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Abstract  33 

 34 

Osteosarcoma (OS) is a highly aggressive pediatric cancer, characterized by frequent lung metastasis 35 

and pathologic bone destruction. Vascular endothelial growth factor A (VEGFA), highly expressed in OS, 36 

not only contributes to angiogenesis within the tumor microenvironment via paracrine stimulation of 37 

vascular endothelial cells, but also acts as an autocrine survival factor for tumor cell themselves, thus 38 

making it a promising therapeutic target for OS. CRISPR/Cas9 is a versatile genome editing technology 39 

and holds tremendous promise for cancer treatment. However, a major bottleneck to achieve the 40 

therapeutic potential of the CRISPR/Cas9 is the lack of in vivo tumor-targeted delivery systems. Here, 41 

we screened an OS cell-specific aptamer (LC09) and developed a LC09-functionalized 42 

PEG-PEI-Cholesterol (PPC) lipopolymer encapsulating CRISPR/Cas9 plasmids encoding VEGFA 43 

gRNA and Cas9. Our results demonstrated that LC09 facilitated selective distribution of CRISPR/Cas9 44 

in both orthotopic OS and lung metastasis, leading to effective VEGFA genome editing in tumor, 45 

decreased VEGFA expression and secretion, inhibited orthotopic OS malignancy and lung metastasis, 46 

as well as reduced angiogenesis and bone lesion with no detectable toxicity. The delivery system 47 

simultaneously restrained autocrine and paracrine VEGFA signaling in tumor cells and could facilitate 48 

translating CRISPR-Cas9 into clinical cancer treatment.  49 

 50 

 51 

 52 

Keywords: osteosarcoma; CRISPR/Cas9; VEGFA; aptamer; in vivo delivery 53 

 54 

Running title: Aptamer-based CRISPR/Cas9 delivery for cancer therapy   55 
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1. Introduction  56 

 57 

Osteosarcoma (OS) is a highly vascular and extremely destructive malignancy in children and 58 

adolescence [1, 2]. The frequently occurred complications are distant metastasis (25-30%) [3] and 59 

pathologic fracture caused by bone destruction [4]. Lung is the most common metastatic site of OS [5]. 60 

Conventional treatment for OS is surgery in combination with chemotherapy [1, 6]. However, the 61 

prognosis for OS patients who present with metastasis is significant worse [7, 8]. Thus, it is urgent to 62 

develop novel treatment approaches for these patients. 63 

 64 

Vascular endothelial growth factor A (VEGFA) is a classic angiogenic factor, which facilitates endothelial 65 

cell activation and new vessel formation [9]. Nevertheless, emerging evidence suggests that the function 66 

of VEGF is not limited to angiogenesis in tumor development [10]. In response to hypoxia, tumor cells 67 

produce and release VEGFA into tumor microenvironment [11]. On one hand, paracrine VEGFA from 68 

tumor cells stimulates endothelial cell-mediated angiogenesis to deliver oxygen and nutrients [12]. On 69 

the other hand, VEGFA also acts as an autocrine survival factor for tumor cell themselves [12]. Currently, 70 

it has been reported that VEGFA is highly expressed in OS cells and strongly associated with the poor 71 

prognosis of the patients [13]. Inhibition of VEGFA signaling suppressed OS growth, metastasis and 72 

angiogenesis [14-16], suggesting that VEGFA could be a novel therapeutic target for OS. 73 

 74 

Clustered regularly interspaced short palindromic repeat (CRISPR)-associated Cas9 nuclease 75 

(CRISPR/Cas9) is a raising genome editing technology [17]. It is powered by the ease design of the 76 

guide RNAs (gRNAs) that direct Cas9 to the desired DNA locus for DNA cleavage [18]. Because of the 77 

high specificity and efficiency, CRISPR/Cas9 technology holds tremendous promise for cancer treatment 78 

[18-21]. However, a major bottleneck to achieve the therapeutic potential of the CRISPR/Cas9 is the lack 79 

of in vivo targeted delivery systems [22]. Aptamers, selected by cell-based systematic evolution of 80 

ligands by exponential enrichment (cell-SELEX), are single-stranded DNA (ssDNA) or RNA 81 

oligonucleotides [23]. They could specifically recognize target cells and have been widely used for in 82 

vivo targeted delivery of therapeutics, such as chemotherapy drugs and small interfering RNAs [24]. 83 

PEG–PEI–CHOL (PPC) lipopolymer, composed of polyethylenimine (PEI), methoxypolyethyleneglycol 84 

(PEG) and cholesterol (CHOL) which are covalent bound, has revealed its advantages in gene delivery 85 

such as large capacity and flexibility for sophisticated modifications [25-27]. In addition, PPC lipopolymer 86 

exhibits excellent safety on a phase II trial [28]. Thus, we hypothesized that an OS cell-specific aptamer 87 

could facilitate in vivo tumor-selective delivery of CRISPR/Cas9 encoding VEGFA gRNA and Cas9, 88 

leading to effective genome editing of VEGFA and inhibition of OS malignancy.  89 

 90 

In this work, we screened an OS cell-specific aptamer (LC09) and constructed CRISPR/Cas9 plasmids 91 

encoding VEGFA gRNA and Cas9. Then, we encapsulated the CRISPR/Cas9 plasmids into 92 

PEG-PEI-Cholesterol (PPC) lipopolymer [29], which is a non-virus plasmid carrier under clinical trial [28], 93 

and conjugated the LC09 aptamer to PPC. We found that LC09 achieved tumor-specific delivery of 94 

CRISPR/Cas9 and facilitated VEGFA genome editing and inhibition of orthotopic OS growth, lung 95 
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metastasis, angiogenesis and bone lesion with no detectable toxicity in a syngeneic orthotopic OS 96 

mouse model. This demonstrates a novel CRISPR/Cas9-based genome editing approach for treatment 97 

of OS. 98 

  99 
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2. Materials and Methods 100 

 101 

2.1. Cell culture 102 

Mouse OS cell line K7M2 (ATCC) was cultured in Dulbecco's modified Eagle's medium (DMEM, ATCC) 103 

supplemented with 10% fetal bovine serum (FBS) and 100 units ml-1 penicilin-streptomycin. Mouse 104 

normal hepatocytes (AML12, ATCC) was cultured in a 1:1 mixture of DMEM and Ham’s F12 medium 105 

supplemented with 0.005 mg ml-1 insulin, 0.005 mg ml-1 transferrin, 5 ng ml-1 selenium, and 40 ng ml-1 
106 

dexamethasone, as well as 10% FBS and 100 units ml-1 penicilin-streptomycin. Human osteosarcoma 107 

cell line Saos2 (ATCC) was cultured in McCoy's 5a medium (ATCC) supplemented with 15% FBS and 108 

100 units ml-1 penicilin-streptomycin. Human liver cell line THLE-3 (ATCC) were cultured in BEGM 109 

(Lonza/Clonetics Corporation) supplemented with 5 ng ml-1 EGF, 70 ng ml-1 phosphoethanolamine and 110 

10% FBS. Mouse and human PBMCs were obtained by density gradient separation with Ficoll-Paque 111 

PREMIUM (GE Healthcare Life Science) [30]. Mouse OS cell line K12 (CellBio, Shanghai) was cultured 112 

in DMEM supplemented with 10% FBS and 100 units ml-1 penicilin-streptomycin. Mouse primary 113 

endothelial cells were purchased from Cell Biologics and cultured in Cell Biologics’ growth medium and 114 

tested for expression of markers using antibodies for VE-cadherin (CD144, Santa Cruz) [31] or 115 

CD31/PECAM-1 (BD Biosciences) [32] by immunofluorescence staining or fluorescence-activated cell 116 

sorting (FACS). Human breast cancer cell line MBA-MD-231 (ATCC) was cultured in ATCC-formulated 117 

Leibovitz's L-15 medium supplemented with 10% FBS and 100 units ml-1 penicilin-streptomycin. All the 118 

above cells were negative for bacteria, yeast, fungi and mycoplasma.  119 

 120 

2.2. Synthesis of library, primers and aptamers 121 

The ssDNA library contained 30 random nucleotides flanked by fixed regions 122 

5’-GCAATGGTACGGTACTTCC-30nt-CAAAAGTGCACGCTACTTTGCTAA-3’. A forward primer 123 

(5’-GCAATGGTACGGTACTTCC-3’) and a reverse primer (5’-TTAGCAAAGTAGCGTGCACTTTTG-3’ 124 

were used in the PCR reaction for synthesis of double-stranded DNA (dsDNA) with equal length. The 125 

forward primer (5’-GCAATGGTACGGTACTTCC-3’) and another reverse primer with a GC-rich reverse 126 

repeated sequence (underlined) at 5’ terminus 127 

(5’-GCTAAGCGGGTGGGACTTCCTAGTCCCACCCGCTTAGCAAAGTAGCGTGCACTTTTG-3’) were 128 

used in the PCR reaction to generate ssDNA with unequal length strand [33]. The library, primers, 129 

aptamers and Rd sequence 130 

(TCCTAGTCGAACGCTGGCTACTTAGCCATGGAACCTATTACCGTTCGAA) with or without FAM were 131 

synthesized in Sangon Co Ltd, Shanghai, China.  132 

 133 

2.3. Generation of ssDNA with unequal length strand 134 

Using the above forward primer (5’-GCAATGGTACGGTACTTCC-3’) and reverse primer with a GC-rich 135 

reverse repeated sequence (underlined) at 5’ terminus 136 

(5’-GCTAAGCGGGTGGGACTTCCTAGTCCCACCCGCTTAGCAAAGTAGCGTGCACTTTTG-3’) [34], 137 

PCR reaction was conducted in a 100 µl mixture containing 10 µl PCR buffer (10 ×), 0.2 mM dNTPs, 0.5 138 

