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Abstract

CRISPR-Cas-based transcriptional activators allow genetic engineers to specifically induce expression of one or
many target genes in trans. Here we review the many design variations of these versatile tools and compare
their effectiveness in different eukaryotic systems. Lastly, we highlight several applications of programmable
transcriptional activation to interrogate and engineer complex biological processes.

Introduction
The engineering of CRISPR-Cas (CRISPR-associated)
systems has provided a means for simple, accurate, and
efficient genome editing. The type II CRISPR-Cas9 sys-
tem from Streptococcus pyogenes is the most commonly
used for genome editing.! This ribonucleoprotein com-
plex consists of a DNA endonuclease (Cas9) and two
RNAs, CRISPR RNA (crRNA) and transacting RNA
(tracrRNA). Together, these components make a blunt
cut in DNA upon binding to the target sequence.”™

The crRNA component of the complex provides se-
quence specificity by base-pairing to the complementary
20 nucleotides of the target DNA (protospacer) upstream
of an “NGG” protospacer adjacent motif (PAM). >
crRNA and tractrRNA can be combined into a small
guide RNA (sgRNA) that is sufficient for function.*
Thus, the two-component sgRNA-Cas9 complex consti-
tutes an RNA-guided platform for cleaving specific geno-
mic regions. This tool has transformed the cost and
throughput of genome editing in recent years.

CRISPR-Cas9 systems have been engineered to
remove their DNA cutting activity for applications that
exploit their sequence-programmable DNA-binding abil-
ity. Cas9 contains two endonuclease domains, HNH and
RuvC, each involved in the cleavage of a single DNA
strand.* Thus, to create a catalytically inactive or
“dead” Cas9 (dCas9), both domains were inactivated.*
Later, it was demonstrated that dCas9 proteins harboring
mutations that inactivate the endonuclease catalytic sites

retain their DNA binding abilities.”® Qi and colleagues
used a dCas9 with D10A and H840A substitutions in
the RuvC and HNH domains, respectively.*> A second
dCas9 version was designed using four mutations in the
nuclease domains, D839A and N863A in addition to
the abovementioned D10A and H840A.° Both dCas9 ver-
sions are devoid of nuclease activity but remain strong
RNA-guided DNA binding proteins.”®

dCas9 has been fused to many effector domains with
the goal of recruiting different activities to locally modify
the target DNA or its associated proteins. When tran-
scription activation domains (ADs) are fused to dCas9,
the resulting protein can induce expression of genes in
the vicinity, thus becoming a programmable transcrip-
tional activator (PTA), also known as a CRISPR activator
(CRISPRa). This review focuses on PTAs created using
CRISPR-Cas systems, describing the different designs,
common features, and in vivo applications. We focus
on PTAs developed and tested in eukaryotic organisms.

Activation Domains

ADs are defined as motifs capable of recruiting the tran-
scription preinitiation complex (PIC) to a core promoter.
RNA polymerase II and the general transcription factors
TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH comprise
the PIC.”® The mediator, a large complex of reversibly-
associating transcriptional regulatory subunits, is part of
the PIC through interactions with RNA polymerase II.°
Strong ADs interact with components of the PIC,
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accelerating its assembly at a core promoter.'® The mech-
anism by which these interactions occur relates to the
conserved architecture of many ADs.

ADs commonly used in conjunction with dCas9 pro-
grammable DNA binding domains are shown in
Table 1. VP64, a common AD, is a tetrameric repeat de-
rived from the VP16 protein of herpes simplex virus."'
Fusing four end-to-end repeats of the VP16 motif
(VP64) enhanced its ability to activate transcription.'?
Furthermore, fusion of the VP64 domain to additional
ADs resulted in even greater transcription activation.'*'*
The ADs from p65 (nuclear factor kappaB, 65 kDa sub-
unit) and Rta (Epstein—Barr virus R transactivator) are
two of the domains commonly used as a fusion to VP64.

Transcriptional activation mediated by p65 is con-
ferred by two distinct C-terminal transactivation do-
mains, TAl and TA2.3 Similarly, Rta contains two
acidic C-terminal activation subdomains, 1 and 2, from

Table 1. Summary of CRISPR-Cas activation systems
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which domain 2 confers the most potent transcriptional
activity.'® Another domain used in the engineering of
PTAs in animals is from human heat shock factor 1
(HSF1). HSF1 AD comprises regions B and C located
at the C-terminus of the protein."’

ADs such as EDLL (APETALA2 family activation
domain) and CBF1 (C-REPEAT/DRE BINDING FACTOR
1) are derived from plant species and activate target
genes in both plant and mammalian cells.'®?° EDLL is
characterized by a distinctive distribution of acidic resi-
dues and hydrophobic leucines located at the C-terminus
of AP2/ERF family of plant transcription factors.'® The
AD of CBF1 comprises acidic amino acid residues located
at the C-terminal half of the protein.18

Transcription activator-like acidic activation domain
(TAL) is a prokaryotic AD from the C-terminal region of
the transcription activator-like effector (TALE) protein,
a Xanthomonas transcription factor secreted into plant

No. of

PTA system CRISPR Cas system® elements® recruited®

ADs/copy number

Organisms Addgene catalog number References

First-generation
dCas9-AD Class 2/Cas9, Class 2/Cpf1 2

(Casl2a)

Second-generation

VP64/1X; VP640/1X;
p65/1X; EDLL/1X;
TAL/1X; CBF1/1X

6,13,20,26-32,40,80,81

48214, 48218-48228,
48236-48240, 49013—
49016, 46912-46923,
50918, 50920, 47753,
47754, 47314-47321,
47106-47108, 69303,
132334

Mammals, fish,
worms, insects,
yeast, plants

dCas9-VPR  Class 2/Cas9, Class 2/Cpfl 2 VP64-p65-Rta/1X Mammals, insects, 63798-63802, 64046, 13.39.40.88
(Casl2a) yeast, plants 104567
dCas9-TV Class 2/Cas9, Class 2/Cpfl 2 TAL/6X, VP64/2X Plants, mammals n.a. 14
(Casl2a)
SAM Class 2/Cas9 3 VP64/1X, p65-HSF1/4X; Mammals, insects, 78901, 78902, 78905, 33.56.83.84.88
VP64 5X plants 61422, 61427, 73795,
99884-99897, 99905
99907, 100044, 122835-
122839, 122856, 122857,
122860, 122861
scRNA Class 2/Cas9 3 VP64/4X; EDLL/1X, Mammals, yeast, 47314-47321, 78906, 6.34,56,88
VPR/4X plants 62277, 6227962283,
62313-62322, 62325,
62327, 62328, 62330
62342, 62344, 66564,
66565
SunTag Class 2/Cas9, Class 2/Cpfl 3 VP64/10X; Mammals, insects, 60903, 60904, 78899, 35:41,56.60.72
(Cas12a) p65-HSF1/10X plants 78900, 119672, 120249—
120252
TREE Class 2/Cas9 4 VP64/1X, HSF1- Mammals na 3
p65/16-32X;
VP64/1X,
VP64-p65-Rta/16-32X
Split ddCpfl Class 2/Cpfl (Casl2a) 3 HSF1-p65/4X Mammals na 42
Sth Cascade Class 1/CRISPR-Cascade 6 CBF1/3X Plants 132334-132340, 132342 20
132353

“The number of elements takes into account the sgRNA or sgRNA2.0 component.
A semicolon (;) separates different activator sets used in the same system.

