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Fig. 1 Overview of classification, design and applications of synthetic biology RNA components
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AT BT HI Y fih & RNA DU 8 (A ORI,
R A IE S

Toehold JT- 5 FH 51> RNA BELL AL, 20 BIFR K IT
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Table 1 Classification and functions of key RNA molecules in cis—acting components -]
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TR G, BAREERY NI .

FLAZ HE PR S'UTR 45 44 1 42 5% s 20 O3 B 5 i
Borovska 5§ 7' & T —F1 £ fy S'UTR-MaP 14 7
L T A s A BN 20 B A RE K S'UTR 1Y
RNA 254, 454 DeConStruct HEZR , %77 245
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Table 2 Classification and functions of key RNA molecules in trans—acting components "%’
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S, BB ARl AT SR T B B

a. FETHLHI BT
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Toehold FF G AP e 4 A5 25 T % HL 3 371 1) 1%
Ak . Green 2§ ' 3l 1 X 55 — 1L Toehold JF 1)
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Yoo, Horb Ne6-H IR R i F 5 19 mRNA &4 .
XL X RNA I 45H) . Fae Y XD fgfr 25
We, I AE 22 g Hh 4 OC B A 5, . METTLL/
WDR4 & 4K 7] 38 11 75 miRNA B G-PU g5 A 45+ |
AINNT-H IS4 (m7G) &M A #F miRNA 1)
A i, JF H METTL1 (4 6k 28 23080 /0 let-7 Jil T34
PEANARIT RS 0. eAh, METTLL A AT LA i m7G
FH 5L AR A6 1 U 15 45 5 mRNA 1 BIIF 2GR . (H15 5%
HRE, — ROV 1 2478, RNAT]
BN B AR i, DT ™ 2R BE A fk RNA
(glycosylated RNA, glycoRNA) . /& — il i
N-BEEEAE I RNA 701 B4k A8 1, HAZOPLEE
5 acp3UVE MBI (7 a5 . PP 35k AT 1y 2 A LA R S
JL# T4 (oligosaccharyltransferase, OST) 41 &
1) N-BE AL . XCFHE AU 58 T RNA iR e
PR, BRI AR A S B A A ] TR
5EEME, VALK S 5 M kR R R 5 e Mg
PSR A Y 2E T RE

N T A% RNA B LA s A e 1 sl i 2 6 1 «
N T RNA M H A 55 | AR R SRS ul T
A% RNA #EATEA, NS W25 1 5 RNA 71~ 1R
SEVERIIIRE. BN, @it /NRNA (small
nucleolar RNA, snoRNA) 7E4FE mRNA 72351
PRUEWE (W), WA B HL A8 1 5 A R AR A A i

A W AB I TC SRS 7 W B M BE A (2 1E R Rk TG
Xt B EEME AT R AR - BRI N, X SRR B
T2 RNA B E PERBHIFAE Sy, i vl J i A
TR, ISR RNA ZEIR NG & 1 RAE R
TP . ARSI S %
e SHNE,
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2.1 miRNAJ R B FF 3%

miRNA Wi Ji 8 TF 9 I G il A 27 hoks v 4
SRR EE T H . @B R 1) miRNA 455
{75 A mRNA B 3'UTR, 7] DL EE S R
RS R RS, M RN RS A miIRNA I, %
miRNA 5 A\ T G A RN, 30
mRNA R ol B 6, A, 78 H A% miRNA
KA, LR FRELIRA AT S %P6
FEFRETRYT TP B I AE e

BTG WM S 2 ek, w R E il ik
miRNA M J . WK 79 B % %5 % (hepatitis C
virus, HCV) S'UTR H1[#REK miR-122 Z55 v f8F
e f HoAth miRNA (41 miR-155. let-7a. miR-20a
) WESEAI, ARSI AR [R] miRNA 1 )i
R ik SR VE AR S E A 21 4 sl 40 i 2 R rp R
miRNA 1) & 35 1% 0 5 1 circRNA (19455 5 1 32 15 1
PR, ANHE R A X B miRNA A #0438
circRNA [ FHIES IR & 44, WA ROk #E 41
MR RSS2 R G I
YAt U8 miR-155 M i Y circRNA 31 R 3
LI 2,
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Fig. 2 Schematic diagram of miR—155-responsive
circRNA design
E2 miR-15501 5 EcircRNAZ T REE
FHCV S'UTRHRSZRmIR-12245 507 55, (S1/S2) B ymiR-155-5p
PP F, SEEmiRN AR 0 B ERTG o £1 6751 A miR-155-5p,
RAATH R ElE 5 HCV SUTR,
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2.2 circRNARJ TR
22,1  circRNA # 47 19 38 2% B K 3F A L s
(internal ribosome entry site, IRES) 7EHHEIH#E
KA EEAE

cireMyc 1 1 IRES J¥ 51 & 5 T c-myc 5 R
S5'UTR, 3R R AR IRES 16 M . Bid ik
5 ¥ mRNA (4 PXK mRNA) f#% 5'UTR #1 3'UTR
DX B AN XS, fE 2 mRNA 5 4% AT Ay
454G, MR EIEHCE . Ak, cireMyc [ IRES
DIReM 7 F miRNA P45, En T HAE R B 8 i
W TR 1, K378 cireMye 25 #4388

'mRNA
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<

N
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Fig.3 Schematic diagram of the domains of circMyc
E3 cireMycH &g RERE
IZFVIRRNA  (cireMye) 4385 AN CEEDIREIR:  PORRRIACHE AL
& (IRES, RUMEED) FZhiaEk (BD).

