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ABSTRACT: Advancements in synthetic biology have enabled the development of precision gene expression technologies for
comprehensive investigations of biological and biochemical networks. Here, we describe the development of a refined and innovative
tool, CRISPR-Cas Transgenic Repressible eLement (CTRL), which utilizes the direct repeat processing activity of the recently
discovered CRISPR-Cas7—11 effector to site-specifically target synthetic mRNA molecules. We demonstrate that CTRL exhibits
high efficiency, tunable regulation of expression, and gene-specific repression of mRNA and protein expression. We engineered
multiple permutations of the Cas7—11 effector that differ in their ability to reduce gene expression, suggesting flexibility for the
application of choice. CTRL is a novel variation on gene repression technology that exhibits broad applicability across multiple

model systems.

KEYWORDS: gene regulation, gene expression, CRISPR-Cas, gene circuit, RNA-targeting, synthetic biology, CRISPR-Cas engineering,

Cas7—11, gRAMP

B INTRODUCTION

Gene knockdown enables the characterization of gene
expression, signaling pathways, and molecular interactions.
The discovery of RNA-targeting CRISPR-Cas systems' has
enabled the development of programmable RNA-targeting
systems for effective gene knockdown. RNA-targeting
CRISPR-Cas systems are categorized as either type III or
type VI (Cas13), where type III systems predominantly utilize
multisubunit effectors”” and type VI systems encode a single
polypeptide.* Robust RNA knockdown has been achieved with
multiple type III”° and type VI systems.””” These systems can
theoretically target any gene of interest, but the on-target
efficacy is variable and requires large screens to optimize gRNA
design.'”"" Cas13 also exhibits a nonspecific RNase activity
useful for diagnostics'”™'* but can have toxic off—target
activity.">'® These characteristics limit the precision of gene
knockdown at the post-transcriptional level and present an
opportunity to develop improved gene knockdown technolo-
gies.

RNA-targeting CRISPR-Cas systems possess two different
RNase activities: target cleavage and CRISPR-RNA (crRNA)
array processing.”'”? Target cleavage is accomplished
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through ternary complex formation, where the spacer hybrid-
izes with its complement and utilizes divalent cations to
coordinate catalysis.m_23 However, ctRNA array processing
operates independently of metal ions. crRNA array processing
occurs when a CRISPR effector recognizes the distinct
sequence and secondary structure of the crRNA direct repeat
(DR) and cuts the 5’ and/or 3’ end of the crRNA, resulting in
a mature crRNA molecule. crRNA array processing is
consistent regardless of the programmed spacer and, therefore
differs from target cleavage, which is inherently variable across
targets.”* Due to the variability of target cleavage, we sought to
develop a generalizable RNA-targeting system that utilizes the
consistent crRNA array processing activity of type III-E Cas
enzymes, or Cas7—11 proteins.
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Figure 1. CTRL construction, experimental design, and results of initial screening on variant CTRL constructs. (a) Schematic representation of
CTRL-DR design and processing. The dashed line ovals show the direct repeats (DRs) insertion sites. The red triangle indicates the processing site
on the DRs. The processed mature DRs are indicated in red. (b) gPCR analysis of CTRL-DR-EGFP/mCherry RNA knockdown with dDiCas7—11
(F (6, 14) = 38.64, P < 0.0001) and dDiCas7—11-NLS (F (6, 14) = 88.00, P < 0.0001) at a CTRL-effector:reporter molar ratio of 15:1 (Table S3).
Error bars represent SEM (n = 3). (c) Flow cytometry analysis of CTRL-DR-EGFP/mCherry protein knockdown with full-length dDiCas7—11(F
(6,7) =342.7, P < 0.0001) and dDiCas7—11-NLS (F (6, 7) = 100.1, P < 0.0001) at a CTRL-effector:reporter molar ratio of 15:1 (Table S3). Error
bars represent SEM (n = 3). (d) qPCR analysis of the RNA expression of CTRL-EGFP constructs engineered with unprocessed DRs (CTRL-
2xDR) or processed (or mature) DRs (CTRL-2xmDR) and full-length dDiCas7—11 (F (9, 19) = 24.71, P < 0.0001) and dDiCas7—11-NLS (F (9,
20) = 75.81, P < 0.0001) at a 15:1 CTRL-effector:reporter molar ratio (Table S3). Error bars represent SEM (n = 3). (e) Flow cytometry protein
expression analysis of CTRL-2xDR-EGFP and CTRL-2xmDR-EGFP constructs and full-length dDiCas7—11 (F (9, 30) = 21.28, P < 0.0001) at a
10:1 CTRL-effector:reporter molar ratio (Table S3). Error bars represent SEM (n = 4). For each analysis, significant differences in protein or RNA
expression were determined by a one-way ANOVA and a Dunnett’s multiple comparisons test between the CTRL-effectors and the DiCas7—

