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BoFRIEFRMUFER (smFISH) HAR KM

ﬂ,ﬁ o 1) X‘J‘J:EJ!Z‘AI’Z)** 92( 7@]’23)**
(" BB TR A AR KA B MR TS SR, B 6505005 2 RIS SLh = B MRk, Wil 518107,
DRI T KSR SHEARELE, B 650500)

BE A TIOLRNMZAE (single-molecule fluorescence in situ hybridization, smFISH) 7 AR J&— Rl o B2 R A1 1)
SERZATIRGRED . X1 A0 iR 2 20 P B mRNA 53 F AT UG 7. smPISH WX RNA SFATRE 0 . ik, DAV HAR%:
SEARMEATICHIIGY . smFISHIGE I FAIML . W) A3 2R BIAEREA . IEAER, 23T 5LAH smFISH PG AR Bk &
M, HE—BEdE T IR SEPRR . smFISH K47 RNA B Frl ALRE ST, (i HAE & & AYF . sy Kb
AR SR A M R P AR R T T2 AN . AR SCEER T smFISH $ AR FEAR L | smFISH AR RIRYE . smFISHATAH A

Jriki . smFISHTEAR A2 B BN RS, FEX smFISH HAR B9 & RE RS AS0H 2R

KEIR  PITIOCRNIARAS, FRHIRIREE, RNA, MR

FESES  Q522, Q-334, Q-336

DNA 2|8 1 bR — 1R 42 Z B Bt
2, DNAFG R HRNAG TG, BFHFHATH:, &
7, BHIELL KGR A B f S M T 2 . RNA I T2
W A (5 A5 156 2 T AEE RNA FIE (50 15 7
PR E AL OMER, XS BRAE 25 W] RIS ] 45
WA Az B = R A AR WA . R T R TR
RNA B4 B, TR ABFSE RNA U] & A= 284k K
HPAIHLSH], FFEIF R T IAL RNA 7k s

w6 R A 4% 28 (fluorescence in  situ
hybridization, FISH) & 7E 4l 2H 2 g i
BIRFF N E RO . HIFHUE, IR+ 1E8
TV LR Bl A BE 1A R A 2578 7 JE B DNA : RNA
FRACHERT, ARPEARIE BRI R 5 BT Al me
eI A 2, aad e, E. WEE, &
o7 S5 BEmg A . AsS e Tk &
BRI 5o, M G B A R 7 5 A T
fiio 19774F Rudkin 55 “ 5 Y fili A A B bsid
KR 1Y RNA B4 X DNA JEF 796 EA AT, LA
PrRic RIS R b e gL iR TERR IR E e
ST A 5 3 FH Bauman %5 ) 3647, JLHFHSE A
T FHT ) RNA #REH bR icfE U A ZoRi/A DNA. H
TR SR BB S, TERME ™ WEEEIH
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B9 0T REA—Er BEE SR e, XM
HER H R BB ARLEVF 2, flinisifea= . 77
WL S LA B 1% 3 A R RS 2 T I AT

1982 4F, Singer Fl Ward " ZJeUFEAH T FISH ]
FHT RNA KGN, HASE 2 PR 255 2 A= AR 2
AR AL dUTP DNA 484K L5 FT mRNA,
I (S FISH HE ] RNA AT AT R AR S5 57 BE PR e 38
(4 ARFRAN RNA-FISH 7' BE AR UG B A
e, ATAAL B mRNA 2> T4 R——r 1
DGR 4438 (fingle-molecule fluorescence in situ
hybridization, smFISH) $7 7K Hi Femino %5 '*' J &
I o R I 7 ] X B mRNA B sk Ak T
AR AZhE R, (EARAEE— SR, ]
W0 ] T4 5 06 B AR BBk B PR B R R A B B R
S50 N TGRSR, Raj % 1 4 smFISH /)
Senf EACACIR AT 48 K20 bp Y (BB £ |

* XA B AR IS (202001BCO70001, 202102AA100053) ,
RIS 525628 i F 4> (SZBL2021080601012) FHTIINE 5246 % -
{GFGE A R AR G AT £ H 51,

s TR R
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FEANTE ARG ) 0 TEA% R o3 I ER 2 S AT ) e ST
PRE NG AR IATE LI T e s ML T %5 A
RRAEA AR, T ELAEE R bR R e
A R SEE AR S HERR T mRNA B 0, il
JHL PN RNA (8 1 5 7 5 8 f A AT RE, 3 T
smFISH EAR ML PRI H

VAR, ZFEET smFISH LA, Bt
SeqFISH. MERFISH. ClampFISH %577 & A4k 1% &
B, HAE R4 o3 Sk b #0772
o A SCHEFE Al smFISH # R IEAFHE | smFISH
FARW SR . smFISHATAEH AR 77 . smFISH 7F
ANFEAEY R N HERE L smFISH EAR Y
R RS AE T R 2R

1 smFISHE AREARFEIE

1998 4 Femino %5 '*' B IXH 8 T smFISH 2 %
FE PN RNA Z F IR o % AR Bh T =
£ 5 21 RNA $5 DU X 88, f51) 4n 2 S) (o o5 %%
smFISH %) JE A JFU B £ X # RNA B34 24 50 4
I 5 A FEC AR bric R ET LA AT T 41
fhefr (B D). ZERFEW LLITF A, {5t
HRE H B9 JE R mRNA 551, % F &
FRtREr s LUK DG YR TR IR 2R S ST
PR EREr LR O 5 FERRE &AM T, ihfR
mRNA SHEEE S BIR DO e TUiEs, 3%
HCHE 7 B OGS S n Al e kIR, IRl A
MATLAB %i 5 1) € il 4k F (The Mathworks) #47
YL E B AN S, BRI Z 6N
W, e OSBRI LA e IR R
(RZ) b, g7 KR E W] L BR 29 95% ik %2
(DOETE ), BUEEST ERIAR MR S . s ik
FRATGE ., MG TR A2 0 ST (total
fluorescence intensity, TFI), iXLLHHSZAXT 5 HA
AT TRUE, PRI =m0t £ A
PREF ) TFL 52604k (B MREE S 1)
YEH T 2R R, B X R A5G A T 2458
() 1~5 AL A TEETIN . mRNA 43738 5 A
JERZIE, PR T3 e B AR S S IR T
B Gl i, B mRNAST R LA
TR ERET R Al A, AG I 2 R A B 5 AN e e
b, REUE L DIRTROM A B g L B Y A
FHAM A ZE, R EF 2 RN ZE,
G951 AT R TR L
KB AZ 20 6 I SR AR 40 A B FISH A8 il i