µM each primer, 10 nM template and 2.5 U of Taq DNA polymerase (Takara). Thirty rounds of 139 
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amplification were performed at 95 °C for 60 s, 37 °C for 30 s, and 58 °C for 40 s, followed by 5 min 140 

extension at 58 °C. ssDNA with unequal length was i solated from PCR products by electrophoresis in a 141 

10% polyacrylamide-7M urea gel and the lower band of interest was purified from the gel for the next 142 

round of selection [34].  143 

 144 

2.4. Cell-SELEX 145 

The synthetic ssDNA library (1500 pmol for initial round; 400 pmol for subsequent rounds) dissolved in 146 

400 µl binding buffer [PBS with 0.1 mg ml–1 yeast tRNA (Sigma), 0.1 mg ml–1 salmon sperm DNA 147 

(Invitrogen) and 1.0 mM MgCl2 (Sigma)] was denatured by heating at 95 °C for 5 m in and then cooled on 148 

ice for 10 min. The denatured library was incubated with 1–2 × 106 target cells at 37 °C for 0.5-1 h (1 h 149 

for the first 6 cycles and 0.5 h for the left cycles). The cells were centrifuged and then washed with 150 

washing buffer [PBS with 1.0 mM MgCl2 (Sigma)]. The cell-bound ssDNA was eluted by heating at 95 °C 151 

for 5 min and used as template for unequal length strand PCR reaction to generate the desired ssDNA. 152 

The negative selection was introduced from the second round of cell-SELEX. The enriched ssDNA pool 153 

was incubated with negative cells at 37 °C for 1 h.  After centrifugation, the supernatant with cell-unbound 154 

ssDNA was desalted and amplified by unequal length strand PCR. After multiple rounds of selection, the 155 

final enriched ssDNA pool was PCR-amplified for the synthesis of dsDNA with equal length and cloned 156 

into pMD-18T vector (Takara) [35]. Cloned sequences were determined in Sangon Co Ltd, Shanghai, 157 

China. Secondary structures of aptamers were predicted by RNAstructure 5.6 software. Truncation was 158 

performed to remove the non-critical bases in fixed regions of each sequence based on the predicted 159 

secondary structures [33, 34].  160 

 161 

2.5. Binding assay in cell-SELEX 162 

FAM-labeled ssDNA library, enriched pools or aptamer candidates at the indicated concentrations were 163 

incubated with 2×105 cells in 400 µl binding buffer at 37 °C for 1 h. A fter washing, the cells were 164 

re-suspended in 400 µl binding buffer. The mean fluorescence intensity was determined with a FACScan 165 

cytometer (BD Immunocytometry Systems) by counting 20,000 events. The equilibrium dissociation 166 

constants (Kd) of the aptamer-cell interactions were calculated by the equation Y = BmaxX/(Kd + X) [36].  167 

 168 

2.6. Construction of CRISPR/Cas9 plasmids 169 

Guide sequence oligos of 6 candidate gRNAs (Supplementary Table 2) targeting VEGFA were from 170 

GeCKOv2 libraries [37] and cloned into PX458 plasmids encoding Cas9 and gRNA scaffold. Non-sense 171 

gRNA (target sequence: GAACAGTCGCGTTTGCGACT) was designed to have low homology to the 172 

human or murine genome and used as negative control [38]. Briefly, two complementary 173 

oligonucleotides with the guide oligos were annealed to generate dsDNA with overhangs on both ends 174 

and ligated to the BbsI pre-digested PX458 plasmids for generation of CRISPR/Cas9 plasmids. A G-C 175 

base pair was added at the 5’ end of the guide sequence for U6 transcription, which did not adversely 176 

affect targeting efficiency. PX458 plasmids also contained markers including EGFP and an ampicillin 177 

resistance gene to aid the selection of the optimal gRNA [39].  178 

 179 
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2.7. Selection of the optimal VEGFA gRNA 180 

K7M2 cells were seeded in 6-well plates, 25 cm2 flasks or Nunc glass bottom dishes at appropriate 181 

densities and incubated overnight until 70%–80% confluence in DMEM supplemented with 10% FBS at 182 

37°C. The cells were transfected with different CRI SPR/Cas9 plasmids in FBS-free DMEM using 183 

Lipofectamine 3000. After 8 h, the transfection medium was replaced with fresh DMEM supplemented 184 

with 10% FBS and the cells were cultured for an additional 48 h. To select the optimal VEGFA gRNA, 185 

Cas9 and EGFP expression was determined by western blotting and confocal imaging, respectively. 186 

Indels was examined by Surveyor assay [40] and confirmed by sequencing analysis [39]. Levels of 187 

VEGFA in both cell lysates and supernatants were tested by ELISA. Off-target sites were predicted by 188 

online CRISPR design tool (http://crispr.mit.edu/) and indels for the off-target sites were determined by 189 

Surveyor assay.  190 

 191 

2.8. Technological process of LC09-PPC-CRISPR/Cas9  192 

(1) Synthesis of LC09-PEG2000-DSPE [36]: 3’ thiol- and 2’-O-methyl-modified LC09 was activated in 193 

100 mM Tris-(2-carboxyethyl) phosphine (TCEP) solution at 4 °C for 30 min, while lipids of 194 

DSPE-PEG2000-Mal were dissolved in chloroform, dried into a thin film and hydrated with 20 mM 195 

HEPES buffer (pH 6.5). Then, the freshly prepared LC09 was added to DSPE-PEG2000-Mal solution at 196 

an aptamer/lipid molar ratio of 1: 5. The coupling reaction was performed overnight at 4 °C with gentl e 197 

stirring. Purification was performed by ultracentrifugation (10,000 g, 15 °C, 15 min) in centrifugal f ilter 198 

tubes (MWCO 10,000). (2) Synthesis of PEG-PEI-Cholesterol (PPC)-CRISPR/Cas9 [41]: The PPC was 199 

prepared by combining branched polyethylenimine (BPEI, MW 1800) with cholesteryl chloroformate and 200 

activated methoxypolyethyleneglycol (MPEG-SPA, methoxypolyethyleneglycol-propionic acid 201 

N-hydroxysuccinimidyl ester, MPEG MW 550, ester MW 719). The BPEI was dissolved into dry 202 

chloroform. The solution containing cholesteryl chloroformate and mPEG550-SPA in dry chloroform was 203 

added dropwise to the freshly dissolved BPEI solution with stirring over 20-30 min, followed by a 3-4 h 204 

incubation period. The molar ratio of PEI/PEG/Cholesterol is 1: 2: 1. The mixture was then placed under 205 

vacuum to concentrate the solution and remove the residual chloroform. The resulting PPC complex was 206 

dissolved in 1 M aqueous HCl. Then the PPC hydrochloride solution was again concentrated under 207 

vacuum, yielding a highly viscous material. To isolate the PPC hydrochloride and remove unreacted 208 

starting materials from products, the concentrated mixture was mixed with acetone (< 0.4% water) and 209 

stirred leading to PPC hydrochloride precipitation as a free-flowing material. Following precipitation, the 210 

supernatant liquid was discarded. The washing step was repeated to ensure complete removal of 211 

residual reaction. PPC-CRISPR/Cas9 complexes were generated by firstly preparing PPC and 212 

CRISPR-Cas9 plasmids at appropriate concentrations in 10% lactose respectively. The plasmids 213 

solution was then added dropwise with stirring to the PPC solution at the nitrogen of PPC/phosphate of 214 

plasmids (N/P) molar ratio of 11: 1 and incubated for 15 min at room temperature to form the complexes. 215 

The PPC-CRISPR/Cas9 complexes were purified by size exclusion chromatography on a Sepharose 216 

CL-4B column using HBS (pH 7.4) as the running buffer to remove free plasmids, and chemical reagents 217 

[22]. (3) Insertion of aptamer into the surface of PPC-CRISPR/Cas9 and purification: 218 

LC09-PEG2000-DSPE was added to the PPC-CRISPR/Cas9 suspension and incubated in a water bath 219 
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at 37 °C overnight. Then, LC09-PPC-CRISPR/Cas9 was purified by size exclusion chromatography on a 220 

Sepharose CL-4B column, using HBS (pH 7.4) as a running buffer to remove unconjugated micelles and 221 

chemical reagents [36].  222 

 223 

2.9 In vitro characterization of LC09-PPC-CRISPR/Cas9 224 

(1) Encapsulation efficiency: The encapsulation efficiency of CRISPR/Cas9 plasmids was calculated 225 

according to the formula: (Atotal - Afree) / Atotal × 100%. Atotal means the amount of the CRISPR/Cas9 226 

plasmids added into PPC solution. Afree means the amount of free CRISPR/Cas9 plasmids in running 227 

buffer after purification of PPC-CRISPR/Cas9 by Sepharose CL-4B column. The amount of plasmids 228 

was determined by UV-Vis spectrophotometer (NanoDrop 2000; Thermo Scientific) [42]. (2) Loading 229 

efficiency of aptamers: To determine the loading efficiency of LC09, LC09 was labeled with Cy5 at 5’ 230 

terminus and used for synthesis of LC09-PEG2000-DSPE. After addition of LC09-PEG2000-DSPE to 231 

the PPC-CRISPR/Cas9 suspension, fluorescence intensity in the mixture was determined by a 232 

microplate reader (Bioscan, Washington, DC) and expressed as Ftotal. LC09-PPC-CRISPR/Cas9 was 233 

purified by size exclusion chromatography and running buffer was collected for concentration. 234 

Fluorescence intensity in running buffer with unconjugated LC09-PEG2000-DSPE was determined and 235 

expressed as Ffree. The loading efficiency of LC09 was calculated by the formula: (Ftotal - Ffree) / Ftotal × 236 

100% [36]. (3) Particle size and zeta potential: The hydrodynamic diameters and zeta potentials of 237 

LC09-PPC-CRISPR/Cas9 were measured by laser light scattering using a DelsaTM Nano HC Particle 238 

