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Research progress on DNA hydroxymethylation in environmental epidemiology FU Ming, BAI
Yansen, GUO Huan (Department of Occupational and Environmental Health, School of Public
Health, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei
430030, China)

Abstract:

5-hydroxymethylcytosine (5hmC) is a major oxidation product of 5-methylcytosine (5mC)
catalyzed by ten-eleven translocation (TET) enzymes. Recent studies have revealed that 5ShmC
is not only an intermediate of active DNA demethylation, but also a stable epigenetic marker
that could act as a bridge between environmental exposure and disease outcomes. Exposure to
environmental factors can regulate the occurrence and development of diseases by affecting the
pattern of genomic 5ShmC, while 5hmC may be more sensitive than 5mC in reflecting the health
effects caused by exposure to some external environmental factors. Therefore, it is critical to
uncover the roles of 5hmC in the associations between environmental exposure and disease
outcomes, in order to clarify the underlying mechanisms of the occurrence and development
of diseases, develop early diagnostic techniques, and identify effective intervention targets. In
the present study, we reviewed the published literature reporting the effects of environmental
factors on 5hmC, as well as the associations between 5hmC and chronic diseases.
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BshmCEETRRELEINATRERAZEZESHNEE
N 1L 75 E AT BEEL smc NSRS EItE, ZA<32L
ShmC AL, BEERIIFREZRS|#E shmc et E
IHE, B4 shmC 580 EXEMRFEKNARINR,
REEEFEENRZENR, REMRAHE, UHRRIFE
DFATRF AR B

1 5hmCE =GR
1.1 5ShmCHY4ERLS DNAERIERENK

5hmC & 5mC 7 TET (ten-eleven translocation) &
HNELERTERMN S, TETERR—Lo- Tk
B2 (a-ketoglutarate, a-KG) F1 Fe? fk #i B9 XX 0 & BS,
BTETL TENRMTETR =R ", TETE smc AL
shmC/g, XAl E—FEAF shmC B EELA LR
5-EE B IEIE (5-formyleytosine, 5fC) 1 5- 2 BL R 15
IE (5-carboxylcytosine, 5caC) ¥, f5 & AJ # i B 1%
IE DNAVEEESIRBIHTIBR, X EREM R, AER
IR ETIBREE R Z R EE R R EMEIRERE Y,
MITISEE DNA ERhE B ELIT IR,

BT TETEHEERYBEE ", shmCRBH
w—FEk, FItiELE sfcFl5caC, ShmCERHRFEE.
REENELTY, AEEANARE N ILFEX
BIBRRIA AT, ShmCBRT 7EJ9 DNA EEhE R EAR
B9, @25 DNA EBRE R LR smc BB K
N, XA LUAEEREMNREY, BEEHRRET —
LEBEME IR HLE S sShmC I E B, W MeCP2. RPL26.
MHS6. UHRF. Wdr76. Thy28. Neill Z 1214 {8 B {&
NEMFIERIRZE B, MABTEE L RN
BEMER TR
1.2 5ShmCEALEMERALAFNS

ShmCl 2N THADMNARMAESF, 5
smCARME, FALAESmMCHESEEFRHENES,
Globisch £ ') @13 3¢ L /N R AURA R A L, 5hmC1E
AREENEERE, I4HRAEIZIZREV0.7% ; TEE
RPN EERM, 490.03% ; MIELELAESmCEE
BARK, 7 (4.2240.22) %, BFETRNZE, ShmCHE
EiE(RF smc, AXERAFL 80% B CpG K4 T H
BB, MAAshmCEERFENAMALRF1
RELY13% M CpG A E T HEREN, XITEHR
M shmCi2H 7 Pkbk. EEREAMN DL, cuiFV @
T4 AR 19 FAL A shmC IEIFEIE, KILAEAH
AhshmCEERA DB EW—E | EEBIF. b
EFMEET FEE, FERBXMEEREBUR

SEABSTER S,
1.3 5hmCHI MR

MRARETEIE. L s@82NFERAF
KT XS shmCEEHE UGN %, RIEAR
AR B, Al UMERELBR=NKFE LN shmC,

(1) EEAZBAKShmCKE : BERENGEEER
i o7 RABEE - BB I, BB R R
1% (enzyme linked immunosorbent assay, ELISA) [,
RERL W E, XEFERERE. BTHE, A
REER M EREA shmC NS EEIKE, TEFERE
SEEEE. O FHEIRIAR.

