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Exosome-mediated delivery of Cas9  
ribonucleoprotein complexes for tissue-specific  
gene therapy of liver diseases
Tao Wan1,2†, Jiafeng Zhong3,4†, Qi Pan2, Tianhua Zhou1,5,6,7*, Yuan Ping1,2*, Xiangrui Liu1,3,5*

CRISPR-Cas9 gene editing has emerged as a powerful therapeutic technology, but the lack of safe and efficient 
in vivo delivery systems, especially for tissue-specific vectors, limits its broad clinical applications. Delivery of Cas9 
ribonucleoprotein (RNP) owns competitive advantages over other options; however, the large size of RNPs exceeds 
the loading capacity of currently available delivery vectors. Here, we report a previously unidentified genome editing 
delivery system, named exosomeRNP, in which Cas9 RNPs were loaded into purified exosomes isolated from 
hepatic stellate cells through electroporation. ExosomeRNP facilitated effective cytosolic delivery of RNP in vitro 
while specifically accumulated in the liver tissue in vivo. ExosomeRNP showed vigorous therapeutic potential in 
acute liver injury, chronic liver fibrosis, and hepatocellular carcinoma mouse models via targeting p53 up-regulated 
modulator of apoptosis (PUMA), cyclin E1 (CcnE1), and K (lysine) acetyltransferase 5 (KAT5), respectively. The de-
veloped exosomeRNP provides a feasible platform for precise and tissue-specific gene therapies of liver diseases.

INTRODUCTION
The RNA-guided clustered, regularly interspaced, short palindromic 
repeats (CRISPR)–associated nuclease protein 9 (Cas9)–based tech-
nologies have been developed and validated as powerful and precise 
tools for therapeutic genome editing (1). Because of its site-specific 
and multiplexing capability, CRISPR-Cas9–mediated somatic ge-
nome editing has shown great potential in treating various genetic 
disorders in animal models (2–4) and even in a recent phase 1 clinical 
trial for transthyretin amyloidosis (5). However, the efficient delivery 
of CRISPR-Cas9 systems remains challenging (6, 7). Major obsta-
cles for CRISPR-Cas9–based genome editing include low delivery 
efficiency and lack of tissue specificity, which severely limit its clinical 
applications (8). For therapeutic genome editing, Cas9 nuclease and 
single guide RNA (sgRNA) have to be efficiently delivered into cells 
and ultimately into the nucleus. Three options are available for the 
delivery cargos, namely, plasmid DNA encoding Cas9 and sgRNA, 
Cas9 mRNA plus sgRNA, and Cas9 ribonucleoprotein (RNP; pro-
tein complexed with sgRNA) (1, 6, 9). RNP delivery avoids many 
pitfalls that DNA and mRNA encounter during transcription and 
translation processes, allowing for rapid onset of editing with low 
immune response and weak off-target activity (10, 11). However, 
therapeutic delivery of RNPs is currently bottlenecked by the 
large size of RNPs exceeding the loading capacity of both viral and 
nonviral vectors (7, 8). In addition, the degradation or denatur-
ation during the formulation and bloodstream circulation further 
hinder the therapeutic application of RNP-based genome-editing 

systems (7). To date, investigation of in vivo RNP delivery mainly 
focuses on two classes of vehicles: polymer-based nanoparticles 
and liposomes (6, 12–14). Although these nonviral vectors can pro-
tect RNP from degradation in the bloodstream, tissue-specific 
genome editing remains elusive after the systemic administration 
(10, 15–17).

Exosomes are naturally released nanovesicles by cells with the 
size ranging from 40 to 160 nm (18). Their inherent biocompatibility, 
transportation capability, bloodstream stability, and engineerability 
have made exosomes potential delivery vehicles for therapeutic 
purposes (19). Compared with other nonviral vectors, exosomes 
provoke low immunogenicity and minimal toxicity (18, 20). Exo-
somes have homologous tissue-targeting ability, which depends on 
the phenotype of the source cells, composition, and tissue origin. 
Recently, endogenous exosomes obtained from the specific cells 
transfected with CRISPR-Cas9 plasmid have been successfully used 
to deliver Cas9 RNP to the target cells (21–23), indicating the promis-
ing potential of exosomes for RNP delivery. However, these methods 
are generally cumbersome and time-consuming. Several studies 
have indicated that through the electroporation, plasmid DNA or 
mRNA- based Cas9 editors can be loaded into the purified exosomes, 
representing a new generation of genome-editing carriers for safe 
and effective therapeutic delivery (24–26). Nevertheless, loading large 
proteins such as RNP into exosomes by electroporation has not 
been successfully reported up to now.

Liver is a popular target organ for therapeutic gene delivery, 
because of abundant hepatic blood flow and high uptake and accu-
mulation of nanovectors (27). In addition, gene editing is a rational 
therapeutic approach for liver diseases because many liver-related 
disorders are highly associated with mutations with a single gene 
(28, 29). For instance, the U.S. Food and Drug Administration 
approved lipid nanoparticles for the delivery of small interfering 
RNA (siRNA) to the liver to treat transthyretin-induced amyloidosis 
in 2017 (30). However, many liver diseases, including acute liver 
injury, chronic liver fibrosis, and hepatocellular carcinoma (HCC), 
lack satisfactory treatment, and thus, alternative therapeutic options 
are urgently needed. In addition, liver-directed gene therapy for liver 
diseases is another problem that needs to be solved. For synthetic 
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nonviral delivery systems, attaching ligands to their surface to 
enhance the targeting ability to the specific receptor can achieve 
liver-targeting ability, such as grafting galactose or glycoconjugates 
to target to the asialoglycoprotein receptor (31). However, these 
methods would provoke a certain degree of immunogenicity and 
liver toxicity. Compared with synthetic nonviral delivery vectors, 
naturally occurring endogenous vectors of therapeutic agents would 
avoid these problems. Hepatocyte-derived exosomes have liver- 
targeting ability due to the homologous tissue-targeting ability and 
is potential for the in vivo delivery of CRISPR-Cas9 RNP for thera-
peutic liver-tissue genome editing.

