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Abstract

CRISPR-Cas RNA-guided endonucleases hold great promise for disrupting or correcting genomic 

sequences through site-specific DNA cleavage and repair. However, the lack of methods for cell- 

and tissue-selective delivery currently limits both research and clinical uses of these enzymes. We 

report the design and in vitro evaluation of S. pyogenes Cas9 proteins harboring 

asialoglycoprotein receptor ligands (ASGPrL). In particular, we demonstrate that the resulting 

ribonucleoproteins (Cas9-ASGPrL RNP) can be engineered to be preferentially internalized into 

cells expressing the corresponding receptor on their surface. Uptake of such fluorescently labeled 

proteins in liver-derived cell lines HEPG2 (ASGPr+) and SKHEP (control; diminished ASGPr) 

was studied by live cell imaging and demonstrates increased accumulation of Cas9-ASGPrL RNP 

in HEPG2 cells as a result of effective ASGPr-mediated endocytosis. When uptake occurred in the 

presence of a peptide with endosomolytic properties, we observed receptor-facilitated and cell-

type specific gene editing that did not rely on electroporation or the use of transfection reagents. 

Overall, these in vitro results validate the receptor-mediated delivery of genome-editing enzymes 

as an approach for cell-selective gene editing and provide a framework for future potential 

applications to hepatoselective gene editing in vivo.

Graphical Abstract

INTRODUCTION

CRISPR-Cas9 RNA-guided endonucleases are efficient and versatile tools for genome 

editing.1,2 After a Cas9 ribonucleoprotein (RNP) catalyzes site-specific genomic DNA 

cleavage, endogenous repair at the targeted site leads to gene disruption or templated repair 

that can correct the underlying cause of genetic disorders. To date, this technology has been 

successfully employed in both cultured cells and animals to edit genes responsible for 

diseases such as hereditary tyrosinemia type I,3 hypercholesterolemia,4 β-
hemoglobinopathy5,6 and muscular dystrophy.7 As for any genome engineering technology, 

selectivity is of paramount importance and identifying avenues for cell-type specific delivery 

presents tremendous opportunities to advance the application of Cas9-guide RNA complexes 

for safe somatic genome editing.8 To address the need for targeted delivery methods of 

Cas9-guide RNA complexes, we investigated whether known receptor–ligand interactions 
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can be harnessed for tissue-specific Cas9 RNP uptake and gene editing. This approach 

would allow receptor-facilitated, cell-selective, gene editing without the concerns associated 

with the delivery of foreign genetic material using viruses or nanoparticles. Current delivery 

methods include plasmid- and virus-based vectors encoding Cas9 and guide RNAs,4,5,7 as 

well as delivery of guide RNA and Cas9 in the form of protein9 or mRNA,10–12 respectively 

facilitated by cationic peptides or nanoparticles. Successful delivery of preassembled RNP 

has also been accomplished using nanoparticle encapsulation13–15 or via direct injection.16 

Although some viral vectors have tissue-specific tropism,17 their use presents risks of 

insertional mutagenesis, liver toxicity, and immunogenicity.18–20 Potential for off-target 

editing due to prolonged Cas9 and guide RNA expression is also a concern.8,21 Direct or 

nanoparticle-based delivery of Cas9-guide RNA RNP complexes can substantially decrease 

off-target risks22 but has not yet been developed for tissue-specific uptake. Cas9 RNPs have 

also been delivered to mammalian cell lines by electroporation,23 chemical transfection,15 or 

using DNA nanoclews,24 but these methods are not suitable for the treatment of animals or 

humans.

