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Abstract

Genome editing holds great potential for cancer treatment due to the ability to precisely inactivate 

or repair cancer-related genes. However, delivery of CRISPR/Cas to solid tumors for efficient 

cancer therapy remains challenging. Here, we targeted tumor tissue mechanics via a multiplexed 

dendrimer lipid nanoparticle (LNP) approach involving co-delivery of focal adhesion kinase 

(FAK) siRNA, Cas9 mRNA, and sgRNA (siFAK+CRISPR-LNPs) to enable tumor delivery and 

enhance gene editing efficacy. We show that gene editing was enhanced >10-fold in tumor 

spheroids due to increased cellular uptake and tumor penetration of nanoparticles mediated 

by FAK-knockdown. siFAK+CRISPR-PD-L1-LNPs reduced extracellular matrix stiffness and 

efficiently disrupted PD-L1 expression by CRISPR/Cas gene editing, which significantly inhibited 

tumor growth and metastasis in four mouse models of cancer. Overall, we provide evidence that 

modulating the stiffness of tumor tissue can enhance gene editing in tumors, which offers a new 

strategy for synergistic LNPs and other nanoparticle systems to treat cancer using gene editing.

In vivo inactivation or repair of cancer-related genes using the robust and programmable 

clustered regularly interspaced short palindromic repeat (CRISPR) associated protein 
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(CRISPR/Cas) system1–10 represents an exciting approach for cancer treatment11. However, 

CRISPR-based therapies for solid tumors face critical obstacles. The first is cancer’s 

limitless replicative potential, a cancer hallmark12, that results in an expansive tumor 

burden whereby editing a small number of cells would not be able to reverse disease 

symptoms11, 13. The second is the uniquely stiff and fibrotic stroma of the tumor 

microenvironment. The physically dense tumor microenvironment thus acts as a barrier 

to efficient tumor therapy, blocking nanoparticle uptake into tumors, access to enough cells 

to overcome replicative potential, and immune cell infiltration to tumor tissue14. Therefore, 

we developed a multiplexed nanoparticle siRNA + Cas9 mRNA + sgRNA approach to 

decrease tumor mechanics and ECM stiffness, increase nanoparticle endocytosis and tissue 

penetration, and reduce the therapeutic modification threshold to allow gene editing therapy 

to provide significant survival benefit in genetically engineered mice harboring aggressive 

tumors.

Among properties of the tumor microenvironment, increased stiffness results from abundant 

extracellular matrix (ECM) that enhance intrinsic mechanical properties15. Cell-induced 

deformation is a particular process that ECM undergoes in tumors. Cancer and stromal 

cells can exert considerable actomyosin-generated forces on the ECM, which contribute to 

increased ECM stiffness16, 17. These “inside-out” transmitted tensile forces are primarily 

mediated by integrin-dependent adhesions of attached cells, in a process involving focal 

adhesion kinase (FAK) activation18. Therefore, targeting FAK in tumor tissue can modulate 

the mechanical properties of tumor cells, as well as stromal cells and the tumor ECM. 

In addition, inhibition of FAK activity regulates the tumor immunoenvironment leading 

to elevated CD8+ cytotoxic T cells infiltration14, 19. However, infiltrated T cells will be 

inhibited by PD-L1 overexpression on tumor cells, which acts as an inhibitor of T cell 

responses through sending a critical “don’t find me” signal to the immune system20. This 

genetic alteration of PD-L1 in cancer cells represents an immune checkpoint blockade of 

cancer immunotherapy21. Taken together, these features of the tumor microenvironment, 

stiff ECM and PD-L1 overexpression, present an opportunity for CRISPR-mediated 

disruption of PD-L1 expression in solid tumors for efficient cancer therapy if the 

aforementioned challenges can be overcome.

Herein, we developed a multiplexed nanoparticle approach to reduce tumor stiffness and 

enhance CRISPR gene editing efficiency in tumor tissues for improved therapeutic effect. 

We co-packaged siRNA (anti-FAK), mRNA (Cas9), and targeted sgRNA into self-assembled 

lipid nanoparticles (LNPs) to resolve two critical barriers to cancer therapy (stiff ECM 

and PD-L1 overexpression) (Scheme 1). We found this approach successfully inhibited 

FAK activity and triggered an intriguing enhancement phenomenon in multiple tumor cells 

that aided siFAK+CRISPR-LNP access to enough cells to overcome replicative potential 

to enhance the delivery and overall gene editing >10-fold. We revealed that this gene 

editing enhancement induced by delivery of siFAK decreased membrane tension regulated 

by the contraction force of tumor cells and thus increased LNP endocytosis and tumor 

penetration. Particular focus was placed on ovarian cancer as a representative cancer type 

that often involves metastasis, and liver cancer as a representative cancer type that involves 

fibrosis and ECM barriers. Through modulating mechanical properties of tumor cells and 

breaking down the ECM in vivo, siFAK+CRISPR-LNPs decreased potential metastasis in a 
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mouse metastasis model of ovarian cancer, improved cancer therapy in a tumor xenograft 

mouse model, and dramatically extended survival in an aggressive MYC-driven transgenic 

mouse model of liver cancer. Regulating the mechanical properties of tumor cells/ECM 

for enhancing the genetic suppression in tumor tissues provides an innovative strategy 

for treating cancer using CRISPR. We anticipate that this general approach could further 

synergize with additional types of cancer therapeutics in the future.