In this study, we developed a method where Cas9 RNP can be 
loaded into exosomes from hepatic stellate cells (HSCs; LX-2) for 
the treatment of different liver disorders. Compared to using pri-
mary cells, using immortalized cell lines has several advantages 
of homogeneity, repeatability, and operability in the production of 
exosomes. In addition, as nontransformed cells, LX-2 cells exhibit 
higher proliferation rate and superior exosome production capability 
than immortalized normal hepatocytes, such as THLE-2 (32). The 
genome-editing delivery system, termed as exosomeRNP, was ob-
tained by loading Cas9 RNP into purified LX-2 exosomes through 
an optimized electroporation method (Fig.  1). As expected, exo-
someRNP showed robust liver-specific genome-editing activity and 
potent therapeutic effects on liver injury, liver fibrosis, and orthotopic 
HCC mouse models. The exosomeRNP represent a new generation 
of endogenous vesicles for the efficient delivery of Cas9 RNP, which 
can generate liver-specific, robust genome editing and enable preci-
sion therapy of liver diseases.

RESULTS
Characterization of exosome and exosomeRNP

To verify the successful isolation of exosomes from LX-2 cells, we 
detected several exosome or cytoplasm markers by Western blotting. 
As expected, the lysate from LX-2–derived exosomes expressed 
exosome-specific markers CD63 and TSG101 but not the Golgi 
apparatus–associated GM130 protein (Fig. 2, A and B). LX-2–derived 
exosomes were next characterized by dynamic light scattering (DLS) 
with the size ranging from 50 to 200 nm (Fig. 2C). Furthermore, as 
shown in Fig. 2D and fig. S1, LX-2–derived exosomes showed typi-
cal saucer-shaped nanovesicles characterized by transmission elec-
tron microscopy (TEM). In the preliminary experiment, we tried to 
use electroporation, freeze-thawing, and sonication methods to 
load Cas9 RNP into purified exosomes, respectively. Cas9 RNP has 
been successfully loaded into the purified exosomes through an 
electroporation-based method as evidenced by Western blotting 
(fig. S2). However, for the other two methods, the low-intensity 
band of Cas9 indicated the inefficient loading of Cas9 RNP into the 
exosomes. Compared with other methods, electroporation would 
have higher loading efficiency with relative low cost (33), which is 
beneficial for loading large molecules, such as nucleic acid and pro-
tein drugs (fig. S3). No obvious changes on the size and morphology 
of exosomes can be detected (Fig. 2, F and G, and fig. S4) after load-
ing of RNP by electroporation (Fig. 2E). Next, we used DLS analysis 
to evaluate the stability of exosomeRNP nanocomplexes. As shown in 
fig. S5, the prolonged incubation time in serum-free or serum- 
containing medium did not result in an increase of the particle size. 
Furthermore, 4 weeks of storage at −80°C and 7 days of storage at 

Fig. 1. Schematic illustration of exosome for in vivo delivery of Cas9 RNP for the treatment of liver disorders. ExosomeRNP shows vigorous therapeutic potential in 
acute liver injury, chronic liver fibrosis, and orthotopic HCC mouse models via targeting PUMA, CcnE1, and KAT5, respectively.
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Fig. 2. Characterization, genome-editing activity, biodistribution and cellular uptake mechanism of exosomeRNP. Characterization of purified exosome (A) and 
exosomeRNP complexes (E). (B) Biomarkers of exosome by western blotting. (C and D) DLS and TEM the image of purified exosome. The arrows show the typical exosome 
nanoparticles. (F and G) DLS and TEM image of exosomeRNP complexes. The arrows show the typical exosomeRNP nanoparticles. (H and I) Cytosolic delivery of Cas9-FITC 
into LX-2 (H) and Huh-7 (I) cells by exosomes for 4 hours. The red arrows point at the efficient translocation of RNP into the nuclei. Scale bars, 25 m. DAPI, 4′,6-diamidino- 2-
phenylindole. (J) Exosome-mediated Cas9 RNP delivery for genome editing. (K) Frequency of PUMA indel mutation detected by T7E1 assay from AML-12 cells after the 
specified treatments. (L) Frequency of CcnE1 indel mutation detected by T7E1 assay from AML-12 cells after the specified treatments. (M) Frequency of KAT5 indel mutation 
detected by T7E1 assay from LX-2 cells after the specified treatments. (N) In vivo distribution of DiR-labeled exosomes in the whole mice (top) or in the dislodged organs 
from mice (bottom). H, heart; Lu, lung; Li, liver; K, kidney; S, spleen. (O) Schematic illustrating the procedure to isolate different hepatic cell types and determine 
exosomeRNP biodistribution. (P) Percentage of each hepatic cell type that is DiI-labeled exosomeRNP-positive. (Q) Relative MFI of each hepatic cell type. (R and S) Mechanism 
of cellular uptake of exosomeRNP nanocomplexes in LX-2 (R) and Huh-7 (S) cells by the addition of different inhibitors. The values are normalized to the control. Statistical 
significance was calculated by Students’ t test (mean ± SD, n = 3). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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4°C had no obvious effect on the main particle size of exosomes. In 
addition, the Cas9 protein entrapment efficiency of exosomeRNP 
complexes was about 20% calculated by Western blot analysis 
(fig. S6).

To investigate the cellular uptake process, exosomes were labeled 
with red fluorescence CF640R wheat germ agglutinin (WGA). It 
was found that the red fluorescence mainly distributed in the peri-
nuclear region, indicating successful cytosolic distribution of WGA- 
labeled exosome into LX-2 and Huh-7 cells (fig. S7). As shown in 
Fig. 2 (H and I) and figs. S8 and S9, exosomeRNP showed efficient 
cytosolic and nuclear delivery of Cas9-FITC into LX-2 and Huh-7 
cells. In contrast, neither RNP nor the physical mixture of exosome 
and RNP (exosome + RNP) could effectively enter into LX-2 and 
Huh-7 cells. Next, we investigated the potential of exosome-mediated 
RNP delivery for the disruption of the gene in  vitro (Fig.  2J). As 
shown in Fig. 2 (K to M), exosomeRNP delivery achieved an obvious 
indel frequency at different loci, suggesting that the delivery of 
exosomeRNP resulted in efficient genome editing in these different 
loci, which is comparable to the commercial RNP delivery reagent 
CRISPRMAX (CMAX). Last, the distribution of exosome after 
systemic administration was evaluated. DiR-labeled LX-2–derived 
exosomes mainly distributed in the liver tissue of mice (Fig. 2N), 
suggesting the potential benefit for delivery of therapies to treat 
liver-related disorders.

