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Abstract The recently re-discovered 5-hydroxymethylcytosine (ShmC) is established as the sixth base and found in various
mammalian tissues. Although the content of ShmC is much lower than that of the best known epigenetic mark
5-methylcytosine (SmC), ShmC plays key roles in nuclear reprogramming, regulates the gene activity, and initiates the DNA
demethylation in mammals. The formation of ShmC results from the oxidation of 5SmC in genomic DNA, which is mediated
by Tet (ten eleven translocation) family dioxygenases. The Tet-mediated SmC oxidation has just been identified. The ShmC
formation can cause DNA replication-dependent and passive DNA demethylation, meanwhile, it can also induce active DNA
demethylation by further oxidation forming 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), which can be removed by
base excision repair. Essentially, the discovery of 5fC and 5caC indicates the occurrence of active DNA demethylation
mechanisms. The 5fC and 5caC have been detected in genomic DNA of mouse embryonic stem cells, but ShmC has been
found in various tissues. The ShmC abundance in genomic DNA of certain tumors is found to be associated with the tumor
process. However, the genome-wide distribution and sequence selectivity of ShmC are not known yet. ShmC cannot be dis-
criminated from 5mC by the well-known bisulfite sequencing. Therefore, it is essential to develop new methods and tech-
nologies for detecting and sequencing ShmC. To this purpose, the two or more of the technologies for modification of ShmC
by glucosylation or chemical labeling, restriction enzymatic digestion, affinity capture, liquid chromatography and mass
spectrometry, and bisulfite sequencing are combined. The further combination with next-generation high-throughput DNA
sequencing technologies may provide genome-wide information. The single molecule real time DNA sequencing is also of
choice to detect ShmC at the gene level or the genome level. Recently, oxidative bisulfite sequencing was for the first time
developed for quantitative mapping of ShmC in genomic DNA at single base resolution. The genome-wide ShmC sequencing
at single base resolution is also reported. Here we briefly review and discuss the detection and sequencing technologies for
ShmC analysis.
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Figure 1 Reaction of sodium bisulfite with S-methylcytosine,
5-hydroxymethylcytosine (DNMT, DNA methyltransferase)
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Figure 2 Proposed mechanism of oxidative DNA demethylation initi-
ated by TET proteins (1 and 2 indicated that O, and a-KG were required
while releasing succinate and CO, for each reaction, respectively).
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PRI, T TP R PR A T il P2 i A 8555 (80 20 AT 7 0
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#1 DNA /¥ S Table 1  Comparison of platforms of the next-generation high-
2.1 DNA I FFH A throughput DNA sequencing techniques®

QE 20 & 70 ’E'i{tl:':x/ﬁﬂ Ejtag}:tﬂlﬂTﬁz:gEEg i H 454/Roche Solexa/lllumina SOLID/ABI
DNA Tl A DNA 4422 Bl 551289 . DNA SU4 By 675 BELWK PCR #ral PCR WFLB PCR
15 (Sanger ) PL AR E ALY b R 1) P Tj@iﬁ“ w‘ﬁﬁm
K Fl DNA JIFH AP X A4 DNA TR TREEE S gy ¢ Aﬁg;‘;ﬂu%l‘ o Jn‘maib
AR, HT LR WK 53 BRI PE R A7 2 24T bRl A7 P 400 10;) ‘50
TEABAEEB, MELL AL, 2y, AR m, Wl @: . 000 000
PP B . SR s AR T RMbE) B e
B, KCHE RS T IR IR T A, TFRE T XA AR 00T 100 107510
() 357 IS A 3639 FAS($/Mb) ~20 ~0.50 ~0.50

2001 4, B NSRRI, AM1E%E CTI S i
SPHEN T JEHEDIALIEAR, LA DR AL ORI 7 21 i 2 PRI R A
W E U, JET BRI BT A DR T, X o g e JODNABRZ

YA )4 9 ehs

FARME T F—AC DNA W FHEAR IR 7635, 1%
AR MBI R ok DNA HIILALRT DNA F2H Ak
DR TAE M IF R T4 FEK.

