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Cryo- shocked tumor cells deliver CRISPR- Cas9 for lung 
cancer regression by synthetic lethality
Feng Liu1,2†, Minhang Xin1†, Huiheng Feng1,2, Wentao Zhang1, Ziyan Liao1,2, Tao Sheng1,  
Ping Wen1,2, Qing Wu1,2, Tingxizi Liang1,2, Jiaqi Shi1,2, Ruyi Zhou1, Kaixin He1,3*,  
Zhen Gu1,2,3,4,5,6*, Hongjun Li1,2,3,4,7*

Although CRISPR- mediated genome editing holds promise for cancer therapy, inadequate tumor targeting and 
potential off- target side effects hamper its outcomes. In this study, we present a strategy using cryo- shocked lung 
tumor cells as a CRISPR- Cas9 delivery system for cyclin- dependent kinase 4 (CDK4) gene editing, which initiates 
synthetic lethal in KRAS- mutant non–small cell lung cancer (NSCLC). By rapidly liquid nitrogen shocking, we ef-
fectively eliminate the pathogenicity of tumor cells while preserving their structure and surface receptor activity. 
This delivery system enables the loaded CRISPR- Cas9 to efficiently target to lung through the capture in pulmo-
nary capillaries and interactions with endothelial cells. In a NSCLC- bearing mouse model, the drug accumulation 
is increased nearly fourfold in lung, and intratumoral CDK4 expression is substantially down-regulated compared 
to CRISPR- Cas9 lipofectamine nanoparticles administration. Furthermore, CRISPR- Cas9 editing–mediated CDK4 
ablation triggers synthetic lethal in KRAS- mutant NSCLC and prolongs the survival of mice.

INTRODUCTION
The incidence of lung cancer remains the primary contributor to 
global mortality rates associated with cancer, resulting in an esti-
mated 1.8 million fatalities annually (1, 2). Among the different his-
tological subtypes, non–small cell lung cancer (NSCLC) accounts 
for about 85% of cases (3, 4). Unfortunately, for the majority of pa-
tients suffering from advanced or metastatic NSCLC, as well as those 
without specific therapeutic targets, the median overall survival re-
mains low even despite the integration of now accessible treatments 
(2, 5–7). As a promising gene editing tool, CRISPR- Cas9 harbors the 
potential for the diagnosis and treatment of various tumors, virus 
infections, and genetic disorders (8–11). Unlike traditional therapies, 
CRISPR- Cas9 presents a distinct advantage by permanently disrupt-
ing genes crucial for tumor survival, thus bypassing the requirement 
for repetitive dosing (12, 13). However, there are challenges that im-
pede the clinical application of CRISPR- Cas9, such as its degrada-
tion or denaturation in the bloodstream and low efficiency of delivery 
(14, 15). In addition, the prominent vectors for CRISPR- Cas9 deliv-
ery, viral and nonviral, lack tissue- targeting capabilities and cell 
selectivity, presenting a critical hurdle for the in vivo application of 
CRISPR therapy (16–18).

Here, we report a lung- targeted CRISPR- Cas9 drug delivery strategy 
based on passive and active dual- targeting for knocking down 
cyclin- dependent kinase 4 (CDK4) in tumors to induce synthetic 

lethality in NSCLC (Fig. 1A). Synthetic lethality is defined as the 
simultaneous inactivation of two genes leading to cell death, and the 
individual functional loss has little impact on cell viability (19, 20). 
In general, tumor cells harbor oncogene mutations, rendering them 
become more addiction to some certain genes for maintaining cel-
lular homeostasis (21). In principle, these tumor cells that carry the 
specific mutation can be selectively killed by pharmacologically in-
hibiting another gene with a synthetic lethal interaction, while nor-
mal cells can be spared the effects of the drugs due to lacking the 
specific genetic alteration (21, 22). Therefore, synthetic lethality pro-
vides a promising therapeutic strategy for targeting undruggable 
oncogenes while attenuating damage to normal tissues and cells (23, 
24). So far, some synthetic lethal interactions have been applied in 
clinical trials and therapies (25, 26). In NSCLC, kirsten rat sarcoma 
virus (KRAS) oncogene mutations dominate more than 25% of the 
distinct biological and clinical subtypes (27, 28). Recently, several 
synthetic lethal interactions have been identified in KRAS- mutant 
NSCLC (29–31), providing an alternative way to potentiate the clin-
ical benefits. A549 cell is a typical KRAS- mutant NSCLC cell. Fol-
lowing rapid cryo- inactivation with liquid nitrogen treatment (LNT) 
as well as elimination of pathogenicity, it is used here as a vector for 
in vivo CRISPR- Cas9 delivering. Benefiting from the intact cellular 
architecture and preserved cell surface glycoprotein, CD44, this cell 
vehicle enables highly targeted lung delivery through passive trap-
ping by lung capillaries, as well as cell interaction and adhesion me-
diated by CD44. The pCas9/gCDK4 plasmids, utilized for CDK4 
ablation, is coassembled with a typical transfection reagent, lipo-
fectamine 3000, to form nanoformulation and anchored to the sur-
face of LNT cells by electrostatic interactions. CDK4 ablation could 
induce the death of NSCLC cells carrying KRAS mutations but did 
not lead to dysfunction of normal cells.

