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Clinical use of CRISPR-Cas proteins for genome engineering 
is constrained by their large size, limiting in vivo delivery. 
To address this, we engineered an ultracompact and versatile 
platform from a minimally active, 400-amino acid Cas12f pro
tein from Blautia lenta. A multi-stage strategy of structure- 
guided protein mutagenesis and systematic single guide 
RNA (sgRNA) optimization transformed BlCas12f into a 
“CasNano” as a potent genome targeting tool for mammalian 
cells. When a catalytically dead CasNano (dCasNano) is fused 
to a VPR domain, it activates endogenous genes with an effi
ciency and specificity comparable or superior to the bench
mark SpCas9 system for the guide RNAs (gRNAs) and loci 
tested under equal-mass plasmid transfection; as editor 
expression was not quantified and stoichiometric differences 
would, in any case, preclude equivalent normalization, these 
comparisons describe functional output rather than intrinsic 
activity. We established the platform’s versatility for bidirec
tional epigenetic editing by fusing dCasNano to a DNA meth
yltransferase (DNMT3A) for gene silencing or a dioxygenase 
(TET1) for gene activation. TET1-mediated reactivation per
sisted for 5 months in human embryonic stem cells (hESCs), 
whereas DNMT3A-deposited methylation was not retained 
at 2 weeks in a dividing reporter line. CasNano’s small size 
and distinct CCN PAM sequence highlight its potential for 
future therapeutic applications constrained by viral delivery 
cargo capacity.

INTRODUCTION

CRISPR-Cas technologies have transformed genome modifications 
in living cells, advancing basic and clinical science. Streptococcus pyo
genes Cas9 (SpCas9)-based systems enable precise genome edits, 
while their nuclease-deactivated counterparts (dCas), fused to 
effector domains, can modify gene expression via targeted transcrip
tional and epigenetic modifications.1 Translating nuclease systems 
for clinical use has been limited to ex vivo editing (e.g., blood disor
ders) and circumscribed targets with easy access (e.g., eye) since their 
large size limits packaging into viral capsids and biodistribution in 
large targets such as the brain.2–4 Delivery vectors such as the ad

eno-associated virus (AAV) can only carry ∼4.7 kb, often exceeded 
by the Cas protein coding sequence, particularly when fused to func
tional effectors.5 Smaller molecular size is also advantageous for non- 
viral delivery methods such as lipid nanoparticles (LNPs), where 
a more compact mRNA improves packaging efficiency and 
manufacturing consistency.6,7 Smaller LNPs may also improve bio
distribution.8–10 These challenges underscore the need for compact 
and efficient CRISPR-based systems to expand the therapeutic po
tential of genome engineering.

Commonly used effectors such as SpCas9 (∼1,368 aa) and Cas12a/ 
Cpf1 (∼1,300 aa) are particularly large.11,12 Even smaller orthologs 
that have been adapted for use, such as SaCas9 (∼1,053 aa), still 
occupy a significant portion of the AAV payload capacity. This has 
driven the exploration of smaller systems, such as Cas12e or the ul
tracompact Cas12f family, with Cas proteins such as CasX (∼980 aa), 
UnCas12f1 (CasMINI, ∼529 aa), and the recently engineered As
Cas12f1 variants (HKRA/YHAM, ∼422 aa).13–16 However, these 
miniature proteins require long AT-rich PAM sequences (e.g., Sa
Cas9: 5′-NNGRRT-3′, CasX: 5ʹ-TTCN-3ʹ PAM, and CasMINI: 5ʹ- 
TTTR-3ʹ PAM), which limits both the number of targetable genomic 
sites and therapeutic modification of gene expression in GC-rich 
promoters and enhancers.13–15

Here, we describe the engineering of CasNano, a novel miniature Cas 
protein from the Cas12f family that is compact in size, efficient in tar
geting, and has a favorable CCN PAM sequence. Using the mini
mally active BlCas12f as our base, we created a potent and specific 
platform to engineer the mammalian genome. When our dCasNano 
is fused to a transcriptional activator, it drives exceptionally high 
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Figure 1. Iterative protein engineering to improve CasNano genome targeting efficiency 

(A) Schematics of the expression constructs for dCas-VPR and sgRNA, the TRE3G-RFP reporter integrated into the HEK293T genome, and the iterative protein engineering 

strategy. (B) Saturated mutagenesis screen of 10 candidate amino acid residues identified from an initial screen. Each residue was mutated to all other 19 amino acids. 

Bubble plot shows relative RFP activation, measured by flow cytometry and normalized to wild-type dBlCas12f-VPR. Color and size of circles represent efficiency and 

population of RFP-positive cells, respectively. (n = 3) (C) Stepwise improvement of dBlCas12f-VPR activity by combinatorial mutagenesis. Variants V1–V6 were generated by 

(legend continued on next page) 

Molecular Therapy: Nucleic Acids

2 Molecular Therapy: Nucleic Acids Vol. 37 December 2026 



levels of endogenous gene activation, comparable to, or exceeding, 
benchmark SpCas9 for the guide RNAs (gRNAs) tested in this study. 
CasNano operates with high fidelity and is versatile for precise epige
netic editing. CasNano recognizes a distinct, GC-rich CCN PAM, 
making it well-suited to target regulatory elements and expand 
targetable sites in the human genome. In summary, CasNano’s min
imal size, high efficiency, and target specificity make it a powerful 
new tool for diverse genome engineering applications. Its compact 
nature allows for therapeutic strategies requiring AAV or LNP deliv
ery, potentially expanding the target tissues treated with next-gener
ation gene therapies.

RESULTS

Engineering ultracompact Cas12f protein into a potent genome 

targeting tool

We screened a series of Cas12f family proteins and chose a compact, 
400-amino-acid Cas protein identified from Blautia lenta, a member 
of the Cas12f family, hereafter BlCas12f. To characterize its targeting 
requirements, we tested its activity on matrix of TetO-RFP reporter 
constructs with 4-digit randomized protospacer adjacent motifs 
(PAMs) in the 5′ end of TetO. This screen revealed a strong preference 
for a short, CG-rich PAM, with a near-absolute requirement for cyto
sine (C) at the -2 and -3 positions relative to the protospacer, while 
showing flexibility at the -1 and -4 positions (Figure S1). This defines 
a core 5′-CCN-3′-PAM, which is in stark contrast to the AT-rich 
PAMs recognized by most Cas12a/f proteins and is complementary 
to the “NGG” PAM of SpCas9. This unique PAM supports its poten
tial use to target CG-rich regulatory regions such as promoters.

