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Abstract
Introduction: Tumor extracellular vesicles (EVs) and their relevance to various processes of tumor growth have been vigorously inves-

tigated over the past decade. However, obtaining direct evidence of spontaneous EV transfer in vivo remains challenging. In our previous

study, a single-guide RNA (sgRNA): Cas9 ribonucleoprotein complex, which can efficiently delete target genes, was delivered into recip-

ient cells using an engineered EV.Aim:Applying this newly discovered exosomal bio-cargo to track the uptake and distribution of tumor

EVs.Methods: Tumor cells of interest were engineered to express and release the sgRNA:Cas9 complex, and a reporter cell/system

containing STOP-fluorescent protein (FP) elementswas also generated. EV-deliveredCas9 proteins from donor cells were programmed

by a pair of sgRNAs to completely delete a blockade sequence and, in turn, recuperated the expression of FP in recipient reporter cells.

Thus, fluorescently illuminated cells indicate the uptake of EVs. To improve the efficiency and sensitivity of this tracking system in vivo, we
optimized the sgRNA design, which could more efficiently trigger the expression of reporter proteins. Results:We demonstrated the

EV-mediated crosstalk between tumorcells, andbetween tumorcells andnormal cells in vitro. In vivo,we showedthat intravenously admin-

istered EVs can be taken up by the liver.Moreover,we showed that EVs derived frommelanoma xenografts in vivo preferentially target the
brain and liver. This distribution resembles themanifestationof organotrophicmetastasis ofmelanoma.Conclusion:This study provides
an alternative tool to study the distribution and uptake of tumor EVs.
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Introduction
Extracellular vesicles (EVs) have been identified as alternative
mediators of cell-to-cell communication. They can be secreted
by all types of cells under both physiological and pathological
conditions. EVs consist of a heterogeneous group of membrane
vesicles with sizes varying from 50 nm to 1000 nm. EVs can be
produced by either budding of the plasma membrane (formerly
known as microvesicles) or derived from intraluminal vesicles
that are packaged in multivesicle bodies (formerly known as
exosomes). A wide range of bio-cargo can be packaged into
EVs during their formation, including proteins, RNAs, DNAs,
and lipids.1,2 In addition, cells of different types or under differ-
ent physiological and pathological conditions have a specific
profile of EV bio-cargo, indicating the selective sorting of EV
bio-cargo.3 Once EVs are taken up by recipient cells, bio-
cargoes from donor cells are internalized into recipient cells
and regulate multiple biological functions. Mounting evidence
has shown that EVs are highly relevant to various physiological
conditions and diseases.4–6 In particular, tumor-derived EVs
have been shown to play important roles in many processes
of tumorigenesis, including angiogenesis,7 metastasis,8,9

immune escape,10 and drug resistance.11 Furthermore, tumor
EVs can initiate the formation of a niche for metastasis.12

Tumor EVs derived from different tissues bear distinct integrin
expression patterns closely related to tumor organotropic
metastasis.13

Although the functional implications of EVs have been sub-
stantially described, tracking of EV transfer between cells, par-
ticularly intercellular transfer in vivo, remains a challenge.
Furthermore, the depiction of the tissue-specific distribution
of EVs, if any, can facilitate a better understanding of the func-
tional role of tumor-derived EVs. To address this demand, we
design an EV tracking system taking advantage of the
CRISPR-Cas9 system. CRISPR-Cas9 is a versatile technology
that can precisely and specifically edit genes of interest.
RNA-guided DNA endonuclease Cas9 protein directed by cus-
tomized single-guide RNAs (sgRNAs) cleaves the targeted
genome and generates a double-strand break (DSB), which
can be repaired by either non-homologous end-joining
(NHEJ) or homology-directed repair (HDR). Genome repaired
by error-prone NHEJ can be frequently introduced into inser-
tion or deletion mutations, whereas HDR can lead to precise
DNA modifications.14,15 We previously discovered that
CRISPR-Cas9 components can be loaded into EVs in the
form of sgRNA:Cas9 ribonucleoprotein.16 In the recipient
cells that contain the STOP-DsRed reporter system, we

visualized genome editing of EV-delivered sgRNA:Cas9 ribo-
nucleoprotein complex.16 Thus, we speculate that this newly
discovered bio-cargo can be utilized as a tool to visualize the
uptake of EVs. Aiming to track the functional transfer of EVs
from tumor cells, we engineered donor tumor cells that released
a pair of sgRNAs and Cas9 proteins through EVs. sgRNA pairs
direct the endonuclease Cas9 to generate two concomitant
DSBs, leading to a complete deletion of the STOP sequence
of the reporter protein (fluorescent protein [FP]) and subse-
quently illuminating the reporter cells or reporter animal
models. Using this tracking system, we visualized the transfer
of EVs between tumor cells and between tumor cells and
normal cells in the neighborhood in vitro. In vivo, we revealed
the transfer of EVs between tumor xenografts and other organs
in tumor-bearing reporter mice. Due to the high efficiency of
CRISPR-Cas9 for genome editing,17 EV-delivered sgRNA:
Cas9 ribonucleoprotein may serve as a promising tool for track-
ing EVs. Our study broadens the strategy for studying EV
uptake, facilitating a better understanding of tumor-derived
EVs.