[l o smFISH fif LAY, Hag—H285824 h N
BIVAT SR o PRI TR AR FEAE LIk — B
Bz, AGE THELEhY . BN,
] I TAEIRESE 2

HAFRNAZ T

5' 3
Fig.1 Diagram of the smFISH
Bl smFISHEEREE
FUEARIOCER, FMLARFRIRE . SRR R MBI
AURHE ] HARRNA TS FaT AL .

H smFISH &5, B ARAE RS 4 2145
LA RNA BRE ST, IR T FRATIX FE R 5 M
YT RE R BRAR 1 REIE SRR S RNA 43
AT G R B A% RNA R TFRE TR iaste . |
HR AR R Z B, B AR E R E 2 5
mRNA Fr5 25 G e bR g &, I ARXERE oy
A9t S R IR B mRNA 41 1S KT,
Raj % "' T 2008 4F i R 1 S&ill smFISH R AR I 5,
SR A [ E A0 P 48 AN bR AT BRI AT
Kl A~ mRNA 70 F o FEIZ TR, Raj 4515 e
FH 96 {37 /=738 it DNA & 4%, AR, B4
PREF R 291K 20 bp I 76 3% FH BAAN 26 AT 3R 47 7¢
Jebric GEE B MREPRIC— 26D TR
FSmRNA 5o HR, DR EME T 0 4
A A 65 6 11 (GFP) mRNA [ PH R
, It GFP mRNA 3'EBIPE X (3-UTR) HHA
R2AHRBELE TS, fiH] Alexa Fluor 594 %) [A]
5 A8 TR EX 5, 17 GFP mRNA 4
TIX, [RIRHE R 4 A5 DU R LS B (TMR) 1
¥REF, #0% GFP mRNA 3-UTR & ¥, 2% )5
AP XTI TSR, RS EEAR y
XPRIURE AT IR o IR TR UKL 43k B GFP 4
PN BEET, UTR FR S PERRER R 2 A0 60 & R
Bf, 455K I 85% 1 UTR K+ 5 GFP R 14,
81% [ GFP Ki 15 UTR i T3 27 . Raj SR 256
TE BT FH SR T AT A DU P V2 5 SR AR A K
Pk, il 2 A AR IC BRET RERE T A A1 S
X5 T 3 2o AR U LA HE B ) mRNA T
o MHLZTE, HHZAPRICERE LT X5
TR RS G s AR S & FH R S PR
PEER BB 25 5 0
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2 smFISH¥ REFR 1%

Raj SF A B 57, R A2 #F T smFISH #Y
SRR, B smFISH & 26 A28 18 SC8E W bl
Z B K . RS AR E . Bk, Ty
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AE.RAT, Ve AREL. T BREI AR RNA
TR E R (K2) . (BEEE AR AW,
T BRI AERLZ W BRI, 3ELUE N
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Fig.2 Experimental steps of the smFISH
E2 smFISHRKLGRTE

(a) fE12fLARNEIE SRR 18 mm AR BE SR BT EIORAAN, JH1 ml IxPBSUEU IR BEATHEY ;

(b) AT mly F EE-FER (MeOH-AcOH)

[#8 5 S AT 2 AB AR A s (¢) AT mITRZS SR 2 IEMF 5 2~5 min; (d) ZEd6 A4, AT, HEE100 S AR Z b

W 137°C R BOEMFE2 h; (e) PBSEEIRGDAPIE QLA ; (f) WRUBIEBIT EIMA—/NEBZOCH K E 77,

L MMEEIT; (o) SOLRMEBINLGS; (h) RS HEFT T

2.1 FEHERMER

smFISH JUT FH 14 SEAZ 17 FR PR 2 — il FH i B e
A Y DNABREHR G Y. B S R o T 48
Al e 5"l 3 FH A S BRI . R RS
G ARG, FEUE R T WEEAE
HARP Aot 52205 . b T #a P smFISH 3k
ATEERSE AL, (X RNA FAR HL A 5 B 4 5
PR CIR R B XN . AR R B WA 20 T
% R AR . WEFRIE . HE. GC & &,
TV o8, 2 445 K PO A0 ) R B B 5 1 RER IR TR
T PRIIE 40%~50% Y GC Frir, DLB AR AT i fR e
PERG SL 3 B AR e s BRETHR BE B AE 20~25 bp
oAy, INBUERET B T A U S B A SO RIE—
IFEREEARCR; WA ER P, Wbt
R FEWHEEL; FERA PRI iP5 [R]—

PiREE FIUE =ikd O

<50%, MERREFRARFERPES G . MRS
TR FERE R BRI i, RV N SR X 4
AREF AT I AL 23S, R SR AT R R
Bt (20~50 MR 8 75 2 37°C AR IR 2git
FE, TEfSLsigm ] i T
22 WHEERT

PREF TSR R 2Okt Bl Cy3. Cys.
Alexa fluor 8¢ Quasar 55, PIMEFEZEE BAEE T %48
RNA #4788 i, HAEMEE B ) & RSO
KEGHARINEING, IR S 2O YRR
smFISH 5L i B2 B 2N R . AN A
(4K B[] B SRR R A e LR, EFAHE RS
I I AN LA I ] T30 B B A BT KRB 1k75¢
HHER, DARUEAAHERCR o
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23 FELERR