We focused our initial efforts on cell-specific delivery to cells of hepatic origin as many 

metabolic, cardiovascular, and rare diseases could, in principle, be treated by selective 

hepatocyte gene editing. With these possibilities in mind, we chose to utilize the 

asialoglycoprotein receptor (ASGPr), a C-type lectin of very high capacity expressed almost 

exclusively on the surface of hepatocytes.25 ASGPr is involved in the homeostasis of 

proteins containing galactose and N-acetylgalactosamine (GalNAc) epitopes such as the 40 

kDa glycoprotein asialoorosomucoid (ASOR).26 This receptor has also been used for the 

delivery of oligonucleotide therapeutics to the liver.27–30 We reasoned that by engineering 

Cas9 RNPs harboring ASGPr ligands (Cas9-ASGPrL RNP) one could promote, via a 

receptor-mediated endocytosis mechanism, the selective uptake of this cargo into cells 

expressing ASGPr on their surface (Figure 1A). An analogous strategy has been employed 

for transferrin-mediated delivery of zinc finger nucleases engineered for genome editing.31 

In our strategy, acidification in the early endosome would trigger the release of the ASGPr 

ligand from the receptor accompanied by recycling of the receptor at the cell surface. 

Critical to the success of this approach would be the ability to not only internalize a large 

cargo like a Cas9-ASGPrL RNP (~170 kDa) but also promote its endosomal escape to avoid 

subsequent lysosomal degradation. Indeed, endosomal escape is currently a major hurdle to 

the delivery of any therapeutic macromolecule via receptor mediated endocytosis, including 

antisense oligonucleotides and small interfering RNAs.32 Existing strategies for delivery of 

genome-editing enzymes have employed membrane-disrupting cationic peptides to facilitate 

cellular entry,33 which can unfortunately also lead to nonselective uptake. To circumvent this 

issue, we envisioned the need of an endosomolytic agent (i.e., a compound that would 

selectively disrupt the endosomal membrane and not perturb the cellular membrane) to 

promote endosomal escape of the RNP cargo to the cytosol. Subsequent entry to the nucleus 

would be mediated by a nuclear localization sequence (NLS) fused to Cas9, ultimately 

promoting gene editing. Overall, by achieving receptor-facilitated, cell-selective, gene 

editing without the concerns associated with the delivery of foreign genetic material, this 

approach would also establish a new paradigm for cellular delivery of genome-editing 

enzymes.
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RESULTS AND DISCUSSION

Recently, we reported the discovery of a novel ASGPr ligand (receptor KD = 7 μM).34 

Trimers thereof (receptor KD ≤ 100 pM) led to superior ASGPr-mediated hepatocellular 

uptake compared to similar GalNAc trimers and have been used for the hepatoselective 

delivery of small molecule modulators of the glucocorticoid receptor in vivo. Building on 

this finding, we focused our initial efforts at developing a method to regio- and 

chemoselectively ligate trimeric displays of this ASGPr ligand (ASGPrL) to the genome-

editing enzyme Cas9. To this end, we designed pyridyl disulfide-activated ASGPr ligand 

molecules 1 and 3 as candidates for ligation via disulfide bond formation with solvent-

exposed cysteines of the protein (Figure 1B). To facilitate preliminary live cell-imaging 

studies, we used a Streptococcus pyogenes (Sp) Cas9M1C/C80S mutant (bearing two 

cysteines, including the native C574), fused at its C-terminus with the mCherry fluorescent 

protein and harboring three nuclear localization sequences derived from SV40 (henceforth 

Cas9-mCh). These solvent-exposed cysteine sites were selected based on their strong 

activity in conjugation reactions, as opposed to the native site at residue 80, which was 

mutated to serine to prevent side reactions (C80 is located in an area critical for sgRNA 

binding). Treatment of Cas9-mCh with 1 resulted in a bis-ligated protein, Cas9-2lig-mCh, as 

confirmed by mass spectrometry (Figure S1A). Functional activity was evaluated in vitro by 

nucleofection of the corresponding RNP enzyme (Cas9-2lig-mCh bound to a sgRNA 

targeting the EMX1 gene) into HEPG2 cells, a human hepatocarcinoma cell line that 

expresses ASGPr,26,34 and assessing gene editing after 48 h of incubation (see the 