“Copy number refers to the theoretical maximum of ADs recruited.

AD, activation domain; na, not available; PTA, programmable transcriptional activator; SAM, synergistic activation mediator; SCRNA, scaffold RNA;

TREE, Three-component repurposed technology for enhanced expression.
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cells to regulate gene expression in the host.?' The TAL
AD was demonstrated to been able to induce expression
of target genes in yeast and plant cells.?’

ADs commonly used in PTA systems (Table 1) tend to
be intrinsically disordered motifs. ADs have previously
been classified as “‘acidic blobs” or ‘‘negative noodles”
enriched in acidic, proline, serine, threonine, and gluta-
mine residues.”” This trend is described by a model in
which disordered acidic ADs recruit coactivators by con-
current AD-coactivator phase separation at a promoter.'®
This mechanism relies upon the propensity for intrinsi-
cally disordered regions to form scaffold-like structures
by exposing short repeating peptide motifs along with
conformational ﬂexibility.23 ADs, coactivators, and
RNA Pol 1II itself contain intrinsically disordered low-
complexity regions.**

The following model has emerged for dynamic and re-
versible assembly of the PIC. Genomic targeting of an in-
trinsically disordered AD, which can interact with
coactivators, forms a phase-separated condensate at a
core promoter. This promotes clustering of other intrinsi-
cally disordered proteins at the droplet such as additional
coactivators, general transcription factors, and RNA Pol
I CTD, resulting in an active PIC.*

CRISPR-Cas Activation Systems

First-generation PTAs

The first CRISPR-based transcriptional activators were
created by fusing an AD to the C-terminus of dCas9
(Fig. 1 and Table 1). The AD of choice was VP16 in
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any of its multiple iterations (four tandem repeats,
VP64 or 10 repeats, VP160) (Fig. 1a). The chimeric
dCas9-VP64 is able to activate transcription of reporter
and endogenous genes when targeted to promoter re-
gions.®?°! Transcriptional activation of some genes
led to the increased accumulation of endogenous pro-
tein.?*! However, most targeted genes showed only
modest to low levels of transcriptional activation.®%-!
Even for dCas9 constructs with the stronger activator
VP160, only 10-fold activation was observed.?®

Other direct fusion PTAs have been created. For in-
stance, a dCas9-p65 fusion is capable of transcription ac-
tivation although to lower levels than dCas9-VP64.% In
plants, dCas9 fused to EDLL, TAL, and CBF1 activator
domains, all increase gene activation at significant, but
still modest levels.?*?

Second-generation PTAs

The second generation of CRISPR-based activators le-
verage the synergistic effect that the recruitment of mul-
tiple transcription factors has in natural activating
systems.'? Thus, the main premise is that recruiting mul-
tiple ADs to the promoter, as single repeated domains,
heterogeneous combinations, or both, will enhance tran-
scriptional activation. This has been achieved through di-
verse and creative mechanisms (Table 1).

dCas9-VPR. In the dCas9-VPR system, the efficiency of
transcriptional activation was greatly improved by mak-
ing tandem fusions of different ADs (Fig. 1b). First, to

FIG. 1.

>

Diagram of different CRISPR-Cas transcriptional systems. For each PTA described, a schematic

representation of the CRISPR-Cas protein in complex with its sgRNA, target DNA sequence, and additional protein
modules, when present, is shown in the upper panels. Expression constructs encoding the protein components of
the activator systems are shown in the lower panels. Each construct is driven by the human cytomegalovirus
promoter and the HSV thymidine kinase polyadenylation signal sequence as a terminator, unless indicated
otherwise. Genetic elements are drawn to scale. Cas proteins are shown in different shades of gray, and the sgRNA
and crRNA are indicated by blue lines inside the Cas proteins. ADs are shown in different colored shapes. (a)
dCas9-VP64. (b) dCas9-VPR. (c) dCas9-TV. (d) scRNA. The MS2 loops appended to the sgRNA to form the (scaffold
sgRNA) scRNA are indicated by purple lines. (€) SAM. The MS2 loops in the sgRNA2.0 are indicated by purple lines.
(f) TREE. (g) SunTag. (h) split ddCpf1. The N-terminal and C-terminal fragments of ddCpf1 are indicated as
N-ddCpf1 and C-ddCpf1, respectively. (i) Sth Cascade. The different domains that form the DNA binding Cascade
complex are CasA, A; CasB, B; CasC, C; CasD, D; and CasE, E. Cascade expression constructs are driven by the
ZmUBI promoter and the Pinll terminator. (j) Schematic representation of different sgRNA expression cassettes
used in the CRISPR-Cas transcriptional activators shown. Unless indicated otherwise, the human U6 RNA

polymerase lll promoter is used in all constructs. The terminator in all sgRNA constructs is a poly T-stretch of 6-8
nucleotides. sgRNA scaffold is represented by an open box and the ps in blue. AD, activation domain; HSV, herpes
simplex virus; Pinll, potato proteinase inhibitor; ps, protospacer; PTA, programmable transcriptional activator; SAM,
synergistic activation mediator; scRNA, scaffold RNA; sgRNA, small guide RNA; TREE, three-component repurposed
technology for enhanced expression; ZmUBI, Zea mays ubiquitin.
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identify suitable ADs, Chavez et al. screened 22 single-
AD dCas9 C-terminal fusions for their ability to activate
transcription of a reporter.'> VP64, p65, and Rta were
the strongest ADs.'? To increase the strength of the tran-
scriptional activity, tripartite activators were created by
sequential fusion of the ADs to the C-terminus of dCas9
in different orders.