FeZ e TR HREN SHLRNA S5k . sE 4 gk
G, (OELEPRERE R R 4w B A R IR R
RGN, IR RE A 2 T BRASRE R
FE 7 1) A H RNA 21 ABOBEA 10 R p A 43
GRS YRV 3 ') B W I T D E R G B o e
[ i 1 O € S 2 B = 7 N N S S |
FERTARPEFEAS P AL PR GG M B R GEE N 4%
ZREE) . FEEnE ., EEEE OF PR T
fb, EEI 4°C 254 AT DATE A [ 2 i R AT
RNA ") &, b, BRI ET RRAZITR 27
BRI, Ha Sl e g, Bkt
Al B B K SRR S R b R A, R
IR T ING A MEA (FIIRNAZS S &)
R, MEfTERS 4438 7,
24 BEWwAES

FEAnT LA 7 1% ) R U R A2 3 5 5 IR
il ATV f i RS R RBTE O PR 5T
AR, smFISH 3 o RKARTTIH s Y
W E MBS S B R RN 008, UIREAS
HUBR AR SY B 1 B 2 RGBT R A 1 5
J6o BB, 7EsmFISH S8t firp, EFxHas nl 7
VAT T AR OE R SR, B B ARG ] A
RS IESE . X FHERR LS A M R FE 43S 24U
HI AR BB, GRS ISOK 3 F LD SR
H I B KA R AR SR ) w0k AR
FF oA skl B 1 BT D) fE £00RS + DNA 8 tRNA- (ffifR4
AR SRS AL R) DIR IR 5906, kst
F AL R VAR ] o B AR A se (AR M 4 rp &
BRALEARGE T, UK 55

3 smFISHfTAR A

Fl smFISH & e LK, 22 RHaus# I HR
FERUR T A N SRS AT AR A TR, BB RS TR
i RNA R R, BEE SRR A, 52
5 P 10 1 3 B UR BT 5 TR S5 — RN ZR T
e, K — RN AEBARPARLE R B, XL
TAEBARTEAF MR . 8 FPE SRR J7 1 X smFISH
AT TPk, HE—2DHEdE T smFISH )32 H o
31 ZX 4 KM (hybridization chain reaction,
HCR) FISH

HCR J& i Dirks 1 Pierce ' F 2004 4F $2 H 1)
— PR A AR SRR T B R . 7R IR HCR
FREE DNA 5| & il & T SR TiE 3R &9 I WA~ &

Je Z MR8, FEOUEEA ST 21%0a 1
A HIT I ZR AU E BB A FER . i T LA
M JCHE AR OBCR R R s, HCR 3 9 FIE#
Tl A 40 42 ORI A W B 2 AU ) A5 5 TROR B AR 12
20104F, Choi s ™ FFR T —FEE T IEALY 5
HCR W Z H 9 2428 ik (K13) . it ik F
J7i%, 5 mRNA SEAR B AN RNA BRE i & 5 X
N, Hod e 6 FI AR RNA & Je [ 241255 e e
HRGY) o KLY IEGR A T iR AT 51
fifi 24~ HCR JUK #5% BB HE 7 [7] — 4 & rh [A] B 1E 28 T
fE. HCREUR A WRERE W28 . S50 LAl
WSS 0L, AT LR E A B 5E o 22 i
W T TR 559 A R
3.2 SeqFISH
hybridization, SeqFISH)

20144, Lubeck 5§ ** & Bt SeqFISH 4% A .
3 45 %k 40 L P A mRNA S 24 58 | G FTE Sk 3
BT I gt (K14) o 18 R e gl i
SRR, mRNA R 2O AT R BB FE 258 A 4%
raur Lt SIZ R IS T At LR SN
MG THOR, WAER S HE A . Al —ieaessid
REep, G — 21 FISH 486§ 1) 45N F5 SR H o
— R DO IR EE , B X FEA AT K
&, mJe MM EAZ R IREG 1T (DNase 1) AbFELL
FBR FISHET . 7EBEIG I—48H, mRNA $iAH [F
() FISH #8251 2428, H LA AR YeRbric . an
W—X, FICMRECE T L Eh FY, o F2ee
JEHT AR, NAZAACH . Bl 4 Fhgest, 8
KA AC RV AT B SR AN SR 4L (4%=65 536) Y, S
Eng 45 ) 7E 0L 3 it I P64k 5 SeqFISH+ £ K |
SeqFISH+—IEHEAT 4 #E UR GwAS, X T4 —4E AL
B IE IS 20, LA, 5% B A5 18 o
AR INE] T 34 (640 nm. 561 nm. 488 nm).
TEAE SeqFISH+Y 3L R 41 75 35 AN 25 ] 4y B, Bi
A H AR R K AT ST . B4k, SeqFISH+Y
HE DRI 20 2 7 i SRR AR R P R A T 2 i 2 A
FESEIE R, SRR Y 2 (1) 6 DR 4 2 LR
T4 A2 Wit
33 % Eix = & E FISH (multiplexed error—
robust fluorescence in situ
MERFISH)