' — 4% DNA |l /¥ £ K (Next-generation high-
throughput DNA sequencing technologies)#s A [{4% 5 5t
SR T ORISR J 45 4 T 6 P B 21 I 1 (cy clic-array
sequencing). MLIHE AT AR ELERG 4. %1457 DNA FF
it (1K) I 271 B A R AT 5 S g 38 SO, [R]INE, R Ak
B REAEG G B B rh = AR D E S, ma R
JH 22 BB SR (K6 245 5 e i 1 41104, 2005
4£, Shendure ™ il Margulies 2 H 7 #¢ hy 52 B2 [ A5 2R
FEZ10 P B . I IR A TR A% O S AR 105 s i
(Sequencing by Synthesis): £ 5G4 DNA Bt SCZE, F
JLIIZ DNA BEHLIT IO B DNA 737 (K T
FIHCAIEANLE), RIGTEIXLE/ N B DNA 701 [ K Ui
HR BRIk, AR AR BRI S, I e A dk
PRI F. AIHEX LN B DNA 43 il O L E TN
] [ 52 1) PCR 52 B 51 (polony) sl 4 3 fk, A5

A R A B SOk T R B A — NN B DNA 23 1 I F
AL Ry g T LGl DU T7 258 e SR A B
#%(in situ polony) ™ 4 FL PCR (emulsion PCR)*5k ¢
#i 3k PCR (bridge PCR) ™14 77k 4R 5 A1 Sanger ¥:—
FE, HHEE S0 3R G Wl 0 S N kAT 5 40 S Ao R 5% 5 152 X
DNA J7HIE B BT P 1R v B B SR A [m] — A1
b, AEAFIX L e N R DA RS AT HEAT . E I SRtk
BRI R BB AR I P A 4 : SE1E Roche Ap-
plied Science 2] [ 454 FEKIZHME . 24[H Ilumina
25 ) 1 9E [ 1) Solexa technology 72 ) 3L [d] JF & 1)
Ilumina W/F1%. 5 [H ABI A f) SOLID /T 5. X
JURRINF P & #A 25 H IR S (3R 1 R).

DL 454 FEDRIA I P USEFLI PCR(emulsion
PCR)K ™AL 34, RIJe/r B AEH4] DNA, BEEpY)
BN B, A Bt i e ERCSKTA, IR TETE
FCEE KRR B T S MR, MRS
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“ nt, nucleotide; Mb, mega base (106 nt).

4 HE DNA 701, K5 IX SRR/ L ek
S — AN VRS ZK R /N, B AN R — MR,
SRIGHEATFLM PCR ¥, B oAk A H5ir A
T T AR IR S 5 FTRON, SRR, IR
JBCE B ARG SL RS A LR b, AN LA —
ANTUER, ISR B A R B R I s 1. T 85 Wi P /N (R 7k
TR B ALR e BT -6, TR A OGS A
g Je . 454 7 AR £E % 1R 75 (pyrosequencing
method) = 2E G225 5 R M AZ PR AT AL : 5195
Btk DNA B -KJ5, 71 DNA S840 ATP i AL g A ¢
RS JUR SRR B [ VE R 58 ARG R I S 2.
H, $ZIRT, A, CFIGIF ARG BE AL Y, &4
HEN—ANBFERS, IR ANTP S#5H HoAbr, SRE
FE AT DURSTRCH &5 BE /R AR B RR(PP1), SRS 7E ATP fii ik
Bl ~, PP AN S'- T ER AL AR R BT (APS) s b AR 1 56 1
ATP, I, 26 ME N LAfE ATP 25 PR 2OLR L
BRI E, A RO BRI R AR ). B, JLT
P48 DNA W74 A 100 e B A 20 e T
845 Sanger VAT K, 10 Hsz P % 2L L Sanger
I FHARAR 10 14,

76 F—fX DNA MFH AW KR, 551
SERF DNA 74 K (Single Molecule Real Time DNA
sequencing, SMRT)MHIEWT & g k. LA HeliScope /7
S TS g KRR R T T AR 24 T
ZUA I, AT s R AR R S BRI R
B DNA BB TG Ba Ml fF. 5%, K4 DNA
PIFI NN BE DNA 201, I HAERA Fr B3 i
I poly-A &, SRJFHLL poly-A A 2 AL BT
poly-T 4%4Z, HFAFIIBLAR [ e 700 7 b, hsall et .
I JE fE B3R A B 28 ehric ) ANTP N5 14 1, K
RRNE T, VIBRZOGhRid LA, AT T — AN e
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sequencing) ) & JEE a4,

