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S y d n e y  N e w s o m † ,  H ari  Pri y a  P ar a m e s h w ar a n † , Li n d si e  M arti n † a n d  R a k hi  R aj a n *

D e p art m e nt of  C h e mi str y a n d  Bi o c h e mi str y,  Pri c e F a mil y F o u n d ati o n  Str u ct ur al  Bi ol o g y  C e nt er,  St e p h e n s o n Lif e  S ci e n c e s

R e s e ar c h  C e nt er,  U ni v er sit y of  O kl a h o m a,  N or m a n,  O K,  U nit e d  St at e s

B a ct eri al a n d ar c h a e al  C RI S P R- C a s s y st e m s off er a d a pti v e i m m u n e pr ot e cti o n a g ai n st

f or ei g n  m o bil e g e n eti c el e m e nt s ( M G E s). T hi s f u n cti o n i s r e g ul at e d b y s e q u e n c e s p e cifi c

bi n di n g of  C RI S P R  R N A ( cr R N A) t o t ar g et  D N A/ R N A,  wit h a n a d diti o n al r e q uir e m e nt of a

fl a n ki n g  D N A  m otif c all e d t h e pr ot o s p a c er a dj a c e nt  m otif ( P A M) i n c ert ai n  C RI S P R

s y st e m s. I n t hi s r e vi e w,  w e di s c u s s h o w t h e s a m e f u n d a m e nt al  m e c h a ni s m of  R N A-

D N A a n d/ or  R N A- R N A c o m pl e m e nt arit y i s utili z e d b y b a ct eri a t o r e g ul at e t w o di sti n ct

f u n cti o n s: t o  w ar d off i ntr u di n g g e n eti c  m at eri al s a n d t o  m o d ul at e di v er s e p h y si ol o gi c al

f u n cti o n s. T h e b e st d o c u m e nt e d e x a m pl e s of alt er n at e f u n cti o n s ar e b a ct eri al vir ul e n c e,

bi o fi l m f or m ati o n, a d h er e n c e, pr o gr a m m e d c ell d e at h, a n d q u or u m s e n si n g.  W hil e

e xt e n si v e c o m pl e m e nt arit y b et w e e n t h e cr R N A a n d t h e t ar g et e d  D N A a n d/ or  R N A

s e e m s t o c o n stit ut e a n ef fi ci e nt  p h a g e  pr ot e cti o n s y st e m,  p arti al c o m pl e m e nt arit y

s e e m s t o b e t h e k e y f or s e v er al of t h e c h ar a ct eri z e d alt er n at e f u n cti o n s.  C a s pr ot ei n s

ar e al s o i n v ol v e d i n s e q u e n c e- s p e ci fi c a n d n o n- s p e ci fi c  R N A cl e a v a g e a n d c o ntr ol of

tr a n s cri pti o n al r e g ul at or e x pr e s si o n, t h e  m e c h a ni s m s of  w hi c h ar e still el u si v e.  O v er t h e

p a st d e c a d e, t h e  m e c h a ni s m s of  R N A- g ui d e d t ar g eti n g a n d a u xili ar y f u n cti o n s of s e v er al

C a s pr ot ei n s h a v e b e e n tr a n sf or m e d i nt o p o w erf ul g e n e e diti n g a n d bi ot e c h n ol o gi c al

t o ol s.  W e pr o vi d e a s y n o p si s of  C RI S P R t e c h n ol o gi e s i n t hi s r e vi e w. E v e n  wit h t h e

a b u n d a nt  m e c h a ni sti c i n si g ht s a n d bi ot e c h n ol o g y t o ol s t h at ar e c urr e ntl y a v ail a bl e, t h e

di s c o v er y of n e w a n d di v er s e  C RI S P R t y p e s h ol d s pr o mi s e f or f ut ur e t e c h n ol o gi c al

i n n o v ati o n s,  w hi c h  will p a v e t h e  w a y f or pr e ci si o n g e n o m e  m e di ci n e.

K e y w or d s: cl u st er e d r e g ul arl y i nt er s p a c e d s h ort  p ali n dr o mi c r e p e at s a n d cl u st er e d r e g ul arl y i nt er s p a c e d s h ort

p ali n d r o mi c r e p e at - a s s o ci at e d ( C RI S P R - C a s),  a d a pti v e i m m u nit y,  C a s 9,  c a s c a d e,  g e n e  e diti n g,  b a ct e ri al

p at h o g e n e si s,  g e n e r e g ul ati o n,  C a s 1 2 a
g y |  w w w.fr o nti er si n. or g J a n u ar y 2 0 2 1 | V ol u m e 1 0 |  Arti cl e 6 1 9 7 6 31



N e w s o m et al. C RI S P R- C a s- B a s e d I m m u nit y, Vir ul e n c e, a n d  Bi ot e c h n ol o g y
I N T R O D U C TI O N

Cl ust er e d R e g ul arl y I nt ers p a c e d S h ort P ali n dr o mi c R e p e ats
( C RI S P R) a n d C RI S P R- ass o ci at e d ( C as) pr ot ei ns c o nstit ut e a n
R N A- g ui d e d a d a pti v e i m m u n e s yst e m f o u n d i n s e v er al b a ct eri a
a n d  m ost ar c h a e a.  O v er t h e p ast d e c a d e, d et ail e d  m ol e c ul ar
m e c h a nis ms  w er e dis c o v er e d  w hi c h est a blis h e d  C RI S P R- C as
n ot j ust as a p h a g e d ef e ns e s yst e m, b ut als o as a r e g ul at or of
b a ct eri al p h ysi ol o g y s u c h as vir ul e n c e a n d gr o u p b e h a vi ors.
(M ur u g a n et al., 2 0 1 7 ; F a ur e et al., 2 0 1 9 ; Li u a n d  D o u d n a,
2 0 2 0 ). I n t his r e vi e w,  w e c o v er t h e r ol es of  C RI S P R- C as
s yst e ms  wit hi n a n d o utsi d e t h e r e al m of a d a pti v e i m m u nit y
a n d d et ail t h e r e p ert oir e of bi ot e c h n ol o gi c al t o ols d e v el o p e d
fr o m t h e m.
C RI S P R - C A S I N I M M U NI T Y

Di s c o v er y  of  C RI S P R - C a s
C RI S P R  w as dis c o v er e d o v er 3 0 y e ars a g o i n Esc h eric hi a c oli a n d
l at er i n ar c h a e a (Is hi n o et al., 1 9 8 7; M oji c a et al., 1 9 9 3 ).  C as
p r ot ei ns  w er e o ri gi n all y t h o u g ht t o p e rf o r m  D N A r e p air
(M a k ar o v a et al., 2 0 0 2 ), b ut  w er e l at er f o u n d t o b e ass o ci at e d
wit h  C RI S P R ( J a ns e n et al., 2 0 0 2).  T h e dis c o v er y t h at s p a c er
s e q u e n c es  m at c h f or ei g n g e n eti c el e m e nts l e d t o t h e h y p ot h esis
t h at  C RI S P R- C as is a n i m m u n e s yst e m t o pr ot e ct a g ai nst
i n v a di n g  m o bil e g e n eti c el e m e nts (B ol oti n et al., 2 0 0 5 ; M oji c a
et al., 2 0 0 5 ; M a k ar o v a et al., 2 0 0 6 ). E x p eri m e nt al v ali d ati o n of
R N A- g ui d e d  D N A cl e a v a g e pr ot e cti n g a g ai nst i ntr u di n g p h a g es
e st a bli s h e d  C RI S P R - C a s a s a n a d a pti v e i m m u n e s y st e m
(B arr a n g o u et al., 2 0 0 7 ).