RESULTS
Characterization of LNT A549 cells
Liquid nitrogen–treated human NSCLC cells were prepared accord-
ing to the previous literature (32, 33). To assess the morphology after 
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Fig. 1. Characterization of LNT cells. (A) Schedule of Lnt cells delivery of cRiSPR- cas9 nanoparticles for KRAS- mutant nScLc treatment. (B) Representative cell structure 
images of Lnt and live A549 cells. F- actin was stained with phalloidin- 488 and nucleus was labeled with 4',6- diamidino- 2- phenylindole (dAPi). Scale bar, 50 μm. (C) Size 
statistics of live and Lnt A549 cells, n = 252. (D) Representative SeM images of live and Lnt A549 cells. Scale bars, 50 μm (top) and 5 μm (bottom). (E) Representative im-
ages of Lnt and live A549 cells stained with calcein- AM (live cells) and propidium iodide (dead cells). Scale bar, 50 μm. (F) ccK8 assay of live and Lnt A549 cells after cultur-
ing for different times, n = 6. (G) the in vivo bioluminescence signals after injection with luciferase transfected live and Lnt A549 cells, n = 4. (H) Representative lung 
photographs after intravenous injection with live and Lnt A549 cells for 30 days; red dotted circle marked tumors. (I) Representative hematoxylin and eosin (h&e) staining 
of lung tumor lesions. Scale bars, 300 μm. All data are presented as means ± Sd. i.v., intravenous; a.u., arbitrary units.
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liquid nitrogen treatment, we labeled the cytoskeleton in LNT A549 
cells with phalloidine. Confocal microscopy analysis showed that 
LNT cells (~15.3 μm) exhibited a comparable cellular structure as 
live cells (~14.7 μm) with a similar average size (Fig. 1, B and C). The 
morphology of LNT cells was also shown in the scanning electron 
microscopy (SEM) images. LNT cells presented a spherical struc-
ture with a similar rough surface compared with live cells, indicating 
that liquid nitrogen cryo- shocked NSCLC cells preserved the struc-
ture of live cells (Fig. 1D). To investigate whether LNT cells hold 
functional protein, SDS–polyacrylamide gel electrophoresis assay 
was executed and showed that A549 LNT cells retained almost all of 
the protein expressed in live A549 cells (fig. S1A). Furthermore, the 
Western blot and immunofluorescence staining demonstrated a high 
expression of CD44, an important protein expressed on the mem-
brane of tumor cells, participating in cell- cell interaction and 
adhesion (34, 35), on the LNT cells (fig. S1, B and C).

To further explore the LNT cell viability, we performed Live/
Dead staining with calcein acetoxymethyl ester (calcein- AM) and 
propidium iodide (PI) to label live cells and dead cells, respectively. 
As shown in Fig. 1E, almost all of the live cells presented green fluo-
rescence (calcein- AM), whereas all LNT cells gave out red signals 
(PI). Furthermore, we cultured LNT cells and live cells for 3 days 
and evaluated the cell viability by cell counting kit 8 assay (CCK8). 
An obvious viability increase (threefold) was found in live A549 
cells after 3 days of cultivation; by contrast, there was no change in 
absorption value at 450 nm in LNT cells within 3 days (Fig. 1F). To 
further explore the pathogenicity of LNT cells, we administrated the 
cryo- shocked and live A549 cells into mice by intravenous injection 
and continuously monitored the oncogenesis. As shown in Fig. 1G, 
we found that live A549 cells exhibited rapid proliferation in vivo, as 
demonstrated with strong bioluminescence, while there was no de-
tectable bioluminescence signal in the mice receiving A549 LNT cell 
injection at day 30. Moreover, the lungs from mice injected with live 
cell showed pulmonary tumor nodules (red dashed border) and 
obvious bioluminescence signals. By contrast, no microtumors 
could be found in the lungs of mice injected with A549 LNT cells 
(Fig. 1, H and I, and fig. S2). These results indicate that cryo- shocked 
A549 cells exhibit biosafety in vitro and in vivo.

