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Scalable multiplex CRISPR
knockouts and a new
knock-in research method
to support personalized
medicine discoveries

¥ Anand Narayanan, PhD, Yale School of Medicine and Branimir Bugarija, PhD, Commercial
and Technical Manager, CRISPR, Integrated DNA Technologies
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The Silent Killer

*I'd never really thought about blood pressure before but at a dheck-up, my doctor
teld me it was too high — at 16090 mmHg. He presoribed beta-Blockers but they
made me feel like a zombie, so I stopped faking them. | was only 35, " said Mike.*
*Three years later; | started feeling increpsingly nauseous until it got so bad, | went
to the hospital. The doctor taking my blood pressure was horrified — it was 210020

mmig! e had three brain hemomhages (a type of stroke) becalse of the high
bleod pressure (hypertension) and because the hypertension had been long-terrm,
my kidneys were functioning af oaly 60%. Nowadays, [ take five types of blood
pressure pifls. | am slimmer and fitter, so my pills are more effective. The doctors still
don't know what caused my high blood pressure. but with the help of medication,
my Blood pressure & badk to a healthy level and my kidneys have improved, though

they wall never refurn to 100%. | was very lucky *

Introduction
Tiypernensson i a serioes medical condition
thal increases the risks of heart, brain, kidney
and other dispases" 1L puts one 8 risk for hearl
disease and siroke, (e leading causes of death
i the US4 Worldwide, an esiimaied 1:2% billon
peaphe hotwoeen the ages of 30 1o 79 yoars old
have hyperlension, with nearfy half {--46%) of
thim nol knowing that ey bave 1L To Lackle the
st poovabenee of Uhis “slent Killer” (soe diwset,
Thee St Killer) miany nathons are adopting the
dual approach of provention and treatment?
Hypericnsion was previously untreatable, bal
Lremmeredows progress has boen in U past S0
yiestrs. Several digs have boeen develgeed e
help imdivicheals mamage thedr condition when 2
hifestyle modification proves (o he insafficient or
when dreg therapies are needisd o Lrezl & mone
advanced disease =7 Hesearch s underway (s
fuariber ihe chuchlation of the disces mochansms
driving hypertension and thereby develop
precision medicines o improve the trealment
of hyperiension.®

‘LBz last 40 years of rescagch: has unvetled Uhal
byperiersson i a compex discse (hal arkses doe
b & varbedy of interacting: factors® In rane cases,
hypertension can be sttributed in 2 single caise
- B4, 8 genelic muiation o newrmendocrine
tmor. Maost cases, wwever, ane the resall ol an
nterpay of muliple rctalfethnie amd gpeoeic
warlanis and plejoirogic effects 7 compoanded
by erwvironmental and Hiestyle @oors =
T Imvestigaie and understand this mierplay in
palienls, schenlists have developed oman discase
mslicds vy penerating U same mufatiors i
cell cubture of animal models; by recreating e
palienl’s varianis in laboralory models, researchers
can snly Uhe disease in iz complexity and
evenlislly develop a treatment. Onoe ol the Lebest
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lechmohsgies [or recapitulaling buman matalbons in
i -vitr arud dr i models is the pene editing oo,
CRISPRA ase 7

Effident generation of muktiple
transgenic models using multiplex
CRISPR/CasS tachnology
CRISPRACas9 has been tradmionally vsed o edn
genes al spediic locations on Lthe genome {known
& loct). This one-gene knockoul sppreach is
el for Girgeting penes that cxids in one copy
in ihe geooame, bt These sre drcamstances in
which this approach may &l sharl. As one of us
{AN) has worked with multiple research Leams
#l Yale School of Medicine and bed projects o

targeting of genes in mulfiple loa,
the team developed a “riftiplexed™
CRISPRICas9 method, where

abvance the CRISFIRCas proe caliting technology,
we thaeaphl lo s owr experience with nen. becd
fieng duplication events b creale maltiple copies
of 2 single microfMA®"* {mIENA) gene on
separale chinomosomes 1o develop livpericosion
model gystems [lence, o sicceed in abmogsting
the activity of an entire mifENA family, all

the copies masl be mulaled stmullaneoushy

o achlewe comprebensive tangeling of peoes in
moultigle ot The s developed a = moltipleied”

CRISPRACasS medhod, where mabiipe kool can
b maitated simultanecsty. This method has
resulied i the abrogaiion of the activity of muhiple
members of the miEMNA Bmily In dillerent Iocl with
rindmurn off-Gangeds

Tuarther, these mutations are heritable in the
misdified cofl lines, and this has enabled the
funciiona anabysts of mERMA pene familles in
biological processes.™ L his approach 15 mol enly
e eflichent than e one-al-a-Eime moibod Dol is
abso scalable, hence, we can mustale memerons o
and thas enable the rapid generation of malipls il
loss-ol-function models. Addiionally, the approach
can creale gene knockouts Lhal exis) in single
copy. I recent article, we used this agprosch o
create a pene-knockout aebralish madel, which
comsequenty revezlod an chisive downstream tanpel
thal furiher led to the tdentification of 2 regulalory
s implicated (n the deveboproental and disease
et hvways of huemen skeleial muscle.