Materials and Method
Ethical Approval18,19

The reporting of this study conforms to ARRIVE 2.0 guide-
lines [1]. All animal care and methods aimed to minimize the
suffering of experimental animals were performed following
The Eighth Edition of the Guide for the Care and Use of
Laboratory Animals [2] and were approved by the
Institutional Review Board of Nanjing University (Nanjing,
China). The approval number of this animal research was
IACUC-2106007.

Cells, Reagents, Antibodies, and Animals
Human adenocarcinomic alveolar basal epithelial cells A549,
human bronchial epithelial cells (HBE) and HEK 293 T were
purchased from the Institute of Biochemistry and Cell
Biology at Shanghai Institute for Biological Science
Academy of Science (Shanghai, China). The mouse melanoma
cell line B16-F10 was purchased from the American Type
Culture Collection. A549, HEK 293 T, and B16-F10 cells
were maintained in Dulbecco’s modified Eagle’s medium
(Gibco, 11965092, CA, USA) supplemented with 10% fatal
bovine serum (FBS; Gibco, 10099141), 100 units/ml penicillin
(Gibco, 15140148), and 100 μg/ml streptomycin (Gibco,
15140163). All EV donor or recipient cells were cultured
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using EV-depleted FBS, in which EVs were removed from
FBS by ultracentrifugation at 100,000× g for 18 h. STR
profiling and detection of mycoplasma contamination were
performed to authenticate all cell lines. Antibodies against
SpCas9 (#14697, 1:1000) and β-actin (#8457, 1:1000) were
purchased from Cell Signalling Technology (MA, USA).
Antibody against CD63 (sc-5275, 1:500) was purchased
from Santa Cruz Biotechnology (TX, USA). Antibody against
CD9 (ab92726, 1:1000) was purchased from Abcam
(Cambridge, UK). Antibody against Flag (MA1-91878, 1:1000)
was purchased from Thermo Fisher Scientific (MA, USA).
Antibodies against Alix (12422-1-AP, 1:1000), TSG101
(14497-1-AP, 1:1000), and ITGβ5 (28543-1-AP, 1:1000) were
purchased from Proteintech (IL, USA). Male B6.Cg-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J mice aged 6 to 8 weeks were
purchased from The Jackson Laboratory (ME, USA). C57BL/6J
mice aged 6 to 8 weeks were purchased from the Model Animal
Research Centre of Nanjing University (Nanjing, China). Mice
were weighed and allocated randomly into either control or treat-
ment groups. Mice were housed under specific pathogen-free and
12 h light/12 h dark conditions at Nanjing University. They were
free access to pellet food and sterile water. Mice in each group
were treated randomly to control confounders. The sex of
animals has no influence on the results. Mice were anesthetized
before conducting in vivo imaging analysis by injecting with pen-
tobarbital (50 mg/kg, i.p.), which was approved by the
Institutional ReviewBoard of NanjingUniversity.Micewere sac-
rificed by cervical dislocation.

Confocal Imaging Analysis
Reporter cells were seeded onto glass coverslips in 12-well
plates, fixed with 4% paraformaldehyde (PFA), and stained
with Hoechst 33342 (Thermo Fisher Scientific, 62249) at
room temperature for 15 min. Mouse tissues were dissected
and fixed in 4% PFA (Thermo Fisher Scientific, R37814) at
4 °C overnight, followed by a thorough rinse in phosphate
buffer saline (PBS) (3 times, 10 min per rinse). Thereafter,
tissues were placed in 30% sucrose at 4 °C overnight until the
tissue sank to the bottom and were completely submerged in
an optimal cutting temperature (OCT) compound and frozen
in dry ice. Embedded tissues were moved to a pre-cooled
cryomicrotome (Leica, Germany) and cut into 5 to 10 μm sec-
tions. Sections were carefully retrieved onto glass slides and
stained with Hoechst 33342 (Thermo Fisher Scientific,
62249). Subsequently, the slides were rinsed in PBS three
times and stained with Prolong Diamond Antifade 10
(Thermo Fisher Scientific, p36961). Slides were imaged using
a confocal imaging system (TCS SP8-MaiTai M, Leica,
Wetzler, Germany) and imaged using the TCS SP8
software (Leica). The results were analyzed in three indepen-
dent experiments. The counts of fluorescent signals were ana-
lyzed using Image J software, and the percentage of
conversion efficiency (positive counts/Dapi counts) was
calculated.