(2) BERAREXIEShmCKTE : TER L\
SEMEERE, A, GREEEIME REIMR
g™ %, BEE&BshmCHWDNARREER, B

EEBEENFHISAEANNEERARE XS
B 5hmCc o, SN2 B AL DNAGR B HIREN F
(hydroxymethylated DNA immunoprecipitation coupled
with deep sequencing, hMeDIP-Seq) ¥ %, X £ &
ETLUR B — Lt £ B 2 B E X 15 (differentially
5-hydroxymethyated regions, DhMRs) , 1B X 5hmC Z&
FE AR AY X540 M R SR AR, FHARE NI E 5hmc
NEE, TERERFEDPENIKF,

(3) ERFRAEHE SshmC/KF . BEMAMERK
M AN EILFRER LM = (bisulfite sequencing, BS-
Seq) &, HFBEX S 5SmCH 5hmC, ELARARFFAL
HETF BS-Seq B TET 5BHE I BREREL N (TET-assisted
bisulfite sequencing, TAB-Seq) . & 1 & I i B8 £5 0 =2
(oxidative bisulfite sequencing, OxBS-Seq) Z 75 7% 129,
FRARBNFE M F TN FIRE 5ShmC 5 5mC
X3 H, ARBILLNE—HFREXFERMEGE
BS-SeqiIEE R F 5!, MIIEFL5hmCo 1B FEILH
FRELNY DNA AR BB ISRV, TR ARE /DB
FERREY, AMARARNXFL T EBIE D F LB
M E 2U FD 49K LM 22 5 shmc B9 = IR 2
AN, UMK EHAEE H B mRNA JRiEES {4 Z RAFABEL R
BENRF =, TET B IE R IR FE > ERKRHE
IIRERER R B R AR, XEFEA N EERA
BN cpG i mNFERENMRKS, EBIREESNEY
FER, BEEAIBETMIERER, EAERARBHRRH
EEIRZ PR

2 MIBERZEBEX 5hmC/KEZIMAYRF IR
DNA EshE R ELIgss 7T AFALAL AT B4,
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HEARED FRIIBREARRBET — BB E
RIS N E MR EY) — 5hmCo ShmC R TETHEESR
K=Y, BTET EERIRE NS &ML REB TS
S5hmCHIKF, HF TETHIERME R N5 A a-KG F1 0, /9
&Y, Are* LR CERNHET, FIAREYH
A FRREREB E N 5mC VR (LR 528 #
200 ShmC K F, HAREZI, FIRE R A L&

ERABNAR BT R AR TET MRV A HE FBIKF
M5 shmC xBE, e LUEE XS TETERE 4 B 3 5%
RIGRNA. BIiZEEERIAERFEMERELH shmc
7}<:|z [29]0
2.1 EEMERRE

ERMNXEREIVAFNEBEEFTRNAIT
2, NMEKBEMEFI M rfEERLRERAR
FER, SIRIEESHIER. BRieEMRIRE T .
R @ BB BEEEHLEES shmCcKF
BIREELE  shmC BEMAR LS ERLETERE
BIRE R &= AR o

MR HIAR AL EY), Bl & 50l 5| .
R, BEptEE Y, BRiEE 2R siRE T Y
5hmC 7K FERIEZM, Zhang 2 B2 i@id A F e KR 8 A
BEIKTE (0.5, 23 10 ppm) BIIR K I ARER SN B2 25,
NERE] ShmC FYEKKFEIE DO i, BHA S, TERRER
R, MIAZEESER 5mC BIARKEHEHE HILEA
ENHNT ; FEINXAERHTS-BREERRTE
K TR R B MNRIFRE, AT LURE kR &L
DNA B E VIR E R EMEE, ZA RIS ShmC tiFaE
Eb smC E ISR IE R R B, Niedzwiecki F BV &
FHRINAIEBIFRABATIAZE (55179 196 AFI 375 A)
4N E i B 4RRE 2% B2 AZ 40 BB DNA B9 shmC 7K, &
PR AR K AR B R LA Kz A A PR AR FE 5 S5hmC 7k
THXBKEEUINES, EEMPEEMEX, L%
hEMAAEX, DuZE B NI EERERA=a1%
ek RE 6 N H, RMEBEE T MREKRRE R
MBS AL smcF 5hmC FI7K T, IREREAIAK
BE, HEXMBEEM S AWM a-KG BIKF
BX,

HTFZMHETEIENEYEBEIREHFEAN
Be) LA, FLLZHR. R, B BEEEENRE

Cardenas % ¥ B+ X E M H A S ERITE AR
FEMNFAERAShMCKFRXR, KI 306 UZ
Y32 R HAR AT ARRR SRR S ST E ) LT AR 5ShmC ik

FEHRHEX, HEXMXBEAFREIHERS Fo Sen
% A R BRI DNA BB IR S 450K
BB ERNEE LA shme, R~ RIARE
WE)LFEMERAShmCHER, RIME55HREX
B9 DhMRs BT LU — 2 93 B 514518 X T X B s