Cl a s si fi c ati o n  of  C RI S P R - C a s  S y st e m s
I n  C RI S P R- C as, t h e  R N A- g ui d e d  D N A/ R N A cl e a v a g e o c c urs
t hr o u g h a n “ eff e ct or c o m pl e x ” c o m p os e d of a n  R N A g ui d e c all e d
C RI S P R  R N A ( cr R N A) a n d a s et of  C as pr ot ei ns ( Cl ass 1) or a
si n gl e  m ulti- d o m ai n  C as pr ot ei n ( Cl ass 2) ( Fi g u r e 1 A ).  T h e t w o
cl ass es ar e e a c h di vi d e d i nt o t hr e e t y p es, b as e d o n t h e i d e ntit y of
t h e si g n at ur e pr ot ei n t h at cl e a v es t h e t ar g et n u cl ei c a ci d, a n d
f urt h er i nt o s e v er al s u bt y p es b as e d o n t h e  C RI S P R- C as l o c us
A b b r e vi ati o ns: B L P, b a ct eri al li p o pr ot ei n;  C as,  C RI S P R- ass o ci at e d; c O A, c y cli c

oli g o- a d e n yl at e;  C o v R/ S, c o ntr ol of vir ul e n c e r e g ul at or a n d s e ns or;  C RI S P R,

cl ust er e d, r e g ul arl y i nt ers p a c e d s h ort p ali n dr o mi c r e p e ats; cr R N A,  C RI S P R

R N A; d C as, n u cl e as e i n a cti v at e d d e a d  C as pr ot ei n; ds, d o u bl e str a n d e d; F as A/

F as B, fi br o n e cti n/ fi bri n o g e n- bi n di n g/ h e m ol yti c a cti vit y/str e pt o ki n as e r e g ul at or y

( F as) s yst e m;  H D, histi di n e a n d as p art at e;  H D R, h o m ol o g y dir e ct e d r e p air;  H E P N,

hi g h er e u k ar y ot es a n d pr o k ar y ot es n u cl e oti d e- bi n di n g;  H G T, h ori z o nt al g e n e

tr a nsf er; L as R, a c yl- h o m os eri n e-l a ct o n e q u or u m s e nsi n g cir c uit r e g ul at or; Lsr F, 3-

h y dr o x y- 5- p h os p h o n o o x y p e nt a n e- 2, 4- di o n e t hi ol as e;  M g a,  m ulti g e n e r e g ul at or i n

G A S;  N H EJ, n o n- h o m ol o g o us e n d j oi ni n g; P C D, pr o gr a m m e d c ell d e at h;  Q S,

q u o r u m s e n si n g; s c a R N A, s m all,  C RI S P R - C a s - a s s o ci at e d  R N A; S c p A,

str e pt o c o c c al  C 5 a p e pti d as e; s g R N A, si n gl e g ui d e  R N A; SI C, str e pt o c o c c al

i n hi bit or of c o m pl e m e nt; S p y C as 9, Str e pt o c o c c us p y o g e n es C as 9; ss, si n gl e

str a n d e d;  T A L E N S,  Tr a ns cri pti o n a cti v at or-li k e eff e ct or n u cl e as es;  T C S, t w o-

c o m p o n e nt s yst e m;  T L R, t oll-li k e r e c e pt or; tr a cr R N A, tr a ns- a cti v ati n g cr R N A;

Vi c R/ K, a  T C S  wit h a p ut ati v e hi sti di n e ki n a s e ( Vi c K) a n d a r e s p o ns e

r e g ul at or ( Vi c R).

Fr o nti er s i n  C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y |  w w w.fr o nti er si n. or g 2
ar c hit e ct ur e.  T h e  m ost u p d at e d cl assi fi c ati o n h as 2 cl ass es, 6
t y p es a n d 3 3 s u bt y p es (M a k ar o v a et al., 2 0 2 0 ).

Cl ass 1  C RI S P R- C as s yst e ms ar e  m ost a b u n d a nt a n d i n cl u d e
t y p es I, III, a n d I V (Fi g u r e 1 A , M a k ar o v a et al., 2 0 1 5 ; M a k ar o v a
et al., 2 0 2 0 ).  T h e t y p e I eff e ct or c o m pl e x is c all e d  C A S C A D E
(C RI S P R- ass o ci at e d c o m pl e x f or a nti vir al d ef e ns e),  w hi c h
c o m pris es cr R N A a n d  m ulti pl e  C as pr ot ei ns ( Br o u ns et al.,
2 0 0 8 ; J or e et al., 2 0 1 1).  O n c e  C A S C A D E l o c at es t h e t ar g et
D N A,  C as 3 is r e cr uit e d f or  D N A cl e a v a g e ( Si n k u n as et al.,
2 0 1 1 ).  T h e n u cl e as e a n d h eli c as e a cti viti es of  C as 3 bri n g a b o ut
l o n g-r a n g e d e gr a d ati o n of i ntr u d er  D N A (H u o et al., 2 0 1 4 ).  T y p e
III is u ni q u e si n c e it t ar g ets a n d cl e a v es tr a ns cri pti o n all y a cti v e
R N A usi n g cr R N A c o m pl e m e nt arit y,  w hi c h i n t ur n a cti v at es
cl e a v a g e of t h e ss D N A ass o ci at e d  wit h t h e tr a ns cri pti o n b u b bl e.
W hil e  C as 7 cl e a v es t h e  R N A,  C as 1 0 cl e a v es t h e ss D N A ( T a yl or
et al., 2 0 1 5 ; M o gil a et al., 2 0 1 9 ; Y o u et al., 2 0 1 9 ). B ot h t h es e
a cti viti es ar e ess e nti al f or f ull i m m u n e pr ot e cti o n,  wit h c ert ai n
s yst e ms c oll a b or ati n g  wit h d e gr a d os o m e- n u cl e as es f or effi ci e nt
cl e ari n g of i ntr u d er n u cl ei c a ci ds ( St a als et al., 2 0 1 3 ; St a als et al.,
2 0 1 4 ; S a m ai et al., 2 0 1 5 ; Estr ell a et al., 2 0 1 6 ; K a zl a us ki e n e et al.,
2 0 1 6 ; C h o u- Z h e n g a n d  H at o u m- Asl a n, 2 0 1 9 ).  T y p e I V is a
mi ni m ali sti c  C RI S P R - C a s s y st e m d e v oi d of a d a pt ati o n
pr ot ei ns,  m ostl y f o u n d i n pl as mi ds or pl as mi d-li k e r e gi o ns a n d
m a y b e i n v ol v e d i n pl as mi d  m ai nt e n a n c e ( M a k ar o v a et al., 2 0 2 0 ).
Di n G h eli c as e is ess e nti al f or pl as mi d i nt erf er e n c e i n t y p e I V- A,
b ut t h e n u cl e as e i d e ntit y is c urr e ntl y u n k n o w n ( Cr o wl e y et al.,
2 0 1 9 ; Ö z c a n et al., 2 0 1 9 ; Pi nill a- R e d o n d o et al., 2 0 2 0 ).

Cl ass 2  C RI S P R- C as s yst e ms c o nsist of t y p es II,  V a n d  VI
(Fi g u r e 1 A ).  T h e t y p e II eff e ct or pr ot ei n  C as 9 i ntr o d u c es ds D N A
br e a ks i n t ar g et  D N A usi n g  H N H a n d  R u v C e n d o n u cl e as es.
T y p e II s yst e ms n e e d a n a c c ess or y n o n- c o di n g  R N A, tr a ns-
a cti v ati n g cr R N A (tr a cr R N A), al o n g  wit h cr R N A f or  D N A
cl e a v a g e ( Ji n e k et al., 2 0 1 2).  T y p e  V s yst e ms h a v e  C as 1 2 as t h e
si g n at ur e eff e ct or pr ot ei n a n d c a us es st a g g er e d, s e q u e n c e-s p e ci fi c
D N A cl e a v a g e usi n g  R u v C d o m ai n. S u bt y p e-s p e ci fi c v ari ati o n of
t h e t ar g et ( D N A vs. R N A) a n d g ui d e  R N A r e q uir e m e nts [ cr R N A
or cr R N A-tr a cr R N A or cr R N A-s c o ut (s h ort- c o m pl e m e nt arit y
u ntr a nsl at e d)] h a v e als o b e e n o bs er v e d i n t y p e  V s yst e ms
(Z ets c h e et al., 2 0 1 5 , 1; Y a n et al., 2 0 1 9 ; H arri n gt o n et al.,
2 0 2 0 ).  T h e t y p e  VI si g n at ur e n u cl e as e,  C as 1 3, bi n ds cr R N A
a n d l o c at es a c o m pl e m e nt ar y  R N A t ar g et, f oll o w e d b y pr o c essi v e
R N as e a cti vit y usi n g  H E P N d o m ai ns ( A b u d a y y e h et al., 2 0 1 6 ;
O ’C o n n ell, 2 0 1 9 ).

