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ABSTRACT: CRISPR/Cas technologies have revolutionized the _ Cas Variants Quantitative Analyses in Human Cells

ability to redesign genomic information and tailor endogenous gene | IE—SHoE——.| | CRISPR Nuclease Indels.
expression. Nevertheless, the discovery and development of new |HENNSFICZSIN | | (ndels) —ﬂoxj

CRISPR/Cas systems has resulted in a lack of clarity surrounding |mmsswucs— ) -

the relative efficacies among these technologies in human cells. |y | | sor - .

This deficit makes the optimal selection of CRISPR/Cas Interference ’Repressor _CRISPRi_
technologies in human cells unnecessarily challenging, which in (CRISPRY Y All unctional
turn hampers their adoption, and thus ultimately limits their utility. | —pmeaspe —(EE-

Here, we designed a series of endogenous testbed systems to | jrecme CRISPR | VPR CRISPRa
methodically quantify and compare the genome editing, CRISPR, I (CRISPRa) ’Acnvator o
and CRISPRa capabilities among 10 different natural and — - e s

engineered Cas protein variants spanning Type II and Type V
CRISPR/Cas families. We show that although all Cas protein
variants are capable of genome editing and transcriptional control in human cells, hierarchies exist, particularly for genome editing
and CRISPRa applications, wherein Cas9 > Casl2a > Casl2e/Cas12j. Our findings also highlight the utility of our modular testbed
platforms to rapidly and systematically quantify the functionality of practically any natural or engineered genomic-targeting Cas
protein in human cells.
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B INTRODUCTION PAM requirements than SpCas9, yet still retain robust activity

Significant phylogenetic and functional diversity has recently mn mammallan cells. CRGISP R/Cas systems from the 'l;ype v
been uncovered among CRISPR/Cas systems."”> Remarkably, family, such as Casl2a ‘9(3150 called Cpfl), Casi2e’ (also
components from at least 6 different CRISPR/Cas families called CasX), and Casl2j” (also called Cas®), have also been
(Cas9, Casl2a, Casl2b, Casl2e, Casl2f, and Cas12j) have adopted for use in mammalian cells. Unlike Type II CRISPR/
been identified that enable editin% of mammalian genomes, Cas family members, Cas proteins associated with Type V
transcriptomes, and/or epigenomes™ ' (Figure S1). Although CRISPR/Cas systems contain a single nuclease domain,
the Type II CRISPR/Cas system identified in Streptococcus require a T-rich PAM,”* and typically have smaller sizes than
pyogenes (SpCas9) is the most well-characterized and widely SpCas9.

used system for genome editing’ > CRISPR activation Although multiple CRISPR/Cas systems have been
(CRISPRa), and CRISPR interference (CRISPRi) in mamma- identified and tested in mammalian cells, differing PAM
lian cells,'””™"” the relatively large size of SpCas9, the NGG sequence requirements and the lack of isogenic expression
PAM sequence requirements, and the potential for off-target vectors has made direct, systematic comparisons among
effects can restrict the utility of SpCas9 in some contexts.”’~>* genome editing and transcriptional modulatory (i.e., CRISP-

To overcome these limitations, engineered variants of Ra/CRISPRi) activities in mammalian cells challenging.

s . 23 24
SpCas9 with 1nc2rseased fidelity, such as hypoCas9,™ eSpCas9, Additionally, for many of the newly identified CRISPR/Cas
and HiFi Cas9,” have been developed for use in mammalian

cells. Additionally, SpCas9 variants with altered PAM -
specificities, such as SpRYCas9,”° VQR SpCas9 and EQR Rece'lVEd: March 28, 2022
SpCas9,27 SpCas9-NG, § and xCas9,”” have been created. Published: September 26, 2022
Furthermore, natural Cas9 orthologues, such as Staphylococcus

aureus Cas9 (SaCas9);’° Neisseria meningitidis Cas9

(NmCas9);*"** and Campylobacter jejuni Cas9 (CjCas9),”

have been characterized that have smaller sizes and different
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Figure 1. Cas enzymes display variable expression levels in human cells. (A) Phylogenetic topology among indicated Cas proteins. Cas proteins in
gray are shown for comparative purposes and are not evaluated in this study. SpCas9; Streptococcus pyogenesCas9, SaCas9; Staphylococcus
aureusCas9, NmCas9;Neisseria meningitidisCas9, AsCasl2a;Acidaminococcussp. BV3L6 Casl2a, LbCasl2a; Lachnospiraceae bacterium Casl2a,
FnCasl12a; Francisella novicida Casl2a, DpbCasl2e; Deltaproteobacteria Casl2e, PImCas12e; Planctomycetes Casl2e, Casl2jl; Cas®1, Casl2j2;
Cas®2, and Cas12j3; Cas®3. (B) Indicated Cas nucleases were expressed in isogenic vector backbones and are schematically depicted and ordered
by respective size from the largest (top) to smallest (bottom). EFS; EFla short promoter, NLS; nuclear localization sequence. (C,D) Indicated Cas
nucleases were transiently co-transfected into HEK293T cells along with a corresponding non-targeting gRNA and 25 pg (panel C) or 50 pg (panel
D) of total protein was probed via Western blot 72 h post-transfection.

nucleases, no corresponding CRISPRa or CRISPRi tools have
been developed. Such tools could be particularly useful for
endogenous gene activation or repression strategies in
combination with smaller CRISPR/Cas systems (i.e., Casl2e
and Cas12j).