2.2.2  circRNA 5 mRNA {4 5 1F F 45 e A
ik

circRNA 7] DL 13 7 - miRNA VA 245 ok 18 5 3
KNF£k, PR EMW, circFOXK2 v i i H 3 4>
ELAVL1 %5410 &5, 48 3% RNA 454 % 1 ELAVLI
PN A E A DL (cyclin D1, CCNDI) mRNA
I, JF4E R mRNA BYFRETE . RNA R iiiE L
% 78, ELAVLI1 BE @ [F] I £ T circFOXK2 Fl
CCNDI mRNA, H.7¢ circFOXK2 B ik B 55 0L F
CCNDI mRNA 15 4E o /> . circFOXK2 i it}
# 5% ELAVL1 4 % CCNDI mRNA f4 43§ HL il
JNE
223 RIS T

AL 7 ) 1E Tl X Se T e A Btk 5 ] g R Ak .
i BRI, AT LU IRES Jefd: . RBP 45407 5
DL % 5] HE 5 mRNA 1Y 790 % A F— 4 AN T
circRNAH 4, F g RERIET 358 H AR mRNA £

FEPERBIRACRN PR, X FhE filk
() cireRNA T ELAf , Ay S0 BG4 5 32 IR 36 3k 1) G
HE L E ORI T AR G A YA R
FHTHIFSE IRES 5 Sz 2B 14 19 RNA 454415
THILES,

CCNDI mRNA V;;' V?V;y
/\@ — /\/Q/
circFOXK2
BE FaE

Fig. 4 Schematic diagram of the molecular mechanism by
which circFOXK2 stabilizes CCNDI mRNA through
recruitment of ELAVL1
El4 circFOXK2i&iTBEELAVLIFECCNDI mRNAK)
SFHHIREE

FEA 7R cireFOXK 238 i Hi3 AN ELAVL 25 & v s HH SERNAZE &
FIELAVLI, #4544 Z=CCNDI mRNA; 43R &% #4717
CCNDI1 mRNARIEETE

AMEGFP-SEmRNA
)

5! @y Et) GFP 3
3! ED — BD 5 miniSINEUP-GFP
|
-40 {82
c-myc IRES
3! “ BD 5 miniSINEUP(IRES)-GFP
| I
-40 432
-40 #32

circ(c-myc IRES)-GFP

Fig.5 RNA structure design for investigating the cis— and
trans—translation activities of IRES

E5 ATHARIRESIAN S RABFFEEFIRNAGEIZIT
A 41 U GFP 48 mRNA, DL J 3 Fh SINEUP AH 3¢ 44 2 -
miniSINEUP-GFP (% 3{ED 4 invSINEB2, £44& 3{BD#L 7] GFP
mRNA [ -40 = +32 X 3 ) . miniSINEUP (IRES)-GFP (Ll c-myc
IRES# #2invSINEB2/E S ED, & AH[FIBD) | circ (c-myc IRES)
-GFP (HIRRNA, & c-myc IRESAENED MBDFH) . Xk LeAh 3
FHRITIRES A BRI+ P R HIBL
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2.3 SIRNABAERZ

SIRNA [ 2H %¢ 5 G0 2 — i 2o 3 11 A 4 A2 4
SIRNA 5 B R 5 gk BERH
HN I R A2, AL A SR AAAE ) RNA B 7
AT BRYE T, B, SARN3w Al SARNSw 43 il
A& = A S AL, REMEHE G 21 siRNA WS
X RS figtl H AT & A R E TR R AT B 44
g, TG 5E HoAE RNAL R P AR fika e
P R, AR rl T B AR E AR T
AR, SCHLANMAR SRk, TR siRNA X
R A A MR R B 1 BB 7, DA TTTOs /D M
N IFHERERITRCR o 0BTSNS R AR Y 4
e, TP siRNA 7EFRRE A EE (4n ik ik pH
BT ol R A i3 e s X ) R AT R, X
B I E LT 6 R GG M RIS v Y