St a g e s i n  C RI S P R - C a s  D ef e n s e
T h er e ar e t hr e e disti n ct st a g es f or  C RI S P R d ef e ns e.

( 1) A d a pt ati o n:  D uri n g a d a pt ati o n, a s h ort  D N A is e x cis e d fr o m
i ntr u di n g  D N A a n d i ns ert e d sit e-s p e cifi c all y i nt o t h e  C RI S P R
arr a y, cr e ati n g a n e w s p a c er.  K n o w n a d a pt ati o n  m e c h a nis ms
r e q uir e  C as 1 a n d  C as 2 t o c a pt ur e a n d c at al yti c all y i ns ert t h e
s p a c er.  A u xili ar y pr ot ei ns li k e  C as 4,  Cs n 2,  C as 9, or n o n- C as
pr ot ei ns s u c h as i nt e gr ati o n h ost f a ct or ar e ess e nti al f or
fi d elit y i n c ert ai n s u bt y p es.  T y p e III s yst e ms  wit h r e v ers e
tr a ns cri pt as e- C as 1 f usi o n pr ot ei ns c a n a c q uir e s p a c ers fr o m
R N A ( Sil as et al., 2 0 1 6 ).  D et ails of a d a pt ati o n h a v e b e e n
r e c e ntl y r e vi e w e d (St er n b er g et al., 2 0 1 6 ; M ost er d et al., 2 0 2 0 ).
J a n u ar y 2 0 2 1 | V ol u m e 1 0 |  Arti cl e 6 1 9 7 6 3



N e w s o m et al. C RI S P R- C a s- B a s e d I m m u nit y, Vir ul e n c e, a n d  Bi ot e c h n ol o g y
A

B

FI G U R E 1 |  Cl u st er e d  R e g ul arl y I nt er s p a c e d  S h ort  P ali n dr o mi c R e p e at s a n d  C RI S P R- a s s o ci at e d ( C RI S P R- C a s) cl a s si fi c ati o n, i nt erf er e n c e c o m pl e x e s, a n d alt er n at e f u n cti o n s.

( A) I nt erf er e n c e c o m pl e x e s, cr R N A  m at ur ati o n, a n d n u cl ei c a ci d t ar g eti n g. T y p e I- E  C A S C A D E fr o m E s c h eri c hi a c oli i s s h o w n. T h e i nt erf er e n c e c o m pl e x c o m pri s e s si x  C a s 7 s, t w o

C a s 1 1 s, a n d o n e e a c h of  C a s 5,  C a s 8, a n d  C a s 6. T hi s c o m pl e x r e cr uit s  C a s 3,  w hi c h u s e s a hi sti di n e a s p art at e ( H D) n u cl e a s e d o m ai n t o ni c k t h e t ar g et  D N A, f oll o w e d b y

u n wi n di n g of t h e  D N A b y h eli c a s e d o m ai n a n d l o n g-r a n g e d e gr a d ati o n of  D N A b y t h e  H D d o m ai n. T y p e III i s a n  R N A-t ar g eti n g s y st e m  wit h a hi st ori c al di sti ncti o n i nt o t w o gr o u p s

of eff e ct or c o m pl e x e s, “C s m ” (C a s s u bt y p e Mt u b e, i n cl u d e s s u bt y p e s  A,  D, E a n d F) a n d “C mr ” (C a s m o d ul e R A M P, i n cl u d e s s u bt y p e s  B a n d  C), diff er e nti at e d b a s e d o n t h e

s e q u e n c e s of  C a s 1 1 s u b u nit, c all e d a s  C s m 2 a n d  C mr 5 r e s p e cti v el y i n  C s m a n d  C mr c o m pl e x e s ( T a m ul aiti s et al., 2 0 1 7 ). T y p e III- B fr o m P yr o c o c c u s f uri o s u s i s s h o w n. T h e

i nt erf er e n c e c o m pl e x c o m pri s e s si x  Ca s 7 s, c o d e d b y t hr e e di sti n ct g e n e s ( c mr 4 , c mr 1 a n d c mr 6 ), t hr e e  C a s 1 1 s, a n d o n e e a c h of  C a s 5 a n d  C a s 1 0.  W hil e  C a s 7 cl e a v e s t ar g et

R N A  wit h a 6- n u cl e oti d e p eri o di cit y,  C a s 1 0 cl e a v e s s s D N A i n t h e tr a n s cri pti o n b u b bl e u si n g it s  H D d o m ai n. T h e  P al m d o m ai n of  C a s 1 0 pr o d u c e s c y cli c oli g o- a d e n yl at e ( c O A) t h at

a cti v at e s  C s x 1 f or n o n- s p e ci fi c  R N A cl e a v a g e. T y p e I V i s r e pr e s e nt e d b y s u bt y p e  A 1 fr o m Ar o m at ol e u m ar o m ati c u m . T h e i nt erf er e n c e c o m pl e x c o m pri s e s  C a s 5,  C a s 6,  C a s 8, a n d

m ulti pl e  C a s 7 s, alt h o u g h t h e e x a ct s u b u nit st oi c hi o m etr y i s u n k n o w n.  Di n G i s a h eli c a s e n e c e s s ar y f or i nt erf er e n c e.  Q u e sti o n  m ar k s a n d arr o w s i n t y pe I V- A 1 i n di c at e t h at s u b u nit

or g a ni z ati o n a n d n u cl e a s e i d e ntit y i s u n k n o w n.  C a s 6, t h e pr ot ei n r e q uir e d f or cr R N A pr o c e s si n g  m a y or  m a y n ot b e p art of t h e eff e ct or c o m pl e x i n  Cl a s s I s y st e m s. E a c h cl a s s II

s y st e m i s r e pr e s e nt e d b y it s r e s p e cti v e s u bt y p e  A. T y p e II- A  C a s 9 u s e s it s  H N H e n d o n u cl e a s e d o m ai n t o cl e a v e t h e  D N A str a n d h y bri di z e d t o cr R N A a n d  R u v C e n d o n u cl e a s e

d o m ai n t o cl e a v e t h e ot h er str a n d.  R N a s eIII i s r e q uir e d f or cr R N A pr o c e s si n g i n t y p e II s y st e m s. T y p e V- A  C a s 1 2 a ( pr e vi o u sl y c all e d  C pf 1) u s e s  R u v C d o m ai n t o cl e a v e b ot h

str a n d s of t h e t ar g et  D N A, e v e n t h o u g h a s si st a n c e of t h e  N u c d o m ai n i s n e e d e d t o cl e a v e t h e str a n d h y bri di z e d t o cr R N A.  C a s 1 2 a al s o p o s s e s s e s n o n- s p e ci fi c  D N A cl e a v a g e,

c all e d tr a n s- cl e a v a g e. T y p e VI- A  C a s 1 3 a u s e s t w o hi g h er e u k ar y ot e s a n d pr o k ar y ot e s n u cl e oti d e- bi n di n g ( H E P N) d o m ai n s t o eli cit s e q u e n c e- s p e cifi c a n d c oll at er al ( n o n- s p e ci fi c)

cl e a v a g e of t ar g et  R N A. T y p e V- A a n d t y p e VI s y st e m s p o s s e s s s p e ci fi c sit e s  wit hi n t h eir eff e ct or pr ot ei n f or cr R N A pr o c e s si n g.  S e c o n d ar y tri m mi n g f or cr R N A  m at ur ati o n i s n ot

s h o w n.  Pr ot ei n l e g a c y n a m e s ar e gi v e n i n p ar e nt h e s e s.  P A M st a n d s f or pr ot o s p a c er a dj a c e nt  m otif,  P F S st a n d s f or pr ot o s p a c er fl a n ki n g sit e, a n d 3 ’ fl a n k st a n d s f or 3 ’ fl a n ki n g

s e q u e n c e of t h e pr ot o s p a c er t h at i s n o n- c o m pl e m e nt ar y t o t h e 5 ’-t a g of cr R N A; e a c h of  w hi c h ar e u s e d f or s elf v s. n o n- s elf r e c o g niti o n.  N u cl ei c a ci d s ar e n ot t o s c al e  wit h

pr ot ei n s. T ar g et or n o n- s p e ci fi c all y cl e a v e d  R N A i s i n p ur pl e, cr R N A i s r e d, tr a cr R N A i s i n bl a c k a n d  D N A i s bl u e. ( B) L eft: P s e u d o m o n a s a er u gi n o s a (t y p e I- F)  C a s 3- m e di at e d  R N A

a n d  D N A t ar g eti n g aff e ct h o st i m m u n e e v a si o n a n d bi o fi l m f or m ati o n r e s p e cti v el y.  Ri g ht:  C o m p ari s o n b et w e e n Str e pt o c o c c u s a g al a cti a e (t y p e II- A) a n d Fr a n ci s ell a n o vi ci d a (t y p e II-