Here, we selected 10 different CRISPR/Cas variants from
both Type II and Type V families and developed a series of
genome editing and CRISPRa/CRISPRI tools in isogenic
expression vector backbones. We quantified the genome
editing efficacy of each variant using different gRNA-targeted
sites within an integrated eGFP testbed in the human
HEK293T cell line. We also measured the genome editing
efficacy of these different CRISPR nucleases at the endogenous
EMXI locus in HEK293T, HeLa, and U20S cells. Addition-
ally, we evaluated the CRISPRi (using 10 different KRAB
fusion proteins) and CRISPRa (using 10 different VPR fusion
proteins) capabilities of each variant at endogenous human
loci. Further, we designed integrated testbed frameworks to
benchmark any of the selected CRISPRi/CRISPRa ortho-
logues or variants at the same target site regardless of the
respective PAM requirements. We find that across these
human cell lines, Type II CRISPR/Cas systems generally
outperform Type V systems in both genome editing and
transcriptional activation, and that nearly all CRISPR/Cas
systems permit transcriptional repression when fused to the
KRAB domain. Collectively, our studies clarify the relative
efficacies of diverse natural and engineered CRISPR/Cas
systems in human cells and provide a useful set of new ready-
to-use expression vectors and assay testbeds that can enable
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rapid and robust in situ comparisons among current and future
genomic-targeted CRISPR/Cas variants.

B RESULTS AND DISCUSSION

Cas Proteins from Different Families can Display
Variable Expression Levels in Human Cells. The
CRISPR/Cas-based genome editing toolbox has rapidly
expanded in recent years, which in turn has established that
Cas protein variants with different sizes (ranging in size from
~400 to ~1300 amino acids) and different PAM sequence
specificities can function in human cells. Despite this exciting
progress, systematic analyses to quantify the relative genome
editing efficacies among these variants in human cells are
lacking, particularly for newly described variants from the
Casl2e and Casl2j families. To evaluate and compare the
relative genome editing activities of these Cas protein variants,
we selected 10 Cas enzymes (Figure 1A) including natural and
engineered variants from the Cas9 and Casl2a families
(SpCas9, HiFi Cas9, SpRY Cas9, SaCas9, AsCasl2a, and
LbCas12a),”*****%° and variants from the more recently
described Casl2e and Casl2j families (DpbCasl2e,
PlmCas12e, Casl12j2, and Cas12j3).”” We cloned each of
these Cas proteins into an isogenic expression vector backbone
such that each Cas protein harbored a nuclear localization
sequence (NLS), a FLAG epitope tag, and was transcribed by
the core EFla shortened (EFS) promoter (Figure 1B).

We transiently co-transfected each Cas variant-encoding
vector along with a second vector expressing a corresponding,
species-matched gRNA scaffold and a non-targeting control
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Figure 2. Genome editing efficacy differs between Cas variants in human cells. (A) Experimental workflow used to quantify genome editing efficacy
among different Cas protein variants. (B) Guide RNAs (gRNAs) targeting eGFP are indicated for respective Cas proteins. gRNAs (2 to 3
depending on Cas protein variant) are color coded based upon their targeted location (5'—3’) within eGFP. (C) Relative eGFP disruption rates
were calculated by counting the percentage of cells that lost eGFP 72 h after transfection with indicated Cas orthologues or variants and respective
gRNAs. Data presented as mean + s.e.m; *P < 0.05 (Student’s t-test); n = 3 independent experiments.

protospacer (Table S1) into HEK293T cells to first evaluate
relative expression levels among Cas protein variants in human
cells using Western blotting. Interestingly, despite controlled
transfection conditions, isogenic vector designs, and reported
optimizations for all tested Cas variants in human
cells,*”7**>2%3 differing expression levels were observed 72
h post-transient co-transfection in HEK293T cells (Figures 1C
and S2). For instance, although Casl2a and Cas9 family
members were generally well expressed, Casl2e and Casl2j
family members were relatively poorly expressed. In fact,
Casl2e and Casl2j variants were only detectable via Western
blotting with higher total protein loading amounts (~50 ug)
and longer exposure times (~600 s; Figure 1D). Flow
cytometry to detect the FLAG epitope on the C-terminus of
each nuclease active Cas variant in transfected HEK293T cells
recapitulated our Western blotting results (Figure S2).
Interestingly, the differences between the expression levels of
these Cas variants in HEK293T cells were not due to
differences in the amounts of respective plasmids transfected
into cells (Figure S3).