SeqFISH BABA AU S 155, 3 AT — ks
I mRNA %, HIHERE 50 75 Bl % 2238 50 5L
FIREINEG N, 3% {Hi75 SeqFISH B & 5t AERT, A

(sequential fluorescence in situ

hybridization,
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Fig.3 Diagram of the HCR-FISH
E3 HCR-FISHREHE
(a) RNARIAERIEN R ERNAG KRN A B TOCY MR EW . 7% (initiator) @ SRR 5 R IHILE G, 500 SGTBATIT
RIGE AL T AEBE “ox-b*” WG . XAV AN 5 R 245G, N9 3R, FTIF RIS it & 55t v Br “b*-a*”
WEEY . WL, SIRFIFIBRE, A NHIMH2R G BRI EE S B T30 . (b) KB Be. K45 mRNAE AR 2%
28, SRIG AR FHAERE PR . (o) ORI BL. 51 fil ke R BRDOGY MR B H AL, SRJF MFERL PR AR I Acde . A&

i Figdraw#: il
A AT IRET

@

Q

_— _—

T DNAse [ P

N RNA
B1RAA "
mRNA

W I OTObMRE WHAEIOLH R
L)
o0
A HENUAE
mRNA mRNA

Fig. 4 Diagram of the SeqFISH
El4 SeqFISHRE=E
FERF—REAAE T, AR EASC 24 RER . USRS B B S BRI (DNAase 1) AbBHFIBTRET . AR B9HET PP 8 T AN IR A

HIZRAE, (HERETHIE AR IO LH

It Chen % ' J1 % T MERFISH, ‘E454 T AT
HHARMIL R, FIHAGHRE . BEREH AR
PRI i, JFE s R SRR T S T
Pric AR, BRI SR N B IIRE, AT
AR BRI, ez R, B—iehrid

X} RNA [ —ASFHEHAT YA, WS Ae &
9%, WIRNATES —figrilh “17. WAk
PN, WAL “0”. IR FRIEER e Iy s B A —
FE L IF PRI S AT RS, LA SHE . %t
FENRE G P ESE , RV RS i A bR
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RNA M EE N &TERS (5) . af LLAR Gt 7]
TE BN REA R K B RNA. MERFISH A5 244

WA R B SR AL, DA LA 20 e
2T RNA B i D%

| mRNA A AN VA
1 BHRZ N N O NN —O NN/
) s mar QX manix NN\
y NN Y Ny N A
—O |3k
LA
11000 ~ W NS
00010 W, W NN\
01100 W O— NN O Vowo
1001 -1 <€ —— — —
: WA T BN AN Bk NS N\ S
0010 -1 JJ

NS

NAN

Fig.5 Diagram of the MERFISH
5 MERFISHREE
FFRNA%E FYMERFISHI /R B & o B RNAE S H~192 4 G R ARic, BT RNAFGAC 32 P I ARR 2 £ o XS 4Rt 4
AL F — A TLORNASE [ X, PRI I)T S, X287k AN DR IR, B4 PIE SR AR U G Fe
RNAYIF SRS B N B2 P 9 A4 ARG, SR L PR N THXRNARGZ I 17 942838kt BES MNES 526 BRET
238 LT BRI EE T3 o 456 ARET 1 % 2 LS 2 38 =22 )3 b DG 1 i 20 o MARGR LB P i —F R i modified HD4 code (MHD4)

BB T BT

34 = & ¥ i FISH
fluorescence in situ hybridization, ClampFISH)

HCR 5 ARAUMER 28 38R R AE S, JF Hasw
= 2 BRI 0 RIGPE . MR T e 1 DL 3RAS:
B AR I A I 2 2 BIRHERCR I, T3
PomoOR — It Rouhanifard 46 " & B T
ClampFISH #{ AR . 3 & —F AR AL (14 45 £y 14 5
%, HAmARMEE RIRCR) . B & s
(fF 5 mR) MR s (IR &) &I,
ClampFISH #REH7E LI SURE ) 25 H AR P51 2 58 i
e “C” MBYIE , HOR Sl A 128 s i Al
(Hd (D A & Z Y-S, CuAAC)
B, QNI ERERS A RORHR ST BUE 1R H AR
JABIFB7 R R EY 3 WA e (Kl6). Mt
A1 ClampFISH 2.0 t7E 2022 4F [m) i, 38 1 58T AR
BRI O3, JORFEAR TR A, 2
e TN, RIEER T AR S A
PR, BRI 2128 1815 S 0T
U RN Z AR

(click—amplifying

3.5 RNAscope

AT 2R3 RNA JRA 2 S8 VR 45 0 24 vh
EPEE R b, FIAnAE 24 28 /T4 1S mRNA $E 45
ARSI G, AH R TR 2 05 SR 5
FE R RN, I ELAR S OR A 2 A0 I 4 e e
AT R T (5 MR L Y s . PRLEAE 2012 4F, Wang
& 0 JF & H RNAscope., 18 AR B O A T 38 1
i TR AR BT T SRS IR T 24 38 R S OR &
LK A SRS B[R NI 5o WA AHSR
“Z-probes” 5 HFRRNAF W5 4G, BRI R
E R VA SN £ S <131 Sy U U BN (55
A B R R S R R AT A, B TR
ATE G RARAS AT I o3 B B PR 55 1Y e
DL i RABUE A 5P, {8 RNAscope EA R AFRY
BT (E17) .
3.6 4 % X FISH (split fluorescence in situ
hybridization, Split-FISH)

AR TREE, IUET A AR e LR R 2%
(1) 20 ZURA 8 A A 0 B> RNA 43 (K Goh
& PO JF & Split-FISH 4L AR, i 73 248841 ke 52
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Fig. 6 Diagram of the ClampFISH
El6 ClampFISHREE
ClampFISHI BT SI0IE, (a, b) IJICuAACHClampFISHIREZ5& FIZEHR B . (¢) ClampFISHTAEWRE, I THER—FeAess Pt
POLES .