In genome editing, it Is often easier
to tear down than to build up

As mied n the proceding paragraphs, anpleying
the multigles CRISPRA 20 sralepy allows
mstiple los-of - fenction masdels 1o be eificiently
generaed. Rut what abow CRISPR knock-ins,
which ane vital lor peoerating simgle nuchootide
vartanils (3N Y] in oolls, cspecially or croating
cell-beesed mondeds of humean diseases?

With knockouts, the CRISPR/Cass technology
5 almed 3 the locws of the (argel gene where Lhe
st enzymne culs The double-stranded DNA
T cuats aces, i S, double-stranded broaks,
whdch are then healed vsing the coffs main
[TMA-repair mochanism for poining the o ends
back together. This hezling mechandsm, knowm
as mil-homologous end joining (MELER, 15 e
preferred mechanism ol e cell becinze i can
b activated af amy time. That avadabdlity and
comaequent epalr speed ane schieved i the cost of
the fdelity of the repaired DMNA, meaning thal the
repatred DMA ollen incorporales exlra insertions
o deletions of DA (ndels) (see Figare 1),

"Thits lowr-fidelity repatr works well for penerating
loss-ol-unction models in CRISPR knockow
caperiments, becase I compamanids Lhe disrupiion
of the pene, Comversely, tor gene knnock-ins, thils
kack oof ficdedity presenis a problem becasse the
penes need to he procisely adited, witheat Indels.
Nod only is this vital for generaling SMYs; Gidelny
&5 alse imparianl for Lhe developmenl of most gene
therapies, which requine meaking scourate edits o
human genames.

&0, how can Uhe coror-prsne MR repair
pathway be evorcome or clroumvented for
knuck-ins? The answer 15 o nduce e cell 1o
o s odher [ NA-repalr mechandsn, Known as
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Figuare: 1: Possible outcomes. alter genomic DA deavadge with CRISPR/CasS
Coliular DN repair pathways such a5 NHE] can lead to deletions, changed soquonces, and small insortions, ™

homology-direcied repair (HD R HIXR uses a
DINA lemplate b make sume Lhe repakr s procise,
wilthouat sy indels (soe Fipuoe 2% Despiie having
a shower repalr speed than NITEL TTDR i
penerally the preferred patheay for CRISPR
knock-in experiments. Melhods Lo promols
HIR ower MHEI have been developed for vse

in knock-in experiments whese precisely edited
Penis are rodquired 5

Designing and executing projects

Eerige able te kpwsck- 0 genes st methuods such
as CRISPR is increzsingly imporiant for precision
medicine development. Optmizing the variows
inlerdependent clements of 3 CRISPR knock-in
caperiment, however, can be challenging. Tools Ual

HDR for gene correction
or modification

stmplify the process, from design o execation of
experimenls, ane rapldly becoming avalizble.

For the knock-1n projects, ane of s (AN}

Teas workied exienstvely with Inteprated THNA
Technaologies” (TIVT) CRISMRFuncional Genomics
licaan om CRISPRACas% based knock-ins. IVDs
AlE- 1= HIDH Desipn Tood 15 @ castomitzalde design
tool thal ablows desigm of prdde RNA sequences.
"Thee: pliatfnrm abso allows selection of donor TTINA 1o
lzrgel and Incorporaie desined modifcatbons In the
gemane 0 muliiple mode organisms.

LYY afbees optimmidiedd Translection and
eleciroporation proiocols for ribonaceoprolein
{RNF} dedivery, supplementary roagents o hias the
ool machinery’s repalr pathway Lo promote HIXR
over MHER deciroporativn enhancers, and bullers

HOR for gane addition
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Figure 2: HDR Can INCOrpOTate New Sequences INte genamic DA

Sl sequeences can be changed lor purposes of gene ooimeclion (e, and ge sequences sudh s whole
e cain be added (righth
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(Figaeres 3 anad 47, The design oo, reapenis, aml
technilcal cxperttse of inlernal sclentists, coupled
wilh the service of 11¥[s sabes leaan, cnsures
continmed support 2 all stages of CRISPRACasy
D] Knsck-in projects,

Characterizing variants of unknown
significance in research for informing
the development of precision medicine
Much of the genetk: archiocture of Bloed
pressann: s heen discovered using genome.-

wide assoclatbon studies (GWAS), which

involve scanming hundreds of thousands of
comurn genellc vartanks acmoss Lhe genomies

of mmmerous peaple to Gnd e varsends ihat ane
statistically assochabed with 3 disease of specific
characteristic #% (Genelic varlanis assocksied