Guide RNA Design
Guide RNAs targeting STOP sequences were designed using
the CRISPR Design Tool (http://zlab.bio/guide-design-
resources). All guide RNAs were synthesized by Genescript
(Nanjing, China). The guide RNA sequences are listed in the
Supplemental Material.

DNA Constructs
The synthesized oligonucleotides corresponding to sgRNA
pairs were annealed to form cDNAs. Each of the sgRNA
pairs was cloned into a lentiCRISPRv2 vector (Addgene)
downstream of the U6 promoter using the BsmBI restriction
site, and the U6 promoter sgRNA2 element was amplified by
Polymerase Chain Reaction (PCR) from one of the paired plas-
mids and cloned into the other plasmid at the EcoRI restriction
site. The mCherry/GFP nanobody (Nb) sequence was synthe-
sized from Genescript (Nanjing) and cloned into the
lentiCRISPRv2 vector. mCherry or green fluorescent protein
(GFP) was amplified by PCR using primers for flanking and
cloned into the psin-puromycin vector (Addgene) between
MluI and SpeI restriction sites; CD63 was amplified by PCR,
and the amplicons were cloned into psin-mCherry/GFP
vector. The STOP element sequence was synthesized
by GenScript (Nanjing). GFP was amplified by PCR from the
pcDNA6.2-GFP plasmid (Thermo Fisher Scientific). The
STOP element and GFP were finally cloned into the psin-
puromycin vector using MluI and SpeI restriction sites.
CAG-STOP-tdTomato was cloned from Rosa tdTomato mice
and cloned into psin-puromycin between the MluI and SpeI
restriction sites. Plasmid sequences are listed in the
Supplemental Material.

Lentivirus Construction and Generation of Stable Cell
Lines
To prepare lentivirus particles, the plasmid of interest, psPAX2
and pMD2G at a molar ratio of 10:5:1 were co-transfected into
HEK 293 T cells with Lipofectamine 2000 (Thermo Fisher
Scientific, 11668019). A549 cells or B16-F10 cells were
seeded in 6-well plates and incubated with CRISPR-Cas9 lenti-
virus and CD63-mCherry/GFP lentivirus sequentially supple-
mented with 4 μg/ml polybrene. Thereafter, the cells were
cultured as a polyclonal population and kept under selection
using 1 μg/ml puromycin (Santa Cruz Biotechnology,
sc-205821). Reporter A549, HBE or HEK 293 T cells were
incubated with STOP-GFP or STOP-tdTomato lentivirus.

Transfection of Cells With Plasmids
Donor cells were seeded into 75-cm2

flasks. When cells reached
a 70% confluence, plasmid 4 expressing sgRNA and Cas9
protein and plasmid 2 expressing CD63-GFP fused protein
were co-transfected using Lipofectamine 2000 (Thermo
Fisher Scientific, 11668019) according to the manufacturer’s
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instruction. Six hours later, the spent Opti-MEM was replaced
with fresh Dulbecco’s modified Eagle’s medium (DMEM)
culture medium. After 24 h, the culture medium was collected
and prepared for EV isolation.

Injection of Plasmids into Mice20

Plasmids were transformed into Escherichia coli DH5α compe-
tent cells (Tsingke, TSC01, Beijing, China), which were then
cultured in Luria-Bertani (LB) medium in a shaking incubator
at 37 °C overnight. Plasmids were extracted and purified
using EndoFree Maxi Plasmid Kit V2 (Tiangen, DP120,
Beijing, China) according to the manufacturer’s instructions.
The purified plasmids were dissolved in PBS and administered
to mice (5 mg/kg) via regular tail vein injection for 3 days (1
injection per day).

EV Isolation via Ultracentrifugation
The cell culture medium was harvested and centrifuged at 300×
g for 5 min to remove dead cells. The supernatant was centri-
fuged at 3000× g for 30 min to remove the cell debris, the
supernatant was centrifuged at 10,000× g for 30 min to
remove large vesicles, and the supernatant was centrifuged at
110,000× g for 70 min to collect EVs. Finally, the EVs were
resuspended in a convenient volume of PBS. Isolated EVs
were lysed using RIPA buffer (Beyotime, P0013C, Shanghai,
China) on ice. Lysates were centrifuged and the supernatants
were collected. Protein concentrations of EVs were determined
using Bicinchoninic Acid protein assay kit (Thermo Fisher
Scientific, 23235). EVs were quantified by protein level.
Same amount of EVs was used for characterization, PCR, and
western blot analysis. EVs were stored at −80 °C

Animal Experiments
Pilot experiments were performed to determine the sample size.
Five male mice were intravenously injected with plasmids (5
mg/kg body weight). Thereafter, the livers were collected and
cryosectioned. EVs (50 μg) were injected intravenously (5 or
3 injections) or intraperitoneally (5 injections) into the mice
(n= 5) within 10 days. Then, the livers, lungs, kidneys, and
spleens were collected and cryosectioned. Melanoma cells (1
× 106) were implanted subcutaneously. After 21 days, tissues
including the livers, brains, lungs, kidneys, and spleens were
collected and prepared for confocal imaging analysis.