Supporting Information). The T7E1 endonuclease cleavage assay qualitatively showed levels 

of editing similar to that obtained with the ligand-free RNP equivalent (as observed by gel 

electrophoresis; see Figure S1B). Next, we investigated the ability of Cas9-2lig-mCh RNP to 

bind to ASGPr. Surface plasmon resonance measurements revealed a binding affinity (KD) 

of 92 pM for the bis-ligated RNP while the unligated equivalent did not bind the receptor 

(Figure 1C; Figure S1C,D). The monoligated Cas9-1lig-mCherry (generated using Sp Cas9 

C80S mutant fused with mCherry) had a weaker affinity of 920 ± 18 pM (n = 3) and 

prompted us to use the bisligated construct in our subsequent studies. Thus, CRISPR-Cas 

endonucleases can be engineered by regio- and chemoselective chemical conjugation of 

ASGPrL for highly effective binding to ASGPr without negatively impacting the RNP’s 

endonuclease activity.

To test the hypothesis that large cargoes like Cas9-ASGPrL RNPs could be endocytosed via 

ASGPr, we compared the uptake of the Cas9-2lig-mCh and Cas9-mCh RNPs by live cell 

imaging in HEPG2 (ASGPr expressing) and SKHEP (ASGPr diminished; control) cells. 

HEPG2 cells have less ASGPr expressed on their surface than primary hepatocytes (~76000 

vs 500000, respectively) but express far more than SKHEP cells, and as such, the tandem 

HEPG2/SKHEP cell is a standard and validated in vitro model to study ASGPr-mediated 

mechanisms of uptake.35,36 They also present the practical advantage of being easier to 

handle than primary hepatocytes, which are known to be prone to readily lose their 

phenotype in vitro.37 Increased uptake and intracellular accumulation was observed for the 

ligated versus the unligated construct at early time points (e.g., 7-fold increase at 1.5 h, 

Figure 2; also see Figure S2) with some cell surface accumulation also apparent for the 
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unligated Cas9-mCh RNP (Figures S2 and S3). Interestingly, at later time points, uptake of 

the unligated RNP resulted in a reduction of the uptake enhancement initially observed for 

the ligated RNP (3- and 0-fold increase at 4 and 20 h, respectively). For both constructs, 

fluorescence was localized in endolysosomal vesicles, and colocalization with 

endolysosomes was observed over time (Figure 2), although the ligated construct was taken 

up more readily at 1 h (Figure 2 and Figure S2). To a lesser extent, accumulation was also 

detected for both constructs in SKHEP cells (Figure S4). A ligand competition assay using 

ASGPr ligand 4 (KD = 369.9 ± 0.4 pM) and Cas9-2lig-mCh RNP in HEPG2 cells revealed 

only a modest decrease in uptake of the RNP as the amount of competing ligand increased 

(Figure 2D; see also Figure S11). Together, these results demonstrate that the Cas9-2lig-

mCh RNP is capable of ASGPr-mediated endocytosis; however, upon prolonged exposure in 

vitro in a medium containing HEPG2 or SKHEP cells, these Cas9-mCh RNPs appear 

capable of entering cells nonspecifically via ASGPr-independent mechanism(s) of active 

and/or passive uptake. Such alternative uptake pathways may be dependent on, or at least 

enhanced by, the multiple NLS regions of these Cas9 constructs. As previously reported, the 

positively charged residues of such sequences could contribute to nonspecific interactions 

with the negatively charged mammalian cell membrane, leading to the cell surface 

accumulation observed at early time points (Figures S2 and S3), and ultimately promote 

nonspecific uptake.16,38,39 The variability observed for the sum fluorescence intensity per 

cell with the Cas9-mCh in HEPG2 cells may be due to the various uptake mechanisms at 

play with this construct (Figure 2C).