YKL R IR AR, 15 B ri vk 3R 3 AN 531
B KL S Y. TR EAA (1 ~2
nm)AEFE AN, RVFRNMZTIRE SV, Rk T
WEA RIF RS, B DA nl R R W i — Fh ik
e HAT, CAGKAL A FER I 5B A I P AN OB 1
)R N [EDEIRE 2> HEAT DNA B 2 FLI B2 ik, 3
JUFk, @ REERNSS D), CETFR T JUREAGRK AL
S FERE I 5 5 1% Deamer A1 Branton 257 B i% 1R
BEPHAT AN A AL 5| S F ok B2 SR Rl e, B >4 g4 oK L3
T W% JE IR DNA BEAS B A4 R 9 o A W e 22 001
Bayley W57 4119, R IAMIEEIF, ¥R
Wi I 2 S AT o- W I AR AL T, BN V)T
DNA BEA i (1) INMP, 4R J5 ANMP AR, 8t %
FEACFRRIRE RO AR, 5 DR AR () H AR Ak, AT A il e
K. SEEG ORI, SR IR VAT LUK AR e i
SL A DY P AZ 1 R A ) X A TE R, A 3RO e A 2 v
DNA 7 J5 7 (T 42405 7 T . Meller AfF7741190°R
LA s oK AL 5 R 245 5 B AR W P, fF
W DNA i 1R — A2 R A4 R 45 B3 S A Ty e ok s
HIMHSETRAR, FrX R4 508 DNA 850 TG
WAL, AT EEAE W IS A K AL > TR AR i i, RSO
PN, BRHGX LG AT LA H A7 DNA B0 74
{5 .. Di Ventra Fl Fuentes-Cabrera B 97 4167 Ui BhA i)
R 27 LR AT I, AR AL b B8 R i Fa Al R
BRG], 24 DNA BEM AR AL, 1) 1 RE 28 H iR
KA, M B AR IR AR A S BRI ) H
W, IRBIF S E @), LAGRRFLINE AR 18 % DNA
WPPEAR, IUAEEALAE W ZEm 3, 75 EAWT i BLog 3.
HYULL I DNA W PE AR KR E, #HEA S B S
(= 2 Fror)Pe,

2.2 DNA BENFRA

Bt A5 AATT0S T D B 2 D] 4 27 S5 A0 3 1 AN W v R AT
5%, DNA PR © A1 5y BRI DURIAZ 1 R (1A 00 53
B, BORBZ K R2E K B LTI T 1Mt (SmC
ShmC) I 7538, 9 B Tk — 20 A IR FM st A% R 45 7
NFERE R A LD REAS 2 T OB E .
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Table 2 Comparison of the four important DNA sequencing technolo-
gies
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" T4F(800~ Lk Sanger ik .
IPEN 1000bp) i £, =1000bp K, =1000bp
Bk 1% =1 g rp 4G
ik /R fIG/BR L PR PR
fiviztr FIABAT fivizfr fivizfr
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DNA AR P 52 5 b 2 3 3o W0 At PR kS 1,
B BB AP R4 IE % DNA P 5 ik F.
B, AHFIERZ] DNA BHTE AR ER LA B, A H
AR B W g 2 A kg R T T R R A i AN e AR AR
b, SRJGHEAT PCR 738, SopEBIEA S, nIRAH—M )
DNA P4 AM 7, GHE N —4% DNA 7 AR5
+ DNA MIFPEIAR. it 5 R ALK 41 DNA (1))741 1
ATEEXE, AIWTEER 4] DNA ) H A0 A7 5 R 78w R
BT Tl s DNA MPEARMARE, (3R
DNA A KPR I 3k S Mk g, A 9 R B
YY) R DNA F3EAL, LA DNA B AL 5T (1) 5¢ R 84
8T SR, AT ik 3 st
2.3 DNA ZEBRENEAINNFHA

TR T DNA W7 J DNA HFEALI R, BTt
Ko % DNA FRR R, 7552 2% 1) A 2 e v 22
IRANEIT ShmC (WA W24 D RE,  dme OB I3 A I =
TH B A LT e Ay, IF B REW i — DX AN [ 41U [
24 DNA (1) ShmC 17 ¢ fE. JEM41 DNA [FF72 H 5L
R A FE A 45 T R —4X DNA -1 & A 251
AR E.