£ B0 shmC BN HIRRFT /5 T, Yin % 7 7 A
R HE®IE - BRESEF FAHRRE DA, N
A 5/NRTETI ERNEXFROEES, FEEFNS
EHEF Fe* 1 7.51%, ELLaEE R E R Fe?, ]
Bl TET1 BV TE M, B ShmC B9k, ItESh, BT
Z I po* M co* BB XMBIIER, BEFEMALL N>
850 LiuZE B R ERER IR R (RSN e LU IR 45 S B TET
ERFHEEN L, 1IHITET /A F89 ShmC £
2.2 REKEY

BENEYR—E ZEETHRHANEMLE
JFEMYIR, seBRIBUEHEEN~%, BEE—EN4H
REM. RESHMEBURYE, FANtEERENRAMA
BRI ARG ATEBIETIEAY ), zhao F 1
RAMARRF A R[EE BN RO
SERAT LR SRR BT R A Fe? BO7KTE, MITIRIZTET
ERNELEN, (B# 2N RABIEER ShmC BRI Ao
Coulter E P W Z W T KPR =Y R BRI ETIRS
TET1 B95EME, 753 HEK293T AREHAY ShmC 7K Fo
2.3 WErRR S T4

WEYARMWEST ZNBFRBREE. AR
5. BT SmEERAGSNE, B8 RITIE
MR, FRLXNEAE—ENEBESE. L2514
RESM. KBRABSEMBENSEESE M,
Zheng 25 11 3 30 13 I ER A BR AV 52 55 A9 5B 1% #0 25 151
X ERFHIT T T AR EREIA shmc B, &I
I R EE B sShmC BIAKEA S, LiFE 2 @idxg A
AR RAMRANMARIBRINE A/STI SRR E o
(estrogen receptor a, ERa) 55 EEF R —BAF A
ERRER L, BUERY ERa FI{E 3 DNA R B 15 ES (DNA
methyltransferase, DNMT) 1 1 DNMT3B BB & 14, TET2
HRAMBF, MmiNEl TE2 WERMRIR, BRER
E4H shmC K, A (B HILREALILHE, HA
EIR 2 HIBY (BN K R AN EMRL K Ro
2.4 KSFHY

KEFHY B U FHMRBRNE RIFR T EA,
A5 AR ARG, B RAELWIERE RANER,
EINFET- XS, Sanchez-Guerra 25 ! (it B H 60 2
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REBNMOZBNDAZETIEARFERAARNR, &
N R LTS MK PM, s IR EE/KT, HIRIEIR
RSB PMy IR ZE ST E DAL 40 7F0114d 89
PMy, IR EIKFE, A ELISA M4SN E I DNA 5mC
I 5hmC 7K, IWERE PMy 5 5Shmc 22 E I IEMHE X
KR, BE5smCXBEEAITFERN, INXOTEES S
BKT M5 ARSI E LI ShmC. SmCAR S
BEETENEYZINEEE X, RS XAFNEE
De Nys & “ [ 26 BF £ MO EEMBIENAR
SR, ZIM—FE AN PM,s 1 PM, BN FH R BEKFS5H
Bl sShmC BAKFE 2 AEX,
2.5 £FAR

BRiEeE —EMRXFT RIE. B, BIF. X
BIREZMEEFARS TETEH K shmCkFHI*
Bk [#8], Ringh 25 45 i@ 33 X% 20 2 IR MR A0 29 B R IR AR
BEREEERENZSEMEELRARBITHREAEN
FSARN, AIMRRENERRREEMUS/LFY
ESRPEMIIRE, Gatta ZF 1 EF—17 25 31814
ENE & A FEENE B AR IR BRI 5T, A TLENEE A9/)\
AXZA 43 51 TET1 mRNA FRIXKFEZFXFFELH, 1B 5hmc
TR A B LI ERE X Jessop F W R EF
NEHBFBREBERS B TET1/2 mRNARY R
BIKFE R miR-137 B F B & F X 5hmC/KFE 2 E A
*B%, Spallota % ) 5@1I 33 A Bf. NEFAMRNHAR
A0, 2lEEEABREN G OB FERTH
Al smC R E G =4 shmc. 5fC BF, Wu ZF "SI B3
EIRENEEEREEMNSGAINE M B Z A
5hmC 7K, M 5mC 2EKFELBUTHRITFER o