siFAK+CRISPR-LNPs enhance gene editing in vitro via modulation of tumor 

tensile force

To examine the hypothesis that FAK silencing would improve CRISPR gene editing, we 

first had to develop a nanoparticle system capable of delivering three types of nucleic 

acids in one nanoparticle: FAK siRNA (siFAK), Cas9 mRNA, and sgRNA. We constructed 

self-assembled lipid nanoparticles (siFAK+CRISPR-LNPs) (Fig. 1a) that utilized 5A2-SC8 

as the ionizable amino lipid dendrimer to bind negatively charged RNAs and facilitate 

endosomal escape after cellular uptake due to charge acquisition at endosomal pH. 5A2-SC8 

was selected based on our prior work delivering siRNA and mRNA to the liver22–24. To 

further develop LNPs for co-encapsulation of three nucleic acids of different physiochemical 

properties,9, 24–30 we optimized the mass ratio of 5A2-SC8 : RNA and LNP molecular 

composition with respect to other lipids (5A2-SC8 : cholesterol : DOPE : DMG-PEG2000 : 

DSPE-PEG2000 = 15:30:15:2:1 (mol)). This led to targeted LNPs capable of triple RNA 

loading with high RNA encapsulation efficiency (Supplemental Fig. 1a). Optimized LNPs 

were ~ 120 nm in size and ~10 mV in average surface charge, which can remain stable 

in serum-containing medium (5% w/v) (Supplemental Fig. 1b–c) without obvious changes 

in size over 72 h incubation (Supplemental Fig. 1d). We note CRISPR was deployed 

using Cas9 mRNA because this approach results in transient Cas9 expression, which can 

minimize off-target effects without risk of integration, as compared to viral or pDNA 

delivery approaches1.

We then delivered siFAK+CRISPR-LNPs specifically targeting GFP into human HeLa 

cells stably expressing green fluorescent protein (HeLa-GFP) and assessed efficacy of 

gene silencing and gene editing. siRNA-mediated gene silencing successfully inhibited 

FAK expression (Fig. 1b and c). Maximal knockdown (~80%) was quantified from 4 

h to 72 h post-administration of siFAK+CRISPR-LNPs (Fig. 1b–c). As expected, GFP 

expression was inhibited through administration of all LNPs containing Cas9 mRNA and 

sgGFP (siFAK+CRISPR-GFP-LNPs). Intriguingly, GFP expression was reduced more in 

HeLa-GFP cells treated with siFAK+CRISPR-GFP-LNPs compared to cells treated with 

siCtrl+CRISPR-GFP-LNPs (in which luciferase siRNA served as control) (Fig. 1d and e). 

T7 endonuclease 1 (T7E1) mutation detection assay results revealed that the frequency of 

indels in GFP DNA were higher in cells treated with siFAK+CRISPR-GFP-LNPs than in 

cells treated with siCtrl+CRISPR-GFP-LNPs (Fig. 1f). These data indicated that multiplexed 

LNPs successfully delivered all three types of nucleic acids to human cancer cell lines 

to achieve highly efficient gene silencing and genome editing. An intriguing phenomenon 

was also revealed where FAK knockdown significantly enhanced gene editing of GFP. 

The results were confirmed through administration of mCherry mRNA and luciferase 
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mRNA in multiple tumor cell types (Supplemental Fig. 2a–f). The enhancement of mRNA 

delivery and protein expression was time- and siRNA-concentration-dependent irrespective 

of the ratio of loaded cargoes (Supplemental Fig. 2b, c, 3a–b). Based on the higher 

delivery efficacy of simultaneous co-delivery of siRNA and mRNA in vivo than sequential 

delivery using multiple LNPs (Supplemental Fig. 4–8), we utilized the simultaneous 

delivery approach for further studies. Next, to confirm that delivery enhancement was 

regulated by FAK knockdown, we inactivated FAK using a small molecule inhibitor in 

cells co-administered with siCtrl+mRNA-LNPs. Consistent with the siFAK co-delivery 

results, mRNA delivery efficacy and protein expression were also enhanced in cells 

treated with an FAK inhibitor drug (Supplemental Fig. 9). Furthermore, we delivered 

siFAK+CRISPR-LNPs to human ovarian cancer cells (IGROV1) specifically targeting PD-

L1 (siFAK+CRISPR-PD-L1-LNPs) to examine the gene editing efficiency. Insertions and 

deletions (indels) at the PD-L1 locus were also significantly increased with FAK knockdown 

(Fig. 1g), leading to distinctly reduced PD-L1 protein expression (Fig. 1h). Thus, we 

concluded that suppression of FAK improves nanoparticle-based CRISPR gene editing 

efficacy in multiple tumor cell lines.