3241

Different Cas Nucleases Exhibit Variable Genome
Editing Efficacies in Human Cells. We next tested the
relative efficacies among these 10 selected Cas variants for
targeted insertions and deletions (indels) in HEK293T cells
using an eGFP disruption assay (Figure 2A). Multiple gRNAs
targeting eGFP were designed for each Cas variant to
maximize comparative analysis. gRNAs were also selected to
target as closely as possible to one another (given PAM
sequence restrictions). For Cas12a variants, only two different
gRNAs targeting eGFP were available to test disruption
efficacy, whereas for all other variants we tested disruption
efficacy using three different gRNAs targeting eGFP (Figures
2B and S4). eGFP was integrated into a master HEK293T cell
line at a multiplicity of infection (MOI) of ~10.0 and then
eGFP positive cells were sorted, collected, and tested as bulk
cell populations. Bulk cells were used to ensure that the eGFP
expression was equivalently distributed across all experimental
conditions. Similarly, an MOI of ~10.0 was used to normalize
chromatin landscapes at integration sites across all experi-
ments. We also introduced a PEST domain on the C-terminus
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Figure 3. Diverse Cas proteins are compatible with KRAB-mediated CRISPRI at the human CXCR4 locus. (A) Schematics of 10 indicated dCas-
KRAB fusions encoded by isogenic vector backbones. EFS; EFla short promoter, and NLS; nuclear localization sequence. (B) gRNAs targeting the
CXCR#4 promoter associated with indicated dCas variants are shown. DNase accessibility in HEK293T cells (GSM1635901) is also shown. gRNAs
on the forward and reverse genomic strands are shown in purple and light blue, respectively. TSS; transcription start site. (C) Relative CXCR4
mRNA expression (compared to cells transfected with empty vector; mock transfected, “CTRL”) 72 h post-transfection of indicated dCas-KRAB
fusion protein variants and corresponding CXCR4 promoter-targeting gRNAs in HEK293T (top), HeLa (middle), and U20S (bottom) cells.
Dashed line denotes CXCR4 expression when targeted by the SpdCas9-KRAB fusion protein and the indicated forward gRNA. Data presented as
mean + s.em; *P < 0.05 (Student’s t-test); n = 3 independent experiments.

of eGFP to reduce eGFP background/half-life, similar to S5B). These trends were most consistent among HEK293T

previously described assay designs.”* and HelLa cells, and to a lesser extent in U20S cells.
Despite variable expression levels among tested Cas variants, Regardless, these data indicate that although there may be a
all Cas enzymes were able to significantly disrupt the eGFP hierarchy of nuclease efficacy among Cas variants (i.e., Cas9 >
expression at all gRNA-targeted sites relative to non-targeting Casl2 > Casl2j) in human cells, each enzyme is capable of
gRNA control-treated HEK293T cells (Figure 2C). Consistent effective genome editing within human cells.
with previous reports,”” SaCas9 displayed comparable, yet Diverse Cas Proteins Are Compatible with KRAB-
measurably higher genome editing efficacy compared to Mediated CRISPRi in Human Cells. The intrinsic nuclease
SpCas9. Regardless, SpCas9 and SaCas9 both displayed activity of Cas proteins can be deactivated through muta-
slightly better nuclease activities than Casl2a variants genesis of catalytic amino acid residues. These nuclease-
(AsCasl2a and LbCas12a). Further, Cas12j family enzymes deactivated Cas (dCas) proteins have revolutionized the ability
(Cas12j2 and Cas12j3) exhibited the lowest nuclease activities to alter the endogenous human epigenome and/or activate or
in this controlled testbed system (Figure 2C). Finally, as has repress human genes using CRISPRa and CRISPRi ap-
been observed previously at some loci,”*® the engineered proaches, respectively.'”~'?*°~* Although targeting a dCas
HiFiCas9 and SpRYCas9 variants (derived from WT SpCas9), protein to a human promoter can, in some cases, result in
displayed slightly lower indel rates than WT SpCas9. reduced downstream gene expression, this inhibitory effect is
To extend our analysis beyond this eGFP testbed system, we more consistent, and often amplified, by fusing a Kriippel-
targeted each Cas nuclease to the endogenous EMXI locus in associated box (KRAB) domain to the C-terminus of the

HEK293T, HeLa, and U20S cells (Figure SSA). Tracking of dCas9 protein.12’46 Therefore, we fused a KRAB domain to the
indels by decomposition (TIDE) analysis38 at EMX1 largely C-terminus of 10 nuclease-deactivated Cas9, Casl2a, Casl2e,
replicated the trends observed at the testbed locus (Figure or Cas12j proteins in isogenic vector backbones (Figure 3A) to
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Figure 4. Diverse Cas proteins are compatible with KRAB-mediated CRISPRi at a synthetic testbed locus in human cells. (A) Experimental
workflow used to quantify genome CRISPR interference (CRISPRi) efficacy among different Cas protein variants fused to the KRAB repressor
domain. (B) CRISPRI testbed systems are schematically depicted along with respective gRNAs and PAM sequences/orientations. EFS; EFla short
promoter. (C) Relative eGFP (fold change vs a non-targeting gRNA; “NT gRNA”) measured by flow cytometry 72 h post-transfection of indicated
dCas-KRAB fusion protein expression vectors and corresponding gRNAs, dotted line denotes the repression level of SpdCas9-KRAB. Data
presented as mean + s.e.m; *P < 0.05 (Student’s t-test); n = 3 independent experiments. Cas12e and Casd12j systems can display poor CRISPRa

potencies in human cells.

quantify the relative abilities of variants from these families to
repress gene expression in human cells. Interestingly, we
observed that the fusion of a KRAB domain to the C-terminus
of Cas proteins resulted in slight changes to their relative
expression in HEK293T cells (Figure S6). Nevertheless, when
targeted to the endogenous human CXCR4 promoter in
HEK293T or U20S cells (Figure 3B), all dCas-KRAB variants
displayed significant (P < 0.0S) repression of CXCR4
transcription relative to mock transfected control cells (Figure
3C, top and bottom). In HeLa cells, all dCas-KRAB variants
were also capable of significant (P < 0.05) repression of
CXCR#4 transcription relative to mock transfected control cells
with the exception of dCas12j2-KRAB (Figure 3C, middle).
This trend was largely consistent across gRNAs targeting either
forward or reverse genomic strands, although effects related to
gRNA orientation and/or relative distance from the CXCR4
TSS were evident for some Cas variants.