Biodistribution of exosomeRNP nanocomplexes within 
different hepatic cell types
We investigated the biodistribution of DiI-labeled exosomeRNP 
nanocomplexes in different hepatic cell populations including 
parenchymal cells (hepatocytes), nonparenchymal Kupffer cells 
(KCs), liver sinusoidal endothelial cells (LSECs), and other non-
parenchymal cells after systemic administration in healthy mice. 
The isolation of hepatocytes was performed using density gradient–
based separation. Then, magnetic beads were used for the isolation 
of KCs and LSECs (Fig. 2O), respectively, and the rest of cells are 
considered as other nonparenchymal cells. As shown in Fig. 2 
(P and Q) , the exosome positive rate of KCs, LSECs, hepatocytes, 
and other nonparenchymal cells were 64.5, 58.2, 22.9, and 26.7%, 
respectively. In addition, the relative mean fluorescence intensity 
(MFI) of KCs (62.8) and LSECs (61.7) was also higher than those of 
hepatocytes (37.7) and other nonparenchymal cells (26.1). KCs and 
LSECs are the main composition of the hepatic reticuloendothelial 
system, and these two cell types are largely involved in the pathologi-
cal process of liver diseases, including liver fibrosis, hepatic ischemia 
reperfusion injury, drug-induced injury, HCC, etc. (34–36). He-
patocytes are the predominant liver cells, comprising about 57% of 
total liver cells, followed by LSECs (23.2%), KCs (15%), and other 
liver cells (4.8%) (37). In considering both cell population and 
exosome uptake (relative MFI), most of the injected exosomeRNP 
nanocomplexes were taken up by hepatocytes, which are related to 
metabolic disorders and HCC.

Cellular uptake mechanisms of exosomeRNP

As reported in previous papers, the uptake of exosomes by target 
cells is predominantly mediated by endocytosis (38, 39). To address 
the detailed mechanisms, a panel of endocytosis inhibitors was used 
to investigate internalization pathways of exosomeRNP (38). As shown 
in Fig. 2 (R and S), the internalization of exosomeRNP nanocomplexes 
was markedly reduced when cells were incubated at 4°C, which 

indicated that the uptake is an active and energy dependent. Next, the 
cells were preincubated with different endocytosis inhibitors at the 
suggested concentrations, including heparin (10 g/ml), cytochalasin 
D (1 M), chlorpromazine (10 M), 5-(N-ethyl-nisopropyl) amiloride 
(EIPA) (100 M), wortmannin (50 nM), methyl--cyclodextrin 
(M--CD) (10 mM), and genistein (150 M), respectively. As ex-
pected, the addition of two well-established endocytosis inhibitors 
(heparin and cytochalasin D) significantly inhibited the exosomeRNP 
internalization (Fig. 2, R and S). Both chlorpromazine (inhibitor of 
clathrin dependent pathway) and genistein (inhibitor of clathrin-
independent pathway) inhibited the cellular uptake of exosomeRNP 
nanocomplexes, but genistein exhibited superior blockage capability 
in comparison with chlorpromazine. In addition, M--CD, which is 
a well-established inhibitor of lipid raft-mediated (caveolin) and 
clathrin-independent endocytosis, showed stronger inhibition capa-
bility than chlorpromazine. Furthermore, both EIPA and wortmannin 
treatment reduced the uptake of exosomeRNP to some extent, indi-
cating that the macropinocytosis and phagocytosis pathways may 
also contribute to the internalization of exosomeRNP. Similar results 
were observed in LX-2 cells and Huh-7 cells. Collectively, we found 
that exosomeRNP could be uptaken via multiple pathways, including 
clathrin dependent endocytosis, caveolin-mediated endocytosis 
(relative dominance), macropinocytosis, and phagocytosis, which is 
consistent with other studies (40, 41).

Determination of the half-life of exosomeRNP in the liver
Lipophilic fluorescent dyes including DiR, DiI, DiD, and PKH are 
commonly used to label exosomes. However, these lipophilic dyes 
are highly stable and have a much longer half-life in vivo compared 
to the exosome itself, which could not provide the specific informa-
tion to reflect the degradation of exosome (42). In contrast, bio-
luminescence tagged transmembrane proteins could provide sensitive 
and accurate signals to determine the half-life of exosome (43). 
Thus, we used the CD63-NanoLuc fusion protein to label exosomes 
according to a recent reported method (44). First, we constructed a 
plasmid DNA vector expressing CAG-CD63-NanoLuc (fig. S10), 
and CD63-NanoLuc-labeled exosomes can be isolated after trans-
fection of cells. To evaluate the pharmacokinetics of exosomes in 
the liver, labeled exosomeRNP was intravenously injected into mice. 
At different time points, mice were euthanized, and liver tissues 
were lysed and analyzed by the Nano-Glo Luciferase Assay System 
(N1110, Beijing, Promega) according to the manufacturer’s protocol. 
The NanoLuc activities were determined by the GloMax Discover 
Microplate Reader (Beijing, Promega). The time-course data were 
analyzed using a two-compartmental model, and the half-life of 
the exosomeRNP in the liver was calculated according to a previously 
reported procedure (45). In the liver, as shown in fig. S11, intrave-
nously injected CAG-CD63-NanoLuc exosomes went through a 
distribution phase with a half-life of 10.52 min (t1/2) followed by an 
elimination phase with a longer half-life of 154.5 min (t1/2), which 
is in good agreement with the results of other previous studies (42, 44).

Biocompatibility and immunogenicity evaluation 
of exosomeRNP

Immunogenicity and biocompatibility of this extracellular vesicle for-
mulation were performed both in vitro and in vivo. We first evaluated 
cell toxicity [by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and lactate dehydrogenase (LDH) release] of 
exosomeRNP nanocomplexes (fig. S12). Figure S12 showed that the 
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cytotoxicity of exosomeRNP nanocomplexes was almost negligible, 
when the total exosomal protein was in the range of 5 to 80 g/ml. 
Subsequently, the hemolysis assay was performed. As expected, exo-
someRNP nanocomplexes showed negligible hemolytic activity in vitro.