ZFEFTR, ZMIMERRZNEEII 5 RERSA
ShmCK RN, HEEGUTHERES : (1) FEE
FIRERIET, EREAHshmCEEKFEHIMTEE
TEY, sSmCHYEBAKE KR L EAERT, XIER
5hmC B] gEB— Lt smC BINSURBI KN AR EY, B
BARWEYZENGERBH ; ) FIERRBESH
BshmCc B EBHLARE. AEILENESR, ALk,
EARRNHARIEFRETRMEE YA BIrE
R ERN ; 3) FMERRBESIEN ShmC B HE
EMNESR. AT, BRINAKZSHIARNEIL TIFE
HE S5 shmC 2 AFKFERIXKEL, KRRARRESPE
A%, BT EEE SNBSS S R R e
& CpG i, REIT H—FT D FHEIBAEM. MR
AR\ shmC MM EER FRABNVLHE AR RIF

3 5hmC 5&HmIRFINR

ShmCHI R E R AT ER S EE L MER L ENE
YIFEM ), BEEMRKRET shmc 5ZMEKXIEN
% (BT Mg, HERASRER. ODMERHES) 1
KEX,

3.1 5hmC 5E14%yE

S5hmC BAKFRIE RS S MEMERRIFIEZ
— AR A RTEMRE. ILEE. . S8R, B,
FRARE. BITARE. RS, AR FBIEm AL
MBS ZMEEARTIY LI T shme B2AKEHT
B ol B ST R IR, A&k 4H 40 A A9 sShmC /K SE AT
ZIEEMALEM1/5, MmKAES A FREZE 1/30°Y,
AIREMREATE (1) TETRAEXER IDH. WT1 IR
TEZMMBLENERSHESG >, AILER
B TET BYZRIX R VD B I RE F & AI BEIE A ShmC & B R
s (2) TETE B X a-KG. 0, F Fe? BIK #1415 L 4
WSEMSZARAERSHER =2, MEaRS
EEEER B WRSATEEINSI TETHIINEE, BE
ShmC FAKFFEE 5 (3) FEBRRILTEIRIR, TEAMT
) DNA E 43129, BT DNMT1 BB RYRIFIE S,
MELUER R IEIE R R E AL, RALZ a7 EEA
1 5hmC I,

MREI, TETEASshmCE5MENEE X
B2, LiEL, parkE B LianE S LM RE
BEEALRE. BE. AEEREMEAPEURT
BEBRTETE R, MEE) shmC /K FEFEAMABILIERE
HiEENIR, BRI RATETEH B EE 5hmC
B9 7K S FE DU BB BV Ko TEShmC X BE R £ &
B ERNESI S E, Kafer % SR AM 5hmC 5
EEREMI AR TR IR DNA RS AL S AR5
S fIE BB RIFESHINREONARG IS, IAA
ShmCEEIPERANEM S EAIEEEEER,
Uribe-Lewis & " (OISR K MIE B AHEL R ER B F
X shmC @ FRA A LN SRELZ £ HXNERB
FXMBEL, laF S ARAI shmC REESSE
BB S MR RIX KRR ES MENER
MERAFRREMEE R, sunFEC AR KB TETLA]
OB RIS E R R (Hoxa) BohFHZ BB &k Sk
R ILARES AR £ KA.

ShmC TERRIE BV R HRIZ M. F0l/a UM A& (& 16
SHEMNER ENIGKRRNER S, cai E ™ 5 A
ShmC-Seal $z A& M R HART e BB FIE S A SMNE M 1E
IR DNA (circulating free DNA, cfDNA) #1AY 5hmC, 3%
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BB ERBShmCiR, FEEF 58 MLE DT
HER XN /AN E R RH—FTHIE, FIART
M 32 MR BN RIS ER, ZIEE
TR B A A IO ROC Fi 4k T BYE AR AT IA 88.4%0 Song
% 9 M R AY hMe-Seal 5 AR 7 FEHE fDNA AY
5hmC, &IMAhEE. FFEEMRERERY cfDNA R 2R E AR
EIRY shmCHRET, FEANESRFE B A LUERHX 573X
=FEEERR ; R A shmC /K FREE R HE S
MEEMETPE, B cfDNABYShmC/K R BTFRHEERERN
AT MERBERIEN, FBEERRIRETRN, 5ShmC
TIPSR R IR PR R B MBIETEZR S # & 1R
3.2 5hmC 5HERKERK