{or nol) with the particular discase o rail
{charscteristc) of inlerest may then be classified as
prallayzenlc of benigm, Fespectivedy,

T thai are ik bogsenic can be imestigiad
further, for cxample, In funciional studses 1o
enhance the charactertstion of the geoe and the
fodee il s i the dissase process. Fanctionsal
siudies are ofien performed asing collubar and
animal models of diseass as an imporiant siep
in elucidating and validaiing findings before
progressing 1o clindcal evahutons. Vartanis
Uil e cscefial b (cse cvalistions cai go
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Figuire 3: All-R HDR Donor Cillgos Emprove
HDR effidency

The HOR rales liom agperiment using 3 diflerent
donod opitions wone compared (k=81 mmﬁns
HDR

raﬁramrm‘amadﬂmmadg@nww
HOA rates. 17 TS AR HDR Dosign ool 5 3
ounlomisile desgn ool thal alows design ol guide
RMA Sorpacrnos.
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Fgure 4: Alt-R HDR modified donors and Alt-R HDR Enhancer led to higher HDR rates
10T et wibsathier combining AlL-E HDR Enhancer wilh AR reodifications of HOR donon ofigos would
daita demonstrated that this

Imipeowe: HOR rbes furthor. The

1 the amound of HOR achisved with CREPR ribomuciel; prolein

weories wedl, Inading to higheor HDR s This
comipiees conpetsed of AR

hitstoxgeam depic
S VI ot Mudiease W and AR-RCRISPR-Cosd crispr b, GrPMA) and frans-activating crispr (acrRhua,

targeding three genomic lod (MYC, HPFRT, and 5841} along with
dedwiesd B0 Hels cells by aleciroporation with AlLR ©
System (Lonzal. Unmodified, PS modifiod, or AR HDR

on Lo clinlcal settings b Inform diagnoses
andior Lhee selecion of Uerapies for precision
bt apyHicalions =

Clertain wvariants, hwever, cannot be dearky
classified as cither pathogenic or hendpn. Thess
variants of unknown or uncerizin significance
(VUS) pose a prohlem e so Hilke s Rnown

absoait them, Mot onfy does this kack of informestion

meezans thal VIS cannol be psed to Inform clindcal
decisions bul also thal the lack can be a key
boitleneck when VIUS comprise a large proporbion
al the tofial numiber of varaids iWdeoliled in
i pesearch study ™ That & wiy the scheniific
commumity 1s now booking fr ways o acoursely
classify and characlerbe VE™

Une cructal sep in e process 15 the
Elent i icatio of e rigght coll Doe b s, b e
cell line masd be appropriae for observing ihe
hoehavior and Rmction of the VLIS In comparison
with known warianls. This selection process can
be applicd 1o iInvestigate a variely of VDS, While
the overall workfhow (s streambined, the sieps sl
need fo b adapted and optimtsed for cach VU5
boing Irvest ipated

Hiy wsing the appropriate coll Ioe for each
warianl and combining CRISIR knock-ins using
I techmodogry willy e geeieralion sequcocing

SECRITCING, POrorirea
madicing. and el ine engreenng. He aamed hs
PP i TR, €0 3] GeWAOpRneTEal Dickgy
from Texcas AR Liniersity, Crfloge Station, T

Ali-R HOR donor oligos

mamm Enbiancer using e A0-RNucklecion s

donor templates wose wsed (N=10.7

(N0} and single-ooll soquencing, the Yale
Temanas hawve crosted research methods ihat ofler
Tuenctional insights and potential dasdfcation of
VU5 These technodopies may allow avenues for
therzpeutic nderventbon i prectshon madicdne

One research step further toward
tha overarching goal that is
precision medicine

In collahoration with physiclan schentists, Lhe Yabe
lizazn 15 sludying buman ¥ US in three diseases:
asosaitial domnt tubao-tnlersital kidoey
disesse {ATTEDY, cerehral paksy, and hypertension.
"This research miethad has helped to gain insights
Inbo some VIUS im lerms of whether they lean
Nevwrand Being patbosgemic or bendgn. Lhe worklow
1% Hemilsbe and can be opiinized fof cach VUS o
achbeve maximeam resdlis. In addition, i s expected
that the right cell modeds can be created with the
selection of Lhe appropriate ool lines and assays
o funclionally characleriee the YUS, Valoabie
(el im el msodlicls waubd then be trstated
1, anvd valbdated in, animal modets, This rescarch
I In progress and the team 15 looking o publish
the mesulis shortly. W look 10 Lhe development off
Ihese innovalive melhueds 1o enible new precision
miedicineg discoverics. [T
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