11ACas7.1 control. P value style = GP (NS: P > 0.05; *: P < 0.05; **: P

< 0.01; ***: P < 0.001; ****;: P < 0.0001).

Here, we repurpose the crRNA processing activity of the
recently discovered type III-E effectors (Cas7—11)** to
develop a genetic tool for gene-specific knockdown, CRISPR-
Cas Transgenic Repressible eLement (CTRL). Some class 2
CRISPR systems, such as Casl2 or Casl3 are capable of
processing their own crRNA arrays, but their nucleic acid
binding capabilities remain active.”® However, Cas7—11 can be

truncated down to the single array processing domain, Cas7.1,
providing a small RNase domain capable of recognizing a
specific RNA sequence and structure, similar to other class 1
crRNA array processing enzymes,”””® while retaining the
possibility of being further engineered with the native sequence
of Cas7—11. We demonstrate the efficacy of CTRL by
encoding multiple permutations of crRNA DRs into mRNA
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molecules to identify the minimal DR sequence required for
robust gene knockdown. We show that CTRL is capable of
both transcriptional and translational repression and can
regulate the downstream activity of enzymes such as
CRISPR-Cas9. We also demonstrate titration of CTRL
effectors results in a range of effectiveness facilitating tunable
gene knockdown and making it a powerful tool for modeling
variable gene expression.

B RESULTS

CTRL is Capable of Effective RNA and Protein
Downregulation. To determine if CTRL can effectively
downregulate protein expression, we designed constructs with
crRNA DRs encoded at the 5" and/or 3’ end of the target
coding sequence for the gene of interest (Figure la). The S’
DRs were encoded downstream of the CMV promoter, but
upstream of the Kozak sequence and start codon, whereas the
3’ DRs were encoded downstream of the stop codon but
upstream of the polyA signal (Figures la and S1). Previous
studies demonstrated that DiCas7—11 can efficiently process
the 5’ DR of pre-crRNA molecules into mature crRNAs.® We
hypothesized that DiCas7—11-based effectors could process
the DRs encoded in a transcribed construct and remove either
the 5 cap and/or the 3’ poly-A tail depending on the DR
placement. To support strict ctRNA processing and avoid
nonspecific cleavage, we catalytically inactivated target cleavage
for the Cas7—11 constructs (dDiCas7—11) (Figure S1).
Additionally, the Cas7.1 domain is solely responsible for
crRNA processing in Cas7—11 proteins,z"”29 and we, therefore,
established a Cas7.1 deletion mutant (DiCas7—11ACas7.1) as
a negative control effector in this study (Figure S1). Following
DR processing, we hypothesized that the targeted mRNAs
would be degraded by the endogenous cell machinery,”® thus
allowing for transient regulation of both mRNA and protein
expression.

