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Abstract

Loss of function in tumor suppressor genes is commonly associated with the onset/progression of 

cancer and treatment resistance. The p53 tumor suppressor gene, a master regulator of diverse 

cellular pathways, is frequently altered in various cancers, for example, in ~36% of hepatocellular 

carcinomas (HCCs) and ~68% of non–small cell lung cancers (NSCLCs). Current methods for 

restoration of p53 expression, including small molecules and DNA therapies, have yielded 

progressive success, but each has formidable drawbacks. Here, a redox-responsive nanoparticle 

(NP) platform is engineered for effective delivery of p53-encoding synthetic messenger RNA 

(mRNA). We demonstrate that the synthetic p53-mRNA NPs markedly delay the growth of p53-

null HCC and NSCLC cells by inducing cell cycle arrest and apoptosis. We also reveal that p53 

restoration markedly improves the sensitivity of these tumor cells to everolimus, a mammalian 
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target of rapamycin (mTOR) inhibitor that failed to show clinical benefits in advanced HCC and 

NSCLC. Moreover, cotargeting of tumor-suppressing p53 and tumorigenic mTOR signaling 

pathways results in marked antitumor effects in vitro and in multiple animal models of HCC and 

NSCLC. Our findings indicate that restoration of tumor suppressors by the synthetic mRNA NP 

delivery strategy could be combined together with other therapies for potent combinatorial cancer 

treatment.

INTRODUCTION

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that regulates 

major cell functions such as growth and proliferation in physiological and pathological 

conditions (1). Dysregulation of the mTOR signaling pathway has been reported for a wide 

range of cancers including liver and lung cancers (2–4). Everolimus (RAD001) is an 

effective mTOR inhibitor that has been clinically approved for several types of cancers, such 

as advanced kidney cancer and pancreatic neuroendocrine tumor. However, everolimus 

failed to improve survival in patients with other advanced cancers, such as hepatocellular 

carcinoma (HCC) or non–small cell lung cancer (NSCLC) (5–8). Previous studies have 

proposed several mechanisms underlying the variable response or resistance to everolimus in 

different tumor cells (9, 10), including the activation of prosurvival autophagy (11–13) and 

the dysregulation of apoptotic pathways [for example, up-regulation of antiapoptotic protein 

B cell lymphoma 2 (BCL-2)] (14). Combining everolimus with autophagy or BCL-2 

inhibitors improved antitumor efficacy, but these inhibitors could also induce undesired 

toxicities by interfering with physiological processes in normal cells (15–17).

In parallel to the gain of protumorigenic functions such as the mTOR signaling pathway, 

cancer is also frequently associated with the inactivation of tumor suppressors. p53 is one of 

the most widely altered tumor suppressor genes in numerous cancers. For example, the loss 

of p53 function has been widely detected in ~36% of HCC and ~68% of NSCLC, according 

to The Cancer Genome Atlas (TCGA) database in the cBio Cancer Genomics Portal (http://

cbioportal.org) (18). p53 regulates many important cellular pathways. As a transcription 

factor, p53 can activate its downstream genes in response to oncogenic signals (19), such as 

pro-apoptotic proteins BAX (BCL-2–associated X protein) and PUMA (p52 up-regulated 

modulator of apoptosis) (20). p53 also acts as a cell cycle checkpoint guard to induce cell 

cycle arrest (21) and participates in DNA replication and repair to protect genomic integrity 

(22). In addition, cytoplasmic (but not nuclear) p53 inhibits the activation of protective 

autophagy that may contribute to the tolerance to chemotherapies (23, 24). Therefore, the 

restoration of p53 expression could potentially not only inhibit tumor growth by inducing 

cell apoptosis and cell cycle arrest but also sensitize p53-deficient cancers to the mTOR 

inhibitor everolimus.