Our goal was to transform BlCas12f into a versatile DNA-targeting 
platform. We tested the nuclease activity of wild-type BlCas12f 
with its natural CRISPR RNA (crRNA) and trans-activating crRNA 
(tracrRNA) but detected almost no activity for double-strand DNA 
break in mammalian cells (Figure S2B). We then created a 
nuclease-deactivated (dCas) version for transcriptional regulation 
by introducing D216A and D390A mutations, on the basis of 
sequence alignments with catalytically important residues in Un
Cas12f and AsCas12f (Figure S2A). We fused the dBlCas12f to the 
VPR transcriptional activator (Figure 1A) and co-expressed with a 
synthetic single guide RNA (sgRNA), formed by linking its natural 
crRNA and tracrRNA with a GAAA linker (Figure 2A). To assess 
its function, we developed a HEK293T reporter cell line with an in
tegrated RFP gene driven by a TRE3G promoter (Figure 1A). The 
dBlCas12f-VPR and gRNA constructs were delivered by transfec
tion, and RFP expression was quantified by flow cytometry. In this 
system, the wild-type dBlCas12f-VPR exhibited negligible reporter 
activation (Figure S3).

To enhance its activity, we initiated an iterative protein engineering 
campaign directly on this dBlCas12f-VPR backbone (Figure 1A). Us
ing structure-based analysis (specifically, sequence and structural 
alignments of BlCas12f with other well-characterized Cas12f pro
teins such as AsCas12f and UnCas12f) alongside a protein language 
model (the ESM-1b model accessed via the ESM-Scan tool), we iden
tified 22 candidate residues (Table S1) to arginine—a strategy shown 
to enhance DNA binding in previous engineering efforts of related 
miniature Cas proteins14,16–21—or to variants predicted by the 
ESM-1b model (https://github.com/facebookresearch/esm).22 We 
hypothesized that residues tolerating these initial substitutions 
without a severe loss of function would represent structurally flexible 
hotspots ideal for further optimization. While the majority of these 
initial mutations nearly abolished editing activity, 10 specific resi
dues successfully retained >80% or exhibited higher than wild-type 
activity. We defined these 10 residues as promising candidates, 
which were subsequently subjected to saturated mutagenesis to 
find the optimal substitution for enhancing RFP activation 
(Figure 1B). The full set of 22 initially screened candidate residues, 
the substitutions tested, and the corresponding activity in the 
TRE3G-RFP reporter are provided in Table S1, where the 10 residues 
advanced to saturated mutagenesis are underlined. Alongside these, 
we also directly evaluated highly confident specific substitutions pre
dicted by the ESM-1b model, such as T307K, without full saturation. 
We then combined the most beneficial mutations to leverage syner
gistic effects. During combinatorial screening, we carefully selected 
mutations on the basis of their synergistic performance rather than 
solely on their individual activity. Although N195H showed higher 
individual activity than N195K (Figure 1B), pairwise combinatorial 
testing of N195K vs. N195H against each of the nine top second- 
step mutations revealed that [N195K + Y306K] outperformed 
[N195H + Y306K] and was the highest-mean fluorescence intensity 
(MFI) variant among all 22 conditions tested (Figure S3), leading us 
to select N195K as the V1 scaffold. Starting with the optimal trajec
tory of V1 (N195K), we progressively added mutations to create V2 
(Y306K), V3 (T307K), V4 (S131C), V5 (E181Q), and finally V6 
(D183T). This stepwise combination resulted in a ∼600% improve
ment in activity over the wild-type dBlCas12f (Figure 1C).

Structural comparisons to the Cas12a family identified six additional 
residues of interest,23–26 which were subjected to saturated mutagenesis 
to identify their optimal substitutions (Figure 1D). These beneficial 
mutations were then added to the V6 backbone to create a new series 
of variants: V7 (I10R), V8 (I159R), V9 (D76K), V10 (G111N), and V11 
(I196V). This doubled the activation potency, with V11 showing the 
highest activity (Figure 1E). This final, highly active variant was named 
dCasNano. We confirmed that while the V11 nuclease-active 

progressively combining the most effective mutations identified in the screen from (B). (n = 3) (D) Saturated mutagenesis screen of 6 additional amino acid residues identified 

from structural comparisons with the Cas12a family. Bubble plot shows relative RFP activation, measured by flow cytometry and normalized to dCasNano V6. (n = 3) (E) 

Further improvement of activity by incorporating the best mutations from the screen in (D) into the V6 backbone, generating variants V7–V11. (n = 7) (F) Schematic of the dual- 

PAM target site criteria (5′-CCN-N20-NGG-3′ ) allowing for direct comparison of dCasNano and dSpCas9 using the same spacer sequence on either sense or antisense 

strands. (G) Direct comparison of the final engineered dCasNano-VPR (V11) and dSpCas9-VPR on the dual-PAM reporter in HEK293T cells. Both systems used the same 

spacer sequence to target either the sense or antisense strand of the promoter. (n = 3) All data are represented as mean ± SD. See also Figures S1–S3; Table S1.
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backbone, when paired with the fully optimized sgRNA scaffold, re
gained only weak cleavage activity, the D216A and D390A mutations 
in dCasNano completely abolished it (Figure S2B).

Finally, we benchmarked the engineered dCasNano-VPR against 
dSpCas9-VPR. We designed the TRE3G reporter to contain both a 
CCN PAM for dCasNano and an NGG PAM for dSpCas9 flanking 
the TetO sequences. This dual-PAM design allows both effectors 
to target the same protospacer on either the sense or antisense strand 
(Figure 1F). When targeting the sense strand, dCasNano-VPR 
induced reporter activation at levels comparable to dSpCas9-VPR. 
When targeting the antisense strand, dCasNano-VPR outperformed 
dSpCas9-VPR (∼4-fold higher MFI), demonstrating robust and 

strand-independent activity (Figure 1G). Because intracellular editor 
expression and active-complex abundance were not measured, all 
comparisons between dCasNano and dSpCas9 reported here repre
sent functional outputs under equal-mass plasmid transfection for 
the specific gRNAs and loci tested and do not distinguish intrinsic 
editor activity from differences in plasmid delivery, expression, or 
complex assembly. Thus, our engineering strategy transformed the 
native BlCas12f protein into a highly efficient genome targeting tool.