We developed EGFP- and mCherry-reporter assays to assess
the efficacy of the CTRL system, evaluating their mRNA and
protein expression using RT-qPCR and flow cytometry,
respectively (Figure S2). The initial EGFP- and mCherry-
reporter screens consisted of three different constructs
encoding a single 35nt unprocessed direct repeat (CTRL-
DR) at the 5/, the 3’ end, or both the 5'/3’ ends of the EGFP
or mCherry transcript (Figure S1). In both reporter assays,
with the dDiCas7—11 construct, we observed over 90%
reduction in RNA expression in constructs with a DR encoded
at the 3’ end or both the 3'/5" ends of the transcript, while
almost no knockdown was observed with a DR at the 5" end
only, as compared to the negative control effector DiCas7—
11ACas7.1 (Figure 1b). Similar results were obtained with
targeting unmodified EGFP and mCherry proteins as the
negative control groups (Figure S3a,b). However, the flow
cytometry data revealed that EGFP and mCherry protein
expression was reduced by >80% in all constructs, including
the S’ encoded DR (Figure 1c). We also hypothesized that
fusing a Nuclear Localization Signal (NLS) to the Cas7—11
protein would result in earlier RNA processing and therefore,
greater gene knockdown. However, the addition of an NLS did
not significantly improve repression by CTRL (Figure 1b,c).
We speculate that cytoplasmic targeting of the mRNA is
already sufficient, such that increasing nuclear localization for
pre-mRNA cleavage does not further boost repression activity.

CTRL has Flexible Design Criteria and is Effective at
Low Molar Ratios. Next, we expanded our design strategy to

improve and achieve consistent RNA and protein knockdown
efficiency. We explored alternative DRs in the EGFP-reporter
constructs and generated constructs with double unprocessed
DRs (CTRL-2xDR) and double processed (or mature) DRs
(CTRL-2xmDR) (Figures la and S1) at the 5’, 3’, or both the
5’/3’ ends of the transcript. Prior reports demonstrated that
Cas7—11 proteins can recognize and cleave the mature
DRs.*"** Aside from the constructs with DRs encoded at the
S’ end, we observed 80%—90% RNA knockdown for all other
constructs with no significant differences in knockdown
between designs (F(S, 12) = 0.02110, P = 0.9998) (Figure
1d). However, there was a substantial reduction (70—85%) in
EGFP protein levels for all constructs, including 5’ encoded
DRs (F (9, 30) = 21.28, P < 0.0001) (Figure le). The lower
protein knockdown compared to RNA may reflect saturation
of translation in control groups, which limits proportional
changes in protein expression when reductions are measured
relative to control levels.

To reconcile the differences in protein and RNA knockdown
with 5" encoded DRs, we performed RT-qPCR analysis with
three primer pairs: F2-R2 and F3-R3, that detected transcripts
within the EGFP-reporter coding sequence; and F1-R1, which
amplifies around the DRs at the 5’ end of the transcript
(Figure S4a). The relative RNA expression in the EGFP
coding region did not indicate RNA knockdown, but the
mRNA level of the 5" DR reduced by 40—70% (Figure S4b—
d). These data suggest that the 5’ DRs were processed, but the
transcripts were not degraded. Therefore, this approach
reduces protein expression but does not result in the turnover
of the targeted mRNA molecule.

Prior assays were conducted at an Effector-to-Reporter
molar ratio (Effector/Reporter) of 15:1. To evaluate the
protein knockdown capabilities at lower Effector/Reporter
ratios, we lowered the effective ratio from 15:1 to 10:1 and
conducted the same flow cytometry analysis for all 9 designs.
The protein levels decreased by 70—80%, which was
approximately 10% less reduction in protein expression than
with a higher molar ratio, and again, we observed no significant
difference in overall protein knockdown across all designs
(Figure le). Therefore, we selected the 3’ CTRL-2xmDR
design for all subsequent assays. This construct design is
minimal, encodes two processing sites, and achieves consistent
RNA and protein downregulation.