Next, to further assess exosomeRNP-induced immune response 
and toxicity, we dosed healthy BALB/c mice with exosomeRNP in-
travenously every other day for three times. As shown in fig. S13, no 
obvious pathological change was observed in liver sections after 
systemic administration of exosomeRNP compared with the control 
group. Blood chemistry measurements, including alanine amino-
transferase (ALT), aspartate aminotransferase (AST), blood urea 
nitrogen (BUN), and LDH also indicated the biosafety of exosomeRNP.  
To determine whether exosomeRNP would induce immune responses, 
key cytokines in blood were measured by enzyme-linked immuno-
sorbent assay (ELISA) in BALB/c mice after intravenous injection 
for three doses. No significant changes in major immune cytokines 
[interleukin-6 (IL-6), interferon--inducible protein-10 (IP-10), mono-
cyte chemoattractant protein-1 (MCP-1), tumor necrosis factor– 
(TNF-), and interferon- (IFN-)] were observed in mice dosed 
with exosomeRNP. Collectively, these results demonstrated that 
exosomeRNP had excellent biocompatibility and low immunogenicity.

ExosomeRNP targeting PUMA ameliorates acute liver injury
A single overdose of acetaminophen (APAP) or therapeutic mis-
adventure is the leading cause of drug-induced acute liver failure 
(46, 47). Recently, Zhang and co-authors (48) have found that p53 
up-regulated modulator of apoptosis (PUMA) plays a critical role in 
APAP-induced liver injury and is markedly induced after APAP 
treatment. Thus, for the therapy of acute liver injury, we designed 
sgRNA-targeting PUMA and delivered exosomeRNP to investigate 
its therapeutic efficacy for the acute liver injury (Fig. 3A). By screen-
ing different sequences of sgPUMA (fig. S14), a frequency of indels 
up to 31.3% was observed after the commercial transfection agent 
(CAMX) treatment. Next, we investigated the therapeutic potential 
of exosomeRNP in vivo. The delivery of exosomeRNP resulted in 
the indel frequency of 26.1% (Fig. 3C). The targeting property of 
exosomeRNP was further proved by T7 endonuclease I (T7E1) assay. 
As shown in Fig. 3D, among various major organs, obvious indel 
frequency was observed only in the liver but not in the heart, spleen, 
lung, and kidney. In addition, PUMA protein was markedly induced 
in the liver of APAP-treated mice (Fig. 3B and fig. S15), which cor-
related with increased serum AST and ALT levels (Fig. 3, E and F). 
However, AST and ALT levels and PUMA protein expression were 
significantly decreased after the exosomeRNP treatment (Fig. 3, E and F). 
Other groups, including phosphate-buffered saline (PBS), RNP, 
exosome + RNP, and exosomemock RNP, did not suppress APAP- 
induced serum ALT and AST levels.

Furthermore, typical features of hepatocyte necrosis were con-
firmed by hematoxylin and eosin (H&E) staining in the liver tissues 
(Fig. 3, G and J). As expected, reduced centrilobular cell necrosis 
and hyperemia was clearly observed in the mice treated with 
exosomeRNP complexes. Furthermore, terminal deoxynucleotidyl 
transferase–mediated deoxyuridine triphosphate nick end labeling 
(TUNEL)–positive cells were markedly reduced of mice received 
with exosomeRNP treatment, in sharp contrast with other treatments 
(Fig. 3, H and K). High-mobility group box 1 (HMGB1) protein is a 
nuclear protein binding to chromatin, which can be released from 
nuclei undergoing necrosis. Typical cytoplasmic translocation in 
the liver was observed in the mice received with APAP treatment, 

which was only blocked in the mice received with exosomeRNP 
treatment (Fig. 3, I and L). In addition, exosomeRNP treatment not 
only significantly decreased AST and ALT levels but also effectively 
improved survival of mice at 72 hours (Fig. 3M). However, other treat-
ments including PBS, RNP, exosome + RNP, and exosomemock RNP 
did not suppress APAP-induced acute liver injury and lethality.

ExosomeRNP targeting CcnE1 ameliorates chronic liver fibrosis
Chronic liver fibrosis represents a major global health problem for 
its high morbidity and mortality worldwide, especially no licensed 
antifibrotic therapies for its advanced stage (49–51). Thus, finding 
effective therapies for liver fibrosis is a tremendous medical challenge. 
Cyclin E1 (CcnE1), a member of the cyclin-dependent protein 
kinase family, facilitates the proliferation of HSCs and plays an 
essential role in liver fibrogenesis (52). Recently, Liedtke and 
co-authors (53) showed that therapeutic intervention with stabilized 
CcnE1-siRNA could attenuate the initiation and progression of 
fibrosis. In addition, inhibition of CcnE1 through stabilized 
CcnE1-siRNA displayed antifibrotic properties in primary human 
HSCs. Thus, genome editing of CcnE1 through exosomeRNP may 
also attenuate fibrosis initiation.

By screening different sequences of sgCcnE1 (fig. S16), a fre-
quency of indels up to 39.8% was observed. Next, we investigated 
the therapeutic potential of exosomeRNP in vivo. To induce paren-
chymal liver fibrosis, three intraperitoneal injections of CCl4 per 
week for 5 weeks were performed. For therapy, mice received 
exosomeRNP nanocomplexes 7 days after the first CCl4 injection and 
twice a week thereafter (Fig. 4A). Treatment of exosomeRNP resulted 
in the indel frequency of 9.7% (Fig. 4B). In the meantime, the obvi-
ous digestion bands were only observed in the liver tissue among 
various organs (Fig. 4C), which indicated strong liver-targeting 
ability of exosomeRNP. Expression of CcnE1 and –smooth muscle 
actin (-SMA) is usually low in the normal liver but significantly 
increased after CCl4 treatment. As shown in Fig. 4D, exosomeRNP 
treatment resulted in significant reduced CcnE1 and -SMA pro-
tein expression. In addition, total ASL, ALT, and bilirubin levels 
were not affected by various treatments (fig. S17), which was consist-
ent with the previous report (53). As evidenced by H&E staining 
(Fig. 4E), Ishak scoring (Fig. 4F), collagen11 expression (Fig. 4G), 
and hydroxyproline content determination (Fig. 4H), therapeutic 
intervention with exosomeRNP targeting CcnE1 largely attenuated 
fibrosis initiation.

