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Abstract Epigenetic inheritance is a heritable change in gene function independent of alterations in nucleotide sequence.
5-Hydroxymethylcytosine (ShmC), which is called “the sixth base”, is an epigenetic modification discovered after
5-methylcytosine (SmC). ShmC is widely distributed in mammalian tissues and cells, and its abnormality is closely related to
tumorigenesis, developmental diseases, and nervous system diseases. Because the structure of ShmC is similar to that of SmC
and its abundance is much lower than that of SmC, it is much difficult to accurately detect ShmC by using the traditional
methods. Recently, scientists have developed a series of new methods for the detection of ShmC, including liquid chroma-
tography tandem mass spectrometry, fluorescent method, electrochemical method, photoelectrochemical method, single
base-resolution sequencing, and single-molecule detection technology. These emerging technologies have their own unique
advantages and greatly promote the advance of epigenetic research. The recent advance in the detection of ShmC is reviewed
in this paper, and the challenge and trends of this area is highlighted as well.

Keywords epigenetics; 5-hydroxymethylcytosine; detection method
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(S-adenosylmethionine, SAM)A FJE (it 4A, Ji ik 24/ &5
G 177 ARG — A B B R e i RS- 1), X
DNA FILAUABIG S R AELERREE (O S FRITEL 40
USRS (AP 6 BUIYERL A, B9 5 AR
DNA W RS EEAEAL, (HK 2 KA AR R R R 3)) 7 X ek
1) CpG & L. "I DNA H AL E W R AETE i ws
WE/ SRS (CpG) — A% H IR Hh ML g ) 56 5 ALk &L 1-(C5)
b, HEWAR N 5- F O i % UE (5-methylcytosine,
SmC)RY. T CpG H&H &K G 37N T,
CpG & J:AL T B 2 S BUT M IR « Jeta TRk 4 Al i
SEANHIR24 5 4h, CpG ByE e X H B4k e 5 5
SRR () W IR PR RGBS B SR A U
I ) B R A R F s A 5G21-25-261,

DNA HEEAL — FE B\ Dy B g i R M B AL brac.
R - JUE R R R B, X PB A 2 — ALY,
MARZNAALLE, DNA & H B FE i it 3 h sl bl
HLEIKE. DNA F 3% H Al (active demethylation)
Je— P AR, B DNA XUNEBE SR TET B (ten
eleven translocation)5| &, HILHEIA SmC (1) C—C HELA
LBRH RS W 1 FR, SmC AT HE TET BRIk AL A
5-¥% F 2L UM% g (5-hydroxymethylcytosine, ShmC). 5-HH
P 55 o i g (5-formyleytosine, SfC)F1 5-F42 5 g s g
(5-carboxylcytosine, 5caC)?%31, 5fC Al 5caC 7EAK A A 1E
FMRREEE DNA BEHEAGES(thymine DNA glycosylase,
TDG) IR A, FAHMN R E #EeH TDG i, %
e BCHRIEAL i, R IR ) B 15 & (base excision
repair, BER) & K I J57 Ay i s g (27321, Tff 2 BH /N B
ARG ORI BE RN REERIHARE TG 7T TDG HIE
B H Ak, X fC A caC AT 40 C—C BT R
T E B R R RSB X M SmC B C I — R R
NN FE —Fh E B DNA X H AT FERY. A%,
P52 AR TR AE A AR EUVESERF DNA RS
i 1 (DNA methyltransferase 1, DNMT1)iGHERIE LT,

Endonucleases, repair polymerase, ligase

OH
BER ,E’ o 106 |
NH;, NH, NH, 0 NH, 0 NH;
ﬁN H’cﬁm HO ] SN %N 5 ‘ SN
N/&O N/&O N/go | N’go | N’go
Mo DNMTs | TET ), Er > |, TEL, |,
I Direct -HCOOH -CO, |

Direct deformylation/decarboxylation

B1 3k FENTRREY. TDG 2% SIC fl ScaC Ml HrHE, 7=
A ToRR AL, AT JE B BER, #4 £C il caC By C(# (). C BB R
fC 1 I AE L (HCOOH) R caC IR (COME RIS (AL ().

Figure 1 The pathways of active demethylation*”). TDG-based cleav-
age of the glycosidic bond of 5fC and ScaC results in an abasic site,
which initiates a BER process to induce the replacement of fC and caC by
canonical C (blue). Deformylation of fC (HCOOH) and decarboxylation
(CO,) of caC provides C directly (red).
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DNA H JE AL i T & il J5 B A 58 A 4E 30 & 2 1 3
£113536]

76 ik 3 Ff SmC EAATEYF, ShmC 2R N &&=
FEE K, R LS LI 2 4 i 3 R 40
rHER R 2B, SmC YRR A “ 5 5 ML, 1 ShmC
BERRN “3E 6 Mg e~ B8 2009 4F, Rao Z5B9F1 Heintz
SFI05 ARIE T ShmC 7EAS [FI 28284 R 40 B AN 2H 2 Hh A7 A
wEES, KN NRORM &G T4 b Rk
F'E, TR 5 Yt 5T 45 R R R SR T 2
HRRATEM). ShiC 7R Mo . B RERk
S WA« LIRS AN 25 e 5 2 P iE R () & =Y
H R FEEAL, KU ShmC 7R E & ok 1% = 2 AE
FHB743-441 0 b o, B Bl A e 8 25 B AIE | 7 S W0 AN 7K
DMEBRIP A B R IS5 1) ShmC 43 Ail4546). [A] s, ShmC
AR 25 F A I R 1 O B vp TR AR 147 i HL2 09 12
Wr ¥6 97 ARG ) A YbR E ). ShmC 8 R Ukl
e 0y TR 08 I TR 20 W0 163 A LG R 92 5 - B 12 e
U )1 3CRE.

