or Sfrp1 gene, excepta
slightincreasein the EN-R25 condition, suggesting that the Wnt path-
way may play a role in DNAm drift (Fig. 20 and Extended Data Fig. 4i).
To further confirm the potential role of Wnt signaling, we performed
an opposite experiment where we supplemented the organoids’ cul-
ture medium either with CHIR99021 or with the recombinant Wnt3a
protein to increase cell proliferation and organoid bud formation by
stimulating the Wnt pathway***. Accordingly, we observed a decrease
inthe promoter DNAm level, especially in the organoids derived from
aged mice (Fig. 2p and Extended Data Fig. 4j).

In summary, these data demonstrated that DNAm drift is main-
tained when intestinal epithelial cells are isolated from their environ-
ment and that it is not driven by cell division. The data also suggest
animportant role of the Wnt signaling pathway in modulating DNAm
driftinvitro.

DNAm drift is heterogeneous at the CpG level, but consistent
at the gene promoter level

Next, we wanted to know how DNAm drift accumulates during aging.
Our previous experiments demonstrated that DNAmdriftis acquired
and maintained at the ISC level. Intestinal crypts undergo clonality
over the time (Fig. 3a), and all the cells of an intestinal crypt originate
from a single ISC in a period of -3 months*-*°. Based on the existence
of crypt monoclonality, we decided to perform single-crypt DNAm
analysis, hypothesizing that it could reflect a single ISC DNAm pat-
tern and allow us to assess DNAm heterogeneity of the DNAm drift.
We established unique protocols for isolation and DNAm profiling
(using pyrosequencing) of single intestinal crypts from mouse gut
epithelium. Different from a single-cell approach, where reliable and
complete DNAm profiles are still technically challenging to achieve,
a single-crypt approach allowed us more robust analysis. We col-
lected 50 single crypts from young mice and 50 from aged mice and
analyzed the DNAm level of the promoters of the four marker genes
Dkk2, Sfrp1, Dkk1 and Sfrp2 (Fig. 3b and Extended Data Fig. 5a). We also
analyzed the promoter of the Actb and Dppa3 genes as controls, asthey
are unmethylated and fully methylated, respectively, in adult tissues
(Extended DataFig. 5b). Because of the low amount of DNA as astarting
material, for some crypts we were not able to perform DNAm analysis or
obtain passing filter DNAm sequences (represented as dashesin Fig. 3b
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and Extended Data Fig. 5a). By analyzing the DNAm data of the Dkk2
promoter, we found that young mice showed a general hypomethyla-
tion of the regions analyzed (only some CpGs were found methylated
in few crypts), but the crypts from aged mice had a trinomial DNAm
distribution with around half of the CpGs being not methylated (asin
the young), 54 of 210 CpGs being methylated around 50% (monoal-
lelicmethylation) and 16 of 210 CpGs being 100% methylated (biallelic
methylation) (Fig. 3¢). This trinomial distribution in crypt from aged
mice (presentalsointhe other genes analyzed; Extended Data Fig. 5¢)
confirmed our hypothesis that single-crypt DNAm reflects the DNAm
profile of asingle (stem) cell (of origin).

Mostly, aged crypts showed a pronounced level of hypermethyla-
tion but not with the same DNAm pattern (Fig. 3b and Extended
Data Fig. 5a), suggesting that intestinal epithelial crypts become
hypermethylated heterogeneously during aging. Pearson correlation
analysis of all crypts analyzed revealed the existence of a big cluster
(cluster1), mainly composed of young crypts and other smaller clusters
(clusters 2-5), principally composed of aged crypts (Fig. 3d). Of note,
in cluster 1, we found three crypts from aged mice suggesting that
young-like DNAm patterns may be present in aged gut epithelium;
we also found some young crypts in aged clusters 2-5 (Fig. 3d,e).
Asimilar result was observed analyzing the promoter of the Dkk1gene
(Extended DataFig. 5d,e).

To understand the inter-gene variability, we considered only
aged crypts in which three gene promoters were successfully ana-
lyzed, and we calculated the average DNAm of these three promot-
ers for each crypt (Extended Data Fig. 5f). The average DNAm level
spanned from ~15% to almost 60%, indicating that some aged crypts
were methylated on more genes. We counted the number of aged
crypts having none, one, two or all three genes methylated (Fig. 3f).
We observed that aged crypts have higher probability to have either
none or all the three genes methylated and lower probability to
have only one or two genes methylated (Fig. 3f) suggesting that the
hypermethylation process hits multiple genes. Finally, we observed
ageneral positive promoter DNAm correlation of the different genes
in the aged crypts, except between DkkI and Dkk2 genes (Fig. 3g).
Indeed, crypts with low promoter DNAm on the Dkk2 gene (gray
bar, Fig. 3h) show high DNAm on the DkkI gene, whereas crypts with
high promoter DNAm on the Dkk2 gene (yellow bar, Fig. 3h) show low
DNAm on the DkkI gene, suggesting a possible mutually exclusive
mechanism on these two genes.

Theseresultsindicate that DNAm drift, while very consistent and
reliable in bulk analysis of the intestinal epithelium, is composed of
multiple epigenetic subdrifts with clusters of crypts sharing similar
hypermethylation patterns. Additionally, multigene analysis showed
apositive correlationin aged crypts, suggesting the presence of crypts
withanenhanced DNAmdrift as well as epigenetically young-like crypts
intheintestinal epithelium of aged mice.

DNAm drift is expanded and selected by crypt fission

during aging

To better understand the origin and the expansion of these DNAm
patterns and crypt clusters, we decided to investigate whether they
mightbe generated by cryptfission (Fig. 4a),ahomeostatic mechanism
through which intestinal epithelium expands and maintains tissue
homeostasis”. Recently, it has also been observed that crypt fission
contributes to the fixation and spread of somatic mutationsin human
colon®. We isolated neighboring crypts from intestinal sections by
laser-capture microdissection (LCM) and analyzed the DNAm level at
single-cryptresolution (Fig. 4b and Extended Data Fig. 6a). We analyzed
the Dkk2 gene promoter infour groups of neighboring crypts (16, 8,11
and 11 crypts) from four intestinal regions of two different aged mice
(Fig.4cand Extended Data Fig. 6b). DNAm profiles of these neighboring
cryptsrevealed the existence of pairs of neighboring crypts with cor-
relating DNAm patterns on the Dkk2 promoter (red arrows, Fig.4c,d and
Extended Data Fig. 6b,c). DNAm profiling of the Dkk1 gene promoter
gave similar results and revealed the probable existence of triplets of
epigenetically similar neighboring crypts (Extended Data Fig. 6d,e).
The analysis of all the sequenced neighboring crypts showed that crypts
thatare neighboring to each other have a higher correlation of DNAm
profiles on the analyzed gene promoter with respect to randomly
selected crypts (Fig. 4e and Extended Data Fig. 6f). Moreover, highly
correlating neighboring crypts on the DkkI promoter also showed
higher correlation on Dkk2with respect tolow-correlating ones, dem-
onstrating the epigenetic heredity during crypt fission (Fig. 4f and vice
versain Extended Data Fig. 6g).

To further confirm these dataand to assess whether DNAm-drifted
crypts couldbe positively selected during crypt fission, we decided to
employ the Confetti-reporter mouse model’. Based on the observation
that approximately 1-2 months after activation of the Confetti multif-
luorescent reporter the intestinal crypts become monochromatic, we
decided to assess whether crypt clonality and expansion could occur
andbe followed inaging gut epithelium (Fig. 4g) as previously observed
over ashorter time for the crypts carrying oncogenic mutations®. To
verify the case, we analyzed the probability of a crypt having a neigh-
boring crypt of the same color after 2 months or 1 year upon Confetti
transgene activation. This analysis revealed that the probability after
lyearisalmosttwiceashighasafter2 months (Fig.4h,i; forFig.4h, single
channels are provided as Source Data), suggesting that, on average,
oneevent of crypt fission may take place in1year. We then analyzed the
single-crypt DNAm level of the Dkk2 gene promoter of nine clusters of
the same-color neighboring cryptsin mice following 1 year of Confetti
activation (Fig. 4j). For each cluster of crypts microdissected from a
different slide we also captured and analyzed one scattered crypt of the
same color as the cluster but located far from the cluster as a control
(Fig. 4k). The crypts in the cluster showed a higher intra-cluster cor-
relation of the DNAm pattern with respect to crypts of other clusters

Fig. 4| The DNAm drift expands via crypt fission. a, Schematic representation
of amonoclonal crypt expansion by fission. b, Schematic representation of
LCM-coupled DNAm analysis of single crypts by BS pyrosequencing.c, DNAm
profiles of the Dkk2 gene promoter of 16 (left, region A) and 8 (right, region B)
neighboring crypts. The red arrows indicate neighboring crypts with very similar
DNAm profiles. d, Correlation heatmap of the neighboring cryptsasinc.e, Bar
chart showing the Pearson correlation of the DNAm profiles of the Dkk2 gene
promoter in the randomly picked (n = 45) and/or neighboring (n = 42) crypts.
Pvalue was calculated by a two-tailed Mann-Whitney U-test. f, Bar chart showing
the Pearson correlation of the DNAm profiles of the Dkk2 gene promoter in the
crypts with high (n =20) and low (n = 20) correlation of the DNAm profiles of the
Dkk1 gene promoter. Pvalue was calculated by a two-tailed Welch'’s ¢-test.