Next, we used Sirius Red and Masson staining to evaluate liver 
fibrosis. The positive areas occupied by liver collagen (Sirius Red or 
Masson) were significantly increased in the mice treated with CCL4 
compared to the normal mice. In comparison with other treatments, 
genome editing of CcnE1 by exosomeRNP revealed significant antifi-
brotic effect demonstrated by lack of Sirius Red and Masson-positive 
area (Fig. 5, A to C). Furthermore, the percentage of -SMA–positive area 
(activated HSCs in the liver) in random fields from each immunohisto-
chemical section was quantified by image analysis (Fig. 5, A and D). 
As expected, genome editing of CcnE1 by exosomeRNP significantly 
reduced activated HSCs demonstrated by lack of -SMA–positive areas. 
Collectively, these results demonstrated that exosomeRNP targeting 
CcnE1 strongly prevented CCL4-induced chronic liver fibrosis in mice.

ExosomeRNP targeting KAT5 ameliorates orthotopic HCC
Because of the high recurrence rate and lack of effective therapy 
options, HCC is often associated with poor patient survival (54–56). 
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Fig. 3. ExosomeRNP-mediated genome editing suppressed APAP-induced acute liver injury and lethality. (A) Schematic illustration of exosome for in vivo delivery 
of Cas9 RNP for the treatment of APAP-induced liver injury. APAP was administrated through intraperitoneal injection, and exosome/RNP complexes were administered 
through tail vein. (B) Western blotting of PUMA in livers of mice after the specified treatments. (C) Frequency of indel mutation detected by T7E1 assay from liver tissue 
after the specified treatments. (D) Frequency of indel mutation detected by T7E1 assay from different organs after exosomeRNP treatment at day 7. (E and F) Serum AST 
(E) and ALT (F) levels in mice after the specified treatments. (G) Hematoxylin and eosin (H&E) staining of liver sections from mice after the specified treatments. Representative 
images with dotted line indicating example necrotic centrilobular areas. Scale bar, 200 m. The regions within the dotted lines denote the accumulation of blood cells. 
(H) TUNEL (green) staining of liver sections after the specified treatments. Scale bar, 80 m. (I) HMGB1 (green) staining of liver sections after the specified treatments. 
Representative images with arrows indicating example cells with cytoplasmic HMGB1 staining and hollow nuclei. Scale bar, 80 m. (J) Quantification of necrotic areas by 
ImageJ software. (K) Quantification of TUNEL signals by ImageJ software. (L) Quantification of colocalization of HMGB1 and nuclei by ImageJ software. Means ± SD; n = 6 
[one-way analysis of variance (ANOVA) with a Tukey’s post hoc test, ***P < 0.001]. (M) Survival rates of mice after the specified treatments. Statistical significance was 
calculated by log-rank test (means ± SD, n = 6).
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New therapeutic options for HCC, including CRISPR-based tech-
nologies (57), have attracted wide attention in recent years. 
K (lysine) acetyltransferase 5 (KAT5) is required for HCC growth, 
and disruption of KAT5 inhibited tumor growth both in vitro and 
in vivo (58). Therefore, we designed sgRNA-targeting KAT5 and 
developed exosomeRNP to treat HCC (Fig. 6A). The therapeutic 
effect of exosomeRNP targeting KAT5 was tested in an orthotopic 
murine model of HCC. One week after the hepatic portal vein injec-
tion of luciferase-transfected Huh-7 (Huh-7-luci) cells, mice were 

intravenously injected with different treatments (PBS, RNP, exosome + 
RNP, exosomeRNP, and exosomemock RNP), and the tumor growth 
was evaluated using in vivo bioluminescence imaging. The mice 
treated with exosomeRNP-targeting KAT5 displayed the smallest 
tumor volume and the weakest intensity of bioluminescence, whereas 
other treatments had no obvious inhibitory (Fig. 6C). In addition, 
protein analysis indicated that the KAT5 expression level was re-
markably reduced after the exosomeRNP treatment, while no changes 
were observed among other treatments (Fig. 6B). Furthermore, 

Fig. 4. ExosomeRNP-mediated genome editing suppressed CCL4-induced liver fibrosis. (A) Schematic illustration of exosome for in vivo delivery of Cas9 RNP for the 
treatment of CCL4-induced liver fibrosis. CCL4 was administrated through intraperitoneal injection, and exosomeRNP complexes were administered through tail vein. 
(B) Frequency of indel mutation detected by T7E1 assay from liver tissues after the specified treatments at day 35. (C) Frequency of indel mutation detected by T7E1 assay 
from different organs after exosomeRNP treatment at day 35. (D) Western blotting of CcnE1 and -SMA in livers of mice after the specified treatments. (E) H&E staining of 
the liver sections from the mice after the specified treatments. Scale bar, 200 m. (F to H) Assessment of fibrosis progression by semiquantitative scoring (Ishak) (F), 
determination of morphometric collagen11 (G), and hydroxyproline content (H). Means ± SD; n = 6 (one-way ANOVA with a Tukey’s post hoc test, ***P < 0.001).
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as compared with other groups, the survival of the mice treated with 
exosomeRNP was significantly prolonged as well (Fig. 6D). The in vivo 
genome editing was further validated by the T7E1 and Sanger se-
quencing, where significant genome disruption in the KAT5 site 
(21.3% indel mutation) was found in the liver tissue (Fig. 6E). Fur-
thermore, a similar tendency was observed by the histological staining 
(Fig. 6F). As compared with other treatments, the liver slice of exo-
someRNP group showed the fewest tumor cells. Collectively, these 
results demonstrated that exosomeRNP targeting KAT5 produced 
excellent anticancer activities in orthotopic HCC.