Two different strategies have been widely explored for p53 reactivation: (i) the use of small 

molecules to disrupt the p53-MDM2 (mouse double minute 2 homolog) interaction and 

release p53 or to restore wild-type function to mutant p53 by covalent modification of its 

core domain (25–28) and (ii) the restoration of a functional copy via viral or nonviral DNA 

transfection (29–31). Although these attempts have exhibited some successes, each has 
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formidable limitations. For instance, small molecular compounds are likely ineffective when 

the tumor suppressor gene has been deleted, and p53-DNA–based gene therapies have the 

potential risk of genomic integration and mutagenesis (32, 33). Here, we demonstrate the 

feasibility of using mRNA to reconstitute p53 expression in p53-deficient HCC and NSCLC 

with redox-responsive lipid-polymer hybrid nanoparticles (NPs) engineered for effective 

delivery of synthetic mRNA (fig. S1A). Because mRNA functions in the cytoplasm, this 

strategy avoids the requirement of nuclear localization and the risk of insertional 

mutagenesis associated with DNA (34, 35). Our results demonstrate that treatment of p53-

null Hep3B HCC and H1299 NSCLC cells with the p53-mRNA hybrid NPs inhibited tumor 

cell growth by inducing cell apoptosis and G1-phase cell cycle arrest. The p53-mRNA NPs 

also sensitized these tumor cells to everolimus, presumably via p53 restoration–mediated 

regulation of the autophagy pathway (fig. S1B), resulting in synergistic antitumor efficacy in 

vitro and in vivo.

RESULTS

Engineering and characterization of synthetic mRNA NPs

We used in vitro transcription to synthesize enhanced green fluorescent protein (EGFP) 

mRNA and p53-mRNA (fig. S1A). The 5′ terminal of mRNA was designed with an 

untranslated region to enhance the translational initiation of the mRNA (fig. S2). Anti-

reverse cap analog (ARCA) capping of 3′-O-Me-m7G(5′)ppp(5′)G (fig. S3) and enzymatic 

polyadenylation were further used to modify the mRNA to increase its stability and 

translation efficiency. To reduce mRNA immunostimulation, 5-methylcytidine-5′-

triphosphate and pseudouridine-5′-triphosphate were used to replace regular CTP and UTP 

(36, 37). We next used a robust self-assembly approach (38–40) to engineer lipid-polymer 

hybrid NPs for effective loading of the chemically modified mRNA, by using a cationic 

lipid-like molecule G0-C14, a hydrophobic redox-responsive cysteine-based poly(disulfide 

amide) (PDSA), and two lipid-poly(ethylene glycol) (lipid-PEG) compounds (fig. S4). The 

cationic G0-C14 was used for mRNA complexation and to facilitate its cytosolic transport 

(40), and the PDSA was chosen to form a stable NP core under normal physiological 

conditions while providing a rapid triggered release of payloads in tumor cells with high 

intracellular concentration of glutathione (GSH) (41–43). Both 1,2-dimyristoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] (DMPE-PEG) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] (DSPE-

PEG) were coated onto the surface of the hybrid NPs to simultaneously achieve a relatively 

long circulation time and high tumor cell uptake through a de-PEGylation effect (39). As 

shown in fig. S5A, mRNA could be effectively condensed with G0-C14 at a weight ratio 

(G0-C14/mRNA) of 10% (w/w) or above, with no effect of the dimethylformamide solvent 

used for NP formulation on the integrity of mRNA. We prepared the redox-responsive 

hybrid NPs at the G0-C14/mRNA weight ratio of 15, and the engineered mRNA NPs 

showed an average size of ~125 nm and were stable under physiological conditions (fig. 

S5B). As characterized by transmission electron microscopy (TEM) (Fig. 1A), the solid 

PDSA polymer core contributed to the formation of a rigid and stable nanostructure in (pH 

7.4) phosphate-buffered saline (PBS) while efficiently responding to dithiothreitol (DTT; a 

reductive agent) by rapid disassembly of the NPs for release of mRNA (fig. S5C). The 
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redox-triggered sufficient release of payloads could potentially contribute to more effective 

therapeutic activities (41–47). The evaluation and selection of mRNA NP formulations are 

provided in figs. S6 to S8 and table S1.

