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with programmable functions. In recent years, with emerging novel classes of programmable genetic parts, in particular, the

establishment and optimization of CRISPR and CRISPRi technology platforms, synthetic biology is entering a new era. This

review summarizes recent advances on CRISPR genome editing and gene regulation technologies, their applications in

constructing programmable biological parts, and their roles in building sophisticated gene circuits. We also provide a future

vision on how synthetic biology can transform medicine (named medical synthetic biology, MSB) and therapeutics.
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AP RS BIRR—FER, (HEEY
FAEZ A GURC R T AN, H A i
B AR RE IR TR 3 2 T AR R
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mRNA J# 51 sk 4T RNA 7o), T3 2k
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IXSEERPRIRES | ROk, PIPA T R E AR
Yrrohfg, W00 SN kIR
A2 B AN A A RO e R
P TCIF AL AT RN (REAE 45 #E L I i 3R
RAKERN ) . B PERY (REME W45 2 40
B AU VR D), I BT A S0EE 5 S A i b
T %) BE PRS2 B Sy, DA 55 BKH 400 it )
HfE. HET, FXEEEARA R, AR
oot FEAFE AR (Zine finger protein,
ZFP) . K% 5E BT AW I (Transcription
activator-like effector, TALE) FlI CRISPR 4
(CRISPR interference, CRISPRi).

) ERE4ATR

HE DR ZH TR R 0 A0 M ) 2 TR 4 R A 7 TR
PEEAE, XS4 DNA &k . 41 f 4
B, ANMISEEUHTRY . A AR AR,
HaR AR R AR R BT
RIT BT A Bl AL D2 e A
B S IR 20 15 B © A J2 56 R A i 5 Y O
Bl QAT A RCE A 4R R R 2 45 BRI )L
FEREZ N — DR IERAEXME R, &
DR 20 g R B R ARAT TR KA AR

24, UAZ R A DNA S [ A PGB
KB, UNEE 8 A% BR [ (Zine finger nuclease ,
ZEN)PH | e S T AR AR IR T X R
(Transcription activator-like effector nuclease,
TALEN)™* 410 5 e 108 1] I 4[] S 5 42 )% 91
(Clustered regulatory interspaced short palindromic
Repeats, CRISPR)AHJGH 11125261 i3 s 8t i) [y
DIRGE#ER 0T LAGS 5 5] DNA (4R A T 2411
#, & DNA XU5EKT 24 (Double-strand break,
DSB). A T XUEEMIRL, AMBERIFI A A &
R ZHLE (DNA repair pathway) FEIZAV ™
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H: [A] 95 5 20 (Homology-directed recombination,

HDR) &% d [7] 5 K i i% $2 (Non-homologous end
joining, NHEJ), MIMssBEEELR Gf . 404>,

ZFN. TALEN Al CRISPR AR & s A3 M 41 T.
PRI A T H, e AT7E G AP vh i g
FHALAEAE Ry A 2 S ) 28 0k

3 CRISPR ¥ A

3.1 CRISPR/Cas
[ 2013 4= CRISPR/Cas9 % A s Eh F T A 41

Morp BE N R, B TR m A HERCE .
FER AR BRI BB %, CRISPR/Cas /i
T 14 5 DR 2 G 8 R A — TR B 1) DR 4 G
B FEI o HR SR B i L AR L RS
TR RS ERE