Leveraging LNT cells as the targeting gene carrier
CRISPR- Cas9 genome editing system exhibits the potential for tu-
mor therapeutics (36, 37). To start with, we prepared lipofectamine 
encapsulating CRISPR- Cas9 plasmid for specific knockout of CDK4, 
a vital regulator in KRAS- mutant NSCLCs. A transmission electron 
microscope image revealed that the lipofectamine encapsulating 
CRISPR- Cas9 (LipopCas9/gCDK4) nanoparticles had a diameter range 
from 100 to 400 nm (Fig. 2A). Furthermore, the size and zeta poten-
tial of the LipopCas9/gCDK4 was 294 nm and 40.8 mV, respectively 
(Fig. 2B). In addition, the polymer dispersity index was 0.177, sug-
gesting that LipopCas9/gCDK4 nanoparticles were uniform (fig.  S3). 
Next, we labeled pCas9/gCDK4 plasmid with iFluor 647 by cova-
lent linkage and anchored the LipopCas9/gCDK4 nanoparticles onto the 
surface of LNT A549 cells by electrostatic interactions between cat-
ionic liposomes and membrane phospholipids. Confocal microscopy 
imaging revealed that LipopCas9/gCDK4 nanoparticles were distributed 
on the surface of cryo- shocked A549 cells (Fig. 2C). When incubat-
ing the LipopCas9/gCDK4 nanoparticles with 2.5 × 106 LNT cells for 1 
hour, we found that more than 85% LipopCas9/gCDK4 nanoparticles 
anchored on the LNT cells (fig.  S4A). Furthermore, a sustained 

release of pCas9/gCDK4 nanoparticles from the drug- loaded 
LNT cells (LNT@LipopCas9/gCDK4) was detected, and approxi-
mately 78% of pCas9/gCDK4 was released within 10 hours (fig. S4B).

To enhance CRISPR- Cas9 gene editing efficiency, LipopCas9/gCDK4 
nanoparticles, released by LNT cells, must escape from lysosomes 
and translocate into cytoplasm. We assessed their ability to escape 
from lysosomes through subcellular localization studies. For better 
visual observation of LNT@LipopCas9/gCDK4 colocalization with lyso-
somes, we cocultured A549 cells with LNT@LipopCas9/gCDK4 contain-
ing iFluor 647–labeled pCas9/gCDK4 plasmid. Confocal imaging 
revealed that only a few LipopCas9/gCDK4 nanoparticles entered the 
cells within 2 hours, owing to the possibility that the nanoparticles 
had not yet peeled off from the LNT cell membrane (fig. S5). At 
6 hours, we found that remarkable red fluorescence puncta local-
ized within green regions (lysosome), which suggested that some 
LipopCas9/gCDK4 nanoparticles were engulfed by tumor cells and 
wrapped in lysosomes. Moreover, an obvious reduction in colocal-
ization of lysosome and LipopCas9/gCDK4 nanoparticles at 12 hours 
implied that a considerable portion of LipopCas9/gCDK4 nanoparticles 
escaped from lysosomes (Fig. 2D).

Synthetic lethal efficiency of LNT@LipopCas9/gCDK4
High CDK4 expression is closely related to KRAS- mutant NSCLCs 
tumor progression, which reveals the synthetic lethal interaction be-
tween KRAS and CDK4 (29). To determine the efficacy of gene edit-
ing of LNT@LipopCas9/gCDK4, we investigated the expression of 
CDK4 via coculturing A549 cells with LNT@LipopCas9/gCDK4 for 
36 hours. Western blot assay revealed a down- regulation of CDK4 in 
LipopCas9/gCDK4 and LNT@LipopCas9/gCDK4 groups, respectively, 
while LNT cells and free plasmid showed no decrease (Fig. 3, A and B). 
Moreover, to explore the regulation of LNT@LipopCas9/gCDK4 on CDK4 
in the tumor cells that carry non- KRAS mutation, we chose human 
lung squamous cell carcinoma H226 cells as a wild- type KRAS candi-
date. Similarly, both LipopCas9/gCDK4 and LNT@LipopCas9/gCDK4 in-
duced the decrease of CDK4 expression  in H226 cells, respectively 
(Fig. 3, C and D). In addition, immunofluorescent staining of the 
A549 cells treated with LNT@LipopCas9/gCDK4 showed an obvious 
down- regulation of CDK4 expression (Fig. 3, E and F).

To test whether CDK4 knockdown causes synthetic lethality in 
KRAS- mutant NSCLC cells, we cocultured A549 cells with LNT@
LipopCas9/gCDK4 and conducted CCK8 analysis. As shown in 
Fig. 3G, a nearly 50% decrease in A549 cell viability was found in 
LipopCas9/gCDK4 and LNT@LipopCas9/gCDK4 groups after treatment for 
24 hours. When upon the addition of LNT@LipopCas9/gCDK4 for 
48 hours, the ratio of dead cells exceeded 90%. For comparison, 
the viability of H226 cells carrying wild- type KRAS slightly decreased 
after treatment with LNT@LipopCas9/gCDK4 (Fig. 3H). In addition, 
the clone formation assay demonstrated an inhibition in the prolif-
eration of KRAS- mutant tumor cells but not in wild- type KRAS tu-
mor cells (Fig. 3I). Cell cycle suggested an exacerbated G1/S arrest 
after cocultured with LipopCas9/gCDK4 and LNT@LipopCas9/gCDK4 for 
24 hours as assessed by flow cytometry (Fig. 3J).