LA DNA HSEARAS I VAR, 4R 2505
P00 R s P ) Ak LRI R IV R S 0 AN BB X 40
5mC F1 5hmCU7"7. Nestor Z5712%52 7 LA EE 2 PE/AE
5 S BRAEIPE N DI 5 SmC A ShmC A 54 U3 15
L. AT ST A5 SRR T IR AR R AR
BRCAT1 i [A [ Bt 56 Ak A Ak R S /e S B Al
PE U B Ak 45 5 % . Hpall, HpyCH4IV, Hhal,
Haelll; H &AL AERE 56 MspD BT, w2 i, 4
KRR SRR I DNA LA, ARAEREHERR
FE[K 41 DNA H ShmC W g 520, 5346, 22 JLf NP
BRR L B ANBEX 43 SmC AT ShmCU>7, 4 HE WA
PR SR AT S5, A P LA 1) e e v e ot 2 5 R Tk P
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Table 3 Advantages and disadvantages of global DNA methylation analyses using next-generation sequencing technologies
Jiik HVHER S 1L JE s AT
L TR + EAGR ABRRAREEE, SBEDR e gpom, ok st

BSPP (Bisulfite-specific

U B R A oy R DX 4L 70 226 5 4
a1 VIR R IR 28 L 1T

&L HARIE AL — 2 As,  AHFT CpG P34kl #

+ A X NP REFBETE, XTI,
padiock probe) DNA B AHSBIG (ERTRI BTN, 2 BIEAHEE. PREELI, pOATiE
WERHP R, § A 3I0R DNA JF 5
SRSl
WA Mspl #IEFZ4] DNA i1k,
RRBS (Reduced - R N . v o
pRS (Reeed e BHELE KGN DNA PR EAIR AR, LR, R
. TEVMR AT EFTREEN  FEoPE. ’
quencing) o
.
MSCC (Methyl-sensitive _ [ At ) A B/ INBERL; L
o v - 3 . R PR II‘E“ P
cut counting) KM Hpal I Mspl HEATRHFIH L IR, B DI A PR

MeDIP-Seq (Methylation
DNAimmunoprecipita- —

AR BT Rl .

tion sequencing)

] smC Pk mE & H L) DNA
S B, AGFEDI A DNA UGS el

100bp Z3##%, X T& CpG
DX 358 R A

I

FEAE A JREE, T4 PCR G645 %, T, 1M SmC
ZAR PR ANBER AL mERE C, PCR § 885154 C, M
M SmC 5 RMEMGF) C X4, (H42, ShmC T ANGE
It 2 BT T K 5- P P R il 7R i W% BE (5-methylenesul-
phonate, CMS), & 1 frow. Ktk 75 56 56l 7
o ShmC Fl 5SmC #SAREMEZ 5L, Ml PCR 4738 5 — %%
ANEEF RS 25, B SmC A ShmC AREREX 4. 5 4h,
#E PCR RLFEAT CMS 38 H A #01H] DNA 4 il i3 ),
FITLA, T3 BT R AR ShmC (R4 53k, AN ik 21 B g
FE0 R 0 P AR

HHT, BT R ShmC Bl ik 4 pios. XL
R AR BN 2 AR 4 DNA i i 451 b
FEA AL R T3, 7S ShmC X ) - HoAth 1F 5 (AT IR,
MR A D) A2 bR i B2 e V20K SUR e P 3R T
K. [FIRER, X Loy vk s A I 77 vk 5 AR e
DNA RIS F DNA PR AR 456, RIAT6 I A
41 DNA ' ShmC 7K F3E47 4005347
2.4 ETESMRFABEHEL SR DNA MIFRA

FETRHUBHIN -4 1 DNA IFEER, Z80ER
FAL 22RO AR 45 2 () 5 7%, IR PCR L FEH %
SAE SISk E DNA FRAIR. IR, Rk R
SRR, R Z N T DNA U, (HE2
BRI A EE DNA. S5t FRy, FTICRER e, P, #E
e pt B AL ) A M5 D IRE i, T 9R%N DNA 7T
BN B2 R o P A T T T g AR Tt A 455 ARG
ik, 1S DNA M. dEMR Ot as b B, dE—
U SE AL BRI A a5 A T g
241 BIRA B