B)  m e c h a ni s m s of  C a s 9- m e di at e d d o w n-r e g ul ati o n of e n d o g e n o u s g e n e s. T h e diff er e n c e s i n cl u d e t h e t y p e of g ui d e  R N A ( cr R N A v s. s c a R N A), n u cl ei c a ci d t ar g et ( m R N A v s.

g e n o mi c  D N A),  m o d e of r e pr e s si o n (tr a n s cri pt d e gr a d ati o n v s. st eri c hi n dr a n c e t o  R N A- p ol y m er a s e), a n d e n d o g e n o u s g e n e t ar g et ( m a st er r e g ul at or y pr ot ei n v s. r e g ul o n aff e cti n g

vir ul e n c e).  Cr e at e d  wit h  Bi o R e n d er. c o m.
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( 2) cr R N A Pr o c essi n g:  T y pi c all y, t h e  C RI S P R arr a y is tr a ns cri b e d
i nt o a l o n g pr e- cr R N A,  w hi c h ass o ci at es  wit h  C as pr ot ei ns f or
f urt h er pr o c essi n g i nt o  m at ur e cr R N As.  Cl ass 1 s yst e ms
r e q uir e  C as 6 t o pr o c ess pr e- cr R N A i nt o i n di vi d u al cr R N A
m ol e c ul es ( Fi g u r e 1 A , (St a als et al., 2 0 1 3 ; St a als et al., 2 0 1 4 ;
T a yl or et al., 2 0 1 9 )).  Cl ass 2 s yst e ms d o n ot p oss ess a
si g n at ur e  C as pr ot ei n f or cr R N A pr o c essi n g, b ut r at h er us e
disti n ct  m e c h a nis ms: t y p e II s yst e ms d e p e n d o n  R N as e III
(D elt c h e v a et al., 2 0 1 1 ; C h ar p e nti er et al., 2 0 1 5 ), t y p e  V- A a n d
t y p e  VI si g n at ur e n u cl e as es p oss ess a disti n ct a cti v e sit e f or
cr R N A pr o c essi n g, a n d c ert ai n t y p e  V s u bt y p es d e p e n d o n
h ost n u cl e as es ( E ast- S el ets k y et al., 2 0 1 6 ; F o nf ar a et al., 2 0 1 6 ;
Li u et al., 2 0 1 7 ).  C ert ai n t y p e-II s yst e ms dir e ctl y tr a ns cri b e
m at ur e cr R N As usi n g i n di vi d u al pr o m ot ers  wit hi n t h e
C RI S P R arr a y ( Z h a n g et al., 2 0 1 3 ).

( 3) I nt erf er e n c e:  T his st a g e i n v ol v es t h e s e q u e n c e-s p e ci fi c
t ar g eti n g a n d cl e a v a g e of f or ei g n  D N A a n d/ or  R N A.  T h e
cl assi fi c ati o n s e cti o n a b o v e d et ails r el e v a nt pr ot ei ns a n d
cl e a v a g e t y p e s. St r u ct u r al a n d  m e c h a ni sti c d et ail s of
C RI S P R i nt erf er e n c e h a v e b e e n r e c e ntl y r e vi e w e d ( M ur u g a n
et al., 2 0 1 7 ; Li u a n d  D o u d n a, 2 0 2 0 ). I nt erf er e n c e i n v ol v es  R-
l o o p f or m ati o n as t h e cr R N A g ui d e-r e gi o n h y bri di z es t o
t a r g et  D N A or b as e- p airi n g b et w e e n t h e cr R N A g ui d e
r e gi o n a n d t a r g et  R N A.  T hi s is f oll o w e d b y cl e a v a g e/
d e gr a d ati o n of t h e t ar g et.

C RI S P R- C as s yst e ms  m ust disti n g uis h b et w e e n s elf a n d
f or ei g n  D N A t o a v oi d s elf-t ar g eti n g.  T h e c h ar a ct eristi cs t h at
w arr a nt i ntr u d er cl e a v a g e ar e (i) pr es e n c e of P A M ( pr ot os p a c er
a dj a c e nt  m otif ), a  D N A  m otif fl a n ki n g t h e  R N A - D N A
c o m pl e m e nt ar y r e gi o n i n t y p es I, II, a n d  V; (ii) a bs e n c e of
R N A c o m pl e m e nt arit y b et w e e n t h e 5 ′-t a g of cr R N A a n d 3′
fl a n k of t h e t ar g et  R N A i n t y p e III; a n d (iii) pr es e n c e of a
pr ot os p a c er fl a n ki n g s e q u e n c e ( P F S), a n  R N A  m otif i n t h e t ar g et
R N A, i n t y p e  VI ( Gl e dit zs c h et al., 2 0 1 9 ).
P H Y SI O L O GI C A L  R O L E S  O F  C RI S P R - C A S
O B S E R V E D I N  B A C T E RI A

S o m e b a ct eri a r e g ul at e p h ysi o l o gi c al pr o c ess es usi n g  R N A-
g ui d e d  C as pr ot ei ns t h at t ar g et t h e s elf- g e n o m e.  W hil e p arti al
c o m pl e m e nt arit y b et w e e n t h e g ui d e  R N A a n d t h e s elf- g e n o m e or
e n d o g e n o us tr a ns cri pts s e e ms t o dri v e g e n e r e g ul ati o n, c o m pl et e
c o m pl e m e nt arit y  wit h t h e g e n o m e h as b e e n s h o w n t o r e g ul at e
pr o p h a g e a n d t e m p er at e p h a g e lif e- c y cl es a n d tri g g er b a ct eri al
e v ol uti o n t hr o u g h r e c o m bi n ati o n t o a v oi d l et h al s elf-t ar g eti n g
(A kl uj k ar a n d L o vl e y, 2 0 1 0 ; V er c o e et al., 2 0 1 3 ; G ol d b er g et al.,
2 0 1 4 ).  W e r e vi e w h er e t h e r ol es of  C RI S P R s yst e ms i n b a ct eri al
p at h o g e ni cit y a n d s ur vi v al.