Cytosolic delivery of various proteins
We hypothesized that the exosome-facilitated efficient cellular uptake 
of RNP could be extended to other proteins. To test this hypothesis, 
a series of bioactive proteins with different molecular weights and 
isoelectric points (pIs) were used in various assays. Cytosolic delivery 
of fluorescein isothiocyanate (FITC)–labeled bovine serum albumin 
(BSA) (FITC-BSA; 69.3 kDa, pI 4.7) by exosome was first investi-
gated. Figures S18 and S19 showed efficient cytosolic uptake of 
FITC-BSA into LX-2 and Huh-7 cells after 1 hour of incubation with 
exosomeBSA-FITC. Similar results were observed for phycoerythrin 
(R-PE; 240 kDa, pI 4.3) with red-orange fluorescence. Furthermore, 

toxic proteins, including saporin (32.8 kDa, pI 9.3) and cytochrome 
C (Cyt C;12.4 kDa, pI 10.3), were also tested on Huh-7 cells (figs. 
S20 and S21). As shown in fig. S22, saporin (a ribosome inactivator) 
treatment showed minimal toxicity on Huh-7 cells, whereas the 
cytosolic delivery of saporin by exosome resulted in severe cytotoxicity, 
probably due to the efficient translocation of saporin into the cytosol 
to inactivate ribosome. A similar phenomenon was observed on Cyt 
C, which can bind with apoptosis related factor 1 to induce cell 
apoptosis after entering into cells (fig. S22). We also evaluated the 
exosome-mediated endocytosis-promoting effect on -galactosidase 
(-Gal; 430 kDa, pI 5.0), which is a native enzyme catalytically 
hydrolyzing -Gal–containing substrate. We treated HeLa, LX-2, 
and Huh-7 cells with exosome-Gal complexes and further added the 
substrate 5-bromo-4-chloro-3-indolyl--d-galactoside (X-Gal) for 
staining. -Gal catalyzes the hydrolysis of X-Gal into an insoluble 
blue dye, revealing the intracellular amount of -Gal in treated cells. 
Compared to -Gal alone or the physical mixture of exosomes and 
-Gal (exosome + -Gal), exosome-Gal showed significantly higher 
accumulation of blue-colored product (fig. S23) in cells, indicating 
the superior cellular uptake. Collectively, these results suggested 
that exosome may be a potent universal nonviral vector for efficient 
intracellular delivery of various proteins.

Fig. 5. Determination and quantification of liver fibrosis after the specified treatments. (A) Fibrosis was visualized by Masson, Sirius Red, and -SMA, respectively. 
Scale bars, 200 m. Percentage of Masson (B), Sirius Red (C), and -SMA-positive area (D) in randomly selected fields from each specimen, by computerized image analysis. 
Means ± SD (one-way ANOVA with a Tukey’s post hoc test, ***P < 0.001).
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DISCUSSION
In this study, we developed an exosome-based nanoplatform enabling 
RNP-based–CRISPR-Cas9 genome-editing therapy for liver diseases. 
RNP can be effectively loaded into LX-2–derived exosomes through 
electroporation and specifically delivered to liver by exosomeRNP.  
ExosomeRNP showed vigorous therapeutic potential in acute liver 
injury, chronic liver fibrosis, and HCC mouse models via targeting 
PUMA, CcnE1, and KAT5, respectively. Our findings not only pro-
vide a practical strategy overcoming the delivery obstacles for RNP 

but also open a promising avenue for the precise and tissue-specific 
gene therapy of liver diseases.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium (DMEM), penicillin-streptomycin, 
4′,6-diamidino-2-phenylindole, Lipofectamine CMAX, DiR, DiI, 
and PBS were purchased from Thermo Fisher Scientific (USA). 

Fig. 6. ExosomeRNP-mediated genome editing for orthotopic HCC therapy. (A) Schematic illustration of exosome for in vivo delivery of Cas9 RNP for the treatment of 
orthotopic HCC. Huh-7-luci cells were administrated through hepatic portal vein injection, and exosomeRNP complexes were administered through tail vein. (B) Western 
blotting analysis of KAT5 expression after the specified treatments. (C) In vivo luciferase expression of orthotopic HCC in the whole mice. (D) Survival rates after the specified 
treatments. Statistical significance was calculated by log-rank test (means ± SD, n = 6). (E) Frequency of indel mutation detected by T7E1 assay from liver tissues after the 
specified treatments. (F) H&E staining of the liver sections from the mice after the specified treatments. Scale bar, 100 m.
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Cas9 protein, T7E1 enzyme, and HiScribe T7 Quick High Yield 
RNA Synthesis Kit were obtained from New England Biolabs 
(Beijing, China). Fetal bovine serum (FBS) was purchased from 
Zhejiang Tianhang Biotech (Hangzhou, China). The MTT assay kit 
was purchased from MultiSciences Biotech (Hangzhou, China). The 
in situ X-Gal staining kit was purchased from Beyotime Biotech 
(Shanghai, China). The HOOK(TM) Dye Labeling Kit (FITC) was 
purchased from Sangon Biotech (Shanghai, China). APAP, WGA, 
and FITC were purchased from Sigma-Aldrich (St. Louis, MO). The 
In Situ Apoptosis Detection Kit was purchased from Millipore 
(MA, USA). The 2× Hieff PCR Master Mix reagent was purchased 
from Yeasen Biotechnology (Shanghai, China). Anti-PUMA (1:1000; 
ET1602-24) antibody was obtained from HUABIO (Hangzhou, China). 
Anti-CcnE1 (1:1000; ab211342) and anti–-SMA (1:1000; ab5694) anti-
bodies were obtained from Abcam (Cambridge, UK). Anti-KAT5 
(1:1000; A01393) antibody was purchased from Boster Biological Tech-
nology (Shanghai, China). Anti–glyceraldehyde- 3-phosphate de-
hydrogenase (1:1000; ab8245) and anti-tubulin antibodies (1:1000; 
ab179513) were obtained from Abcam (Cambridge, UK).

Cells and animals
Huh-7 and AML-12 cells were purchased from the American Type 
Culture Collection. Stable Huh-7 cell lines expressing luciferase 
(Huh-7-luci) and LX-2 cells were gifts from the First Affiliated Hospital 
of Zhejiang University. In general, Huh-7, Huh-7-luci, and LX-2 cells 
were cultured in DMEM containing 10% FBS at 37°C under 5% CO2. 
AML-12 mouse liver cells were cultured in DMEM/Ham’s F-12 nutrient 
medium supplemented with 10% FBS, dexamethasone (40 ng/ml; 
Sigma-Aldrich), and ITS premix (BD) at 37°C under 5% CO2.

Female C57BL/6 mice (6 to 8 weeks) and BALB/c mice (4 to 
6 weeks) were fed in the Laboratory in Animals Centre (Zhejiang 
University). All animal treatments were approved by the Laboratory 
Animal Welfare and Ethics Committee of Zhejiang University.