Analyzer (Beckman Coulter Corporation, USA) at 25 °C following dilution with distilled water [36]. (4) The 239 

morphology of LC09-PPC-CRISPR/Cas9: The morphology was observed by Cryo-transmission electron 240 

microscopy (cryo-TEM). 10 µl LC09-PPC-CRISPR/Cas9 suspension was placed on a copper grid 241 

covered by a holey carbon film. Excess sample was blotted with filter paper, and the grid was rapidly 242 

plunged into liquid ethane (cooled to approximately -180°C with liquid nitrogen) in a cryo-box (Carl Z eiss 243 

NTS GmbH, D-Oberkochen). The frozen specimen was then transferred via a cryo-transfer unit (Gatan 244 

626-DH) to a transmission electron microscope (FEI/Philips Tecnai 12 Bio TWIN) with a pre-cooled 245 

cryo-specimen holder [36]. (5) Serum stability: Serum stability of 3’ thiol- and 2’-O-methyl-modified LC09 246 

and CRISPR/Cas9 plasmids encapsulated in PPC were assessed by electrophoresis at 0, 2, 4, 6, 12, 247 

and 24 h. Briefly, 3’ thiol- and 2’-O-methyl-modified LC09 and PPC-CRISPR/Cas9 were incubated with 248 

50% FBS at 37°C. After 0, 2, 4, 6, 12 and 24 h, PPC -CRISPR/Cas9 sample was treated with dextran 249 

sulfate for decomplexation. 3’ thiol- and 2’-O-methyl-modified LC09 sample and PPC-CRISPR/Cas9 250 

sample with decomplexation were loaded onto 2% agarose gels for electrophoresis. The free LC09 251 

aptamer and CRISPR/Cas9 plasmids served as negative controls [36].  252 

 253 

2.10. Cellular uptake of different CRISPR/Cas9 formulations 254 

OS cells were seeded in 6-well plates at appropriate densities and cultured overnight until 70%–80% 255 

confluence in DMEM supplemented with 10% FBS at 37 °C. The cells were incubated with different 256 

Cy5-labeled CRISPR/Cas9 formulations in FBS-free DMEM including PPC-CRISPR/Cas9, 257 

Rd-PPC-CRISPR/Cas9, LC09-PPC-CRISPR/Cas9 and Lipo 3000-CRISPR/Cas9, respectively. After 8 h, 258 

the cells were washed and re-suspended in 400 µl PBS. Fluorescence was determined with a FACScan 259 
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cytometer (BD Immunocytometry Systems) by counting 20,000 events. OS cells without any incubation 260 

were performed as a blank control to measure background signals, which were subtracted from the final 261 

calculations [36].  262 

 263 

2.11. In vitro treatment of OS cells with different CRISPR/Cas9 formulations  264 

OS cells were seeded in 6-well plates, 96-well plates, 25 cm2 flasks or Nunc glass bottom dishes 265 

(Thermo Fisher Scientific) at appropriate densities and cultured overnight until 70%–80% confluence in 266 

DMEM supplemented with 10% FBS at 37°C. The cells w ere incubated with vehicle (PBS) or different 267 

CRISPR/Cas9 formulations in FBS-free medium. After 8 h, the medium was replaced with fresh medium 268 

supplemented with 10% FBS and the cells were continuously cultured to determine CRISPR/Cas9 269 

expression, genome editing, cell viability, migration and invasion. 270 

 271 

2.12. Preparation of conditioned medium from OS cells 272 

OS cells were seeded in 75 cm2 flasks at appropriate densities and incubated overnight until 70%–80% 273 

confluence in medium supplemented with 10% FBS at 37 °C. The cells were incubated with vehicle 274 

(PBS) or different CRISPR/Cas9 formulations in FBS-free medium including PPC-CRISPR/Cas9, 275 

Rd-PPC-CRISPR/Cas9, LC09-PPC-CRISPR/Cas9 and LC09-PPC-CRISPR/Cas9 Ctrl, respectively. 276 

After 8 h, the medium was replaced with fresh medium supplemented with 10% FBS and the cells were 277 

cultured for an additional 48 h. Then, the conditioned medium was collected for culturing mouse primary 278 

endothelial cells or aortic ring assay.  279 

 280 

2.13. Transwell invasion assay in vitro 281 

Invasion assays were performed using 24-Multiwell Insert System (Corning BioCoatTM Matrigel Invasion 282 

Chamber with 8.0 µm PET membrane) as described in the manufacturer’s protocol. For invasion of OS 283 

cells treated with vehicle (PBS) or different CRISPR/Cas9 formulations, the cells were transferred on the 284 

top of Matrigel-coated invasion chambers and cultured with DMEM supplemented with 1% FBS for 48 h. 285 

DMEM supplemented with 10% FBS was added to the lower chambers. For invasion of primary 286 

endothelial cells, the cells were incubated with conditioned medium from OS cells on the top of 287 

Matrigel-coated invasion chambers for 48 h. Endothelial cell growth medium was added to the lower 288 

chambers. Invaded cells on the lower surface of Matrigel-coated invasion chambers were stained with 289 

crystal violet stain and observed under a light microscope [43].  290 

 291 

2.14. Western blotting 292 

Whole proteins were extracted from OS cell lysates, OS cell supernatants, OS tissues, livers and lung 293 

metastatic sites and the protein concentrations were determined by protein assay reagent (Bio-Rad). 294 

Subsequently, the total proteins (40 µg per well) were separated with 10% SDS-PAGE and transferred to 295 

polyvinylidene difluoride membranes (Millipore). After blocked 1 h with 5% milk in Tris-buffered saline 296 

and Tween 20 (TBST; 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.5% Tween 20), the membranes 297 

were incubated with anti-Cas9 polyclonal antibody (Abcam) or anti-β-actin monoclonal antibody (Santa 298 

Cruz Biotechnology) at 4 °C overnight. After washed  three times with TBST, the membranes were 299 
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incubated with horseradish peroxidase (HRP)-labeled secondary antibody (Invitrogen) for 1 h at room 300 

temperature. Finally, the membranes were washed three times with TBST and then detected with 301 

enhanced chemiluminescence reagents (Pierce) and visualized with ChemiDoc™ Touch Imaging 302 

System (Bio-Rad Laboratories).  303 

 304 

2.15. Wound healing assay 305 

For migration of OS cells treated with vehicle (PBS) or different CRISPR/Cas9 formulations, a wound 306 

area was carefully created by scraping the cell monolayer with a sterile 10 µl pipette tip. After being 307 

washed three times with PBS, scratches were photographed as the baseline. Subsequently, the cells 308 

were cultured in DMEM supplemented with 10% FBS for another 48 h. For migration of endothelial cells, 309 

the cells were seeded in 6-well plates at appropriate densities and cultured overnight until 70%–80% 310 

confluence in endothelial cell growth medium at 37 °C. A wound area was carefully created by scraping 311 

the cell monolayer with a sterile 10 µl pipette tip. After being washed three times with PBS, scratches 312 

were photographed as the baseline. Then, the endothelial cell growth medium was changed to 313 

conditioned medium from OS cells and cultured for another 18 h. The width of the wound area was 314 

monitored with an inverted microscope [43].  315 

 316 

2.16. CCK-8 assay 317 

Cell viability of OS cells and proliferation of endothelial cells were examined by the CCK-8 (Beyotime 318 

Inst Biotech) according to manufacturer’s instructions. For OS cells, 5 × 103 cells per well were seeded 319 

in 96-well plates and cultured for 24 h. Then, the cells were treated with vehicle (PBS) or different 320 

CRISPR/Cas9 formulations. For endothelial cells, 5 × 103 cells per well were seeded in 96-well plates 321 

and cultured for 24 h. Then, the cells were treated with different conditioned medium from OS cells. After 322 

48 h, 10 µl WST-8 dye was added to each well and the cells were incubated at 37 °C for 3 h and the 323 

absorbance was determined at 450 nm using a microplate reader [44].  324 

 325 

2.17. Surveyor assay  326 

OS cells were treated with different CRISPR/Cas9 as described above. Cells were incubated at 37 ºC for 327 

48 h post treatment before genomic DNA extraction. Genomic DNA was extracted using the 328 

QuickExtract DNA extraction kit (Epicentre) following the manufacturer’s protocol. Briefly, cells were 329 

resuspended in QuickExtract solution and incubated at 65 ºC for 15 min and 98 ºC for 10 min. Genomic 330 

region surrounding the CRISPR target site for each gene was PCR amplified using the primers in 331 

Supplementary Table 6 and products were purified using QiaQuick Spin Column (Qiagen) following 332 

manufacturer’s protocol. A total of 400 ng purified PCR products were mixed with 2 µl 10 × Taq 333 

polymerase PCR buffer (Enzymatics) and ultrapure water to a final volume of 20 µl and subjected to a 334 

re-annealing process to enable heteroduplex formation: 95 ºC for 10 min, 95 ºC to 85 ºC ramping at -2 335 

ºC/s, 85 ºC to 25 ºC (at -0.25 ºC/s) and 25 ºC hold for 1 min. After reannealing, products were treated 336 

with Surveyor nuclease and Surveyor Enhancer S (Transgenomics) following the manufacturer’s 337 

recommended protocol, and analyzed on 4-20% Novex TBE poly-acrylamide gels (Life Technologies). 338 

Gels were stained with SYBR Gold DNA stain (Life Technologies) for 30 min and imaged with a Gel Doc 339 
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gel imaging system (Biorad). Quantification was based on relative band intensities. Indel percentage 340 

was determined by the formula, 100×(1−(1−(b+c)/(a+b+c))1/2), where a is the integrated intensity of the 341 

undigested PCR product, and b and c are the integrated intensities of each cleavage product [45]. 342 

 343 

2.18. Labeling of CRISPR/Cas9 plasmids with Cy5 344 

CRISPR/Cas9 plasmids were labeled with Cy5 using the Label IT® Tracker™ intracellular nucleic acid 345 

localization kit (Mirus Bio LLC) according to manufacturer’s instructions. Briefly, the Label IT® Tracker™ 346 