Systematic engineering of the sgRNA scaffold to decrease 

length and boost dCasNano activity

In parallel with protein engineering, we optimized the sgRNA scaffold 
to decrease length and enhance system performance. The initial 233-nt 

Figure 2. Systematic engineering of the sgRNA scaffold boosts CasNano activity 

(A) Predicted secondary structure of the initial 233-nt sgRNA, created by linking the natural tracrRNA and crRNA of BlCas12f (r.216 to r.221) by a GAAA linker. Key structural 

domains are indicated. (B) Screen of 18 sgRNA variants with systematic truncations and modifications. Bar chart shows the percentage of RFP-positive cells for each variant 

co-expressed with wild-type dBlCas12f-VPR. (C and D) Comparison of the most effective sgRNA variants (1, 3, 5, 14, and 18) when paired with the fully engineered 

dCasNano-VPR (V11). Bar charts show the percentage of RFP-positive cells (C) and the mean fluorescence intensity (MFI) (D). All data are represented as mean ± SD for n = 3 

biological replicates. See also Table S3.
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sgRNA used in our screens was created by removing the natural crRNA 
hairpin loop and joining the crRNA and tracrRNA with a GAAA 
linker. The predicted secondary structure of this sgRNA is highly com
plex (Figure 2A), which we hypothesized it might be suboptimal for 
ribonucleoprotein formation and function in mammalian cells.

To identify a more effective and compact sgRNA architecture, we 
pursued a multi-step engineering strategy by using the wild-type 
dBlCas12f-VPR. We first systematically trimmed the 5′ end of the 
tracrRNA and generated variant 1 (Δstem-1 del r.1–45), variant 2 
(Δstem-1 to 2; del r.1–67), variant 3 (Δstem-1 to 3; del r.1–94), 
and variant 4 (Δstem- 1 to 4; del 1–114), which revealed that 
removing stems 1–3 (variant 3) yielded the highest activity while 
shortening the scaffold to 140 nt (Figure 2B). Using this improved 
variant 3 as a backbone, we explored further modifications. While 
abridging the linker of variant 5 (del r.214–221 ins GAAA) and 
variant 6 (del r.214–221 ins UUCG) were tolerated, we found 
many structural elements were essential for function, as modifying 
3′ tail in variant 7 (r.228–229UU>CC) and variant 8 (del r.230– 
232) or truncating internal segments in variant 9 (Δinternal 
segment-1; del 137–141; 150–157), variant 10 (Δinternal loop-1; 
del 139–141; 150–154), and variant 11 (Δinternal segment-2; del 
123–136; 158–164) abolished activity.

Modifying loop-4 and loop-6 in variant 12 (del r.99–102) or variant 
16 (del r.183–196 ins GAAA) and variant 17 (del r.183–196 ins 
UUCG) also nullified the editing activity. We identified modifica
tions in loop-5 that were well tolerated and prevented the formation 
of a problematic poly-uridine stretch in variant 13 (del r.144–147 ins 
GAAA), variant 14 (del r.144–147 ins UUCG), and variant 15 (del 
r.143–148 ins GUUCGC). By combining the tolerated linker from 
variant 5 with the beneficial loop-5 modification from variant 14, 
we created a final combination variant (variant 18) that outper
formed all previous designs.

We then tested the most promising designs (variants 1, 3, 5, 14, and 
18) with the final engineered dCasNano-VPR (V11). While variant 
18 remained the top performer, the efficiency gains over these engi
neered variants were less pronounced when paired with the highly 
active protein (Figures 2C and 2D). Given its superior activity and 
compact 136-nt length, the variant 18 gRNA scaffold was selected 
for all subsequent experiments.

Engineered dCasNano demonstrates high specificity and low 

tolerance to mismatches

To attain high specificity for genome engineering, we comprehen
sively evaluated the targeting fidelity of dCasNano-VPR by assessing 
its sensitivity to guide-target mismatches and by profiling its global 
off-target effects on the transcriptome. We generated a library of 
sgRNAs containing single nucleotide mismatches at each position 
from 1 to 20 of the protospacer targeting our RFP reporter 
(Figure 3A). At each position, a single transversion-type substitution 
was applied following the rule C↔A and G↔T (i.e., C→A, A→C, 
G→T, and T→G). These transversions generate same-class mis

matches at the substituted position—purine:purine (A:G) and pyri
midine:pyrimidine (T:C)—that perturb both Watson-Crick base 
pairing geometry and minor-groove hydrogen bonding, providing 
a stringent probe of guide-target specificity. When tested in the 
TRE3G-RFP reporter cell line, dCasNano-VPR exhibited exquisite 
sensitivity to mismatches. It outperformed dSpCas9-VPR when mis
matches were located in positions 1–15, with particularly high sensi
tivity in the 1–7 seed region. SpCas9, conversely, showed greater 
sensitivity only at position 8 (Figure 3B).

To assess genome-wide specificity in an unbiased manner, we per
formed RNA sequencing (RNA-seq) on HEK293T reporter cells 
expressing either dCasNano-VPR or dSpCas9-VPR with a target
ing or a non-targeting scrambled sgRNA. We utilized this ge
nomically integrated reporter system to assess editor specificity, 
as activating an endogenous functional gene can trigger down
stream biological networks that confound the identification of 
true, direct off-target editing events.14 Both systems strongly up
regulated the RFP target (Figures 3C–3E). While the absolute 
expression level of RFP was higher with dSpCas9-VPR, dCas
Nano-VPR achieved a greater fold-change activation relative to 
its scramble control (∼394-fold for dCasNano-VPR vs. ∼128- 
fold for dSpCas9-VPR), corresponding to a higher signal-to-back
ground ratio in this assay. A global comparison of gene expression 
profiles revealed that both dCasNano-VPR and dSpCas9-VPR 
induced minimal off-target transcriptional changes, with the 
vast majority of transcripts remaining close to the diagonal in 
the scatterplot analyses. To quantify this, we analyzed the stan
dard deviation of expression for all genes across the targeting 
and non-targeting replicates. The resulting distributions for dCas
Nano and dSpCas9 were narrow and had similar medians, con
firming that both systems have a minimal off-target profile at 
the whole-transcriptome level (Figure 3F). To specifically test 
whether dCasNano-VPR might engage genomic loci with partial 
sequence similarity to the on-target protospacer, we identified 
candidate off-target sites within four mismatches of the proto
spacer with Cas-OFFinder. Because the two editors recognize 
PAMs on the opposite sides of the protospacer, searches were per
formed separately for each system, which yielded largely distinct 
candidate sets: 28 expressed genes for dCasNano-VPR and 38 
for dSpCas9-VPR, of which only four were shared. No genomic 
site within two mismatches of the protospacer was identified for 
either editor, and the closest candidates carried three mismatches 
(three genes for dCasNano-VPR and four for dSpCas9-VPR). 
Neither editor systematically activated its own predicted off-target 
genes, and the log2 fold-change distributions of the two off-target 
sets were indistinguishable from each other (Kolmogorov- 
Smirnov p = 0.43; Mann-Whitney p = 0.78) and from the 
genome-wide background (Figure S4). At the four loci predicted 
as off-target candidates for both editors, neither system showed 
activation. Together, these results demonstrate that dCasNano 
possesses high genome-wide targeting specificity, with a fidelity 
profile that is similar or superior to dSpCas9 system for the 
gRNAs tested in this study.
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Activation of endogenous genes with the dCasNano-VPR 