The fusion providing the highest transcriptional activa-
tion was VP64-p65-Rta, VPR for short. dCas9-VPR per-
forms significantly better than dCas9-VP64, any of the
single ADs fused to dCas9, and constructs containing
double AD fusions.'?> dCas9-VPR can activate tran-
scription of endogenous genes in animal cell lines, in
some cases to levels comparable with those observed
in native tissues. Furthermore, activation of neurogenin
2 or neurogenic differentiation factor 1 by sgRNA-guided
dCas9-VPR was robust enough to induce differentiation
of human-induced pluripotent stem cells into induced
neurons, which was not possible using dCas9-VP64."
Thus, dCas9-VPR constitutes a strong transcriptional
activator capable of inducing gene expression to levels
meaningful enough to exert phenotypic changes.

dCas9-TV. dCas9-TV was similarly developed by fus-
ing tandem repeats of ADs to the C-terminus of dCas9
(Fig. 1c). Increasing the number of AD repeats led to
an increase in transcriptional activation. However, too
many repeats fused to dCas9 led to decreased protein ac-
cumulation, possibly due to instability triggered by the
repetitive nature of the constructs.'* By testing different
combinations of four ADs, Li et al. created an efficient
PTA with a number of AD repeats that balances PTA sta-
bility and target gene overexpression.'* This optimized
activator, named dCas9-TV, is a fusion of dCas9 to six
tandem copies of TAL followed by eight copies of
VP16 (Fig. 1¢)."*

dCas9-TV was tested in cells from eudicot and mono-
cot plants and significantly activates transcription of en-
dogenous genes. dCas9-TV is also capable of activating
ASCLI and OCT+4 in HEK 293T human cells. Transgenic
plants expressing dCas9-TV and an sgRNA targeting the
promoter RLP23, a leucine-rich repeat receptor protein
that mediates immune response, displayed enhanced im-
mune response in the presence of the peptide elicitor,
nlp20, of RLP23."

Scaffold RNA and synergistic activation media-
tor. Scaffold RNA (scRNA) and synergistic activation
mediator (SAM) are based on engineering hairpins in
the sgRNA structure that allow the use of RNA-binding
proteins to tether ADs to the dCas9 ribonucleoprotein
complex (Fig. 1d, e). In the scRNA system, two MS2
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RNA hairpin loops are covalently attached to the 3" end
of the sgRNA. MS2 hairpin loops are bound specifically
and avidly by dimers of the MS2 bacteriophage coat
protein (MCP). When a chimeric MCP-VP64 protein is
coexpressed with the modified sgRNA and dCas9, the as-
sembled ribonucleoprotein complex will contain up to four
copies of the VP64 domain (Fig. 1d).°

A similar approach was used in the SAM system, how-
ever, in this case, the MS2 RNA hairpin loops are appended
to the tetraloop and stem-loop 2 of the sgRNA to create
the so-called sgRNA2.0.*> Since both the tetraloop and
stem-loop 2 extend beyond the surface of the dCas9-
sgRNA complex, the addition of the hairpins does not af-
fect the DNA-binding of dCas9 and still allows recruit-
ment of MCP-AD fusions.>* In addition, to increase the
effectiveness of the SAM system, p65 and HSF1 ADs
were fused in tandem to MCP and a single VP64 AD
was directly linked to dCas9 (Fig. le).*

SAM is a potent transcriptional activator, consistently
outperforming dCas9-VP64.*> Conversely, the initial
iteration of SCRNA was up to three times less effective
than dCas9-VP64.° The low performance of the first
iteration of the scRNA system may be due to the insta-
bility of the modified sgRNA caused by the addition of
multiple repeats of the MS2 loop.** Indeed, redesign of
the multihairpin to improve stability resulted in a more
potent activator.>*

scRNA and SAM can be engineered as platforms for
broad control of gene expression. The use of orthogonal
sets of RNA-hairpins:binding-proteins produces distinct
regulons. sgRNAs that recruit different effector domains
to the dCas9 protein, will confer unique effects at each
sgRNA target locus.®* This flexibility allows for the cre-
ation of complex sgRNA-encoded programs using dCas9
as a master regulator.>*

SunTag. In the SunTag system, multiple copies of an
AD are targeted to the dCas9 ribonucleoprotein through
an epitope/antibody interaction.”> The SunTag PTA is
composed of an sgRNA and two protein modules: (1)
dCas9 protein fused to a tandem array of GCN4 epitope
motifs separated by flexible GS linkers, and (2) a single-
chain variable fragment antibody (ScFv), with affinity for
the GCN4 motif, fused to VP64. Upon expression of both
protein components, the GCN4 epitope array on dCas9
recruits up to 10 copies of the ScFv-VP64 AD. This com-
plex is targeted to the promoter-of-interest by the sgRNA
(Fig. 1£).*

SunTag is a powerful activator of gene expression.
When introduced into mammalian cells, the SunTag sys-
tem increased expression of target genes and produced
the expected phenotypes.’ In contrast to the results
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obtained with SunTag, activation of these same genes by
dCas9-VP64 was very inefficient and did not yield the
expected cell responses.®> Thus, transcriptional activa-
tion by SunTag is robust enough to produce the biological
response predicted by the overexpression of a target gene.

Three-component repurposed technology for en-
hanced expression. The three-component repurposed
technology for enhanced expression (TREE) system en-
hances the recruitment of multiple AD copies via a hier-
archical multitag system. It combines SunTag with the
RNA tethering system used by SAM in a tree-resembling
architecture (Fig. 1g).>® The primary tag is the RNA hair-
pin loop bound by an MCP-GCN4-array fusion protein.
Finally, the AD is recruited to the complex by fusion to
an ScFv with affinity for GCN4. Both the p65-HSFI
and tripartite VPR ADs have been used in the TREE sys-
tem (Fig. 1g).*

Like other second-generation PTAs, the TREE system
gives strong transcriptional activation. TREE outper-
formed dCas9-VP4, the SAM system, and dCas9-VPR
when using p65-HSF1 and VPR as ADs, respectively.
A direct comparison with the canonical 10-copy SunTag-
VP64 was not published, but TREE appears to outper-
form a SunTag version recruiting up to four and eight
copies of VP64.%¢

Engineering PTAs using novel CRISPR-Cas systems
Most PTA designs currently available for RNA-guided
activation use the S. pyogenes dCas9 ribonucleoprotein
complex. However, characterization of alternative
CRISPR systems has provided researchers with a broader
set of CRISPR-Cas proteins for engineering of novel
PTAs (Table 1).