Reagent and Tracker Reconstitution Solution were warmed to room temperature. The Label IT® 347 

Tracker™ Reagent were centrifuged to collect the dried pellet and added into 50 µl pre-warmed Tracker 348 

Reconstitution Solution. Plasmid labeling reaction components including 37.5 µl DNase-, RNase-free 349 

(molecular biology-grade) water, 5 µl 10 × Labeling Buffer A, 5 µl 1 mg/ml nucleic acid sample and 2.5 µl 350 

Label IT® Reagent were incubated at 37°C for 1 h. L abeled plasmids were purified using ethanol 351 

precipitation and stored at -20°C, protected from l ight [46]. 352 

 353 

2.19. Confocal imaging for endocytosis pathways 354 

K7M2 cells were seeded in Nunc glass bottom dishes (Thermo Fisher Scientific) at appropriate densities 355 

and cultured overnight until 50% confluence in DMEM supplemented with 10% FBS at 37 °C. The cells 356 

were incubated with different CRISPR/Cas9 formulations in FBS-free DMEM for 4 h. Alexa Fluor 357 

448-labeled endocytic markers (250 ug ml-1 dextran, 10 ug ml-1 choleratoxin-B or 50 ug ml-1 transferrin) 358 

were added during the final 30 min of the incubation. The cells were washed and counterstained with 1 359 

ug ml-1 Hoechst 33342 (Thermo Fisher Scientific) and analyzed by confocal microscopy [36].  360 

 361 

2.20. Chemical inhibition of endocytosis pathways 362 

K7M2 cells were seeded in 25 cm2 at appropriate densities and cultured overnight until 70-80% 363 

confluence in DMEM supplemented with 10% FBS at 37 °C. Then chemical inhibitors of 364 

macropinocytosis (EIPA or cytochalasin D) or inhibitors of caveolae-mediated endocytosis (dynasore or 365 

chlorpromazine) were pre-incubated with K7M2 cells at 37 °C for 0.5 h before the addition of 366 

LC09-PPC-CRISPR/Cas9 plasmids. After 4 h, the cells were washed twice and re-suspended in 400 µl 367 

of PBS. Fluorescence of Cy5-labeled CRISPR/Cas9 was determined with a FACScan cytometer (BD 368 

Immunocytometry Systems) by counting 20,000 events [36].  369 

 370 

2.21. In vitro tube formation assay 371 

Mouse primary endothelial cells were seeded in 12-well plates coated with Geltrex (Thermo Fisher 372 

Scientific) at appropriate densities and cultured in conditioned medium from OS cells treated with vehicle 373 

(PBS) or different CRISPR/Cas9 formulations. After 12 h, the cells were stained with calcein AM (Life 374 

Technologies) and analyzed by fluorescent microscopy (Eclipse TE300; Nikon) [42].  375 

 376 

2.22. Animal handing 377 

All the animals were housed in Laboratory Animal House of the Law Sau Fai Institute for Advancing 378 

Translational Medicine in Bone & Joint Diseases with a temperature-controlled, 12 h light/dark cycle 379 
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facility, and food and water were available ad libitum. The animals were acclimatized to the laboratory 380 

conditions for at least 7 d before being used in experiments. The animals were anesthetized by 381 

Ketamine (100 mg kg–1) and Xylazine (10 mg kg–1) during cell inoculation, X-ray analysis and Matrigel 382 

injection. For each in vivo study, the animals were euthanized by lethal dose of pentobarbital after 383 

treatment. The animal study procedures were approved by the Animal Experimentation Ethics 384 

Committee of the Hong Kong Baptist University (Ref. No.: HASC/12–13/0032).  385 

 386 

2.23. Ex vivo Aortic ring assay  387 

Thoracic aortas were harvested from 2-month-old healthy male BALB/c mice and the surrounding 388 

tissues were dissected out. Aortic ring assay was performed as previously described. Briefly, 0.5 mm 389 

long rings were excised from the aortas and submerged in 350 ml Matrigel (phenol red-free; BD 390 

Biosciences) in 24-well plates. The rings were incubated with conditioned medium from K7M2 cells 391 

treated with vehicle (PBS) or different CRISPR/Cas9 formulations at 37 °C. The medium was changed 392 

every 2 d. After 10 d of incubation, vascular sprouting from the aortas were photographed under a light 393 

microscope (Olympus Inc., Center Valley, PA) [47].  394 

 395 

2.24. Syngeneic orthotopic OS mouse model  396 

To establish a syngeneic orthotopic OS mouse model, 2-month-old healthy male BALB/c mice received 397 

intratibial inoculation of OS cells (K7M2). Briefly, K7M2 cells were harvested and suspended in PBS at 398 

4 °C. The mice were anesthetized with Ketamine (100  mg/kg) and Xylazine (10 mg/kg). Left hindlimbs 399 

were shaved and cleaned with 75% ethanol. The knees of the mice were flexed beyond 90° and the 400 

cortex of proximal tibial crest were penetrated using 25 gauge needles by a rotating action. Once the 401 

tibial bone cortex was penetrated, the needles were further inserted 2 mm down the diaphysis, followed 402 

by injection of 10 µl K7M2 cells (5 x 105) into the tibia. The mice were weekly monitored by the Faxitron 403 

MX-20 X-ray machine (Faxitron X-ray Corporation) [48].  404 

 405 

2.25. Biophotonic imaging analysis 406 

Fluorescence imaging of the Cy5-labeled CRISPR/Cas9 distribution and EGFP expression of 407 

CRISPR/Cas9 in tissues was performed using an IVIS® Lumina XR imaging system (Xenogen Imaging 408 

Technologies). Constant illumination settings, including exposure time (5 s), binning factor (4), f-stop (2) 409 

and field of view (15 cm for both width and length), were used during all image acquisition. Fluorescent 410 

and photographic images were acquired and overlaid. The pseudo-color image represented the spatial 411 

distribution of photon counts within the tissues. Background fluorescence recorded under a background 412 

filter (410-440 nm) was subtracted prior to the analysis [36]. 413 

 414 

2.26. Immunofluorescence staining 415 

OS tissues and tumor lung metastatic sites were dissected from mice and embedded in optimal cutting 416 

temperature medium (O.C.T.). The cryosection (thickness: 5 µm) were cut in a freezing cryostat at -20 °C. 417 

The sections were air dried at room temperature, fixed in ice-cold acetone for 10 min, permeabilized with 418 

0.3% Triton X-100 at room temperature for 20 min and blocked in 1% BSA. The sections were then 419 
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incubated overnight at 4°C with a rabbit polyclonal  antibody to Ezrin (Abcam). Following three washes in 420 

PBS, the sections were incubated with Alexa Fluor® 488-conjugated donkey anti-rabbit IgG (Abcam) for 421 

1 h. The sections were mounted with medium containing DAPI (Abcam) and examined under a 422 

fluorescence microscope (Q500MC Leica image analysis system). H&E staining was performed on the 423 

adjacent sections for orientation [36].  424 

 425 

2.27. Immunohistochemistry 426 

OS tissues and metastatic lungs dissected from mice were fixed with formalin and paraffin-embedded. 427 

Immunohistochemical analyses were performed on 4 µm paraffin sections Sections were deparaffinized 428 

using xylene and rehydrated in a series of decreasing concentrations of ethanol solutions. Heat-induced 429 

epitope retrieval was carried out in citrate buffer (10 mM sodium citrate, pH 6.0) in a pressure cooker for 430 

4 min. Endogenous peroxidase was blocked using a 3% hydrogen peroxide solution for 20 min. The 431 

slides were washed with PBS and incubated with primary antibodies overnight at 4 °C. Primary 432 

antibodies including a rabbit polyclonal antibody to VEGFA, a rabbit monoclonal antibody to Ki67, a 433 

rabbit polyclonal antibody to Ezrin, a rabbit polyclonal antibody to MMP9 and a rabbit polyclonal antibody 434 

to Survivin were from Abcam. After washing for three time, the sections were then incubated with 435 

HRP-labeled second antibody for 1 h at room temperature. Colored reactions were developed using 436 

diaminobenzidine (DAB) as chromogenic substrate, while nuclear contrast was achieved using Harris 437 

hematoxylin counterstaining. Sections were visualized in a Leica DM6000 Digital microscope. For 438 

Immunohistochemical analyses of vWF and CD34, in OS tissues, a rabbit polyclonal antibody to vWF 439 

and a rabbit monoclonal antibody CD34 from Abcam were used according to the above protocol [49].  440 

 441 

2.28. X-ray analysis  442 

During the treatment period, mice were anesthetized and placed in a prone position. Digital radiography 443 

of the OS-bearing hindlimbs were carried out using the Faxitron MX-20 X-ray machine (Faxitron X-ray 444 

Corporation). Digital X-ray images of the mice were collected for 8 s at 35 kV once a week. Volume of 445 

OS tissues were calculated by the formula: volume = (width)2 x length/2, with subtraction of normal 446 

tissue volume of the contraleteral non-tumor hindlimb [50]. 447 

 448 

2.29. Matrigel plug assay 449 

Matrigel pug assay was conducted 10 d before the mice were euthanized. Briefly, the mice were 450 

anesthetized and 200 µl liquid Matrigel matrix (phenol red-free; BD Biosciences) containing heparin 451 

(50 units/ml) was subcutaneously injected in OS region. After the treatment, the Matrigel plugs were 452 

removed and photographed [51]. 453 

 454 

2.30. MicroCT analysis  455 

The OS-bearing hindlimbs of mice from each group were scanned ex vivo with a microCT system 456 

(vivaCT 40, SCANCO MEDICAL, Switzerland). The calibration was performed routinely in our lab using 457 

phantom according to the manufacturer’s recommendations. The OS-bearing hindlimbs were placed into 458 

a plastic cylindrical holder, positioned along the scanning axis, and the ankle was fixed to avoid 459 
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movements during scanning. In total, 844 slices with a voxel size of 10 mm were scanned for the whole 460 