As a result of these findings, we focused subsequent efforts on optimizing the selectivity for 

ASGPr-mediated uptake over other possible mechanisms of entry into the cell. Observations 

from live cell imaging with the Cas9-2lig-mCh suggested that the design of a construct with 

fewer NLS and lacking the mCherry fusion may be a productive strategy moving forward. 

Furthermore, previous work has demonstrated that multiple NLS are not necessary for 

nuclear import in cultured cells.16,40

Disulfide exchange between pyridyl disulfide activated ASGPrL 1 and Sp Cas9M1C/C80S 

mutant (containing two cysteines, including the native C574) and bearing a single SV40 

NLS at the C-terminus (Cas9-1NLS) provided the corresponding bis-ligated 

Cas9-2lig-1NLS. Mass spectrometry following protein digestion unambiguously confirmed 

ligation at residues C1 and C574 (Figure S5). The corresponding RNP (Cas9-2lig-1NLS 

bound to sgRNA targeting the EMX1 gene) showed high binding affinity for ASGPr with a 

KD of 47 pM (Figure 1C, Figure S6A) and retained functional activity under nucleofection 

conditions as measured by deep sequencing (22.1 [ligated] vs 25.4 [unligated] % indels; 

Table S1 and Figure S6B,C). Of note, the deep sequencing utilized a library incorporating 

unique molecular identifier (UMI) tags to avoid any PCR amplification bias (see the 

Supporting Information). Cas9-2lig-1NLS RNP resulted in a 7-fold increase in binding 

affinity compared to compound 4. This can be rationalized by the well-known avidity 

“cluster glycoside” effect where the RNP has more ASGPr ligand monomers than 4 (6 vs 3).
41,42 To compare the uptake of this new construct with its unligated 1NLS progenitor via live 

cell imaging, we made the fluorescently labeled proteins Cas9-AFr-1NLS and Cas9-2lig-

AFr-1NLS; these proteins were respectively made via disulfide exchange using linker 2 and 
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branched linker 3, which harbors both the red Alexa Fluor 647 (AF647, AFr) dye and the 

ASGPrL (Figure 1B). As expected, the RNPs derived from these two proteins were shown to 

retain endonuclease activity under nucleofection (Figure S6D), and Cas9-2lig-AFr-1NLS 

RNP had a KD similar to Cas9-2lig-1NLS RNP, whereas Cas9-AFr-1NLS RNP did not bind 

to ASGPr (Figure 1C). Cas9-2lig-AFr-1NLS RNP showed substantially increased uptake 

(e.g., 9-fold increase at 4 h) compared to Cas9-AFr-1NLS RNP as measured by the sum 

fluorescence intensity per HEPG2 cell over time (Figure 3). Furthermore, superior 

intracellular accumulation of the ligated species was maintained over time (Figure 3C), and 

minimal cell surface accumulation was observed (Figure S7). The comparatively weaker and 

linear uptake in HEPG2 of the RNP lacking ASGPrL is likely due to non-ASGPr-mediated 

uptake occurring over time in vitro; indeed, similar low levels of linear uptake were also 

observed for both RNP constructs in SKHEP cells (Figure 3D; Figure S8). The same trends 

were observed when the sum fluorescence intensity in endolysosomes was monitored over 

time (Figure S9). A ligand competition assay using ASGPr ligand 4 and HEPG2 cells 

revealed a clear dose-responsive decrease in uptake of the Cas9-2lig-AFr-1NLS RNP as the 

amount of competing ligand increased (Figure 4A). In addition, the competing ligand was 

observed to have no effect on uptake of the Cas9-AFr-1NLS RNP into HEPG2 cells (Figure 