3 EREEMDE: NBEIEEEIFIRSE

31 BHEINSZRERARE
311 RGP Wi AT
A AN [H mRNA BH I AY

Bl SRR i P I S B PR e TR V) 25 7]
AL T H, HAZ O o 4 v AR HE N R
miRNA 73 7 1 ik 22 F ok kit . o, miRNA
ON Fll OFF JF ¢ /] 43 5l 8 ] e 25 4L HE Kl - (target
genen, Bn) FEIL[A s (target genes, Bs) ik,
fi4n, miR-21-5 ON Fl OFF JF 3¢ 59 FH T4 5k
26l Bn A1 Bs 1y 3K 3k, #E M 7E HeLa F1 293FT 4f fifl
SRR R AR IR A BB T 22
3.1.2 miRNA 5 CRISPR /i) ¥/ [A] : miRNA-155 Fll
miRNA-2 il i ANDIZ 4 [ TS B2 Wiy S v

miRNA-155 i i 5 crRNA %% &, 6 fih &
Cas13a (R A I EITE T, X FhGE vT LLE) &% i
B & Je R & 4Er (hairpin reporter, HR)., HR 41
> Cas13a/crRNA YJFH| X 35 L) Kz —> miRNA-21
PHAFES . 24 Casl3a ¥ miRNA-155 #4355, HR %
Ui, ZEH—A 5 X . miRNA-21 GBS 51%
PSR X IR A, I B 4 R DK A VAR K A
(T8 Mty A3 D EE A 7 91 e ok, DT 5K
MACAF T K o X FP 286K 2 AU AE miRNA-
155 M miRNA-21 [ B A AE i ke Az, KB HA R T
— R AND 2317, HA Y miRNA-155 Fl
miRNA-21 [FBETERT, RGA L7 4 B
a5 o ARG A BT R & T2 Wy
SR, R R B miRNA TG B fi & R 45 1 52

APHE P HET Cas13a FTHR 1 AND 32 55 [ 1AL
LA 6,

miRNA-155

WAVAVAS
NN

/ crRNA

Casl3a

miRNA-155
(\/0 AND
) miRNA-21

FOEWE

Fig. 6 AND logic gate mechanism based on Cas13a and
HR
El6 ETFCasl3aFIHREJANDIZLE [ THLHEI

32 ABEHESRIEESEG
3.2.1 MIRELLAFA!

MIRELLA 15 # J& — Fh £ 22 1 8, i Cella
s DU JE e S TERS N miRNA 7520 P % TR 4 c o
(A FH . MIRELLA R (4% 0 AE T H e b i g
PR R, REAE IR L 3h 9 4 i o miRNA
FERH A THZR M 0 SR A . B AR FIA %
ligft (ribonuclease, RNase) fENFE S HEH, If
T A ARV T R Ok e A A A A 9 U sl ) T
PE, XSO HOR AR i 4 AR R R Rk T R AT 3h A M
# A, MIRELLA MR T miRNA 25507 Y
A7 B X IR FL A RE M o TR A7 BR T S T B 3 P oY
2R ILIEL T,
3.2.2 FFLH M IT: FIH A TEmiRNAD i 5 H
FER T LT H B AT HE

JEAH T HT15 38 (incoherent feed-forward loop,
iFFL) &R MR i, HoAZ O i it
— ARSI — A S AR R R A E AR
R, S X A 5 RS o s o 50 R 9 R
miRNA VE MBI, LA H AT F a4 -
a. Wit N7 (41 GaldVP16) % H s LR (Y
ik bW HARKE R AY 3'UTR BT 8 1 % 5f
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PRI 3.3.1 miRNATFF 45499045 22 0 90t i 4n
a, HaA AR s
@ —— () iU NN
ﬁ:d: (=] IEIXTI‘ miRNA }F%J{Fén (=] W)‘ﬁﬂi =] /z%\
G5, B LLST PN 40 A 4 AR IR 2 Ay 52 R s B .

}

FUEA R

effective
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Fig.7 Gene network modelling under resource—
constrained conditions
E7 REZRES THERMEEE
ZEMIR R T AERE IR ICRAG B0 0 FLS BBl 7325 AR T HE
PEEAT BT LT 0 GRS (1 TN 25 SR . X R ARy A A AR
TUREAS AR B DR F2 b 75 R BN AS IR L s N R

miRNA ) miRNA Jz i 7G4 (microRNA response
elements, MREs), fii ¥ miRNA fg % 45 & Jf- 41
il B AR 2L N R IE; o M A G5 B,
miRNA A1 4 E T 1k H AR P i ek
PN EE G AR M S P B T T REE DR H B A 1
R MR [RIHA 250 02 A R T e o B 3RaR 5 L A A
f7i4H . T P miRNA A9 TALER JF 56 HL & 45 4
TNES RS