OS-bearing hindlimbs. Bone destruction of the trabecular bone was analyzed after three-dimensional 461 

reconstruction (sigma = 1.2, supports = 2 and threshold = 180) [36].  462 

 463 

2.31. Enzyme-linked immunosorbent assay (ELISA) 464 

VEGFA in OS cell lysates, supernatants, OS tissues and lung metastatic sites were determined by 465 

VEGFA ELISA kits from Abcam, according to the manufacturer's instructions.  466 

 467 

2.32. Biochemical and hematological assays 468 

Blood samples were collected from mice after treatment with LC09-PPC-CRISPR/Cas9 or vehicle (PBS). 469 

Serum biochemical parameters including alanine transaminase (ALT), aspartate transaminase (AST) 470 

and blood urea nitrogen (BUN) were analyzed by a Vitros 250 Analyzer (Ortho Clinical Diagnostics). 471 

Hematological parameters including red blood cell (RBC), haemoglobin (HGB), hematocrit (HCT), white 472 

blood cell (WBC) and platelets (PLT) were determined by the fully automated ABX Pentra 60C+ Analyzer 473 

(Horiba ABX) [36].  474 

 475 

2.33. Statistical analyses 476 

All numerical data are expressed as the mean ± standard deviation. Statistical differences among groups 477 

were analyzed by one-way analysis of variance with a post-hoc test to determine group differences in the 478 

study parameters. All statistical analyses were performed with SPSS software, version 22.0. Statistical 479 

differences between two groups were determined by the Student’s t test. P < 0.05 was considered 480 

statistically significant. All the statistical data in this project were analyzed by a contract service from 481 

Bioinformedicine (San Diego, CA, USA). We chose the representative images based on the 482 

average/median level of the data for each group. For the in vivo experiments, sample size was 483 

pre-determined by a power calculation. The mice were grouped randomly and blindly to researchers. 484 

The mice in poor body condition before the experiments were excluded.    485 
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3. Results 486 

 487 

3.1. Screening of OS cell-specific aptamers by cell-SELEX  488 

We used highly metastatic mouse OS cells (K7M2) [52] as target cells to screen aptamers by 489 

cell-SELEX from a library composed of 1015 different ssDNA. Mouse normal hepatocytes (AML12) and 490 

peripheral blood mononuclear cells (PBMCs) were chose as negative cells with the purpose of reducing 491 

non-specific liver and PBMCs uptake after in vivo administration [36]. With increasing rounds of selection, 492 

we observed progressively enhanced fluorescence intensity of fluorescein amidite (FAM)-labeled ssDNA 493 

pools in K7M2 cells by flow cytometric analysis, whereas no obvious change of fluorescence intensity 494 

was found in AML12 cells and PBMCs (Fig. 1a). After 12 rounds of selection, we sequenced the highly 495 

enriched ssDNA pool and chose twenty representative sequences (from 200 clones), on the basis of 496 

their predicted secondary structures, for truncation to remove the non-critical bases [53] 497 

(Supplementary Table 1). Flow cytometric analysis showed that three aptamer candidates (LC01, 498 

LC07 and LC09) had good binding ability to K7M2 cells rather than AML12 cells, PBMCs (Fig. 1b). To 499 

minimize nuclease degradation, the aptamer candidates were modified with 2’-O-methyl-nucleotide 500 

substitutions [54, 55] and the results showed that LC07 and LC09 still bound to K7M2 cells with high 501 

affinity but not to AML12 cells and PBMCs (Fig. 1c). In addition, LC07 and LC09 also bound to human 502 

OS cells (Saos-2) but not to human normal liver cells (THLE-3) and PBMCs (Supplementary Fig. 1a), 503 

implying their translational potentials in clinical application. Binding affinity of LC07 and LC09 with K7M2 504 

cells, as quantified by equilibrium dissociation constants (Kd) [36], was in the nanomolar-to-picomolar 505 

range (Fig. 1d). Finally, we chose LC09 for further studies due to its satisfactory secondary structure 506 

with lower predicted free energy and the least base number (Fig. 1e). We also evaluated the binding 507 

ability of LC09 with another mouse OS cells (K12), primary mouse osteoblasts and human breast cancer 508 

cells (MBA-MD-231), respectively. Results showed that LC09 aptamer recognized K12 cell rather than 509 

other cells, indicating the high specificity of the LC09 aptamer on OS cells (Supplementary Fig. 1b).  510 

 511 

3.2. Selection of the optimal VEGFA gRNA for CRISPR/Cas9-based genome editing  512 

6 candidate VEGFA gRNAs were chosen from GeCKOv2 libraries (Supplementary Table 2) [37]. To 513 

select the optimal gRNA, we constructed a series of CRISPR/Cas9 plasmids, which encoded different 514 

candidate gRNAs, Cas9 and the enhanced green fluorescent protein (EGFP) (Supplementary Fig. 2a). 515 

After transfection of these CRISPR/Cas9 plasmids into mouse OS cells (K7M2) by Lipofectamine 3000 516 

at the same concentration, we detectable comparable Cas9 protein levels (Supplementary Fig. 2b) and 517 

EGFP fluorescence (Supplementary Fig. 2c). However, Surveyor assay showed that insertion/deletion 518 

(Indel) frequency of gRNA 2 was the highest among the 6 candidate gRNAs (Supplementary Fig. 2d). 519 

Levels of VEGFA in both lysates and supernatants of K7M2 cells transfected with CRISPR/Cas9 520 

plasmids encoding gRNA 2 were the lowest, as determined by the enzyme-linked immunosorbent assay 521 

(ELISA) (Supplementary Fig. 2e). Sequencing analysis confirmed that gRNA 2 induced Indels at or 522 

near the cleavage site of VEGFA alleles and the lengths of the indels were mainly at 1 base pair (bp) or 2 523 

bp, which lead to frame-shift mutation of VEGFA (> 60%). (Supplementary Fig. 2f). We also predicted 524 

the off-target sites of gRNA 2 (Supplementary Table 3) and performed Surveyor assay. Results 525 
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showed that there was no obvious Indel frequency for the off-target sites (Supplementary Fig. 2g). All 526 

the above results indicated that gRNA 2 was the optimal gRNA for CRISPR/Cas9-based VEGFA 527 

genome editing.  528 

 529 

3.3. Preparation and in vitro characterization of LC09-PPC-CRISPR/Cas9  530 

The preparation procedures for LC09 aptamer-functionalized CRISPR/Cas9 delivery system were 531 

shown in Supplementary Fig. 3a. Briefly, CRISPR/Cas9 plasmids encoding gRNA 2, Cas9 and EGFP 532 

were spontaneously encapsulated in PPC lipopolymer. The 3’ thiol- and 2’-O-methyl-modified LC09 was 533 

activated and conjugated to DSPE-PEG2000-Mal to form LC09-PEG2000-DSPE. Then, 534 

LC09-PEG2000-DSPE was inserted into the surface of PPC encapsulating CRISPR/Cas9 plasmids, i.e., 535 

LC09-PPC-CRISPR/Cas9. Laser light scattering demonstrated that LC09-PPC-CRISPR/Cas9 had the 536 

diameter of 163.1 ± 17.2 nm (Supplementary Fig. 3b) and the zeta potential of -12.7 ± 2.1 mV 537 

(Supplementary Table 4). The particle size of LC09-PPC-CRISPR/Cas9 was appropriate for passive 538 

tumor-targeting considering the more permeabilized blood vessels in tumor with the pore size ranging 539 

from 100 nm to 780 nm compared to the normal pore size < 6 nm [56]. The encapsulation efficiency of 540 

the CRISPR/Cas9 was above 80% and the loading efficiency of LC09 was 84.7 ± 8.7% for 541 

LC09-PPC-CRISPR/Cas9 (Supplementary Table 4). Representative image from cryogenic 542 

temperature transmission electron microscopy (cryo-TEM) showed the uniformity of particle distribution 543 

and a spherical shape (Supplementary Fig. 3c). Both 2’-O-methyl-modified LC09 aptamer and 544 

CRISPR/Cas9 plasmids encapsulated in PPC showed desirable serum stability at the examined time 545 

points, when compared to their respective free forms (Supplementary Fig. 3d), indicating the protection 546 

role of PPC for DNA plasmids from serum enzyme degradation. 547 

 548 

3.4. In vitro cellular uptake, genome editing and anti-tumor activity  549 

We labeled CRISPR/Cas9 plasmids with Cyanine 5 (Cy5) and investigated in vitro effects of LC09 550 

aptamer on cellular uptake of the plasmids in OS cells (K7M2). A random sequence (Rd) served as the 551 

negative control for the LC09 aptamer. Flow cytometric analysis showed the most intense fluorescence 552 

signals in K7M2 cells treated with LC09-PPC-CRISPR/Cas9 when compared to PPC-CRISPR/Cas9, 553 

Rd-PPC-CRISPR/Cas9 and positive control Lipo 3000-CRISPR/Cas9 (Lipofectamine 554 

3000-CRISPR/Cas9) (Fig. 2a). Then, we examined the expression and genome editing of different 555 

CRISPR/Cas9 formulations in K7M2 cells. Non-sense gRNA was used as a negative control for VEGFA 556 

gRNA 2. Significantly higher levels of Cas9 protein, EGFP fluorescence and Indel frequency as well as 557 

decreased VEGFA in both supernatants and lysates were observed in K7M2 cells treated with 558 

LC09-PPC-CRISPR/Cas9 when compared to other PPC-based CRISPR/Cas9 formulation groups or 559 

Lipo 3000-CRISPR/Cas9 (Supplementary Fig. 4; Fig. 2b and 2c). In contrast to 560 

LC09-PPC-CRISPR/Cas9, we found no obvious decrease of VEGFA in both supernatants and lysates of 561 