Although we designed CXCR4-targeting gRNAs for each
respective dCas-KRAB variant to be as close as possible to one
another, an exact target overlap within the native human
genome is currently impossible due to differing PAM sequence
requirements. Therefore, to more precisely compare the
repressive capacities of each dCas-KRAB variant, we created
four equivalent CRISPRIi lentiviral testbeds that varied only in
terms of which PAM sequence (5-GGGAGT-3' for Cas9
proteins, 5’-TTTC-3" for Casl2a proteins, 5'-TTCA-3’ for
Casl2e, and 5'-TTA-3' for Casl2j proteins, respectively) was
placed upstream of an EFS promoter constitutively driving
eGFP (Figures 4B and S7A). All PAMs were next to a

synthetically introduced protospacer without predicted ge-
nomic of"f—'calrgets,47’48 which enabled us to target each
CRISPRI tool to the same exact sequence/spacing upstream
of the integrated EFS promoter. Each respective eGFP
expressing testbed was integrated into HEK293T cells at an
MOI of ~10.0 to generate 4 master HEK293T cell lines
(Figure 4A) and further, eGFP positive cells were sorted,
collected, and tested as bulk cell populations. As above, these
steps were taken to equilibrate distribution of eGFP expression
and normalized chromatin landscapes at integration sites
across all experiments. Similar to our results at the endogenous
CXCR#4 locus, all tested dCas-KRAB variants significantly (P <
0.05) repressed eGFP expression when targeted 16bp
upstream of the EFS promoter in testbed systems in
HEK293T cells (Figures 4C and S8). These data demonstrate
that all tested nuclease-inactivated CRISPR/Cas systems from
Type II and Type V families are capable of human gene
repression when fused to the KRAB domain and that our
testbed CRISPRI platform enables rapid, simple, and robust
quantification of the relative efficacy of diverse CRISPRi tools
or even repressive dCas-based epigenome editing technolo-
gies49’50 in future iterations.

dCas proteins have also been used to activate endogenous
genes in so-called CRISPRa settings wherein the dCas protein
is used as a scaffold to recruit transcriptional activation
domains to re%ulatory elements such as promoters or
enhancers.'””~'???*%°=% QOpe such CRISPRa system lever-
ages a tripartite transcriptional activation domain called VPR
(VP64-p65-Rta) fused the C-terminus of a dCas protein.'* To
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Figure 5. Relative CRISPRa potencies vary among Cas proteins at the ILIRN promoter. (A) Schematics of 10 indicated dCas-VPR fusions
encoded by isogenic vector backbones. EFS; EFla short promoter, NLS; nuclear localization sequence. (B) Schematic of the human ILIRN locus
including gRNAs on the forward (purple) and reverse (light blue) genomic strands, respectively, used to target indicated dCas-VPR fusions. DNase
accessibility is also shown (GSM1635901). (C) Relative ILIRN expression (compared to cells transfected with empty vector; mock transfected,
“CTRL”) 72 h post-transfection of the indicated dCas-VPR fusion proteins and corresponding ILIRN promoter-targeting gRNAs in HEK293T
(top), HeLa (middle), and U20S (bottom) cells. Data presented as mean + s.e.m; *P < 0.05 (Student’s t-test); n = 3 independent experiments.

measure the relative abilities of dCas variants to activate
transcription in human cells, we fused the VPR domain to the
C-termini of the selected dCas9, dCasl2a, dCasl2e, or
dCasl2j proteins in the isogenic vector backbones (Figure
SA). As observed with the KRAB domain, fusion of the VPR
domain to the C-terminus of different dCas proteins resulted
in reduced protein expression in HEK293T cells (Figure S9).
Despite this effect, when targeted to the human ILIRN
promoter (Figure SB) in HEK293T and HeLa cells, all dCas-
VPR variants displayed the ability to activate endogenous
ILIRN expression, albeit relatively inconsistently among
variants (Figure SC, top and middle). In U20S cells, although
Type II dCas-VPR variants were capable of significant (P <
0.05) activation of ILIRN transcription relative to mock
transfected control cells, Type V dCas-VPR fusions were
markedly less effective (Figure SC, bottom). Together this
indicates that overall dCas9/dCas12a-VPR fusions were more
effective at activating ILIRN gene expression than dCasl2e/
dCas12j-VPR fusions in these three human cell lines.