2 fRFEEMNTEIE

N T 7R ShmC AV FReE, 1 AR K 2%
ML, AT EEE ShmC fEHEF 4 DNA H1(1)
JE B E AL SEAE B R AR S W) TH G & BRI
BORPRH: (1) 5ShmC B+ iz kT 5mC, ¥ 1
ShmC il i) HEEEBY; (2) ShmC 14545 SmC ML, TF
IR A S A F S TVERARE S SmC X4 JFUs-4.
JZ 01 (thin-layer chromatography, TLC)/& 55 —/N%17]
H T 5381 ShmC 17 75B740500 #E1% 54, PRI B D)
AL s R v ) B IE A 32P [z ZArd, SRS TLC /K
fiE ARy, ATLE CpG i Bl A AN ShmCB2. )L TLC
BAREIFE R, (ExXECE e &, JF B R
S EAL R AR IS, RHRIE N ATIEA T, EZRR 0
AR BE DNA HEAL 1 5 ) 72 AR R
AERMFE. 1ZI7TEEE WA ER A S AL FRAE C I % ik
NPREEBE(U), SmC T HARARA S R P LF- PR
AR SR, T ShmC 5 SmC 25 #HEL, #iA 2K
A C B U ARSI R ey i sk M A R AR
5hmC 5 5mC X3 IH052. 534k, HRTicA BRbIVEZ IR N
DIBEREDS 5> HF SmC A ShmC TG 122 5, 4RIk T 5 45
SPIRPA = RO €657 (high-performance  liquid chro-
matography, HPLC)Kll ShmC () RBUZ iy IR FENELF,
ATEEME DNA & RS S, (He T (i 7
B, HREARE BT E IR s A, 8 7R & Bt AL
A IR T AL B R R BRI R AR N 10334 Krais
ZSIF ] DNA 52 6ARIC FOG % S BANE sk T,
S35 BAG I 7 SmC A1 ShmC. %7k HA RS R .
HERRPELFRIPE A, X ShmC AIAS H IR 0.45 amoll55-5;
AR pH BoRm, EIMEZE. fille kil b
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5 ShmCP7- B FENEH ShmC 1) DNA X1t
ITHE e E 4R, P IE T A B0 a2 B B S0 % W B R 56

e — |

(enzyme-linked immunosorbent assay, ELISA)# 1T i€ &
HIE AL 53 B 16001, fH R S e 5 V5 B RE 1R 2, R
FEAG, #RAE BB H AR By & 5B, R 7 AR
ShmC & S o i)z R A

Jvi i EIRTTIER BRI, BHFEA LR AR T
— R HR I ShmC 77, B HRIBAH (- Jog 35 1K F v
(liquid chromatography-mass spectrometry, LC-MS)[62-671
PRI AL kU770 B S ROET AL
AL Sk 374 B 7y R PR VR U5 TR B 03 T4
ARE2T SR T S mks il RAEE, WFFEFATEARLE ST
T RIUE T RO FERE 087075800 3 6 T7 0 %A RF A
FESEBR N H AT UK AN . BARAN 78, ASCERIA Tk
A2k ShC A I AR BB T FURE fiE, o0k JHC T A b ke A
RISt 1 R,

3 #i# 5hmC &M 755%
3.1 LC-MS:%

YRR €8 1 - 5 B B VR (LC-MIS) AR A € 1% 2y 43 B
R4, USRI RS, €2 HiMHAEON 2
W A 1) 28 B A I 7 7514081, Huang S8R9 T —Fh
AR AC 5 VR % - R G 25 R R ORS00 T (liquid
chromatography-electrospray  ionization-tandem mass
spectrometry, LC-ESI-MS/MS)AHZE A 1777, H T AT
S ELENY) RNA t SmC ()2 R4 AL 77 #(5ShmC . 5£C
A 5caC), MATAIL RNA H1 ) ShmC RJ RELE % 6 (1
RAEFTE R — € IFEA. Liu %5004 HPLC-MS 5
FasE ML R MRILSS &, AT LAE 5ShmC & 240 AR
it 4 R(HEK293T)ZE K 4 DNA H g &40 ShmC 7K
*F. Shahal ZFS7FI -AIHEFEAH B ShmC #A4L N
N;-5gmC, H:35 35 HPLC-MS J5 &0 R U, 7] M 300
ng (9 fmol) DNA H&ll £ 0.001% ShmC([& 2A).

KEHOHIDWAMPE ShinC (04 HHRAE, S50
LC-MS %} shmC 7€ S 4 H % BB HRR K150,
N T FRUEXAN A, Tang S5EO2FF A7 — P EAHZEHC-R
AH €2 1% - i 1% 5% F (solid-phase  extraction-liquid chroma-
tography-tandem mass spectrometry, SPE-LC-MS/MS)]
JIE(E 2B). 275 p-H A e M K A B ik ik
PEVERR 22 ShmC HOFR LA, TR SE HoR Kk Ve ) 2
[ (-6 0 2 -5- 3 R L 2- i U M, 5-gmdC), Bl &
5-gmdC ) DNA HOKEN&FIZE, BHRESDH
5-gmdC BEMEHE NH,- — S kil i 5% /K A e £t
8. 2T IRRE N E BN E S 4l (HeLa) . ARG
B 4 (HEK293T) AAMA LA M T 40 (Jurkat-T)
A e B T R R 41 DNA H (1) ShmC. 8 57 & ik
TP R T A7 AE ShmC.