K7M2 cells by LC09-PPC-CRISPR/Cas9 Ctrl, suggesting the specificity of the selected optimal gRNA 2 562 

for VEGFA (Fig. 2b and 2c). To determine whether LC09 aptamer could facilitate VEGFA genome 563 

editing-mediated anti-tumor activity, we treated K7M2 cells with the CRISPR/Cas9 formulations and 564 

examined the cell viability, migration and invasion in vitro [43]. Our results showed that 565 
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LC09-PPC-CRISPR/Cas9 dramatically inhibited viability, migration and invasion of K7M2 cells (Fig. 566 

2d-2f) than vehicle control (PBS) or other CRISPR/Cas9 formulations. The uptake, VEGFA gene editing 567 

and viability inhibition of LC09-PPC-CRISPR/Cas9 were confirmed in another mouse OS cell (K12) 568 

(Supplementary Fig. 5).  569 

 570 

3.5. Mechanism of cellular uptake of LC09-PPC-CRISPR/Cas9  571 

To investigate the cellular mechanism through which LC09-PPC-CRISPR/Cas9 was taken up by OS 572 

cells, we labeled the CRISPR/Cas9 plasmids with Cy5 and treated OS cells (K7M2) with 573 

LC09-PPC-CRISPR/Cas9 in the presence of Alexa488-labeled endocytic marker including dextran (a 574 

marker of macropinocytosis), choleratoxin-B (a marker of caveolae-mediated endocytosis) and 575 

transferrin (a marker of clathrin-mediated endocytosis) [42], respectively. We observed numerous 576 

instances of co-localization of CRISPR/Cas9 plasmids with dextran and choleratoxin-B, but not with 577 

transferrin by confocal microscopy (Supplementary Fig. 6a), indicating that LC09-PPC-CRISPR/Cas9 578 

could be taken up via macropinocytosis and caveolae-mediated endocytosis. Further, blockage of either 579 

macropinocytosis or caveolae-mediated endocytosis by their respective chemical inhibitors reduced the 580 

fluorescence signals of Cy5-labeled CRISPR/Cas9 plasmids in K7M2 cells treated with 581 

LC09-PPC-CRISPR/Cas9 in a dose-dependent manner (Supplementary Fig. 6b). Notably, reduction of 582 

the fluorescence signals by inhibitors of macropinocytosis was more remarkable than that by inhibitors of 583 

caveolae-mediated endocytosis, indicating that macropinocytosis was mainly responsible for cellular 584 

uptake of LC09-PPC-CRISPR/Cas9. Macropinocytosis is an endocytosis pathway that permits bulk 585 

uptake [57], which possibly led to efficient internalization of LC09-PPC-CRISPR/Cas9 (Supplementary 586 

Fig. 6b). 587 

 588 

3.6. In vitro and ex vivo angiogenic activation by conditioned medium from OS cells  589 

OS cells (K7M2) were treated with different CRISPR/Cas9 formulations and the conditioned medium 590 

was collected. We incubated the mouse primary endothelial cells with the conditioned mediums to 591 

determine their in vitro angiogenic activity, including proliferation, migration, invasion and tube formation 592 

of endothelial cells [47, 58] (Fig. 3a). Compared to conditioned medium from K7M2 cells after treatment 593 

with vehicle (PBS), PPC-CRISPR/Cas9, Rd-PPC-CRISPR/Cas9 or LC09-PPC-CRISPR/Cas9 Ctrl, we 594 

observed weaker proliferation, migration, invasion and tube formation of endothelial cells incubated with 595 

conditioned medium from K7M2 cells after treatment with LC09-PPC-CRISPR/Cas9 (Fig. 3b-3e). In 596 

addition, reduced proliferation and tube formation of endothelial cells treated with conditioned medium 597 

from another OS cell line K12 after treatment with LC09-PPC-CRISPR/Cas9 were also observed 598 

(Supplementary Fig. 7). In addition, we performed ex vivo aortic ring assay [59, 60] to examine 599 

angiogenic effects of the conditioned medium. Conditioned medium from K7M2 cells treatmed with 600 

LC09-PPC-CRISPR/Cas9 induced less vascular sprouting of the aortic ring than conditioned medium 601 

from K7M2 cells treated with vehicle (PBS) or other CRISPR/Cas9 formulations (Fig. 3f).  602 

 603 

3.7. In vivo tissue distribution and tumor cell-specific delivery  604 
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We established a syngeneic orthotopic OS mouse model with spontaneous lung metastasis by 605 

intraosseous inoculation of OS cells (K7M2) [48]. In vivo tissue distribution of Cy5-labeled CRISPR/Cas9 606 

plasmids delivered by different carriers in tumor and major organs were quantified by evaluating the 607 

percentage of injected dose in those tissues at various time points after the intravenous administration. 608 

[61, 62]. The results showed low accumulations of CRISPR/Cas9 in the heart, spleen, kidney and 609 

paracancerous tissue in lung in all administration groups (Fig. 4a). The accumulations of 610 

LC09-PPC-CRISPR/Cas9 were significantly stronger in orthotopic OS tissues and metastatic OS tissues 611 

in lung however considerably lower in liver and other organs when compared to PPC-CRISPR/Cas9 or 612 

Rd-PPC-CRISPR/Cas9 (P<0.05) at all the time points (Fig. 4a). LC09-PPC-CRISPR/Cas9 achieved the 613 

highest concentration in both orthotopic and metastatic OS tissues at 4 h (Fig. 4a). The tissue 614 

distribution was then further confirmed by biophotonic imaging, and the fluorescence signals observed in 615 

orthotopic OS and major organs collected from different groups at 4 h after administration were 616 

consistent with the percentage of dose results (Fig. 4b). To investigate whether LC09 could facilitate the 617 

delivery of CRISPR/Cas9 plasmids into tumor cells, we examined the co-localization of Cy5-labeled 618 

CRISPR/Cas9 plasmids with OS markers (Ezrin) [63] in cytosections of orthotopic OS tissues and lung 619 

metastatic sites from mice administrated with different CRISPR/Cas9 formulations. We found numerous 620 

instances of co-localization of Cy5-labeled CRISPR/Cas9 plasmids in OS tissues and lung metastatic 621 

sites from mice when LC09-PPC-CRISPR/Cas9 was administered, whereas there were few instances of 622 

such overlapping staining in OS tissues and lung metastatic sites from mice administrated with 623 

PPC-CRISPR/Cas9 or Rd-PPC-CRISPR/Cas9 (Fig. 4c and 4d). This suggested that LC09 could deliver 624 

PPC encapsulated CRISPR/Cas9 into OS cells in regardless of the location (orthotopic tumor or 625 

metastatic sites). 626 

 627 

3.8. In vivo tumor-specific expression of CRISPR/Cas9  628 

We examined in vivo tumor-specific expression of CRISPR/Cas9 plasmids in syngeneic orthotopic OS 629 

mice over time after intravenous administration of different CRISPR/Cas9 formulations by CRISPR/Cas9 630 

ELISA kit. Since the second day after administration, Cas9 expressions of LC09-PPC-CRISPR/Cas9 631 

group in both orthotopic and metastatic OS tissues were significantly higher when compared to those of 632 

PPC-CRISPR/Cas9 or Rd-PPC-CRISPR/Cas9 group (P<0.05) (Supplementary Fig. 8a). The levels of 633 

Cas9 of both OS tissues in LC09-PPC-CRISPR/Cas9 group reached the peak at 8 d, dropped half at 14 634 

d, and maintained significant until 17 d. This suggested that 14 days (two weeks) would be suitable for 635 

the dosing interval of the in vivo treatment by LC09-PPC-CRISPR/Cas9 (Supplementary Fig. 8a). In 636 

addition, EGFP encoded by CRISPR/Cas9 plasmids, used as an indicator for expression of 637 

CRISPR/Cas9, was analyzed by biophotonic imaging at 14 d. As shown in biophotonic images, 638 

fluorescence signals of LC09-PPC-CRISPR/Cas9 were more noticeable in OS-bearing hindlimb and 639 

lung with tumor metastasis but lower in liver when compared to PPC-CRISPR/Cas9 or 640 

Rd-PPC-CRISPR/Cas9 (Supplementary Fig. 8b). We found no detectable fluorescence in the heart, 641 

spleen and kidney in all administration groups (Supplementary Fig. 8b). The Cas9 expressions in OS 642 

tissues, lung metastasis and liver tissues examined by western blotting were consistent with biophotonic 643 

results (Supplementary Fig. 8c). 644 
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 645 

3.9. In vivo genome editing, anti-tumor activity and anti-metastasis  646 

Mice were intraosseous inoculated with OS cells (K7M2) and left untreated for three weeks. According to 647 

the Cas9 expression curve in Supplementary Fig. 8a, we administered three periodic intravenous 648 

injections of CRISPR/Cas9 plasmids (0.75 mg kg–1) encapsulated in different carriers to syngeneic 649 

orthotopic OS mice at an interval of two weeks (Supplementary Fig. 9a). LC09-PPC-CRISPR/Cas9 650 

induced significantly higher Indels in OS tissues and lung metastatic sites however considerable less 651 

Indels in liver tissues compared to vehicle (PBS), PPC-CRISPR/Cas9, Rd-PPC-CRISPR/Cas9 or 652 

LC09-PPC-CRISPR/Cas9 Ctrl (Supplementary Fig. 9b). Moreover, reduced expression of VEGFA in 653 

OS tissues and lung metastatic sites were detected for LC09-PPC-CRISPR/Cas9 treated mice 654 

(Supplementary Fig. 9c). Immunohistochemical analysis showed the lower levels of VEGFA, Ki67 (a 655 

marker of proliferation) [64], Ezrin (a marker of metastasis) [65], MMP9 (a marker of invasion) [66] and 656 

Survivin (a marker of anti-apoptosis) [67] in OS tissues from mice administered with 657 

LC09-PPC-CRISPR/Cas9 when compared to vehicle (PBS), PPC-CRISPR/Cas9, 658 

Rd-PPC-CRISPR/Cas9 or LC09-PPC-CRISPR/Cas9 Ctrl (Fig. 5a). Size and volume of OS tissue were 659 

smaller in LC09-PPC-CRISPR/Cas9-treated mice than other treatment groups (Fig. 5b and 5c). 660 