Vir ul e n c e
H o st I m m u n e  E v a si o n
C RI S P R- C as c a n r e g ul at e g e n e e x pr essi o n t o c o n c e al b a ct eri a
fr o m h ost t oll-li k e r e c e pt ors ( T L R).  T h e b est st u di e d e x a m pl e is
t h e F r a n cis ell a n o vi ci d a U 1 1 2 t y p e II - B s y st e m,  w hi c h
Fr o nti er s i n  C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y |  w w w.fr o nti er si n. or g 4
d o w n r e g ul at e s a b a ct e ri al li p o p r ot ei n ( B L P) o n t h e c ell
e n v el o p e t o e v a d e h ost i m m u n e r es p o ns es ( S a m ps o n et al.,
2 0 1 3 ; R at n e r et al., 2 0 1 9 ).  T hi s  m e c h a ni s m r e q ui r e s t h e
ass o ci ati o n of  C as 9  wit h tr a cr R N A a n d s m all,  C RI S P R- C as-
a s s o ci at e d  R N A ( s c a R N A ),  w hi c h s p e ci fi c all y r e p r e s s e s
tr a ns cri pti o n of a r e g ul o n c o nt ai ni n g bl p ( F T N _ 1 1 0 4- 1 1 0 1)
(Fi g u r e 1 B ).  Tr a ns cri pt o mi c st u di es h a v e r e v e al e d si mil ar
tr e n ds  w h er e bl p s ar e u pr e g ul at e d i n c as 9 d el eti o n  m ut a nts
(D c as 9) of Str e pt oc occ us a g al acti a e G D 2 0 1 0 0 8- 0 0 1 (t y p e II- A)
a n d Ri e m er ell a a n ati p estif er (t y p e II- C) (M a et al., 2 0 1 8 ; W a n g
et al., 2 0 1 9 ). I n Str e pt oc occ us p y o g e n es G A S- M 1 T 1- 5 4 4 8 (t y p e II-
A), D c as 9 pr o d u c es l ess  m ast er r e g ul at or pr ot ei n  M g a,  w hi c h i n
t ur n d o w nr e g ul at es S c p A a n d SI C pr ot ei ns,  w hi c h ar e ess e nti al t o
i n a cti v at e t h e h ost c o m pl e m e nt i m m u n e d ef e ns e (G a o et al.,
2 0 1 9 ). S. p y o g e n es C as 9 als o d o w nr e g ul at es t h e  C o v R/ S t w o
c o m p o n e nt s yst e m ( T C S)  w hi c h r e g ul at es c a ps ul e g e n es t h at
c o nf er a nti p h a g o c yti c pr o p erti es ( S ar k ar a n d S u m b y, 2 0 1 7 ; G a o
et al., 2 0 1 9 ). I n v ol v e m e nt of a t y p e I- F  C RI S P R-s yst e m i n
vi r ul e n c e  w a s d e m o n st r at e d i n Ps e u d o m o n as a e r u gi n os a
U C B P P- P A 1 4,  w h er e  C as 3 d e gr a d es t h e  m R N A of t h e  m ast er
r e g ul at or pr ot ei n L as R t o e v a d e t h e  T L R-i niti at e d h ost i m m u n e
r es p o ns e (Fi g u r e 1 B , (Li et al., 2 0 1 6 )).  T h e b a ct eri al  m ol e c ul e
r e g ul at e d t o a v oi d r e c o g niti o n is c urr e ntl y u n k n o w n.

B a ct eri al  A d h er e n c e a n d  C yt ot o xi cit y
C RI S P R- C as s yst e ms  m o d ul at e b a ct eri al- h ost i nt er a cti o ns, t h e
m e c h a nis ms of  w hi c h ar e c urr e ntl y e v ol vi n g.  R el ati v e t o t h e  wil d-
t y p e, N eiss eri a , Str e pt oc occ us , a n d C a m p yl o b act er △ c as 9 str ai ns
a d h er e p o orl y t o  m a m m ali a n h ost c ells ( M a et al., 2 0 1 8 ; S h a b bir
et al., 2 0 1 8 ; H ei dri c h et al., 2 0 1 9 ; S p e n c er et al., 2 0 1 9 ; G a o et al.,
2 0 1 9 ).  T h e S. p y o g e n es m e c h a nis m i n v ol v es  C as 9- m e di at e d
d o w n-r e g ul ati o n of t h e F as A/ F as B  T C S t h at d o w nr e g ul at es
a d h esi o n f a ct ors ( G a o et al., 2 0 1 9 ). C a m p yl o b act er j ej u ni a n d S.
a g al acti a e C as 9s c a n i n cr e as e b a ct eri al c yt ot o xi cit y, a d h esi o n,
a n d s ur vi v al  wit hi n h osts c ells ( L o u w e n et al., 2 0 1 3 ; M a et al.,
2 0 1 8 ; S h a b bir et al., 2 0 1 8 ; S a h a et al., 2 0 2 0 a ). I n S. a g al acti a e ,
h y al u r o ni d a s e a cti vit y e s s e nti al f o r bl o o d - b r ai n b a r ri e r
p e n etr ati o n is r e g ul at e d vi a C as 9- m e di at e d cl e a v a g e of t h e
m ast er r e g ul at or r e g R tr a ns cri pt (Fi g u r e 1 B , (M a et al., 2 0 1 8 )).

Gr o u p  B e h a vi or
T h er e is gr o wi n g e vi d e n c e t h at  C RI S P R s yst e ms c a n r e g ul at e
gr o u p b e h a vi ors t o i n cr e as e b a ct eri al vir ul e n c e.  B as e d o n
S al m o n ell a e nt e ri c a s e r o v a r  E nt e riti dis △ c as 3 (t y p e I- E)
tr a ns cri pt o m e st u di es,  C as 3 d o w nr e g ul at es Lsr F pr o d u cti o n,
pr e v e nti n g d e gr a d ati o n of q u or u m s e nsi n g ( Q S) si g n ali n g
m ol e c ul es b y Lsr F, ulti m at el y i n cr e asi n g e x pr essi o n of t h e lsr
Q S o p er o n ( C ui et al., 2 0 2 0 ).  Tr a ns cri pt o mi c st u di es of △ c as 3
Str e pt oc occ us  m ut a ns U A 1 5 9 (t y p e I- C) s h o w e d d o w nr e g ul ati o n
of bi o fi l m f or m ati o n g e n es c o ntr oll e d b y t h e  Vi c R/ K  T C S,  w hi c h
is k n o w n t o i nfl u e n c e str e pt o c o c c al tiss u e s p e ci fi cit y ( V e g a et al.,
2 0 1 6 ; T a n g et al., 2 0 1 9 ). P h a g e- d e p e n d e nt bi ofi l m r e g ul ati o n  w as
o bs er v e d i n Ps e u d o m o n as a er u gi n os a str ai n  U C B P P- P A 1 4,
w h er e p arti al cr R N A h y bri di z ati o n t o l ys o g e ni z e d  D M S 3 p h a g e
r e cr uits  C as 3 (t y p e I- F) t o ni c k t h e b a ct eri al g e n o m e, i niti ati n g
a  R e c A- d e p e n d e nt S O S r es p o ns e t h at i n hi bits bi o fi l m f or m ati o n
a n d s w ar mi n g ( Fi g u r e 1 B , (H e ussl er et al., 2 0 1 5 )). E x p eri m e nts
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h a v e i m pli c at e d  C as 9- b as e d vir ul e nt gr o u p b e h a vi ors i n C. j ej u ni
(t y p e II- C) (S h a b bir et al., 2 0 1 8 ), S. p y o g e n es (t y p e II- A) (G a o
et al., 2 0 1 9 ), N eiss eri a  m e ni n giti dis (t y p e II- C) (S a m ps o n et al.,
2 0 1 3 ), a n d S. a g al acti a e (t y p e II- A) (M a et al., 2 0 1 8 )  w h er e
△ c as 9 str ai ns h a d d e cr e as e d bi ofi l m f or m ati o n.

R el ati o n t o  G e n o m e  R e p air a n d
I n v ol v e m e nt i n  N o n - Vir ul e nt  G e n e
R e g ul ati o n a n d  Pr o gr a m m e d  C ell  D e at h
C urr e nt r es e ar c h als o s h o ws  C RI S P R- C as s yst e ms r e g ul ati n g
g e n es n ot dir e ctl y i n v ol v e d i n b a ct eri al vir ul e n c e. E x p eri m e nt al
e vi d e n c e h as d e m o nstr at e d  C as 1 ’s a bilit y t o cl e a v e br a n c h e d
D N A s u bstr at e a n d r e v e al e d e n h a n c e d s e nsiti vit y of △ c as 1 E.
c oli t o  D N A d a m a g e (B a b u et al., 2 0 1 1 ).  A r e c e nt st u d y h as s h o w n
t h at n o n- h o m ol o g o us e n d-j oi ni n g ( N H EJ) d o es n ot c o- e xist  wit h
t y p e II- A s yst e ms d u e t o t h e c o m p etiti o n b et w e e n  Cs n 2 (t y p e II-
A) a n d  N H EJ pr ot ei ns f or  D N A s u bstr at es.  A n ot h er  D N A-r e p air
s yst e m,  R e c B C D, is ess e nti al f or s p a c er a c q uisiti o n i n E. c oli (t y p e
I - E) (L e v y et al., 2 0 1 5 ).  T h e s e st u di e s s u g g e st c o m pl e x
i nt er d e p e n d e n c e of  C RI S P R a n d  D N A r e p air s yst e ms, t h e
m e c h a nis ms of  w hi c h ar e still el usi v e.  Tr a ns cri pt o mi c a n d
pr ot e o mi c st u di es of △ c as 9 S. p y o g e nes (t y p e II- A) (G a o et al.,
2 0 1 9 ),  Gr o u p B Stre pt oc occ us (t y p e II- A) (S p e n c er et al., 2 0 1 9 ),
a n d Ri e m erell a a n ati pestif er (t y p e II- C) (W a n g et al., 2 0 1 9 ) h a v e
i n di c at e d b ot h u p- a n d d o w n- r e g ul ati o n of s e v er al e n d o g e n o us
g e n es, t h e i m pli c ati o ns of  w hi c h ar e n ot cl e ar. S e v er al st u di es i n
M y x oc occ us x a nt h us h a v e s h o w n t h at  C RI S P R s yst e ms ar e
i n v ol v e d i n c ell-str ess d e p e n d e nt s p or ul ati o n (t y p e I- C) a n d
fr uiti n g b o d y d e v el o p m e nt (t y p e III- B) (Vis w a n at h a n et al.,
2 0 0 7 ; W all a c e et al., 2 0 1 4 ).