JysEPL/D 5 DNA FE G ShmC #178 R U, Yuan
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ST T — i BT MnO, A8 AL 1 -s- = Rk 7
(i-PraN)Fric ) HPLC-MS/MS J53%(F& 2C). %7156 H)
F MnO, ¥ ShmC At 5fC, BfiJ5 ] i-ProN G HkET
EREMERRIL. X MR T A S B = ShmC (ARSI R %
%, K HBREE 14 amol, R U LA i-ProN FRid )
HPLC-MS/MS ¥E3 1 T 178 fi5. %7741 LLE & 340 pg
FERZH DNAGHS T 57 D A5 FE R 4H) F1 ) ShmC 7K
S, BRI HT T ILRAE L ShmC A KT, R
I3 H ShmC KV 5 4EE A%

\ 4 = § y‘. g:\%?}‘m‘
PN\ £ N\ e
A o
;. e
dA ?j dshmC
 dshnic " y dA)
dC{ dG dT dEr(th dG  dT
X \ dc, \ o
2.00 4.00 6.00 8.00 200 400 600 800

QPPPQRQ gucosiaton 9P _dgeston | Qo

o B-GT Q0
5-hmdC

9O rA, 1U, 1C, 1G, dA, T, dC or dG

G
9 5.gmdC <
analyze desorb . wash load
LC-MS/MS
= S

nucleosides

o3 NH.
waste o2 St
= Al Y
s o 1
" g P Lot
R M M xﬂmﬁi
C NH,-silica(sorbent) L
) \ S dc  g4a
2 *’ Cell-free DNA isolation dG dT
-
.
DNA hydrolysis smc ohmC
3.0E+0
dac 9A dA
MnO. 2.0E+05
— e 9T ppLc.msms dc )
i-Pr,N 5fC-i-Pr,N —— 1.0E+05' lSmC ot 5fC-i-Pr,N
5mC 0.0E+00* L
: 0 4 8 12 16
Time (min)

B 2 (AL 2EEEARICIENT R 5 R M e e 1 R SR 7. (B) i
i SPE-LC-MS/MS J7i% € A M HE K 2H DNA H ) ShmC & &1, (C)
ShmC-MIQuant: /B FEAH L DNA Ff it o 5-52 FE i s e 188 R B0E
el

Figure 2 (A) Ultrasensitive quantification of global 5-hydroxymethyl-
cytosine by chemoenzymatic tagging!®”.. (B) Schematic diagram for the
quantification of ShmC content in genomic DNA by SPE-LC-MS/MS
method!®?. (C) ShmC-MIQuant: Ultrasensitive quantitative detection of
5-hydroxymethylcytosine in low-input cell-free DNA samples!®!,

3.2 RE

VLB I E N4 DNA 1 ShmC 37 5€ &5y
Hri8281 Hong PP R THTHE FHLIEERAEY
(cationic conjugated polymers, CCP)/E MR R AT S
KGR BEEFE £ (fluorescence resonance energy trans-

fer, FRET){196 Mk, T e BT ZE A4 DNA
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ShmC(/& 3A). ZWH e KRuOs K5 [KZH DNA
1) ShmC %84k A 5fC, P4 J5 FH#%Z-BODIPY (BODIPY =
4,4- 5 -4-M-3a,4a- R A%-s-Eli DM )z 1E RN 5£C Frid
M. PRI DNA #id#HB/ERHMIE CCP G, 1
CCP 1 BODIPY Z [f] &A= . 1) FRET (M. %708
By R T /N BTG T 40 Bd (mESce) N B 25098 4H o
(HeLa). A BEJG B 40 ffl (HEK293T) % K1 4L DNA ()
S5hmC JE =747

NH. R F ~ -
G e i ot R
HO ‘ /L S &ﬁﬁ" FRET
- S
T ° ‘Eo ccp \\h“/go
7o/ 0PVl KRUO, N 7TV
- No FRET -
I VI IS TVIVT VT L
~
B 5mC 5hmC
5»/\/k./\ 3 5 3’ §
| Kruo, g
o
1 1 | s
5~ 3’ S’Nk/\s
SYBR Green I
NaOH | natso, -
5mC u <
5. 3 5’/\/’\/\3’
(D) l @ Ligase
I 3 O
5mC U
5@ & @ dNTPs ]
<« Polymerase
C shmc e » Double biotin
L s 5
[+ 5hmC 5mC loxida(iun l (Stv)
| hme Biotin dATP
-6T | UDP-glucose b adie eRaEE
: UL |vigation | primer(RP)
| :bi(& wT X . Forward
b | B 3’ primer(FP)
AR U AT A A Alexa Fluor
C  G-hmC-DNA 5-mC iemplamAB‘yzmhe' ) 546 (AF-546)
PBAQA-P O‘l GMA
Template AB [ \
' ' 3 x +5 ‘ 2
——
] Probe B
¥ Bindingl SWV;SME
RP >3
3 femplate AB . I
S0 e
o (©'
R + PCRl Q¢
© . i ,ﬁlf‘\ ~FP g
'“'(Q { LA
WS N Template AB
W =
G RP -3
PCR wo““
N Confocal
At /Y | ([
\\i}% T S - ey
?‘g L RP
= RP
‘\W 5143