Fig. 8 TALER switch circuit architecture based on
endogenous microRNA
E8 ETFHIEmiRNAKTALERFF XL
M13F . GaldVP164K 5l ) EYFP-TALER9 5 mKate2-TALER 143 i #
AT TR [ (GFFL), EYFPRY3'UTR A miRNA K Y JC
f (MREs), PEmiRNAZSAMREsHIHIIZL, Bk HARIER
PGS s JFI . SRR (5 558 (EYFP—mKate2), HTXFH

miRNA Jf 56 & — Bt N T % 11AY mRNA 51, H 5
i A & — 9O S I (W GFP. RFP
&), 3l — 5 HAR miRNA B #2550
Ao HAR miRNA 7E 400 N 2 5 miRNA JF G254,
T30 mRNA ARl Bz ], A RRAR POt &
FI#ik. # HAs miRNA B9 25K F 5, WZeaE
SIS AR H AR miRNA AR5 KR, W56
FEHER, XAPOLTE SRS S H AR miRNA ik
KR A SO R, Al ]2 R AE 40 o b ik A v
miRNA F k3% B sh A e AE , 1 i 52 30X 40 g 431k
RS B IZAF B B 2 & 9 7R miRNA JE R A 56 Y
45
miRNA
S TIITTT

g m L

Fig.9 Schematic diagram of the miRNA sensing switch
structure

E9 miRNARMN FFXRHEHRRER

332 AHREEEZ R T AR WE T, Emsyr
fbdH 4

AR Z e T 40 EAT ) ZFh D AR AN L5 f
A8, AR MRS e R e PR B2 S Gy Y
RSOy AN s A e g5 - S EI e 2 YN A
A S BN RASA SEE R T R B R,
PR PE miRNA VR 0 2530617 AND B 5,
K F miRNA 45 1 i i AG 4875 155 R (miSFITs)
SR AR ST AR AR o R RS R
() 4 A5 7 B ik AT 6 BRIl g, B AT B P R
miRNA [ 85 5 5 miSFITs i Z s, 2B+
20 -0 PR 1 B 235 R S 1 58 5 43 U KT A A U
B, AT R R 4 RS 1 il A 42
PEALELRE 27 A 3 R RSB hPSC AR A4
S PR LR 10,



-318- EMUHESEYYIEHRRE  Prog. Biochem. Biophys. 2026; 53 (2)
() E)’* Ef
(b)
1
hPSC? —I:-—-lﬁﬁtljﬁe — vi
—il— v2
1x% 5

. _ miSFIToRE = V2

miRhigh miRlow —[:'— V4
ANDIZ AR AR

L

FEAR S Ml

Fig. 10 Synthetic genetic circuits enable state—specific protein regulation in hPSC cells
E10 ARERFDRIMhPSCHAMIRSFREEQIEE
(a) hPSC “ON” [Hlif: SEiSZHMLIRZS KM (hPSC vs non-hPSC) SIS, L ANDZ S (miRhighflmiRlowfZEdt) 2 hilf &
FH R, RSB A s (b) miSFITsHIRF AR . FIHImiR-17RLAL R R R (VI~V4A) BREETE e th 4 UK F-

4 BITMA: NEREDIGAKENL

4.1 JEEERTT

TERRREIRIT o, RNA A AW 27 0] % () A%
B AR T T30 07 1550 DX 39 A At 5 1 75 4
MIRE ST o 3K F 2 ) AP R mE SC . — =R H I
AR S A AR5 Y (40 miRNA 3RiK35)
YERE NG, 4% R G0 DL A R
] 5 R FLAE R R R S PR IR 1Y RNA 44
SRR RS, S aIT EER R,
4.1.1 IR B S miRNA SUSE 5 o v % R
B

BRI S miRNA BURE I s T, 28
R BRI T ] P AR 2R R G, [
TR RO K B U A BE T X 1E 4 28 T 4T 1) 22 4
. Novaes %5 ! sl 1L 5| A MRE, JF& T WiFh Xt
miRNA #UR 1) & 2 R~ 8E, Bl oZIKV_2k Fll
0ZIKV 30, fEIEH M4+ 40, miR-124-3p Al
miR-9-5p R IAK ARy . Y el J5 1 28 R s o
(WoZIKV 2k%F X miR-124, oZIKV_ 30%f X} miR-9)
HEAIXECA AN, v o B2 A miRNA 23 GE 3 ]

254 B TEFE N 40 4 A B MRE |, miRNA 454
SN R I D IR, I S BHTR # E
i, PRy IEE Az, R2, FEPIRMER
Si Mg 40 Mo, miR-124-3p 5 miR-9-5p ) F ik 7K
5 EREAR, T AR GRS N 4L L MRE,
73 BE S HEE L PR () BRI B A o, EIAS DA R
il R S A I AR . R S miRNA i

TPV LA 11,
4.1.2 circRNAZRTS MR R . SC B0 40 fu g
SR

TEMIE et 7 R AR S Al e g T
T B 92 Ny 28 ) OGBS o o Ll R 2% SRR T A
BA 20 8RR 4 S cireRNA (circFAMS3B)
AR R PR K, 5 HLA-IIL 431 3 56 fl 1 45
4, JEBOEWILG CD4Y/CDS T, S
PEBUMR g . WF5E AN DL T T circRNA (195
Wi, JFERRE IR/ NIRRT T, 455
7N, R cireRNARE /N, IR R S 1 T 40
JHLER LU 5] S 2 B A SR AN Sk 2 ) T
A, WD T MR IR Y R A . R
P cireRNAVE T BIHT R IE, FT LA R8T X
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A clprM| E |NSl |NS2AINSZBI NS3 INS4aI2KI NS4B| NSS T % 0ZIKV_30
MRE (miR-129-5p)
T7
5'UTR IUTR o
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!