Lung tumor targeting of LNT@LipopCas9/gCDK4 and CDK4 
disruption in vivo
We mixed the LNT@LipopCas9/gCDK4 with blood and measured the 
retention of the LipopCas9/gCDK4 on the LNT cells after incubation for 
different times to investigate the stability of LNT@LipopCas9/gCDK4 in 
the physiological condition. As depicted in fig. S6, a majority of LNT 
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cells carried LipopCas9/gCDK4, indicating a stable interaction between 
LNT cells and LipopCas9/gCDK4. Next, we investigated the pharmaco-
kinetics of LNT cells and LipopCas9/gCDK4 after intravenous injection 
of LNT@LipopCas9/gCDK4. As a result, we observed a similar pharma-
cokinetic curve in LipopCas9/gCDK4 group compared with that in LNT 
cells group (fig. S7), indicating a synchronized clearance of LNT 
cells and LipopCas9/gCDK4.

Tumor cells dispersed into the circulatory system tend toward 
micron- level dimension pulmonary capillary retention and enhanced 
tumor cell affinity (38). We hypothesized that LNT cells could effec-
tively retained in the tumor foci and delivered the LipopCas9/gCDK4 
plasmids to the tumor cells. 1,1′- Dioctadecyl- 3,3,3′,3′- tetramethyli
ndodicarbocyanine,4- chlorobenzenesulfonate salt (DiD) was used 
to label lipofectamine for facilitating real- time observation of LNT@
LipopCas9/gCDK4 in vivo. Fluorescence imaging revealed more LNT@
LipopCas9/gCDK4 accumulation in the lungs within 16 hours com-
pared with the mice receiving LipopCas9/gCDK4. The attenuation of 
partial lung fluorescence could be due to the clearance of LNT cells 
by bloodstream within 24 hours (Fig. 4A). Furthermore, ex vivo image 
of lungs revealed stronger fluorescence signals in mice injected with 
LNT@LipopCas9/gCDK4 with levels nearly fourfold higher than those 

treated with LipopCas9/gCDK4 upon intravenous infusion for 6 hours 
(Fig. 4, B and C). The fluorescence signals of LNT@LipopCas9/gCDK4 
distributed in other major organs were also slightly higher as 
compared to LipopCas9/gCDK4 group (fig. S8). Pathological fluorescence 
staining implied that the accumulation of LNT@LipopCas9/gCDK4 in 
lungs was increased nearly 10- fold when receiving the injection of 
LNT@LipopCas9/gCDK4 (Fig. 4, D and E). To investigate whether CD44 
blocking affects the targeting efficiency of LNT@LipopCas9/gCDK4, we 
used in vivo image system (IVIS) to observe the lungs of NSCLC- 
bearing mice after injecting Hermes- 1 (CD44 blockage) pretreated 
LNT@LipopCas9/gCDK4 for 8 hours. The IVIS images revealed reduced 
fluorescence intensity in the lungs following CD44 blocking (fig. S9), 
suggesting an inhibition of tumor- targeting ability in LNT cells. To 
assess the editing efficiency of pCas9/gCDK4 delivered by LNT@
LipopCas9/gCDK4, an immunofluorescent staining was conducted to 
visualize CDK4 expression in tumor lesions. A decreased expression 
was observed in LNT@LipopCas9/gCDK4- treated samples compared to 
LipopCas9/gCDK4 and other groups (Fig. 4F). Furthermore, Western 
blot analysis demonstrated a notable reduction in CDK4 protein 
levels within tumor nodules for LNT@LipopCas9/gCDK4 treatment 
(Fig. 4, G and H).
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Regression of KRAS- mutant NSCLCs by LNT@LipopCas9/gCDK4
To further explore the therapeutic effects of LNT@LipopCas9/gCDK4 on 
pulmonary tumors, phosphate- buffered saline (PBS), free pCas9/
gCDK4 plasmids, LNT A549 cells, LipopCas9/gCDK4 nanoparticles, and 
LNT@LipopCas9/gCDK4 were intravenously injected (Fig. 5A). The real- 
time bioluminescence signals of A549 cells were recorded by in vivo 

imaging system to monitor the growth kinetics of lung tumors in vivo. 
An obvious tumor regression was found in mice that received LNT@
LipopCas9/gCDK4 injection. Notably, 50% of tumor bioluminescence sig-
nals in mice receiving LNT@LipopCas9/gCDK4 treatment were barely 
detectable 15 days after treatment. By contraries, the tumor biolumi-
nescence signals in mice receiving the treatment of PBS, free pCas9/
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Liu et al., Sci. Adv. 10, eadk8264 (2024)     29 March 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c L e

6 of 11

gCDK4 plasmids, A549 LNT cells, and LipopCas9/gCDK4 nanoparticles 
exhibited sustainable increase, and a rapid tumor progression could be 
observed (Fig. 5, B and C). In addition, no abnormal changes in body 
weight of tumor- bearing mice were observed during the treatment 
session (fig. S10), suggesting the safety of the therapeutic strategy.