Samples from all animal samples were analyzed.

RNA Immunoprecipitation (IP) Assays
EVs (60 μg) were lysed as described previously.16 Lysates were
incubated with anti-Flag antibody or IgG and then bound to
Protein A/G PLUS-Agarose beads (Santa Cruz
Biotechnology, sc-2003). Finally, immunoprecipitants were
eluted from beads using lysis buffer and treated with Radio
Immunoprecipitation Assay (RIPA) for western blot analysis

or TRIzol reagent (TaKaRa, T9108, Dalian, China) for RNA
analysis.

qRT-PCR
Total RNA was prepared from cells or EVs using TRIzol
reagent (TaKaRa, T9108). cDNA was synthesized using
AMV reverse transcriptase (TaKaRa, 2621), and quantitative
Real-time PCR (qRT-PCR) was performed using ABI7300
(Applied Biosystems). The mRNA levels were normalized to
18 s rRNA (ΔCt). The data are shown as 2^−ΔCt. The levels
of sgRNA were calculated based on the standard curve,
which was generated by amplifying a series of synthetic
sgRNAs with known concentrations. The levels of sgRNA in
the cells were normalized to the expression of 18 s rRNA.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
version 8.0. The technical and biological triplicates of each
experiment were performed. Comparisons were performed
using a one-way analysis of variance. Results are expressed
as mean ± standard error of the mean.

Results

The Experimental Design of EV Tracking System Based
on EV-Delivered CRISPR-Cas9 Components
To perform EV tracking strategy, this study generated a donor cell
line that expressed a pair of sgRNAs and Cas9 proteins by trans-
fecting plasmid 1, and a reporter cell line that harbored the
STOP-FP element introduced by plasmid 3 (Figure 1A). The
STOP sequence blocks the expression of FP by causing a frame-
shift mutation.16 sgRNA pairs expressed in donor cells were
designed to delete the entire STOP sequence, resulting in the recu-
peration of FP expression (Figure 1B). Thus, the reporter cells are
marked with a fluorescent signal once they take up the exosomal
sgRNAs:Cas9 derived from donor cells. As previously reported,16

Cas 9 protein was fused with a Nb of FP, which could capture
CD63-FP due to its affinity, boosting the loading efficiency of
Cas9 protein (Figure 1C). The FP used in donor cells is different
from that used in recipient reporter systems.

The Generation of Parts in Tracking System
In order to investigate the transfer of tumor-derived EVs using
our tactic, human adenocarcinoma alveolar basal epithelial cells
A549 were selected as EV donor cells. To unlock the fluores-
cent signal in reporter cells, the entire STOP sequence must
be removed by a pair of sgRNAs expressed simultaneously.
To express the sgRNA pairs more efficiently and economically,
we constructed a single plasmid that expressed sgRNA pairs
under tandem U6 promoters (Supplementary Figure S1A).
Lentivirus-expressing sgRNA pairs were transduced into
A549 cells (D-A549). The percentages of transduced cells
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were shown in Supplementary Figure S1B. The levels of
sgRNA1, sgRNA2, and Cas9 proteins were significantly
detected in the donor cells (Supplementary Figure S1C-S1E).
To boost the sorting of Cas9 into EVs, mCherry Nb and
mCherry were fused to Cas9 protein and CD63, respectively,
as shown in Figure 1A. Nanoparticle tracking analysis (NTA)
showed that the diameters of EVs from D-A549 cells were
not altered compared to those from wild-type A549
(wt-A549) cells (Supplementary Figure S1F). Transmission

electron microscopy (TEM) analysis showed that EVs from
D-A549 cells had a typical EV morphology (Supplementary
Figure S1G). Western blots analysis showed that the membra-
nal proteins (CD9 and CD63) and proteins involved in EV bio-
genesis (ALIX and TSG101) were not altered by the
transfection in D-A549 cells (Supplementary Figure S1H).
Considerable levels of sgRNA pairs and Cas9 proteins were
detected in EVs from D-A549 cells but not in wt-A549 cells
(Figure 1D and E). sgRNA concentrations in EVs were