Preparation of exosome and exosomeRNP

To prepare exosome-depleted FBS, FBS was ultracentrifuged at 
100,000g, 4°C for 20 hours, and then filtered through 100-nm filters. 
For exosome isolation, LX-2 cells were cultured in DMEM contain-
ing exosome-depleted FBS. Then, the cultured medium was collected 
and centrifuged at 800g for 5 min, 3000g for 15 min, and 10,000g for 
1 hour, respectively. The resulting supernatant was subjected to 
ultracentrifugation at 100,000g, 4°C for 2 hours in a SW32 Ti rotor 
(Beckman). Then, the purified exosome pellet was resuspended in 
cold PBS to be subjected to ultracentrifugation again. For electropo-
ration, the pellet was resuspended in electroporation buffer [1.15 mM 
potassium phosphate (pH 7.2), 25 mM potassium chloride, and 
21% OptiPrep working solution]. The suspended exosomes were 
then filtered through 0.22-m filters. To prepare exosomeRNP com-
plexes, Cas9 proteins were mixed well with sgRNA to from RNP com-
plexes. Then, RNP complexes were added to exosomes at a weight 
ratio of 1:5, and then the mixture was electroporated by Gene Pulser 
Xcell (Bio-Rad) to form exosomeRNP complexes. After electropora-
tion, exosomes were centrifuged at 100,000g, 4°C for 2 hours, and 
then the precipitation was resuspended in cold PBS solution.

Characterization of exosome and exosomeRNP

The size and morphology of exosome and exosomeRNP were character-
ized by DLS and TEM (HT7700, Hitachi, Japan). The total exosomal pro-
tein was quantified by bicinchoninic acid method, and the concentration 

of exosome was diluted to no more than 0.2 mg/ml. To detect exo-
somal markers, exosomes were treated with radioimmunoprecipitation 
assay (RIPA) lysis buffer. Then, exosome samples were incubated with 
primary anti-CD63 (1:1000; Abcam), anti-GM130 (1:1000; Abcam), 
or anti-TSG101 antibodies (1:1000; Abcam). The loading efficiency 
of Cas9 protein was quantified by Western blot. The gray levels of 
each band were quantified with ImageJ. Then, a standard curve was 
prepared and used to determine the bound Cas9 protein inside the 
exosome. The encapsulation efficiency (EE) could be calculated ac-
cording to the equation EE (%) = C2/C1 × 100%, where C1 rep-
resents the original concentration of Cas9 protein in the solution 
and C2 represents the bound Cas9 protein inside the exosome. The 
stabilities of exosomeRNP nanocomplexes in the culture DMEM 
medium with or without serum, 4 weeks of storage at −80°C, and 
7 days of storage at 4°C were determined by DLS.

Cytosolic delivery of RNP
Cytosolic delivery of RNP was tested on LX-2 and Huh-7 cells. The 
Cas9 protein was labeled with FITC according to the standard pro-
tocol. The cells were cultured in a 24-well plate overnight. Then, the 
exosomeRNP complexes were diluted with DMEM and added into 
the plate. After 1 hour of incubation, the cells were observed by laser 
scanning confocal microscopy (LSCM 880, Germany). To address 
the detailed uptake mechanisms, a panel of endocytosis inhibitors 
was used to investigate internalization pathways of exosomeRNP. The 
cells were preincubated with different endocytosis inhibitors, in-
cluding heparin (10 g/ml), cytochalasin D (1 M), chlorpromazine 
(10 M), EIPA (100 M), wortmannin (50 nM), M--CD (10 mM), 
and genistein (150 M), respectively. ExosomeRNP nanocomplexes 
were also incubated with cells at 4°C. The cells incubated at 37°C 
(no inhibitor) treated with exosomeRNP nanocomplexes only were 
set as the control group. The fluorescence intensity was determined 
by flow cytometry. The values are normalized to the control.

Biodistribution of exosomeRNP nanocomplexes within 
different hepatic cell types
Mice were euthanized, and liver tissues were collected after DiI- 
labeled exosomeRNP treatment. The liver was perfused with liver 
perfusion medium (Life Technologies) in a sterile culture dish and 
agitated for liver cell suspension preparation. The cell suspension was 
centrifuged at 50g for 5 min at 4°C to obtain hepatocytes. Then, cold 
isolation medium (DMEM, low glucose with penicillin-streptomycin 
and 15 mM Hepes buffer) was added to hepatocyte precipitation for 
purification. Then, we used commercially available magnetic beads 
(Miltenyi Biotec, USA) specific for KCs (biotin-labeled anti-mouse 
F4/80) and LSECs (mouse CD146) isolation according to a recent 
paper. The cell suspension was subsequently prepared for flow 
cytometry analysis.

Determination of the half-life of exosomeRNP in the liver
A plasmid DNA vector expressing CAG-CD63-NanoLuc was con-
structed according to a recent reported method (44). Then, CD63- 
NanoLuc–labeled exosomes in the culture supernatant were obtained 
after transfection with a plasmid DNA vector encoding CAG-CD63- 
NanoLuc. To evaluate the pharmacokinetics of exosomes in the liver, 
labeled exosomeRNP was intravenously injected into mice. At different 
time points, mice were euthanized, and liver tissues were lysed and 
analyzed by the Nano-Glo Luciferase Assay System (N1110, Beijing, 
Promega) according to the manufacturer’s protocol. The NanoLuc 
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activities were determined by the GloMax Discover Microplate 
Reader (Beijing, Promega). The time-course data were analyzed using 
a two-compartmental model, and the half-life of the exosomeRNP in 
the liver was calculated as previously described (45).

Cytosolic delivery of fluorescent proteins, toxic proteins, 
and native enzyme
Cytosolic delivery of fluorescent proteins was tested on LX-2 and 
Huh-7 cells (BSA-FITC and R-PE). The BSA was labeled with FITC 
according to the protocol. To prepare exosomeBSA-FITC and exosomeR-PE 
complexes, BSA-FITC and R-PE were added to exosomes at a weight 
ratio of 1:1 and incubated on ice for 10 min, and then the mixture was 
electroporated by Gene Pulser Xcell (Bio-Rad). After electroporation, 
exosomes were washed and then centrifuged at 100,000g, 4°C for 
2 hours. Last, then the precipitation was resuspended in cold PBS 
solution. The exosomeBSA-FITC and exosomeR-PE complexes were further 
diluted with DMEM containing FBS. Then, the exosomeBSA-FITC and 
exosomeR-PE complexes were added into the plate. After 1 hour of 
incubation, the cells were observed by LSCM.