g, Schematic representation of a Confetti-reporter induction experiment.

h, Representative images of transversal sections of small intestine after 2
months (left) and 1 year (right) upon Confetti transgene activation.n >3 mice
per group were analyzed. i, Bar chart showing the probability of a crypt to have
aneighboring crypt of the same color after 2 months (n = 328) or 1 year (n =370)

upon Confetti transgene activation. Pvalue was calculated by a two-tailed,
unpaired ¢-test. j, The DNAm profiles of the Dkk2 gene promoter of single crypts
of the same color coming from the same cluster. In total nine independent
clusters were analyzed. n =3 mice were used. k, The DNAm profiles of the Dkk2
gene promoter of single scattered crypts of the same color as the crypt clusters
analyzedinj.l, Bar chart showing the Pearson correlation of the Dkk2 DNAm
patterns of crypts of the same color and coming from the same cluster (n = 55)
withrespect toscattered crypts (n =28) of the same color as the cluster. Pvalue
was calculated by a two-tailed Welch’s ¢-test. m, Bar chart showing the Dkk2
DNAm level of the crypts of the same color and coming from the same cluster
(n=34)withrespect to scattered crypts (n = 8) of the same color as the cluster.
Pvalue was calculated bya two-tailed Mann-Whitney U-test. Error bars in the bar
chartsrepresent the s.d. n, Bar charts showing the Dkk2 DNAm level of the crypts
of the same color (clustered; n = 4) or of different colors (not-clustered; n = 5)
isolated from the same region of the cluster 2 and 4 analyzed in Fig. 4j. Pvalue
was calculated by a two-tailed Mann-Whitney U-test. Error bars in the figure bar
chartsrepresent thes.d.
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Fig. 5| Epigenetically drifted crypts show alteration of iron homeostasis.

a, Schematic representation of a single-crypt DNAm analysis coupled with RNA
sequencing. b, Scatter-plot showing the average DNAm level on the Dkk1, Dkk2,
Sfrpland Sfrp2gene promotersinsingle cryptsisolated fromaged mice. The
most methylated crypts (the top 10%, high 5SmC crypts) and the least-methylated
crypts (the bottom 10%, low 5SmC crypts) were selected and analyzed by RNA-seq.
n=4micewereused. c, PCA of single crypt RNA-seq datasets generated in crypts
of the top10% (high SmC crypts, red dots) and the bottom 10% (low 5SmC crypts,
blue dots) asinb. To assess the statistical significance of the separation between
two groups, a MANOVA test using Pillai’s trace was performed, yielding a highly
significant result (P=4.235 x107°).d, Transferrin receptor (Tfrc) and ferroportin
(Slc40al) expression levelsin high (n =16) and low (n =12) SmC cryptsasinb.
Pvalue was calculated by a two-tailed Welch’s ¢-test. Each dot represents a single
crypt.n =4 mice were used. e, Western blot analysis of the protein levels of TfR1
and ferroportin (FPN1) in smallintestinal crypts isolated from young and aged
mice. Actin was used as aloading control. n = 5mice per group were analyzed.

f, Ferrous (Fe?") iron levels in small intestinal crypts isolated from young and aged

mice. n =3 mice per group were analyzed. Pvalue was calculated by a two-tailed
Welch’s t-test. g, Schematic representation of our hypothesis. h, Quantification
of TET hydroxymethylase enzymatic activity in intestinal cryptsisolated from
young (n=>5) and aged (n = 6) mice. Pvalue was calculated by a two-tailed Welch’s
t-test. i, Quantification of DNMT enzymatic activity in the intestinal crypts
isolated fromyoung (n = 4) and aged (n = 5) mice. Pvalue was calculated by a two-
tailed Welch'’s ¢-test. j, Bar chart showing DNAm level of the Dkk2 gene promoter
analyzed by BS pyrosequencing at the indicated time points upon C35 TET
inhibitor treatment of organoids derived from young intestinal crypts. n = 3 mice
per group were analyzed. Pvalue was calculated by a two-tailed Welch'’s ¢-tests.

k, Bar charts showing DNAm level of the Dkk1 and Dkk2 gene promoters in
intestinal crypts isolated from wild-type (WT) and Tet2/3-dKO mice. n = 3 mice
per group were analyzed. Pvalue was calculated by a two-tailed Welch’s ¢-test.

1, Bar chart showing DNAm level of the Dkk2 gene promoter analyzed by BS
pyrosequencing in organoids treated with the iron chelator, DFO for 1and
2months. n=3 mice per group were analyzed. Pvalue was calculated by a
two-tailed paired t-test. Error barsin the figure bar charts represent the s.d.
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and to scattered crypts (Fig. 4] and Extended Data Fig. 6h,i). Remark-
ably, the crypts in clusters showed a higher DNAm level on the Dkk2
gene promoter than the scattered crypts, indicating that crypts with
DNAmdrift have been positively selected over time (Fig.4m). To further
confirm this last observation, for clusters 2 and 4, we also analyzed
cluster-adjacent crypts of a different color (blue or green) and not
being in a cluster of same-color crypts. DNAm analysis showed that
cryptsin clusters have higher DNAm on the Dkk2 gene with respect to
nonclustered cryptsisolated from the same region (Fig. 4n).

Taken together, these datademonstrate that DNAm drift expands
through a crypt fission mechanism during aging, forming patches of
epigenetically drifted crypts that are positively selected over time;
however, other mechanisms are supposed to have a role in driving
DNAm drift during aging, for example, the de novo establishment of
DNA (hyper)methylation in unmethylated crypts.

Crypts with high DNAm drift have an impairediron
metabolism
Tobetter characterize the origin of DNAm drift, we decided to analyze
the transcriptome of the crypts with high DNAm drift. First, we opti-
mized theisolation protocol to obtain sufficientamount of both DNA
and RNA from single-isolated crypts (Fig. 5a). We processed around
150 crypts from aged mice, analyzed their DNAm level on the four
marker gene promoters (Dkk1, Dkk2, Sfrpl and Sfrp2) and calculated
the average DNAm level (Fig. 5b). Then we selected the crypts with
higher or lower DNAm drift (respectively, high or low 5mC crypts) and
performed single-crypt RNA-seq (Fig. 5b,c). Of note, high 5mC crypts
were significantly clustered apart from low 5mC crypts and showed
amore scattered distribution in PC analysis (Fig. 5¢). We checked the
expression of the main DNAm-related genes (Dnmt and Tet gene fami-
lies), but we did not find any significant differences between low and
high 5mC crypts (Extended Data Fig. 7a,b). Therefore, we performed
a GO analysis of the genes differently expressed in high versus low
5mC crypts, which revealed an enrichment of pathways related to
inflammation and cellular transport/metabolism, including two
pathways related to iron homeostasis and cellular response to iron
(Extended DataFig. 7c). Notably, transferrin receptor messenger RNA
(TfrcakaTfR1) (akey gene for cellular ironimport) was downregulated
inhigh versuslow5mCcrypts, whereas ferroportin mRNA (Slc40al aka
FPNI) (the only known exporter of non-heme iron in mammals) was
upregulated (Fig. 5d). We also found the same trend as in low versus
high SmC crypts when we analyzed the transcriptome of young versus
aged ISCs (Extended Data Fig. 7d). To confirm this result, we checked
the protein level of these two genes in intestinal crypts isolated from
young and aged mice (Fig. 5e). We found a significant decrease of TfR1
as well as a significant increase of FPN1 proteins in crypt cells of aged
compared to young mice (Extended Data Fig. 7e). Finally, we assessed
nuclear iron levels in crypts isolated from young and aged mice and
observed areduced amount of Fe** iron in aged samples (Fig. 5f).
These analysesindicate that the crypts with high DNAm drift have
animpaired transcriptome and metabolism, in particular the cellular
iron metabolismthatleads toareduced amount ofironin theintestinal
epithelial aged cells.

DNAmdriftis driven by an impaired TET enzymatic activity in
aged intestinal cells