Bl 3 (A) BETHETIIERSWNROEILRAE B S Al 5
[FIZH DNA 1) ShmCEe. (B) E:FEEANF M RCA KM IX 4> ShmC
1 5mC 7R EEEL (C) FIH PBAQA-PGMA #84t 52 /0 3k Rl 41
DNA ' 5ShmC &), (D) POM-TPAS )7 = ]34,

Figure 3 (A) Fluorescent strategy based on cationic conjugated poly-
mer fluorescence resonance energy transfer for the quantification of
ShmC in genomic DNAPS., (B) Discrimination of 5ShmC from 5mC by
ligation-mediated RCAI®®], (C) Schematic illustration for the quantifica-
tion of 5hmC content in genomic DNA using the PBAQA-PGMA
probe!®). (D) Schematic illustration of the POM-TPASI®4,

Shahal SEBSLRIFOL R & 5 2OEA MRS &, TT K

Acta Chim. Sinica 2021, 79, 614—627

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

T FhiEE EAS N ShC W77, ZITVESE R B
R MRKET ZBER -2 B AW - H & b
(UDP-6-N3-Gluy¥t ShmC #54b N 6-2 R ALYn-p-7 % b
F-5- 34 FH L i I I (N-5-gmC)24. B 5 & 1 B & 3
5 Cy5 bric i e il i To 4 19 Huisgen FR 0 B
(R BB, HER Cy5 Arid i) ShmC, #4% ' ShmC
U & B A CyS B9 6B E . 1% J71E] LATE 2 4Lk

HEAT, WRBHERZIA 350 AMER, RAmiBE. f5 5
PSRN R B = AR AT, A6 H PRAKZE 0.002%. Chen %5(¢%)
BT 2-(A-BI AT ) e -4 PR TR 12 5 Y ik PR A R 4 /K
i B8 (2-(4-boronophenyl) quinoline-4-carboxylic acid
modified poly(glycidyl methacrylate), PBAQA-PGMA)%
JEIREF, PR T — Rl EE R4 DNA ' ShmC & &)
77128 3C). PBAQA-PGMA R4 AT LA U 46 p-Fai bt
SRR AL ShiC 7™ A FROHE E-5- 7% A RR-2- I UM
BEWRSREUE, BHIRA 1.6 nmol/L (0.32 pmol). %
J3EAMAT LA 52 2 R 4 DNA H (15 ShmC, i HA
TAACPIR. SOCHRI Z BEARL. 2L A NN
TN Zr ShC il

AT B DNA Z6hrid 77, Wang 5508145 &34
RGN F HRAY W S SL(RCAYFF R T —FpIehsic 2
JeT7id, FF REHG I ShmC DNA. RCA & —FiReik 1
DNA SEHRYHEHAR, ELLFIR DNA idR, i —4>
FLH) DNA 5I¥(5 567> FORBR ELAL), 7E DNA R&
AR dNTPs B EH )L H 2 ET MR
A RIGIN AR DNABSS W 3B, %7715 FI H
KRuO4 ¥ ShmC % AbAy SfC, SfC 25 Wi R A 2h Al
NaOH A # 5 #A4A U, FALJS 1K) ShmC DNA AT g4
BUARET MR, J1% RCA JRBL. BT RCA Befig/=
AR B AN F ¥ 5% DNA Fr B, ShmC DNA #J LA
I SYBR Green 11 %G44 RHER. {H72E 5SmC DNA
RIR K AE AR AL, ABEJE B RCA L. %771k RIBUE
=, K PRIE 34.8 fmol/L, LGy 100 fmol/L~10
nmol/L, "] ELAIREIH X HKE 0.01%0) ShmC /K
F, JF BRI LR T LS R 2 A

T3 G R R A A B R A R R AP BR, Zhang
GBRW T BB EAAN AR R G
(peroxotungstate oxidation-mediated two-phase amplifica-
tion system, POM-TPAS), 1T ShmC DNA Ffill (&
3D). PRSI EIRER ShmC 7 b Ly
SRR R (T, YT T AR E R A E R T
HERR AR, B 5] K R G B E 2R B (polymerase
chain reaction, PCR), #7544k} Alexa Fluor 546 iE#:
Fy Y b PGPS S AT LOE RO
R BMBE I, HTER shmC. ZI7E AL
PR = A SIS A5 AN R 8 h, LhEET TAT 3G A5 264k
EVEANIE JFAER I RUE 5 IR TRV 5 42 b, HURd
# PCR JjVEBSI4E%L 16 h, LEAET ¥R HIEEAL DNA [RofiHE
A0 Hpall R4 P DI B 3R Sl 15 5 80K 7120808
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Ji 4 h ZHELETSIALRRA A, B0 T
PSP, B R dSDNA-S5hmC (5 fmol/L) A %] 100
ng /RIS R 41 DNA 052 A IETIACR N 95.5%. SR
1M, T T NI R 0E (T) B A A AL B e X g
%ITEAREX 4 ShmC A T.

