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[ Abstract]  Objective The DNA methylation microhaplotype ( DMH ) refers to the combination of multiple
methylation sites within a very short range, and these haplotypes show wide diversity. We carried out screening and
validation of age-related DMHs in mouse blood. Methods We initially constructed a theoretical dataset of DMHs based on
the mouse reference genome. We then screened age-related DMHs by Spearman’ s rank correlation analysis, using high-
throughput sequencing information for DNA methylation in mouse blood from a network database. Finally, cross-validation
was performed using a validation dataset. Results A total of 6787 142 DMH sites were identified within 50 bp in the
mouse genome, including 98. 64% of single-digit CpG sites. A total of 5835 age-associated DMHs were screened in 58
mouse blood samples ( Irhol > 0.5, P < 0.01), accounting for 0. 086% of DMHs. Finally, we validated the top 100 age-

associated DMHs with high correlation in 95 independent samples, Resultsing in 44 loci. Conclusions The age-associated
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DMHs screened in this study may be useful in future studies of apparent age prediction using mouse blood and in aging

studies.
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Figure 1 Diagram of DNA methylation microhaplotypes
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Yu
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Note. Data were obtained from DNA methylation analyses of 58 blood samples. The age distribution of the 58 samples ranged from 0. 67, 1. 17,

3,6, 12, 20, and 30 months. Age-associated DNA methylation microhaplotypes were screened according to Spearman rank correlation analysis ( |

rhol > 0.7 and P < 0.01). Some age-associated DNA methylation microhaplotypes had multiple alleles associated with age under them, and the

allele with the largest correlation coefficient was chosen to represent this microhaplotype for plotting. Values were normalized for all loci. Red and

green indicate high and low frequencies, respectively, and gray indicates missing values.

Figure 6 Heat map of age-related DNA methylation microhaplotypes
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The age distribution of the 95 samples
Forty-four AR-DMHs were obtained by calculating Spearman rank
correlation coefficients. Some age-related DNA methylation microhaplotypes had multiple alleles associated with age under them, and the
allele with the largest and stable correlation coefficient was selected to represent this microhaplotype for plotting. Values were normalized for
Red and green indicate high and low frequencies, respectively, and gray indicates missing values.

all loci.

Figure 7 Heat map of 44 age-related DNA methylation microhaplotypes

MPET 4. wmiska 16%
Cell development, differentiation,
and fate determination 16%

Hifth 32%
Other 32%

MERT . . TN 16%
Neural development,
differentiation, plasticity 16%

FRIET 5% / /

Postnatal muscle \

development 5%
ML OILEE 9%
Skeletal muscle, cardiac
muscle development 9%

T~ KWiRE 9%

Brain development 9%

JERE 9%

Embryonic development 9%

FIRARE 4%

Lens development 4%

B8 AR-DMH & (3N I DIfE s i
Figure 8 Functional distribution of AR-DMH localized genes

597

5B UG 165 3 2 AH G ) AL 3 7R v e
—EMVER, B, W5 32 B Dact3 1T G801 9 44
Wnt/B-catenin {75 5 [ 2 5 546 5 55 Z A K1Y £
e SUN =L

3 it
FIRT DNA H AL 2 2800 19000 45 i fi 2 X
(A Wb 2 ) F 3 T e S A 0 AR G Y



598 o E S B 2E AR 2024 4E 5 A 32 55 S W Acta Lab Anim Sci Sin, May 2024, Vol. 32, No. 5

DNA HEAEAL A, FHEE Ge 22 sl a8 2% 2 i 7 =X
JEE A AR AR JC A DNA B AR A7 o5 3 A il — 4
AR R TN AR, 5T 2B AR CpG 7 5
AR AL RGBS S, O HLIE S i ek i
BT, A SCHR Y DNA LA R A 7R A R A, O
ET/NRSH RN E T DNA B A A
BHRAE AR5 DMH 6787 142 A~, [AET, 76/ BRI &
Tk 1 5835 /AR I AHOCHY DNA Y 38 Ak A%
A SR ST PREAS ORI 100 > AR-DMH #4717
IOAIE , e 453 44 4~ AR-DMH,