To better understand the connection between iron metabolism and
DNAm drift, we hypothesized that, in aged intestinal cells, the reduced
level of transferrin receptor and the augmented level of ferroportin
lead to areduced level ofintracellular bioavailable iron (Fe?*). Within
the cell, the majority of iron is stored as ferric iron (Fe*"), while only
asmall portion exists as a transient redox-active form of ferrousiron
(Fe?*) and constitutes the labile iron pool (LIP). The LIP is essential as
acofactor for numerous iron-dependent enzymes, including nuclear
TET enzymes, which play a key role in the active DNA demethylation

process (Fig. 52)*°. Thus, we measured TET hydroxymethylase activ-
ity in the intestinal crypts isolated from young and aged mice and
observed a significant reduction of TET enzymatic activity in aged
crypts (Fig. 5h), whereas no differences were observed for DNA
methyltransferase (DNMT) enzymatic activity (Fig. 5i). Chromatin
immunoprecipitation (ChIP) analysis revealed that TET2 and TET3,
butnot TET1were bound to the promoter of the Dkk2 and Sfrp1 genes
(Extended DataFig. 7f,g). Previous studies reported that TET enzymes
can prevent the promoter hypermethylation of oncosuppressor
genes such as the DKK or SFRP gene families® by converting SmCinto
5-hydroxymethylcytosine (ShmC). By using a 5ShmC DNA immuno-
precipitation (hMeDIP) technique, we found an enrichment of 5ShmC
on the promoter of the Dkk2 and SfrpI genes in intestinal epithelial
cryptsisolated from young mice, which was significantly reduced in
cryptsisolated from aged mice (Extended DataFig. 8a,b). Therefore,
we decided to employ organoid culture for functional experiments.
We derived intestinal organoids from crypts isolated from young mice
and treated them with the C35 TET inhibitor (Extended Data Fig. 8c).
C35 inhibitor treatment led to a reduction of 5ShmC on the Dkk2/
Sfrp1 gene promoters (Extended Data Fig. 8d) and to a dose- and
time-dependent increase of DNAm on these promoters (Fig. 5j and
Extended Data Fig. 8e). To further demonstrate the involvement of
TET2/3 enzymes in promoter hypermethylation of Dkk/Sfrp genes,
we analyzed DNAm in double knockout Tet2/3 (Tet2/3-dKO) mice*. We
found that Tet2/3-dKO mice have a higher DNAm level on these gene
promoters (Fig. Sk and Extended Data Fig. 8f). To demonstrate that
iron deficiency drives promoter hypermethylation of these genes,
we treated the organoids with the iron chelator, deferoxamine (DFO)
forland 2 months and found that DFO-treated organoids have higher
DNAm on the Dkk2 and Sfrpl gene promoters with respect to control
conditions (Fig. 51 and Extended Data Fig. 8g).

Our dataindicated that TET activity (in particular, TET2and TET3)
isnecessarytokeep the promoters of Dkk2and Sfrp1 genes hypomethyl-
ated and that this DNA demethylation mechanismis impaired in aged
gutepithelial cells because of a deficiency of Fe** iron, which serves as
acofactor for the TET enzymes.

DNAm drift is prevented by transferrin receptor re-expression
in aged intestinal cells and Wnt signaling can restore its
expression upon proinflammatory challenges

To assess the importance of the aging-reduced transferrin receptor,
we re-expressed it by transducing Tfrcinintestinal organoids derived
from aged mice (Fig. 6a). We found that Tfrc-expressing organoids
have increased TET activity and lower DNAm on the Dkk2 and Sfrp1
gene promoters with respect to the mock condition after 40 days of
culturing (Fig. 6b,c and Extended Data Fig. 8h).

As our data showed an inverse correlation between Wnt signal-
ing and ACCA drift (Fig. 2) and Wnt signaling is reduced in aging***,
we wondered whether modulation of Wnt signaling could regulate
expression of Tfrc. We cultured smallintestinal organoids in amedium
withreduced R-spondin (EN-R25 medium) orin standard medium sup-
plemented with Wnt3a (ENRW) or CHIR99021 (ENRC). We observed a
slight downregulation of the TfR1protein level and areduced (though
notsignificant, P=0.11and P=0.17) iron level and TET activity in cells
cultured in EN-R25 medium (Fig. 6d-f). An opposite effect has been
observedin organoids cultured in ENRW or ENRC medium (Fig. 6d-f).
Previous studies have shown that aninterferon (IFN)y-induced inflam-
magingimpaired thehomeostasis, the epigenome and the functionality
of the intestinal epithelium**~*. Transcriptional analysis of crypts with
high DNAm drift revealed aninflammatory signature, in particular, IFN
signaling (Extended Data Fig. 7c). Therefore, we tested whether IFNy
could lead to impaired iron homeostasis and whether overactivation
of Wntsignaling could rescueit. Of note, we found that [IFNy treatment
did not modulate TfR1 proteinlevels, butitincreased the level of FPN1
andimpairediron homeostasis and TET activity (Fig. 6g-i). Treatment
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Fig. 6 | Transferrin receptor restoration as well as Wnt pathway stimulation
rescueiron homeostasis. a, Western blot analysis of the protein levels of the
transferrin receptor (TfR1) inintestinal organoids derived from aged mice and
analyzed 40 days after transduction with a 3xFlag-Tfrc- expressing lentivirus.
Mock (parental vector) was used as a negative control. Actin was used as a
loading control. n =3 mice per group were analyzed. b, Quantification of TET
hydroxymethylase enzymatic activity inintestinal organoids asina. n = 3 mice
per group were analyzed. Pvalue was calculated by a two-tailed Welch’s t-test.

¢, Bar chart showing the DNAm level of the Dkk2 gene promoter analyzed by BS
pyrosequencing in intestinal organoids as in a. Parental organoids, untransduced
organoids at day 0. n =3 mice per group were analyzed. P value was calculated by
atwo-tailed Welch'’s t-test. d, Representative images of the western blot analysis
of the protein levels of TfR1and FPN1inintestinal organoids cultured in different
media as indicated. ENRW (EGF, Noggin, R-spondinl, Wnt3a); ENRC (EGF, Noggin,
R-spondinl, CHIR99021). GAPDH was used as aloading control. n =3 mice per

group were analyzed. For details, see the main text. e, Ferrous (Fe*” iron levels
inintestinal organoids asind. n =3 mice per group were analyzed. Pvalue

was calculated by one-way analysis of variance (ANOVA). f, Quantification

of TET hydroxymethylase enzymatic activity in intestinal organoids as in

d. n=3mice per group were analyzed. Pvalue was calculated by one-way ANOVA.
g, Representative images of the western blot analysis of the protein levels of the
TfR1and FPN1inintestinal organoids treated with IFNy (0.2 ng mI™) or with both
IFNy (0.2 ng ml™) and Wnt3a (100 ng m1™) for 5 days as indicated. GAPDH was
used asaloading control. n =3 mice per group were analyzed. For details, see the
main text. h, Ferrous (Fe?") ironlevels in intestinal organoids as ing. n = 3 mice per
group were analyzed. Pvalue was calculated by one-way ANOVA. i, Quantification
of TET hydroxymethylase enzymatic activity in intestinal organoids asin
g.n=3mice per group were analyzed. Pvalue was calculated by ordinary one-way
ANOVA. Error barsinbar charts represent the s.d.

of the organoids with either IFNy and Wnt3a led to upregulation of
TfR1protein and could restore iron levels and TET activity (Fig. 6g-i).

These data indicated aging-associated proinflammatory stress
and impaired Wnt signaling as driving factors promoting altered iron
homeostasis and DNAm drift. Our data also showed that transferrin
receptor restoration, as well as Wnt factor supplementation can rescue
iron homeostasis and protect from DNAm drift.

Discussion

Epigeneticalterations represent one of the most conserved hallmarks
ofagingin different species*® and recently, the loss of epigenetic infor-
mation has been proposed as a cause of mammalianaging®’. In recent
years, DNAm drifts have been increasingly explored and identified
in several tissues of different species®“*' and are often used to build
epigenetic clocks®*?. The mainidentified DNAm drifts are a cell-intrinsic
andtissue-type independentdrift, which allows highly accurate quan-
tification of chronological age (Horvath’s epigenetic clock®); a mitotic
drift that may be connected to the DNAm machinery inefficiency during

DNA replication®**; and a nonmitotic drift, which s tissue specific and

affected by cell-extrinsic factors (such as systemic factors, inflamma-
tion and lifestyle) that can be used to build predictors of the organis-
malbiological age®*. In our study, we identified an intestinal-specific,
DNAmdrift not driven by cell proliferation that may contribute to the
generation of precancerous cells, which represent the cells of origin of
colorectal cancers. The ACCA drift consists of the hypermethylation
of hundreds of gene promoters, some of them found epigenetically
silenced inhuman cancers'®”. The assumption that tumors derive from
epigenetically drifted epithelial cells may mechanistically explain the
DNAm alterations found in CRC. Our data confirmed the occurrence
ofthe ACCA drift also in mouse aging where we found a predominant
increase in promoter DNAm, consistent with a previous study that
found that 21% of genes are hypermethylated, whereas 13% of genes are
hypomethylated in the aged mouse intestine’®*. To better characterize
ACCA drift, we employed intestinal organoid cultures that have been
recently validated to be a viable model to study DNAm and aging™. By
invitro analysis, we demonstrated that ACCA driftis not driven by cell
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division, as cells cultured in a poor medium that have a lower prolif-
eration rate, showed no difference or even higher ACCA drift. These
experiments may indicate that ACCA drift favors cell resistance and
survival to hostile environments similarly to specific DNAm events
that drive cancer cell survival®.

Previous studies reported that the DNAm patterns at age-
associated regions are very heterogeneous at the CpGs level and
showed low correlation at individual CpGs, reflecting a strong sto-
chastic component”®; however, recent analysis revealed that biological
age is better predicted by nonstochastic processes®. We found that
DNAmdrift shows crypt-specific DNAm patterns and, even thoughit s
heterogeneous at the single CpGlevel, it remains consistent at the gene
level, supporting the idea that it is functional to biological processes.

We often link ACCA drift to cancer development, but we cannot
exclude thatit may alsoimpair intestinal tissue functionality as DNAm
has been demonstrated to play a key role in the ISC self-renewal and
differentiation into all the epithelial cells of the crypt-villus axis®’;
however, further studies should be performed to assess the influence
of ACCA drift on the homeostasis of the gut epithelium.

