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Extended Data Fig. 2 | The ACCA drift is 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. c, 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. lcp = low CpG 
promoters. CpGi = CpG island. shore = CpG island 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. 
2a in different genomic features. Hyper = hypermethylated in old samples. 
Hypo = hypomethylated in old samples. m = months. e, Bar charts indicating the 

percentage of the DM CpG islands 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 conditions in old samples as in (e). m = months. h, Hierarchical 
clustering and heatmap of the Pearson correlation of the whole genome  
bisulfite sequencing (WGBS) datasets of mouse Lgr5hi 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 chart indicating 
the distribution of the DM CpGs found significantly hyper- or hypo- methylated 
during aging in the same datasets as in (h). k, Bar charts indicating the percentage 
of the DM CpGs found in the WGBS analysis of the Lgr5hi 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. lcp = low CpG promoters. CpGi = CpG island. shore = CpG island 
shore (±2 kb of the CpG island borders). l, Bar chart showing the percentage of 
the DM CpG islands found in the WGBS analysis as in (h).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | The ACCA drift is conserved in the mouse intestine and 
originates at the stem cell level. a, Scatter plot of the delta methylation (old 
minus young) on all the CpG islands in the Lgr5hi cells and whole crypts. Linear 
regression was performed (lm 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 × 10⁴). The p-value for the slope 
was obtained as twice the probability of observing a t statistic as extreme as 
206.65 under a Student’s t distribution with 12419 degrees of freedom. Because 
this value is far smaller than machine precision, the exact p-value cannot be 
reported and is conventionally written as p < 2.2 × 10⁻¹⁶. b, Venn diagrams of the 
DM CpG islands found in the Lgr5hi cells and whole crypts. p-value was calculated 
by a one-sided hypergeometric distribution test. The computed probability of 
observing an overlap, given the background of 12,421 CpG islands, is far smaller 

than machine precision thus exact p-value cannot be reported due to numerical 
underflow in the calculation. c, Genomic views of the Dkk2 and Sfrp1 gene 
promoters showing the DNAm level in young and old Lgr5Hi ISCs. Each line is a 
replicate. Each rectangle is a CpG. d, Scatter plot of the average DNAm level of 
the ACCA drift genes and of the two marker genes DKK2 and SFRP1 (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 & SFRP1 or four selected marker genes 
DKK1, DKK2, SFRP1, and SFRP2 is also shown, respectively.
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Extended Data Fig. 4 | The ACCA drift is cell-intrinsic and cell-cycle 
independent. a, DNAm level of the Sfrp1 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. c, Bar chart indicating the DNAm level 
of the Dkk2 and Sfrp1 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 chart indicating the DNAm level of the Dkk2 gene 
promoter analyzed by BS pyrosequencing upon long-term organoid culture of 
crypts isolated 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 Sfrp1 gene promoter upon long-term organoid culture of 
crypts isolated 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 (1 F, 2 F, 3 F) and male (1 M, 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 crypts isolated 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 
Sfrp1 gene promoter upon 1 month 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 chart indicating 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. 2l. 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 crypts isolated 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 CpG level. a, The DNAm level of the Dkk1, Sfrp1, and 
Sfrp2 gene promoters analyzed by BS pyrosequencing in 59, 45, and 78 single 
crypts isolated 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 
of the β-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 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. Error bars represent 

the SD. c, Violin plot showing the DNAm level of the Dkk1, Sfrp1, and Sfrp2 gene 
promoters in single intestinal crypts isolated from young and old mice as in (a). 
d, Hierarchical clustering and heatmap of the Pearson correlation of the DNAm 
profiles of the Dkk1 gene promoter of 59 single crypts. e, The DNAm profile of the 
Dkk1 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 in single crypts as in (a) and Fig. 3b.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | The DNAm drift expands via crypt fission.  
a, A representative 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.  
c, Correlation heatmap of the neighboring crypts as in (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 as in (d). f, Bar chart showing 
the Pearson correlation of the DNAm profiles of the Dkk1 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 as in the Fig. 4j. 
 i, Correlation heatmap of the scattered crypts as in the Fig. 4k.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | The crypts with high DNAm drift have altered iron 
homeostasis and the TET enzymatic activity. a, The expression level of the 
Dnmt enzymes in 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. c, 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 (Slc40a1) expression levels in the Lgr5hi 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 as in Fig. 5e.  
n = 5 mice 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 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. g, ChIP-qRT-PCR analysis of the ChIP of TET1, TET2 and 
TET3 on the Sfrp1 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 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. 
b, hMeDIP analysis of the Sfrp1 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. c, 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 = 3 mice per group were analyzed. p-value was calculated by Welch’s t-test, 
2-tails. e, Bar chart showing the DNAm level of the Sfrp1 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 Sfrp1 gene promoter analyzed by BS pyrosequencing in organoids 
treated with the iron chelator desferoxamine (DFO) for 1 and 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 Sfrp1 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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