Next, we examined delivery in 3D multicellular spheroids that have been shown to 

recapitulate critical in vivo physiologic tumor parameters31. siFAK+CRISPR-GFP-LNPs 

were able to achieve genome editing in spheroids, where DNA cleavage was 7-fold 

higher than siCtrl+CRISPR-GFP-LNPs (Fig. 1i). We further delivered reporter mCherry 

mRNA and Cy5-labelled mRNA to examine both efficacy and spatial LNP delivery. 

siFAK+mRNA-LNPs penetrated throughout the entire spheroid within 4 hours as tracked 

by Cy5 fluorescence (Fig. 1j–k and Supplemental Fig. 10), which led to mCherry expression 

following mRNA translation throughout the entire spheroid (Fig. 1l and m). In contrast, 

siCtrl+mRNA-LNPs were unable to penetrate the center of the spheroids and only delivered 

mRNA to the periphery (Fig. 1j–m and Supplemental Fig. 11). These results suggested 

that FAK knockdown can overcome the physical barriers of tumor spheroids and distinctly 

increase RNA delivery.

To investigate the mechanism for how FAK knockdown enhances gene editing efficacy 

of siFAK+CRISPR-LNPs, we first quantified the cellular uptake of LNPs using confocal 

microscopy and flow cytometry. Comparing Cy5-labeled siCtrl+mRNA-LNPs and Cy5-

labeled siFAK+mRNA-LNPs treated cells, higher cellular uptake was observed in the 

siFAK group (Fig. 2a–b). Next, we used various small molecules to inhibit distinct cellular 

uptake pathways. The results indicated that FAK silencing increased cellular uptake of 

LNPs mainly through modulating clathrin- and caveolae-dependent endocytosis pathways 

(Fig. 2c and Supplemental Fig. 12). Membrane invagination and endocytosis are the major 

steps for these two pathways, involving membrane tension regulated by tensile forces 

generated by actin filament (F-actin) and the actomyosin network. With this insight, we then 

examined dynamic changes of F-actin/stress fibers and the actomyosin network distribution 

(Fig. 2d–e and Supplemental Fig. 13). Compared with the strong stress F-actin and rich 

actomyosin network in cells treated with siCtrl+CRISPR-LNPs, both stress F-actin and 

actomyosin network were decreased, indicating that the contraction force of cells treated 

with siFAK+CRISPR-LNPs was distinctly decreased. The decreased contraction was also 

examined using a collagen-based contraction assay32 (Supplemental Fig. 14). Interestingly, 
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in cells treated with siFAK+CRISPR-LNPs, the actomyosin network majorly accumulated at 

the peripheral area of cells with distinct decrease of F-actin stress fibers and alignment (Fig. 

2d–e), which might induce membrane invagination, which can also decrease the membrane 

tension because membranes flatten at high tension and invaginate at low tension33, 34. 

We further stained the cell membrane and noticed that the membrane was deformed and 

endocytosed after administration of siFAK+CRISPR-LNPs, which was time-, and siFAK-

concentration dependent (Fig. 2f–g and Supplemental Fig. 15a–b). In addition, decreased 

Yes-associated protein (YAP) expression and localization of YAP to the nucleus further 

showed that cellular contraction was decreased by FAK knockdown35 (Supplemental Fig. 

16a–c). Combined with the endocytosis of cell membrane-protein integrin β1 in IGROV1 

and HepG2 cells treated with siFAK+CRISPR-LNPs (Supplemental Fig. 17 and 18a–c), we 

concluded that siFAK+CRISPR-LNPs reduce the contraction force to enhance the cellular 

endocytosis and penetration of nanoparticles.

To further demonstrate that decreasing mechanical properties of cells could enhance gene 

editing, we modulated the cell stiffness by controlling the substrate stiffness using different 

concentrations of matrigel matrix36 (~20 mg/mL, ~300 Pa; and ~10 mg/mL, ~100 Pa)37. We 

found that mRNA delivery and gene editing efficacy were significantly enhanced through 

decreasing the mechanical properties of the tumor tissue regulated by soft substrates through 

administration of reporter mRNA, siFAK+CRISPR-LNPs targeting luciferase in HeLa-Luc, 

and targeting GFP in HeLa-GFP tumor spheroids (Fig. 1i, Supplemental Fig. 19a–d). 