Figure 1. The design and characterization of EV tracking system. (A) Schematic of EV tracking system. This system consisted of donor
A549 cells that expressed sgRNAs and Cas9 proteins and recipient cells that contained STOP-FP elements. (B) Schematic of the recuperation of
FP expression in reporter cells. (C) Schematic of engineered EVs. FP Nb and its affinitive Nb were fused with exosomal membrane protein CD63
and Cas9 proteins, respectively. Cas9 proteins were captured by EVs through the bond of FP-FP Nb, selectively being sorted into EVs. (D)
qRT-PCR analysis of sgRNA pair levels in EVs derived from wild-type A549 or donor A549 cells (n= 3 in each group). (E) Western blot analysis
of Cas9 protein levels in EVs derived from wild-type A549 cells or donor A549 cells (n= 3 in each group). (F) RNA immunoprecipitation (IP)
assay of exosomal Cas9 and sgRNAs derived from wild-type A549 cells or donor A549 cells. Cas9 proteins were tagged with Flag. Lysates of
EVs were blotted using Flag antibody (input) or immunoprecipitated with Flag and blotted using Flag antibody (IP). IP with anti-IgG served as
control. (G) sgRNAs analysis of immunoprecipitants following IP assay in (F). Abbreviations: EV: extracellulaer vesicle; FP: fluorescent protein;
Nb: nanobody; sgRNAs: single-guide RNAs.
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calculated using a standard curve (Supplementary Figure S1H).
RNA-immunoprecipitation assay confirmed that sgRNA pairs
and Cas9 proteins were associated as a functional

ribonucleoprotein complex in EVs, as reported previously16

(Figure 1F and G). These data indicate that the donor cells
were successfully established.

Figure 2. The transfer of EVs between tumor cells and between tumor and normal cells. (A) Schematic of A549 coculture system. (B)
Confocal imaging analysis of fluorescent expression in donor A549 cells and recipient A549 cells (n= 3 in each group). Objective magnification:
20×. (C) Flow cytometry analysis of the tdTomato and GFP cells in coculture system (n= 4 in each group). (D) The percentage of GFP cells
following the flow cytometry analysis in C (n= 4 in each group). (E) Schematic of A549 cells incubated with A549 EVs. (F) Confocal imaging
analysis of fluorescent expression in recipient A549 cells treated with vehicle or EVs derived from D-A549 cells (n= 3 in each group). Objective
magnification: 20×. (G) Schematic of HBE cells incubated with A549 EVs and vice versa. EVs from donor A549 cells were incubated with
normal HBE cells; in another way, HBE cells were engineered into CRISPR-Cas9 donor cells and their EVs were incubated with A549 cells. (H)
Confocal imaging analysis of fluorescent expression in recipient HBE cells treated with vehicle or EVs from D-A549 cells (n= 3 in each group).
Objective magnification: 20×. (I) Confocal imaging analysis of fluorescent expression in recipient A549 cells treated with vehicle or EVs from
D-HBE cells (n= 3 in each group). Objective magnification: 20×. Abbreviation: EVs: extracellular vesicles; HBE: human bronchial epithelial cell.
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The Transfer of Tumor-Derived EVs In Vitro
Given the demonstration that cancer cells cooperate to facilitate
tumor growth, we investigated whether EVs can be transferred
between cancer cells. We generated the recipient A549
(R-A549) cells that expressed the stop-GFP element. D-A549
and R-A549 were cocultured for 4 days (Figure 2A).
Thereafter, the co-cultured cells were subjected to fluorescence
analysis using a confocal microscope. The result showed sub-
stantial expression of mCherry proteins, indicating the exis-
tence of donor cells (Figure 2B). As anticipated, GFP-marked
reporter cells appeared discernibly in the co-cultured cells, indi-
cating the uptake of donor cell-derived sgRNA:Cas9 by recip-
ient cells (Figure 2B). Additionally, flow cytometry analysis
confirmed the expression of GFP in recipient cells, showing a
significant color switch in coculture system (Figure 2C and
D). To investigate whether this bio-cargo transfer is mediated
via EVs, we directly incubated EVs isolated from D-A549
cells with R-A549 cells (Figure 2E). As anticipated, discernible
GFP signals could be detected in R-A549 cells, indicating an
EV-mediated communication between tumor cells
(Figure 2F). Next, we investigated whether this system could
indicate the EV-mediated communication between tumorous
and non-tumorous cells. HBE were selected as non-tumorous
cell model. As shown in Figure 2G, HBE cells were incubated
with EVs derived from D-A549 cells. Significant GFP signals
were detected in HBE cells, indicating that the tumor-derived
EVs could be internalized by normal cells (Figure 2H). To
investigate whether EVs derived from HBE cells can be taken
up by tumor cells, HBE cells were engineered into
CRISPR-Cas9 donor cells, and their EVs were incubated with
R-A549 cells (Figure 2G). The result showed that tumor cells
could also take up the EVs from normal cells (Figure 2I). In
summary, the EV-delivered CRISPR-Cas9 system combined
with a matched reporter system can be utilized to track EVs.
In addition, this system proves the EV-mediated communica-
tions between tumor cells, and between tumor cells and
normal cells.