Our study confirms previous observations that DNAm patterns
can be used to identify and analyze clonality of the human colon
epithelium®®®, Indeed, we found that DNAm drift is maintained
and expanded through homeostatic mechanisms of the intestinal
epithelium, such as crypt clonal dominance and crypt fission.
We observed that epigenetically drifted crypts bear a selective
advantage and can spread and fix faster than epigenetically young
crypts, reflecting somehow the behavior of crypts carrying oncogenic
mutations®®*%¢,

All together, our data explain the origin of an intestinal DNAm
drift that initiates in healthy stem cells bearing dysfunctional iron
metabolism and then propagates to the surrounding cells via crypt
clonality and crypt fission mechanisms. The origin and the evolution
of human epigenetic drift are long-standing questions in the field of
the epigenetics of aging. It is tempting to speculate that the observed
epigenetic drifts in each tissue are the sum of multiple epigenetic
subdrifts, each of which has specific driving mechanisms and func-
tional consequences. Understanding the global picture may allow a
better comprehension of human aging and possible areas where
interventions can be developed to prevent, diagnose and treat
age-related diseases.

For further discussion, please see the Supplementary Informa-
tion file.

Limitations of the study

Our study identifies an intestinal DNAm drift and characterizesitin
human and mouse organisms during aging; however, functional experi-
ments to demonstrate that loss of iron homeostasis and cell clonality
drives the insurgence and the amplification of this drift have been
conducted in mouse models. Further experiments should be performed
tovalidate these mechanisms also in human organisms. We have shown
that the ACCA driftis associated with human colon cancers, but func-
tional experiments should be performed to demonstrate thatitis a
driver alteration in cell transformation.

Methods

Mice

All animal experiments were conducted according to protocols
approved by the state government of Thuringia (license numbers:
TG/J-0002858/A; TG/J-0003616/A; TG/J-0003681/A; FLI-18-016;
O_FN_18-20 and FLI-18-005). We used young (2-4 months old) and
aged (18-26 months old) male and female wild-type C57BLé6// and
LgrS-ki-e-GFP-creER mice. The Rosa26-Isl-Confetti“'*; Villin-creERT2'*
mice have been described previously®. All the mice were group housed
and maintained in a specific opportunist pathogen-free animal facility
inFritzLipmann Institute (FLI) witha12-hlight-dark cycle and fed with

astandard mouse chow. The Tet2/3"" and Tet2/3"" VillinCre mice have
beendescribed previously*.

Smallintestinal and colon crypts isolation

Smallintestinal crypts were isolated using the established protocol®*
with minor modifications. In brief, mouse smallintestine was dissected,
washed in cold PBS and opened longitudinally. Villi were removed by
scraping with a coverslip. The villi-free intestinal pieces (2 cm) were
washed four times in cold PBS and transferred to 5 mM EDTA-PBS,
followed by two 30-min incubations at 4 °C on a rotator. The tissue
was transferred to fresh cold PBS and manually shaken for 30 s. The
cryptsolution wasfiltered using a70-um cell strainer and centrifuged
at120g for 5 min at 4 °C. The crypts pellet was resuspended in 1 ml of
cold PBS and evaluated for purity microscopically. Isolated crypts
were aliquoted, snap frozenin liquid nitrogen and stored at -80 °C for
further experiments. For RNA isolation, the crypts were immediately
resuspended in QIAzol Lysis Reagent (QIAGEN) and stored at —80 °C.
Colon crypts were isolated as previously reported®.

Intestinal stem cells isolation and sorting
ForLgr5-eGFPISCisolation, freshlyisolated crypts were dissociated in
complete TrypLE medium (10 mM Tris-HCI, pH 7.5, 5 mM CaCl,, 2.5 mM
MgCl,,20 pM Y27632 and 1 mg ml™ DNaseI) for 30 mininawater-bath
at 37 °C with brief vortexing every 10 min. The single-cell suspension
was then passed through a40-pumcell strainer and centrifuged at 800g
for5minat4 °C. Thecell pellet was resuspended in 3 ml FACS staining
medium containing PBS supplemented with 2% fetal bovine serum,
2.5mMEDTA, 10 pM Y27632 and 4,6-diamidino-2-phenylindole (DAPI;
1:1,000 dilution). The single-cell suspension was applied toa FACSLSRII
(BD Biosciences) and Lgr5-eGFP" ISCs were sorted for downstream
analysis as previously carried out*’.

Organoid culture and treatment

Smallintestinal organoids were cultured according to the established
protocol*. In brief, freshly isolated crypts (roughly 250) were mixed
with 20 pl of Matrigel and plated in a 24-well plate. After polymeriza-
tion of Matrigel for 30 min at 37 °C, the ENR crypt culture medium
(Advanced DMEM/F12,1x GlutaMAX,10 mM HEPES, N2 supplement
(1:100 dilution), B27 supplement (1:50 dilution), 0.5 U mI™ penicillin-
streptomycin supplemented with 50 ng mI™ mouse recombinant
EGF, 100 ng ml™ mouse recombinant Noggin and 500 ng ml™ human
recombinant R-spondinl) was added and refreshed every 2 days.

For the proliferation experiment, the organoids were cultured inthe
standard ENR medium (a control condition) or in medium containing
different concentrations of the growths factors as follows: the 50% ENR
medium (containing 25 ng ml™ mouse recombinant EGF, 50 ng ml” mouse
recombinant Noggin and 250 ng mI™ human recombinant R-spondinl),
the 25% ENR medium (containing 12.5 ng ml™ mouse recombinant EGF,
25 ng ml™ mouse recombinant Noggin and 125 ng mI™ human recom-
binant R-spondinl), the EN-R25 medium (containing 50 ng ml™ mouse
recombinant EGF,100 ng mI™ mouse recombinant Nogginand 125 ng ml™
human recombinantR-spondinl), the NRmedium (containing100 ng mI™
mouse recombinant Noggin and 500 ng ml™ human recombinant
R-spondinl), the LG medium (standard ENR medium containing 1.5 g I™
glucose) and the 0 G medium (standard ENR medium without glucose).

For the IFNy treatment, 1-week-grown organoids were passaged
and treated with IFNy (0.2 ng ml™) for 5 days. Wnt3a (100 ng ml™ final
concentration) and CHIR99021 (3 pM final concentration) were added
to the medium where indicated.

The TET inhibitor C35 (Aobious) was added to the standard ENR
medium at a final concentration of 5 uM or 7.5 uM, as indicated and
refreshed every 24 h. DFO was added to the standard ENR medium at
afinal concentration of 5 uM as indicated.

Theimages of intestinal organoids in culture were acquired using
aPrimovert 12V DC microscope (Zeiss).
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DNA constructs

The complementary DNA of murine transferrin receptor (7frc) was pur-
chased from Origene (plasmid MC221416) and cloned into the CSII-EF
Venus-P2A-3F-MCS vector® using the BamHIand Notl restrictionsites.

Lentivirus production and organoids transduction

Lentivirus was produced in the Lenti-X 293T cell line by transfec-
tion with the lentiviral vectors CSII-EF Venus-P2A-3F-Tfrc, CSII-EF
Venus-P2A-3F-MCS (mock), and the packaging vectors pCMV-VSV-G
(Addgene #8454), pRSV-Rev (Addgene #12253), and pMDLg/pRRE
(Addgene #12251). Supernatants containing lentivirus were collected
24 hand 48 hafter transfection, pooled together and passed througha
0.45-pmfilter. The lentiviruses were concentrated by using the Lenti-X
concentrator (Clontech) following the manufacturer’s instructions.
Organoids were transduced as previously described®*.

Induction of the Confetti transgene

The Rosa26-Isl-Confetti“/*; Villin-creFRT2®'* mice were injected intra-
peritoneally with tamoxifen (100 mg kg™ body weight) for 5 consecu-
tive days to induce the Cre-mediated recombination and euthanized
after 21days or1year after tamoxifen injection as previously reported®.

Whole-mount preparation

Intestinal whole mounts were prepared as previously described®.
In brief, the small intestine was flushed with ice-cold PBS and the
tissue was fixed in 4% paraformaldehyde (PFA) overnightat4 °Cona
rotator. The next day, the tissue was washed in PBS (3 x5 min), opened
longitudinally and villi were scraped off with a coverslip. After three
washes in ice-cold PBS, the tissue was directly mounted between two
coverslips using DePeX (Serva 18243.01) and imaged on an Axiovert
200 ApoTome (Zeiss).

Laser-capture microdissection

For LCM of neighboring crypts, the proximal intestine was briefly
washed in cold PBS, a small piece (2 cm) was directly embedded and
slowly frozen (using liquid nitrogen) in optimal cutting temperature
compound without fixation and stored at —80 °C. Subsequently, 8-um
sections were cut from the frozen block on a cryostat, mounted on a
PET membrane-covered glass slide (Zeiss, 415190-9051-000), stained
with crystal violet for 20 s at room temperature and washed with
ddH,O0. Longitudinal crypt sections were microdissected on a PALM
laser-capture microdissection and optical tweezer microscope (Zeiss).
Single crypt fragments were catapulted and collected in 0.2-ml adhe-
sive cap tubes (Zeiss, 415190-9201-000) and the capturing success was
visually confirmed after the collection session.