Notably, a >12-fold enhancement of CRISPR/Cas-mediated gene editing in the stiffer tumor 

spheroids was quantified following administration of siFAK+CRISPR-GFP-LNPs (Fig. 1i), 

indicating that FAK knockdown enhances gene editing in complex tumor models.

siFAK+CRISPR-PD-L1-LNPs inhibit xenograft tumor growth in vivo

FAK is overexpressed in several advanced-stage solid cancers, especially ovarian cancer38, 

which increases the contraction of tumor cells and stiffness of ECM39. Therefore, to 

evaluate gene editing and antitumor efficacy of siFAK+CRISPR-PD-L1-LNPs, C57BL/6 

mice bearing ID8-Luc xenograft tumors were used to perform the following experiments 

through local administration of siFAK+CRISPR-PD-L1-LNPs and other controls (PBS, 

empty LNPs, siCtrl+CRISPR-PD-L1-LNPs, siFAK+CRISPR-Ctrl-LNPs) (Supplemental 

Fig. 20a). We proceeded to (i) examine LNP distribution and penetration; (ii) measure 

protein expression following translation of the delivered mRNA; (iii) investigate the ECM 

and the infiltration of immune cells in tumor microenvironment; (iv) and compare the 

tumor growth in mice after 30-day treatment. Deep LNP penetration and enhanced mRNA 

translation to protein expression in tumor tissues were observed for siFAK+Cy5-mRNA-

LNPs and siFAK+mCherry mRNA-LNPs (Fig. 3a–b and Supplemental Fig. 20b). We 

studied changes in tumor stiffness through examining compressive modulus of tumor 

tissue, deposition and crosslinking of collagen I, and other proteins associated with cell 

mechanics (YAP, P-myosin II, and integrin β1) (Fig. 3c–d, and Supplemental Fig. 21–22). 

We found that tumor stiffness decreased in the tumor microenvironment of mice treated with 

siFAK+CRISPR-PD-L1-LNPs and siFAK+CRISPR-Ctrl-LNPs, leading to a less aggressive 

tumor phenotype evidenced by decreased P-myosin II, integrin β1, and collagen I fibers 

(Fig. 3c–d and Supplemental Fig. 20c, 21, and 22). Moreover, the infiltration of immune 
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cells, especially T cells, in the tumor tissue were also increased after administration 

siFAK+CRISPR-PD-L1-LNPs (Supplemental Fig. 23). The combination of a reduction in 

ECM stiffness regulated by gene silencing of FAK, and enhanced gene editing of PD-L1 

should inhibit tumor growth (Fig. 3e–f). The average tumor volume of mice treated with 

siFAK+CRISPR-PD-L1-LNPs was ~16 mm3 which was smaller than the tumor volume 

of mice treated with PBS (~200 mm3), empty LNPs (~180 mm3), siCtrl+CRISPR-PD-L1-

LNPs (~90 mm3), and siFAK+CRISPR-Ctrl-LNPs (~65 mm3) (Fig. 3e–f). Meanwhile, there 

was no significant acute toxicity to mice following administration of siFAK+CRISPR-PD-

L1-LNPs (Supplemental Fig. 24). Taken together, we concluded that regulating the ECM 

stiffness through FAK knockdown is beneficial for gene editing of PD-L1, which in turn 

significantly inhibits tumor growth. Furthermore, using a mouse metastasis model of ovarian 

cancer, we demonstrated that siFAK+CRISPR-PD-L1-dLNPs could decrease ovarian cancer 

metastasis due to the combination of decreasing cellular adhesion by FAK knockdown and 

improved the gene editing efficacy of PD-L1 (Supplemental Fig. 25a–e).

siFAK+CRISPR-LNPs enhance gene editing in a genetically engineered liver 

cancer model

To further evaluate the effects of combined FAK silencing and enhanced gene editing, we 

examined antitumor efficacy in aggressive, genetically engineered mouse model (GEMM) of 

liver cancer harboring a tetracycline (tet)-repressible human MYC transgene (tet-MYC)40. 

Upon removal of doxycycline (dox), rapid tumor growth leads to death within 60 days 

without treatment. Moreover, high levels of fibrosis with collagen deposition have been 

frequently detected in liver cancer models that involve MYC overexpression41, leading to 

stiffer tumors embedded in normal tissue which influences treatment responses and hinders 

nanoparticle uptake42, 43. Here, we followed the treatment regimen outlined in Fig. 4a 

to test whether enhancing the gene editing through reducing the tumor mechanics can 

improve therapeutic outcomes. Examining the livers at day 35, 45, and 55 (Fig. 4b–c and 

Supplemental Fig. 26a–c, 27a, and b), we found that siFAK+CRISPR-PD-L1-LNPs and 

siFAK+CRISPR-Ctrl-LNPs treated mice had markedly reduced levels of collagen fibrosis 

(Fig. 4b–c), indicating that reduction of FAK expression in cancer cells decreased tumor 

tissue stiffness, which was also confirmed by reduced YAP, P-myosin II, and integrin β1 in 

tumors (Fig 4b–c and Supplemental Fig. 27a–b). The high efficacy of mRNA delivery was 

further demonstrated using Cy5-labeled mCherry- and luciferase-mRNA (siFAK+mRNA-

LNPs) (Supplemental Fig. 28a–b).