MRE (miR-219a-2-3p)

Fig. 11 Schematic diagram of the genomic structure of synthetic Zika viruses 0ZIKV_30 and oZIKV_30k
E11 AREFRIZIKV_30FoZIKV 2k EF AL TRER
PR mIRNABUENEZE R (0ZIKV_30F10ZIKV_2k) WFEF L5 . oZIKV_307E3'EFIEX. (3'UTR) i A T # X miR-129-5p/miRNA
RNZETEE (MRE), oZIKV_2kFE2kXIHH A T £ XFmiR-219a-2-3pIMRE,

Jieg o SRR AP BT R . X — I
R PRI TR I, JE RS AR
fger I v B R
4.2 KRR

AR R, A R S
FEWET TR OCHE . XA RIBR T — o F Y ad ik
TR B X B AL A ) 9, Jd
B dm i T e R H 00 mRNA 5% R AL G,
MEEFEE S E (WHRE) Wk “AEWRnias”, 55
IAGMACTI T o ZRIE R IE 1T X AL R
ZI 0% 5 TR e ERmS, IIPERRL. %
SR T TR TR AR
4.2.1 miR-10b-5pfLIYIAY T HE PRI

5 5% A F Krippel # K F 11 (Kriippel-like
factor 11, KLF11) 2465 B 4 i D) GE ) OC 5
M. T MG T iR N KIT R LR 32
IR W 2= FR 3 B (KIT proto-oncogene, receptor
tyrosine kinase, KIT) MJZ&ik, R T —HEW
P4, BD KLF1I-KIT i #% . 843 KLF11-KIT
i, miR-10b-5p BAUYITEIR I IR &) B 4H AT fig
A B E S BARTT S, miR-10b-5p K44
RERGHL 0] ) KLF11 /)2 3%, TR BR KLF11 )
KITFBR & 22 B R S A E T o iZ AL 845 miR-
10b-5p BAUYI AL BEIG 3 KIT (3%, ] DAE ik
JB 5 B A ML R HE FE RN D) BRI . 0

422 i it CEF 4E 240 M 2 I I 121 (fibroblast
growth factor 21, FGF21) % AYmRNA, #idhg
AR R 16 R SR T IR R

g 5 4/ K ik (lipid nanoparticles, LNP) fE
iR HAR, KA A28 FGF21 % 11 mRNA i
K EAFIE, KM FGF21 & A RETE RSN L ig
A B AR /N BRAR AR R 3 RE, EARRI IS
P& 3 2450 Ak 1Y 2 B S (mitogen-activated
protein kinase, MAPK) 155 % . i 7F 18] 2 B4
WA Ko 5 Tl BE R 3k, i 4 A DG AR i 3
BBV WA, R A A D AR v 2 s, i —
AU FGF21 8 FAE I b A% T AR 1 VR
4.3 HMZIRITHEER

PHZRIRT TR IE SRR R B U A
Ko RNA G RUEY S AE IS 1) 22 2
SIS B0 HE R R IR PR HE T . I A R
(antisense oligonucleotides, ASO) $f A J& 55 i iX
—ZEAOCHE, HaE PR A, KGR
Ree A ol il 45 mRNA
4.3.1  ASOHARTEBTIR SR i ]

TE B SR P U6 2R (Alzheimer’ s disease, AD)
MWFsE T, HE19 mRNA 9 ASO 2 AR 3 it B4
F 4R 2 R R ) mRNA, 875 238 7K F 5l #1%
IR, MM 5 AD A G )9 BEHLH] 2, —2t
ASO BB TREAR TR pIEMFEE 1T (amyloid
B-protein, AB) HYZKF-, 54N OL-1 3 1ok ¥ v] 3 #3
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FERT{AR 5 1 (amyloid precursor protein, APP) ff
mRNA XJ 1 T AP 45 17~30 2 5L A B i X Ik F A%
APP Rk, M T/ BRI Zh Re F sl 42 %
it o ASO WAL T TR tau 22 FH/KF-, 40
— Fhi75 5 RNase H i /1 5 % f# tau 25 1 mRNA A9
ASO, 7F tauP301S /NP 3508 0 T tau 2 1 2R
. Mok, IR TAEFW B AN, i©
A EF X MR A R B S 3B (glycogen synthase
kinase 3B, GSK-3B) 4 ASO, it #1iHl tau 25 H B
MR AL AN AL, s T 2] FiddZig 7. ASO
i w0 T 4% 3 5 1 E - (apolipoprotein E,
APOE) . HE M X L WEALEG 2 (histone deacetylase
2, HDAC2) 55 AD MG By RIL . Filhn,