For LCM of crypts in clusters isolated from tamoxifen-induced
Rosa26-Isl-Confetti’*; Villin-creERT2'¢/* mice, intestinal tissue was
prepared according to ref. 66 to preserve the fluorescence signal. In
brief, the proximal intestine was washed in cold PBS, a small piece
(2 cm) was immersed for 15-20 s in 2-methylbutane prechilled with
liquid nitrogen and 8-pum transversal sections were immediately cut on
acryostat. The crypt clusters were visualized by fluorescent channels
and the microdissection procedure was the same as described above.

RNA and DNA isolation
Genomic DNA frombulk crypts and tissues was isolated using a DNeasy
Blood and Tissue kit (QIAGEN) following the manufacturer’s instruc-
tions. Total RNA from bulk crypts was isolated using QIAzol Lysis Rea-
gent (QIAGEN) followed by isopropanol precipitation. Genomic DNA
and total RNA from Lgr5-eGFP"ISCs sorted by FACS were isolated using
aZR-Duet DNA/RNA MiniPrep Plus kit (Zymo Research) following the
manufacturer’sinstructions.

Genomic DNA and RNA from single crypts were isolated using a
Quick-DNA/RNA Microprep Plus kit (Zymo Research) following the
manufacturer’sinstructions.

Isolated DNA and/or RNA were quantified on a Nanodrop 8000
(Thermo Fisher Scientific) and on a Qubit 3.0 (Thermo Fisher Scien-
tific). The quality of isolated genomic DNA was analyzed by agarose
gel electrophoresis. The quality of isolated RNA was analyzed by a
Fragment Analyzer (Agilent).

Reduced-representation bisulfite sequencinglibrary
preparation

For RRBS library preparation, 100-250 ng of RNase-treated genomic
DNA was digested with Mspl enzyme (NEB) at 37 °C for 12 h and puri-
fied using AMPure XP beads (Beckman Coulter) following the manu-
facturer’s instructions. The Mspl-digested genomic DNA was used as
input for RRBS library preparation using a NEXTflex Bisulfite-Seq kit
(PerkinElmer) following the manufacturer’s instructions. Bisulfite
conversion was performed using a Methylation-Lightning kit (Zymo
Research) following the manufacturer’sinstructions.

Whole-genome bisulfite sequencing library preparation

For WGBS library preparation, 10 ng of RNase-treated genomic DNA
was used as input and the WGBS library was prepared following an
established protocol®’.

Bisulfite pyrosequencing

Bisulfite conversion of genomic DNA was performed using a Methyla-
tion-Lightning kit (Zymo Research) following the manufacturer’s
instructions. Bisulfite-treated DNA was amplified using PyroMark PCR
kit (QIAGEN). PCR products were sequenced on a PyroMark Q48 Auto-
prep (QIAGEN) using PyroMark Q48 Advanced CpG Reagents (QIAGEN)
and analyzed by PyroMark Q48 Autoprep Software (QIAGEN, v.2.4.2).
Bisulfite conversion-specific PCR primers were designed using
PyroMark Assay Design Software v.2.0 (QIAGEN). The primers’
sequences are listed in Supplementary Table 5.

Single-crypt bisulfite pyrosequencing

For the experiments where only DNAm was analyzed, each single
crypt was first digested with Proteinase K in 20 pl of M-Digestion
Buffer 1x (Zymo Research) at 50 °C for 20 min and subsequently
bisulfite-converted in the presence of an RNA carrier (20 ng) using
a Methylation-Lightning kit (Zymo Research). Bisulfite-converted
DNAwas purifiedin the presence of 1 ng mI™ RNA carrier added to the
M-binding buffer, following the manufacturer’s instructions. Pyrose-
quencing was performed as described above.

LCM-coupled bisulfite pyrosequencing

The bisulfite pyrosequencing of LCM neighboring crypts was per-
formed as for single crypts with the modification that Proteinase K
digestion was performed in the tube cap for the first 2 min, then the
tube was spun for 10 s and againincubated at 50 °C for 18 min to com-
plete the digestion reaction. Bisulfite pyrosequencing of LCM crypt
clusters was performed as above but the Proteinase K digestion was
incubated at 50 °Cfor 4 h.

Single-crypt RNA-seq library preparation

RNA-seq library preparation of single crypts was performed using a
NEB Next Single Cell/Low-Input RNA Library Prep kit (NEB) following
the manufacturer’sinstructions.

Targeted bisulfite DNA methylation analysis

For deep DNA bisulfite sequencing, 100 ng of genomic DNA fromeach
mouse sample was treated with bisulfite using the EpiTect Bisulfite
kit (QIAGEN) according to the manufacturer’s instructions. The
bisulfite-treated DNA was thenamplified with sequence-specific primers
containing lllumina Nextera handle sequences. The forward overhang
sequence was 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-
(locus-specific sequence) and the reverse overhang sequence was
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5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-(locus-specific
sequence). Primers were designed to amplify asequence shorter than
200 bp containing 7-16 CpG sites. PCR products ranging from 150
to 200 bp were gel-extracted using the QIAquick Gel Extraction kit
(QIAGEN). Equimolar amounts of all amplicons for each sample were
pooledinasingle tube. Toincorporate the index sequences, the pooled
PCR products were further amplified by limited cycle-number PCR
using Nextera complementary primers. Each indexed pool was then
gel-extracted again using the QIAquick Gel Extraction kit. Equimolar
amounts of allindexed pools were pooled into a single tube and pro-
cessed for sequencing. Sequencing was performed using the MiSeq
Reagentkit v2 on a MiSeq platform (Illumina). Sequenced reads were
separated by barcode, aligned to the target sequence, and methylation
ratios were determined using a Python script (methratio.py). The prim-
ers’sequences are listed in Supplementary Table 5.

High-throughput sequencing
Allthe samples for genome-wide experiments were sequenced onthe
HiSeq2500, and NextSeq500 or MiSeq platform (Illumina).

ChIP-qRT-PCR analysis

ChIP was performed as described previously®®. In brief, freshly isolated
intestinal crypts (from whole small intestines) were crosslinked by
addition of formaldehyde to 1% for 10 min at room temperature on a
rotator, quenched with 0.125 M glycine for 5 min at room temperature
onarotator, then washed twice with cold PBS. The crosslinked crypts
wereresuspended in SDS ChIP Buffer (50 mM Tris-HCI, pH 8.0,10 mM
EDTA, 1% SDS and protease inhibitors), incubated on a rotator for
30 minat4 °C, sonicated for 18 cycles ona high power setting (30 s ON,
30 s OFF) using the Bioruptor Next Gen (Diagenode) and centrifuged at
12,000gfor15 minat4 °C. Theisolated chromatin was diluted tenfold
with ChIP dilution buffer (16.7 mM Tris-HCI, pH 8.0, 0.01% SDS, 1.1%
TritonX-100,1.2 mM EDTA and 167 mM NaCl) and incubated with 5 pg of
antibody overnight at4 °C onarotator. Protein G-conjugated magnetic
beads (Dynal, Thermo Fisher Scientific) were saturated with PBS/1%
BSA and sonicated salmon spermovernight at 4 °C. Next day, samples
were incubated with saturated beads for 2 h at 4 °C on a rotator, and
subsequently washed with 1 ml of cold low-salt buffer (20 mM Tris-HCI,
pH8.0,0.1%SDS, 1% Triton X-100,2 mM EDTA and 150 mM NaCl), 1 ml
of cold high-salt buffer (20 mM Tris-HCI, pH 8.0, 0.1 % SDS, 1% Triton
X-100,2 mM EDTA and 500 mM NacCl), 1 ml of cold LiCl buffer (10 mM
Tris-HCI, pH 8.0,1% DOC, 250 mM LiCl, 1 mM EDTA and 1% NP-40) and
twice with 1 ml of cold TE buffer (10 mM Tris-HCI, pH 8.0 and 1 mM
EDTA). Theimmunoprecipitated chromatin was eluted with 200 pl of
elution buffer (10 mM Tris-HCI, pH 8.0,1 mM EDTA, 1% SDS, 150 mM
NaCland 5 mMdithiothreitol (DTT)) for 30 min at room temperature on
arotator and de-crosslinked at 65 °C overnight. The de-crosslinked DNA
was purified using a QiaQuick PCR Purification kit (QIAGEN) according
to the manufacturer’sinstructions. The antibodies used for ChIP were
rabbit polyclonal TET1 antibody (N1) (cat. no. GTX125888, GeneTex),
rabbit monoclonal TET2 (D9K3E) antibody (cat. no. 92529, Cell Signal-
ing), rabbit polyclonal anti-TET3 antibody (cat.no. ABE290, Merck) and
normal rabbit IgG polyclonal antibody (cat.no.12-370, Millipore). The
immunoprecipitated DNA was analyzed by quantitative real-time PCR
using the SYBR GreenERKit (Invitrogen) as previously reported**. The
primers’ sequences are listed in Supplementary Table 5.

5hmC DNA immunoprecipitation

For hMeDIP, genomic DNA isolated from crypts or organoids was
sheared by sonication (Bioruptor Pico, Diagenode) to obtain 200-
500-bp fragments and purified with Agencourt AMPure XP beads
(Beckman Coulter) following the manufacturer’s instructions. Approxi-
mately 1 pg of sheared DNA was denatured for 10 min at 95 °C, imme-
diately cooled onice for 10 minand thenimmunoprecipitated using a
hMeDIP kit (Active Motif) following the manufacturer’s instructions.