4A) or when SKHEP cells were incubated with either of the two AF647-labeled RNPs 

(Figure S10). Interestingly, the use of 100 equiv of competing ASGPr ligand 4 almost 

completely inhibited the uptake of the Cas9-2lig-AFr-1NLS RNP in HEPG2 cells (29-fold 

decrease) at 3 h, whereas a similar competition experiment using Cas9-2lig-mCh RNP 

resulted in only comparatively modest uptake inhibition (2-fold decrease; Figure S11). This 

is consistent with additional NLS (compared to Cas9-1NLS constructs) and mCherry fusion 

contributing to non-ASGPr mediated uptake pathway(s) of the Cas9-2lig-mCh RNP in 

HEPG2 cells. Observation of the uptake of a differently labeled construct, AFg-

Cas9-2lig-1NLS RNP, via monitoring internalized green AF532 (AFg) fluorescence also 

confirmed drastically increased accumulation in HEPG2 compared to SKHEP cells (Figure 

S12). AFg-Cas9-2lig-1NLS RNP construct was derived from Cas9-2lig-1NLS by covalent 

linkage of two AF532 to the protein via amide bond formation to solvent-exposed lysines 

(average degree of ligation as determined by mass spectrometry: 2.3.) All these results 

demonstrate that the uptake of Cas9-2lig-1NLS RNP in HEPG2 cells is ASGPr-mediated 

and follows an endocytotic/lysosomal pathway. Live cell imaging using a doubly labeled 

AF532/AF647 RNP, AFg-Cas9-2lig-AFr-1NLS, derived from Cas9-2lig-AFr-1NLS 

confirmed that the entire cargo (linker+protein) is internalized and colocalized in 

endocytotic vesicles (Figure S13). AF532 was covalently linked to solvent-exposed lysines 

via amide bond formation (average degree of ligation as determined by mass spectrometry: 

1.7.)

While the above studies confirmed the ASGPr-mediated uptake of Cas9-2lig-1NLS RNP in 

HEPG2 cells, upon incubation for 48 h only nominal functional activity was detected by 

T7E1 assay or deep sequencing (Table S1). After ruling out that early endosomal pH levels 

might abrogate RNP function (Figure S14), we hypothesized that the RNP is endocytosed 

but unable to escape the endosome and may be degraded via the lysosomal pathway. We 

therefore screened candidate endosomolytic agents with an emphasis on identifying a 

compound with a pI between 7 and 8 and close to neutrally charged at physiological pH to 
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avoid agents that would be generally cell penetrating and thereby jeopardizing selectivity.
32,43–45 These efforts led to the identification of peptide ppTG2146 

(GLFHALLHLLHSLWHLLLHA-OH; Figure S15) as a promising endosomolytic agent (pI 

7.7, charge +1.3 @ pH 7.4). Indeed, while only nominal editing was observed upon 

Cas9-2lig-1NLS RNP incubation in either HEPG2 or SKHEP cells, gene editing was 

observed upon coincubation of the RNP in the presence of 30 molar equiv of ppTG21 salt 

(4.8% indels, Figure 4B; see also Table S1 and Figure S16A). Of importance, the gene 

editing observed in HEPG2 cells was close to 10 times greater than that performed by the 

ligand-free Cas9-1NLS RNP co-incubated with ppTG21 (0.5% indels).47 Negligible editing 

was observed for either construct in SKHEP cells under co-incubation conditions with 

ppTG21 (Table S1 and Figure S16C). Thus, we have developed a ligand-conjugated 

ribonucleoprotein that is taken up in a highly preferential manner by cells that bear the 

cognate receptor and that is conducive to receptor-facilitated, cell-selective gene editing in 

vitro.

Based on the knowledge that primary human hepatocytes bear substantially more surface 

ASGPr than HEPG236 and the recent report that some macromolecular therapeutics promote 

the expected pharmacological response following ASGPr-mediated delivery into primary 

murine hepatocytes but not into HEPG2 cells,30 we tested RNP uptake and ppTG21-

facilitated genome editing using primary human hepatocytes (see the Supporting 

Information). Fluorescent microscopy revealed robust uptake of Cas9-2lig-AFr-1NLS 

(Figure S17). However, preliminary RNP coincubation with ppTG21 did not result in 

detectable gene editing (Figures S18 and S19), suggesting that additional optimization, of 

endosomal escape in particular, will be needed for editing of primary hepatocytes. Future 

work will also investigate the feasibility of enabling this platform in vivo, which could 

potentially be hampered by dilution of the endosomolytic peptide in systemic circulation. To 

this end, preliminary experiments revealed that there appears to be strong noncovalent 

binding of the peptide to the RNP, suggesting that the coincubation strategy described herein 

may be a viable approach for potential future in vivo applications (see Tables S2–S4). 