3.3 HEE

HALZE AT T B & R AR & T
Bk, BHESIK. REESEM A, £ ShmC
HRE T2 Y. Povedano S G AR L FFE DNA
PREF N 22 ) BRIl ik B3 Al (screen-printed carbon electrode,
SPCE)HT & e A, SCHIE (N T 90 min)ik HtEAs
M 5mC 1 ShmC. ﬁﬁ&yﬁﬂﬁﬁ LI TIA ER AL R Y
R, BB EIE. AR HRIE TR B R
A AEY &, FT RS HTREE DNA 47 51
ShmCP. %P G K8 T — M ShmC B4R = Vb ik
(anti-5ShmC), Z P& 5 B A 2 A BRI A ) B
(horseradish peroxidase, HRP)FJ P45 & 5 H & AR EE,
AT LUIR B ERAE K H FR DNA B ShmC. B AL 246 et
PR AT A S/ X K B AA1E N, X SPCE HAkiH 1)
HRP 37 I &, 1257k R &, ReUs /e A% R
Iy HER R A, BEAS R EXS AR ShmC HE1T 1k
AGA, WA T A RGN YR AR R A RS
EAPE R A AR .

Chen Z5BUFI I HRP JF R 7 —Fh stk 22 AL WAL Tk B8,
FF#E K40 DNA 5417 /) ShmC #6:3ll. ShmC & 5B 7E p-
R0 L RS W R R R AR O R M B2 1Y 5-ghmC,
5-ghmC 2 =N AN G 575 A= 90 5 5 e R J
N 4R %t (aldehyde reactive probe, ARP) N, 5 E| EW) %
Fric ) biotin-5-ghmC. AV FARIdIIEF 4 dsDNA #
SPCE i) _FAE1if] dsDNA FifAHtik G, SHEsE MR
PRI HRP EBIE R = WE R A9, i@l HRP #10LE
SR P L EHAEE S, LSS DNA
ShmC FIH H R A 0.489 pg (0.0012%), & 1] BT /IN R 2H
ZURE AR 20 B AR 2E 4T ShmC A,

Cui Z7OE T R i # B (terminal deoxynucleotidyl
transferase, TdT)¥ A% 246 A P(Ru(ID) A AL I8 SR G
UG 5 ORI, TFR T g5 HE i = 56 R4
DNA 1 ShmC ¥ bric AL R LR ML KBS 12k,
£ [FH DNA H1f) ShmC 549 % - &2 R (Cys-biotin)
KAWL, B RAEP R FRICH DNA-Cys-biotin( ]
4). EMEFRICHFEE 4 DNA iRk R s m
FRRIFE E)S, TAT B T DNA 1 37 F2 5 A o 4
KA R 5E DNA. B, Ru(NHs)e® 3 i H A F R o
TWiBRFRM ) DNA BERGE 28 &, JEEBR5 1 e e
SPCE Hit} I, #id Ru(NH;)e® ' /Fe(CN)s> R 4= E 50
PN S, 1B EREE ShmC A H FRKZE 9.06
fmol/L, FNASTEHEY 0.01~1000 pmol/L. 1% /7% B A 1k
A FIERIA. ik, EFREE. LHEAHENR

618  http://sioc-journal.cn

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

S TERE SR A, T AT HeLa 4HAE A1 HEK293T
A sShmC FOHERfIE &, X C. 5SmC M ShmC B A
oy HERE 1, (HRERRHE, FEEEK2) 50 h

o
o
A ol i B
N Oy
N s SH O s
Ny "oH H o it A
oW shme 1) NaHSO;, Cys-biotin N o
PH 5.0, 42°C, 36-42h o™ N §-hmc-biotin
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Figure 4 (A) Single-step bisulfite-mediated biotinylation of 5-hmC site
in DNA. (B) Dual signal amplification strategy for biotinylated 5-hmC
DNA-induced TdT-catalyzed polymerization and subsequent Ru(IIl)
redox recycling-mediated amplification!™’.

34 BHUELLE

FE 2 fb %% & St (electrogenerated chemiluminescence,
ECL) & H I B A 27 Js 37 A F A 3 T8 7™ A v 35 MR e
1E 151 BE FL 36 78 J B A IBIOKR 25 B RS BRAT 72 AR 0Ok
BRI ECL i A3, RS, HIL
PEGFEEL Y. Ma SEUAE ] N-(4-2 5 T 55)-N- o 3
57 & K% (V-(4-aminobutyl)-N-ethylisoluminol, ABEI)#x
1C# KRuO4 54K M ShmC DNA, #RJ5K ABEI Fridff
S5hmC DNA 5 H ) b SRR et e s, R lfe sl b
ABG5E ECLAE 5. G LT aith DI, BAE
Fiﬁﬂzf%ﬂﬁﬁﬁi% M, KPR 1.4x10713 mol/L, £k
PEVERZ 5.0x10"3~1.0x10"° mol/L. Wang 2171 fi
1bHiE DNA REFES Nk Bl T Bdl%e, Rk T —M
& B SE R 2] DNA 7 ShmC (1) ECL AE & 1%2%. %
R IR AR IR PETE Y 0.0090% ~0.5761%, & H By
0.0036%. 1ZJ7iEA T EXHEIEE] DNA BEATAE(1E 1,
Xt ShmC HAHLFRr e, A7 LA SEBRFE S ShmC

YUK EIE T2 H T 1558 ECL 15 5 s B AE A4
PR IR AR REPSOT. Sun PSR TL B AN 9K A
BHIE S TBOR, &AL 7 —FH T ShmC i) ECL 44
FERER (B 5). 275 R H r A 8 TR i — A A - 3R
iR (reduced molybdenum disulfide-poly(acrylic acid),
tMoS,-PAA)YJK B B B b, il % ECL Bk
HBK. B ShmC DNA 52 FEA IR 245 &,
JE ek Pk M ] AE AR R TR, 24 MLHhal LA R RGN
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Figure 5 Schematic illustration for the construction of ECL biosensor
for DNA hydroxymethylation assay'®”!.