A C-Terminal Truncation of the Cas7—11 Protein
Effectively Reduces Gene Expression. Previous studies
have demonstrated that Cas7—11 proteins only require the
Cas7.1 domain to process the 5’ DR in CRISPR arrays.”” The
Cas7.2 domain helps anchor the pre-crRNA in DR processing
which Suggests that the Cas7.2 domain enhances crRNA
processing. 33 Therefore, we created two truncated DiCas7—
11 proteins to test in the CTRL system: (1) a complete
truncation from the C-terminus leaving only the Cas7.1
domain (Cas7.1, and 2) a partial C-terminal truncation with
intact Cas7.1, and Casll domains, an inactive Cas7.2 domain,
and the linkers in between the domains (Cas7.1-7.2) (Figure
S1, Table S3). These truncated wild-type DiCas7—11 variants
are incapable of crRNA-dependent target binding or cleavage
and are, therefore, specific to DR processing. Both Cas7.1 and
Cas7.1-7.2 significantly repressed mRNA expression of all 9
CTRL-DR(s)-EGFP constructs, indicating that the truncation
did not abolish their processing activities (Figure SS).

To distinguish the repression efficiencies of all CTRL-
effectors, we performed an Effector/Reporter molar ratio
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Figure 2. Titration assays of truncated CTRL-effectors and mechanistic evidence in CTRL. (a) qPCR analysis of RNA expression in the truncated
and full-length CTRL-effectors at different CTRL-effector:reporter molar ratios (10:1, S:1, 2:1, 1:1) (Table S3). (b) Flow cytometry analysis of
protein expression in the truncated and full-length CTRL-effectors at different CTRL-effector:reporter molar ratios (10:1, 5:1, 2:1, 1:1) (Table S3).
(c-d) Flow cytometry analysis of protein expression from mutated (c) Cas7.1 or (d) Cas7.1—7.2 with mutations in key residues (H43, YS5, N152)
essential processing activities (Table S3). Significant differences in RNA expression were determined using one-way ANOVA, Dunnett’s multiple
comparisons test, and Tukey’s multiple comparisons test. Error bars represent SEM (n = 4—6). P value style = GP (NS: P > 0.05; *: P < 0.05; **:

P < 0.01; *##*: P < 0.001; ****: P < 0.0001).

titration assay from 1:1 to 10:1. We observed a reduction in
EGFP RNA and protein levels for all truncated CTRL-effectors
tested, with repression increasing with the Effector/Reporter
ratio (Figures 2a)b and S6a). At high molar ratios (10:1 and
5:1), the full-length dDiCas7—11 protein exhibited the highest
protein and RNA knockdown (Figure 2a,b). However, the
Cas7.1-Cas7.2 truncated construct outperformed all other
CTRL-effectors at the lower molar ratios (1:1) (Figure 2a,b),
only losing 20% of its maximum activity. The protein
repression levels did not yield significant variance among
different molar ratios (F (3, 12) = 1.602, P = 0.2407) (Table
S$3), indicating that the Cas7.1—7.2 variant is more effective at
reducing protein expression on a mole-per-mole basis. The full-
length Cas7—11 protein was very sensitive to Effector/
Reporter ratios, where a 50% decrease in activity was observed
at the lower molar ratios (Figure 2a,b). Interestingly, the
Cas7.1 domain exhibited an Effector/Reporter ratio-dependent
loss in activity similar to the full-length protein and resulted in
significantly more EGFP protein expression than Cas7—11 or
Cas7.1-7.2 at all molar ratios (Figure 2a,b).

Next we aimed to confirm whether the gene expression
activity was strictly due to DR processing activities of our
CTRL effectors. We mutated three previously identified
residues in the Cas7.1 active site to alanine (H43A, YSSA,
and N152A),” to generate Cas7—11 mutants incapable of
processing DRs. We found that mutations in any of the three
active site residues in Cas7.1 restored EGFP protein expression
(F (3, 8) = 3.923, P = 0.0542) (Figure 2c, Table S3).
Mutations in the Cas7.1-Cas7.2 protein, however, still had
significantly reduced EGFP protein expression compared to
the DiCas7—11ACas7.1 control (F (4, 10) = 387.5, P <