system

To validate the efficacy of dCasNano-VPR on endogenous targets, 
we next sought to activate gene expression in HEK293T cells and 
directly compare its performance to dSpCas9-VPR. We selected 
two target genes, HBG1 and IL1RN, and designed pools of 4 sgRNAs 
targeting their respective promoter regions (Figures 4A and 4B). We 
specifically selected target sites compatible with both systems to 
enable a direct comparison by using the same spacer sequences for 
both sense and antisense strands.

In HEK293T cells, dCasNano-VPR activated both target genes after a 
72 h incubation. For HBG1, dCasNano-VPR induced potent activa
tion from sense and antisense strands at similar levels as dSpCas9- 
VPR (Figure 4C). When targeting the IL1RN promoter, activation 

levels were again similar between the two systems for the sense 
strand. Notably, when targeting the antisense strand of IL1RN, dCas
Nano-VPR was significantly more effective than dSpCas9-VPR 
(∼3.3-fold greater activation, p = 0.010) (Figure 4D). These results 
confirm that dCasNano-VPR is a highly effective activator of endog
enous human genes, with a potency comparable or superior to the 
dSpCas9 system under equal-mass plasmid transfection for the 
gRNAs tested in this study.

Targeted epigenetic silencing with a DNMT3A-dCasNano fusion

To demonstrate the utility of dCasNano beyond transcriptional acti
vation, we repurposed it as a platform for targeted epigenetic modi
fication. We fused dCasNano to the catalytic domain of the DNA 
methyltransferase DNMT3A and evaluated its ability to induce tar
geted gene silencing. For this, we first utilized a previously reported 

Figure 3. Evaluation of CasNano specificity 

(A) Schematic of the sgRNA library used to test mismatch sensitivity, containing single nucleotide substitutions at each position of the 20-nt protospacer. Positions are 

numbered 1–20, with position 1 being the nucleotide proximal to the PAM of each Cas system. (B) Comparison of mismatch sensitivity between dCasNano-VPR (red) and 

dSpCas9-VPR (light blue) for TRE3G-RFP reporter activation. The activity of each system with a perfectly matched sgRNA is set to 100%. (C–E) Scatterplots of whole- 

transcriptome expression profiles comparing dCasNano-VPR (C) or dSpCas9-VPR (D) with a targeting sgRNA to a non-targeting (scrambled) sgRNA. Gene expression is 

shown as Log10(TPM+1). The on-target RFP transcript is indicated. Data shown are the mean of two biological replicates. (F) Violin plots showing the distribution of standard 

deviations for all expressed genes across targeting and non-targeting replicates for each system, quantifying global off-target transcriptional effects. *p < 0.05; **p < 0.01; ***p 

< 0.001; ****p < 0.0001; *****p < 0.00001. See also Figure S4.
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HEK293T reporter cell line containing a genome-integrated 
GAPDH-Snrpn-EGFP cassette, in which targeted methylation of 
the promoter region leads to a decrease in EGFP expression 
(Figure S5A).27 Flow cytometry analysis revealed that DNMT3A- 
dCasNano induced robust silencing, with a nearly 25% EGFP-nega
tive population after 6 days of incubation, which was comparable to 
the silencing achieved by DNMT3A-dSpCas9 (Figure 5A). This cor
responded with a marked decrease in the MFI of the EGFP signal, 
which was also comparable to the dSpCas9-based editor 
(Figure 5B). To confirm that the observed silencing was a direct 
result of DNA methylation, we performed bisulfite sequencing on 
the targeted reporter promoter. This analysis showed that 
DNMT3A-dCasNano induced methylation across the targeted 
CpG sites, with levels similar to or exceeding those induced by 
DNMT3A-dSpCas9 (Figures 5C and 5D).

To test the system on an endogenous gene, we targeted the promoter 
of MECP2 in standard HEK293T cells, which possess three active 
and one inactive X chromosome.28 To ensure a rigorously fair com
parison and definitively exclude any locus-dependent targeting bias, 
we explicitly targeted the exact same genomic loci for both effectors 
by designing gRNAs that engage opposite strands within the same 

target windows. Bisulfite sequencing revealed that while the basal 
methylation level was low, DNMT3A-dCasNano induced an in
crease in methylation at the targeted locus. Strikingly, under the 
same conditions, DNMT3A-dSpCas9 induced lower methylation at 
the endogenous MECP2 locus (Figure 5E). These results establish 
dCasNano as a compact and highly efficient platform for targeted 
epigenetic silencing, further highlighting its versatility and robust ac
tivity at the endogenous loci tested in this study.

To assess whether DNMT3A-dCasNano-deposited methylation per
sists after the editor is no longer expressed, we extended the GAPDH- 
Snrpn-EGFP reporter experiment to 2 weeks post-transfection and pro
filed methylation at 29 anchor CpG positions across the targeted Snrpn 
promoter by bisulfite sequencing. At this time point, methylation in the 
DNMT3A-dCasNano targeting condition had returned to within 
the range of the matched scramble, mock, and non-treated controls; 
the same was observed for DNMT3A-dSpCas9 (Figure S7). Durable 
silencing was, therefore, not demonstrated for either DNMT3A editor 
in this reporter system under the conditions tested.