One of these proteins is Cpfl (CRISPR from Prevotella
and Francisella 1), also known as Cas12a, an RNA-guided
endonuclease producing staggered DNA double-stranded
breaks.”” A DNase-dead Cpfl (ddCpfl) that retains the
sgRNA-guided DNA binding function was generated by
inactivating the RuvC domain.*® ddCpfl1 fused to VP64
or p65 ADs activates transcription of target genes, although
not very efﬁciently.”’40 However, more robust gene activa-
tion was obtained when ddCpfl was used in ddCpf1-VPR
and ddCpfl-SunTag systems.3941 Conversely, replacing
dCas9 by ddCpf1 in the TV system yielded only a weak ac-
tivator.'* Attempts to create the ddCpf1 equivalent of SAM
or scRNA were unsuccessful because the stem loop region
and the 3’ end of the crRNA do not protrude from the Cpfl
ribonucleoprotein complex.*?

Recently, a design not first demonstrated with dCas9
was used to create a novel ddCpfl activator. Nihongaki
et al. generated a split form of ddCpf1 that spontaneously
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associates to yield a functional heterodimer.** This split
form duplicated the number of N- and C-terminal ends
available for attaching ADs.** The bipartite AD, p65-
HSF1, was fused to each end of the two halves of
ddCpfl1 (Fig. 1h). This split ddCpfl PTA was able to ac-
tivate multiple endogenous genes in HEK293T cells.
Compared with the dCas9-based SAM system, split
ddCpf1 consistently reached higher activation levels.*?

In addition to the effectiveness of ddCpf1 for the de-
sign of potent PTAs, this protein possesses additional fea-
tures that make its use compelling: (1) binding specificity
for Cpfl to its DNA target is greater than for Cas9***°;
(2) the Cpfl ribonucleoprotein complex comprised a
crRNA while lacking the tracrRNA, simplifying the de-
sign of the sgRNAs’’; (3) the T-rich PAM used by
Cpfl1 enables the targeting of promoter regions not cov-
ered by the G-rich PAM of Cas9®’; and (4) the endoge-
nous RNase activity of Cpfl simplifies the generation
of multiple crRNAs from the processing of a single tran-
script carrying a crRNA array.*®

Both Cas9 and Cpfl are Class 2 CRISPR systems that
utilize a single-protein component for nuclease activity.
This is in contrast to class 1 systems that feature multi-
component nucleases.*’ Despite the added complexity,
the diversity of class 1 CRISPR-Cas systems offers
some advantages for the development of PTAs. Young
et al. have reported a novel PTA based on a Class 1/
type I-E complex from Streptococcus thermophilus
DGCC7710 called Cascade (CRISPR-associated com-
plex for antiviral defense).° Type I-E Cascade com-
prised 6 subunits (Cas3, CasA, CasB, CasC, CasD, and
CasE) from which CasE is involved in crRNA process-
ing, CasABCD in target recognition, and Cas3 as a
single-stranded exonuclease.”

Since Cas3 is recruited only after the complex is
poised at its target sequence, a DNA binding complex
could be obtained by simply excluding Cas3 from the
system. To fashion a Cascade PTA, the CBF1 AD was
fused to the C-terminal end of CasA, CasD, and CasE
(Fig. 1i). The resulting PTA, Sth Cascade, activated tran-
scription of a reporter and an endogenous target gene (r)
when transiently expressed in maize embryos. Activation
of the transcription factor R by Sth Cascade was robust
enough to produce the expected anthocyanin phenotype.
However, it was not significantly better than that obtained
using dCas9-CBF1.%°

Common Features of Gene Activation Mediated by
CRISPR Activation Systems

Despite the diversity of PTA designs, target genes, and
experimental organisms, some features common to all
systems have started to emerge (Fig. 2).
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Synergy

Before the discovery of CRISPR-Cas systems, it was
established that many promoters contain multiple binding
motifs for the same transcription factor. When multiple
copies of a transcription factor are recruited to a pro-
moter, they interact synergistically to enhance transcrip-
tional activation.**° Thus, early in the inception of
CRISPR-based PTAs, targeting multiple regions of a
gene was explored as an approach to increase potency.
Certainly, when multiple dCas9-VP64 complexes are
recruited to a promoter, they act in concert to yield a
stronger transcriptional activation (Fig. 2a).%%3' This
same observation holds true for most second-generation
PTAs and across multiple organisms.

This effect had been previously reported with
TALE-based PTAs.”! However, an advantage of
CRISPR-Cas-based PTAs is that DNA targeting is me-
diated by complementarity to a crRNA (or sgRNA).
This facilitates targeting multiple sites upstream of a
gene-of-interest. Doing the same with TALEs would
require engineering and expressing multiple 4 kb trans-
genes in the same construct.

Position effects

sgRNA targeting of a PTA to different regions of a gene,
in any orientation, may confer some degree of gene acti-
vation.’*? However, the strength of overexpression is
influenced by the proximity of PTA binding to the tran-
scription start site (TSS). Systematic screens determined
that binding in the upstream region close to the TSS
induces the strongest gene activation, although to unpre-
dictable levels (Fig. 2b).%*°
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Targeting the dCas9-VP160 activator using sgRNAs
binding the region 300 bp upstream of the TSS of IL/RN,
SOX2, and OCT4 was most effective, whereas using
sgRNAs binding the region downstream of the TSS had ad-
verse effects on activation.”® Similarly, the most potent
sgRNAs for dCas9-VP64 targeted a window 147-89 bp up-
stream of the TSS of the mouse OCT4 gene.’® For the Sun-
Tag activator, sgRNAs showing the highest activation
bound 400—50 bp upstream of the TSS.>* For the targeting
of the SAM activator, the strongest induction of expression
was obtained with sgRNAs located within 200 bp upstream
of the TSS of 12 human genes.™

In yeast cells, robust activation was obtained when
dCas9-VPR was targeted within 400bp upstream of the
start codon, yet the efficiency decreased when the sgRNAs
were located within 20bp of the TATA box.”* In rice
plants, binding of dCas9-TV to the region within 300 bp
of the TSS of OsWOX11 and OsYUC] yielded the strongest
gene activation responses.” Similar targeting windows
were found for TALE-based PTAs.> Consequently, hitting
this “sweet spot,” a couple of hundred base pairs upstream
of the TSS, should be a general consideration when design-
ing optimal sgRNAs. It is unknown how optimal targeting
sites will covary with PTA designs, an important point
when considering studies that compare diverse PTA de-
signs at a single binding site.