The Study of EV Uptake in Living Mice Using
EV-Delivered CRISPR-Cas9 Components
Next, we investigated whether this system could be used to
study EV uptake in living mice. A mouse model that ubiqui-
tously expressed STOP-tdTomato was selected as the reporter
mouse (tdTomato reporter mouse). The STOP sequence from
the tdTomato reporter mouse consists of three repeated STOP
elements in a string, as shown in Supplementary Figure S3A.
To completely delete the STOP sequence, we devised two strat-
egies for sgRNA design: (1) sgRNA pair targeting the bilateral
flanks of the intact STOP sequence (tdsgRNAs3STOP)
(Supplementary Figure S2A) or (2) sgRNA pair targeting the
bilateral flanks of each single STOP element (tdsgRNAs1STOP)
(Supplementary Figure S2B). sgRNA pairs were synthesized
and cloned into vectors as described in Supplementary
Figure S1A to generate plasmids 4 and 5 (Supplementary

Figure S2E). A reporter cell harboring STOP-tdTomato ele-
ments was generated to assess the efficiency of sgRNA pairs
in vitro (Supplementary Figure S2C). PCR analysis showed
clear detection of the STOP-tdTomato sequence in the reporter
cells (Supplementary Figure S2D). The plasmids expressing
tdsgRNAs3STOP or tdsgRNAs1STOP were transfected into
tdTomato reporter cells (Supplementary Figure S2E).
Confocal imaging analysis showed a discernible fluorescent
signal of tdTomato in cells transfected with tdsgRNAs3STOP or
tdsgRNAs1STOP, indicating the successful deletion of STOP ele-
ments by both types of sgRNA design (Supplementary
Figure S2F and S2G). We observed a more significant fluores-
cent signal exhibited by the cells treated with tdsgRNAs3STOP

(Supplementary Figure S2H). Therefore, tdsgRNA3STOP pairs
were selected for further studies. Thereafter, to determine
whether these sgRNA pairs were effective in vivo, plasmid 4
was administered intravenously into mice (Supplementary
Figure S3A). Vehicle plasmids were administered as control.
After 24 h, the livers were collected to assess sgRNA efficiency
in vivo. As anticipated, the levels of Cas9 mRNA and sgRNA
pairs could be detected in the livers of mice injected with
both types of CRISPR-Cas9 vectors Supplementary
(Figure S3B and S3C), indicating the successful expression of
both plasmids in vivo. The confocal images revealed that the
livers of reporter mice exhibited significant expression of
tdTomato (Supplementary Figure S3D).

Thereafter, tdsgRNA3STOP pairs and Cas9 proteins were
loaded into EVs to investigate whether they could be used to
study the uptake of EVs in living mice. Donor cells were trans-
fected with plasmid 4 expressing tdsgRNAs3STOP and Cas9 pro-
teins (Figure 3A). Plasmids expressing CD63-GFP fused
proteins (plasmid 2) were co-transfected to boost the loading
of Cas9 proteins into EVs (Figure 3A). EVs were isolated
from the medium of cells transfected with vehicle or
CRISPR-Cas9 plasmids. Mice were injected with EVs for 5
times or 3 times, respectively. Mice that received 5 injections
of CRISPR-Cas9 EVs showed discernible tdTomato fluorescent
signals in the liver, while mice received 3 injections only
showed dim fluorescent signals in the liver (Figure 3B and
Supplementary Figure S3E). However, we could not observe
any expression of FP in other organs, such as the heart, lung,
kidney, and spleen (Figure 3C). This indicates EVs injected
through tail vein were primarily taken up by liver. Given that
contaminating transfection artifact may account for some
effects of EVs, the cells in liver might be illuminated by con-
taminating transfection plasmids not the EVs. To rule out
this, we performed a control experiment using a reporter
plasmid (GFP-expressing plasmid). Vehicle EVs isolated
from GFP plasmid-transfected cells and GFP plasmids were
injected into mice via tail vein respectively. We speculate
uncontaminated EVs cannot illuminate liver with GFP signal.
As anticipated, mice injected with GFP plasmids showed signif-
icant GFP signals in livers, whereas mice injected with EVs had
no GFP signals detected in livers (Supplementary Figure S3F).
This result indicates EVs are hardly contaminated with
plasmids. Next, we investigated if the system could track
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Figure 3. The study of EV uptake in living mice using EV-delivered CRISPR-Cas9 components. (A) Schematic of generating the EVs
loaded with tdsgRNAs3STOP and Cas9 proteins. (B) Confocal image analysis of tdTomato in livers of mice injected with vehicle EVs, or EVs
loaded with tdsgRNAs3STOP and Cas9 proteins (n= 5 for each group). Mice were received 5 injections (50 μg EV each time). Objective
magnification: 40×. (C). Confocal image analysis of tdTomato in hearts, lungs, kidneys, and spleens of mice injected with vehicle EVs, or EVs
loaded with tdsgRNAs3STOP and Cas9 proteins (n= 5 for each group). Mice were received 5 injections (50 μg EV each time). Objective
magnification: 20×. Abbreviations: EVs: extracellular vesicles; sgRNAs: single-guide RNAs.
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EVs administrated intraperitoneally. Unfortunately, we could
not observe any fluorescent signals in livers (Supplementary
Figure S3G), indicating that EVs injected intraperitoneally
are not efficiently taken up by liver. Taken together, these
results indicate an uptake of intravenously injected-EVs by
liver in vivo.