Again, because targeting each respective dCas-VPR variant
to the same exact sites within the native human genome is
currently impossible due to differing PAM sequence require-
ments, we created four equivalent CRISPRa lentiviral testbeds
(Figure S7B) to more systematically compare the trans-
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activation capacities of selected dCas-VPR variants (Figure
6A). Similar to our CRISPRi testbeds, each CRISPRa lentiviral
testbed varied only in terms of which PAM sequence (§'-
GGGAGT-3' for Cas9 proteins, 5'-TTTC-3" for Casl2a
proteins, 5'-TTCA-3’ for Casl2e, and 5’-TTA-3’ for Casl2j
proteins, respectively) was placed upstream of a target
promoter that could drive the eGFP expression when
stimulated (Figure 6B). However, for these CRISPRa testbed
experiments, the miniCMV promoter was selected to drive
eGFP in response to dCas-VPR variants because it has been
found to display low basal expression and to be highly
responsive to the VPR domain in human cells."* All PAMs
were designed next to a synthetically introduced protospacer
without predicted genomic off-targets,””* which enabled us to
target each CRISPRa tool to the same exact sequence/spacing
upstream of the integrated miniCMV promoter.

As shown above, each respective miniCMV-eGFP testbed
was integrated into HEK293T cells at an MOI of ~10.0 to
generate 4 master HEK293T cell lines (Figure 6A).
Transduced cells were tested as bulk cell populations to
ensure an equivalent distribution of eGFP expression and
normalized chromatin landscapes at integration sites across all
experiments. All dCas-VPR variants significantly (P < 0.05)
upregulated eGFP expression when targeted 16bp upstream of
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Figure 6. Cas proteins exhibit varying CRISPRa potencies at a synthetic testbed locus in human cells. (A) Experimental workflow used to quantify
genome CRISPR activation (CRISPRa) efficacy among different Cas protein variants fused to the VPR activation domain. (B) CRISPRa testbed
systems are schematically depicted along with respective gRNAs and PAM sequences/orientations. miniCMV; mini Cytomegalovirus immediate
early promoter. (C) Relative eGFP (fold change vs a non-targeting gRNA; “NT gRNA”) measured by flow cytometry 72 h post-transfection of
indicated dCas-VPR fusion protein expression vectors and corresponding gRNAs. Data presented as mean + s.e.m; *P < 0.05 (Student’s t-test); n =

3 independent experiments.

the miniCMV promoter (Figure 6C). However, overall Cas9
family enzymes performed the best in CRISPRa testbed assays
(up to ~30-fold activation) followed by Casl2a family variants
(up to ~15 fold activation). Although the CRISPRa tools
based on Casl2e and Casl2j family variants only slightly
activated eGFP expression (up to ~3 fold), this was
nonetheless significantly (P < 0.05) above non-targeting
gRNA control-treated HEK293T cells. Collectively, these
results suggest that all nuclease-inactivated CRISPR systems
are capable of human gene activation when fused to the VPR
domain but that Casl2e and Casl2j family variants are less
effective than Cas9 and Casl2a systems. Finally, these data
support the use of our testbed CRISPRa platform as a robust
and straightforward framework to rapidly evaluate and
benchmark CRISPRa technologies.

The recent expansion of CRISPR/Cas-based tools available
for use in human cells has transformed the ability to reshape
the human genome, transcriptome, and epigenome. Never-
theless, a lack of clarity exists surrounding the relative
endogenous efficacies of these powerful technologies. Con-
sequently, the selection of an optimal CRISPR/Cas system for
a particular application has been unnecessarily challenging, and
this challenge in turn has limited the adoption of otherwise
extremely useful synthetic biology technologies. Here, we
designed a series of robust integrated testbeds to systematically
compare the genome editing, CRISPRi, and CRISPRa
capabilities of both the most commonly used, and newly
developed, CRISPR/Cas systems to address this lack of clarity.
Our results demonstrate that although all Cas protein variants
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are generally capable of genome editing and transcriptional
control, some variants outperform others in human HEK293T
cells. We also built 20 different Cas fusion proteins in isogenic
expression vector backbones that can be used for CRISPRi and
CRISPRa applications across different PAM targeting and
specificity landscapes. Our findings here highlight the utility of
our optimized testbed platforms to limit the variables that can
confound effective comparisons among current, and future
CRISPR/Cas variants in human, or other cell types.

Our results here using these testbeds reveal an apparent
hierarchy among Cas variants in terms of genome editing and
CRISPRa efficacies in human cells. Specifically, Cas9 variants
(i.e, WT SpCas9, SpCas9 derivatives, and WT SaCas9)
generally perform comparably to one another and perform as
well as, or better than, Casl2a variants. However, Cas9 and
Casl2a systems both outperform Casl2e or Casl2j variants in
our experimental systems (Figures 2, S, and 6). Interestingly,
although Casl2e and Casl2j variants showed moderate
genome editing activity (Figures 2C and SSB), each variant
displayed only weak gene activation capabilities at both
endogenous and synthetic loci when fused to the VPR effector
domain (Figures SC and 6C). This result is consistent with a
recent study focusing on another small Type V CRISPR/Cas
family member; Cas12f (also called Cas14), which found that
dCas12f-VPR could only activate human genes after substantial
engineering of the corresponding gRNA and dCas12f protein
(the CasMini system).51 These results suggest that there is a
high likelihood that protein and/or gRNA engineering efforts
could also improve the genome editing and/or CRISPRa
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activities of Casl2e and Casl2j variants in human cells,
although by design our goal here was to benchmark selected
Cas variants with minimal manipulation relative to published
compositions.