Gene to gene variability in relative efficiency

dCas9-VP64-mediated activation of gene expression in
the human cell line HEK293T was observed using
one sgRNA for some genes, while others required the
synergistic activity of pooled ngNAs.31 A similar

FIG. 2.

>

Features of transcriptional stimulation mediated by CRISPR transcriptional activators. (a) Synergy. When

two dCas9-VP64 copies are recruited, they act concertedly to yield stronger transcriptional activation than a single
copy (left panel). In the right panel, dCas9-VP64 can induce the production of VEGFA protein. However, VEGFA
protein production is synergistically increased when three or four sgRNAs are coexpressed with the dCas9-VP64
activator.® (b) Position effects. Binding of dCas9-VP64 to the region upstream to the TSS induces robust gene
activation (right panel). Induction of expression in 12 human genes using the SAM activator is the strongest when
using sgRNAs located between —200 and 0 bp of the TSS.>? (right panel) (c) Gene to gene variability. The relative
change in gene expression induced by dCas9-VP64 will be larger for weakly induced genes than for genes with
higher basal expression (left panel). There is a negative correlation between the basal expression of a gene and
the fold-activation attained by dCas9-VPR."® (right panel). (d) Multiplexing. dCas9-VP64 can be used for the
targeted activation of multiple genes by using pooled sgRNAs binding to the promoter of different genes.

(e) Specificity. Despite having more than one binding site, dCas9-VP64 specifically activates the expression of its

target genes with little to no off-target effects. This is, in part, due to the position effect requiring dCas9-VP64 to
target the region upstream of the TSS for maximum efficiency. The TSS is indicated by a bent arrow. The thickness
of the arrow represents the strength of gene expression. The dCas9-VP64 activator consists of the dCas9 protein in
gray, the VP64 activation domain in green, and the colored line inside the dCas9 protein is the sgRNA. VEGFA,
vascular endothelial growth factor A; TSS, transcription start site.
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gene-to-gene variability in the relative strength of transcrip-
tional activation was observed with dCas9-VPR and SAM
systems.'*>* The chromatin state around the promoter was
thought to cause this variability, but open chromatin, as de-
termined by the presence of DNase I hypersensitivity sites,
is not a prerequisite for gene activation.”'

A negative correlation exists between basal gene ex-
pression and relative fold-change in activation conferred
by CRISPR-Cas activators (Fig. 2¢).'***° In animal
cells, this correlation was observed in all dCas9-based ac-
tivators tested, dCas9-VP64, dCas9-VPR, SAM, and
SunTag.’® Likewise, in Drosophila, the ability of
dCas9-VPR to activate transcription of a given gene
depended on its basal expression level.”” In plants, a sim-
ilar correlation exists for genes activated by dCas9-TV."

Even though the relative change in gene expression in-
duced by most PTAs will be larger for weakly induced
genes, the absolute transcription rate that a gene may
reach depends on the system used.’® Thus, when activat-
ing a gene, its steady-state rate should be taken into ac-
count and the use of multiple sgRNAs considered when
designing PTAs to achieve maximum gene expression.

Multiplexing

One unique advantage of CRISPR-based PTAs is the ease
of reprogramming the target site. This property allows for
multiplexed gene activation by directing a single PTA to
different targets via multiple coexpressed sgRNAs
(Fig. 2d). Multiplexed regulation was first reported
using dCas9-VP160. Transfection of dCas9-VP160 and
sgRNAs targeting SOX2, ILIRN, and OCT4 led to the
concurrent activation of each gene.26 Furthermore, the
relative activation of the three genes could be modulated
by changing the dosage of the individual sgRNAs.*

Multiplexed gene activation of up to 10 genes, using 10
sgRNAs, was achieved using the SAM system in mamma-
lian cells.®* However, this led to a global reduction in the
absolute activation levels of each gene.”® In addition, the
relative activation efficiencies among genes change in sin-
gle- versus multiplexed assays.33 A similar reduction in
overall activation was observed in the multiplexed activa-
tion of three genes, rwist, snail, and engrailed using
dCas9-VPR in Drosophila cells.”’

These studies suggest that the concentration of dCas9
sets the upper limit for transactivation, and this resource
is allocated between the various sgRNAs expressed in the
cell. In contrast, another study did not find differences in
efficiency between single and multiplexed activation of
six target genes with dCas9-VP64, dCas9-VPR, SunTag,
or the SAM system.56 However, variability in the levels
of basal expression of target genes makes direct compar-
isons of these experiments challenging.’® Multiplexing
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CRISPR-based PTAs can be exploited for the manipula-
tion of metabolic pathways and for the rewiring of gene
expression networks to yield complex phenotypes.**

Specificity

The specificity of CRISPR-Cas PTAs is a major concern
for their use in living systems. Unintended gene expres-
sion changes caused by off-target binding may cause un-
desired effects and may even lead to reduced fitness or
survival. Off-target effects have been documented with
the Cas9 nuclease, which induced cleavage of up to
five off-target sites in the human genome.”®"

In contrast, transcriptome-wide analysis by RNAseq dem-
onstrated that CRISPR-Cas-based PTAs are very specific
with little off-target effects. In human cells, gene activation
mediated by the relatively weak activators dCas9-VP64
and dCas9-VP160 resulted in activation of only the target
genes even when multiple sgRNAs were used.?®>%°

Transcriptomic analysis of animal cells expressing
second-generation activators dCas9-VPR, SAM, and Sun-
Tag demonstrates the specificity of these PTAs even when
higher target gene expression levels are achieved.***® In
plants, direct activation of RPL23 by dCas9-TV was
shown to be specific, but a few nontarget genes were indi-
rectly induced because of RPL23 expression.'* Similarly,
activation of FLOWERING WAGENINGEN (FWA) by the
SunTag system in the model plant Arabidopsis resulted in
specific activation of FWA with only a few other upregu-
lated genes.®®

In Drosophila, RNA sequencing revealed misregula-
tion of many genes besides the target genes, twist and
snail, activated by dCas9-VPR. Because twist and snail
are transcription factors themselves, some of the misregu-
lated genes may represent direct and indirect targets and
not result from off-target PTA activation.’’

The apparent specificity of CRISPR-Cas activators
may be due to the fact that they need to be targeted to
a couple of hundred base pairs upstream of the TSS for
maximum efficiency (Fig. 2e) (see Position Effects sec-
tion). Most of the possible off-target binding sites simply
will not produce a measurable phenotype.