Targeted demethylation and gene reactivation in HEK293T and 

hESCs

To assess the versatility of the CasNano platform for bidirectional 
epigenetic editing, we engineered a TET1-dCasNano fusion protein 
for targeted DNA demethylation. We first tested its ability to reacti
vate a previously reported DAZL-Snrpn-mCherry reporter cell line, 
where the mCherry cassette is silenced by CpG methylation 
spreading from the neighboring, heavily methylated DAZL pro
moter (Figure S5B).27 Upon transfection with TET1-dCasNano 
and sgRNAs targeting the Snrpn promoter, we observed a reactiva
tion of mCherry expression, reaching levels comparable to those 
achieved with a TET1-dSpCas9 fusion protein (Figure 6A). To 
confirm that this reactivation was due to epigenetic modification, 
we conducted bisulfite sequencing on the targeted Snrpn promoter. 
The analysis revealed a decrease in methylation levels at the targeted 
CpG sites for cells treated with TET1-dCasNano, consistent with the 
observed gene reactivation (Figure 6B). The demethylation efficiency 
was comparable to that of TET1-dSpCas9, with both editors 
reducing the median methylation levels significantly compared to 
scrambled gRNA controls (Figure 6C).

To assess this system in a therapeutically relevant context, we applied 
TET1-dCasNano to reactivate a silenced endogenous gene in a pre
viously described human embryonic stem cell (hESC) reporter line 
(29-G) (Figure S5C).29 In these cells, a tdTomato reporter is fused 
in-frame with the end of exon 3 on one allele of the MECP2 gene, 
which is subject to X chromosome inactivation and is silenced by 
DNA methylation. After 6 days of transfection with the editors 
and sgRNAs targeting the silenced MECP2 promoter, both TET1- 
dCasNano and TET1-dSpCas9 induced reactivation of the tdTomato 
reporter, achieving comparable percentages of tdTomato-positive 
cells (Figure 6D). However, the TET1-dCasNano-treated cells ex
hibited a notably higher MFI, suggesting higher per-cell reactivation 
(Figure 6E). While not confirmed, this difference in MFI may be 

Figure 4. Activation of endogenous HBG1 and IL1RN genes in HEK293T with 

the dCasNano-VPR 

(A and B) Schematics of the human HBG1 (A) and IL1RN (B) promoter regions 

showing the locations of sgRNA target sites on both sense and antisense strands. 

(C and D) Relative expression levels of HBG1 (C) and IL1RN (D) in HEK293T cells 

determined by qPCR at 72 h after transfection with dCasNano-VPR or dSpCas9- 

VPR and pools of 4 sgRNAs targeting either the sense or antisense strand. Data are 

shown as Log10-fold change relative to a non-targeting control. Data are repre

sented as geometric mean ± SD for n = 3 biological replicates. Statistical signifi

cance was determined by a two-tailed Student’s t test. *p < 0.05. See also Table S4.
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attributable to more efficient delivery of the smaller TET1-dCasNano 
plasmid compared to its larger dSpCas9 counterpart. A defining 
feature of therapeutic epigenome editing is the long-term durability 
of the induced transcriptional changes. To evaluate the persistence of 
CasNano-mediated epigenetic reprogramming, we monitored the 
TET1-dCasNano-edited 29-G hESCs over an extended period. 
Remarkably, the reactivation of the silenced MECP2 allele was stably 
maintained for up to 5 months post-transfection. Both the percent
age of tdTomato-positive cells and the overall expression levels 

closely mirrored the positive control line throughout the entire 
5-months duration (Figure S6). Bisulfite sequencing at the 
5-month time point further confirmed persistent loss of CpG 
methylation at the targeted MECP2 promoter (Figures S6C 
and S6D).

DISCUSSION

We engineered a novel ultracompact Cas12f effector, CasNano, into 
a potent and versatile platform for mammalian genome engineering. 

Figure 5. Targeted epigenetic silencing using a DNMT3A-dCasNano fusion 

(A and B) Quantification of gene silencing in a HEK293T GAPDH-Snrpn-EGFP reporter cell line. Bar charts show the percentage of EGFP-negative cells (A) and the mean 

fluorescence intensity (MFI) of EGFP (B) at 6 days after transfection with DNMT3A-dCasNano or DNMT3A-dSpCas9 plasmids. (C) DNA methylation levels at individual CpG 

sites within the targeted GAPDH-Snrpn promoter region in the reporter cell line, as measured by bisulfite sequencing. The shadow represents SD. (D) Violin plots summarizing 

the distribution of methylation levels from (C) across all targeted CpG sites for the GAPDH-Snrpn reporter. (E) Violin plots showing the distribution of methylation levels at the 

endogenous MECP2 promoter in standard HEK293T cells following treatment with the indicated editors. NT, non-treated; Scr, scramble gRNA; Tar, targeting gRNA. All data 

are represented as mean ± SD for n = 3 biological replicates. See also Figures S5 and S7.
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Our work transforms a naturally occurring protein with negligible 
activity into a robust tool for transcriptional activation, targeted 
methylation, and targeted demethylation, with similar or superior ef
ficacy, for the gRNAs and loci tested in this study, compared to the 
benchmark SpCas9 with a large protein size.

Our protein engineering strategy yielded several key insights. 
While many Cas engineering efforts focus on substituting key res

idues with arginine to enhance DNA binding, our saturated muta
genesis screens revealed this was not always the optimal choice for 
BlCas12f. Substitutions to other positively charged residues (i.e., 
lysine or histidine), or to uncharged residues, conferred superior 
activity. Thus, enhancing a miniature Cas protein’s function may 
require optimization of stereochemistry and charge distribution 
at the DNA-binding interface rather than simply increasing posi
tive charge.

Figure 6. Targeted demethylation and reactivation of a silenced reporter using TET1-dCasNano 

(A) Quantification of gene reactivation in a HEK293T DAZL-Snrpn-mCherry reporter cell line. The bar chart shows the percentage of mCherry-positive cells at 6 days after 

transfection with TET1-dCasNano or TET1-dSpCas9 plasmids. (B) DNA methylation levels at individual CpG sites within the targeted Snrpn promoter region, as measured by 

bisulfite sequencing. The shaded area represents the standard deviation (SD). (C) Violin plots showing the distribution of methylation levels across all targeted CpG sites for 

each condition, comparing the median (solid line) and mean (red dashed line) methylation levels. (D and E) Quantification of endogenous MECP2 gene reactivation in 29-G 

hESC reporter line. Bar charts show the percentage of tdTomato-positive cells (D) and the mean fluorescence intensity (MFI) of tdTomato (E) at 6 days after transfection with 

TET1-dCasNano or TET1-dSpCas9 plasmids. All data are represented as mean ± SD for n = 4 biological replicates. See also Figures S5 and S6.
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In parallel, our systematic sgRNA engineering reduced the scaffold 
length to 136 nt and enhanced activity. This compact sgRNA is ad
vantageous for AAV delivery where cargo capacity is limited. While 
our scaffold is longer than SpCas9 and the engineered CasMINI 
ge3.1, its high activity and small size represent a significant step for
ward.30 Future work could further reduce the size and increase the 
efficacy, although our data suggest that many core tracrRNA ele
ments are functionally essential. The long-term stability of this engi
neered sgRNA in vivo warrants further investigation.