Furthermore, LC09-PPC-CRISPR/Cas9, rather than vehicle (PBS) and other CRISPR/Cas9 661 

formulations, decreased expression of VEGFA and markers of proliferation, metastasis, invasion and 662 

anti-apoptosis in lung metastatic sites (Fig. 6a) as well as numbers of lung metastatic sites (Fig. 6b and 663 

6c).  664 

 665 

3.10. In vivo inhibition of angiogenesis and bone destruction and toxicity  666 

We also evaluated in vivo angiogenesis by Matrigel plug assay [51] and immunohistochemistry and 667 

bone destruction by microCT in OS tissues from syngeneic orthotopic OS mice with periodic intravenous 668 

injections of CRISPR/Cas9 plasmids (0.75 mg kg–1) encapsulated in different carriers. Compared to 669 

mice administered with vehicle (PBS), PPC-CRISPR/Cas9, Rd-PPC-CRISPR/Cas9 or 670 

LC09-PPC-CRISPR/Cas9 Ctrl, mice treated with LC09-PPC-CRISPR/Cas9 exhibited less 671 

neovascularization in subcutaneously implanted Matrigel in OS region (Fig. 7a), decreased expression 672 

of endothelial cell activation markers including CD34 and von Willebrand Factor(vWF) [68] (Fig. 7b) and 673 

relieved bone destruction in OS tissues (Fig. 7c). To determine the toxicity of LC09-PPC-CRISPR/Cas9, 674 

we performed biochemical and hematological assays in syngeneic orthotopic OS mice after single or 675 

multiple injection(s) of LC09-PPC-CRISPR/Cas9. There was no significant change of biochemical 676 

parameters including liver function indexes (alanine aminotransferase (ALT) and aspartate 677 

aminotransferase (AST)) and a kidney function index (blood urea nitrogen (BUN), as well as hematologic 678 

parameters, such as hematocrit (HCT), red blood cell (RBC), haemoglobin (HGB), white blood cell 679 

(WBC) and platelet (PLT), between LC09-PPC-CRISPR/Cas9 groups and vehicle (PBS) group 680 

(Supplementary Table 5).   681 
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4. Discussion  682 

 683 

Our work demonstrated an LC09 aptamer-functionalized in vivo CRISPR/Cas9 delivery system, which 684 

facilitated distribution of CRISPR/Cas9 in both orthotopic OS and lung metastasis, resulting in tumor 685 

cell-selective VEGFA disruption and inhibition of OS malignancy, lung metastasis, angiogenesis as well 686 

as bone destruction with no detectable toxicity.  687 

 688 

In tumor biology and therapy, an important advance is the discovery of autocrine and paracrine VEGF 689 

signaling in tumor cells, which contributes to angiogenesis and tumorigenesis [10, 69]. Therapeutic 690 

strategies targeting VEGF signaling have been developed for tumor treatment [69]. A recombinant 691 

humanized anti-VEGF monoclonal antibody (Bevacizumab) alone or in combination with 692 

chemotherapeutics has been approved or under clinical trials for ovarian cancer, metastatic breast 693 

cancer, non-small-cell lung cancer, OS and other cancers [70, 71]. However, Bevacizumab also blocks 694 

VEGF action in normal organs after systemic use and causes adverse effects such as hypertension, 695 

proteinuria and upper respiratory infection [72]. In our study, we found that LC09 facilitated 696 

CRISPR/Cas9-mediated disruption of both autocrine (evidenced by anti-tumor activity of 697 

LC09-CRISPR/Cas9 in vitro) and paracrine VEGFA signaling (suggested by anti-endothelial cell 698 

activation by conditioned medium from OS cells treated with LC09-CRISPR/Cas9 in vitro) in OS cells 699 

and tumor-selective distribution of CRISPR/Cas9, leading to satisfactory therapeutic effects in syngeneic 700 

orthotopic OS mice.  701 

 702 

Clinical implementation of CRISPR/Cas9 technology in cancer therapy requires safe and effective 703 

tumor-targeted in vivo delivery systems. Recently, a study proposed an artificial CRISPR/Cas9 virus with 704 

a RGD-R8-PEG-HA shell for treating ovarian cancer. The hyaluronic acid (HA) binding to the CD44 705 

receptors was designed as the tumor recognition element [73]. Nevertheless, CD44 is also highly 706 

expressed in immune cells [74] and a potential concern regarding the targeting specificity still exists. 707 

Here, we screened the LC09 aptamer specifically targeting both human and mouse OS cells. In vitro 708 

data showed that LC09 has no binding ability to hepatocytes and PBMCs. Consistently, in vivo data 709 

demonstrated that LC09 facilitated tumor cell-selective distribution and expression of CRISPR/Cas9 in 710 

both orthotopic OS and lung metastasis and minimized liver accumulation of CRISPR/Cas9.  711 

 712 

Safety issue is one of the major hurdles to the clinical translation of CRISPR-Cas9 technology [75]. 713 

Previously, adeno-associated virus (AAV)-assisted delivery of the CRISPR/Cas9 has shown gene 714 

silencing efficacy in vivo [76]. However, the long persistence and immunogenicity in the host prevent the 715 

wide therapeutic application of AAV-based CRISPR/Cas9 delivery [22, 73]. Recently, different carriers of 716 

CRISPR/Cas9 including combined lipid nanoparticle and AAV, artificial virus and non-viral nanoparticles 717 

has been developed [22, 36, 77]. In our work, we used the PPC lipopolymer, a well-tolerated non-virus 718 

plasmid carrier under clinical trials [78], as the packaging carriers of CRISPR/Cas9. Furthermore, 719 

aptamer with no immunogenicity [54] was linked on the surface of PPC. CRISPR/Cas9 plasmids 720 

encoding the optimal gRNA 2 with no obvious off-target effects were encapsulated in PPC. As expected, 721 
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our data showed no significant toxicity of LC09-PPC-CRISPR/Cas9 after in vivo systemic administration.  722 

  723 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

5. Conclusions 724 

 725 

In summary, the OS cell-specific aptamer (LC09) we screened facilitated selective distribution of 726 

CRISPR/Cas9 in both orthotopic OS tissue and metastatic OS tissue of lung lesion, leading to effective 727 

VEGFA genome editing in tumor, decreased VEGFA expression and secretion, inhibited orthotopic OS 728 

malignancy and lung metastasis, as well as reduced angiogenesis and bone lesion with no detectable 729 

toxicity. The aptamer-functionalized PPC lipopolymer could be a promising in vivo tumor-targeted 730 

delivery system for therapeutic CRISPR/Cas9. This work may pave the road for new clinical approaches 731 

using CRISPR/Cas9 in cancer treatment.   732 
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Fig. 1. Screening of osteosarcoma (OS) cell-specific aptamers by Cell-SELEX. (a) Binding ability of 947 

the enriched FAM-labeled ssDNA pools to target cells (mouse OS cells K7M2) and negative cells 948 

(mouse normal hepatocytes AML12 and PBMCs) as determined by flow cytometry. The concentration of 949 

the enriched pools in the binding buffer was 200 nM. Nonspecific binding was measured using an 950 

FAM-labeled unselected ssDNA library. AU, arbitrary units; events, number of cells with the given 951 

fluorescence intensity. (b) Flow cytometric analysis of binding ability of the FAM-labeled aptamer 952 

candidates (LC01, LC07 and LC09) to K7M2 cells, AML12 cells and PBMCs. (c) Binding ability of the 953 

FAM-labeled, 2′-O-methyl-nucleotide substitutions-modified aptamer candidates (LC01, LC07 and LC09) 954 

to K7M2 cells, AML12 cells and PBMCs as determined by flow cytometry. (d) Flow cytometric analysis to 955 

determine the binding affinity of LC07 and LC09 aptamers for K7M2 cells. Kd (LC07) = 24.05 nM; Kd (LC09) = 956 

22.92 nM. The concentrations of LC07 and LC09 ranged from 5 nM to 200 nM. The data are presented 957 

as the mean ± sd; n = 3 per group. (e) Proposed secondary structure of LC09. 2′-O-methoxy nucleotides 958 

were marked with the asterisk symbol (*). Thick lines, hydrogen bonds between base pairs; thin lines, 959 

main phosphodiester bond. PBMCs, peripheral blood mononuclear cells. 960 
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Fig. 2. In vitro cellular uptake, genome editing and anti-tumor activity of different CRISPR/Cas9 963 

formulations. (a) Flow cytometric analysis to determine the mean fluorescence intensity of Cy5-labeled 964 

CRISPR/Cas9 plasmids in OS cells (K7M2) treated with PPC-CRISPR/Cas9, Rd-PPC-CRISPR/Cas9, 965 

LC09-PPC-CRISPR/Cas9 and Lipo 3000-CRISPR/Cas9, respectively. (b) Levels of VEGFA protein in 966 

lysates of K7M2 cells treated with vehicle (PBS) or different CRISPR/Cas9 formulations. (c) Levels of 967 

VEGFA protein in supernatants of K7M2 cells treated with vehicle (PBS) or different CRISPR/Cas9 968 

formulations. VEGFA protein levels were determined by enzyme-linked immunosorbent assay (ELISA) 969 

and normalized to those in vehicle group. (d) Viability of K7M2 cells treated with vehicle (PBS) or 970 

different CRISPR/Cas9 formulations, as determined by Cell Counting Kit-8 (CCK-8) assay. The data are 971 

presented as the mean ± sd; *P < 0.05; #P < 0.05. One-way ANOVA with a post-hoc test was performed 972 

and the statistical differences between the two groups were determined by the Student’s t test. (e) 973 

Wound healing assay to determine the migration of K7M2 cells treated with vehicle (PBS) or different 974 

CRISPR/Cas9 formulations. Wound width was indicated by two yellow dotted lines. Scale bars, 200 µm. 975 