1964 4, Holley " i Ukt R ARSI v]
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DURE e PR /N v BE DNA, h$z FoRIF DNA 3t
THEORSEAL, S LIS TR AN ) KL IR A B, R
F ¢ 5 % R — B8 %8 (Snake Venom Phosphodiesterase,
SVP, I mz —EElG 1, EC 3.1.15.1)%F H AT AR, 4R
i 30 358 AR T SO0 AN (] Bl A A 43 1B AT e P A,
HAOSAEAR L 2 15 DTS, Ba RS R
Bt )\ EAF IR I 5E 37 HITE L. 1993 4F, Pieles 251y
R MALDI-TOF MS X B =047 Rl 41, A
T IR RO IR A% IR A MU g i A1 MALDI-TOF MS
AHZE (1) DNA UJF 715 8A T A0 1 — ol 82 2SI
Jrik, 3R TR AR K DNA JUF. DNA #4540
RS, Wp R b, SRR, 5 H
FtE AR IS 1), AT IE LR FAf# DNA B2 1 22 (R iR 1
g PR AR ST H B “Mass Ladders” , 30 i 46
X G AFAR T T W N 23 -1 (1 AR, RTAT LU e i i
MIRZAFIRY>), Mk e iy s B, & LU 5 4
P AV AAZ IR A At ol oAb, S o &8 i) gk A2 SR
SVP F1 BSP (bovine spleen phosphodiesterase, N
—_JiElE 1L, EC 3.1.16.1)XZ H IR TR f%. SVP Fl BSP
HOAEH FH AL RN, BSOS AZ AT IR 7 0 1R e P 2L
SKRARME, SR G H o3 M ) E 2 T L. SR SVP #H4T
Figfiie, ¥ BT 3'OH Kum [t Hu8E . XUEE DNA B2 RNA,
M 3'OH At &5 th SR IR, [T 577 [ %) DNA 5
HATBY B, 5 SVP IEUFAH 2, BSP (¥R 7 7] A2 A\
S'j{jﬁﬁm 3|j{jﬁ4ﬁjﬁfﬂi[95~99,102,103].