3.5 EUFZX

7“6EE@C%u"‘?f(photoelectrochemical PEC)%TE%?%‘@
VI RAEJCROR T = A el JFilid — RAP IR
HLIR B B AR FE AR AT B2, U\Wﬁb&fjﬂ H brai]
77155, PEC BA AR #RAEM R B 5.
For il R AR i SRR R 00 Yang SFUOUE T T — kT J5
A AR P AR AR KOBBUR ) PEC AR WAL 2,
F A ShmC( 6A). 1% /77556 ShmC DNA 52 2
B SRR BT 28 SR 4 G, JE ek P e B [ 5 FE REBR R T
4 M.Hhal FEERE AL AN e RLAFAE RS, ZiEEHU ShmC
IF2 IR A AT AE Y DNA. IGATA/) DNA fee 5 N-
FRHE TR FA R Vi 4= ) 2 (NHS-biotin) K A= AE V) R AL,
it — 20 5o MR 456 IR R (avidin conjugated
alkaline phosphatase, avidin-ALP)x I, [ f57E ALP X3
PRIMLER 2-1 1R =41 &5 (ascorbic acid 2-phosphatetrisodium
salt, AAP)IIMEALAE S, JEAL7 A v AR R i bt
N MR (ascorbic acid, AA). %A YIME AR TEREL 755 )5 ]
PLSEELRT A K DGR, BL CAS/ATO 1E 8 AR Hikise
5= AR BRI PEC W BAE 5. 1% J7VE%T ShmC (R Hi R
79 0.167 nmol/L, ZETEHE Y 0.5~100 nmol/L. {HZ1%
775 R gkl & ShmC % DNA 741, Joik sl R
“H DNA ' 5ShmC AR

fE PEC J7¥k, JGbr B + 0 S EL A 2 AR o)
HATVF 2 2 ARG PPR AT H T A 2R i, 045
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nmol/L, {H & & A fg & W % K 20 F1 44 )9 ¥ ShmC.
ZhouPILL WSy KM B A GiE M B R 2 B
(polydopamine, PDA)/E A [EI A BT 44, K 7 —FhE
B H R SR R A A, AT K& T I RS IR
FRET AEAH L (1) 25 K 4H DNA H ShmC #EATREI. Wil 6B,
HL R R T S A2 1 WS 49K A4 KL PDA, i f5 /£ M.Hhal
LS R O/ R il 3% ShmC. ShmC AR R 55 (4] 5
Fric A2 W) 2 (phos-tag-biotin) & AR Ve I B, B 5 B2
SRR Z WA IR B F A R, BHL e AR FL T 1) FEAR R T (1)
R, PRSI, B R/NS ShmC & EAHE.
%75 ShmC IR HBR A 4.12 pmol/L, Z&MEVEE N
0.01~100 nmol/L.
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Ez’Z%‘aW)ﬂ S5hmC [JEEE U (B) J:F M.Hhal FFIEEREREMALIEH
454 B AL T VA I ZE R 41 DNA o ShmC F SR 2R 73,

Figure 6 (A) A signal-on photoelectrochemical biosensor for the detec-
tion of 5-hydroxymethylcytosine based on in situ electron donor produc-
ing strategy and all wavelengths light irradiation!!’!), (B) Photoelectro-
chemical detection of 5-hydroxymethylcytosine in genomic DNA based
on M.Hhal methyltransferase catalytic covalent bonding!’!.

3.6 TEE

Pastor 251193 ShmC ({1 &R HEAY « i LR h 4
b EW R, BSL T ShmC DNA BB S fl s 45 75
%, fRiFK GLIB JTiE % (glucosylation, periodate oxidation

http://sioc-journal.cn 619



oF ¥ R

and biotinylation, GLIB). 1ZJ7 VAP 5 A: ShmC @ id -
ML WG ) N AR, B A AT e R A
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FAHEA ShmC ) DNA F B, (HA2 RV [, B
GLIB JUiEiksh, REW S ShmC HIPTEIEIB AR 5-10
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F3E1k DNA 4% (hydroxymethylated DNA immunopre-
cipitation, hMeDIP)JLyE A M J EHHEF 1 (J-binding
protein 1, JBP1)JIIEIESE. CMS JUiEiE 2RI DNA
2RI EANA RS, ¥ ShmC :4# )y CMS, SR 5
CMS 5 MBI HEAT G e Pl . %075 Im I i
FF RSB ShmC 43 R4 52 A1), hMeDIP JTiEiEs R
F ShmC ¢ FVEPUARE ShmC B S5, %k a5
3 B B AR B A 4x 3 R 41K P x R A X0,
HEATRINON, TBP1 PR -6 40 b 5 e B el
ShmC BEF:AL, TR — ST IBP1 & (G 20T 2 ek
LHSESS. 5 GLIB JUiEAHLL, JBP1 Pk B,
B EHAKFRAR. AT U A& RCE % ShmC, Cui 55
BOJE T TBPL FE(E 7). %7 iER e R E A
JBP1 HH, ZEARAMAMNEEIE, FLE 45 h
M 5E A A 50 ng DNA B4, JBP1 Wl JFi%4 ShmC 42
BETRIZH (KRG B 7 T SRS — b DU . s O e (1 5 7.