FrRic e
N

= BT PRI 4 A 07 05

_i g0 0
1 o0 loo
szﬁc%fz« Eﬂﬁ;ﬂi% 1 ocoleo

Fig. 7 Diagram of the RNAscope
&7 RNAscope:R= &
W ZAE (ZEBRE IR — B K 2918~25 M i )74 HHIRNAS T #7438 5 MKk 1;.73)55(?(%? (ZH % T2 — B 144>
PR EERYIT A, P ERET 5 1 04 ToU 0 1 1 S (R i — B 28 A R I 45 5 X, T S5 S ORI P 912456 ) FibRicRst s (55T
fb: FE0 BB s 2SO LIS R e T RIARIC RS ﬂ*AElﬁ‘RNA%%Ux*A,'.L\‘R'Hdﬁ%%?DJCEEﬂQ A&l i Figdraw 2 il o

BUE SR WP B ot —BoraUPs], ol g s e,
SR MRS IR AT P91 2 [ EANRC o iR
I SRR RET 45, A X s

FRET M RNA B (7 B 4430 A A SRS 00 BT R

ML, GERF SR EN A RS A AR RNA, 2 _/%mm
i SRR SR A1 Qi iéﬂﬁﬁ v
(FE18) . Split-FISH Ay /15 598 't B f P 4 TRa TRa

BIEEYE AR VS BR A St BE RS U1 /ﬁfﬁfﬁﬂﬁi’%%?ﬂ% Fies D  the Solit_FISH
ig. i t it—
ST %07 B RS PRI BUBE Y A op 5 4 8 Clermo eop
ES Split-FISH:R=EE
W (Ppl. Spibn2. Irsl. Notch3. Osbpl8) W yrysimet fusplivFismist i9 HaR & . b B TAIHRNA
KK, R T E AL i Sl 23 [T AR GRBPREL . R ERICIIE R FIR RS
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3.7 ¥ KFISH (amplification fluorescence in situ (Adaptor) . if AL #% 5' ¥ A — B PR R O B A
hybridization, AmpFISH) (Toehold) Y7415 HAs RNA 73 08 Bkh,
smFISH BB 7250 WU sE PRI A s 18 B PIBLRE S P SRR B1 FIB2, 43 3RS Bl &
HORZ IR ) 25 () o7 B AR AR, (HEH AR TR B —BJP sl Exb. 1B K5 Bl 5 B2 M A 36
RNA 7§ (>3 kb)o N THESIE T WRX—] IROUEDNA. Z )R DNA 25 il & ANTP i
i, Cao%§ PV HF & AmpFISH, X2 —Fuladn]  frRWVJG, PRBUE DNA i Ge42 TR 1 L (5
7 % 8 B P #  (controllable rolling-circle SHOR (F9) ., WF5E T A EI7ENIHIT2 40 &
amplification, CRCA) il % K H¥.4% DNA % 3 1K K I EL A A [A) 2 38 7K 19 4 Fp G S AR (ActinB
(long single-strand DNA concatemers, IssDNAc) [ Lox. Txn3 FlSla3), UEBH " AmpFISH WA R A
Tk MPREE AR B EANDNA EZITIR BRI T ARG
¥ 80, 43 5 4w 44 80 (Padlock) 13 BT #%

FEB 3
C C
SR \\\
5 A ERCES A

Fig. 9 Diagram of the AmpFISH
E9 AmpFISHREE
IssDNACHEM S W 7R B &T o HEBIAS R3S A RL H AR AR ] LA B AMbZS & BE RO AR 193 0. 36 P ok, FEBUE T DNAERRGETES FI3 3 E HE LI IR
— A IR & BC S S DN AT LU A i B D TR S AR A T

3.8 IR 4k FISH (circular fluorescent in situ WAL fES 28 b T fgPeX —75 K, Koppula
hybridization, CircFISH) & IR T CircFISHE AR . 7RI & rp i 4

AR RNA (cireRNA) J&—F1 55 RNA, 8 PURAAOERET . PCHREFIPLARE, PAFRERET#HARIC
fiRi&, circRNA FEFEAIMAME R, xR T AARBAERDOEH . Z51EEE circRNA HhAL &Y
ENEMERGEN . OIERAF 2RSSR AP RN PCHRET AL BARIK S, Wi T4k
B A BERF D EP R RER 2 TR PERNA TSNS F1Eh PLREF AL AL FR, el
Z K circRNA 526 PE RNA LM R 50, Brbh a9k i ABe g B mT [a] it o f AL 2 vk A IR TE 5% 5k
LD CFNT I AR RE B T IX e tEf A (E110) . B4 CircFISH 7] 5 i sC4 AR 45 5 fif

ZNF609
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Fig. 10 Diagram of the CircFISH
E10 CircFISHREE
8 1 CircFISH R M Ak circZNF609 . T2 AR K ZNF609 ] i A2 (1) Circ FISH R 18 . PLATPCERET 43515 ZNF 609 £k M A B I A 454
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L PASEERIG RAE S P circRNA B EE R AE . 18
W HOTIEMFR A ORI T 3 Fh AR R A4
Jifl ZNF609 RNA 43 V- ¥4 %5 . K I CircFISH
AL T[] i 4 0 B 2R cireRNA A 2H 2R
FRIRMZE ST A, I H AT [R B A 22 circRNA F1Zk
RNA 5 Antsiz,
39 = -FISH % T
hybridization rainbow, w—FISH rainbow)

TE AL RN 7 FNZS [B] 24 2 A WA, TR
FUA o R U AR e B IR A 24 AC BOR
S FH TR I 4 RNA A A= 9043 F o 2023 4F
TaoZE 33 JF % H n-FISH rainbow 5 A, AJ DAE L))
FIKSF E[RIHG I DNA, RNA FI&E AR, 125 %
T —Fp n-FISH B4,  PLEREr th B 7 51 41

(7 —fluorescent in situ

B, W R XA B 2~4 N B AMIBIERT, 7ETE AR
“n” —FERYF RS WA LSRR RNA S5 2 Al
=M =R U RRIRE Y 1S5S, &
TR R ERET 2R EN X H AR RNA 2+
raldife (B b, A A FE P E
S %4 (n-FISH rainbow) , WF5¢ % 1l 7E—48 5056
HSCE 2 2 AR TR . a5k, Tao %%
ff 5% T HeLa 40 }fd P K 9E % #% RNA  (IncRNA)
MALAT1 %) . 4 A & 57 o 40 A B o 3k B 1
MALAT1 7£ A [R] 240 Jfd 649 40 160 A% K 44 B 5 53 A7 5
o n-FISH rainbow [ = AR FER S E itk — 25
HEAEY) o F IR I E R i A& J'é . HET, n-FISH
rainbow O SEE =V AL, AHOC FISH B &K 12
B A RIS W AN AL Rk 2E 5T