), KB AR-REAH 45 & 10 777, SRl
ZRPIR BT IE ) DNA S35 07 05, ] LW 2%
DNA 5§ RNA #EF %5 TR 1) T SVP HI BSP
A, Z Mo EE A e] F T SRR R, WK A e
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% F F HR ik
R4 ShmC [ = E AT
Table 4 Quantifying and mapping 5-hydroxymethylcytosine
Jii JEiR e {79 SH IR
FA M ETZ B e LTI AR, EEFTERNEIT WIS E CpG ¥ AR T
W2 ik [74] S B AT SEPURE S AT 43 (K023 28, PR ek s 45 BE s it 4 ) PEI‘I?E DNA ﬁiﬂi@@iéﬁkz [8,9,11,74]
B L PR g v LA SRR B P ShinC ) P 0 5 HE 40T 5hmC &1
Keill shmC S R
WA €03 - B RIS T e m/z AR, AR IR R I e R, TR SRS BRI A
I IR Tk, N LI (7=
5.
BE mT L e 5k 4L
KA T4 WEEK AR EE(B-GT), TERAINEGLAEY  DNA ' ShmC i ] G 5 4 1 g 2
T E+?ﬁ4%Mﬁ%ﬁ(UDP GlAu)TZ:'ET,. ¥ ﬁéﬂ*@frﬁ%?ﬁf DA 52 45 5 AV A ShmC Jir‘ KRR [78~81]
L, MR B- A BE HE-5- 0 PP L A E (S-ghmC). E 1% d; 0 & Ak W JiF 4 o
SRPIEIEIE STl LC-MS ¥, BN e
.
TERTHE AR SEN PR R SR ). AR S Ak S B S T — 2
B Sk A0 DR O B DR . PP RSB 1) PR s P 1Tl MIspl
Al Hpall A FIFEKEF1(CCGG), 1HE T AR A 1
UM AN A : MspL IS %] SmC Al ShmC, {EARREEIE]  BE A LL 9 5@ 2% 8 41
B 0P P U)W S-ghmC; Hpall R UIHEISE A ARAEMR AL T, M LT ME  DNA b ShmC S 3] X PR F B U147 AL, [82~86]
% Mi(SmC, ShmC, S5-ghmC)¥JFHAG I, # CpG i ai-&A LU & 4% & 7 30 h N RRME.
ShmC, ABARESEAL. Bl )5 RER I B 44, AR ShmC 5.
SN AT 4, [T R B qPCR 34T s AT, 4k, 3
b R A4 Y D)l I REAEFEBELAS 5-ghmC ARG B, AT
FHF ShmC K J(&1: GmrSD, MsplJT, PvuRts 11, Tag'T %).
CERTHEIEAR VR SE R LR RE Aok 1), H 1 S N ) 1) T 2 0
HEAT AL 2B %% A8 1 UDP-6-Ns-glucose, K 6-Ns-glucose %55
FFR IR E, B N3-5ghmC. BJ5, B milifb 05 M ZE 41 DNA K B
LA TR TRRTS AN ShmC BRI —2FAEWE, 46 F—REilEDNA MW ShmC SaE, J7iERE R FLOMS, [87.88]
JPEAR lumina W71 & %) R P(SMRT DNA se- P
quencing 25 A, 4T ShmC 7EFE 4] DNA (153 it
s SR AR 275 A0 22 - BN I S A A g s o ] JEA T 5
(1) CMS JiiEik: Kl 1, LML CMS JH, B CMS
FESHIOSILIN & VS 0 DNA SIRTLTE IR DNAJSE ’L)”C ﬁsﬁ 21 g #T;
n\ffﬁﬂifﬂm CMS Hifgdt ShmC Pk HRURK, WSt PO — N [89]
¥ 5hmC () DNA F BtiEAT il £ 97 (1lumina/Solexa) 1] M ’ B
4T ShmC f#14sJE R 3 fir. k.
UV VL (FH R R s ) I L .
(2)GLIB Pl KLt | e A A 2L AR S5 & 1) - X LW oE O R
U ShmC A bR T 1 9 TR (HeliScopey g, o ORI TR s e e (89
(B i g S HEATAFERA ShmC f 52 R A IR, L.
LR e
41 DNA H3(3) nMeDIP Wik i ShinC B SEHBLAATIEAALE ShmC W e T
SR gt ok, 54 e s 0T i e i 0]
(1)~ (4) HEATHE 4L ShmC (15 RER . M, B RAI I & zgjtth# P 45 A 17 A
(4) JBP1 Yl ik: IBP1 ek 45 A 5540 5 1 ShmC, 13
SRR E S, B8 T AIERA DNA P aRSES SFEEamM , ¥ JBPL i3k ShmC &% (93]
ShmC FrBEH . 7R qPCR, LC/MS/MS. TFEFIMI TS R . i) .

T
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Jrik

JRH

e 4 7 5 B I

SMRT: Pacific Biosciences /A @ K. 715K H/~ DNA
RAEB AT DNA W&, HREZITRARSBAN,
ANTAT I, LS SR T 5 B AR A R R a2k 21 552 I i 4
IR 296hRid ANTP #nAE] DNA #ERT,
Jral ¢ rT RN 7E DNA 8% BAZIE); 24'e 5 DNA B8 ik
SERIT, PLEEAIHE DNA ARV, 2ai k. AR

J¥(SMRT) AMET] LAz DNA JP41, 160 LL3k#39T X DNA R &1i3) 1
AR, I XA BUR P BT R (— RO, SR
Mt £ DNA AHLL, 1800 A% 0 TR 50 J) B 5 - g T 2R 0k 12 );
T I H A AN A 8 N IR I ke D R 48 I T B T
. HAT, SMRT J7ikn] ARG Ne-FH AL JIgng | SmC Al
5hmC.

ST B TN W@%ﬁ?@#iﬁ 5hmC i&ﬁ%%wﬂﬂfﬁﬂﬁ')j&.ﬁ%%

wow ShmC BT KRuO, A AR B, Az i SEC, 4R K H = W 6 R
WP, etk R, ShmC se%46 2 S6C, TG ZTERL U. %

(OxBS-Seq)

AL FEXT SmC A=Az 52 m1. R SmC Fl ShmC 75 BAX 4.

s st 2% 30k
R, HAETE. WIF b5 3. [88]

ShmC 535 5 5 pf 2
SRR, AIiE ShmC
1 5SmC KA E, JFT
56 He 2%

A S 2 . [94]