CRISPR W& I T A0 i A, 4511072
2 T AR PN 2o P 0 R S AN X, AR
AR DNA 292 950 FHLH BT b i
FEZAEAET, AR T HABAAEE B A B 53 51
DNA H& 5 M 454 MR HLH (i ZFN A
TALEN), CRISPR /&l RNA (BWHZIR)
DNA (WAL IR) A8 B AMEC XS S5t (RP
A/T 5 A/U B AN, G/C B AR SRR E ) DNA
J¥ A3 B U E iz )y A . HoEr & e & B
CRISPR/Cas &G A 3 Fr, 235y 188, 11 AIF
IT7128-291 - Hooh 11 %1 2245 CRISPR/Cas9 20 43 f%
Hfai B, Hi#—A~ Cas9 5 4 (CRISPR-associated
protein 9) FE A LASZEE DNA iR B F187415%  Cas9
E A5 LRLAY S RNA (Single guide RNA,
sgRNA, [1'F RNA) 454, 7£ sgRNA #5851
Cas9/sgRNA REMZIH )5 M5 RNA H455|¥
G H AN XS A EE DNA P41, FF#EA U1, B AL
DNA W5EWZ (Double-strand breaks, DSB),
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B/ DNA ik NHEJ o HDR Jr Ui 784,

Y L DR BB B 2 4R (Gene editing)> (] 1A).
CRISPR 2 — T 24 H A, 042k K

R T G A Y W 3L R ST . CRISPR/Cas9

AR RERIME . — 7T, BRI B RN D )
ffifF CRISPR/Cas9 JLF-F] LLRFIEA] DNA ¥
G, SEELT AR AV R U, R R
KT sgRNA i, swpERigenli.

HHAMOTH (RNA, EARSE) 45638 —ik, i — 51, CRISPR/Cas9 7EA[E4)Fh & BEL T

ﬂ‘j“ﬁg&/#\f&:i%%#'ﬁz”o I:Eﬁl] CRISPR 5 Ijjﬁléo Eﬁﬂéﬂgmﬁi,ﬁ;ﬁi—( CRISPR %%ﬂ
SERNA £ 6 AT RRBEAR TS FTAEMAL s 5 SR RO i SR DR L, 95
B s, WP T AT e . O | EEBY gl gp B g 13
3.2 CRISPR/Cas9 ffi% S ERRNN - El NP N RN R LMU\EMH

CRISPR/Cas9 AR BILHAE T H AR T4 f* ) 5B 4L CRISPR/Cas9 At 7E Hela Al

A B

Gene editing: CRISPR Gene repression: CRISPRi

Prokaryotes Eukaryotes

sgRNA 4 {Caso = KRAB
Cas9 dCas9 as

3 tClettarge site

5!
Ry L W, —
3 WS'
PAM Deactivated dCas9-KRAB
C Gene activation: CRISPRa (Eukaryotes) D  Epigenetic control
GCN4 HSE1