] ApoE mRNA ) ASO 1 APP/PS1 /N SR r [ A1
T APBESRAR
4.3.2  ASOLRTEETRAE Y

9 5 gL &k 72 5 FF R 2 HE  (chromosome 9
open reading frame 72, C9orf72) & oy
GGGGCC A H TR H S 4 1 & B R AE 1Y 3%
R R . BEIRHLTILHE Corf72 B I TIRERT R 7
PR (AERIEAR) DIREEY LR FEEE
. Tran %5 B FF & T 51X C9orf72 3£ A Y ASO,
DURE PRI S A B A AR VIR V3 1K
-, RIS AN A V2, Corf72 HE A
BESEARASARZER Ko ASOAE FHALHI WLIE 12,

o —HI
o Br—HHHH HI-
o —HHHHHE

mwm:ASO

) GCEEYH

];%5& |:| WET

Fig. 12 Schematic diagram of the structure of C90rf72 gene transcript variants and the mechanism of action of antisense
oligonucleotides (ASOs)
E12 CIORF72EFEFERAEREMRASOERNFI REE
COorf72 BRI ey HE3AEMR (V1L V2, V3), HAPVIAIVIES A& T & GAC2AHREEY 1 (LLO=MK), MV2AL&FL

BRI, PRI TR (ASO, HEKIR) RV G IFH C0rf72 VIRICIorf72 VIHIFEE, AR E L2 FAV2,

LA COORF 728 TR 40 122K .

44 OIMERR

FEO M BRI B AR T, Sty RNA [
PR ABE T AT 38 2 A A TR 1 4 2 oK Ok S5 S i 2
A, fEIRYT I RNA RRAE 76 F7 0 0 B AL (s
UUVEEZE DX, I 455408 0 B 000 55 ) B e/ S vk
TSR, AT ERAS S KA O e M R G PR
1EH.
4.41 miRNA-126E1%& THMBMAME S0 AL

OIS s T = SV 5 b N =
miRNA-126 1& Ui 4H ifd 41 5 5 2 ¥4 (extracellular
lipid vesicles, ELVs), FEUHUFEEE R
EWRITIEE S Y R E AR = T R
BRI PE, IR 5E T ELVs B4 Fa 8 P A P 3 i

442 FH2EMIRNATE PN A A

ILA5 PR B SR 4 1 A T UL B S o 4 g
5%, AL mME A, 2B BT
AR R AL T ) S R BEME A, 4 2% miRNA JF 48
OKISURE R AT RO ) P R 58 DX, 400 o) i /25 P
25 18 0F A P AR o X BB g K UKL A R )
miRNA JF 565 [HE F WA 2R B K (pSRHH)
HEHAE R, RF/NF 200 nm B Z R G AEIRN
S v I LR X I A PN R A DX v R R
[IZSSTE - AR R E A=
45 BEEZTRE

i i Ak FGF18 mRNA Y UTR 551 J2 Ak 215
i, REAER FGF18 M HTEHCE I RIAII ] 2 6 d.
LNP #% R G S0 T HCE LU IIG T ROR, 15
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] 2k # %< #a  (destabilization of the medial
meniscus, DMM) F AR % T A9 &1 R B Y
C57BL/6J /N B a4 1R R . H A E
Y7 [, LNP-FGF18 mRNA TESIRAT K FE
BUGE T EIEM . AN, ZRGRT T HE %
SAatr, JFwlik TEASACEENE . BEERNR
FRAME, BRUR T GTRI AT SE B K A 6 d B FF LR TT
BOR
46 HREBTSEENA

TERPEIRIT SRV T KA, 3l B mii g
EVURMTS], RNAERES, BT RERs
BRI s R S BUR SR EAMY RS,
RNA AR [0 5, R vEDTER Bl g 4R S5 2R 95
BT REST B R E S AELE T 51, RNA Al fE
SRR, B O R R T RTE M. IE R
FPON “JPFIeTt” 2] “TIReSEI” (i ki, (il
75 RNA A GBS 7 76 #b J3 XH A [F] 5 S 216 7 Pk ik
R ERA A 40 B 24 A5 A HE 1 -
4.6.1 MEACHBURIZER YT L