Beyond endosomal escape and pharmacodynamic considerations, the in vivo clearance, 

distribution, and tolerability of the Cas9-ASGPrL RNP would also need to be studied to 

fully assess its therapeutic potential. Immunogenicity of bacterially derived Cas9 is a 

potential concern,48 although use of Cas9 RNP has been proposed as an attractive alternative 

to other delivery methods.49 Promisingly, a recent study delivered RNP in mice using gold-

based nanoparticles and repeat administration showed no immunogenic response based on 

inflammatory cytokines.13

CONCLUSIONS

Gene editing using CRISPR-Cas9 holds great promise for therapeutic use if safe and 

effective methods of selectively delivering editing molecules into tissues of interest can be 

developed. Here, we present the reduction to practice in vitro of an approach to receptor-

facilitated and cell-type selective gene editing. Focusing on hepatocyte-selective delivery, an 

engineered CRISPR-Cas9 RNA-protein complex (RNP) harboring a ligand for the ASGPr, a 

receptor expressed almost exclusively by liver-derived cells (e.g., HEPG2), was shown to be 

internalized via receptor-mediated endocytosis. Subsequent endosomal escape, assisted by 
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an endosomolytic agent, followed by nuclear transport, ultimately resulted in selective gene 

editing. We found that uptake efficiencies and outcomes varied depending on the nature of 

the RNP construct, demonstrating the nuanced impacts of varying molecular components. 

These experiments also revealed that endosomal escape remains a bottleneck in this 

approach, underscoring the value of continued development of endosomolytic agents that 

can be used with RNPs to help further increase gene editing efficiency and enable future in 

vivo experiments. Receptormediated and cell-type specific delivery of a genome-editing 

enzyme such as Cas9 may embody attractive properties in contrast to other platforms, 

including the potential for small particle sizes that evade liver filtration and are unattainable 

with delivery of mRNA, finite and localized of the host to the active enzyme (which cannot 

be guaranteed with viral delivery approaches), and compatibility with base editor strategies 

capable of sequence correction without inducing genomic DNA cleavage. Overall with this 

work, we have established a potentially generalizable strategy for receptor-mediated uptake 

of RNP complexes, and we are optimistic that such an approach may eventually allow in 

vivo delivery of genome-editing enzymes to targeted cell types.

MATERIALS AND METHODS

Details of the materials and methods used in this study are provided in the Supporting 

Information. Briefly, Cas9 protein constructs were purified via methods adapted from a 

previous report,1 and EMX-targeting sgRNAs were synthesized via in vitro transcription 

using a dual-ribozyme strategy to produce homogeneous termini. Cas9 protein constructs 

were ligated to dendrimers of an ASGPr ligand34 via disulfide exchange and subjected to 

additional purification. Microscopy was performed using cells plated onto gelatin-coated 96-

well plates using an Operetta CLS confocal imager (PerkinElmer). Each genome editing 

experiment was performed using 80000 cells in a gelatin-coated well of a 24-well plate, 

incubated with 250 pmol RNP (and 7.5 nmol ppTG21 salt for coincubations), with genomic 

DNA harvested after 44–48 h. Next-generation sequencing utilized unique molecular 

identifier (UMI) tags and heterogeneity tags and was run using Illumina MiniSeq or NextSeq 

instruments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Receptor-facilitated, cell-selective gene editing. Schematic representation of Cas9-