0.0001), but protein expression was significantly higher than
the unmutated Cas7.1—7.2 construct (F (3, 8) = 305.5, P <
0.0001) (Figure 2d). Although Kato et al. reported complete
loss of crRNA processing activity with H43A mutant and
reduced activities with YSSA and N152A,>° our results
indicated an inverse pattern that the H43A mutant retained
the most protein knockdown of all mutants (Figure 2d).
Together, these results suggest that C-terminal truncations of
Cas7—11 proteins are capable of crRNA processing, the
inclusion of Casll and Cas7.2 domains improves the efficacy
of CTRL at lower molar ratios, and the protein expression is
strictly driven by Cas7.1-dependent DR processing activity.
CTRL Regulates the Endonuclease Activity of Cas9
and CasRx. With evidence of RNA and protein regulation by
CTRL, we aimed to demonstrate that CTRL effectors can
regulate the activity of a downstream target gene. We used
toxin-like systems, and tested whether CTRL could regulate
the activity of two CRISPR-Cas editors, SpyCas9-NG** and
RfxCas13d (CasRx).*> We cotransfected HEK cells with (1) a
SpyCas9-NG plasmid including the CTRL-2xmDR at the 3’
end and the HEK293-site-3 ngNA3 sequence; and (2) a
CTRL-effector plasmid (Figures 3a and S1). We simulta-
neously transfected SpyCas9-NG plasmids with CTRL-eftector
plasmids at a ratio of 15:1 and performed amplicon sequencing
to analyze the indels generated for each condition. To maintain
consistent transfection conditions across all groups, we used
DiCas7—11ACas7.1 as the effector in the control group rather
than excluding the effector entirely. CTRL-effectors reduced
SpyCas9-NG indel formation at HEK293-site-3 by 27—50%
compared to controls, from 31 to 34% to 17—21% (Figure 3b).
Of all effectors tested, Cas7.1—7.2 was the most effective and
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Figure 3. CTRL regulated SpyCas9-NG and CasRx endonuclease activities. (a) Schematic of the CTRL knockdown of SpyCas9-NG and CasRx
cleavage activity. The red arrow indicates the processing site in the mDR sequence inserted downstream of the coding domain of SpyCas9-NG and
CasRx. (b) Next-generation amplicon sequencing assessing SpyCas9-NG cleavage activity with CTRL effectors at a 15:1 CTRL-effector:CTRL-
Cas9 molar ratio. The percentage of indels (insertions, deletions, and substitutions) within 8bp spanning the predicted cleavage site was generated
by MiSeq high-throughput DNA sequencer (Illumina) and analyzed with CRISPResso2. Error bars represent SEM (n = 3). (c) qPCR assessing
SpyCas9-NG mRNA expression by CTRL at a 15:1 CTRL-effector:CTRL-Cas9 molar ratio. Error bars represent SEM (n = 3). (c) Assessing
CasRx cleavage activity (targeting EGFP) by CTRL via qPCR analysis of EGFP mRNA expression. The CTRL-effector: CTRL-CasRx molar ratio is
15:1. Error bars represent SEM (n = 3). Significant differences between all groups were calculated by one-way ANOVA and Dunnett’s multiple

comparisons test.

reduced SpyCas9-NG indel formation in half. The full-length
dDiCas7—11 and Cas7.1 truncated proteins reduced indel
formation by approximately 40% and 30%, respectively,
indicating these CTRL permutations are much weaker
regulators of target gene expression (Table S4).

Since indel formation only captures downstream CTRL
effects, we also quantified SpyCas9-NG mRNA expression by
gqPCR. Interestingly, the full-length dDiCas7—11 protein
exhibited the largest SpyCas9-NG mRNA knockdown (80%),
while Cas7.1 and Cas7.1—7.2 only reduced mRNA expression
by around 60—65% (Figure 3c). This result suggests that
mRNA knockdown alone does not dictate how effective each
CTRL variant will be at reducing the enzymatic activity of
SpyCas9-NG.