RNA #7Z FHF U0 A 26 F 3 R S P g A
PO, DT A Xt e ged P Sk S S vy o et
fE i AR IR, B B AT AU iR 40
Mo R ZEAE , FE TN TT RES | A2 Haiie SO 14
Pl BT ERAEFER, FTLLA SRS AE IR
RNA 73F, IR RS . BN, Sahin 55
i I AR B TR A RNA ST, s S T
FE RN Z R AR B T AN G BE S, X 2E
o ELA R R S R 2 R
4.6.2 CRISPRafi RHRNAG| T (1)L F k4%

sgRNA M3 55 dCas9 L5 &, B sy
E4AY (W1VP64. p65 FMIHSF1) #ZE3) H bR A
(A sl 7 X3k, AT S R A 5 R ) e AR
[, A] e S T 22 i 28 78 3 R 1) sgRNA SC
JE, SEERT IR R 2 R ), AR
IBITAIRCR . U Wang FIBA Y 31 T mSAM C#,
It AAV B 6 = R AN, SR T AR
JiE SIS T I T
4.6.3 RNAIHAR

RNAi £ AR AT DL 3511 siRNA A4 S 1 [
W EEHE A A mRNA, A T4 mRNA YRR M
ATk 205 B 2 B - B P B e R N o A
ASOE R ) — e n) T2, [ARE AT S BT
BERLN . BN, TERME LRI RGBT, ARG
Bepirovirsen [ ASO, fig & [F] isf L[] £, 784 JH- 48 9 2

(hepatitis B virus, HBV) mRNA FIfi3E K 2] RNA,
I 2 BRAR 2 FF R 1H B )5 F HBV DNA ZKF- . 2541
Hi, RNAFARM AT T HAR 2R G RT3l
TEVTERIS BE S BT I G HESE TN, (Rl B R e
SERGTEIREE S

5 IES5RE

5.1 SREHWIEERFGHIPE

SR RNA B IE AP (R a5, H 53 2 A
XF RNA (AL AT BEARTIR, T2/ RNA i BL#
#%. WILNP7E# %L RNARKS, WKATRESTEZ, &
FHRNA M . A5 A A AR, RNA 2595
TR RTE BARgl 2, I HRBEZEE S H ARl i
| K I B oIy e S S A1 ) AN S I v e 1
PR

RNA 254 13 38 285 1A 235 45 Bf o AL 1) A 435 LA
TILHM . a AR PEANIERE . Mk ik pllk
HAR MR EL, FEAC TIRI7 ORIt s 2 EITER .
b. BUARTIRESZ N : AL GEhT MBI 7 vk AT BE S e h iR
WM o AR AR S alifb A Zu Al
Berd FRIEIMERE , BRAIG™3R, d. RvE M. ik
-RNA & A& W75 13K v n] B ff 25 o R A, 52 38
o e WALBCRA L . BIHEEE RS, 2 NEAR
A&, RNAMELLAMIN, ZHEEM ., Likn g
il T RNA 25911935 56 SOR A 6 g d RS
BT R B 8% RS .
52 RIEEE SRR
52.1 Gl E AMREE I S MERNA LR SR

SHELEA

LiRse g RNAAH LG, 559554 RNA BERS B & 1%
TREEDR iR M s (B E DX 2258 i A= BV BE AL
g, Bl miR-19b-3p (55554 RNA) b miR-30a-
5p (WRFEFRNA) 7E R IACE T R AR
MRS TR SE 4 RNA RERS W 1 MAER: R g &
RO R IA MRS . Al — miRNA () E &
MRE 7EAR A KN AT A RLBEARME S, BT &R
IRAKCET BT RIS, 25 S B0 i 3. B4
MRE (H A [R] miRNA $E 541 A% ) 78[5 S0 il /K7
I E R MRE $& FH#0 L PR R PR P RS e, JF
DA R S R T | R B R XU o
5.2.2  THEBIRIENE AL sIRNA/phasiRNA X 45

4 By B PR /T3 RNA - (phased small
interfering RNAs, phasiRNAs) TEJE$EM A K &
B WA S AR AR Y0 Ak AR v R O
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FH, AR 2R 04 I 2 55 BUAILT A b0 52
il TR g o T 2R ] SEVE S 3E HITE . phasiHunter
AALHEFM phasiRNA P14, i A o 40 12
LB A A R R TN rT RS . B
AR KM T H, &P HEY  phasiRNA
(4 A R AR K B RN S8 R AR 7
53 IRENKIERS
53.1 A MRNAMKIATEHIEAS

A RNA KA F 2R N 2R, W
RNA 7 F AL 2EAE M | 3335 R G0 iy A= WA 251
KM e . BFRRM, fbfb=Bim (&
HHEH] 2'-OMe. PS-E 4 &M, wFEEH] 2'-F & 4f
DIRLRE HVB AR B0 ) . TR R B L et & (an
GalNAc{HIEY)), v LR E RSV AE 1 K
SR, BIEAT Sk B Ak SRemes , AT 58 22 I R HiT AN
G PRAFFE, DA4 T PEAL JL R e 4k o fildn,
FRUEH R B e (COVID-19) mRNA £ 1
FER NS T E R, (HI LNP 72560 A BE
5| K I B S B DB LR AN R, AT
R TR B RNA Y7 i AT 1 1 B 7 1
B
5.3.2 SRR B A AR