To intuitively evaluate the therapeutic effect, we conducted hema-
toxylin and eosin (H&E) staining and obtained images of pulmonary 

tumor nodules. As shown in Fig. 5 (D and E), LNT@LipopCas9/gCDK4 
reduced the number of tumor nodules at the treatment endpoint, 
which was consistent with bioluminescence imaging. Moreover, 60% 
of the mice receiving treatment with LNT@LipopCas9/gCDK4 survived 
for 100 days; comparatively, all PBS treated mice died within 70 days 
(Fig. 5F). To further verify the proliferation of the KRAS- mutant 
lung tumors, we performed Ki67 fluorescence staining after twice 
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administration. An obvious decrease in the Ki67 protein levels was 
observed in mice with LNT@LipopCas9/gCDK4 treatment, compared 
with that in LipopCas9/gCDK4 nanoparticle group (Fig. 5G). In addi-
tion, terminal deoxynucleotidyl transferase–mediated deoxyuridine 
triphosphate nick end labeling (TUNEL) staining revealed almost no 
fluorescent signal in free pCas9/gCDK4 plasmids, A549 LNT cells, 
and LipopCas9/gCDK4 nanoparticle groups, However, a notable increase 
in apoptotic cells was found after treatment with LNT@LipopCas9/gCDK4 
(Fig. 5H).

To assess the biosafety of the LNT cells, LipopCas9/gCDK4 and 
LNT@LipopCas9/gCDK4, blood cells and serum biochemical analysis 
were conducted to evaluate any toxic effects after 1 and 3 days of 
treatment. As shown in fig. S11 (A and B), LNT cell treatment in-
duced an increase in lymphocytes and monocytes, possibly due to 
LNT cell disintegration triggering an immune response on the first 
day. Moreover, LipopCas9/gCDK4 led to a decrease in all white blood cells, 
including lymphocytes, neutrophils, and monocytes. It is worth to 
note that all these cell types had recovered to normal levels at 3 days 
posttreatment (fig. S11B). Similarly, the levels of alanine amino-
transferase (ALT) and total bilirubin (TBIL) were elevated after 
injection with LipopCas9/gCDK4 due to its own toxicity (fig. S11C). 
After 3 days of treatment, a high ALT level was maintained in 
the LipopCas9/gCDK4 group, indicating that LipopCas9/gCDK4 may result 
in liver injury (fig. S11D). By contrast, LNT@LipopCas9/gCDK4 injec-
tion had no effects on the levels of ALT and TBIL. Furthermore, 
pathological evaluation of major organs showed no obvious patho-
logical alteration as demonstrated by H&E staining (fig. S12).

DISCUSSION
In this study, we applied cryo- shocking tumor cells as gene target-
ing carriers for CDK4 genetic editing to induce synthetic lethal of 
KRAS- mutant of NSCLC. CDK4 is a critical mediator of G1/S tran-
sition and contributes to the occurrence and malignancy of many 
tumor types (39). Certain studies have demonstrated the synthetic 
lethal interaction between CDK4 and KRAS, revealing that CDK4 
presents a promising candidate for KRAS- mutant NSCLC therapy. 
To date, CRISPR- Cas9 harbors the distinct advantage for the treat-
ment of various tumors by permanently disrupting crucial genes 
related to tumor survival and bypassing the repetitive dosing. De-
spite main gene delivery vehicles like virus and lipid nanoparticles 
hold high gene editing efficiency, challenges associated with immu-
nogenicity, off- target gene effects, and dose- limiting toxicity hinder 
the further application in vivo (17, 40–42). Compared with these 
exogenous and synthetic gene vectors, cell- based carriers exhibit 
excellent targeting capabilities due to the homologous protein compo-
nents. However, some living cell types may have potential physiolog-
ical toxicity or pathogenicity, restricting their clinical application. 
Our data support that rapid immersion in liquid nitrogen not only 
maintains the integrity of the cell structure but also inactivates tu-
mor cells, eliminating potential pathogenicity. Preservation of the 
functional protein pool of LNT cells boosts lung active targeting 
ability by interacting with endothelial cells. Moreover, homologous 
receptors on LNT cells may also increase the probability of interac-
tion with tumor cells and thus enhance the homologous targeting 
and efficiency of drug delivery. Compared with cell- deprived vesi-
cles, physical size of LNT cells makes this CRISPR- Cas9 delivery 
system inclined to be captured by pulmonary capillaries, enhancing 
pulmonary retention.