We next examined the cytosolic delivery of mRNA using the engineered NPs in vitro. As 

shown in Fig. 1B and fig. S9, the NPs could effectively transport Cy5-labeled mRNA into 

the cytoplasm in a time-dependent manner. Most of the internalized mRNA NPs first 

colocalized with LysoTracker Green at 1 hour. After 3 hours of incubation, some of Cy5-

labeled mRNA entered the cytoplasm, and at 6 hours after incubation, a large amount of 

them escaped from endosomes and diffused into the cytoplasm. In comparison, naked 

mRNA could not readily enter the cells after 6 hours of incubation. The efficient cytosolic 

delivery of mRNA with the hybrid NPs could be observed in both p53-null HCC (Hep3B) 

and NSCLC (H1299) cells.

To further check the transfection efficacy in vitro, EGFP-mRNA was chosen as a model 

mRNA. The high transfection efficiency of the EGFP-mRNA NPs can be directly visualized 

by confocal laser scanning microscopy (CLSM), with considerable green fluorescence 

detected in both NP-transfected and commercial transfection agent Lipofectamine 2000 

(Lip2k)–transfected cells (fig. S10). To quantitatively analyze mRNA transfection, EGFP 

expression in Hep3B and H1299 cells was measured by flow cytometry (Fig. 1, C and D, 

and fig. S11). The EGFP expression showed a dose-dependent increase (EGFP-mRNA 

concentration from 0.103 to 0.830 μg/ml). Moreover, the percentage of EGFP-positive cells 

was significantly higher for the NP-transfected cells than for Lip2k-transfected cells at the 

concentration of 0.830 μg/ml (P < 0.01), indicating a better transfection efficacy with the 

NP-mediated strategy in both Hep3B and H1299 cells. When using N-ethylmaleimide 

(Nem) to quench intracellular GSH, we noticed a marked decrease of EGFP expression by 

the mRNA NPs (fig. S12), indicating that the redox-triggered mRNA release within the 

tumor cells may lead to better bioactivity. Moreover, no obvious in vitro cytotoxicity was 

observed in Hep3B and H1299 cells with all the tested concentrations of EGFP-mRNA NPs 

via AlamarBlue assay (fig. S13). These results suggested the potential of the engineered 

hybrid NPs for synthetic mRNA delivery to restore tumor suppressor p53 in p53-null tumor 

cells.

Hybrid mRNA NP–mediated p53 restoration in p53-null HCC and NSCLC cells

To examine the mRNA NP strategy for restoration of tumor suppressor p53 in p53-null 

Hep3B and H1299 cells, immunofluorescence (IF) staining and Western blot (WB) were 

performed to check the p53 protein expression in both cell lines after treatment with p53-

mRNA NPs. The IF results showed that p53 proteins were mainly expressed in the 

cytoplasm of both cell lines (Fig. 2A and fig. S14). WB results also demonstrated that the 

expression of p53 protein was obviously increased in both cells after NP treatment (fig. 

S15). Next, we tested whether the p53-mRNA NPs could restore the suppressing function of 

p53 in p53-null tumor cells. After incubation with different doses of p53-mRNA NPs, strong 

cytotoxicity was observed in a dose-dependent manner in Hep3B (Fig. 2B) and H1299 (fig. 

S16A) cells. Colony formation was also markedly inhibited in both cells treated with p53-

mRNA NPs versus empty NPs, further demonstrating p53 restoration–mediated antitumor 
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activities (Fig. 2C and fig. S16B). Meanwhile, apoptosis was measured using the annexin V 

(AnnV) and propidium iodide (PI) costaining method, followed by flow cytometry analysis. 

As can be seen in Fig. 2 (D and E) and fig. S17, cell apoptosis greatly increased after 

treatment with p53-mRNA NPs at the concentrations of 0.415 and 0.830 μg/ml in Hep3B 

and H1299 cells, whereas empty NPs and naked mRNA did not induce apoptosis.

In addition, the cell cycle phase distribution was studied upon treatment with p53-mRNA 

NPs in Hep3B and H1299 cells. Figure 2F shows that Hep3B cells treated with p53-mRNA 

NPs had a larger G1 population (72.1%) compared with ~50% in the control, empty NPs, or 

naked mRNA groups. Concomitant decreases were observed in S and G2 phases after p53-

mRNA NP treatment compared with the control, empty NPs, or naked mRNA groups. 