The immunoprecipitated DNA was treated with Proteinase K for 2 h
and purified using the MinElute PCR purification kit (QIAGEN). The
purified DNA was analyzed by quantitative real-time PCR by using a
SYBR GreenER kit (Invitrogen) as previously reported**. The primers’
sequences are listed in the Supplementary Table 5.

DNA methyltransferase activity

Nuclear extracts were prepared from freshly isolated intestinal crypts
using the EpiQuik Nuclear Extraction Kit I (Epigentek) following the
manufacturer’s instructions. DNMT activity was measured by using
the EpiQuik DNA Methyltransferase Activity/Inhibition Assay kit (Epi-
gentek) following the manufacturer’s instructions.

TET enzymatic activity

Nuclear extracts were prepared from freshly isolated intestinal crypts
using the EpiQuik Nuclear Extraction Kit I (Epigentek) following the
manufacturer’sinstruction. The TET enzymatic activity was measured
by using Epigenase SmC Hydroxylase TET Activity/Inhibition Assay kit
(Epigentek) following the manufacturer’s instructions and omitting
cofactor 3 in the assay buffer.

Protein extraction and western blotting
For total protein extraction, crypts or organoids were resuspended
in RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
DOCand 0.1% SDS) supplemented with antiproteases, incubated onice
for15 minand sonicated using the Bioruptor Pico (Diagenode) for five
cycles (30 s ‘ON’, 30 s ‘OFF’). After centrifugation at 20,000g for 15 min
at 4 °C, the supernatants were recovered and quantified using Pierce
BCA Protein Assay kit (Thermo Fisher Scientific) following the manufac-
turer’sinstructions. To analyze the protein levels of transferrin receptor
(TfR1) and ferroportin (FPN1), the protein samples were mixed with SDS
loading dye, incubated for 5 minat 37 °C (ref. 69) and immediately run
on 4-20% Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad). To analyze
the protein levels of actin, the samples were prepared as described
above but incubated with SDS loading dye for 5 min at 95 °C. After
SDS-PAGE, the proteins were transferred to nitrocellulose membranes
(iBlot 2 Transfer Stacks; Thermo Fisher Scientific). The membranes
were blocked in T-PBS (0.1% Tween 20 in PBS) supplemented with 5%
milk for1hatroomtemperature and thenincubated with specific pri-
mary antibodies in T-PBS + 5% BSA or 5% milk overnight at 4 °C. After
incubation with primary antibody, the membranes were washed five
times with T-PBS for 25 min at room temperature and then incubated
with secondary antibody (1:3,000 dilution) in T-PBS + 5% milk for 1 h
atroom temperature. After incubation with secondary antibody, the
membranes were washed five times with T-PBS for 25 minat room tem-
perature and then developed on a ChemiDocImaging System (Bio-Rad).
The primary antibodies used for westernblotting were rabbit poly-
clonalferroportin/SLC40Al antibody (cat. no. NBP1-21502 from Novus
Biologicals,1:250 dilution); mouse monoclonal CD71/TFRC/transferrin
receptor antibody (cat. no. sc-65882 from Santa Cruz, 1:2,000 dilu-
tion), mouse monoclonal anti-B-actin antibody (cat. no. A5316 from
Sigma-Aldrich, 1:20,000 dilution) and rabbit polyclonal anti-GAPDH
antibody (cat. no. sc-25778 from Santa Cruz, 1:3,000 dilution).

Measurement of iron contents

The iron contents were measured using an Iron Assay kit (Abcam). In
brief, theisolated crypts or organoids were resuspended in Iron Assay
Buffer onice and sonicated using the Bioruptor Pico (Diagenode) for
three cycles (30 s ‘ON’, 30 s ‘OFF’). After centrifugation at 16,000g for
10 minat4 °C, the supernatants were recovered and immediately used
for the assay following the manufacturer’s instructions.

Analysis of TCGA data on human colon samples
In brief, DNA methylation data from TCGA (Illumina 450K array) for
CRC and multiple other cancer types was normalized and analyzed at
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promoter regions to identify age- and cancer-associated methylation
changes. Differential methylation was tested using t-tests with multiple
correction, PCA was applied for sample variability, correlations with
Wnt antagonist genes were computed with permutation tests and
functional/pathway analyses were performed using IPA alongside
coexpression analysis from matched expression data. Additional meth-
ods regarding quantification and statistical analyses are available in
the Supplementary Information file. Informed consent was obtained
accordingto TCGA policies and the data are anonymized and publicly
available. Source data can be found in Supplementary Table 6.

Statistics and reproducibility

Sample size was not predetermined. The experiments were con-
ducted with n >3 biological replicates. Sample sizes were selected on
research-based common standards and on the minimum number of
samples allowing statistics’’. No data were excluded from the analysis.
All the experiments were successfully replicated at least three times
also for experiments where only one representative image or result is
shown. Biological samples were randomly selected for the experiments
using simple randomization methods. Data collection and analysis
were not performed blind to the conditions of the experiments. Data
distribution was assumed to be normal but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Allrawsequencing datareportedin this paper are depositedin the Gene
Expression Omnibus database under the following accession numbers:
RRBS Crypts, GSE129712; WGBS LGRS, GSE129767; and RNA-seq Single
Crypts, GSE271646. DNA methylation data of PDX are deposited in
GSE208713. Other data are available from the corresponding author
uponrequest. Source data are provided with the paper.

Code availability
All the codes used in this study are publicly available and described
inthe Methods.
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Extended Data Fig. 1| Colon cancer associates with epigenetically drifted
cells. a, Correlation heatmap of the categories of the gene ontology analysis
ofthe hypermethylated genes or the genes undergoing the Aging- and Colon
Cancer-Associated epigenetic drift (the ACCA drift). b, Gene ontology analysis
of the statistically correlated genes revealed in Fig. 1c. Canonical pathway
enrichment was performed using Ingenuity Pathway Analysis (Qiagen).
Statistical significance of pathway enrichment was assessed using a right-tailed
Fisher’s exact test. Reported values represent -log:o of the adjusted (Benjamini-
Hochberg) p-value for each pathway. ¢, Boxplotindicating the DNAm level of the
promoter of the ACCA drift genes in healthy colon and in colon cancer samples
subdivided in CIMP negative, CIMP low and CIMP positive cancers. Number of
samples: healthy (9-15y) =19; healthy (40-60 y) =11; healthy (>60 y) = 34; (CIMP-)
=30; (CIMPlow) =16; (CIMP +) = 9. Box plots represent the median (center line),
the 25th and 75th percentiles (bounds of the box), and whiskers extending to

the most extreme data points within 1.5x the interquartile range. d, Boxplot
indicating the DNAm level of the promoter of the ACCA drift genes in healthy
colonsamples, CRC samples and in patient-derived xenografts (PDX) (both from
primary colorectal cancers (CRCs) and CRC liver metastasis samples). Number of
samples: 50 healthy, 50 tumor, 76 PDX. e, Correlation heatmap of the categories
ofthe gene ontology analysis performed by using the correlated genes revealed
in co-expression analysis in Fig. 1g. Boxplots represent interquartile range with

min to max whiskers. f, Dotplotindicating the DNAm level of the promoter of the
DKK and SFRP family genes in healthy human colon samples at the indicated ages.
Data are presented as mean values + SEM (samples asin (a)). p-value was calcu-
lated by Welch’s t-test, one-tail. Number of samples: (9-15y) =19; (40-60 y) =11;
(>60y) =34.g, Boxplot indicating normalized expression counts of DKK and
SFRPfamily genes in healthy human colon samples. For each gene, expression
isshown separately for each age group. Box plots represent interquartile range
with 5-95 percentile whiskers. P-values were computed using two-sided Wilcoxon
rank-sum tests between (40-60 y) and (>60 y) samples. Number of samples:
(40-60y)=12; (>60y) =39.h, Boxplotindicating normalized expression counts
ofthe Dkk and Sfrp family genes in mouse intestinal crypts. For each gene,
expression is shown separately for age group and sex. n =4 mice per group were
analyzed. Box plots represent interquartile range with 5-95 percentile whiskers.
P-values were computed using two-sided Wilcoxon rank-sum tests between
young and old or young and geriatric samples, respectively. i, Boxplot indicating
the DNAm level of the promoter of the DKK2 and SFRP1 genes in healthy and
colon cancer samples at the indicated ages (samples as in (a)). Number of
samples: healthy (9-15y) =19; healthy (40-60 y) =11; healthy (>60 y) =34;

cancer (40-60y) =17; cancer (>60 y) = 37. Boxplots represent the interquartile
range with min to max whiskers.
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Extended Data Fig. 2| The ACCA driftis conserved in the mouse intestine

and originates at the stem cell level. a, Pie charts indicating the percentage of
the statistically significant differentially methylated (DM) CpGs found in the
indicated conditions by using the same RRBS datasets as in Fig. 2a. m = months.
b, Boxplots of the DNA methylation level of the DM CpGs that were found
hypermethylated or hypomethylated during aging in female or male intestinal
crypts.m=months. n =4 mice per group were analyzed. Box plots represent

the median (center line), the 25th and 75th percentiles (bounds of the box), and
whiskers extending to the most extreme data points within 1.5 the interquartile
range. ¢, Bar charts indicating the percentage of the DM CpGs found in the
RRBS analysis as in Fig. 2a in different genomic features. m=months. Hyper
=hypermethylated in old samples. Hypo = hypomethylated in old samples.

hcp =high CpG promoters. icp =intermediate CpG promoters. Icp =low CpG
promoters. CpGi=CpGisland. shore = CpGisland shore (+2 kb of the CpG island
borders).d, Bar charts indicating the percentage of the statistically significant
differentially methylated CpG (DM CpGs) found in the RRBS analysis as in Fig.
2aindifferent genomic features. Hyper = hypermethylated in old samples.
Hypo =hypomethylated in old samples. m=months. e, Bar charts indicating the

percentage of the DM CpGislands found in the RRBS analysis as in Fig. 2a.