We next investigated CRISPR/Cas-mediated gene editing in MYC mice following i.v. 
injection of PBS, siFAK+CRISPR-PD-L1-LNPs, and siCtrl+CRISPR-PD-L1-LNPs. The 

results showed that DNA cleavage efficacy was significantly enhanced by FAK knockdown, 

leading to a distinct decrease of PD-L1 expression in the tumor tissue (Fig. 4d–g). 

Significant enhancement of gene editing in vivo was also confirmed through examining 

gene editing efficacy of siFAK+CRISPR-MYC-LNPs specifically targeting MYC through 

quantifying indels and tumor growth inhibition in the liver (Fig. 4h–j).
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Successful LNP delivery of siFAK, Cas9 mRNA, and sgPD-L1 leads to a reduction of 

PD-L1 expression and ECM stiffness, which will enhance anti-tumor immune response 

mediated by increase of immune cell infiltration (Fig. 5a). We examined the infiltration 

of CD8+ T cells44, and macrophages present in the tumor microenvironment45, 46, which 

are crucial to inhibit tumor growth. As expected, higher numbers of CD8+ T cells and 

macrophages infiltrated into the tumors of mice treated with siFAK+CRISPR-PD-L1-LNPs 

compared with mice treated with siCtrl+CRISPR-PD-L1-LNPs and siFAK+CRISPR-Ctrl-

LNPs. There were few CD8+ T cells in the tumors of mice treated with PBS and empty 

LNPs at days 35 and 55 (Fig. 5b–d and Supplemental Fig. 29). This enhancement of CD8+ 

T cell and macrophage infiltration within the tumor could be representative of host immune 

reactions against cancer cell growth and were most significantly associated with a better 

survival45, 47.

siFAK+CRISPR-PD-L1-LNPs extend survival of mice bearing MYC-driven 

cancer

Building on these results, we further investigated tumor growth and survival of MYC 
mice following longer term treatments with PBS, empty LNPs, siCtrl+CRISPR-PD-

L1-LNPs, siFAK+CRISPR-Ctrl-LNPs, and siFAK+CRISPR-PD-L1-LNPs with sgRNA 

specifically targeting PD-L1. We started a therapeutic regimen by weekly i.v. injection 

of siFAK+CRISPR-PD-L1-LNPs. Due to the short duration of siRNA-mediated gene 

silencing22, 48–50, we administered siFAK-LNPs one more time per week. At day 

55, the abdomens of mice that received siFAK+CRISPR-PD-L1-LNPs were similar in 

circumference to normal, wild type mice and much smaller than abdomens of MYC mice 

treated with PBS (Fig. 5e), indicating that tumor growth was suppressed. Decreased tumor 

growth in mice treated with siFAK+CRISPR-PD-L1-LNPs was also confirmed through 

analysis of liver photographs and H&E staining (Fig. 5f–g and Supplemental Fig. 30a–b). 

Liver tumor growth in mice treated with siFAK+CRISPR-Ctrl-LNPs and siCtrl+CRISPR-

PD-L1-LNPs was also slower than that of mice treated with PBS and empty LNPs at day 35. 

Among all groups, mice treated with siFAK+CRISPR-PD-L1-LNPs clearly had the smallest 

tumors at day 55 (Supplemental Fig. 30b), demonstrating that FAK silencing to improve 

gene editing enhanced overall cancer therapy.

The curve of abdominal circumference of mice treated with only gene editing by 

siCtrl+CRISPR-PD-L1-LNPs showed a plateau from day 21 to 45 (Fig. 5h), suggesting 

that gene editing of PD-L1 had therapeutic efficacy at the early time points when 

tumors were smaller and LNP uptake and penetration were less hindered by ECM 

(low collagen I deposition at 35 day) (Supplemental Fig. 26b–c). After 45 days, the 

abdominal circumference curve of mice treated with siCtrl+CRISPR-PD-L1-LNPs showed 

steep increase. Considering that collagen I deposition and crosslinking was significantly 

increased in tumors at 45 and 55 days (Fig. 4b–c and Supplemental Fig. 26a–c), we 

hypothesized that high ECM stiffness in the tumor acted as a barrier to siCtrl+CRISPR-

PD-L1-LNP uptake and penetration. After 45 days, gene editing therapeutic efficacy 

was distinctly decreased. The abdominal circumference curve rose slowly in the groups 

treated by siFAK+CRISPR-Ctrl-LNPs and siFAK+CRISPR-PD-L1-LNPs, indicating that 

Zhang et al. Page 7

Nat Nanotechnol. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FAK knockdown inhibited tumor growth. In turn, the enhancement of LNP delivery due to 