When bound to a target site, the influence of
CRISPR-Cas activators in the transcription of the sur-
rounding genomic regions is limited. Analysis of 112
genes using a SunTag screen combined with single-
cell RNA-sequencing (Perturb-Seq) showed that acti-
vation of a target gene does not affect the expression
of neighboring genes unless they share promoter re-
gions.61 In addition, the dCas9-VP64 ribonucleopro-
tein complex appears to be sensitive to guide-target
mismatches; it can tolerate only three mismatches at
its binding positions, while off-target sites for Cas9
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nucleases may contain up to five.>>® Even with these
considerations, the careful design of sgRNAs that pro-
vide strong transcriptional activation with minimal off-
target sites will be the best way to provide a potent and
specific induction of the desired genes.

Applications of CRISPR-Cas Activators

The advantages provided by dCas9-based PTAs have
been leveraged in genetic screens and the creation of
novel therapies. Most of the development of novel tran-
scriptional activators, especially in mammals, has been
carried out using transient transfection in cell lines. The
ability to activate gene expression combined with the
generation of genome-wide sgRNA libraries has allowed
for the generation of novel gain-of-function (GOF) screens.
In addition, in vivo applications using CRISPR-Cas have
been developed in whole multicellular organisms.

Genome-wide screenings using CRISPR-Cas

activators

Among the early applications of dCas9-based PTAs is the
development of genome-wide activation screens using
sgRNA libraries (CRISPRa libraries) to identify genes
whose overexpression will confer a phenotype easily
scored in a high-throughput manner.**>? sgRNA enrich-
ment in cells displaying the phenotype-of-interest is
measured via high-throughput sequencing and used to
identify the target GOF genes.>”

Using the SAM system, Konermann et al. designed a
screen to identify genes whose overexpression protects
A375 malignant melanoma cells from cell cycle arrest
and apoptosis induced by the BRAF inhibitor, PLX-
4720.%* The lentiviral expression library designed for
this screen, consisting of three sgRNA2.0s per every
coding isoform (23,430 isoforms) of the human RefSeq
database, was transformed into A375 cells expressing
dCas9-VP64 and MCP-p65-HSF1. After selection in
PLX-4720, enriched sgRNAs were sequenced and their
corresponding target genes identified. These target
genes, 13 of which were independently validated, were
shown to correspond to known but also novel targets of
PLX-4720.%

Another GOF genome-wide screen used a library com-
posed of sgRNAs binding to 10 sites upstream of the TSS
of 15,977 human genes.>* After this library was transformed
into K562 human cells expressing the SunTag system, one
screen was used to determine enrichment of sgRNAs before
and after 10 days of growth, and another after exposure to a
chimeric cholera/diphtheria fusion toxin (CTx-DTA).? 2
Thus, while one screen identified genes affecting cell
growth, the other identified genes modulating the response
to the CTx-DTA toxin.’? Among the overexpressed genes
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that cause growth suppression were tumor suppression
genes, transcription factors involved in tissue develop-
ment and differentiation, and mitotic genes.52

Similar screens using genome-wide CRISPRa libraries
have been performed to identify overexpressed genes pro-
moting neuronal differentiation, reprogramming of somatic
cells to induced pluripotent stem cells, and conferring resis-
tance to the anticancer drug imatinib.%"**

In contrast, other screens have made use of specific li-
braries to activate a specific subset of transcripts.®>®° For in-
stance, a CRISPRa library designed to activate all putative
cell surface proteins was used to find extracellular receptors
recognizing ligands of interest.®® Another CRISPRa library
targeting long-noncoding RNAs (IncRNAs) was used to
find overexpressed IncRNAs conferring resistance to the
PLX-4720 analogue, vemurafenib.®® Interestingly, when
some of these GOF genome-wide screens were paired
with loss-of-function CRISPR interference (CRISPR1)
screens, both provided complementary and comprehen-
sive insights toward the phenotypes interrogated.>

CRISPRa/i screens allow for the systematic identifica-
tion of individual genes associated with the phenotypes
of interest. However, a biological phenotype often results
from synergistic interactions of combinations of genes rather
than the summed activity of individual genes. Thus, a ge-
netic interaction (GI) between two genes will result in
a deviation of the expected phenotypes resulting from
simply adding their phenotypic effects.®’

To measure interactions between the genes identified
in CRISPRa screens, additional GI libraries have been
generated and tested. To find GIs among 19 genes iden-
tified in a screen for factors promoting neuronal differen-
tiation, Liu and colleagues developed a combinatorial
CRISPRa gene activation library. The lentiviral library
consisted of a combination of paired sgRNAs, validated
in the previous screen, each of which will activate a target
gene to two levels (high or low). To allow comparisons
between the effects of activating a single gene versus
pairs, paired sgRNAs in which one will target a gene
and the other will not were also included in the library.62
This screen not only identified positive and negative in-
teractions between genes promoting neuron formation,
but also sheds light on the role that expression levels
play in the intensity of the GL.%% It also allowed for the
discovery of gene pairs that can readily induce differen-
tiation of fibroblasts into neurons.®®

For a screen of GI modulating resistance to the drug
imatinib, two orthogonal CRISPR-Cas9 systems, one pro-
ducing gene knock outs (Staphylococcus aureus Cas9 nu-
clease) and the other activating gene expression (SunTag
system using S. pyogenes dCas9), were used. The library
design contained pairwise sgRNAs, one for SaCas9 nuclease
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and other for the SunTag system, so that one of the genes
will be activated while the other knocked out. It also con-
tained sgRNA pairs that will knock out or activate a single
gene, while not perturbing the other.®

The sgRNAs in this library target 87 genes identified in a
previous screen for imatinib resistance and 1327 genes in-
volved in cancer-associated pathways combined in a total
of 100,000 pairwise combinations.®> As expected, a set of
positive and negative Gls were seen. However, by evaluat-
ing the range of interactions resulting from combining gene
activation and knock outs, this screen was able to determine
the direction of the GI between pairs of genes, thereby
allowing the inference of more complex interaction maps
than those obtained with pairwise CRISPRa libraries.”®

While initial GOF library screens were successful in
identifying genes involved in the cellular processes ana-
lyzed, improvements in sgRNA design may produce librar-
ies with enhanced performance and result in more robust
screens. In the first two CRISPRa libraries described, for
each gene, multiple sgRNAs were designed to target a cou-
ple of hundred base pairs upstream of the TSS.**>*

However, to obtain libraries with improved sgRNA ac-
tivity, a machine learning approach was used that created
a predictive model incorporating nucleosome position-
ing, sequence features, and improved sgRNA design
rules.®® This model allowed the design of more active
sgRNAs that in turn were used to construct an improved
version (CRISPRa v2) of the library previously used by
Gilbert and colleagues (CRISPR v1).%® When tested, the
CRISPRa v2 library was shown to identify 540 genes af-
fecting cell growth, whereas a similar screen with CRISPR
v1 identified only 283 genes.68 Furthermore, the sgRNAs
in the CRISPRa v2 library were shown to be more active
than in CRISPR v1.