ARSCH Y DMH K280 i CpG i s 4l
A, T HER 2 ~ 34 CpG A 4L DMH, 5 4
#B DMH 1 79. 26%, 5% DMH ¥ 5] i AR 1E
BAY AR L EXT A DMH 81725 44 78 B ]
AR IR, KEB 4 DMH 8 5E v 2] 3l DA K3 o+
XS ASCR R /N BRIV DNAH 3 Ak v 3
B8 BT R B 8 1R 7 X —— 17 b 3 D A 7R
J¥ ( reduced representation bisulfite sequencing,
RRBS) £ 3¢, RRBS J& 1| FH B il 44 4 D1 g s I PR 4
HEATHEEYD, & A 37 CpG & L B3 a8 7 X I 45
() CpG 7 S IFHEA T B W AR FRER M P, it 4
FEDRZR A B AR, s/ AT DA el DX i 1

T ERT B, B T 45 A0 I R 2 5 1A BH 1 7 A
R T SR el B A5, FE R ST B REAS X B
FHSCHERY DNA FUREAL B A AL EAT S0 iE . S0 R 25
WA T 44 AR, SCERE R R I chi6 -
129451736-129451767 ( Clecla) | chr8 : 105270965-
105271015 ( Hsf4 ) . chrll : 82931301-82931351
(Unc45b) . chrll : 82931373-82931419 ( Unc45b) .
chrl6 : 36990083-36990131 ( Fbxo40 ) . chrl0
81433738-81433782 3t 6 1~ AR-DMH ST & Y &8 43
CpG i 5 B 4 A0 578t MEER %'  PETKOVICH
SEVOVHEST 1 2 LA I YRR s A R b, R
chr8 : 105270965-105271015 ( Hsf4 ) fi €1 & 1Y CpG
DS EIE S S ARG AR A e bE Y A, T
FHOCE ) 3 18 53k ) 32 BIRE AR B 52 e, X
22 AR-DMH 54F 0% 1Y ¢ R 75 278 1 2 1 4540 4
L P TIPEAL . XX 26 AR-DMH & 7 2] it 3 X 3y
REHEATIRSY, R B A 2L = 5 40 M #h & FR
M & & . BN, WFFE 2B Fut9 78 5z J2 F0 o s
SRR A M Y A AE GRS TR R R T B
PEFI™

5 LR AR TN S B R A T

DNA P REAL Gl A R 2 5 1) e 128 v /) B i,
W DNA A 3 1 D0 e e, e s 1 S5 4R IR AR
Y DNA FEAR GRS Y IF X —3 4 AT A G
PERIOL AT T 38Uk, A5 i 0 18 1) 457 8 AT
DA JE B2 /)N BRI 3 LA 1 T B s 2 it o 4 it
U,

B £ X #f(References)

[ 1] LOPEZ-OTIN C, BLASCO M A, PARTRIDGE L, et al.
Hallmarks of aging: an expanding universe [ J]. Cell, 2023,
186(2) . 243-278.

[ 2] MATTEI A L, BAILLY N, MEISSNER A. DNA methylation; a
historical perspective [ J]. Trends Genet, 2022, 38(7): 676
=707.

[3] WILSON V L, SMITH R A, MA S, et al. Genomic 5-
methyldeoxycytidine decreases with age [ J]. J Biol Chem,
1987, 262(21) : 9948-9951.

[ 4] BOKSM P, DERKS E M, WEISENBERGER D J, et al. The
relationship of DNA methylation with age, gender and genotype in
twins and healthy controls [ J ]. PLoS One, 2009, 4
(8): e6767.

[ 5] BOCKLANDT S, LIN W, SEHL M E, et al. Epigenetic
predictor of age [ J]. PLoS One, 2011, 6(6) ; e14821.

[ 6] HORVATH S. DNA methylation age of human tissues and cell
types [J]. Genome Biol, 2013, 14(10): R115.

[ 7] STUBBSTM, BONDER M J, STARK A K, et al. Multi-tissue
DNA methylation age predictor in mouse [ J]. Genome Biol,
2017, 18(1) ; 68.

[ 8] THOMPSON M J, CHWIAIKOWSKA K, RUBBI L, et al. A
multi-tissue full lifespan epigenetic clock for mice [ J]. Aging,
2018, 10(10) ; 2832-2854.

[9] MEERM V, PODOLSKIY D I, TYSHKOVSKIY A, et al. A
whole lifespan mouse multi-tissue DNA methylation clock [ J].
Elife, 2018, 7. e40675.

[10] PETKOVICH D A, PODOLSKIY D I, LOBANOV A V, et al.
Using DNA methylation profiling to evaluate biological age and
longevity interventions [ J]. Cell Metab, 2017, 25(4):. 954
-960.