Next, we assessed the ability of CTRL to regulate CasRx-
mediated RNA knockdown. Identical to the design of
SpyCas9-NG, we encoded the CTRL-2xmDR at the 3’ end
of the CasRx coding sequence and cotransfected it with CTRL-
effector plasmids, EGFP-targeting sgRNA plasmid, and EGFP-
expressing plasmid (Figure 3a, S1). By competitively targeting
CasRx with CTRL, we hypothesized we could restore EGFP
expression. All three CTRL-effector permutations effectively

reduced CasRx expression, increasing EGFP RNA expression
2-fold (Figures 3d and S6b). Together, these results
demonstrate that CTRL can regulate the activity of enzymes
that induce both permanent and transient changes in gene
expression.

B DISCUSSION

CTRL enables tunable expression of target genes of interest.
By synthetically encoding Cas7—11 crRNA DRs, we
demonstrated that CTRL enables robust, gene-specific knock-
down. Using permutations of Cas7—11 and variably encoded
DRs, we identified a potent but minimal system for gene
expression control. We demonstrate that CTRL can regulate
mRNA and protein expression at a range of concentrations but
ultimately resulted in a 2-fold reduction in expression on an
equimolar basis. We also showed that encoding CTRL into
SpyCas9-NG or CasRx mRNA results in reduced nuclease
activity in these potent enzymes. Overall, CTRL is an effective
synthetic technology that can theoretically be applied to
regulate gene expression for any gene of interest.
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We observed that positioning the DR at the 5’ end did not
lead to mRNA degradation when using full-length Cas7—11
effectors, even though DR processing activity persisted
(Figures 1b,d and S4). In contrast, truncated effectors such
as Cas7.1 induced clear mRNA knockdown for the CTRL-
5'2xDR/mDR-EGFP constructs (Figure S7). We speculate
that this difference arises from structural interactions between
the Cas7—11 effector and its RNA target. When the DR is
located at the 5 end, the full length Cas7—11 effector engages
both the DR and the downstream mRNA sequence treating it
as a spacer, which is recognized by Cas7.2-Cas7.4 and INS
domains,” and inhibits endogenous ribonuclease activity to
turnover the target mRNA. Conversely, when the DR is
positioned at the 3" end of the target transcript—or when only
the Cas7.1 domain is present—Cas7—11 binding does not
obstruct access to the terminal end of the mRNA, permitting
degradation from both directions. This mechanistic interpre-
tation remains speculative and requires further validation
through structural analysis of Cas7—11—RNA complexes.

We observed less efficient repression of SpyCas9-NG and
CasRx compared to EGFP and mCherry reporters, highlighting
directions for improvement. Permutations of CTRL-Cas7—11
may express and fold at different rates that may be too slow to
completely repress SpyCas9-NG or CasRx activity. For
example, for SpyCas9-NG regulation, the full-length CTRL-
dDiCas7—11 was the most effective at reducing mRNA
expression; however, the CTRL-Cas7.1-7.2 effector had the
greatest reduction in indel formation. Since Cas7.1-7.2 is
smaller than dDiCas7—11, the rate at which the enzyme is
produced and folds into its active state may be significantly
faster than its full-length counterpart. Smaller enzymes may
more rapidly impact mRNA expression and, ultimately, the
protein expression of SpyCas9-NG. However, we cannot rule
out that there may also be a mechanistic driver for this increase
in activity that was not uncovered in this current study.
Developing CTRL into an inducible system may improve the
system’s ability to precisely regulate gene expression by
providing temporal control of the gene regulator.

CTRL may also be useful for therapeutic applications
requiring precise control over timing and dosage.’’ Some
synthetic tools refine genetic transcription by regulating
transcription factors, which are difficult to control and
monitor,”® or by engineering enzymes, promoters, and
terminators, which often lack precision and are not trivial to
engineer.””*" CTRL enables precise and tunable gene
expression regulation of both mRNA and protein, supporting
multiple applications (Figure S8). CTRL targets and effectors
require minimal design and engineering while achieving high
efficiency regulating gene expression compared to spacer-based
targeting, a reported limitation of CRISPR interference
(CRISPRi) due to its slow kinetics.”* *" CTRL may also
provide a valuable alternative for generating synthetic toxin
systems frequently used in genetic population control
strategies, such as the Release of Insects Carrying a Dominant
Lethal Gene (RIDL)*! (Figure S8). Current approaches usin.
antibiotics require careful evaluation and dose adjustment.”
CTRL can potentially replace antibiotics to suppress toxin
expression, minimizing toxicity and maintaining requirements,
which can easily be removed through genetic crosses as well.