Our data demonstrate the elevation of lymphocytes and monocytes 
after injection with LNT cells. This could be the reason that the release 
of intracellular nucleic acid and protein triggered immune response 
due to the disintegration of LNT cells. Moreover, liquid nitrogen 
shocking preserves the tumor antigens in LNT cells, supporting that 
the LNT cell could be a vaccine candidate for tumor immunothera-
py. This suggests that LNT cells could be the carriers for delivering 
immunomodulatory drugs. In addition, LNT cells obtained from 
postoperative resection or needle biopsy enable the reuse of aban-
doned tumors. Liquid nitrogen shocking and the preparation proce-
dure based on electrostatic anchoring are also feasible for large- scale 
preparation.

MATERIALS AND METHODS
Materials, cell lines, and animals
Lipofectamine 3000 was bought from Thermo Fisher Scientific 
(L3000015). The cryopreservation medium (NCRC- 10001- 50) was 
purchased from Cyagen Biosciences. CDK4 CRISPR- Cas9 knockout 
plasmid (sc- 400148) was purchased from Santa Cruz. Actin- Tracker 
Green- 488 (C2201S) was bought from Beyotime Biotechnology. 
Lentivirus expressing luciferase was purchased from HANBIO. A 
TUNEL assay kit (Red AF647) was obtained from Procell. Picogreen 
was purchased from Yeasen Biotechnology. A549 and H226 cell 
lines were obtained from the American Type Culture Collection. 
A549 and H226 cell lines were cultured in F12K medium and RPMI 
1640 medium, which contain 10% fetal bovine serum and penicil-
lin/streptomycin (100 U  ml−1; Biosharp) at 37°C in 5% CO2. 
Five- week BALB/c nude mice (female/male) were obtained from 
Zhejiang Vital River Laboratory Animal Technology. Mouse study 
was conducted in accordance with the protocol approved by Animal 
Ethics Committee of Zhejiang University (ZJU20230329).

Preparation and characterization of LNT cells
A549 cells and H226 cells were harvested and dispersed in the cryo-
preservation medium with a density of 5 × 106/ml. The cellular me-
dium was subsequently submerged in liquid nitrogen for a period of 
12 hours. Before use, the liquid nitrogen–treated cells were thawed 
in an ice bath and lastly resuspended at 37°C, pelleted at 500g for 
3 min and washed once with PBS.

To observe the structure, LNT cells were stained with 4′,6-diamidino- 
2-phenylindole (DAPI) and AF488- conjugated phalloidin. Briefly, 
1 × 106 LNT cells were fixed with paraformaldehyde for 10 min. 
Then, the cells were suspended in 500 μl of PBS containing phalloi-
din stock solution (6.6 μM) for 20 min. Then, the cells were collected 
under the centrifugation with 500g for 3 min. After that, PBS with DAPI 
(1 μg/ml) was used to label the nucleus. The cells were suspended in 
PBS and observed by confocal microscopy (Zeiss LSM 800).

For cell structure analysis, LNT cells were fixed in 2.5% glutaral-
dehyde for 30 min. Afterward, graded ethanol (30, 50, 70, 85, and 
90%) were used to dehydrate for 10 min and 100% ethanol was uti-
lized to wash twice for 30 min. The dehydrated LNT cells then were 
dropped on silicon wafer and further analyzed by SEM (Nova 
Nano 450).

For cell viability analysis, LNT A549 cells were treated with 2 μM 
calcein- AM and 0.5 μM propidium iodide for 30 min at 37°C and 
were analyzed by a laser scanning confocal microscope (LSCM). 
Moreover, CCK8 was performed to evaluate the viability after cryo- 
shocking with liquid nitrogen.
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Preparation and characterization of LNT@LipopCas9/gCDK4
Lipofectamine 3000–pCas9/gCDK4 nanoparticles (LipopCas9/gCDK4) 
were prepared according to the manufacturer’s instructions (Thermo 
Fisher Scientific). To obtain LNT@LipopCas9/gCDK4, LipopCas9/gCDK4 
were cocultured with LNT cells at 37°C for 1 hour and collected after 
centrifugation with 500g for 3 min. To facilitate visual observation, we 
labeled plasmid with PHOTOPROBE Biotin Reagents (SP- 1000, Vector 
Laboratories) and then incubated them with iFluor 647–streptavidin 
conjugate. We cocultured LNT cells with iFluor 647–labeled pCas9/
gCDK4 plasmid for 1 hour to obtain LNT@LipopCas9/gCDK4. Then, the 
cells were stained with F- actin for 40 min and observed with LSCM.

Colocalization of LNT@LipopCas9/gCDK4 with lysosome
To analyze the escape ability from the lysosome, we cocultured iFluor 
647–labeled LNT@LipopCas9/gCDK4 with A549 cells for the appointed 
time (1, 2, 4, 6, 8, and 12 hours). After that, we used PBS to wash the 
cells and stained with lysosome tracker green 488 for 40 min. Then, 
the cell was washed with PBS and analyzed with LCSM.