FAK silencing reduced the ECM and thus increasing gene editing of tumor cells mediated 

by CRISPR further increasing the therapeutic efficacy (Fig. 5e–g). Therefore, administration 

of siFAK+CRISPR-PD-L1-LNPs significantly extended the survival of mice (>100 days) 

in comparison to the PBS treated group (60 days) (Fig. 5i). There was a significant 

increase in survival compared to mice treated with siCtrl+CRISPR-PD-L1-LNPs (~67 

days), which is approximately the effect measured previously for delivery of Let-7g22 and 

siRNA against Anilin48. Enhanced tumor therapy through gene editing increased by FAK 

knockdown was also demonstrated using small molecule inhibitors of FAK and CRISPR-

LNPs targeting KRAS (a RAS human oncogene51) in A549 cells in vitro and in tumor 

xenografts (Supplemental Fig. 31a–h). This general multiplexed approach may therefore be 

applicable to a variety of oncogenic targets in the future. In addition, in vitro and in vivo 
safety studies revealed no off-target editing and high tolerability (Supplemental Fig. 32a–d 

and 33a–c). Overall, we concluded that LNPs inhibited the rapid tumor growth and enhanced 

gene editing of PD-L1 to improve immunotherapeutic efficacy in multiple difficult-to-treat 

cancer models.

Conclusion

Development of effective cancer therapeutics requires precise targeting of specific genes via 

approaches that can simultaneously overcome cancer hallmarks, including a dense tumor 

microenvironment11. Although CRISPR offers a new approach for accurate therapeutic 

intervention, including permanent inactivation of PD-L1, this approach is currently hindered 

by the physically dense tumor microenvironment that blocks nanoparticle uptake and 

immune cell infiltration. We overcame this challenge by developing multiplexed LNPs 

designed to deliver siFAK to break down the ECM, Cas9 mRNA to deploy Cas protein, and 

targeted sgRNA to knockout cancer targets. We found that FAK inhibition decreased the 

contractile force and membrane tension properties of tumor cells and ECM stiffness, which 

significantly enhanced CRISPR gene editing in tumor cells in vitro and in vivo by increasing 

LNP endocytosis and tumor penetration. This approach aided access to enough cells to 

overcome replicative potential and enhanced overall gene editing >10-fold. siFAK+CRISPR-

PD-L1-LNP therapy was tested in four mouse models of human cancer, showing that this 

approach can inhibit metastasis and tumor growth. Administration of siFAK+CRISPR-PD-

L1-LNPs reduce PD-L1 expression and ECM stiffness, which will increase immune cell 

infiltration for immunotherapy to significantly extend survival of mice bearing MYC-driven 

HCC. We envision that this multiplexed, generalizable strategy can be used for a variety 

of cancer targets in various cancer types, offering a new approach for treating cancer using 

CRISPR gene editing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ǀ. FAK knockdown enhances LNP-mediated mRNA delivery and CRISPR gene editing.
a, Schematic illustration showing triple loading of FAK siRNA, Cas9 mRNA, and sgRNA 

into 5A2-SC8 LNPs. b, RT-qPCR quantification of time-dependent FAK expression in cells 

treated with siFAK+CRISPR-PD-L1-LNPs. n=4 biologically independent samples. Error 

bars represent mean ± s.d. c, Representative western blot analysis of FAK expression 

in IGROV1 cells treated with PBS, siCtrl+CRISPR-PD-L1-LNPs, and siFAK+CRISPR-PD-

L1-LNPs for 12 h and 24 h. d, and e, Representative fluorescence microscopy images (d) 

and quantification of GFP fluorescence intensity (e) of HeLa-GFP cells treated with PBS, 

Zhang et al. Page 12

Nat Nanotechnol. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



siCtrl+CRISPR-GFP-LNPs, and siFAK+CRISPR-GFP-LNPs for 48 h. Scale bar = 20 μm. 

**P < 0.01 determined by two-tailed t-test. n=3 biologically independent samples. Error 

bars represent mean ± s.d.. f and g, Representative T7E1 assay for siFAK+CRISPR-LNPs-

mediated cleavage enhancement of GFP in HeLa-GFP cells (f) and PD-L1 in IGROV1 

cells (g). HeLa-GFP cells: total RNA: 2.67 μg/mL, Cas 9 mRNA: sgRNA: siRNA = 

2:0.25:2). IGROV1 cells: total RNA: 1.25 μg/mL, Cas 9 mRNA: sgRNA: siRNA = 2:1:2). 

h, Representative immunofluorescence of PD-L1 in IGROV1 cells after 48 h treatment 

with PBS, siCtrl+CRISPR-PD-L1-LNPs, and siFAK+CRISPR-PD-L1-LNPs. (Total RNA: 

1.25 μg/mL, Cas 9 mRNA: sgRNA: siRNA = 2:1:2). PD-L1 (Red), Nuclei (DAPI, Blue). 