Similar results were observed in H1299 cells (fig. S18), suggesting that p53 restoration 

could effectively induce G1-phase cell cycle arrest to inhibit cell proliferation. We also 

investigated the signaling pathways involved in cell cycle regulation by evaluating the cell 

cycle–related proteins in Hep3B cells (Fig. 2G). The restoration of p53 functions by mRNA 

NPs resulted in the up-regulation of p21 and the down-regulation of CyclinE1 from 12 to 48 

hours, and it blocked the cell cycle at the G1 phase.

To further assess the in vitro antitumor mechanisms of the p53-mRNA NPs in p53-null 

Hep3B and H1299 cells, we performed WB studies to verify the effects of p53 on the 

apoptosis pathway. As shown in Fig. 2H and fig. S19, p53-mRNA NPs efficiently activated 

PUMA to initiate the cleaved caspase-9 (C-CAS9)– and C-CAS3–induced apoptosis 

pathway. We further confirmed this pathway through TEM analysis of mitochondrial 

morphology change, which is usually a common phenomenon for this apoptosis pathway 

(48, 49). Consistent with the WB results, we observed increased numbers of swollen 

mitochondria (red arrows) in the cytoplasm of Hep3B and H1299 cells after treatment with 

p53-mRNA NPs (Fig. 2I and fig. S20), as compared to the control and empty NP groups. 

These results indicated that p53 restoration by our mRNA NPs causes mitochondrial 

depolarization and swelling, further confirming the initiation of cellular apoptosis. 

Moreover, we designed and tested a mutant p53-R175H-mRNA (table S2) as another control 

mRNA. As shown in fig. S21, treatment with p53-R175H-mRNA NPs induced the 

expression of mutant p53 in both Hep3B and H1299 cells. However, neither p21 nor C-

CAS3 was detected after NP treatment. The expression of the mutant p53 also did not cause 

cytotoxicity.

p53 restoration sensitizes p53-null HCC and NSCLC cells to mTOR inhibitor everolimus

To examine the effects of p53 restoration on everolimus activity, we first measured the 

cytotoxicity of this mTOR inhibitor in p53-null Hep3B and H1299 cells and explored its 

effect on the mTOR pathway. Figure 3A and fig. S22A indicate relative insensitivity of 

Hep3B and H1299 to everolimus, with more than 50% of cells still alive at 64 nM. Although 

the mTOR pathway targets (p-mTOR and p-p70S6K) were substantially blocked by 

increasing everolimus concentrations (Fig. 3B and fig. S22B), there was no notable decrease 

in cell viability. We then examined the effect of everolimus on the autophagy pathway. 

According to the method previously reported (50), the extent of autophagy can be measured 

by the ratio of LC3B-2/actin on WB. With the increase of everolimus concentration, we 
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observed up-regulation of LC3B-2 and higher LC3B-2/actin ratios by WB (Fig. 3C). The 

increased number of autophagosomes by TEM and increased fluorescence intensity of GFP-

LC3B by CLSM were also consistent with the activation of autophagy by everolimus in 

Hep3B and H1299 cells (Fig. 3, D and E, and fig. S23).

Next, we examined whether the p53-mRNA NPs could inhibit the autophagy induced by 

everolimus. Both the CLSM and WB results in Fig. 3 (E and F) demonstrated that treatment 

with p53-mRNA NPs markedly reduced autophagy activation in p53-null Hep3B cells. We 

also observed the reduced number of autophagosomes (yellow arrows) in the “p53-mRNA 

NPs + everolimus” group as compared to the everolimus alone group by TEM (Fig. 3G). 

Moreover, we tested whether, in the presence of everolimus, the p53-mRNA NPs could still 

restore the apoptotic pathway in Hep3B cells, similar to those shown in Fig. 2. As can be 

seen in Fig. 3 (F and G), the up-regulated expression of C-CAS3/9 and increased number of 

swollen mitochondria (red arrows) suggested the successful activation of the apoptotic 

pathway after treatment with p53-mRNA NPs. Similar results could also be observed in p53-

null H1299 cells (figs. S23C to S25).