Two therapeutic advantages of CasNano are its ultracompact size 
and its flexible, GC-rich PAM sequence, which overcome major lim
itations of large and miniature CRISPR systems. AAV capsids cannot 
deliver large, multi-component CRISPR systems. Many Cas effectors 
(e.g., SpCas9, SaCas9, Cpf1/Cas12a, and CasX/Cas12e) consume 
most of the ∼4.7 kb cargo capacity, leaving insufficient space for 
effector domains (Figure 7A). By contrast, the tiny CasNano (∼1.2 
kb) provides packaging flexibility and can be combined with a 
diverse range of effectors (e.g., base editors [ABE/CBE], transcrip
tional regulators [VPR/KRAB], and epigenetic modifiers [TET1/ 
DNMT3A]) while leaving substantial room for promoters, UTRs, 
multiplexed sgRNA cassettes, or even additional transgenes within 
a single AAV (Figure 7B). While our in silico modeling indicates 
CasNano’s compatibility with single-AAV packaging limits even 
when fused to large epigenetic effectors, future empirical in vivo 
studies will be essential to fully validate its therapeutic delivery effi
ciency and biodistribution in animal models. Beyond its size, 
CasNano’s targeting scope is improved over Cas systems constrained 
by restrictive AT-rich PAMs (e.g., CasMINI/Cas12f′s TTTR, Cpf1/ 
Cas12a′s TTTV, SaCas9’s NGGRRT, or CasX/Cas12e′s TTCN), 
CasNano’s simple CCN PAM grants it broad targeting access across 

the genome. Our bioinformatic analysis of the 500 bp upstream of 
the transcription start site (TSS) for 19,477 human genes showed 
that CasNano has a high density of potential target sites, averaging 
89.9, comparable to SpCas9 but far higher than those of Cpf1/ 
Cas12a (13.5), CasX/Cas12e (15.7), CasMINI/Cas12f (8.3), or 
Cas12j (61.2) (Figure 7C). This advantage is more pronounced in 
epigenetic editing, where targeting GC-rich CpG islands in regulato
ry regions is paramount. In an analysis of 12,348 genes with pro
moter-associated CpG islands, CasNano and SpCas9 had an average 
of 247.3 targetable sites, far exceeding those of Cas12j (58.1), SaCas9 
(23.1), CasX/Cas12e (22.0), Cpf1/Cas12a (10.9), and CasMINI/ 
Cas12f (5.6) (Figure 7D). While other miniature Cas12f systems 
(e.g., UnCas12f or AsCas12f) are ideal size-matched comparators, 
their strict requirement for highly AT-rich PAMs makes head-to- 
head functional comparisons at these GC-dense regulatory regions 
practically impossible. This inherent biological constraint is precisely 
why we selected SpCas9 as our primary functional benchmark. For 
instance, within the MECP2 promoter, there are 120 eligible target 
sites for CasNano but only 5 theoretical sites for UnCas12f 
(CasMINI). After excluding sequences with suboptimal complexity 
or potential off-target binding sites, finding a shared, highly effective 
spacer sequence for both editors becomes fundamentally unfeasible. 
Rather than a limitation of our study, this discrepancy perfectly high
lights CasNano’s core advantage: it unlocks GC-rich regulatory ele
ments that are largely inaccessible to other miniature, AT-restricted 
Cas systems. CasNano’s packaging efficiency and dense targeting in 
regulatory regions creates a versatile tool for programmable genome 
and epigenome targeting.

Several methodological considerations underlie our comparative 
benchmarking of CasNano against SpCas9. The two expression 

Figure 7. Compact size and flexible PAM facilitate broad CasNano applicability 

(A) Bar chart comparing the remaining AAV packaging capacity available for an effector domain after including the coding sequences for various Cas proteins. Calculation 

assumes a 1 kb allowance for the promoter and sgRNA expression cassette within the standard 4.7 kb AAV packaging limit. (B) Bar chart illustrating the remaining AAV cargo 

space after packaging dCasNano, an sgRNA cassette, and various effector domains (e.g., VPR, KRAB, and TET1), highlighting the capacity for additional components like 

promoters, tags, or other transgenes. (C) Violin plots showing the distribution of the number of targetable sites for various Cas systems within the 500 bp region immediately 

upstream of the transcription start site (TSS) for 19,477 human genes. (D) Violin plots showing the distribution of targetable sites within the CpG islands of the regulatory 

regions of 12,348 human genes, comparing CasNano to other major Cas systems.
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plasmids differ in coding-sequence length, and the two effectors 
have fundamentally different stoichiometries—CasNano (Cas12f 
family) assembles as a homodimer on the gRNA to form the active 
effector complex, whereas SpCas9 functions as a monomer. 
Normalization between these two systems can, therefore, be ap
proached along several axes (equal DNA mass, equimolar plasmid 
copy number, or matching at the transcript or protein level), but no 
single axis can simultaneously equalize plasmid mass, copy num
ber, transcript level, monomer protein level, and active-complex 
number across the two platforms. For example, equimolar plasmid 
delivery—while equalizing input plasmid count—would yield at 
least 2-fold fewer functional CasNano effector complexes than 
SpCas9, because two CasNano monomers must dimerize to form 
a single active unit; this disparity is further amplified by the equilib
rium nature of homodimer assembly, in which active-dimer count 
scales nonlinearly with monomer concentration. We adopted 
equal-DNA-mass transfection throughout this study, consistent 
with the convention established in prior comparative studies of 
compact Cas systems (CasMINI vs. Cas12a14 and CasX vs. 
SpCas913). Beyond this methodological precedent, equal-mass 
transfection offers several additional advantages for comparative 
editor benchmarking. It constitutes a dose-matched payload com
parison, mirroring the in vivo scenario, in which a fixed quantity of 
nucleic acid is administered and editors must compete on per-mass 
functional output—arguably the most translationally relevant axis 
for evaluating candidate therapeutic platforms. It also holds the 
DNA-to-lipid ratio constant across conditions, ensuring that trans
fection chemistry (lipoplex formation, particle size, and endosomal 
escape) does not itself become a confounding variable in the com
parison. Importantly, we did not quantify intracellular editor 
expression or active-complex abundance in this study. The com
parisons reported here, therefore, describe functional outputs ob
tained under equal-mass plasmid transfection for the specific 
gRNAs and loci tested and cannot distinguish intrinsic editor 
activity from differences in plasmid delivery, expression, or com
plex assembly. Establishing intrinsic per-complex activity would 
require direct measurement of editor transcript, protein, and 
assembled-complex levels, which remains an important direction 
for future work.