“XT ShmC FIKEI, 2 ZOR RIERA T 2 el 77 i,

DNA %4 1(E.coli DNA polymerase 1), T4 DNA R4
K. AZPEZEREE CL3(Ribonuclease CL3). %W FRI
Phy M %%, SRAGIGEG AR =P e A, Bl S, el
fitlh b RS (1) 15 22 bk T Wi AR FD B ALl /) DNA Iy J7
%, WM HT DNA FEAGRIIF, K% TR
(1) N AR, 4 5P g A DG BRI A B SRt T
B A HER I o P A

van den Boom HFF¥41! s [ B 5 /RNase B i A1l
MALDI-TOF MS A&, SEHL T % DNA 1) il 50 7
ST X —INEFFEFFE PCR §44. AT TE 56X PCR
SIPATSGE: fE PCR _BIES 100 Sty —B T7 8
T XJFH, 16 PCR FiiF5 1911 5"t 1y — Bt SP6 )3 5))
FIXFH. 5 R T7(82E SP6) RNA Ak
ITIREENE, B N KM RNaseT1 HE4T 30 CRHEME.
P TR RNaseT1, A& A% e A DIBE, nTRE
FEEMVER T SRR TR 3 un iR, D)5 A2k
T RRAHE MR R sE, RINZ =) S i 1 3!
TR IR S AR Byl S W R 3 IR (1 EAZ T IR, R el
AT A, Be Al SISkt G AL s AT R S ok
2, MfERH MS R R By 7w AR, ATl
€ W] H 75 AL R 43 A i L. 107V RE H 31k
Hus3 4T 1 kb KB PCR 7194, 34b, R RNA [
Sk H AT AT 24T MALDI-TOF MS 40h#7. W 4ii)s
S T AR BE— 0 S SRR I T v, R B S I i s
WERE 57V RNase A BEATRGAA, DUFMZ EF IR AR nT LA A
M2, A RNase A &L — AL W DIEE, Hx)
mEnE HAT R T — Pk, TR ESGE RNA Emsng i1
TR 11 C3 B RRAR RIAH AR AZ T IR ) C5 2 [ )5, F=40)
R 3'MEE LR R BN LA 3 MEE AL T IR b 45 R PR SR %
. van den Boom HFF¥ 41! Rk It Bl 77 3 FH T DNA
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AL A 40 AT, 1556, R4 DNA JEA7T H AR
P SR AL B, A4 A FH 0 i I v A g PRI, 1 FE
A s g AN, R R b, B A BB, A
AORSFIImERE, BTUAREES G &A CG JFeal; i
R BE A PRI ABEAS, 8 W 2 A b DR W, R R W 22 1k
PCR 444l T, 28 Rk Ja e & B AL E AR A,
MTG oA R B, TR A ARt G #2748 A, 47
THEAMZH 16 Da (G, m/z 329.2-A, m/z 313.2), HHEZA
LA s, 4> A ZE N 16 Da HIf5EEL, LAsRR
KR4 CpGs HIIEAL A ATAE S L, FHN 5
5 VTR AT DL SR VPN ARG F AL 5 2

FIRE, Gut BF5TLLM 2 E B 4 22 25k (SNPs) Al
DNA H AR I 7 T A T K& TAE, AMAsHE T
SNP ¥l 37 7 :——GOOD ¥ 46:, 1My H45 3 s sh il
DNA FIEAHIETY. 770G A6 41 DNA H— B LA
) PCR §#(nT LUZ L&A SNP A s (W3R KA 2T X
%), SR B R (Shrimp Alkaline Phosphatase)ii
AR VR (ANTP). B G BEAT 5 A s N, R
3 K A AREE BB R R ORI N
0-S-ANTP), 43 514 4E A J5 ol 1 4 A o ok ot v 22
TR, FHWER —NRRERR 25 A B 1) DNA BN A %
% B 42 (1) DNA, MR, BE6RH 4 DNA A BE 4 i
figgt 2B N TR B ROk, TR T A I R R
BB AT b A b B, B 5 H R A
MALDI-TOF MS #ill 7347, Skt e H F CpG & H
Fetbose mAR I U2 DU SRR R Bl SssT 1k 3 R 41
DNA J¥ iR IEAAB AR Ry A4 4 T B A S BT, SR )5
BT E AR R AL HE, AbFE S 3L A4 DNA 5
BEFIE A L, RJGHET GOOD K. b T W GOOD
g CpG I A REA A ORI P A 4, e AT AR
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KB HIE S M P1 (glutathione S-transferase
P1, GSTP1)JE PRI s e dh X k. 2 Bt ik W] GSTP1
FEDAIAE 22 Bl o 2 v AR A DI, A S AR IE 41 2R
b FEAR. R R DA B A s A B A R I
it DNA, 55 A8 B — e ] tuk.
242 B RACERMR L 25 A B