Scale bar = 10 μm. i, T7E1 mismatch cleavage (top) and quantification of integrated 

optical density (IOD) (bottom) for siFAK+CRISPR-GFP-LNPs-mediated gene editing 

enhancement of GFP in HeLa-GFP cell tumor spheroids cultured on the different stiffness 

substrates (~100 Pa and ~300 Pa). The concentration of total RNA for HeLa-GFP tumor 

spheroids was 2.67 μg/mL, Cas 9 mRNA: sgRNA: siRNA = 2:0.25:2. n=3 biologically 

independent samples. Error bars represent mean ± s.d.. ****P < 0.0001 analyzed two-

tailed t-test. Data was analyzed using Image J. j and k, Representative images (j) and 

quantification of fluorescence intensity (k) of the penetration of nanoparticles in the 

IGROV1 tumor spheroids treated with siCtrl+Cy5-mRNA-LNPs and siFAK+Cy5-mRNA-

LNPs after 48 h incubation. Scale bar = 50 μm. l and m, mCherry expression (l) and 

deep distribution (m) in tumor spheroids treated with PBS, siCtrl+mRNA-LNPs, and 

siFAK+mRNA-LNPs. Scale bar = 100 μm.
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Fig. 2 ǀ. FAK-knockdown enhances the endocytosis of siFAK+CRISPR-LNPs through dynamic 
alteration of the contraction force and cell membrane tension.
a and b, Representative confocal images (a) and flow cytometry quantification (b) of 

time-dependent cellular uptake of siCtrl+cy5-mRNA-LNPs and siFAK+cy5-mRNA-LNPs 

in IGROV1 cells. LNPs (Cy5, Red), cytoskeleton (phalloidin-iFluor 488, Green), and 

nucleus (DAPI, Blue). Scale bar = 20 μm. n=3 biologically independent samples. Error bars 

represent mean ± s.d.. c, Quantification of the cellular uptake of LNPs when using small 

molecule inhibitors of various cellular uptake pathways. Cellular uptake was quantified 
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through observing the Cy5-labled-mRNA-LNPs in cells. n=3 biologically independent 

samples. Error bars represent mean ± s.d.. ns, no significant difference, ***P < 0.001 

determined by two-tailed t-test. The results were analyzed using Image J. d, Representative 

confocal images of IGROV1 cells treated with siCtrl+CRISPR-LNPs and siFAK+CRISPR-

LNPs at different time points. F-actin (Red), P-myosin II (P-myo.II, Green), Nuclei 

(DAPI, Blue). Scale bar = 20 μm. e, Quantification of the distribution of F-actin and 

P-myo.II on the white arrow lines in the confocal images (d). f, Schematic illustration FAK-

knockdown induced reduction of cellular contraction force and membrane tension under 

siFAK+CRISPR-LNPs treatment. g, Representative membrane invagination and endocytosis 

regulated by administration of siFAK+cy5-mRNA-LNPs. Scale bar = 10 μm. Membrane, 

yellow; Nuclei, blue; siFAK+Cy5-mRNA-LNPs, red.
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Fig. 3 ǀ. siFAK+CRISPR-PD-L1-LNPs targeted tumor stiffness and PD-L1 to inhibit xenograft 
tumor growth.
a and b, Representative confocal images of mCherry expression and distribution at the edge 

(a) and center (b) of fixed tumor tissues after local administration of PBS, siCtrl+mRNA-

LNPs, and siFAK+mRNA-LNPs. Scale bar = 50 μm. Nuclei (blue), mCherry (red). c 
and d, Representative 3D construction of immunofluorescence (c) and 3D surface plot 

of quantification (d) of collagen I and YAP in fixed tumor tissues after 30-day therapy 

of mice by weekly local injection of PBS, empty LNPs, siCtrl+CRISPR-PD-L1-LNPs, 

Zhang et al. Page 16

Nat Nanotechnol. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



siFAK+CRISPR-Ctrl-LNPs, and siFAK+CRISPR-PD-L1-LNPs. Collagen I (Red), YAP 

(Green), nuclei (Blue). Scale bar = 100 μm. e, Bioluminescence imaging of whole animals 

bearing ID8-Luc xenograft tumors treated with PBS, empty LNPs, siCtrl+CRISPR-PD-L1-

LNPs, siFAK+CRISPR-Ctrl-LNPs, and siFAK+CRISPR-PD-L1-LNPs at day 40. n = 3 mice 

per group. f, Excised tumor (left) and tumor size (right) show the in vivo therapeutic efficacy 

of siFAK+CRISPR-PD-L1-LNPs and the other control groups. Tumor size measurement 

began on day 10 and continued every 3 days. n = 3 mice per group. Error bars represent the 

mean ± s.d., *P <0.05, **P <0.01, ***P <0.001, was determined by one-way ANOVA with 

multiple comparison test.
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Fig. 4 ǀ. siFAK+CRISPR-LNPs enabled enhancement of gene editing though decreasing tumor 
stiffness in an aggressive, genetically engineered liver cancer model.
a, Schematic illustration of administration regimen for systemic therapy in the MYC-driven 

liver cancer mouse model. b and c, Representative 3D construction of immunofluorescence 