ASGPrL RNP and its transit from the extracellular medium to the nucleus. (B) Pyridyl 

disulfide ASGPr ligand and/or fluorophore precursors 1–3 and competing ligand 4 used in 

this study. (C) Legend of constructs used in this study, with corresponding ASGPr-binding 

affinities for various RNPs measured using SPR; reported values are from three replicates 

(standard error is reported); n.b.: no binding (top concentration tested = 10 nM). RNP made 

using sgRNA targeting EMX1.
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Figure 2. 
Internalization in HEPG2 cells (ASGPr+) of Cas9-2lig-mCh (A) and Cas9-mCh (B) RNPs 

observed by live cell imaging at 1.5, 4, and 20 h; 20 h image contrast was adjusted down for 

clarity. Blue: Hoechst stain of cell nuclei. Green: Endolysosomal compartment stained using 

dextran488. Red: Intracellular Cas9 visualized via mCherry fluorescence. (C) Quantification 

of intracellular RNP accumulation in HEPG2 and SKHEP cells over 20 h. (D) Ligand 

competition experiment in HEPG2 cells with Cas9-2lig-mCh RNP and competing ASGPr 

ligand 4 (see the Supporting Information for more details). Fluorescence intensity was 

quantified using the sum of spots per cell (mean per well), reported as AU (absorbance 

units). Each data point (C,D) represents three technical replicate wells with a minimum of 

10000 cells quantified per well. For (C) and (D), arithmetic means and standard deviations 

of the mean were calculated and plotted using GraphPad Prism version 7.02. Corresponding 

RNPs made from sgRNA targeting EMX1.
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Figure 3. 
Internalization in HEPG2 cells (ASGPr+) of Cas9-2lig-AFr-1NLS (A) and Cas9-AFr-1NLS 

(B) RNPs observed by live cell imaging at 1.5, 4, and 20 h; 20 h images contrast was 

adjusted down for clarity. Blue: Hoechst stain of cell nuclei. Green: Endolysosomal 

compartment stained using dextran488. Red: Intracellular Cas9 visualized via AF647 

fluorescence. (C) Quantification of intracellular RNP accumulation in HEPG2 cells over 20 

h. (D) Quantification of intracellular RNP accumulation in SKHEP cells over 20 h. 

Fluorescence intensity was quantified using the sum of spots per cell (mean per well), 

reported as kA.U (103 absorbance units). Each data point (C, D) represents three technical 

replicate wells, with a minimum of 10000 cells quantified per well. For (C) and (D), 

arithmetic means and standard deviations of the mean were calculated and plotted using 

GraphPad Prism version 7.02. Corresponding RNPs made from sgRNA targeting EMX1.
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Figure 4. 
Receptor-mediated uptake and genome editing. (A) Ligand competition experiment in 

HEPG2 cells (ASGPr+) with Cas9-2lig-AFr-1NLS RNP or Cas9-AFr-1NLS RNP using 

competing ASGPr ligand 4 (see the Supporting Information for more details). Fluorescence 

intensity was quantified using the sum of spots per cell (mean per well), reported as kA.U 

(103 absorbance units). Each data point represents three technical replicate wells, with a 

minimum of 10000 cells quantified per well. Arithmetic means and standard deviations of 

the mean were calculated and plotted using GraphPad Prism version 7.02. Corresponding 

RNPs made from sgRNA targeting EMX1. (B) Receptor-facilitated gene editing with 

Cas9-2lig-1NLS vs Cas9-1NLS RNP. Percentage indel rates derived from deep sequencing 

(n = 7–10 replicates; see also Table S1). Blue points represent samples treated with 

Cas9-2lig-1NLS, red points represent samples treated with Cas9–1NLS and green represents 

untreated controls. Diamonds represent assays done at Pfizer (Groton, CT) and circles 

represent assays done at UC Berkeley. The midpoint bars depict the geometric mean and the 

error bars depict the geometric standard deviation. The image was generated using Graphpad 

Prism© version 7.02. The corresponding RNPs were made from sgRNA targeting EMX1.
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