Loading and releasing of LipopCas9/gCDK4 from LNT A549 cells
To load LipopCas9/gCDK4, the pCas9/gCDK4 plasmid was labeled with 
Picogreen at a ratio of 1000 μl of working solution per 2 μg plasmid 
(YEASEN, 12641ES01). The labeled plasmid underwent filtration 
with a hyperfiltration tube at 4000 rpm for 15 min, followed by two 
washes with PBS. Subsequently, varying doses (2, 4, 6, 8, 10, and 12 μg) 
of Picogreen- labeled plasmid were used to prepare LipopCas9/gCDK4. 
This LipopCas9/gCDK4 was then cocultured with 2.5 × 106 LNT cells 
for 1 hour to obtain LNT@LipopCas9/gCDK4. The collected LNT@ 
LipopCas9/gCDK4 was obtained by centrifugation at 500g for 5 min, 
followed by lysis in PBS containing 2% Triton X- 100 for 20 min. 
Fluorescence intensity at Excitation (Ex): 490 nm/Emission (Em): 
520 nm was measured using a microplate reader.

For the releasing of LipopCas9/gCDK4, LipopCas9/gCDK4 nanoparti-
cles containing 10 μg of iFluor 647–streptavidin–conjugated pCas9/
gCDK4 plasmid were loaded to 2.5 × 106 LNT A549 cells. After that, 
the LNT@LipopCas9/gCDK4 was incubated at 37°C, 100 rpm/min for 
different times (0, 1, 2, 4, 6, 8, and 10 hours). At the appointed time, 
the supernatant containing fluorescent- labeled plasmids was centri-
fuged and collected. The fluorescence intensity was detected by mi-
croplate reader at Ex 635 nm/Em 660 nm.

Cell viability analysis after treatment 
with LNT@LipopCas9/gCDK4
A549 cells were seeded in 96- well plates at 5 ×  103 cells per well. 
After 24 hours, cells were treated with PBS, pCas9/gCDK4, LNT 
cells, LipopCas9/gCDK4, and LNT@LipopCas9/gCDK4 (containing 0.2 μg 
plasmid per well) for different times (12, 24, and 48 hours). CCK8 
assay was carried out for evaluating cell viability by a microplate 
reader at optical density of 450 nm.

For cell proliferation analysis, A549 cells were seeded in 24- well 
plates at 5 × 104 cells per well and treated with PBS, pCas9/gCDK4, 
LNT cells, LipopCas9/gCDK4, and LNT@LipopCas9/gCDK4 (containing 
0.5 μg plasmid per well). After 24 hours, 1 × 103 cells were digested 
and planted into 35- mm petri dish, respectively. After 10 days, cells 
were fixed with methanol and stained with crystal violet for 60 min. 
To further evaluate the cell proliferation ability after treatment with 
LNT@LipopCas9/gCDK4, we seeded A549 cells in six- well plates with the 
density of 5 × 105 cells per well and received the treatment with PBS, 
pCas9/gCDK4, LNT cells, LipopCas9/gCDK4, and LNT@LipopCas9/gCDK4 

(5 × 105 LNT cells loaded with 2.5 μg of plasmid per well) for 24 hours. 
5- Ethynyl- 2′- deoxyuridine staining was carried out and analyzed by 
flow cytometry.

LNT@LipopCas9/gCDK4 accumulation in lung tumors
We initiated the construction of KRAS- mutant NSCLCs by intrave-
nously injecting 2 × 106 A549 cells. After 30 days, mice were divided 
into two groups (n = 3) and intravenously injected with DiD- labeled 
LipopCas9/gCDK4 and LNT@LipopCas9/gCDK4, respectively. The in vivo 
distribution was monitored at 4, 6, 8, 16, and 24 hours using an im-
aging system (IVIS). DiD signals were observed ex vivo in the col-
lected lungs through IVIS. For histological analysis, lung sections 
were examined under a confocal microscope after staining the nu-
cleus with DAPI.

LNT was labeled with cell tracker red CMTPX dye before im-
mersion in liquid nitrogen. After thawed, LNT cells were incubated 
with human CD44 blockage Hermes- 1 (Thermo Fisher Scientific) 
for 1 hour at 37°C. Then, NSCLC- bearing mice were intravenously 
injected with labeled LNT@LipopCas9/gCDK4. After 8 hours, we eutha-
nized the mice and collected the lungs and monitored the fluores-
cence signal by IVIS.

Pharmacokinetics and stability analysis of 
LNT@LipopCas9/gCDK4 in blood
We used cell tracker orange to label LNT cells and iFluor 647 to 
label pCas9/gCDK4 plasmid for preparing dual- color labeling 
LNT@LipopCas9/gCDK4. Dual- color labeling LNT@LipopCas9/gCDK4 was 
intravenously injected, and the blood was collected at different 
times. IVIS was used to analyze the fluorescence intensity and calcu-
late the percentage of injected dose (% ID).