AL P FEESH Shme, ALEFEHZRLS
FEIThEES R TR A RIS F. FAFZREE, ShmC
BE5MERFNEB LR, BSERSSE. IURE
FHE R B ER MR UNF/R % EER (Alzheimer
disease, AD). F XK. HEHZRFHIZBITHER
B X, coppieters F @I BB HW DT, KIS
BRI AL, AD BERM R E R EFE R
5mC#1 5hmCKF3E 10, BEIEIIMEE S AD BURIE
DFIFE B-EMHEEA. tauEAMZEER) 21E
FH%o Fetahu F & AD BEMBENBIENIEZS
MZEETHRZLIZSDUREERET, AFE
OxBS-Seq # BR B (L BE 48 B WL A BR S0 28 M 56 3 LU A R
H O PR LH) 2 EE 4L 5mC. 5ShmC. 5fC/5caC IR
&, J517 BEBTEIRIL A IRERBATI R ENIER. 5 AD
FEFRAY 27 MXIHA 39D CpG i, IEBASmC RE SR
KT R ETFRRE R BTaED LR
ZTNFEFRDH, AT EE S R4S 6895
EREMNGIEREN, FrIEREERILTEHS
EXEFENL, shmCERNECIERENMXHES
B4, B EIRERL A AD R ERIZBIMI— AR,
3.3 5shmC 5O MEER

HMREZHMRELMERRF LITETH
S5hmCHI 2 8 R, Jiang E S AR AWM 113 1/F A
40 I 28 4Z AR BE A9 5mC A ShmC 7K F 5 30 h Bk BT 3R
HNEEREEZIEEX;, BREBRAZRG, NAW
5hmC (MR & 5mC) BRI EFE MBI E
Fo LuEI R AMTET2 M shmc AR BRI ME
FENAEPESE, MEXSHENT BNt
%, BERKEES/NRNMERBIZEMPKsHEE
BHUEEZIEEX ; TEA, BEIRATET2 AR
2 shmC KU EEXBERENRIE, HEENE

A, AN, BRTIRTMEFEAARAREER,
ShmCiE I BES 5Bkl iF R T I IR IMERNK
MREMIERF AR RRAEN D LEIRE S,

TR, DNARREN S SMEXEMERVAR
ST —EB#EE, shmCHEEAR R MR SR
MR ERRERI R E R RG], T2 FIIZETE AN
RUBMT ML RIRE T REA R RBVRIE S F 5
B, PATM, BRIX T shmCHURITRF AR BEEREF
FER, SEEFEFRAMIRE. ZHORIEIEE
TRRME S EXNIEIEMEXRE ShmC LR, HERS
it BAR ISR P ERIT HEYFENH o

4 5ShmCEMIREES&ERIEXBER
S5hmC A X ZFIFMERZNF M, b5 ZHEM
R AEB X, At shmCEARMBEFZHNEETS
in, EEENRERESHERAEIEZPRAIELRE 17
2ER, LE W ETFNEBMRAD BT S ILARRE
FRITREE R, HRADINE AFINE s Al @I
& ERa, E1EDNMTs 9RX, #HMiEm TET2 EE B LD
FHIREAKTE, F TET2 RIAKFHERELH shmc 7k
R, RRREIAREMBRILTE, B THIES
L) -TET2-5hmC- 4ABE G 7E 2 8] B9 kB, wu F ¥ 7£
M NRMBRARATELI, SRS INHIARERR
ENERHEN TEN EFNBERLER, BT E
BHARIE, shmC/KFE TP, MMAEIETERE IG5 ; #
254 hMeDIP-seq. EFEFRIAIE T . RT-gPCR & ILF
I T SHEMIE TS DhMR ABX B EIRREEREM T
EEER ; ZAARBARMEGEERES shmcH
ShSET. FEAERIEEBE RER, AT — M
EFRMRN T B H IR RN R IME L F 6. e
ENRBEDFRITREMANTEORN, SERREE
%ZXTF shmCHEIME R E S HERIE XA RIRE,

5 BEMEREE

DNA 2R EAUIENF BV RIMIE L FAREY), /e
BHRBIE TR RBOVEYRN, RS FRITH
FHREHZIEN. REEBAREMFTKE shmc K
KPHZE U SR RBRRI A E LK EEXE, 8
2 ShmCEYZF IR KB R TEINR, SR
HEE S ZBUATIEI shmCIERT B HE R EE.
i, TS ERNERPINERRT, RBRERRHE
R RARAF O EAR, HEGURFRERN
ShmCEIHIR A, KM B MURAY5hmC BT AR
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bR, BEBTFH—FER shmCNEWFTHEE ; TR
FEARIREMEATIAR S, BREA. ZRWEEAH &
FA. X RA. ERHFZHFEYRALETER,
BT #H—P RS RRA REKB sShmC iR, [#8A
TR A E LB, RRBUREIRIIZERE.
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