Altogether, CTRL has the potential for a broad range of
applications, and this initial characterization demonstrates a
high level of efficacy built into a robust system. A limitation of
this study is that the CTRL system was evaluated exclusively in

HEK293T cells, leaving its generalizability to other cellular
contexts and in vivo models to be determined. With further
development, particularly through integration with other
advanced technologies, such as prime editing,43 CTRL can
expand its utility across various genomic and cellular contexts.
Such advancements may facilitate the innovation of prior
technologies, advancing both foundational research and
translational applications in synthetic biology.

B METHODS

Construct Design and Cloning. All plasmids were
generated using the standard Gibson assembly methods. The
reporter and effector expression plasmid were designed to
contain the CMV promoter and the bovine growth hormone
(bGH) terminator. The 5’ DRs were encoded downstream of
the CMV promoter, but upstream of the Kozak sequence and
start codon, whereas the 3" DRs were encoded downstream of
the stop codon (Figures la and S1). The inactivated Cas7—11
constructs were generated by mutating the active residues in
the Cas7.2 and Cas7.3 domains (D429A/D654A).>* All
plasmids generated are available at Addgene (Figure S1).

Cell Culture Assays. All experiments used HEK293T cell
lines obtained from the American Type Culture Collection
(ATCC CRL-3216). The cells are incubated at 37 °C and 5%
CO,. For all cell experiments except for the Cas9 repression
assay, the HEK293T cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Thermo Fisher Scientific
11995073) with 10% Fetal Bovine Serum (FBS) (Corning 35—
011-CV) and 1% penicillin—streptomycin (Thermo Fisher
Scientific 15070063). 3.2 X 10* cells were seeded in a 48-well
dish approximately 22 h before transfection, ensuring that their
confluency was less than 60%. Transient transfections were
carried out with Lipofectamine 3000 (Thermo Fisher Scientific
L3000001) per the manufacturer’s protocol. The HEK293T
cells were cotransfected with 20 ng EGFP/mCherry CTRL-
Reporter plasmids and the quantity of Cas7—11-based eftector
plasmids for the intended molar ratio. They were incubated for
48 h before harvesting for experiments.

For the SpyCas9-NG expression assay, the cells were
cultured in DMEM with 10% FBS, without antibiotics
(penicillin—streptomycin). 5.0 X 10* cells were seeded in a
48-well plate 24 h before transfection, and the transient
transfections were conducted with Lipofectamine 2000
(Thermo Fisher Scientific 11668030) based on the manu-
facturer’s protocol. They were harvested 72 h after transient
transfection, and the culture media was changed once 48 h
after the transfection.

gPCR and Data Analysis for RNA Expression. Cells were
removed from the 48-well plate with 250 yL of RNAprotect
Cell Reagent (Qiagen 76104) 48 h after transfection and
stored at —20 °C for at least 24 h prior to extraction. Cells
were lysed using QIAshredder (Qiagen 79656), and total RNA
was then extracted using the RNeasy Mini Kit (Qiagen 74106)
based on the manufacturer’s protocol. The total RNA was
treated with DNase (Thermo Fisher Scientific AM1907) to
remove any remaining DNA. The concentration of the RNA
samples was measured using a Nanodrop OneC UV-vis
spectrophotometer (Thermo Fisher Scientific NDONEC-W).
Approximately 0.75 pug of total RNA was used to synthesize
cDNA with a RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific K1622). cDNA was diluted
(1:1000) for gPCR analysis. qPCR was performed with
SYBR green (qQPCRBIO SyGreen Blue Mix Separate-ROX
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17-507B, Genesee Scientific), using 4 L of dilute cDNA in
each 20 uL reaction containing a final primer concentration of
200 nM and 10 uL of SYBR green buffer solution. Three
technical replicates were performed for each reaction. Pipetting
was performed using EpMotion 5075 (Eppendorf). The
following qPCR protocol was used on the LightCycler 96
(Roche): 3 min of activation phase at 95 °C, 40 cycles of S s at
95 °C, and 30 s at 60 °C.