(b) and 3D surface plot of quantification (c) of collagen I and YAP in the tumor during the 

therapy process (day 45). Collagen I (Red), YAP (Green), nuclei (Blue). Scale bar = 100 μm. 

d and e, Representative T7E1 results (d) and quantification of IOD (e) for siFAK+CRISPR-

PD-L1-LNPs-mediated cleavage enhancement of PD-L1 in the tumor compared with 
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that of siCtrl+CRISPR-PD-L1-LNPs. n=3 biologically independent samples. Error bars 

represent mean ± s.d.. ***P <0.001 determined by two-tailed t-test. f, Representative 

PD-L1 expression in liver tissues scanned using confocal imaging and captured under 

two channels: nuclei (DAPI, blue), PD-L1 (red). Scale bar =100 μm. g, Quantification 

of PD-L1 expression using Image J. n=4 biologically independent samples. Error bars 

represent mean ± s.d.. *P <0.05, ***P <0.001 determined by were determined by one-way 

ANOVA with multiple comparison test. h and i, Representative T7E1 results (h) and 

quantification of IOD (i) for siFAK+CRISPR-MYC-LNPs-mediated cleavage enhancement 

of MYC in the tumor compared with that of siCtrl+CRISPR-MYC-LNPs with sgRNA 

targeting MYC. n=3 biologically independent samples. Error bars represent mean ± s.d.. 

**P <0.01 determined by two-tailed t-test. j, Representative liver images and H&E staining 

of liver sections of mice following systemic administration of PBS, siCtrl+CRISPR-MYC-

LNPs, and siFAK+CRISPR-MYC-LNPs. 3 mg/kg total RNA administered; Cas9 mRNA 

(1.0 mg/kg): sgRNA (0.5 mg/kg): siRNA (1.5 mg/kg) = 2:1:3 (wt)s. 5A2-SC8: RNA = 10:1 

(wt). The mice were injected starting on day 21. The liver was examined on day 31. Arrows 

showed the tumors in the liver. Scale bar = 500 μm.
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Fig. 5 ǀ. Systemic administration of siFAK+CRISPR-PD-L1-LNPs significantly extended survival 
of mice bearing aggressive, MYC-driven cancer.
a, Proposed model for how decreasing ECM stiffness could enhance gene editing to 

thereby increase immune cells infiltration. b and c, Representative IHC for CD8+ T cells 

(b) and macrophage cells (c) infiltration in the tumor (day 55). Scale bar = 100 μm. 

d, Quantification of infiltration of macrophage cells and CD8+ T cells from confocal 

images. Error bars represent mean ± s.d. n=3 mice with 2 tissue sections per mouse. 

ns, no significant difference, **P <0.01, ***P <0.001, ****P <0.0001 determined by 
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one-way ANOVA with multiple comparison test. e, and f, Representative whole body (e) 

and liver (f) images of mice treated with PBS, empty LNPs, siCtrl+CRISPR-PD-L1-LNPs, 

siFAK+CRISPR-Ctrl-LNPs, and siFAK+CRISPR-PD-L1-LNPs (55 days). g, H&E staining 

of liver sections of mice treated with PBS, empty LNPs, siCtrl+CRISPR-PD-L1-LNPs, 

siFAK+CRISPR-Ctrl-LNPs, and siFAK+CRISPR-PD-L1-LNPs at day 35 (14 days after 

treatment initiation). The arrows in the images indicate tumors. Scale bar = 500 μm. h 
and i, Abdominal circumference measurements (therapy began on day 21) (h) and survival 

curves (i) of mice show the in vivo therapeutic efficacy of siFAK+CRISPR-PD-L1-LNPs as 

compared to the other control groups (PBS, empty LNPs, siCtrl+CRISPR-PD-L1-LNPs, and 

siFAK+CRISPR-Ctrl-LNPs, (n = 6 mice each group). Error bars represent mean ± s.d. (h) 3 

mg/kg total RNA injection; Cas9 mRNA (1.0 mg/kg): sgRNA (PD-L1, 0.5 mg/kg); siRNA 

(1.5 mg/kg) = 2:1:3 (wt). 5A2-SC8: RNA = 10:1 (wt).
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Scheme 1 ǀ. Schematic illustration for targeting the mechanical properties of tumors to open 
a double checkpoint blockade of cancer (stiff ECM plus immunosuppression) to enable cancer 
therapy.
Proposed model for how dendrimer lipid nanoparticles (LNPs) encapsulating FAK siRNA, 

Cas9 mRNA, and targeted sgRNAs could exhibit enhanced penetration into tumors with 

increased gene editing of PD-L1 for improved cancer therapy.
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