In contrast to the variation observed in genome editing and
CRISPRa activities, all tested CRISPR/Cas systems displayed
relatively consistent CRISPRi potencies at both endogenous
and testbed targets when fused to the KRAB domain (Figures
3C and 4C). This difference between CRISPRi (using the
KRAB domain) and CRISPRa (using the VPR domain) effects
could be due to the relatively small size of the fused KRAB
domain (~6Saa) compared to the VPR domain (~S$31aa).
Alternatively (and not mutually exclusive), these variations
could be due to intrinsic mechanistic differences between
endogenous gene activation vs gene repression. Interestingly,
our data demonstrate that although the fusion of transcrip-
tional effectors to Cas proteins can reduce their relative
expression, and the magnitude of this reduction can be more
dramatic for VPR fusions than for fusions containing the
KRAB effector (Figures S6 and S9), the tools nonetheless
generally retain respective functionality. Whether engineering
efforts that result in increased expression would translate into
increased CRISPRi/a, or even CRISPR nuclease, potencies,
remains to be determined.

Notably, the inconsistencies observed among Cas variants
could also be driven by differences in relative gRNA/crRNA
binding affinities among different Cas proteins. For instance,
the crRNA binding affinity of Casl12a has been observed to be
lower than that of Cas9,””™>° which could partly explain why
Cas12a (or dCas12a-VPR fusions) might not edit (or activate)
genes as robustly as Cas9 family enzymes (or dCas9-VPR
fusions). Additionally, gRNA/crRNA activity could be gRNA/
crRNA sequence dependent. Regardless, our results show that
Casl2a is an effective endonuclease in human cells, and given
the smaller size, potential for multiplexing, reports of reduced
off-targeting, and findings that the Cas12a system is amenable
to engineered enhancement,”>>"% it, therefore, is a very
promising emergent technology. Similarly, the KRAB/VPR
fusions based on SadCas9 generally showed a comparable
efficacy in CRISPRi/a relative to SpdCas9-based tools (Figures
3C, 4C, SC, and 6C). Moreover, SaCas9 performed slightly
better than SpCas9 in our disruption assays (Figures 2C and
S5B). Therefore, SaCas9 derivatives are excellent alternatives
to SpCas9 proteins, especially in applications where the
payload size is restricted, such as AAV delivery.

Altogether, our studies demonstrate that CRISPR/Cas
systems from diverse families are useful for applications in
genome editing and transcription modulation within human
cells. However, using our controlled isogenic expression
cassettes, we found that different Cas variants can have
inconsistent expression levels, at least in HEK293T cells.
Furthermore, we find that the genome editing and CRISPRa
efficacies are not equivalent among different CRISPR systems
at both endogenous sites and at carefully designed testbed
systems wherein experimental variables, aside from which Cas
variant is tested, were minimized. In fact, our data using these
tightly controlled experimental settings indicate that there is a
hierarchy for relative genome editing and CRISPRa activities
among the 10 different Cas variants that we tested here in
which Cas9 performs better than or as good as Casl2a and
both Cas9 and Cas12a outperform Casl2e/Casl2j. Given the
biological nuances distinguishing different Cas variants, there is
simply no system with which to benchmark them perfectly.
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However, our testbed frameworks described here provide a
powerful and effective method to evaluate the relative activities
of current, or future CRISPR/Cas systems that target genomic
DNA in practically any mammalian cell that can be transduced
or transfected. Therefore, as more CRISPR/Cas systems
continue to be discovered and optimized for use in
mammalian/human cells, the technologies that we have
described here can be used to rapidly and quantitatively
compare their endogenous efficacies. These testbeds could also
be useful in screening for improved functions of engineered
Cas proteins in endogenous contexts in a high throughput.
Collectively, our studies and these new quantitative capabilities
can help foster the adoption, implementation, and improve-
ment of the rapidly expanding CRISPR/Cas-based toolbox and
thereby augment their utility in providing innovative
opportunities across basic and applied biomedical research.

B METHODS

Phylogenetic Analysis. 18 Cas protein sequences were
retrieved from Genbank and/or previous reports then analyzed
using the multiple sequence alignment program MUSCLE.**
Phylogenetic tree topology diagrams were generated using the
Maximum Likelihood method via the MEGA X software
package.”” Sequence identities for SpCas9, SaCas9, NmCas9,
AsCasl2a, LbCasl2a, FnCasl2a, DpbCasl2e, PlmCasl2e,
Casl2j2 (Cas®2), and Casl2j3 (Cas®3) were generated
from WP_032462936.1, AXB99496.1, MBH2503069.1,
WP_021736722.1, QRU95066.1, WP_216372291.1,
OGP07438.1, OHB99618.1, PDB: 7LYS A, and PDB:
70DF_A, respectively. Sequence identitg for Casl2jl
(Cas®1) was derived from a previous report.