S

dCas9-p300****

) p65AD p65AD
VP64 prtavz§‘4 MCP H"
o \ § ~SgFV-VP64 3 -~

dCas9-suntag dCas9-VPR

uunu\

dCas9-VPo4 dCas9-SAM

1 CRISPR TE#. (A) Cas9 #ZEREGFIF 5455 0[S RNA (sgRNA) FI LU IRAIEELHMFFH IR &
HAE. XA EE BN FFTIETHRIE (Gene editing). (B) #%EREBAIERT Cas9 (dCas9) FFTIHFA]
sgRNA AU RE S EE AN FIH~EE R BTG, ERZEYH, dCas9 F1 sgRNA HEZE S EE AR
N EHPEHERERER; EEZEYD, dCas9 1 KRAB EREMR S E AR IE B HIIG TiiFEEMRIEL,
(C) dCas9 RAEERMFFIHF Y sgRNA AT LU RME S EFENFIIHBERRRIE. E—RBEBRRET
dCas9 71 VP64 HEZRLE, BREMEXE; FRBIERAR, B3E Suntag. VPR, SAM FRZG AT LUAKES
EFBENHE. (D) dCas9 MENEEFEFHMEEBTUARFANNEREEITRIEEFIZIRHIE.
Fig. 1 The CRISPR toolkits. (A) The Cas9 nuclease and sequence-specific sgRNA can recognize and cut desired DNA
sequence in the genome. This allows gene editing of specific genome sequences. (B) The nuclease-deactivated Cas9
(dCas9) and sequence-specific sgRNA can bind to desired DNA sequence and modulate its transcription. In prokaryotes,
binding of dCas9 and sgRNA to the genome can sterically block transcription. In eukaryotes, dCas9 fused with KRAB can
more effectively inhibit downstream gene expression. (C) dCas9 fusion proteins and sgRNAs can activate gene expression
in the genome. The first generation of dCas9 activators is based on dCas9 fused to VP64, with only a moderate efficiency.
The second generation technique, including Suntag, VPR, and SAM can enhance gene activation efficiency. (D) dCas9
fused with epigenetic factors allows modifying the epigenetic modifications of the genome.
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K562 145 2R AN . /NEUIRIA T4 . AT
Gt NN R ORI N7 S e 4
IIRET 40l (Induced pluripotent stem cells, iPS)
DL R iPS 2 oAk b 2 T A S B T A
R DR BRI [R5 A S g i ).
CRISPR/Cas9 AR 73— RILHE, BRT
S i, CRBUETE RO b, XF Cas9 &
F#E TGS, PSR Y . RS HERY R Rk
PAE o FATER 0 TAE P RO W T IR IR
% 1) Cas9 (Deactivated Cas9 5%, dCas9) (K| 1B),
fifi Cas9 HE 1K E87Y) DNA AR I6E, [HAS
HA sgRNA 1 ()7 57 455 TEE . X R4
AFxN CRISPR +4i (CRISPR interference,
CRISPRi), 23513 dCas9 “Hi”FHEY T RNA
REWMLAEGRRET, 338 RNA REBFEH]
#E”, B# RNA REME S HAG s 7125 6%,
S 22 R Rl L R Fas Rl g R 6T
dCas9 FYEER KIR I HORTE T H S TEHTE

4 CRISPR HAREARAEN TN

4.1 ET CRISPR/Cas9 HIiEiE TR
Wi dCas9 52RO R H TRl A,

HATFATE 2o S B1 5E PR 20 Y1 16l P %) 2 1) 0 31
FER I, BTG IE R RE, R — 40 i 3L
[f] 8 RN K DNA X 3 st 1 27 16 it 1) e
A5 (). ¥ dCas9 HH:#HiHIIAF (KRAB)
(K 1B) FlA, AT LRADTER PN VR I K 0k
OCT4, NANOG ., SOX2 ZEfyik, H g
ARG FR R B dCas9 55 S A T
(VP16. p65 %5) (B 1C) @, Al LASS P TR
s @ FHZET dCas9 ik T/ RIS T
4, ARG T B 5 DR ) T KT, A
B 7R S A ) D RE Y L RIS AR AR AR . )
Hh, ¥ dCas9 5 A\ LS p300 %0 45 F
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G (Kl 1D), i 5L S 27 A s 7 i 4l 2
M1 H3 5 27 (i = R 28 £ Wik (H3K27ac),
] SCELEEIE I A AL 2 10 LT dCas9
SE R TR A R T A A BT DL AT 22 A7
SR o RS RB 2N AR gRNA,
[l —/~ dCas9 RUAJH#E AR SE o S5 dl — 0w
FERN, AP I 10 4> gRNA, AJ[a] i}
PG X 10 > gRNA $E ) AL, R TG R0
B3 10 AN 1K 43 514 4 gRNA BEAR T,
BB dCas9 LARE -G 25 1 Y 75 1 A0 i 4 K]
T, s sgRNA RN EFH5EF51, Al
FERRMAL T2 T H . 78 sgRNA 3'-AK i
g A #5275, B CRISPR RNA 748
(Scaffold RNA, scRNA) (& 1C, 4 SAM &%),
scRNA AV HA 5l gRNA HIHE ] DNA 45455
e T, ik n] LSRR8 (FRA aptamer) 5
HAWE A A BN, SR80V H 7 (s &
sl T) 4565 sgRNA, HIik, —/~ scRNA
FASE— R S 70 VP64 Bl —A 3 R4
L, S — scRNA ] [a] B 4 S [m] il 28 R 5%
SRR TR 7 — AN, RS R R AL
T KRAB #5840l 720 75— AL (dCas9 A
AR, FIAEAREE LA A | sRE TS
AN BTE B R (2 LW TR —
(28) LN O EEE), RS EE—Re
J&, CRISPR ] 5 H A& s B 4= T 1 (n
RNAi, miRNA, shRNA %) #4535 —ig, du—
AT A, NI RAR A 2 R I V.
T 59— T ) sgRNA JEA7 ki i BF 9% &
M, 4% sgRNA W e sl K ES 16 %
TR, R4 Cas9 MZBREFTE ME R ARIEL, HE
53R T LIS DNA AHEAE R DNA; dEH
RIS, JE— 2 Cas9 55 0% T VPR
i, Cas9-VPR H#iJi sgRNA 455, A4
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F=1 ET Cas9 WEREBRBMET dCas9 HERH BT