For stability analysis of LNT@LipopCas9/gCDK4 in blood, dual- 
color labeling LNT@LipopCas9/gCDK4 (containing 1.5 × 105 LNT cells) 
was mixed with 100 μl of blood for different times. At the appointed 
time, the whole blood was fixed with paraformaldehyde, and sub-
jected to flow cytometry analysis.

In vivo treatment of KRAS- mutant NSCLC
To evaluate the therapeutic effect, we intravenously injected 2 × 106 
A549 cells to establish KRAS- mutant NSCLC models. At day 10, PBS, 
freepCas9/gCDK4, LNT cells, LipopCas9/gCDK4, and LNT@LipopCas9/gCDK4 
(2.5 × 106 LNT cells) (all of the treatment groups contained 10 μg 
of plasmid) were administrated intravenously per mouse every 3 days 
for four times. To observe the growth kinetics of tumors, biolumi-
nescence signals of mice were captured in every group every 5 days. 
On day 50, mice were euthanized for observation of tumor growth 
in the lungs. The lung tissues bearing NSCLC were fixed with Bouin’s 
fluid to evaluate the tumor nodules in lungs or paraformaldehyde 
(4%) solution for H&E staining to analyze the tumor lesions on 
the lungs.

Editing efficacy of CDK4 in vitro and in vivo
A549 and H226 cells were planted into six- well plates and then received 
the treatment of PBS, freepCas9/gCDK4, LNT cells, LipopCas9/gCDK4, 
and LNT@LipopCas9/gCDK4 (2.5 μg pCas9/gCDK4 plasmid) for 
36 hours. Cells were lysed by using radio immunoprecipitation as-
say (RIPA, P0013B, Beyotime) with 10 μM phenylmethylsulfonyl 
fluoride (PMSF; ST507, Beyotime) to obtain total protein and were 
performed with Western blot assay according to the CDK4 primary 
antibody (1:1000; 11026- 1- AP, Proteintech). After treated with PBS, 
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freepCas9/gCDK4, LNT cells, LipopCas9/gCDK4, and LNT@LipopCas9/gCDK4 
twice, lung tumor tissues were collected and lysed with RAPI con-
taining 10 μM PMSF. After that, we performed Western blot assay to 
evaluate the editing efficacy of LNT@LipopCas9/gCDK4. The CDK4 
protein expression levels were analyzed by ImageJ software. All the 
blot original images in Western blot analyses were shown in fig. S13.

Immunofluorescence staining
A549 lung tumor tissues were obtained from the mice after treat-
ment and embedded with paraffin before sectioning into 4 μm. 
Before staining, the tissues were dewaxed and microwave was used 
to repair antigens. A total of 0.5% Triton X- 100 and 1% bovine 
serum albumin were used to permeabilize and block the nonspe-
cific binding. CDK4 was labeled with CDK4 primary antibody 
(1:200; 11026- 1- AP, Proteintech) and marked with Alexa Fluor 
647–conjugated second antibody (1:500; ab150075, Abcam). After 
that, the nuclei were stained with DAPI. Ki67 primary antibody 
(1:200; AF0198, Affinity) was used to detect the expression of Ki67 
for evaluating the proliferation of tumors in lungs. For analyzing 
the apoptosis of tumor cells, TUNEL staining was carried out, and 
the 3'- oxhydryl (3- OH) terminal of fragmented DNA was labeled 
with red. In addition, the nuclear in all tumor slides were stained 
with DAPI. All the stained slides were observed by a ZEISS fluo-
rescence microscope (Axio Observer 7), and the fluorescence in-
tensity was analyzed with ImageJ software.

In vivo biocompatibility evaluation
Eight- week- old C57BL/6J mice were received treatment with PBS, 
freepCas9/gCDK4, LNT cells, LipopCas9/gCDK4, and LNT@LipopCas9/gCDK4 
containing 2.5 μg of pCas9/gCDK4 (intravenously) for 1 and 3 days. 
At the designated time point, we euthanized the mice and collected 
the blood plasma and serum for biochemical analysis. Major organ 
tissues were fixed with paraformaldehyde, and H&E staining was 
performed for pathological analysis.

Statistical analysis
All results were independently repeated at least three times and re-
ported as means ± SD or mean ± SEM as specified. Student’s t test 
was performed to compare the data between two groups. Tukey post 
hoc tests and one- way analysis of variance (ANOVA) were used for 
multiple comparisons. Survival curves were analyzed using the log- 
rank (Mantel- Cox) test. GraphPad Prism software was used to con-
duct all statistical analyses. A statistically significant difference was 
defined as P < 0.05.

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
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