T y p e III a n d t y p e  VI  C RI S P R s yst e ms pr o m ot e i n dis cri mi n at e
R N A cl e a v a g e l e a di n g t o P C D, a str at e g y e m pl o y e d  w h e n
i m m u n e pr ot e cti o n h as f ail e d (F a ur e et al., 2 0 1 9 ). I n t y p e III
s yst e ms, cr R N A bi n di n g t o t ar g et  R N A a cti v at es pr o d u cti o n of
c y cli c oli g o a d e n yl at e ( c O A ) b y  C as 1 0.  T h e c O A  m ol e c ul es
i niti at e  Cs m 6/ Cs x 1’s i n dis cri mi n at e  R N as e a cti vit y r es ulti n g i n
c ell d e at h ( K a zl a us ki e n e et al., 2 0 1 7 ; Ni e w o e h n er et al., 2 0 1 7 ). I n
t y p e  VI, cr R N A bi n di n g t o t ar g et  R N A a cti v at es  C as 1 3 f or
p r o mi s c u o u s  R N a s e a cti vit y ( A b u d a y y e h et al., 2 0 1 6 ).
I nt er esti n gl y, t h e r es e m bl a n c e of  C as 2 t o t h e t o xi n c o m p o n e nt
of t o xi n- a ntit o xi n s yst e ms a n d t h e g e n o mi c c o-l o c ali z ati o n of
C RI S P R a n d P C D el e m e nts h a v e l e d t o t h e i d e a of t h eir c o-
d e p e n d e n c e i n b a ct e ri al p h y si ol o g y, a n d a r e a w aiti n g
e x p eri m e nt al c o nf or m ati o n (r e vi e w e d i n F a ur e et al., 2 0 1 9 ).

Di v er sit y  of  C RI S P R - C a s  M E C H A NI S M S
C urr e nt st u di es i n di c at e t h at  C RI S P R h as f u n cti o ns b e y o n d
a d a pti v e i m m u nit y, pri m aril y i n r e g ul ati n g g e n o m e c o nt e nt
a n d g e n e e x pr essi o n.  H ori z o nt al  G e n e  Tr a nsf er ( H G T) c a n b e
n e g ati v el y i m p a ct e d i n  C RI S P R- c o nt ai ni n g b a ct eri a si n c e t h e
a c q uir e d  D N A c a n b e t ar g et e d b y  C RI S P R.  T h e eff e cts of  C RI S P R
o n  H G T ar e e v ol vi n g. S o m e b a ct eri a c o m p e ns at e li mit ati o ns o n
H G T b y  m ai nt ai ni n g a d ef e cti v e  C RI S P R l o c us or est a blis hi n g
m e c h a nis ms f or  C RI S P R-t ol er a n c e ( S a m ps o n a n d  W eiss, 2 0 1 3 ;
Wi m m er a n d B eis el, 2 0 2 0 ).  A diff er e nt p ers p e cti v e o n offs etti n g
t his dis a d v a nt a g e h as b e e n d e m o nstr at e d b y  C RI S P R- m e di at e d
e n h a n c e m e nt of tr a ns d u cti o n b y p h a g es,  w hi c h t h e n e n a bl es
Fr o nti er s i n  C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y |  w w w.fr o nti er si n. or g 5
t r a n sf e r of g e n eti c  m at e ri al s b et w e e n b a ct e ri a ( W at s o n
et al., 2 0 1 8 ).

B as e d o n st u di es of str e pt o c o c c al p h ysi ol o g y,  w e s p e c ul at e
t h at  C RI S P R - m e di at e d g e n e r e g ul ati o n p r o m ot e s st r ai n
diff er e nti ati o n vi a g e n o m e r e m o d eli n g a n d r e g ul at or y c h a n g es.
C RI S P R c h a n g es e x pr essi o n of S. p y o g e n es m ast er r e g ul at ors
M g a a n d  Vi c R a n d t h e  T C S  C o v R/ S,  w hi c h t h e n r e g ul at e
i m m u n o m o d ul at or y vir ul e n c e f a ct ors t h at dri v e d e v el o p m e nt
of str ai ns  wit h diff er e nt h ost tiss u e pr ef er e n c es a n d p h ysi ol o gi es
r a n gi n g fr o m h y p er vir ul e nt t o c arri er st at us ( V e g a et al., 2 0 1 6 ;
S ar k ar a n d S u m b y, 2 0 1 7 ). Si mil arl y, n at ur al  m ut ati o n i n P.
a er u gi n os a m ast er r e g ul at or L as R i n cr e as es b a ct eri al fi t n ess i n
t h e c ysti c fi br osis l u n g ( S mit h et al., 2 0 0 6 ).  A c o m m o n t h e m e i n
t h es e di v ers e  m e c h a nis ms is t h at  C as pr ot ei ns t ar g et g e n es t h at
bri n g a b o ut diff er e nti al p h e n ot y p es i n b a ct eri a. L e gi o n ell a
p n e u m o p hil a ’s r e q uir e m e nt of  C as 2 t o i nf e ct a m o e b as i n di c at es
t h e i n v ol v e m e nt of ot h er  C as pr ot ei ns i n e n d o g e n o us g e n e
r e g ul ati o n, r e q ui ri n g f ut u r e st u di e s t o u n r a v el  m o r e of
s u c h  m e c h a nis ms.
C RI S P R - C A S  BI O T E C H N O L O G Y  T O O L S

T h e  R N A- g ui d e d n u cl ei c a ci d t ar g eti n g of  C as pr ot ei ns off er
s e v er al bi ot e c h n ol o g y t o ols d e p e n d e nt o n t h e di v ers e  C RI S P R
m e c h a nis ms ( T a bl e 1 ). W e ar e pr o vi di n g s el e ct e d as p e cts of
c urr e ntl y a v ail a bl e a p pli c ati o ns ( T a bl e 1 ),  wit h  m or e d et ails i n
T a bl e S 1 a n d s e v e r al r e c e nt r e vi e w s ( Pi c k a r - Oli v e r a n d
G ers b a c h, 2 0 1 9 ; X u a n d  Qi, 2 0 1 9 ).

G e n e  E diti n g
T h e r e v ol uti o n ar y c h ar a ct eristi c of  C RI S P R- C as- b as e d g e n e
e diti n g i s t h e a bilit y t o i nt r o d u c e  h e rit a bl e g e n o m e
m o di fi c ati o ns b y pr o gr a mi n g  C as pr ot ei ns usi n g g ui d e  R N As,
i nst e a d of  m o dif yi n g t h e e diti n g pr ot ei n,  w hi c h  w as t h e li miti n g
as p e ct of zi n c fi n g ers a n d  T A L E N S ( G aj et al., 2 0 1 3 ).