Table 1 Cas9-based gene editing and dCas9-based gene regulation

b CRISPR HI36EH e UEEUSER 27 Sk
gL Cas9 DNA JJ#|, BERFMEREMA [25]
s VP64, VPR, SunTag. SAM % [45]
b dCas9 6l KRAB % [44]
T i P300 A% .0 45 4 4l 55 [46]

The underlined sequences correspond to the Nde I restriction site in F1 and the Hind III site in R1.

105 Cas9 HA AR MR BEE M, 1M B Ag % [
BT T OWE R L Rk . Xl A
CRISPR/Cas9-VPR Jii, y fitt [F] I 4 #2 Jk [K] 4t i 1
e AEER 288 T H, (H[RE 4% DNA 1
RNA i BP0,

{HJ2&, 7E CRISPR/Cas9 ¥ Fl T A B 40 It
T RNA A 1 RIER RNA S9izik 24
JLTT, T sgRNA T5 ZE7E 40 i A% N 45 6 B 3 R 41
DNA, [t sgRNA HAEH RNA REHIIIR .
SR RNA RAFITH 5 RNA RGBT —/)
oy, HRZHAL RFESFRRE RS HEERH
RNA REWEI, XKKFR T CRISPR/Cas %
AR R PR s AL D2 TR BRI . B ST R
B, % RNA =12JiE (RNA-Triple-Helix) %%#)
MEEEIFVIE RNA 1) Csyd HAME A K
(Triplex/Csy4), AJSCHLHE T RNA RE W 11 =ik
gRNAM | RARH4 T CRISPR A T4 s [A 1-Fl
CRISPR FE:[H k% (CRISPR/Cas-based circuits)
f R IR, R T R R

FEPLAT ) CRISPR/Cas9 Hi AR, FEFILfik
5 EK TR Streptococcus pyogenes sp.f1) Cas9 [ 5
PR i R 45 T B AR e ol Tz o R TE—
Fhafrf, JEF[F—FF Cas9 192 FE R 75 I A
JE AT R AU ST I E S R G . AR IR T
AR Y Cas9 £ A5 H AT sgRNA,
A PLSZ I EE T CRIPSR/Cas9 HYIEAS R . i
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—#& A Cas9 [A]JFIK (Cas9 orthologs), ‘& 111435
KR T AL MR 2 BR 1R | W IS BR TR Streptococcus
thermophilus . i BX R 2% % I Meningococcal
meningitidis YRR HEA Treponema denticola,
AT LIFEANMIH (AHTREON) [RIF e Sy
H AT T R R G AL PR i L AT AT
PR S B AN sl B

FIH CRISPR A T §%5%[HF (CRISPR/Cas
transcription factors, CRISPR-TF) Fli% i} sgRNA
152 PR OCE, AT DU SC B[R] e o 4 22
LIRS ZR B SN Z e o 556 CRIPSR/Cas9
M IESS TG G, i R 5 i 28 B P 2k
B, R T ERURAE W 28 AT HORT A A DA SR
SORE T B RE R M g 4 it 1R s 1 TR