B OIS I 1F) DNA W79, — I B A2 AE
WARRWIEAT, BEfE DY, By El, X &1 g
fE = I TR e N A 2, AR T I T E. A
FTEE GG SC I DNA (BEHAR 2 —FloBT a8, 3]
WAL SVP Bl g T B AN R AR, Hil4
HH AT TR BRI e 14D i A AR S N B e
VB AMAESE T RER AR FE L R RE, 1 B LA
it ¥k DA LU AL ) R R PR . O s I 245 T A0 11 B 41 A 4
PAFE B A — FIFLBR G5 MR B s v, i [ o
N3 R e e A W SR T B 2 i R e £
SVP IR b, BB e =4 T Ja
IS SVP TUERES, 45 5N 2% IS LUy AR 2R
I 14 £%; 75 30 min BRI A) B BUARE, &
(148 BT 2 AR B A RN, X B E R T
DNA g FIill Jy 4 e R OCEZLW. 54k, V2% n] LA
S Z R, HE S RSO0 R, KLt — 2N T
IREE VS PN ISR DNA TR & s i opr, A
ATLATIN S DNA 45049 AH2C AR 56 T2 e 475 8 -DNA. i
B AL BT LN T TR OG-0 e 51 R S5
PEF e, HAAMENG. P, RS SRS, skt
FEREET e )h) DNA 3 B8 0 1E AU B 5E T 55l

3 MREE

DNA 2 F AR 1K 43 1T 55 400 DU %o i e A 273 77
BT S SUENLE FRE TR ST HUE. LIRS
eI RS P 206 E 22, Horp, DL DNA Ml F AN
SEAE B3PS T B A B T v BRI RN N F G S 8 .

£ DNA WFHE AR, 38050 R F RS A (4 27 iy b 2
773, 1l DNA H445 SmC Al ShmC 56 J5 #6738 1l s i 1
3B Bl B RS F R T, ik R
AT S, nEH TNl DNA 145
RER I T A 1 il A R 55 K 0 A 5 5 B0 7 9, )
B AL IR B R P 0 7 5 A AT 45 o by, ELEEA
FP AN SR BAE R e Ve T A, e i A R b A
FRMRE S (AR B EDIR ., 1% P Ry 0 2 S A,
& H T RS BAR, T3S A UL R A B iR
SE MRS AN PR

LL DNA U743 RHA BRI R RS, 456 Tk
Wbt 42E D5 WIERTFB. IO ARG KBRS
ZAERL, KPP LR XAl S DNA SR
JP A AASF LU 1) 77 R R IR A, HIME AEAR A KK,
5 T I M B 2 A TSR 1Y DNA AR U vk,
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IRLETTEEANE O B AN P 2 1, B RERS AT AR
FIEVE I 73 At TARSESE, MBI (2 A6 7 3 b
M e, JFREMFERIZLKCP R A RO HERI B T

EE &I

EHAR, BEWHE FRR. AR PHET A
A, BREAEE “ABFEHFRS” KFH 1991 £
AAELFRRAKRELFR. 1997 FHLELTFFEHFR
KB BB P, 2000~2005 8 % e KT RAGE K
%.2005 %, R F AR AAFEFE T O, Hik DNA il
55 FHEAMRTM. LBA T &ML DNA #Hifi L
BRARRRNES HERFHR. TH S K- AR KF
# & R % K20 F)de PNAS, JACS, Nucleic Acids Research, En-
vironmental Health Perspectives, Chemical Research in Toxicol-
ogy, Analytical Chemistry, Environmental Science & Technology.
¥R P AR KA R(1997), HFHREFRR-F X
(2007), t B 447 K2 — % £(2010). 2011 4, #AE “F
AFR]T S EBHGEA RET .
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