Another optimized library was created by using two
approaches to modify an SAM-like system.®® First, a
novel guide, tracr-v14, was designed that includes two
MS2 and two PP7 stem loops, thereby increasing the flex-
ibility in the use of recruiting domains. Second, a narrow
window (150-75 nucleotides upstream of the TSS) in
which sgRNA activity was predicted to be highest was
used for targeting.®

The resulting CRISPRa library, named Calabrese, was
tested using a screen for resistance to a BRAF inhibitor,
similar to the one used by Konermann and colleagues.®®
The screen performed with the Calabrese library was able
to identify previously known and also novel genes that
when activated confer resistance to vemurafenib. In addi-
tion, the number of genes identified using the Calabrese
library was substantially larger than those identified in
a similar screen performed by Konermann and colleagues
using the SAM library.®
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Thus, as suggested by these studies, refinement of the
sgRNA design rules and accurate gene annotation, espe-
cially TSS and nucleosome positioning, are crucial for
the design and construction of CRISPRa libraries with
significantly increased activation potential.

Use of CRISPR-Cas activators in in vivo systems
CRISPR-Cas activators and their cognate sgRNAs have
also allowed for the development of novel gene and cel-
lular therapies. Some of these in vivo studies involve
either injecting transfected cells or viral constructs con-
taining the activators and sgRNAs into adult organisms
or making use of transgenic animals to express the com-
ponents of the PTA system in the desired organs or
tissues (or a combination of both).

For instance, dCas9-VP64 was used in mice to iden-
tify genes that affect the sensitivity to the DNA-damage
inducing chemotherapy drug, temozolomide (TMZ). B
cell lymphoblastic leukemia cells (B-ALL) transfected
with dCas9-VP64 and sgRNAs targeting the Mgmt (O6-
methylguanine-DNA methyltransferase) gene were shown
to be more resistant than control cells to TMZ treatments
after lymphoma transplantation in adult mice.”® Resistance
of B-ALL cells to TMZ treatment required activation of
Mgmt, a gene involved in the detoxification of TMZ-
induced DNA damage. Using this system, a screen was
designed to test for gene regulators of the DNA damage
response that mediate sensitivity to TMZ."°

A GOF screen using the SunTag system was devel-
oped to study the effect of gene activation in a mouse
liver injury and repopulation model. In this screen, the
dCas9-GCN4 component of SunTag was expressed as a
Cre-inducible transgene in mice. Then, to activate gene ex-
pression, the activator component (ScFv-VP64), Cre recom-
binase, and sgRNAs were delivered by injection before
induction of liver injury. After liver repopulation, high-
throughput sequencing determined which sgRNAs, and
by extension which target genes, promote cell proliferation
and the formation of hepatocellular carcinomas.”" A simi-
lar approach using SPH, a SunTag-like system that uses
p65-HSF1 instead of VP64 as an AD, was used for the
in vivo multiplexed activation of genes in the brain.”*

Another GOF screen, this time for genes whose tran-
scriptional activation induced heart failure in mice, was
also recently developed. This system combined the ex-
pression of dCas9-VPR driven by the Myh6 (myosin
heavy chain) promoter in the heart of transgenic mice
with the injection of adeno-associated virus (AAV) vec-
tors containing sSgRNAs to induce gene expression of tar-
get genes specifically in cardiomyocytes.73

An antitumor therapy called multiplexed activation of
endogenous genes as an immunotherapy (MAEGI) was
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developed using PTAs. In MAEGI, the SAM system was
used to induce the expression of endogenous genes in tu-
mors, some of which encode tumor antigens that enhance
antitumor immune responses.’* To induce the multiplexed
expression of tumor genes, a genome-scale or customized
tumor-specific sgRNA2.0 library, including the MCP-
p65-HSF1 module, was created in AAV vectors. Intratu-
moral injection of AAV libraries in dCas9-VP64 express-
ing mice bearing orthotopic tumors led to increased tumor
remission. Both libraries elicit a potent and specific antitu-
mor immune response that showcases the therapeutic effi-
cacy of MAEGIL.”*

In another study, the SAM system was used in rats for
multiplexed activation of two osteogenesis-promoting
genes, Wnt10b and Forkhead c2 (Foxc2), in bone mesen-
chymal stem cells (BMSCs). These BMSCs, with acti-
vated Wntl0Ob and Foxc2, when implanted in gelatin
scaffolds to calvarial bone defects were able to greatly
enhance bone healing.”

Therapies to correct pathologies caused by haploinsuf-
ficiency, due to the loss-of-function of one gene copy,
have been designed using CRISPR-Cas activators to in-
crease expression of the remaining wild-type copy.76
The proof of concept of this therapy was applied to either
Single-minded homologue 1 (Siml) or Melanocortin 4
receptor (Mc4r) haploinsufficient mice (Sim/+/— and
Mc4r+/—, respectively) that develop obesity phenotypes.

Expression of dCas9-VP64 and a single sgRNA target-
ing either the Siml promoter or the Sim/ candidate en-
hancer 2 in transgenic mice increased the expression of
Siml to levels high enough to correct the obesity phenotype
of Sim1+/—. Even though dCas9-VP64 was expressed con-
stitutively, it only increased transcription in tissues in
which Siml was already expressed, suggesting a need for
a tissue-specific transcription factor for Sim/ expression.

As an alternative approach, dCas9-VP64 and sgRNAs,
targeting Siml or Mc4r, were delivered using AAV vec-
tors injected directly to the tissues in which the target
genes are active, the hypothalamus in this case. AAV-
mediated delivery of the PTA system led to increased ex-
pression of the target genes and mice with long-lasting re-
duced weight, suggesting the feasibility of this approach
to treat haploinsufficiency.”®

In Drosophila, the first study of CRISPR-Cas activa-
tors in transgenic flies was carried out using dCas9-
VP64 and dCas9-VPR activated by the Gal4-UAS system
and two sgRNAs (sgRNA-wg) to target the wingless (wg)
gene. Constitutive expression of dCas9-VP64 or dCas9-
VPR was not toxic in transgenic flies. Furthermore,
when dCas9-VPR was expressed together with the two
sgRNA-wg, ectopic Wg production was observed accom-
panied by morphological abnormalities reminiscent of
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wg overexpression phenotypes.’’ In contrast, dCas9-
VP64 was not able to activate wg expression, which is
consistent with results obtained from cell lines.”’