4.2 EHTF CRISPR/Cas9 & FE L&

G RA Y, R A TR s 4
— BN TR A5 S AT AR
J R CE R AG S . i, Skl )E,
FLEh A E i sgRNA 55 dCas9 (4 A4 a]
W T E sgRNA B3R5, T FiiE sgRNA BERp
P DR AR BN, IR,

CRISPR/Cas9 T\ £ 4% FH ok ) 2t 2 A g FH 78!
HY L2 % o freii—WiWF 7S % B, CRISPR/Cas9
A T 3 T <y TR 5 i 4% (CRISPR-
Cas9-based ‘signal conductor’), A %A, AbHH
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MR ADES, BSARNGE LR, e
PRI DR R 5 2T R g fof L HEE LA (R
EEY) K sgRNA, LR AR BI{E S 0%
BEIF I (Riboswitch), 3X W™ E 2 A HH O 1) 43
THGE ik, WAm—1 RNA 4 (K 24A).
MIREE PORNEAE R P EF ST, sgRNA 5 H R X
HESED, NREZS G F) DNA B Y s ik
59 A B) B, A %54 F] sgRNA (G fic s |-,
M RNA CBEMR A2, sgRNA BHEED S
DNA #5455, mfES B (8 A) %R, %
BB AT T A BB R BT
(Boolean logic gates) 5§, 1A i #4 Ht — 2L
AN [ {5 51 B 1) A IR 85 0, PR HES
YLV T s e B, R E
PN (ON-OFF) BENFE 5%, RefgET 4
P AL G5 5 P PR AR, [T A MR R AR o G e
ETRUIEz N

CRISPR Z# 5"] (AND gate) A4 HA]
Fo e A, G RA .
2 8% £R MR A MR S )G 2h T (hTERT) 3K 3.
#U1A] lac [ FH) sgRNA (sgRNA-lacl) FERE
S SRS 8 7 (hUPID) WR2h ) dCas9 4
%, 24 sgRNA il dCas9 £ R kHT, lac 1 FH:H (S
5L AR F lac 1) #EFHI&E , lac [ /S H%:
M R g, LT SEgRs, W
Afa St (& 2B), Hit, RA AL hTERT
M hUPIT #RFIREIANME, BVBSEafah, 4
A TS . FWE S &5 5iRYT K
(LA, 4 hBax (IS ETAT-HF) . p21 (Gt
B ) F E-cadherin(4i5% 40 i 3 7 3 6
W), BIAEHIRITIER .

CRISPR #5245 (] (Transcriptional logic
gates) A JAFE KA A S N 3L N7
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W AMG 5 H S0 T35 sgRNA, sgRNA # 5%
dCas9 F| & W AS 3+, BH1E RNA RG
(RNAP) 254 5% A WG 2h 7, BILLE T f 2%
iSRS, Hk, JARKEAGSH,
A i B DR 5 1) 3 58 R I, 5 DR A 2 5
BEERAET]” (NOT gate). B AY S, BT 17 Al<al
FI A U2 JZHES, faeddi i k517, 3
WP B RO . XSS IR 1 R R
RYe e T R R S R SR LNV PN
J T T AR R DR B gRNA, RERS S 5 45 Rl 4% R
(AN 2 AR AL, AR Y B . AR I R 4 B
i 24544

I5 300 38 2 i R [ /N4y T35 SR SR R T
MG EHEF, BIOWET AN EFE2IER
dCas9, HFM, ZREFAT LIRATFEEAR
T (K 20, il ke ok @ R Y R 95 R
(Abscisic acid, ABA) S AERYIE AR K
ok AP REE R (Gibberellin, GA) %S 1)
SCRPE R R S AFEDR K dCas9 HEA 7RG
FATTRT A FH/INGY 72005 5 30 S 5 SR s TR 1
SR SR T . QSRR PR RCR YR AR R
FRIKALG %] dCas9 T L, WM T —4~51]
(AND gate), BV A WA/ N F#RAEAE RS A 25
P53 dCas9 MM CINRE (18] 2D); WARAE R R
RYEAKRR AT A ][ —1 dCas9 &L
HAHGFF — D1 (et VPed), WG T
—AEi] (OR gate), BMEAT—A/NgTRYFFLE
#2315 dCas9 BIAHCTIRE (& 2E); GniRAED
MRS RPN A R A B, tein—4
SEWOERY T — AR, R4 K AR
T — X FF g8 4 (Diametric device) (I
2F) o XA W0 S T8 2 {8 0 2R 1 4 e
L B S5 I T 110 32 4 25 N S 8
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A Anlieerate Anli-anlieense Activate or
+ligand repress
‘ ¥ Q 4 g. ‘ & & target gene
‘ —p OEEE— eeeeeessesed
OFF