Plasmid Constructs. All plasmids encoding Cas protein
variants and all testbed vectors constructed in this work are
available through Addgene. SpCas9, HiFi Cas9, SpRY,
AsCasl2a, LbCasl2a, DpCasl2e, PxCasl2e, Casl2j2, and
Cas12j3 nucleases were polymerase chain reaction (PCR)-
amplified from lentiCRISPR v2 (Addgene, 52961), pX165-
HiFi Cas9 (Addgene, 140563), pCMV-T7-SpRY-P2A-EGFP
(RTW4830; Addgene, 139989), pY026 (Addgene, 84741),
pY027 (Addgene, 84742), pBLO 62.4 (Addgene, 123123),
pBLO 62.5 (Addgene, 123124), pPP441 (Addgene, 158801),
and pPP444 (Addgene, 158802), respectively. SaCas9
sequence was based on pX600-AAV-CMV:NLS-SaCas9-NLS-
3xHA-bGHpA (Addgene, 61592). The nuclease inactivated
HiFidCas9 (D10A/H840A mutations), and SpRYdCas9
(D10A/H840A mutations), AsdCasl2a (D908A mutation),
LbdCas12a (D832A mutation), SadCas9 (D10A and NSSOA
mutations), DpdCas12e (D672A/E769A/D935A mutations),
PxdCasl2e (D65S9A/E756A/D922A mutations), dCasl12j3
(D413A mutations), and dCas12j2 (D394A mutation) were
PCR-amplified using corresponding primer sets designed to
engender-specified nuclease-inactivating mutations. Nuclease
active and inactivated Cas plasmids were constructed by
cloning PCR-amplified fragments into the Afel and BamHI
digested dCas9-dMSKI1-P2A-Puro plasmid backbone de-
scribed previously (Addgene, 165602) via a NEBuilder HiFi
DNA Assembly (NEB, E2621). The VPR and KRAB effector
domains were amplified from SP-dCas9-VPR (Addgene,
63798) and hUbC-dCas9-KRAB-T2A-Puro (Addgene,
71236), respectively, and cloned into each corresponding
BamHI digested dCas plasmid backbone via a NEBuilder HiFi
DNA Assembly. The parental CRISPRa testbed plasmids was
created by assembling the EcoRI- and Mlul-digested dCas9-
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dMSK1 (Addgene, 63799) together with a PCR-amplified
hPGK promoter (Addgene, 63799), a PCR-amplified Blastici-
din resistance gene (Addgene, 63799), a PCR-amplified eGFP
gene, and a commercially synthesized fragment (gBlock, IDT)
harboring Nhel and Xhol cut sites upstream of miniCMV. The
parental CRISPRi testbed plasmid was created by digesting
with the parental CRISPRa testbed plasmid with EcoRI and
Mlul and then cloning in an EFS promoter (Addgene, 63798)
via NEBuilder HiFi DNA Assembly. Each subsequent
CRISPRa or CRISPRI testbed plasmid was made by digesting
the corresponding parental plasmid with Nhel and Xhol and
ligating two annealed oligos encoding specified PAM and
protospacer sequences. SpCas9-associated gRNAs were cloned
into pSPgRNA (Addgene 47108). SaCas9-associated gRNAs
were cloned into a pZDonor plasmid containing an SaCas9-
gRNA scaffold cassette downstream of hU6 promoter. The
gRNA scaffold cassettes for AsCasl2a, LbCasl2a, Casl2e,
Cas12j2, and Casl2j3 were PCR-amplified from pY026
(Addgene, 84741), pY027 (Addgene, 84742), pPP441
(Addgene, 158801), and pPP444 (Addgene, 158802),
respectively, and then cloned into Ndel and SacIl digested
pSPgRNA (Addgene 47108). The gRNAs for each Cas were
cloned into the compatible gRNA backbones. All gRNA
protospacer sequences are shown in Table S1. Amino acid
sequences for Cas constructs are shown in Supporting Notes
1-3.

Cell Lines and Transfections. HEK293T (ATCC and
CRL-11268) and HelLa cells (ATCC and CCL-2) were
cultured in Dulbecco’s modified Eagle’s medium (Gibco, 31-
053-028) supplemented with 10% FBS (Sigma, F2442) and
1% penicillin/streptomycin at 37 °C and 5% CO2. U20S cells
(ATCC, HTB-96) were cultured in a McCoy’s SA (modified)
medium (Gibco, 16-600-082) supplemented with 10% FBS
(Sigma, F2442) and 1% penicillin/streptomycin at 37 °C and
5% CO2. Transient transfections were performed in 24-well
plates using 375ng of Cas or dCas (nuclease inactivated)
expressing vector and 125 ng of corresponding gRNA vectors.
Plasmids were transfected using Lipofectamine 3000 (Thermo-
Fisher, L3000015) following manufacturer’s instructions.

Lentiviral Production. One day before transfection,
HEK293T cells were seeded at ~40% confluency in a 10 cm
plate. The next day cells were transfected at ~80—90%
confluency. For each transfection, 10 ug of plasmid containing
the vector of interest, 10 ug of pMD2.G (Addgene, 12259),
and 15 pg of psPAX2 (Addgene, 12260) were transfected
using calcium phosphate. Five hours post-transfection the
media was changed. The supernatant was harvested 24 and 48
h post-transfection and filtered with a 0.45 ym PVDF filter
(Millipore, SLGVM33RS), and then the virus was concen-
trated using a Lenti-X Concentrator (Takara, 631232),
aliquoted, and stored at —80 °C until use. Lentiviral titers
were measured using a Lenti-X qRT-PCR Titration Kit
(Takara, 631232).