TR AL RNA PR EE R AT BB 5 | & B A= A K
B, W RAEHARRIN . MRS . KPS
R BN S5 T o I, B X R S
W dsRNA, NS g i R, ml e 2 0% ™
A AR RN BN, REGXFE 25 R R A B RE
ZWELEIET, PEMREIN R AR AT . SR
TR, RRBUA T 45t . a. FF & m RS vAG y
B BRI R AR SR A I T,
sz w2 R A Bk U N (real-time
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Abstract RNA synthetic biology, as a frontier interdisciplinary field, is driving the leap from fundamental
research to precision medicine in life sciences through the engineered design of RNA components and the
construction of genetic circuits. This paper aims to systematically outline the design principles, key technological
breakthroughs, and biomedical applications of synthetic RNA genetic circuits. Building upon this foundation, it
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provides an in-depth analysis of current research bottlenecks and proposes future development directions.
Commencing with a foundational role in the central dogma of RNA, this paper establishes a systematic
classification framework for synthetic biology RNA components. At the cis-acting element level, it elaborates on
how components such as riboswitches, RNA thermometers, and Toehold switches achieve precise gene expression
regulation by responding to specific ligands, temperatures, or trigger RNAs through conformational changes.
Concerning trans-acting elements, it delves into the molecular mechanisms of miRNA-mediated gene silencing,
the high stability and “sponge-like adsorption” function conferred by the closed-loop structure of circRNA, the
targeting role of siRNA within the RNAi pathway, and the targeting specificity of sgRNA within the CRISPR
system. The paper emphasizes that rational design, sequence optimization, and chemical modifications can
significantly enhance the performance and orthogonality of these natural elements. Secondly, the paper focuses on
the design and optimization strategies for synthetic RNA regulatory modules. Taking miRNA-responsive circRNA
switches as an example, it elucidates the principles of customized miRNA responsiveness. The engineering
applications of circRNA are explored, introducing strategies for constructing functional RNA nanostructures via
siRNA self-assembly. Building upon this, the paper emphasizes synthetic genetic circuits: from logical operations
to resource allocation, enabling advanced cellular logic and functional regulation. For instance, by combining
transcriptional cascade switches or utilizing the CRISPR-Casl3a system, an AND logic gate responsive to
multiple miRNAs (such as miRNA-155 and miRNA-21) was constructed, significantly enhancing the specificity
of disease diagnosis. Addressing the challenges of resource competition and expression noise faced by synthetic
circuits within cells, this paper introduces computational models such as MIRELLA, with particular emphasis on
the design of endogenous miRNA-based iFFLs. These advanced circuits, illustrated in this paper, have been
successfully applied to real-time monitoring of cellular differentiation states and regulation of stem cell-directed
differentiation. For cellular state detection and dynamic regulation, miRNA switches can be integrated with
fluorescent systems to track differentiation statuses in real time via fluorescent signal changes. Synthetic genetic
circuits, meanwhile, utilize endogenous miRNA logic integration alongside miSFITs technology to achieve state-
specific protein regulation in human pluripotent stem cells, laying the groundwork for customized cellular control.
This approach ingeniously harnesses intrinsic cellular regulatory mechanisms to buffer gene expression burdens,
thereby enhancing circuit robustness. These advanced circuits, illustrated schematically herein, have been
successfully applied to real-time monitoring of cellular differentiation states and regulation of stem cell-directed
differentiation. At the therapeutic translation level, the paper systematically reviews application strategies for
RNA technologies across multiple fields, including cancer, metabolic diseases, neurodegenerative diseases,
cardiovascular diseases, regenerative medicine engineering, immunotherapy, and vaccine applications. For
instance, in cancer treatment, specific killing of tumor cells is achieved by embedding targets for miRNAs specific
to healthy cells within the genomes of oncolytic viruses (such as Zika virus). Within metabolic and degenerative
diseases, LNP-delivered mRNA therapeutics and antisense oligonucleotide (ASO) technologies have
demonstrated significant clinical progress. Finally, this paper highlights ongoing challenges in the field, including
limited programmability of RNA elements, low in vivo delivery efficiency, and inadequate off-target risk
assessment systems. It advocates for future integration of epigenomics and computational modelling to optimize
element functionality, establishing an integrated ‘“element-circuit-delivery” platform. Furthermore, leveraging
single-cell sequencing and organoid technologies to develop a multidimensional safety assessment system is
proposed to advance the deep integration and translation of RNA synthetic biology in personalized medicine.
Consequently, RNA engineering has transcended single-dimensional regulation, evolving towards multi-layered,
dynamic, and intelligent synthetic biological systems. Its deep integration with clinical needs will reshape disease
diagnosis and treatment paradigms.
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