Cytosolic delivery of toxic proteins (saporin and Cyt C) was tested 
on LX-2 and Huh-7 cells. Exosomesaporin and exosomeCyt C com-
plexes were prepared as described above. The cytotoxicity of cells 
was evaluated by a commercial MTT assay kit.

Exosome-Gal complexes were prepared with a similar method. 
Cytosolic delivery of -Gal into HeLa, LX-2, and Huh-7 cells by 
exosome was determined by a commercial in situ X-Gal staining kit.

Immunogenicity and biocompatibility assays
Immunogenicity and biocompatibility of this formulation were per-
formed both in vitro and in vivo. The cytotoxicity of cells treated 
with or without exosomeRNP was evaluated by commercial MTT 
and LDH assay. Hemolytic activity of the exosomeRNP nano-
complexes was evaluated according to a standard method. Next, to 
further assess exosomeRNP-induced immune response and toxicity, 
we dosed healthy BALB/c mice with exosomeRNP intravenously 
every other day for three times. Liver tissues were collected for further 
pathological analysis. Furthermore, blood was collected to separate the 
serum for determination of systemic toxicity and immunogenicity. 
Serum levels of ALT, AST, BUN, and LDH in healthy mice treated 
with or without exosomeRNP were determined using a biochemical 
autoanalyzer (TBA-40, Toshiba). Five major immune cytokines levels 
(IL-6, IP-10, MCP-1, TNF-, and IFN-) in healthy mice treated with 
or without exosomeRNP were determined using ELISA kits following 
the manufacturer’s protocol (MultiSciences, China).

sgRNA design and synthesis
sgPUMA, sgCcnE1, and sgKAT5 were prepared by in vitro tran-
scription reaction. Transcription templates of guide RNA were 
designed by online tools (http://crispr.mit.edu/ and http://chopchop.
cbu.uib.no/). In addition, the in vitro transcription reaction to 
generate sgRNA was performed using the HiScribe T7 Quick High 
Yield RNA Synthesis Kit (New England Biolabs, USA). The corre-
sponding sgRNA sequences targeting PUMA, CcnE1, and KAT5 
and DNA sequences for polymerase chain reaction (PCR) were listed 
in tables S1 and S2, respectively.

Induction of liver injury and therapy
APAP was dissolved in normal saline, and an intraperitoneal injec-
tion at 500 mg/kg was performed in each mouse. For treatment, 

C57BL/6 mice were treated with exosomeRNP complexes 4 and 2 days 
before the administration of APAP, respectively. A dose of 50 g of 
Cas9 protein was given in each mouse. Livers were collected for 
further pathological analysis. TUNEL staining was conducted ac-
cording to the standard protocol. HMGB1 staining was conducted 
with anti-HMGB1 (ab18256, Abcam) at 1:1000 dilution.

Induction of liver fibrosis and therapy
For induction of chronic liver fibrosis, CCL4 was dissolved in corn 
oil. Briefly, mice were injected intraperitoneally with CCl4 at 0.6 ml/kg 
three times a week for 5 weeks. For treatment, C57BL/6 mice were 
treated with exosomeRNP complexes twice a week during the experi-
ment. The mice were given a dose of 50 g of Cas9 protein once. 
Collagen11 expression in whole-liver extracts was determined by 
the Mouse Collagen11 ELISA Kit (Sangon Biotech). Hydroxyproline 
content in whole-liver extracts was determined by the Hydroxyproline 
Content Assay Kit (Solarbio Life Sciences). For H&E, Masson, and 
Sirius Red staining, tissues were fixed in 4% paraformaldehyde. -SMA 
staining was performed with anti–-SMA (Abcam) at 1:1000 dilution.

Establishment of orthotopic HCC mouse model and therapy
BALB/c mice were intraperitoneally injected with pentobarbital 
solution for anesthesia induction. The thoracic region was sterilized, 
and a left median incision was made, followed by exteriorizing the 
whole liver tissue. A total of 1 × 107 Huh-7-luci cells were injected 
into the hepatic portal vein. After that, the liver was returned to the 
original location under anesthesia. One week after orthotopic in-
oculation, mice were treated with exosomeRNP complexes twice a 
week during the experiment. The mice were given a dose of 50 g of 
protein once. The IVIS Spectrum machine was used to monitor the 
tumor growth (PerkinElmer, USA).

T7E1 assays and Sanger sequencing
The T7E1 experiment was used to evaluate the editing efficiency of 
target genomic loci. The cells or tissues were collected to extract the 
DNA through the FastPure Cell/Tissue DNA Isolation Mini Kit 
(Vazyme Biotech). Each specific target genomic locus was amplified 
by PCR using FastPure Gel DNA Extraction Mini Kit (Vazyme 
Biotech). Afterward, a standard T7E1 assay was performed. The 
disrupted lanes were imaged by a gel documentation system and 
analyzed by ImageJ software. Indel percentage analysis was calculated 
on the basis of the following formula: 100  ×  (1  −  (1  −  fraction 
cleaved)1/2), where fraction cleaved = band intensity of each digested 
band/(band intensity of each digested band + band intensity of un-
digested band). PCR products of the genomic region–flanking target 
sites of sgPUMA, sgCcnE1, and sgKAT5 were subcloned to the T-clone 
vector, and colonies were randomly picked for Sanger sequencing.

Western blotting
Liver samples were prepared, and proteins were extracted using 
RIPA buffer. Proteins were separated by SDS–polyacylamide gel 
electrophoresis gel according to the standard procedure. The poly-
vinylidene difluoride membrane was incubated with 5% BSA for 
1.5 hours and then incubated with the antibody against PUMA, 
CcnE1, -SMA, and KAT-5 at 4°C overnight.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 
version 8 software (GraphPad Software Inc.). All results were expressed 

http://crispr.mit.edu/
http://chopchop.cbu.uib.no/
http://chopchop.cbu.uib.no/
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as means ± SD. Biological replicates were used in all experiments 
unless otherwise stated. The statistical significance was analyzed 
using Students’ t test and analysis of variance (ANOVA). One-way 
ANOVA with a Tukey’s post hoc test was used when more than two 
groups were compared. Statistical significance of survival rates was 
calculated by log-rank test. P  <  0.05 was considered significant. 
N.S., P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp9435

View/request a protocol for this paper from Bio-protocol.
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