The dimeric architecture of CasNano may also have a functional 
consequence for effector-fusion applications. Because two 
CasNano monomers assemble on an sgRNA, a fusion protein is ex
pected to deliver two effector copies to each bound target site, 
whereas monomeric SpCas9 delivers one. Transcriptional output 
scales with the number of activation domains recruited to a pro
moter, so this difference in effector valency could contribute to the 
activation levels observed here; a similar consideration may apply 
to the DNMT3A and TET1 fusions. This possibility was not tested 
in the present study and would require, for example, comparing 
complexes in which only one of the two monomers carries the 
effector domain. If confirmed, effector valency would represent an 
architectural property of the Cas12f scaffold rather than a difference 
in the intrinsic activity of the DNA-binding module.

Our investigation into the nuclease activity of CasNano revealed that 
even the fully optimized system exhibits a genome editing efficiency 
lower than that of SpCas9 (Figure S2B). We propose that this 
apparent divergence between high CRISPRa efficiency and low 
nuclease activity stems from the mechanistic decoupling of DNA 
binding and DNA cleavage. Transcriptional activation relies pre
dominantly on robust target recognition and stable effector engage
ment at the target locus. Our protein engineering campaign success
fully enhanced this DNA-binding capacity. In contrast, indel 
formation requires not only stable binding but also highly efficient 
target cleavage and subsequent DNA repair. This is likely due to 
our engineering strategy, which utilized transcriptional activation 
as the sole functional readout, thereby optimizing CasNano exclu
sively for DNA binding and target engagement rather than DNA 
cleavage. Furthermore, unlike SpCas9 which generates blunt ends, 
it has been reported Cas12f proteins produce staggered ends on 
DNA, which are repaired much less efficiently by error-prone non- 
homologous end joining.31 Consequently, CasNano acts as an excep
tionally strong DNA-binder with naturally constrained cleavage 
efficiency. Different mutations would be required to enhance the cat
alytic activity of the RuvC domain for efficient double-strand breaks. 
Further, like other Cas12f proteins, CasNano has a single RuvC 
domain and is predicted to function as a homodimer. This architec
ture increases its difficulty to function as a DNA nickase. Hence, us
ing CasNano for base or prime editing strategies requires further 
optimization. However, the superior specificity of dCasNano vs. 
dSpCas9 observed in this study, particularly in the seed region, 
makes it an excellent candidate to fuse with other effector domains 
for precise genomic localization.

The durability of CasNano-mediated epigenetic editing differed be
tween the two modalities tested. TET1-dCasNano-mediated deme
thylation and MECP2 reactivation were stably maintained for 
5 months in 29-G hESCs, with persistent loss of CpG methylation 
confirmed by bisulfite sequencing (Figure S6). In contrast, 
DNMT3A-dCasNano-deposited methylation at the Snrpn promoter 
was not retained at 2 weeks in the GAPDH-Snrpn-EGFP HEK293T 
reporter (Figure S7); durable silencing was, therefore, not demon
strated for the DNMT3A module in this study. Several features of 
this reporter system may contribute to this outcome: it is a lentivir
ally integrated, multi-copy construct, in which the targeted Snrpn 
promoter sits adjacent to a constitutively active GAPDH promoter, 
and it is maintained in rapidly dividing HEK293T cells, in contrast 
to the single-copy, site-specific MECP2 knock-in of the 29-G hESC 
line. These interpretations remain to be tested, and establishing du
rable DNMT3A-dCasNano-mediated silencing will require evalua
tion in more appropriate models—for example, at single-copy 
endogenous loci, in non-dividing cellular contexts, or with sustained 
editor delivery such as AAV.

In conclusion, with the dual protein and sgRNA engineering 
approach, we transformed a minimally active natural protein into 
a powerful tool for genome engineering. CasNano’s ultracompact 
size, high efficiency, robust specificity, and a therapeutically 
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advantageous PAM sequence makes it a valuable addition to the 
CRISPR toolbox. CasNano provides a new platform for programma
ble genome and epigenome engineering with potential application in 
cell and gene therapy and demonstrates a broadly applicable strategy 
to unlock the potential of other novel Cas effectors discovered 
through bioinformatic mining of natural Cas proteins.

MATERIALS AND METHODS

Bioinformatic mining of Cas12f homologs

To identify ultracompact Cas12f candidates for engineering, we em
ployed a profile hidden Markov model (HMM)-based bioinformatic 
mining strategy. The sequence profile for the TnpB/Cas12f nuclease 
superfamily (Pfam ID: PF07282) was obtained from the InterPro 
database. This HMM profile was used to query the reference protein 
database of Blautia lenta (and related metagenomic datasets) 
through the hmmsearch tool from the HMMER suite. Significant 
hits were identified with a strict expectation value (E-value) cutoff 
of <0.01. To specifically isolate ultracompact effectors that maximize 
AAV packaging capacity, we applied a stringent length filtration step, 
retaining only candidate proteins with a size between 350 and 450 
amino acids. This strategy efficiently excluded larger typical minia
ture Cas proteins (>500 aa), yielding a highly focused pool of ultra
compact candidates. Among these, BlCas12f (∼400 aa) was selected 
for further empirical screening and structural engineering on the ba
sis of its distinct putative PAM-interacting domain sequences.

Plasmid construction and CasNano engineering

The codon-optimized sequence for the Blautia lenta Cas12f 
(BlCas12f) protein was synthesized as a gBlock gene fragment (Inte
grated DNA Technologies) (Table S2). This sequence was cloned 
into a mammalian expression vector under the control of a Ubiquitin 
C (UBC) promoter, which also encoded an N-terminal SV40 nuclear 
localization signal (NLS). Effector domains (VPR, DNMT3A, or 
TET1) were fused to the N or C terminus of dCasNano by using 
In-Fusion HD Cloning (Takara Bio) with a flexible linker. Protein 
engineering was performed via iterative site-directed and saturated 
mutagenesis. Specific point mutations were introduced by using 
PCR with primers containing the desired nucleotide changes, 
through Phusion Polymerase (Thermo Fisher).