N O:c |_| %I_E gl_]%

AN —H AR

SIRNA IR EL

ZYRET

=2RE 5 4Re

Fig. 11 Diagram of the w—FISH rainbow
El11 «-FISH rainbow R = E
n-FISHEM BT /REE . obiRE SHIRNAZ G o ZJA M 90 = RUIBORIRE R W5, a5 il B OGRS A2 ERET

Xt HFRRNAZTF#E 7 AT 4k o

310 5 i@ = smFISH
smFISH, HT-smFISH)

IEHT smFISH (1) —A™ 3 2L Fa i 2 X LA LA Hp i
s EREIE M T R, FEIEF A A
DGR BT AL LA AR B o Ry ol A LR )
Safieddine %5 ) JF % i HT-smFISH #% K ., HT-
smFISH & 67 it — DSz i, X2 —M
510 000~100 000 41 XA [7] RNA ¥ %1 i) DNA 5
BAT TRV . 2 5 7F 96 FLAR (i FH i 48 PCR Fil{4k
B S TR I — i RNA (09 B0 S R 44
I JE FE AL AT R 2428 o BT IR A 4258 HE
96 FLAR AT, B i R B GE T E] R
smFISH i (&112) . BbAah, % B it i P B
P AR T 4 RNA R4 06 BUSA . HT-
smFISH T 303z 1l T"HeLa, HEK293T. HCT116.
RPE141AE, MINFRIC T AR mRNA 7645 F 1 40 i
(149 78 A8 LA K /N BRUA 28 8 1 () NSMF mRNA Fl/ B
SEHAZH 4 Fr R ) KIF563C mRNA 17

(high—throughput

smFISH J& — )3z fft FH %) 5070+ UR HOR
REME 0 WFoT S PR 38 KL ML . T A FR
AW & B R T L L (1), RSk
MBI BAR T AR R T . MR k25
smFISH i FHAR J e MM &, PR IiA i K
JEE R A e v E i RIS B 4R o T B smFISH T 5
HA ZHEAMRE S, FEE Enl gt T LT AIas a)
SE AN R ZRHI2E 78 rp () 22 S ek oW . SRmT,
Tk SRR R e T AT I % S TG
I, I FLR 2508 s IR Ll R ) A4
2SI AR TCIA A X e T H B Rk — R 5]
] L] FE B 40 M T HAL B smFISH AT 2E H AR (1)
K& Eam e dE . ) W, Maynard %5 P R kKT
dotdotdot———F B X HLi& W7 P i i) TF 58 TAE i
T, HEA 0 8GR S Mo i S e e 6% FH TR
TN 2Bk smFISH 24l Hh A 414 F R 2, LU
B SR G BRI . b AN T g 2 E B
dotdotdot I3 A T4 R BRSOt =0 . HA ISR
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Fig. 12 Diagram of the HT-smFISH
El12 HT-smFISHRZEE
FRIT DJIE ;U RNASERR S BRI BT IR . 85, TPFIE R L RS (Oligostan-HT) HYFIA, FITAE M =L MLIHREH 4 LB TR
0, SRR RET LA ABEDNASERCT TR T WA FE E IR SERZ TR AR T o X SESEA T R T PCRYT 1 ARG M S A e AR SFERNA

BREFAL, X T il mRNA LSS, MAEFEoofLi K, 0T EHIETEO6FLAR FaEf 7 IR 243 M5 . G T LA 45 Fh T HL 4 T gk
53T AE FHFigdraw: il o

Table 1 Different derivative smFISH technologies

#1 AEsmFISHETERARGTEBR
kX R P it = 3=
smFISH 1998 A4 SEHL LT AT AL WAL, Rt
HCRFISH 2010 FEEANM. ARAR. LU R 20f5ESTROK, ST SRR 2 BB R IOR T RS 1 A
By i BT (4345555 £ M
RNAscope 2012 4, ARSI [E) Ny BEAT A5 5 TBORAN T S| BRI
SeqFISH 2014 4iA ALRCEE, AR R B Bt HL e
MERFISH 2015 #ifE IF [, ARG RNAZAE (#4544 b ml B8 TG I%HE
ClampFISH 2018 #tiff, HRUIA A5 &, BIMGEE FoKF,  TRERE DLE L SA A
N
Split-FISH 2020 4iff, EARMIALY fRi4k. 2 BFISHAI A % 7 & REF LR R E
AmpFISH 2021 4iffa, HAY A [ B A 2 2L PP M FISHAS 5 M98 SEEDNA KNS 587 KR8 1A 15
EAE DS RS P —L i
CircFISH 2022 4f, HEDIA [X 73 £ HERIFRRRNA FRIRRNA H] R 2> 75 5240 0 rh B i
n-FISH rainbow 2023 ¥ MY AHIEHEN WA @EEHEH PREF B e FE iRk
W AR
HT-smFISH 2023 4if, HLAUH =Bk TR Z

LR M2 G SR RGN, e T
A [FZE R smFISH 8088 i 52 v . ikdh, i
A U0 FISH-quant v2 ', T smFISH RUZ /4 14

AT RALHAL T R FRVE T o A A AN 2
Kl 7 B RNA, Ml 4R R RNA TR, SIERNA
TENAREI, TR KCF- AR N A9 A Al aT
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LA 3 = N d e T S SE W R S A
Mr, RR$ER TOoMRcE. KkiEgmtr THIA
BT e St (T smPISH A B hnse 3t