Hyper = hypermethylated in old samples. Hypo = hypomethylated in old samples.
f-g, Venn diagrams of the DM CpG islands found hypermethylated in the
indicated conditionsin old samples asin (e). m=months. h, Hierarchical
clustering and heatmap of the Pearson correlation of the whole genome

bisulfite sequencing (WGBS) datasets of mouse Lgr5" cells. Y =young; O =old;
r=biological replicate. n(young) =3 mice, n(old) =4 mice were analyzed.

i, Violin plot of the DNA methylation level on the whole genome in the indicated
conditions measured by WGBS as in (h). n(young) = 3 mice, n(old) =4 mice were
analyzed. White boxes indicate the average DNAm level. j, Pie chartindicating

the distribution of the DM CpGs found significantly hyper- or hypo- methylated
during agingin the same datasets asin (h). k, Bar charts indicating the percentage
of the DM CpGs found in the WGBS analysis of the Lgr5" cells during aging in
different genomic features. Hyper = hypermethylated in old samples. Hypo =
hypomethylated in old samples. hcp = high CpG promoters. icp = intermediate
CpG promoters. Icp =low CpG promoters. CpGi=CpGisland. shore =CpG island
shore (+2 kb of the CpGisland borders). 1, Bar chart showing the percentage of
the DM CpGislands found in the WGBS analysis asin (h).
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| The ACCA driftis conserved in the mouse intestine and
originates at the stem celllevel. a, Scatter plot of the delta methylation (old
minus young) onall the CpGislands in the Lgr5" cells and whole crypts. Linear
regression was performed (Im function in R), and statistical significance of
regression coefficients was assessed using two-sided t-tests; overall model fit
was evaluated using an F-test (F-statistic: 4.27 x 10#). The p-value for the slope
was obtained as twice the probability of observing a t statistic as extreme as
206.65under aStudent’s t distribution with 12419 degrees of freedom. Because
this valueis far smaller than machine precision, the exact p-value cannot be
reported and is conventionally writtenas p <2.2 x1071¢. b, Venn diagrams of the
DM CpGislands found in the Lgr5" cells and whole crypts. p-value was calculated
by aone-sided hypergeometric distribution test. The computed probability of
observing an overlap, given the background of 12,421 CpGislands, is far smaller

than machine precision thus exact p-value cannot be reported due to numerical
underflow in the calculation. ¢, Genomic views of the Dkk2 and SfrpI gene
promoters showing the DNAm level in young and old Lgr5™ISCs. Each lineis a
replicate. Eachrectangleisa CpG.d, Scatter plot of the average DNAm level of
the ACCA drift genes and of the two marker genes DKK2 and SFRPI (upper panel)
or of the 4 marker genes DKK1, DKK2, SFRP1, SFRP2 (lower panel) in colon cancer
samples. The gray line indicates linear regression; the shaded area represents the
95% confidence interval. e, Correlation coefficients between the average DNAm
level of the ACCA drift genes and 100 random groups of either two (left panel) or
four genes (right panel). The correlation coefficient with the average DNAm level
of the two selected marker genes DKK2 & SFRPI or four selected marker genes
DKK1,DKK2, SFRP1, and SFRP2is also shown, respectively.

Nature Aging


http://www.nature.com/nataging

Article https://doi.org/10.1038/s43587-025-01021-x

a Sfrp1 b

309 @ Young Culturing as intestinal organoids
S B Adult ;“
= W Old Ak _aSk
% 20 A
o
B 10 Crypts isolation from young —p
2z and old mice
ko]
=
0.
2 O & @ &
Ny O > & A2
2 NO N )
& QO S L
\6\ 2 S F
c ° d
Dkk2 Sfrp1 Dkk2
= 50 —_ 30 _15 _Pp=00017 A40 p =0.0035
% 20 é § g
g T 10 s k]
£ 10 3 £ £25
0 Z 0 2 s
I — — — 20
Sl Colon SI Colon Sl Colon SI Colon Weeks: 0 4 12 Weeks: 0 4 12
Crypts Organoids @ Young Crypts Organoids O Young E Crypts
Il Oid [l O [] Organoids
e f Methylation ACCA drift promoters — crypts
o p=tle214
Sfrp1 o0 eI
25 40 _ __p=45e137
g p=0.0002 § p=003 _ Replicate
-_— ~ o
s I g 80 § 75 =l
= =2 [}
g 5 2 3 .
£ 2 = 2M
2 3 5 =
0 £ 25 =
Weeks: 0 4 12 Weeks: 0 4 12 % B 3m
[ Young B Crypts *‘
B O [ Organoids
Young  Old Geriatric
g Methylation ACCA drift promoters — organoids h
p=3.0e-46 Sfrp1
60 p=27e-31
p=7.9e-09
50 80 _ P=00038
§ ;\? p =0.0001 ;\? p=00zs l:‘ Young
g = 40+ =
3 - o 60+
g 40 Replicate g pIoo® 2 M o«
o 2 30 o
5 B8 Rert s § 40
8 ES Rep2 F 20 5
Z2 £ £ 20
ko © 10 9]
s = =
0 0- 0-
S e o S °\° °\°
Weeks: 12 & ISR
L < L éQ*
2R <& Q
Sfrp1 Strp1
30 p=0.014
< P=0.063 25+ p=0004 40— p=0028
B —_ P ve— —
e 9 p =0.006 9 l:‘ Young
g 20 - = 20 O = 30
3 ¢ 2 Il o
c 2 454 o
ks} hdld c c
3 S S 207
Z 10 B 10 5
§" = z
= g 5 3 197
= =
0 0- 0-

ENREN-NR LG 0G
R25 o

Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4| The ACCA drift is cell-intrinsic and cell-cycle
independent. a, DNAm level of the SfrpI gene promoter in the different

tissues at the indicated ages. n = 3 mice per group were analyzed. b, Schematic
representation of the experimental set up. ¢, Bar chartindicating the DNAm level
ofthe Dkk2 and SfrpI gene promoter analyzed by BS pyrosequencing in small
intestinal (SI) and colon crypts and organoids at the indicated ages. n = 3 mice
per group were analyzed. d, Bar chartindicating the DNAm level of the Dkk2 gene
promoter analyzed by BS pyrosequencing upon long-term organoid culture of
cryptsisolated from young and old mice. n = 3 mice per group were analyzed.
p-value was calculated by an unpaired t-test, 2-tails. e, Bar chart showing the
DNAm level of the SfrpI gene promoter upon long-term organoid culture of
cryptsisolated from young and old mice. n = 3 mice per group were analyzed.
p-value was calculated by an unpaired t-test, 2-tails. f, Boxplot indicating the
DNAm level of the ACCA drift gene promoters in intestinal crypts isolated from
young, old, and geriatric mice. For each age group, values are shown separately
for female (1F,2F,3 F) and male (1M, 2 M, 3 M) mice. n =4 mice per group were
analyzed. p-value was calculated by paired t-test, 2-tails. Box plots represent

interquartile range with 5-95 percentile whiskers. g, Boxplot indicating the
DNAm level of the ACCA drift gene promoters measured by RRBS upon long-term
organoid culture of cryptsisolated from young mice. n = 2 mice were analyzed.
p-value was calculated by paired t-test, 2-tails. Box plots represent interquartile
range with 5-95 percentile whiskers. h, Bar chart showing the DNAm level of the
SfrpI gene promoter upon1month of organoid culture of crypts isolated from
young and old mice and cultured in the indicated conditions. n = 3 mice per group
were analyzed. p-value was calculated by an unpaired t-test, 2-tails.

i, Bar chartindicating the DNAm level of the Sfrp1 gene promoter analyzed by BS
pyrosequencing upon 1 month of organoid culture of crypts isolated from young
mice and cultured in the indicated conditions as in Fig. 2. n =3 mice per group
were analyzed. p-value was calculated by an unpaired t-test, 2-tails. j, Bar chart
showing the DNAm level of the Sfrp1 gene promoter upon 1 month of organoid
culture of cryptsisolated from young and old mice and cultured in the presence
of CHIR99021 or recombinant Wnt3a. n =3 mice per group were analyzed.
p-value was calculated by an unpaired t-test, 2-tails. Error bars in the figure bar
charts represent the SD.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| The DNAm drift expands via crypt clonality and shows
heterogeneity at the CpGlevel. a, The DNAm level of the Dkk1, Sfrp1, and

Sfrp2 gene promoters analyzed by BS pyrosequencingin 59,45, and 78 single
cryptsisolated from young and old mice, respectively (as indicated). Each
circle represents the DNAm level (in percentage). The failed DNAm analysis is
represented by dashes. n =3 mice per group were analyzed. b, The DNAm level
ofthe B-Actin (in 60 young and 72 old single crypts) and Dppa3 (in 25 young and
45 old single crypts) gene promoters analyzed by BS pyrosequencing in small
intestinal cryptsisolated from young and old mice. n = 3 mice per group were
analyzed. p-value was calculated by Welch'’s t-test 2-tails. Error bars represent

the SD. ¢, Violin plot showing the DNAm level of the Dkk1, Sfrp1, and Sfrp2 gene
promotersin single intestinal cryptsisolated from young and old mice as in (a).