(f) Invasion of K7M2 cells treated with vehicle (PBS) or different CRISPR/Cas9 formulations, as 976 

examined by transwell invasion assay and crystal violet staining. Scale bars, 1000 µm. n = 3 per group. 977 

The CRISPR/Cas9 plasmids encoded gRNA 2, while the CRISPR/Cas9 Ctrl plasmids encoded a 978 

non-sense gRNA. Rd, a random sequence served as a negative control of LC09 aptamer; Lipo 3000, 979 

Lipofectamine 3000.  980 
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Fig. 3. In vitro and ex vivo angiogenic activation by conditioned mediums from OS cells treated 982 

with different CRISPR/Cas9 formulations. (a) Schematic diagram showing the experimental design. 983 

Briefly, mouse OS cells (K7M2) were cultured in medium with vehicle (PBS), PPC-CRISPR/Cas9, 984 

Rd-PPC-CRISPR/Cas9, LC09-PPC-CRISPR/Cas9 and LC09-PPC-CRISPR/Cas9 Ctrl, respectively. 985 

After 8 h, the medium was removed and the K7M2 cells were continuously incubated with fresh medium 986 

for another 48 h. Then, the conditioned medium was collected for culturing mouse primary endothelial 987 

cells. (b) The relative proliferation of endothelial cells incubated with the conditioned medium from K7M2 988 

cells after treatment with vehicle (PBS) or different CRISPR/Cas9 formulations, as determined by CCK8 989 

assay. The data are presented as the mean ± sd; *P < 0.05. One-way ANOVA with a post-hoc test was 990 

performed and the statistical differences between the two groups were determined by the Student’s t test. 991 

(c) Wound healing assay to determine the migration of endothelial cells incubated with the conditioned 992 

medium from K7M2 cells after treatment with vehicle (PBS) or different CRISPR/Cas9 993 

formulations. Scale bars, 400 µm (d) Invasion of endothelial cells incubated with the conditioned 994 

medium from K7M2 cells after treatment with vehicle (PBS) or different CRISPR/Cas9 formulations, as 995 

determined by transwell invasion assay. Scale bars, 100 µm. (e) Tube formation assay of primary 996 

endothelial cells incubated with the conditioned medium from K7M2 cells after treatment with vehicle 997 

(PBS) or different CRISPR/Cas9 formulations. Scale bars, 200 µm. (f) Ex vivo aortic ring assay to 998 

determine vascular sprouting induced by the conditioned medium from K7M2 cells after treatment with 999 

vehicle (PBS) or different CRISPR/Cas9 formulations. Scale bars, 50 µm. n = 6 per group. The 1000 

CRISPR/Cas9 plasmids encoded gRNA 2, while the CRISPR/Cas9 Ctrl plasmids encoded a non-sense 1001 

gRNA. Rd, a random sequence served as a negative control of LC09 aptamer. 1002 
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Fig. 4. In vivo tissue distribution and tumor cell-specific delivery of different CRISPR/Cas9 1004 

formulations. (a) Quantitative analysis of Cy5-labeled CRISPR/Cas9 plasmids in major organs (heart, 1005 

liver, kidney, spleen, orthotropic OS tissue, metastatic OS tissue of lung and paracancerous tissue of 1006 

lung) from syngeneic orthotropic OS mice intravenously administered with PPC-CRISPR/Cas9, 1007 

Rd-PPC-CRISPR/Cas9 or LC09-PPC-CRISPR/Cas9, respectively. *P<0.05 vs. PPC-CRISPR/Cas9 or 1008 

Rd-PPC-CRISPR/Cas9. (b) Localization of Cy5-labeled CRISPR/Cas9 plasmids in major organs (heart, 1009 

liver, kidney, spleen, OS-bearing hindlimb, lung with tumor metastasis and normal hindlimb) from 1010 

syngeneic orthotropic OS mice intravenously administered with PPC-CRISPR/Cas9, 1011 

Rd-PPC-CRISPR/Cas9 or LC09-PPC-CRISPR/Cas9, visualized by biophotonic imaging. Yellow, highest 1012 

fluorescence intensity. (c, d) Fluorescence micrographs of OS tissues (c) and lung metastatic sites (d) 1013 

from mice administrated with PPC-CRISPR/Cas9 (top row), Rd-PPC-CRISPR/Cas9 (middle row) or 1014 

LC09-PPC-CRISPR/Cas9 (bottom row). The CRISPR/Cas9 plasmids were labeled with Cy5 (red; left 1015 

column). Immunofluorescence staining was performed to detect Ezrin-positive tumor cells (green; middle 1016 

left column). Merged images with DAPI staining showed co-localization of CRISPR/Cas9 plasmids with 1017 

Ezrin-positive tumor cells (arrows and yellow color, middle right column). H&E staining of the adjacent 1018 

sections was included at right. Scale bars, 50 µm. n = 6 per group. Rd, a random sequence served as a 1019 

negative control of LC09 aptamer. 1020 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

37 

 

 1021 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

38 

 

Fig. 5. In vivo anti-tumor activity of CRISPR/Cas9 delivered by different carriers in OS tissues. (a) 1022 

Immunohistochemical detection of VEGFA, Ki67 (a marker of proliferation), Ezrin (a marker of 1023 

metastasis), MMP9 (a marker of invasion) and Survivin (a marker of anti-apoptosis) in 1024 

paraffin-embedded OS tissues from syngeneic orthotopic OS mice administrated with vehicle (PBS), 1025 

PPC-SRISPR-Cas9, Rd-PPC-SRISPR-Cas9, LC09-PPC-SRISPR-Cas9 and LC09-PPC-SRISPR-Cas9 1026 

Ctrl, respectively. Black arrows indicated positive staining by the corresponding antibodies. Scale bars, 1027 

20 µm. (b) Representative X-ray images showing the size of OS tissues from syngeneic orthotopic OS 1028 

mice administrated with vehicles (PBS) or CRISPR/Cas9 delivered by different carriers. Red circles 1029 

indicated the OS tissue on hindlimb. Scale bars, 1 cm. (c) Volume of OS tissues from syngeneic 1030 

orthotopic OS mice administrated with vehicles (PBS) or different CRISPR/Cas9 formulations at different 1031 

time points, calculated by the formula: volume = (width)2 x length/2, with subtraction of normal tissue 1032 

volume of the contraleteral non-tumor hindlimb. The data are presented as the mean ± sd; *P < 0.05. 1033 

One-way ANOVA with a post-hoc test was performed and the statistical differences between the two 1034 

groups were determined by the Student’s t test. n = 9 per group. The CRISPR/Cas9 plasmids encoded 1035 

gRNA 2, while the CRISPR/Cas9 Ctrl plasmids encoded a non-sense gRNA. Rd, a random sequence 1036 

served as a negative control of LC09 aptamer. 1037 
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Fig. 6. In vivo anti-metastasis of different CRISPR/Cas9 formulations. (a) Immunohistochemical 1039 

staining of VEGFA, Ki67 (a marker of proliferation), Ezrin (a marker of metastasis), MMP9 (a marker of 1040 

invasion) and Survivin (a marker of anti-apoptosis) in lung metastatic sites from syngeneic orthotopic OS 1041 

mice administrated with vehicle (PBS), PPC-SRISPR-Cas9, Rd-PPC-SRISPR-Cas9, 1042 

LC09-PPC-SRISPR-Cas9 and LC09-PPC-SRISPR-Cas9 Ctrl, respectively. Black arrows indicated 1043 

positive staining by the corresponding antibodies. Scale bars, 20 µm. (b) Representative images 1044 

showing lung with metastatic sites in syngeneic orthotopic OS mice administrated with vehicle (PBS) or 1045 

CRISPR/Cas9 delivered by different carriers. Black arrows indicated tumor metastatic sites. Scale bar, 1046 

500 mm. (c) Number of metastatic sites on lung from syngeneic orthotopic OS mice administrated with 1047 

vehicles (PBS) or different CRISPR/Cas9 formulations. The data are presented as the mean ± sd; *P < 1048 

0.05. One-way ANOVA with a post-hoc test was performed and the statistical differences between the 1049 

two groups were determined by the Student’s t test. n = 9 per group. The CRISPR/Cas9 plasmids 1050 

encoded gRNA 2, while the CRISPR/Cas9 Ctrl plasmids encoded a non-sense gRNA. Rd, a random 1051 

sequence served as a negative control of LC09 aptamer.  1052 
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Fig. 7. In vivo anti-angiogenesis and anti-bone destruction of different CRISPR/Cas9 1054 

formulations in OS tissues. (a) Matrigel plug assay showing in vivo neovascularization around OS 1055 

tissues from syngeneic orthotopic OS mice administrated with vehicle (PBS), PPC-SRISPR-Cas9, 1056 

Rd-PPC-SRISPR-Cas9, LC09-PPC-SRISPR-Cas9 and LC09-PPC-SRISPR-Cas9 Ctrl, respectively. 200 1057 

µl Matrigel was subcutaneously injected in OS region 10 d before the mice were euthanized. Red circles 1058 

indicated representative Matrigel plugs. Scale bars, 1 cm. (b) Immunohistochemical detection of 1059 

angiogenesis using anti-von Willebrand Factor (vWF) and CD34 antibodies in paraffin-embedded OS 1060 

tissues from mice intravenously administered with vehicles (PBS) or different CRISPR/Cas9 1061 

formulations. Scale bars, 20 µm. (c) microCT analysis to examine bone lesion of tibiae from mice 1062 

intravenously administered with vehicles (PBS) or different CRISPR/Cas9 formulations. White arrows 1063 

indicated bone destruction sites. Scale bars, 5 mm. n = 9 per group. The CRISPR/Cas9 plasmids 1064 

encoded gRNA 2, while the CRISPR/Cas9 Ctrl plasmids encoded a non-sense gRNA. Rd, a random 1065 

sequence served as a negative control of LC09 aptamer. 1066 