The Systemic Transfer of EVs Derived from Melanoma
Cells
Melanoma has a high metastatic and invasive ability.21 In light of
the functional implication of tumor EVs in initiating distant metas-
tasis by forming a pre-metastasis niche,12,13 we sought to

investigate whether melanoma-derived EVs can be taken up by
other organs in vivo. Themelanoma cell lineB16-F10was selected
and transduced with lentivirus expressing tdsgRNAs3STOP

and Cas9 proteins to generate donor cells (D-B16-F10)
(Supplementary Figure S4A). Considerable levels of Cas9 and
sgRNAs were detected in both D-B16-F10 cells (Supplementary
Figure S4B-S4D) and their EVs (Figure 4A and B). To investigate
EV transfer under natural pathological conditions, D-B16-F10
cells were subcutaneously implanted into mice (Figure 4C). PBS
was injected into mice as control. After 21 days, tissues, including
the brain and liver,were collected and sectioned.Confocal imaging
analysis showed that the fluorescent tdTomato signal could be
detected in the liver and brain (Figure 4D and E), indicating that
this system can study the uptake of naturally released EVs in

Figure 4. The investigation into systematic transfer of EVs derived frommelanoma cells. (A) Western blot analysis of Cas9 protein levels in
EVs derived from wild-type melanoma cells or donor melanoma cells (n= 3 in each group). (B) qRT-PCR analysis of sgRNA pair levels in EVs
derived from wild-type melanoma cells or donor melanoma cells (n= 3 in each group). (C) Schematic of melanoma xenograft implantation and
EV distribution analysis. (D-E) Confocal analysis of tdTomato in brains (D) and livers (E) of normal mice (PBS) or mice bearing melanoma
xenografts (n= 3 for each group). Objective magnification: 40×. Abbreviations: EVs: extracellular vesicles; sgRNAs: single-guide RNAs
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vivo.Notably, tdTomato signalswere onlydetected in the brain and
liver, although not in other tissues such as the heart, kidney, lung,
and spleen (Supplementary Figure S4E). Reportedly, integrins
determine the tropism of tumor-derived exosomes. Especially,
liver tropism of exosomes requires ITGβ5.13Western blot analysis
revealed that ITGβ5 was abundantly expressed in B16 EVs
(SupplementaryFigureS4F).This result indicates the liver-specific
transfer of B16 EVsmay be alsomediated by ITGβ5. These results
indicate that melanoma-derived EVs are primarily taken up by the
liver and brain, suggesting the target preference of tumor-derived
EVs.

Discussion
The tactic of obtaining direct evidence of EV uptake is chal-
lenging. This study devised an EV tracking system using
CRISPR-Cas9 delivered by EVs and visualized the uptake
and tissue distribution of EVs in vitro and in vivo.

Chemical fluorescent dyes have been utilized to track EVs,
including lipophilic dyes (such as DiR, DiD, and DiI,3) PKH26,
Cy7, and luminagen (DPA-SCP).22 Although this strategy can be
conveniently performed, it can only trace artificially administered
EVs, although not the ones naturally released in vivo. Therefore,
generating a parent cell expressing a reporter protein provides
another strategy for studying EV release and uptake in vivo.23

However, thismethod cannot be easily used for studying EV trans-
fer amongcloselycontactedcellsbecause theparent cells and recip-
ient cells that have taken upEVs exhibit undistinguishable reporter
signals. Therefore, bio-cargoes loaded in EVs combined with a
matched report system are used as a more promising tool to track
EVs in vivo. One of the prominent designs is an EV tracking
systembasedon theCre-LoxPsystem.24Donor cell-derivedexoso-
mal Cre can be taken up into recipient cells and induce a color
switch from DsRed to GFP in recipient cells.