d, Hierarchical clustering and heatmap of the Pearson correlation of the DNAm
profiles of the DkkI gene promoter of 59 single crypts. e, The DNAm profile of the
DkkI gene promoter in the crypts from the Cluster 1 (crypts isolated from young
mice - ‘young’ crypts cluster) (left panel). The DNAm profile of the Dkk1 gene
promoter in the crypts from the Cluster 5 (crypts isolated from old mice - ‘old’
crypts cluster) (right panel). f, Histogram plot showing the average DNAm level of
three genes analyzed insingle crypts asin (a) and Fig. 3b.
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Extended Data Fig. 6| The DNAm drift expands via crypt fission.

a, Arepresentative picture of laser capture microdissection (LCM) of single
intestinal crypts before (upper panel) and after (lower panel) cut.b, The DNAm
profiles of the Dkk2 gene promoter in two independent intestinal regions

of 11 neighboring crypts (region C - left panel, region D - right panel). The

red arrows indicate neighboring crypts with very similar DNAm profiles.

¢, Correlation heatmap of the neighboring crypts asin (b). d, The DNAm profiles
of the Dkk1 gene promoter in four independent intestinal regions of 16, 8,11,
and 11 neighboring crypts (the same crypts/regions as for the Dkk2 gene).

The red arrows indicate neighboring crypts with very similar DNAm profiles.

e, Correlation heatmap of the neighboring crypts asin (d). f, Bar chart showing
the Pearson correlation of the DNAm profiles of the DkkI gene promoter in

the randomly picked (n = 45) and/or neighboring (n = 42) crypts. p-value was
calculated by Mann-Whitney test, 2-tails. Error bars in the figure bar charts
represent the SD. g, Bar chart showing the Pearson correlation of the DNAm
profiles of the Dkk1 gene promoter in the crypts with high (n =20) and low
(n=20) correlation of the DNAm profiles of the Dkk2 gene promoter. p-value was
calculated by Welch’s t-test, 2-tails. Error bars in the figure bar charts represent
the SD. h, Correlation heatmap of the crypts in clusters asin the Fig. 4j.

i, Correlation heatmap of the scattered crypts as in the Fig. 4k.
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Extended DataFig. 7| The crypts with high DNAm drift have altered iron
homeostasis and the TET enzymatic activity. a, The expression level of the
Dnmtenzymesin high (red dots; n =16) and low (blue dots; n =12) 5mC crypts
based on RNAseq as in Fig. 5b. b, The expression level of the Tet enzymes in high
(red dots; n=16) and low (blue dots; n =12) 5mC crypts based on RNAseq as in
Fig. 5b. ¢, Gene ontology analysis of the differentially expressed genes (DEGs)
between the crypts with high (the top 10%) and low (the bottom 10%) DNAm as
in Fig. 5b. p-value was calculated by one-sided Fisher’s Exact test. d, Transferrin
receptor (Tfrc) and ferroportin (Slc40al) expression levels in the Lgr5" cells
isolated from young and old mice. n =3 mice per group were analyzed. p-value

is calculated by DESEQ2. e, Quantification of the western blot analysis asin Fig. Se.
n =5mice per group were analyzed. p-value was calculated by Welch’s t-test,
2-tails. f, ChIP-qRT-PCR analysis of the ChIP of TET1, TET2 and TET3 on the Dkk2
gene promoter in the intestinal cryptsisolated from young and old mice.n=3
mice per group were analyzed. IgG was used as a control. p-value was calculated
by Welch’s t-test, 2-tails. g, ChIP-qRT-PCR analysis of the ChIP of TET1, TET2 and
TET3 on the SfrpI gene promoter in the intestinal crypts isolated from young
and old mice. n =3 mice per group were analyzed. IgG was used as a control.
p-value was calculated by Welch'’s t-test, 2-tails. Error bars in the figure bar charts
represent the SD.
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Extended Data Fig. 8| The crypts with high DNAm drift have altered iron
homeostasis and the TET enzymatic activity. a, hMeDIP analysis of the Dkk2
gene promoter in the intestinal cryptsisolated from young and old mice.n=3
mice per group were analyzed. p-value was calculated by Welch'’s t-test, 2-tails.
b, hMeDIP analysis of the SfrpI gene promoter in the intestinal crypts isolated
from young and old mice. n =3 mice per group were analyzed. p-value was
calculated by Welch’s t-test 2-tails. ¢, Schematic representation of functional
experiments using organoid culture. d, hMeDIP analysis of the Dkk2 and the Sfrp1
gene promoters in the organoids treated with the C35 TET inhibitor for 1 week.
n=3miceper group were analyzed. p-value was calculated by Welch’s t-test,
2-tails. e, Bar chart showing the DNAm level of the SfrpI gene promoter analyzed
by BS pyrosequencing at the indicated time points upon the C35 TET inhibitor
treatment of organoids derived from young intestinal crypts. n = 3 mice per

group were analyzed. p-value was calculated by Welch'’s t-test, 2-tails. f, Bar charts
showing the DNAm level of the Sfrp1 and Sfrp2 gene promoters in intestinal crypts
isolated from WT and Tet2/3-dKO mice. n =3 mice per group were analyzed.
p-value was calculated by Welch'’s t-test, 2-tails. g, Bar chart showing the DNAm
level of the SfrpI gene promoter analyzed by BS pyrosequencingin organoids
treated with the iron chelator desferoxamine (DFO) for1and 2 months.n=3

mice per group were analyzed. p-value was calculated by paired t-test, 2-tails.

h, Bar chart showing the DNAm level of the SfrpI gene promoter analyzed by BS
pyrosequencing in the intestinal organoids as in Fig. 6a. Parental organoids =
untransduced organoids at day 0. n = 3 mice per group were analyzed. p-value
was calculated by Welch’s t-test, 2-tails. Error bars in the figure bar charts
represent the SD.
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Sample size Sample size was not predetermined. The experiments were done with n > 3 biological replicates. Sample sizes were selected on reaserch-
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Plants

Antibodies

Antibodies used Primary antibodies used for western blotting were rabbit polyclonal Ferroportin/SLC40A1 antibody (#NBP1-21502 from Novus
Biologicals, 1:250); mouse monoclonal CD71/TFRC/Transferrin Receptor antibody (#65882 from Santa Cruz, 1:2000), mouse
monoclonal anti-B Actin (#A5316 from Sigma-Aldrich, 1:20000), rabbit polyclonal anti-GAPDH antibody (#sc-25778 from Santa Cruz,
1:3000). The antibodies used for ChIP were rabbit polyclonal TET1 antibody [N1] (#GTX125888, GeneTex), rabbit monoclonal TET2
(D9K3E) antibody (#92529, Cell Signaling), rabbit polyclonal anti-TET3 antibody (#ABE290, Merck), normal rabbit IgG polyclonal
antibody (#12-370, Millipore). 5 ug of antibody was used for each ChIP experiment.
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Validation Validation of antibodies was done by the manufacturer.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Lenti-X 293T Cell Line: purchased from Takara Bio, cat. no. 632180.
Authentication Done by the manufacturer.
Mycoplasma contamination The cells has been regularly tested and found to be free of Mycoplasma contamination.

Commonly misidentified lines  None.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals mouse lines:
Lgr5-ki-e-GFP-creER
Rosa26-Isl-Confettiki/+;Villin-creERT2tg/+
Tet2/3fl/fl and Tet2/3fl/fl VillinCre
C57BL6/)
We used young (2-4 months old) and old (18-26 months old) male and female mice.

Wild animals The study does not involve wild animals.
Reporting on sex We used young (2-4 months old) and old (18-26 months old) male and female mice.
Field-collected samples  The study does not field-collected samples

Ethics oversight All animal experiments were conducted according to protocols approved by the state government of Thuringia (licenses number: TG/
J-0002858/A; TG/J-0003616/A; TG/J-0003681/A; FLI-18—016; O_FN_18-20 and FLI-18-005).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Confirm that:
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|:| All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation For the Lgr5-eGFP ISCs isolation, freshly isolated crypts were dissociated in complete TrypLE media (10 mM Tris-HCl pH 7.5, 5
mM CaCl2, 2.5 mM MgCl2, 20 uM Y27632 and 1 mg/mL DNAase ) for 30 min in a water-bath at 37°C with brief vortexing
every 10 min. The single-cell suspension was then passed through a 40 um cell strainer and centrifuged at 800xg for 5
minutes at 4°C. Cell pellet was resuspended in 3 ml FACS staining medium (FSM) containing PBS supplemented with 2% Fetal
Bovine Serum, 2.5 mM EDTA, 10 uM Y27632 and DAPI (1:1000).

Instrument FACS Aria Il, FACS ARIA Ill (BD Biosciences)

Software FlowJo 10.7.1. PRISM v.7.

Cell population abundance not applicable

Gating strategy GFP+ cells were sorted to isolate intestinal stem cells as previously reported (10.1016/j.ejcb.2022.151282).

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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