The sgRNA expression vector was built on a vector with U6 promoter. 
The various sgRNA scaffold variants described in Figure 2 were syn
thesized as gBlocks (Integrated DNA Technologies) and cloned down
stream of the U6 promoter (Table S3). The spacer sequences are listed 
in Table S4. Individual target-specific spacers (∼20 nt) were incorpo
rated by ligating annealed complementary oligonucleotides into the 
BsmBI-digested sgRNA expression vector. All final plasmid constructs 
were sequence-verified by nanopore sequencing.

Reporter cell line generation

The GAPDH-snrpn and Dazl-snrpn reporter HEK293T cell lines 
were a kind gift from Dr. Shawn Liu (Columbia University) and 
were previously described.27 The TRE3G-RFP reporter line was 
generated by cloning a modified TRE3G promoter, containing seven 

TetO sequences flanked by a 5′ CCA PAM and a 3′ AGG PAM, into a 
lentiviral backbone. HEK293T cells were transduced with the result
ing lentivirus, and a single clonal cell line exhibiting stable reporter 
expression was isolated for all subsequent experiments.

Cell culture and transfection

HEK293T cells and their derivative reporter lines were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented 
with 10% fetal bovine serum (FBS, Gibco), 1× GlutaMAX (Gibco), 1×
non-essential amino acids (NEAA, Gibco), and 1× sodium pyruvate 
(Gibco). The MECP2 dual-color reporter hESC line (29-G) was 
cultured in mTeSR Plus media (STEMCELL Technologies) on Geltrex 
(Gibco)-coated plates and passaged with ReLeSR (STEMCELL Tech
nologies). All cells were maintained at 37◦C in a 5% CO2 incubator.

For HEK293T transfections, 50,000 cells were seeded per well in 
poly-L-lysine-coated 24-well plates one day prior to transfection. A 
total of 1.2 μg of plasmid DNA, containing Cas editor and sgRNA 
plasmids in a 3:1 mass ratio, was transfected through Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s instructions. For 
hESCs, a reverse transfection was performed by plating 150,000 cells 
per well in mTeSR Plus with 1× CultureCEPT supplement (Gibco) 
on Geltrex-coated 24-well plates. A mix of 450 ng of Cas editor 
plasmid and 150 ng of sgRNA plasmid was delivered through 2 μL 
of Lipofectamine Stem (Invitrogen). Media was refreshed the 
following day. Cells were harvested for analysis 3 days post-transfec
tion for transcriptional activation experiments or 6 days for epige
netic editing experiments. Equal-DNA-mass transfection was adop
ted in keeping with the convention of prior compact-Cas 
benchmarking studies (CasMINI vs. Cas12a14 and CasX vs. 
SpCas913); the underlying methodological considerations are dis
cussed in detail in the discussion.

Flow cytometry

For flow cytometry analysis, transfected HEK293T and hESC lines 
were dissociated with trypsin (Gibco) or Accutase (Gibco), respec
tively. Cells were resuspended in Dulbecco’s phosphate-buffered sa
line (Gibco) containing 2% FBS to generate single-cell suspensions. 
Samples were analyzed on a NovoCyte flow cytometer, and the re
sulting data were processed with the NovoExpress software.

Quantitative RT-PCR

Total RNA was extracted from transfected cells by using the RNeasy 
Plus Mini Kit (QIAGEN). cDNA was synthesized from the extracted 
RNA by using the SuperScript IV First-Strand Synthesis System (Invi
trogen). Quantitative PCR (qPCR) was performed on a CFX96 Real- 
Time System (Bio-Rad) by using the Applied Biosystems SYBR Green 
Select Master Mix. Relative gene expression was calculated through 
the ΔΔCq method, with normalization to housekeeping gene beta- 
actin. Primers sequences for qPCR are listed in Table S5.

Bisulfite sequencing analysis

Genomic DNA was isolated from transfected cells with the DNeasy 
Blood & Tissue Kit (QIAGEN). The isolated DNA was then 
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subjected to bisulfite conversion with the EpiTect Fast DNA Bisulfite 
Kit (QIAGEN) according to the manufacturer’s protocol. The tar
geted promoter region was amplified from the converted DNA by 
PCR, and the resulting amplicons were analyzed by Nanopore 
sequencing to determine the methylation level of individual CpG 
sites. Primers sequences for bisulfite sequencing are listed in 
Table S5.

Transcriptome sequencing

Total RNA was extracted from transfected cells with the RNeasy Plus 
Mini Kit (QIAGEN). Library preparation and sequencing were per
formed by Psomagen, Inc. Briefly, mRNA was enriched with poly(A) 
selection, and libraries were prepared for sequencing. Paired-end 
sequencing was performed on an Illumina NovaSeq platform. Raw 
reads were aligned to the human genome (hg38), and transcript 
abundance was quantified as transcripts per million (TPM).

Off-target site prediction

Candidate genome-wide off-target sites for the TRE3G-targeting 
spacer (5′-CTCCCTATCAGTGATAGAGA-3′) were identified 
with Cas-OFFinder v.2.4.1 against the human reference genome 
(GRCh38/hg38). Because dSpCas9 and dCasNano recognize PAMs 
on opposite sides of the protospacer, searches were performed sepa
rately for each system: 5′-CTCCCTATCAGTGATAGAGA-NGG-3′

for dSpCas9 and 5′-CCN-CTCCCTATCAGTGATAGAGA-3′ for 
dCasNano. Sites carrying up to four mismatches to the spacer were 
retained and mapped to annotated genes; intergenic sites were 
excluded, and the resulting gene sets were restricted to genes de
tected in the HEK293T RNA-seq dataset. Log2 fold-changes (target
ing/scramble) at these genes were compared between the two editors 
with the Kolmogorov-Smirnov and Mann-Whitney tests.

Statistical analysis

All quantitative data are presented as mean ± standard deviation 
(SD) from a minimum of three biological replicates, unless otherwise 
specified. For endogenous gene activation experiments, data are rep
resented as the geometric mean ± SD. Statistical significance for the 
comparison was determined using a two-tailed Student’s t test. A p 
value of less than 0.05 was considered statistically significant.
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Plasmids encoding CasNano and the engineered sgRNA scaffolds will be made available 
through Addgene. Any other data supporting the findings of this study are available from 
the corresponding author upon reasonable request.
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