4 smFISHTEEAL £ F 0N AR

4.1 smFISH7ERNE & ¥ = s 9 52

JPRE S PR A 28 AR B BROR B A B . JRE R
TERARATAAERE (BN, EReistfs 516 it
AMAET . F AR R RBNER . 51k
FifrsE A1 0 S A DA Sk o B PE R 55 ) TEANIRIRRJE I
ZREC P T e i 3R 5% (tumor microenvironment,
TME) F1ER 5. TME H A7 V5 22 A [R) Fl 2 4 21
M, A5 A FE TR S RE T AE R T AN Y
DIz A DL SRR AN A A AR . R re
TME HEA T fif HAR R o 5 25 )6 B 22 G 2L
smFISH 4 RS —Fh R AF i o Fre (0 FBE, REXTA
JL o B A4S RNA BE AT B 82 1 27 R d
smFISH 5 HL4H g RNA ¥ (scRNA-seq) 4575 [H]
FEES ) R X TME o 20 i e A AR
123 (8] %00, B PRAF . 9] 40, Massalha 25 2% i F
smFISH %riE | JCH A AV SR IC Y Y R08
B T BRI T i 17 R AN, AR T A
Mo P, T 1 s A1 o A i 2 el A AR A o

FEad R LA, 22 DX sl e A A 20 e 0
AFH, MEA S BPE (intra-tumor heterogeneity,
ITH) 7EVFZIAE ISR AR AR o, SRTAT, XSt
FIPEARF-B B — A HE R R 214 LT
PARAT FAS AV v o A 25 ) RS RN R ek A= 9
PREPIAER AR B . 2R, RAEZOLRN
A I ERAS £, ARHOR(T DA LT e
P RIGE, 0] LIS AL T DNA FI RNA $EFR7E
oA A U BT R R A B . FE RNAJZ T
smFISH REA% AT WAL . K 6 (o7 45 5 2 40 i A
HAUP AP RNA 70 F o Rt Semrau 55 07 i i
smFISH b 1 18 M 240 A 11 15 v S0 il & 36 1
BCR-ABL WM N4 sk 55tk , Barreca 55 1 #fF5%
T UB PRI R AN R P e R AR 1 SRR 2R 1 4
i ) 2 S . S Bl smFISH X —F5 AR, ITH XHEE
MVE B ERA T —ANZ K

i 250 S R VAT T Y B A — . T A
RS e, RIS A A R AL ZUN,
N2 AR K - 2 BRI A0 R 24 M A i
22 smFISH PRH: AT 4G I 1 X 43 9 T RNA 53
TR LTS, B T B I S S i R G T 3

2 0 Bihn, Kim %5 ) F) B smFISH &1k
T RN R R B M (PKM) I U 7 B4 i 7K S
b 20BN 22 SR AR, DA R B AR T i
PR AR A ARAG Tt 25 P B9 /E o Shaffer 55 ) 7
25T IR R £ 53 RNA FISH XS5 T4
PR Z2UR AN I P E B S PR B mRNA E TR
U AT DUFE AR A KT L S R 2 2 SR AR S
P, DT L0 PR S 24 i e 2 S HRPL AR T o 45
I, smFISHAER—FiGl RNA 4378 4 i e for
MR MHAR, TE AR AT FHERE T iR A=
(R % J& o Ao T FH smFISH 38 Br 40 vh A 56 g Jik
HRE PR RIR, FERMASE v ) 5 #EA T SE LA
W] B AR IR I L S B i S SR, S g 2
Y R B 2T -
42 smFISHEZ BAEWMFEHHINA

smFISH £ A A8 QI LK, siwiis HEAT
R TR, A0 & B AR G SE R A9 2 Sk
JIE A st B g e A i P A A D 3R
ik 0 SR smFISH # R iz e iE T A B A+
R, MZERSTKELEATHEIR -2
5

XTIk, FER IR SR R AN
AL A T SRR, R E I
() 3% 35 38 W T 2 K OF b a2 206 40 45 .
Robinson-Thiewes 25 ' M{gi ] smFISH ST T 75 1
BT H 3ARSFIEIN . mpk-1. lag-1F1lag-3/sel-8
MEBRIE. HEHRST RNAEMEAR, WFRHE
RIL, 75 N BT B A E A RPN [R] () 35 M s 7
45 (active transcription sites, ATS), Jf1A°N ATS
(IR 4 AT RE SR R B FE DR R R 0 DGR, BRIk 2
A1, Phillips 45 2 B I FH smFISH A5 i /)N B sl 21
AEA M B O BB S SAS . Rev-erbar (Nrldl) |
Cryl fllBmall, B7EREmFFAZ OB EEIE )
mRNA J3 A qnfaf 7 e 2 J i v i 4k, 3l 5 smFISH
AR R I A2 A B BT R R 2 AN [
) mRNA it SO HAD R R T e o ieoh, A 9ik
ANWIIE W IR AR, X AN [RHIA A A sk B i AE
B CEEE . A e — Bt [B) A )
Je BRI HSHOE B I IR R R i kil Y, |
AR OC T i Sfac A2 i R Z Bk A i 5+
M, R Ferraro 55 % S8 T #F—20 T A% LA A3
Nup98 X2 By AL A DTk, {8 H] smFISH kA6 £
T 52 5 8 T 28 T A 2 W0 R U 3R s R 4 L 1 5
2%, K smFISH 2 Mr S8 EAR A SE 5, 15
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AN T AL FARICRAS BTG A SR Sl A
TG ERIAEICAZ AT R 1548 .