The relative EGFP expression was calculated using the
manufacturer’s software and the delta—delta Ct method
(2744, with the GAPDH reference gene. To assess
differences in the EGFP RNA expression between the
treatments with CTRL-effectors and the negative-control
effector, statistical analysis was performed using GraphPad
Prism 10. Specifically, a one-way ANOVA test was used,
followed by the posthoc analysis with a Dunnett’s multiple
comparisons test and/or a Tukey’s multiple comparisons test.

Flow Cytometry and Data Analysis for Protein Repression
Assessment. Fluorescence knockdown was assessed using flow
cytometry on the BioRad S3e cell sorter system. To prepare
cells for analysis, transfected HEK293T cells were washed with
250 uL PBS pH 7.4 (Gibco 10010031), all media was
removed, and then 40 uL of Accumax (VWR AMI10S) was
added to the well. 227 uL of cold PBS (pH 7.4) was added to
the wells, and cells were resuspended before being transferred
to a cell strainer (Corning 352235). Cells were then assessed
on the S3e cell sorter with a count of 80,000 cells per sample.
Flow cytometry data were analyzed using Floreada.io (https://
floreada.io/) (Figure S9).

Library Preparation for High-Throughput Sequencing
and Data Analysis. The plasmids encoding the CTRL-
effectors (dDiCas7—11, Cas7.1, Cas7.1-7.2, DiCas7—
11ACas7.1) and CTRL-3'2xmDR-SpyCas9-NG with
HEK293-site-3 sgRNA were transiently transfected into
HEK293T cells at a molar ratio of 15:1. Subsequent genomic
DNA extraction and amplification of the sequencing amplicon
was conducted according to Osgood and Zawalick et al.
(2025). Briefly, the media was removed 72 h after transfection,
the cells were washed with PBS, and then lysed with 100 uL of
freshly made lysis buffer (at a 200 uL scale: 196.75 uL H20, 2
puL Tris—EDTA, 1 uL 1%SDS, 0.25 uL Proteinase K enzyme
[Thermo #EO0491]) per confluent well (of a 48-well plate).
The amount of lysis buffer was adjusted based on the cell
confluency of each well (100 uL for fully confluent wells). The
cells were incubated in the lysis buffer for S min, then
resuspended and removed from the well into PCR tubes. The
following thermocycler protocol was used for cell lysis: (a) 1 h
at 37 °C; (b) 30 min at 80 °C; (c) ramp to 12 °C. The lysed
cells were stored at 4 °C. The lysis (1—2 pL) was used as the
template ibxing with Illumina primers with unique barcodes.
Round 2 PCR was completed using Phusion High-Fidelity
DNA Polymerase (NEB #MO0S30L) for 9 cycles of
amplification. After determining the relative concentration of
each sample using gel electrophoresis, concentrations were
normalized by pooling 1—10 uL of each round 2 PCR product
and then purified with the Monarch Gel Extraction Kit (NEB
#T1020) based on the manufacturer’s protocol. The purified
samples were sequenced with a 300-cycle paired-end NGS run
on a MiniSeq high-throughput DNA sequencer (Illumina).**

Sequencing reads were demultiplexed using MiniSeq
Reporter (Illumina), and FASTQ files were analyzed with
CRISPResso02.”> CRISPRessoBatch was used to analyze and
compare multiple experimental conditions at the same site,

which generated the indel frequency of each sample within the
same quantification window (8-bp sequences that flank both
sides of the predicted cleavage site) (Table S4).

B ASSOCIATED CONTENT

Data Availability Statement

Complete sequence maps and plasmids are deposited to
Addgene.org (constructs with Addgene ID in Figure S1 and a
full list of plasmids with Addgene ID in Table SS). All data
used to generate figures are provided in the Supporting
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