Western Blotting. SDS-page gels were loaded with 25 or
50 ug of total protein and transferred onto a PVDF membrane
(Bio-Rad, 1704274) using semi-dry electroblotting (Bio-Rad,
1704150) according to manufacturer’s instructions. Mouse
primary a-FLAG antibody (Sigma-Aldrich, F1804) was diluted
at 1:1000 in Tris-Buffered Saline with 1% Casein (Bio-Rad,
1610782) and secondary a-mouse HRP-conjugated antibody
(Cell Signaling, 7076) was used at a 1:3000 dilution in Tris-
Buffered Saline with 1% Casein (Bio-Rad, 1610782).
Membranes were incubated in an enhanced chemilumines-

3247

cence substrate (ECL, Bio-Rad, 1705062). Tubulin was
detected with a human a-Tubulin Rhodamine-conjugated
antibody (Bio-Rad, 12004165) at a 1:3000 dilution in Tris
Buffered Saline With 1% Casein (Bio-Rad, 1610782).

Intracellular Staining and Flow Cytometry. Trans-
fected cells were trypsinized and then washed with phosphate-
buffered saline (PBS, Fisher, BP3994) and then, fixed for 12
min in 1.6% formaldehyde (Sigma, F8775-25SML). Fixed cells
were then washed with PBS and permeabilized for 15 min with
0.1% Triton X-100 (Sigma, T9284-100ML) in PBS. Permea-
bilized cells were then washed with PBS and blocked for 30
min with 1% bovine serum albumin (BSA, Fisher, BP9706-
100) and 0.1% Tween-20 (Millipore, 655204-100ML) in PBS.
Following blocking, cells were incubated with a-FLAG-FITC
antibodies (Sigma, F4049-2MG) diluted in blocking buffer
(1% BSA and 0.1% Tween-20 PBS) at a final concentration of
1 pug/mL for 1 h at room temperature. Cells were washed with
blocking buffer and analyzed using a Sony SA3800 flow
cytometer.

eGFP Disruption Assays. The GFP-PEST HEK293T
reporter cell line was generated via a lentiviral integration as
described above and previously.*® Briefly, HEK293T cells were
transduced with lentivirus expressing an eGFP-PEST reporter
construct under the EFS promoter at a MOI of 10.0. Cells with
robust GFP expression were sorted on a MA900 and banked.
eGFP HEK293T reporter cells were seeded into 24 well plates
and transfected at 60—70% confluency the next day according
to the manufacturer’s protocol with lipofectamine 3000
(ThermoFisher, L300001S5) using 375 ng of indicated Cas
plasmids and 125 ng indicated gRNAs. Cells were analyzed 3
days post-transfection using a SA3800 flow cytometer.

TIDE Assay. DNA was isolated from the transfected cell 72
h post-transfection using a DNeasy Blood & Tissue kit
(Qiagen, 69506). PCR was performed using 50 ng of extracted
DNA, primers specific for the targeted EMXI locus, andQS
polymerase (NEB, MO0491S) following manufacturer’s in-
structions. PCR products were then purified (Qiagen,
28106) and 100 ng of PCR products were sequenced via
Sanger sequencing (Eurofins). Sequencing data was then
processed using the TIDE web tool (http://tide.nkinl).*®
Predicted Sp gRNA nuclease activities using Azimuth 2
algorithm are shown in Table S2.

Reverse-Transcription Quantitative PCR and Quanti-
tative PCR. RNA was isolated from transfected cells using a
RNeasy Plus mini kit (Qiagen, 74136) and 1 ug of purified
RNA was used as a template for cDNA synthesis (Bio-Rad,
1725038). Real-time quantitative PCR (qPCR) was performed
using Luna qPCR Master Mix (NEB, M3003E) and a CFX96
Real-Time PCR Detection System with a C1000 Thermal
Cycler (Bio-Rad, 1855195). Baselines were subtracted using
the baseline subtraction curve fit analysis mode and thresholds
were automatically calculated using the Bio-Rad CFX Manager
software version 2.1. Results are expressed as the fold change
above mock transfected control cells after normalization to
GAPDH expression using the AAC, method. Quantification of
plasmid transfection efficiency was performed by creating
standard curve serial dilutions of previously reported plasmid
(NMS-dCas9-VP64) "’ containing a WPRE. Results were fitted
to the standard curve to calculate the number of plasmids
transfected, then normalized to GAPDH. All qPCR primers
and conditions are listed in Table S3.

CRISPRa and CRISPRi Assay. The CRISPRa and
CRISPRI reporter cell lines were generated using lentiviral
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integration as previously described.’® Briefly, HEK293T cells
were transduced with lentivirus expressing an eGFP reporter
under the miniCMV promoter at an MOI of 10.0 for CRISPRa
experiments, or under an EFS promoter at an MOI of 10.0 for
CRISPRi experiments, similar to previous designs.””*® Subsets
of the populations displaying robust eGFP expression were
sorted by selecting approximately 10% of the total average
fluorescent population using a Sony MA900 Cell Sorter.
HEK293T CRISPRa or CRISPRIi reporter cells were seeded
into 24 well plates and transfected at 60—70% confluency the
next day according to the manufacturer’s protocol with
lipofectamine 3000 (ThermoFisher, L300001S) using 375 ng
of indicated Cas plasmids and 125 ng associated gRNAs
(Table S1). The eGFP intensity was analyzed 3 days post-
transfection using a Sony SA3800 flow cytometer and
compared to a non-targeting protospacer control.*’

Statistical Analysis. Data was analyzed using Student’s ¢-
test. Alternative statistical analyses are presented in the source
data file, along with all other source data.
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