Transp ic DNA | R
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1] ;- IF ! 2. Glycosylation of 5-hmC by T4-8GT
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B7 IBPI-seq LIEMFRIPIA T BH IO,
Figure 7 The four main steps of the JBP1-seq workflow!,

3.7 BWESHENIREIENFREITEE
WHFERMIE R A GHBRE Z R R, T8
TS 73 HE 2K TR X A SRR 3047 DNA FREAL IR
FR AL A A 281 H Y, AR SRR K b 2 B R A
() < Ar AE 2 T R & #h I /7 (bisulfite  sequencing,
BS-Seq) & HATAE 51102114, BS-Seq 7 WA R A Eh Ak
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B DNA, AHJfumsne (C) e (b N R IE (U), BtiJE PCR
PHOK U SRR BRREIE(T), o] DATE SRR L /K P HE T RF
A CEME, Horh C 2 T R 1 R B R s i
AL E 7. BT ShmC A SmC #0 WAR R A Bh 56 e L
PP, B BS-Seq ANAEX 73 ShmC 1 SmC. N T fif ik
X, AN RTER T PR AR (1) TET %)
Wi R & % M 7 (TET-assisted bisulfite sequencing,
TAB-Seq)!"!S1A1(2) % Ak 71 B2 & 45 W 7 (oxidative  bisul-
fite sequencing, 0xBS-Seq)!"'?.. TAB-Seq 4 F -7 % # 3
MRS WK ShmC BEREAL IR ORISR, BESH] TET 4b#
DNA ffi SmC #745y ScaC, #x/ i F B W R £h b 3
DNA. fEMfFid 2, Frf C A SmC #HEh T, 1
ShmC {15984 C. $iX —H 4l 5 F5iE BS-Seq A= B 2
FHEE, BRREAERT T8N DR i = DR 20 rp S 0, 35 e A i
Tffi. oxBS-Seq it Ry % £ 1 Ak A AL KRuOs ¥4 ShmC
HeAk 9 56C, BJRZANAIRA RS, 56C iy
T. K2 IR 5 b v B AR R #h AL L) DNA FP #1AH LT
BIA %€ 5ShmC. R4 TAB-Seq 1 oxBS-Seq #BAEHL L
ShmC A5 ) BB L 43 PR, (B A AR T 2 1 Ak 2
L, FEDNA kB2 M i He A R T oK
LI C ¥ty U 2 P2 B FEAR P A1 S 20 1, 3 35000 e ot &
72 EAL AR FE R 7 AN I P AR G s, X
SEJ PRI FR ] T BS-Seq £E AP 22 A PR DNA B i )
Z N H.

N T A B RX L, NATAHGRIT R T — kT
T M52 82 AN 2 5 W A A2 1 L P W ) Sl s 1 % 3 00
JPHAR. Lin EUMEW 7 —Ff TET 4Bl ne i e il 7
(TET-assisted pyridine borane sequencing, TAPS)77%, H
T RABUE AR R ShmC (& 8A). Z7ERAIE
AL, TDAOR B I 1 5 AR DNA Fr B
Wang %5 SVJF & 7 — B4k % 56 B 85 i P
(chemical-assisted mismatch sequencing, CAM-Seq) /7%
(Kl 8B). ZJ7 ik F IR SIC ARy ek, Bl J5 K ShmC
A SEC, FEH azi-BP Aric HAEG 4. #Ricd ¥ ShmC
20t C B T W#¥f5, v A Sanger il /5 A1 llumina 7
B8 ZITE LUE SR E 25 DNA H1& 4 ShmC 1)
FBL, BB /N RUR AR T 4H B B 20 DNA - Aok i 3
S5hmC 15 5. %0700 3 AR e AMEH AR R U 2L,
HAT BRI e i) ge /g, S R A SR RS
WA, B P GE.