[11] COLE JJ, ROBERTSON N A, RATHER M I, et al. Diverse
interventions that extend mouse lifespan suppress shared age-
associated epigenetic changes at critical gene regulatory regions
[J]. Genome Biol, 2017, 18(1): 58.

[12] PARK J L, KIM J H, SEO E, et al. Identification and
evaluation of age-correlated DNA methylation markers for forensic
use [J]. Forensic Sci Int Genet, 2016, 23 64-70.

[13] YE Z, JIANG L, ZHAO M, et al. Epigenome-wide screening of
CpG markers to develop a multiplex methylation SNaPshot assay
for age prediction [ J]. Leg Med, 2022, 59. 102115.

[14] HAN X, XIAO C, YI S, et al. Accurate age estimation from
blood samples of Han Chinese individuals using eight high-
performance age-related CpG sites [ J]. Int J Legal Med, 2022,



o [ S B Bh 2 2024 4F 5 A5 32 5 S ] Acta Lab Anim Sci Sin, May 2024, Vol. 32, No. 5

599

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

136(6) : 1655-1665.

PAN C, YI S, XIAO C, et al. The evaluation of seven age-
related CpGs for forensic purpose in blood from Chinese Han
population [ J]. Forensic Sci Int Genet, 2020, 46, 102251.
DIAS H C, CORDEIRO C, PEREIRA J, et al. DNA
methylation age estimation in blood samples of living and
deceased individuals using a multiplex SNaPshot assay [ J].
Forensic Sci Int, 2020, 311 110267.

YIS H, JIAY S, MEI K, et al. Age-related DNA methylation
changes for forensic age-prediction [ J]. Int J Legal Med, 2015,
129(2) : 237-244

CORREIA DIAS H, CUNHA E, CORTE REAL F, et al. Age
prediction in living: forensic epigenetic age estimation based on
blood samples [J]. Leg Med, 2020, 47 101763.

WIGLER M, LEVY D, PERUCHO M. The somatic replication
of DNA methylation [J]. Cell, 1981, 24(1) . 33-40.

ZHANG W, QU J, LIU G H, et al. The ageing epigenome and
its rejuvenation [ J]. Nat Rev Mol Cell Biol, 2020, 21(3): 137
-150.

GUO S, DIEP D, PLONGTHONGKUM N, et al. Identification
of methylation haplotype blocks aids in deconvolution of
heterogeneous tissue samples and tumor tissue-of-origin mapping
from plasma DNA [J]. Nat Genet, 2017, 49(4) . 635-642.
KIDD K K, PAKSTIS A J. State of the art for microhaplotypes
[J]. Genes, 2022, 13(8) . 1322.

KRUEGER F, ANDREWS S R. Bismark: a flexible aligner and

[24]

[25]

[26]

[27]

[28]

[29]

methylation caller for Bisulfite-Seq  applications [ J ].
Bioinformatics, 2011, 27(11): 1571-1572.

JIANG X, TAN J, LI J, et al. DACT3 is an epigenetic regulator
of Wnt/B-catenin signaling in colorectal cancer and is a
therapeutic target of histone modifications [ J]. Cancer Cell,
2008, 13(6) : 529-541.

SEALE K, HORVATH S, TESCHENDORFF A, et al. Making
sense of the ageing methylome [ J]. Nat Rev Genet, 2022, 23
(10) ; 585-605.

AFFINITO O, PALUMBO D, FIERRO A, et al.
distance influences co-methylation between nearby CpG sites
[J]. Genomics, 2020, 112(1) ; 144-150

FENNELL L J, HARTEL G, MCKEONE D M, et al

Nucleotide

Comparative analysis of Illumina Mouse Methylation BeadChip
and reduced-representation bisulfite sequencing for routine DNA
methylation analysis [ J ]. Cell Rep Methods, 2022, 2
(11): 100323.

HAN Y, EIPEL M, FRANZEN J, et al.
predictor for mice based on three CpG sites [ J]. Elife, 2018, 7.
€37462.

ABDULLAH A, HAYASHI Y, MORIMURA N, et al. Fut9

Epigenetic age-

deficiency causes abnormal neural development in the mouse
cerebral cortex and retina [ J]. Neurochem Res, 2022, 47(9) :
2793-2804.

[KFEEHH] 2023-08-23