Repression Activation

(o >
hTERT- i — 2 N /\,
h - A_ ” CM%'L%.

hUPII
Effector D Input 1: ABA = .
Dimer Bﬁ. Input {;:himlcal Input 2: GA=—— AND Output: gene
t
DlmerAu ﬁ \ ABA 3 — Input 1} Input 2| Output

AND logic
RNA Y 0 0 0
dCas9 i GALY =
1 0 0
— 3 o | 1 [ o
A single-input, single-output genomic controller ] 1 1 1

E F

Input 1: ABA Input 1: ABA === Diametric
Input 2: GA Output: gene L. g Input 2: GA = _device Output

OR logic .
I \ Input 1| Input 2| Output : Input 1| Input 2| Output
o/ \*

ABA 0 0 0 +ABA / W +GA * 0 0 1
1 \iepressmrp\\ﬁ ctivation 0 0
1 ! 0 1 2
2 EHT CRISPRi B ETMEFE LK .(A) FRAMAKE sgRNA, UK IRFESHIZFEF X (Riboswitch),
AUERN D FEAEETES RNA XRBERLETURAEEFX. B) HMBHEBTFFNEDTF
(hTERT) FEERAFERBENF (hUPID 3%, CRISPRI A LA 5t 1% A 148 18 B (E 2 B8 A T 1 %k 155 Pt 22 20 AR
MIGEFKIETT . (O) BEEATRN NS FEAFSBETCRNERE T, RIMNBET —MESE. E3X dCas9
A, BTAREEXNSEEFITLAMTIE. (D) HEAMURYELERRBKE dCas9 ER L, X1
BT —"5I7 (AND gate). (E) HIiBMMURMEBFZRHIKE dCas9 ER LKBHER—ITERETF (tEW
VP64), XM T —4 KT (OR gate). (F) MREHITFBENRAENARINEREF: —PPRHEN, M
F—AMEIEE, XM T — N EHFXEHE (Diametric device).

Fig. 2 CRISPRi-mediated logic gates and gene circuits. (A) Using a modified long sgRNA and a riboswitch that can
recognize chemical ligands, researchers created a scaffold RNA that can undergo conformational change in response
to ligands to switch genes ON and OFF. (B) Using a tumor-specific promoter (A¢TERT) and a bladder cell-specific
promoter (hUPII), CRISPRi allows researchers to construct gene circuits that can be used for bladder cancer cell
detection and treatment. (C) Using different small molecule ligands to recruit transcription effectors, we constructed
an inducible and orthogonal dCas9 system that can be used for multiple gene activation and repression. (D) When we
fuse two ligand-inducible dimerization systems in parallel to dCas9, this leads to a AND gate. (E) When we fuse two

dimerization systems in series to dCas9 (e.g., VP64), this leads to a OR gate. (F) If two opposite transcription
effectors are used in the OR gate, one is activating and the other is repressing, this leads to a diametric device.

1 0
0 1
1 1
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UEAh, KA eE N R4 5 CRISPR/
dCas9 RGuMLE G, iE CRISPR 7E 4 KA 2
MM EE R — B A RE T Rk
WS ) CRISPR/Cas9 R0 K7 (Light-activated
CRISPR/Cas9 effector, LACE) &%, %645
# dCas9 fil CIB1 i3, CRY2 5 VP64 il ;
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