Ewen-Campen et al. also used dCas9-VPR and sgRNAs
to activate several genes in transgenic Drosophila.”” Out of
36 target genes, they observed activation of 27 (75%)
although to a consistently lower expression than that
obtained by expressing cDNAs of the same genes driven
by the Gal4-UAS system.”” Despite the lower activation
levels, several of the predicted overexpression pheno-
types were observed.”’

Attempts to use the SAM system in Drosophila trans-
genic lines were motivated by previous results showing
better performance than other activators in cell lines.’®”’
Expression of the SAM system in transgenic flies resulted
in lethality that was avoided when its AD was replaced by
ADs previously used in Drosophila.”” However, none of
these modified SAM systems performed better than
dCas9-VPR in vivo. One of the reasons for the lethality
of SAM was believed to be the high expression levels
achieved in initial constructs, because even dCas9-VPR
was shown to be toxic when expressed at higher levels.”’

With these considerations, the SAM system was modified
by expressing from a weaker promoter dCas9-VP64 in tan-
dem with MCP-p65-HSF1, separated by a T2A self-cleaving
peptide. This system, dubbed FlySAM, is not lethal or toxic
when expressed in transgenic Drosophila and performs sig-
nificantly better than dCas9-VPR at activating endogenous
genes.”® Phenotypes induced by FlySAM, even with the
use of a single sgRNA?2.0, are similar in severity to those
produced by the Gal4-UAS overexpression systems.”®

Inspired by the success of dCas9-VPR and FlySAM,
Zirin et al. developed The Transgenic RNAi Project-
CRISPR overexpression (TRiP-OE) collection of Dro-
sophila lines.”” Each TRiP-OE stock expresses either
sgRNAs or sgRNA2.0s for FlySAM, binding to the region
upstream of the TSS of a target gene. Gene activation of
the target gene is initiated by crossing the sgRNAs or
sgRNA2.0s containing stocks with another harboring the
dCas9-VPR or FlySAM activators, respectively.” There
are also some stocks that express sgRNA2.0 together with
FlySAM under the UAS control that are activated by cross-
ing the lines with the Gal4-UAS activating system.79

In the nematode Caenorhabditis elegans, dCas9-
VP160 was tested as an activator to induce expression
of endogenous genes. Expression of dCas9-VP160 and
single sgRNAs targeting dbl-1 (a transforming growth
factor-f family gene) in transgenic nematodes did not
provide any target gene activation. Only when expressing
the PTAs together with six sgRNAs targeting the dbl-1
promoter was a modest increase in gene expression ob-
served. The level of activation was, however, enough to
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induce the elongated body length phenotype expected
from dbl-1 overexpression.

In plants, a few PTAs and target genes have been
tested for activation in vivo. Transgenic plants express-
ing dCas9-VP64 and three sgRNAs targeting either
PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAPI)
or the microRNA gene, miR319, were made in the model
plant Arabidopsis thaliana.®' Although these plants showed
modest activation of the target genes (up to sevenfold in-
crease), no phenotype was observed in any of the plants sug-
gesting that higher expression levels may be needed to
induce an overexpression phenotype.®’

SAM and SAM-like systems have also been used to
induce gene expression in transgenic plants. The SAM
system with two sgRNAs2.0s was used in Arabidopsis
to individually activate the expression of two endoge-
nous genes, PAPI and ARABIDOPSIS VACUOLAR
H+-PYROPHOSPHATASE (AVPI). SAM was capable
of inducing only moderate gene expression in both tar-
get genes, but robust enough to display overexpression
phenotypes.®? An SAM-like system, in which the p65-
HSFT1 activator was replaced by VP64, was designed in-
dependently by two groups and used to generate Arabi-
dopsis transgenic plants. One of these SAM-like systems,
namely CRISPR-Act2.0, was used for the targeted overex-
pression of PAPI and Fertilization-Independent Seed?2
(FIS2), whereas the other SAM-like system was used to tar-
get the flowering-promoting gene FLOWERING LOCUST T
(FT)838

Both SAM-like systems were able to induce gene ex-
pression of their target genes by one to two orders of
magnitude. However, only the expected early flowering
phenotype resulting from the activation of FT using the
SAM:-like system was reported.®®

Other CRISPR-Cas systems have been used to gener-
ate transgenic plants. As shown in the dCas9-TV section,
dCas9-TV was used to increase the expression levels of
receptor RLP23 leading to plants with enhanced immune
response.14 The SunTag system was used in Arabidopsis
to activate the expression of three genes, FWA, CLAV-
ATA3 (CLV3), and APETALA3 (AP3). SunTag-mediated
activation of these genes reached several hundred-fold
transcript levels compared with wild-type, and pheno-
types associated with the overexpression of FWA and
CLV3 were observed in transgenic plants.®

Thus far, to our knowledge, there has not been any re-
ports on the toxicity or lethality associated with the ex-
pression of CRISPR-Cas activators in plants, even when
expressed from strong constitutive promoters. However,
protein instability from the expression of dCas9-TV de-
signs with an increased number of AD repeats, and
toxic effects specifically associated with the activation
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of PAPI in Arabidopsis have been observed.'** Thus,
in comparison with Drosophila, plants appear to be
more resilient to the constitutive expression of activators.

Future Remarks

The development of CRISPR-Cas-based PTAs capable of
robust and specific gene induction and with the ease of
multiplexing provides the means to design genetic
screens to interrogate biological systems, especially tran-
scriptional networks. Novel biotechnologies based on the
rewiring of transcriptional programs have emerged from
these developments, such as the metabolic engineering of
organisms.>*>*5>8¢ PTAs may also lead to the develop-
ment of therapies based on the corrective activation of
genes or pathways that fail to express during disease. In
insects, PTAs have been used to engineer synthetic speci-
ation events, an approach that could improve the biocon-
tainment of transgenes and lead to novel biocontrol
approaches for pests and disease vectors.®’

Continuous development of new activator architec-
tures that allow even further activation levels will pave
the way for new applications. Furthermore, combination
of these activators with other CRISPR-Cas effectors such
as repressors or chromatin modulators will exponentially
increase the range of applications in which they could be
used. However, more research is needed in the perfor-
mance of these activators in in vivo systems, especially
in vertebrates. In addition, deep knowledge of the tran-
scriptional networks involved in the processes of interest
is required to efficiently deploy PTAs to obtain the de-
sired outcomes.
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