B A O A i DR 2 2 AL PR ek g v 4
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EREE NI ), ERWR AT I N E
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W S B R T R DNA %% 6 1+ LINEL, BI,
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FUN R B AR % BE T sl A8 A8 AT e €8 51 23 ] 37
BRI R

Zi b, smFISH7ER B AV ol - TR rE
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[0 B . BRI K T % & AW~ 1F
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A BT 58 52 37 ) mRNA R T B 4 25 0 ] 98
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A, ATHAL T R AT R g K ik o Y CaMIKIT mRNA,
JE7R T mRNA 76 B 4 & %t # 225C (mushroom
body output neurons, MBON) #4571 (1) =4 g fif
HE— 3 F B CaMKIT mRNA B 72 i T MBON
RigEr, s, Mook F B E—
A ) B0 5 R B A B R A i R eEF 1A AR 44 1
(eEF1A1) Z|eEFIA2 44725, Hitk, Wefers &5 =
i i smFISH 4387 T #2270 eEF 1A ZE R eIk 11 4
MR AR RSO AP L EEW
H Z AR R T 2 FE gt IX AR U N 75%, FF
HEMEA AR 3-UTR 1 5-UTR [, K 8
T 38 AR 5 i eEF1A A8 44 4 o) 8, vk,
smFISH ] A6 0 [51 5 201 B+ 90% 1Y) mRNA,  Ff- 2 it
FO T BRR AR i e & . I, il ad smFISH
AR T B X 28 mRNA ZEM 2ot h Rk g i &
FRPER S —

smFISH £ A X} F A58 5 [H 3 38 Fl mRNA K€ o7
AR TTIALRZE 0N I mRNA #8578 T ik
PRVERENL, JHERE SR . BIEALE s T A SRS TE
S IEIAT ARG BRAE Y A BRI AT &
JES I, AAS K smFISH S RIFFE # 28 e KL K 5
ik, FRSEE RNA EME L & o R v 0 /8 FH S5 1
o R RIER
4.4 smFISHZEEYF=HREIN A

TEAEY) . smFISH 1 5 FH 400 B I i 40 ity
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1 5 2 i 2A  (phosphatase 2A, PP2A) f) mRNA
FUHT ARG SEARTEAT TR . X —BFR T, TTRE
THEYIAKOE | B4y RNA (R i e . R8RS
i Lt ALm LT gkl — R & KL T mRNA 55,
(BRI 2R HA R RRR NG R, IR 2RIk
ok AR 50 A & 90 LI RO GHE
SN RGP A AN R, PR
FEEA —E AR @ A, EAERSHE A
MR SIS . T X AN = R
AR B Bt Ty i AN W E & o 4N, Huang 55 '
¥ PIPES. HEPES. EGTA. MgSO, 4 ' 2% itk 51
ABEEATER, VAT T B4 ) 20 B Y 2 b
AT | T Lt o0 0 A i 48 SORG AR,
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HRBE R T4 B p AR Tl AR i 4, iz ™
A AL T B AT smFISH &2 543 BT DT P A%
—ERE N H R ARG, K
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PRER R R IR . (HAE Y R 75 2 mRNA FIEE 1Y
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AL BENEH TR IR RS . YL
S RF ARSI B 1550 1, R Ry
B 38 L B A i e 204 T TR, B, &
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Abstract Single molecule fluorescence in sifu hybridization (smFISH) is a method for imaging single mRNA
molecule in fixed cell or tissue using oligonucleotide probes coupled with fluorophores. It can realize real-time
study of interested transcripts by RNA localization and quantification. smFISH is widely suitable for many types
of biological samples such as cell and tissue sections. It was invented in 1982 which opened up the application of

visualizing single molecules. However, due to its shortcomings such as poor binding specificity, Raj et al.
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optimized this technique in 2008, using 48 independent probes that were separately coupled with fluorophores to
locate transcripts. In contrast, methods using multiple labeled probes can distinguish false positive or false
negative results due to a single probe misbinding or unbinding event. However, with the continuous application of
the technique, it was found that the scheme still has many technical defects, such as low probe specificity, weak
fluorescence intensity, low hybridization efficiency, and high background fluorescence. Since then, a series of
derivative technologies have been developed. For example, HCR-FISH is a multi-fluorescence in situ
hybridization method based on orthogonal amplification and hybridization chain reaction, which significantly
improves the problem of weak signal. SeqFISH amplifies the signal and reduces nonspecific binding by
continuously hybridizing the mRNA in the cell, imaging it, and stripping the probe in order to barcode RNA.
MERFISH utilizes combination labeling, continuous imaging and other technologies to increase detection
throughput, and uses binary barcodes to offset single-molecule labeling and detection errors, with more advanced
built-in error correction functions to effectively improve the accuracy of results. ClampFISH uses biological
orthogonal click chemistry to effectively lock the probe around the target and prevent the probe from disengaging
in amplification microscopy. RNAscope amplifies its own signal while simultaneously suppressing the
background by using novel probe design strategy and hybridization-based signal amplification system. Split-FISH
uses splitting probes for signal enhancement to accurately detect single RNA molecule in complex tissue
environments. AmpFISH achieves imaging of short RNA molecules by preparing long single-strand DNA
concatemers through controlled rolling circle amplification. CircFISH uses two unique sets of probes (PC probes
and PL probes) to distinguish between linear and circular RNAs. n-FISH rainbow enables simultaneous detection
of DNA, RNA, and proteins at the single-molecule level with n-FISH target probes. HT-smFISH is more suitable
for large or high throughput form of systematic experiments. With the development of technology, the subsequent
data analysis process is particularly important. Different analysis software, such as dotdotdot and FISH-quant v2,
also improve the process of smFISH. The excellent ability of smFISH to visualize single molecule of RNA makes
that it is widely used in basic biological disciplines such as tumor biology, developmental biology, neurobiology,
botany, virology. In this paper, we reviewed the basic principle of smFISH technology, its development process
and improvement, limitations of smFISH technology and how to avoid them, its derivative technologies include
HCR-FISH, SeqFISH, MERFISH, ClampFISH, RNAscope, Split-FISH, AmpFISH, CircFISH, n-FISH rainbow
and HT-smFISH. The application progress of smFISH in different biological disciplines, such as developmental
biology, tumor biology, neurobiology. Finally, the development prospect of smFISH technology is prospected.
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