T SEIA T A 4 B2 ZH ShinC Az s 1 73
HERAG I, Zeng ZEMSIEET ShmC (1477 ML 22 A AL 55
18 KA IE DNA ¥ 35 f2 k24 C B T #6748, #ar
T S AR R #h 1) ShmC 4 Jik (R 20 P e 23 1% 22 I P B
A(chemical-assisted C-to-T conversion of 5hmC se-
quencing, hmC-CATCH)(I¥] 8C). 1% J7 15 F b 5 4L
7 KRuO4 4 ShmC 5 A PE B SEC, 2R )5 Fl B el —
AR BT A2 U SEC, FRid ™ MIFERE J5 B DNA 4 1Y i 72
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SCHLC B T #A8. i T RN SFC 7R &AL RT#E
LR A, RPN E ShmC FIAL S AE s EE = 1
S C B T #48. hmC-CATCH (4624 [ N 46 RN, T
DNA P& R4, F Bbsicr= L& S50, arsei
4 ShmC DNA J7H I E SN, B 7 A
IR TN TR INFEN 4 DNA FEA, HtAsA Rl
NG T4 4 3L 4R ShnC. %792 %Th 2 F I
W A AN ES DNA (cell-free DNA, ¢fDNA)f) ShmC
WMFE, B3R T N2 ofDNA (#5058 5 4> #52% ShmC &
B, IR AT DA R o B AN MAORE RE B 3. BB Ak, Sun
SO ShC (145 5 14 BR 1) 74 P DI PvuRts 1T 5345
YA AL T EAR S &, e T R4 ShmC M 56C
B . ZTEEN RBUE R TAB-seq!"'SIf#) 10 1%, WLAER
3 ShmC 7E 3 K4 (¥ 58 8 50 A . 1207 v o B )
PE. REE S, & TR REARMIR T B s e A& 1 1)
ﬁ\*ﬁ—[lZO].
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BRI RERE KT AN E A S P TINE, B R
Mg FEATEFERMC. (EMELLE I 2122 gy
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TIFE DNA EFE K, PAZGRKkh % UsE i 5%
HERIK5 NILFE (B 9A A1 9B). SMRT MY BE= 4 - F1l15
B, 1 H R A R AW )15 A XS E, AT TR
DNA ffif&ifh. 5 R1E15 DNA &3 %A, DNA
AR A T B 3 K% ] R o B8 1) 3R A il R 5 1% SMIRT
W] T BRI DNA - H LAk (44, N6- R flge s
1. 5mC F1 5hmC). SMRT AN 75 Z 418 DNA, A RUFEG
T B S NSRS s (RS AER 2 R A R
R, W R RO, T R R 4
DNA Ff i /) ShmC JE4T HERR I, Song S5EU7SME g #5E
th2EpRid S SMRT M FAHSE &, KIE T —FhmisEfE
HIRHE 7 FEE) ShmC & 7732 9C). %7256 FH B-
A PRSI N ShmC 5] N SR A ML, &
B-6-7 R R -5- 72 H R B IE (N3-5-gmC). R 54—
- AEM RN EYEEDSEE L, WREMRLD
T S R %) B - 5- 75 R R JHf  BE (biotin-S-S-N3-5-gmC).
AR E A DTT A G, Bt & F
ShmC '] DNA %, [ /5 H SMRT X Hoidt 470 5 A1 43 4
BNJIFHHIE. £ SMRT WP, 5-hmC EARIC RSF
K, FEAIIB) 5 SRR, RE6E 7R BAR I
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Figure 9 (A) Experimental geometry of single-molecule, real-time
DNA sequencing. (B) Schematic event sequence of the phospholinked
dNTP incorporation cycle, with a corresponding expected time trace of

detected fluorescence intensity from the ZMW!?, (C) Principle of selec-
tive chemical labeling of ShmC followed by SMRT DNA sequencing!™®.

YR FL AL B RE A8 I e 23 BT 42 51 2 1) 4 K L B 2
SR E TR, EPSE [CRA DNA Jj 24128
AR RN FH 7 T EA ) R S AT se U0 H o, A
J5E 4K LU 2R ] 25 g oK AL 2 72 M A SmC
M ShmC. Zeng Z5B4RIE 7 —F 2 T o3& Ml %
(a-hemolysin, aHL) & FAK AL 7%, AILES 73T /K-F
Kr%E B85 DNA ) 5SmC F1 ShmC(/& 10). E%E, &
ShmC ) 55 DNA i o 16 £ 14 12 145 ) — Fh DNA-Fc
FREEEDY). BEEHEMT DNA 2 7@l oHL 44K
FLIHE =R G SRS, P ERIERRES, Sita
HTIX LEREAE FL P DNA H SmC fil ShmC 3T & &5
BT, ZITIEA T B 5] N R 9 VI, N 75 R
WAL HIFHE B, AT AEREA T HIME BAR A OL T
Kl DNA AL ShmC. {HjE, gKAALREA B #l it
WA N T 5 B3R K 4 DNA FE A ShmC.

AT RS CR T S TR 41 DNA ) ShmC 4y
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Figure 10 Schematic illustration of the detection strategy and chemical
labeling of ShmC-containing DNA based on a-hemolysin nanopore!'*4.

Hr133], Gilat 74 ShmC FricdHAR S B0 G HA
s A, XTHEKI4 DNA [ ShmC #4742 7 € & (B
11A). %7725 H UDP-6-N3-Glu X} ShmC #H 1T & &0 1E
Wi, BEOE S A E M5 R O6 D R
(dibenzocyclooctyne-Cy5, DBCO-Cy5) & 4 itk 2
I, 5 J H 5O S U RO bRl P kAT 4y
T, 7 ER] BN ShmC 3T 2% GhR i A ] AL 43 AT,
RE T AN Ju A  BUdb AT T 7R #E 8 ng
DNA Fditr, 7] BLX 73l R A AS v ) 285 i e S v 4L 230
fE 2 2R Chen S5OV FH it IR 2 i SI2 I B 48 g ShmU
Al ShmC {7 FHOCR (B 11B). 75354 54
YT R, TR IR DNA G RABRNE
Tt SRS 43 ol FE B A Il R A 23 U1 260 BT e 1A
ict ShmU A1 ShmC {7 51, X Lebric il i i 4 A8 Bk 4y
SRS BRI DNA SRS 51, filok ALy 3.
ZITIERE R AN A AT = B A, R R T 5
A S I PR A SR A 23 M. Al AT IR FH B o 27 >1 ik
X ShmU/ShmC 1) VU4ERFESEAT RS, Be %R0 AE 20
PE MR S 2 2R M LA AL &R, Song ST —Fh
T 96 IR i 7 # # (fluorescence resonance energy
transfer, FRET)[W) 5.0 Bl% 7715, feteillJRaE DNA
H1 5hmC #1 SmC(E& 11C). %77 1%38 H £ AR SR
DNA R AW FEbric T [EE £ 8 3% fr, ShmC )
Cy3 FricfE Ak, 5mC [ Cy5 AriclE Ak, 2777
I A SO 9% 1 S A BB B By D LR e
H#%(smFRET), BEW I %} ShmC 1 SmC #EAT AR, I
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