Inspiredbyour previous study,we speculate thatCRISPR-Cas9
in EVsmay serve as a more efficient tool for studying EV transfer.
By co-transfecting plasmids that expressed CD63-mCherry
protein, Cas9 fused with mCherry Nb could be selectively caught
and packaged into EVs rather than a random release, ensuring suf-
ficient loading of CRISPR-Cas9 elements for tracking analysis.16

In parallel, we optimized the sgRNA design and expression to
delete the STOP sequence in recipient cells efficiently.
Introducing concomitant DSBs using a pair of sgRNAs can
cause genomic deletions.17,25,26 The target interval of sgRNA
pairs can range from approximately a hundred bases to mega-
bases.26,27 This study found that sgRNA pairs distant from each
other could cause a more efficient deletion of the genome in recip-
ient cells. Additionally, to more practically express sgRNA pairs,
we engineered a single plasmid to simultaneously express Cas9
and sgRNAs transcribed by tandem U6 promoters. These will
ensure the functionality and sensitivity of the tracking system.

There is a caveat in the method of tracking EV administrated
through tail vein (Figure 3).KevinDooley et al. have demonstrated
that transient DNA-transfection reagent (such as plasmids) cannot
be separated fromcrudeEVpreparation using differential ultracen-
trifugation, even after a serial of media changes or nuclease

treatment.28 This raises the concern that the contaminated plasmids
in EVs preparation may account for the expression of fluorescent
signal in liver of mice received EVs injection. To rule out this,
we performed a control experiment, in which we show that mice
injected with EVs isolated from GFP plasmid-transfected cells
have noGFP signal in liver, while direct injection ofGFP plasmids
causes significant GFP in liver (Supplementary Figure S3F). This
somehow negates the concern that contaminated plasmids transfer
at a functional level but cannot preclude the possibility that plasmid
transfer is occurring. Therefore, to more precisely evaluate the EV
function, EVs should be purified using density gradient centrifuga-
tion, such as discontinuous iodixanol gradient centrifugation.28

Usinga stable transduction cell line is maybe another way to pre-
clude plasmid contamination in EVs pellets. In Figure 2 and
Figure 4, EVs were isolated from donor cells that can stably
express CRISPR-Cas9. These results demonstrate that fluorescent
signals reflect the transfer of EVs, and our system can be used to
track EV transfer in vivo and in vitro.

Melanoma brain metastases and melanoma liver metastases
are responsible for the high mortality of melanoma.29,30 EVs
released by melanoma xenografts can be transferred to the liver
and brain, resembling the manifestation of melanoma metastasis.
Tumor cell-derived EVs have been demonstrated to facilitate
metastasis. The bio-information contained in EVs can rewire a
permissive microenvironment for metastasis.12,31 Thus, our data
prompted us to speculate that the organ preference of melanoma
EVs may be associated with its organotrope metastasis.

Even though we tracked the transfer of natural released EVs
from tumor cells, this EV-tracking system is still not able to
unveil the transfer of EVs naturally released by normal organs. It
needs engineered donor organs/tissues, also its utilization is associ-
ated with a match reporter system. Therefore, to extend the use of
this system into tracking EVs released from normal organs, a more
complicated reporter mouse model, in which Cas9 protein and
sgRNA are expressed in the organs of interest, are needed.
Nevertheless, this EV-tracking system still serves as an alternative
tactic to facilitate the study of cancer-derived EVs and provide
insight into the roles of EVs in tumorigenesis. In addition, this
method also can be a laboratory tool to assess the ability and orga-
notropism of metastasis of cancer, guiding clinical intervention.

Conclusion
We devise an EV-tracking system using CRISPR-Cas9 system.
EV-delivered Cas9 proteins and sgRNAs can be taken up by
recipient cells, in which they rescue the expression of FPs.
Thus, the fluorescently illuminated cells indicate the uptake of
EVs. Using this system, we show the transfer of EVs between
lung cancer A549 cells, and between A549 and normal bronchial
epithelial cells. Additionally, we reveal that uptake of EVs admin-
istrated through intravenously injection. Furthermore, we success-
fully observed the transfer of naturally released melanoma EVs
and the tissue tropism transfer of these EVs. Given the high
advantages of CRISPR-Cas9 system, hopefully this system has
a high sensitivity and accuracy for EV-tracking. This strategy
can facilitate the study regarding release and transfer of cancer
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EVs but is not yet to be utilized for tracking the EVs released from
normal organs. More technological improvements are needed for
further utilization of this EV-tracking strategy.
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