T h e  m ost  wi d el y us e d  C RI S P R- b as e d g e n e e diti n g s yst e m is
S. p y o ge nes C as 9 ( S p y C as 9)  wit h a si n gl e g ui d e  R N A (s g R N A)
(T a bl e 1 . A).  T h e  m ost pr o mi n e nt a p pli c ati o n is  m o difi c ati o n of
e u k ar y oti c g e n es utili zi n g effi ci e nt  D N A-r e p air p at h w a ys of
e u k ar y ot es t o r e p air  C as 9 i n d u c e d  D N A br e a k a g e b y  N H EJ
( cr e at es g e n e k n o c k- o uts) or h o m ol o g y dir e ct e d r e p air ( H D R,
cr e at es g e n e k n o c k-i ns).  A n a p pr o a c h t o fi x g e n eti c  m ut ati o ns
w hil e eli mi n ati n g u n w arr a nt e d eff e cts fr o m off-t ar g et  D N A
cl e a v a g e is f usi n g  C as 9  wit h b as e e dit ors ( T a bl e 1 . B, (K o m or
et al., 2 0 1 6 )).  C as 9- b as e d g e n e e diti n g i n pr o k ar y ot es is li mit e d d u e
t o i n effi ci e nt  D N A r e p air  m e c h a nis ms; h o we v er,  C as 9 cl e a v a g e-
i n d u c e d killi n g of u n e dit e d c ells c a n b e us e d t o i n cr e as e effi ci e n c y
of ot h er b a ct eri al g e n e- e diti n g  m et h o ds ( Wils o n et al., 2 0 0 3 ).

C as 1 2 a a n d  C A S C A D E g e n e e diti n g s yst e ms c o m pl e m e nt
t h os e of  C as 9 si n c e t h eir  D N A cl e a v a g e  m e c h a nis ms pr o d u c e
H D R- e n h a n ci n g st a g g er e d e n ds a n d i nstill l o n g-r a n g e d el eti o ns
r es p e cti v el y (D ol a n et al., 2 0 1 9 ; P a ul a n d  M o nt o y a, 2 0 2 0 ).

Tr a n s cri pt a n d  E pi g e n eti c  M a ni p ul ati o n
Tr a ns cri pts c a n b e t ar g et e d a n d cl e a v e d b y  C as 1 3 a n d s o m e  C as 9
ort h ol o gs i n cl u di n g St a p h yl oc occ us a ur e us C as 9 f or tr a ns cri pt
J a n u ar y 2 0 2 1 | V ol u m e 1 0 |  Arti cl e 6 1 9 7 6 3
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l e v el g e n e k n o c k- d o w n (T a bl e 1 . C, (K o n er m a n n et al., 2 0 1 8 ;
Str utt et al., 2 0 1 8 )).  N u cl e as e i n a cti v at e d d e a d  C as ( d C as)
pr ot ei ns c a n bl o c k or a cti v at e tr a ns cri pti o n vi a st eri c hi n dr a n c e
of  R N A- p ol y m er as e or f usi o n t o tr a ns cri pti o n al a cti v at ors
r es p e cti v el y (T a bl e 1 . D a n d E, (P er e z- Pi n er a et al., 2 0 1 3 ; Qi
et al., 2 0 1 3 )).

N u cl ei c  A ci d  D et e cti o n  Kit s
C as 1 2 a a n d  C as 1 3 i n h er e ntl y cl e a v e n o n-s p e ci fi c n u cl ei c a ci ds
aft er  R N A- m e di at e d t ar g et bi n di n g ( Fi g u r e 1 A ), e n a bli n g s e v er al
fl u or es c e nt- b as e d d et e cti o n kits ( T a bl e 1 . F, (G o ot e n b er g et al.,
2 0 1 8 )).  N ot a bl y, S T O P ( S H E R L O C K  T esti n g i n  O n e P ot) f or
C O VI D- 1 9 di a g n osti cs ( S T O P C o vi d) u s es t his t e c h n ol o g y
(J o u n g et al., 2 0 2 0).

Bi o m e di c al  T o ol s a n d F ut ur e  Pr o s p e ct s i n
G e n o m e  M e di ci n e
T h e sit e-s p e ci fi c g e n eti c  m o d ul ati o n f a cilit at e d b y  C as pr ot ei ns
h as b e e n  m o n u m e nt al i n q ui c kl y a d v a n ci n g g e n e t h er a p y  wit h
s e v er al o n g oi n g cli ni c al tri als f or c a n c er i m m u n ot h er a pi es, bl o o d
dis or d ers, bli n d n ess etc . (T a bl e S 1 . A. 6, cli ni c altri als. g o v).  T o
f a cilit at e pr o gr ess, S p y C as 9 off-t ar g eti n g c o n c er ns ar e b ei n g
a d dr ess e d usi n g hi g hl y stri n g e nt  C as pr ot ei ns, t e m p or al c o ntr ol
of pr ot ei n e x pr essi o n, a n d g e n e e diti n g r e a cti o n a cti v at ors/
q u e n c h ers ( T a bl e S 1 . A, (C h e n et al., 2 0 1 7 )).  As n e w  C RI S P R
s yst e ms  wit h di v ers e  m e c h a nis ms ar e b ei n g c h ar a ct eri z e d, n e w
bi o m e di c al a p pli c ati o ns  will f oll o w.
O U T L O O K

As d es cri b e d h er e,  C RI S P R- C as is a t w o-i n- o n e  m e c h a nis m f or
p r ot e cti o n a g ai n st i nt r u di n g n u cl ei c a ci d s a s  w ell a s f o r
r e g ul ati n g b a ct e ri al p h y si ol o g y, i n cl u di n g p at h o g e ni cit y.
F oll o wi n g t h e c urr e nt dis c o v er y tr e n ds, g e n o mi c a n al ys es  will
k e e p u n e art hi n g n e w  C RI S P R- C as s yst e ms, s o m eti m es e v e n r e-
writi n g t h e e xisti n g r ul es ( e. g. dis c o v er y of fi rst k n o w n  C as 9 i n
Fr o nti er s i n  C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y |  w w w.fr o nti er si n. or g 6
n a n o ar c h a e a, ( B urst ei n et al., 2 0 1 7 )).  T h e  m e c h a nisti c b asis of
C RI S P R- b as e d p h ysi ol o g y is still e v ol vi n g. I nt er esti n gl y, t h e
m aj orit y of s p a c er t ar g ets ar e y et t o b e i d e nti fi e d, ( S h m a k o v
et al., 2 0 1 7 ) a n d t h es e t ar g et l o c ati o ns  m a y h ol d t h e k e y t o
m e c h a nis ms of  m or e  C RI S P R- m e di at e d alt er n at e f u n cti o ns.

C urr e ntl y,  C as 9,  C as 1,  C as 2, a n d  C as 3 h a v e b e e n dir e ctl y
i m pli c at e d i n s e v e r al p h y si ol o gi c al f u n cti o n s, s u g g e sti n g
p ot e nti al c o m p ar a bl e f u n cti o ns i n ot h er  C as pr ot ei ns. S o f ar,
C as 9 h as b e e n t h e  m ost di v er g e nt i n f u n cti o n r a n gi n g fr o m
p h a g e d ef e ns e t o g e n e r e g ul ati o n t o dir e ctl y a cti n g as a vir ul e n c e
f a ct or i n C. j ej u ni (F a ur e et al., 2 0 1 9 ). F ut ur e r es e ar c h is cr u ci al i n
u n d erst a n di n g t h e str u ct ur e-f u n cti o n r el ati o ns of t h es e di v ers e
C as 9  m e c h a nis ms.  T h e r e c e nt fi n di n g t h at s e cr eti o n of g ui d e-fr e e
C as 9 b y C. j ej u ni c a n i n fl i ct h ost c ell  D N A d a m a g e p oi nts t o  C as 9
m e c h a nis ms t h at ar e i n d e p e n d e nt of g ui d e  R N A ( S u n d ar es a n
et al., 2 0 1 7 ; S a h a et al., 2 0 2 0 b ).

T h e ar ms r a c e b et w e e n b a ct eri a a n d vir us es h as d eli v er e d a n
ars e n al of a nti- C RI S P R pr ot ei ns ( M ari n o et al., 2 0 2 0 ). I n a n
i nt er esti n g t wist, t h e us e of  C asF b y h u g e p h a g es s h o w e d
a d a pt ati o n of  C RI S P R- C as  m e c h a nis ms t o  w ar d off vir o p h a g es
(P a us c h et al., 2 0 2 0 ).  T h e fi t n ess c ost b e n efi ts of a n a cti v e
C RI S P R s yst e m a n d t h e  m ai nt e n a n c e of d e g e n er at e d  C RI S P R-
C as s yst e ms i n s e v er al b a ct eri a p r o vi d e i nt er esti n g f ut ur e
r es e ar c h a v e n u es.  C RI S P R- C as s yst e ms h a v e pr o v e n u ni q u e
b e c a u s e of t h ei r r e p u r p o si n g i nt o p o w e rf ul di a g n o sti c,
t h er a p e uti c al a n d e x p eri m e nt al t o ols.  W hil e t h er e ar e s e v er al
as p e cts s u c h as off-t ar g et eff e cts a n d pr o mis c u o us  D N A d a m a g e
t h at n e e d t o b e fi x e d b y f ut ur e r es e ar c h ( H a a p a ni e mi et al., 2 0 1 8 ;
W a n g et al., 2 0 2 0 ), t h e d a ys of p ers o n al pr e cisi o n g e n o m e
m e di ci n e ar e a st e p cl os er  wit h t his p o w erf ul t e c h n ol o g y.
A U T H O R  C O N T RI B U TI O N S

S N, H P P, L M, a n d R R w r ot e, r e vi e w e d, a n d e dit e d t h e
m a n u s c ri pt.  All a ut h o r s c o nt ri b ut e d t o t h e a rti cl e a n d
a p pr o v e d t h e s u b mitt e d v ersi o n.
T A B L E 1 | Cl u st er e d  R e g ul arl y I nt er s p a c e d  S h ort  P ali n dr o mi c  R e p e at s a n d  C RI S P R- a s s o ci at e d ( C RI S P R- C a s) bi ot e c h n ol o g y a p pli c ati o n s.

Bi ot e c h n ol o g y

A p pli c ati o n

C RI S P R - C a s s y st e m a n d r el e v a nt a cti viti e s R ef er e n c e s

A.  G e n e e diti n g 1.  S p y C a s 9 (t y p e II- A) a n d it s hi g h- fi d elit y v ari a nt s; li g ht a n d c h e mi c all y

i n d u c e d  C a s 9 e x pr e s si o n; s g R N A r e g ul ati o n t o c o ntr ol  C a s 9

2.  C a s 1 2 a (t y p e V- A), s e q u e n c e s p e ci fi c  D N A cl e a v a g e pr o d u ci n g

st a g g er e d e n d s

3.  C A S C A D E a n d  C a s 3 f or s e q u e n c e- s p e ci fi c  D N A d e gr a d ati o n a n d  C a s 8-

F o kI f u si o n f or s e q u e n c e- s p e ci fi c  D N A cl e a v a g e

4.  C mr (t y p e III- B), s e q u e n c e s p e ci fi c i nt erf er e n c e of tr a n s cri pti o n all y a cti v e

D N A

1. ( Ji n e k et al., 2 0 1 2 ; C h o et al., 2 0 1 3 ; Ni h o n g a ki et al., 2 0 1 5 ;

Kl ei n sti v er et al., 2 0 1 6 ; Sl a y m a k er et al., 2 0 1 6 ; C h e n et al., 2 0 1 7 ;

M aji et al., 2 0 1 7 )

2. ( H ur et al., 2 0 1 6 ; Y a n et al., 2 0 1 7 )

3. ( C a m er o n et al., 2 0 1 9 )

4. ( Li et al., 2 0 1 5 )

B.  B a s e e diti n g  S p y C a s 9 f u s e d t o c yti di n e d e a mi n a s e or a d e n o si n e t o i n o si n e d e a mi n a s e;

C a s 1 2 a f u s e d t o c yti di n e d e a mi n a s e;  C a s 1 3 f u s e d t o a d e n o si n e d e a mi n a s e

(K o m or et al., 2 0 1 6 ; C o x et al., 2 0 1 7 ; G a u d elli et al., 2 0 1 7 ; Li

et al., 2 0 1 8 )

C.  G e n e k n o c k d o w n

vi a s s R N A cl e a v a g e

C a s 9,  C mr,  C a s 1 3- b a s e d  m et h o d s (Z e b e c et al., 2 0 1 4 ; A b u d a y y e h et al., 2 0 1 7 ; B atr a et al., 2 0 1 7 ;

K o n er m a n n et al., 2 0 1 8 ; Str utt et al., 2 0 1 8 )

D. Tr a n s cri pti o n al

r e pr e s si o n

N u cl e a s e i n a cti v at e d  S p y C a s 9 a n d it s t a g-f u si o n d eri v ati v e s, n u cl e a s e

i n a cti v at e d  C a s 1 2 a,  C A S C A D E  wit h o ut  C a s 3

(Qi et al., 2 0 1 3 ; R at h et al., 2 0 1 4 ; H u a n g et al., 2 0 1 7 ; Z h a n g et al.,

2 0 1 7 )

E.  G e n e a cti v ati o n F u si o n s of  S p y C a s 9,  C a s 1 2 a, a n d  C A S C A D E t o tr a n s cri pti o n al a cti v ati o n

d o m ai n s

(P er e z- Pi n er a et al., 2 0 1 3 ; Br ei ni g et al., 2 0 1 9 ; Y o u n g et al., 2 0 1 9 )

F.  N u cl ei c a ci d

d et e cti o n

C a s 1 2 a,  C a s 1 3,  C s m 6 (G o ot e n b er g et al., 2 0 1 8 )
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T h e pr e p ar ati o n of t his r e vi e w arti cl e  w as s u p p ort e d b y a
N ati o n al S ci e n c e F o u n d ati o n g r a nt ( gr a nt n u m b er  M C B-
1 7 1 6 4 2 3) a n d b y a gr a nt fr o m t h e  R es e ar c h  C o u n cil of t h e
U ni v ersit y of  O kl a h o m a  N or m a n  C a m p us t o  R R.
A C K N O W L E D G M E N T S

W e t h a n k  Dr.  K es a v a n B a b u f or criti c al dis c ussi o ns d uri n g t h e
pr e p ar ati o n of t his r e vi e w.  W e a c k n o wl e d g e t h e fi n a n ci al s u p p ort
Fr o nti er s i n  C ell ul ar a n d I nf e cti o n  Mi cr o bi ol o g y |  w w w.fr o nti er si n. or g 7
pr o vi d e d fr o m t h e  Of fi c e of t h e  Vi c e Pr esi d e nt f or  R es e ar c h a n d
P art n ers hi ps a n d t h e  Of fi c e of t h e  Pr o v ost,  U ni v ersit y of
O kl a h o m a t o w ar ds t h e p u bli c ati o n c ost.
S U P P L E M E N T A R Y  M A T E RI A L

T h e S u p pl e m e nt ar y  M at eri al f or t his arti cl e c a n b e f o u n d o nli n e
at: htt p s:// w w w.f r o nti e r si n. o r g/ a rti cl e s/ 1 0. 3 3 8 9/f ci m b. 2 0 2 0.
6 1 9 7 6 3/f ull #s u p pl e m e nt ar y- m at eri al
R E F E R E N C E S

A b u d a y y e h,  O.,  G o ot e n b er g,  O., S., J.,  K o n er m a n n, S., J o u n g, J., Sl a y m a k er, I.  M.,

et al. ( 2 0 1 6).  C 2 c 2 is a si n gl e- c o m p o n e nt pr o gr a m m a bl e  R N A- g ui d e d  R N A-

t ar g eti n g  C RI S P R eff e ct or. Sci e nc e 3 5 3, a af 5 5 7 3. d oi: 1 0. 1 1 2 6/s ci e n c e. a af 5 5 7 3

A b u d a y y e h,  O.,  G o ot e n b er g,  O., S., J., Essl et z bi c hl er, P.,  H a n, S., J o u n g, J., et al.

( 2 0 1 7 ).  R N A t a r g eti n g  wit h  C RI S P R – C a s 1 3. N at u r e 5 5 0, 2 8 0 – 2 8 4.

d oi: 1 0. 1 0 3 8/ n at ur e 2 4 0 4 9

A kl uj k ar,  M., a n d L o vl e y,  D.  R. ( 2 0 1 0). I nt erf er e n c e  wit h histi d yl-t R N A s y nt h et as e

b y a  C RI S P R s p a c er s e q u e n c e as a f a ct or i n t h e e v ol uti o n of P el o b act er
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