Motivated by the results showing inhibition of the autophagy pathway and activation of the 

apoptotic pathway, we next determined whether the p53-mRNA NPs could sensitize Hep3B 

and H1299 cells to everolimus. As measured by AlamarBlue assay (Fig. 3H and fig. S26A), 

everolimus showed a moderate therapeutic effect (with ~70% viability in Hep3B cells and 

more than 80% viability in H1299 cells), whereas cotreatment with everolimus and p53-

mRNA NPs showed strong in vitro antitumor effects in both cell lines (with ~19% viability 

in Hep3B cells and ~14% viability in H1299 cells). The EGFP-mRNA NPs were used as 

control NPs and did not show cytotoxicity. We also calculated the combination index (CI) 

using a reported method (51, 52) to assess whether there was a synergistic effect of the 

combination treatment. The CI value of p53-mRNA NPs + everolimus treatment was 1.71 in 

Hep3B cells and 1.74 in H1299 cells, indicating the presence of a synergistic effect (CI > 1) 

in both cell lines. The colony formation assay also showed a marked reduction in live cells 

after cotreatment with p53-mRNA NPs and everolimus (Fig. 3I and fig. S26B). Consistent 

with the above, flow cytometry analysis of apoptosis demonstrated that everolimus induced 

moderate apoptotic cell death, whereas cotreatment with everolimus and p53-mRNA NPs 

effectively augmented apoptosis (Fig. 3J and fig. S27). To investigate the synergistic effect, 

we tested whether the inhibition of BCL-2 may also contribute to the improvement in 

everolimus sensitivity, as previously reported with small cell lung cancer H-510 cells (14). 

Two strategies (small molecular inhibitor venetoclax and small interfering RNA) were used 

to target BCL-2 and combine with everolimus. Both approaches showed moderate 

combinatorial antitumor effect from BCL-2 inhibition together with high-dose everolimus 

(figs. S28 and S29), indicating that BCL-2 inhibition may not contribute to the improved 

everolimus sensitivity in p53-null Hep3B or H1299 cells. These results suggest that the 

synthetic mRNA NP–mediated p53 restoration can sensitize p53-null HCC and NSCLC 

cells to everolimus, presumably by inhibiting the activation of prosurvival autophagy.

Furthermore, we explored the possible mechanisms of how p53 restoration inhibits the 

protective autophagy. As shown in the quantitative real-time polymerase chain reaction 

(qRT-PCR) results (fig. S30 and table S3), the intervention of NPs effectively increased the 
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expression of p53-mRNA compared to the groups without NP treatment in both cell lines. 

The increased p53-mRNA expression was also accompanied by clear inhibition of ULK1, 

ATG7, BECN1, and ATG12 mRNA expression (fig. S31) but showed no obvious effects on 

the mRNA expression of DRAM1, ISG20L1, and SESN1 (fig. S32). These results indicate 

that the autophagy-related genes ULK1, ATG7, BECN1, and ATG12 may be involved in the 

p53-mRNA NP–mediated inhibition of autophagy activation. We also examined two p53 

target genes, TIGAR (TP53-induced glycolysis and apoptosis regulator) and AMPKα. 

TIGAR is a p53-regulated gene that can be rapidly activated in response to cellular stress 

(53). TIGAR can inhibit autophagy in a transcription-independent manner (54, 55). 

Consistent with previous studies (54–56), both our PCR and WB results (figs. S33 and S34) 

demonstrated that the expression of cytoplasmic p53 via p53-mRNA NPs activated the 

expression of TIGAR. The WB data also indicated the suppression of the 5′ adenosine 

monophosphate-activated protein kinase (AMPK) signaling pathway (23, 57), which can 

induce transcription-independent inhibition of autophagy (58). On the basis of these results, 

we proposed a possible mechanism (fig. S35) of how p53 tumor suppressor inhibits the 

protective autophagy and thus improves the sensitivity of p53-null tumor cells to everolimus.

p53 restoration sensitizes p53-null HCC and NSCLC xenograft models to everolimus

The lipid-PEG layer plays a critical role in controlling the cell uptake, pharmacokinetics 

(PK), and tumor accumulation of the hybrid lipid-polymer NPs (38, 39). We prepared the 

hybrid mRNA NPs with three different DSPE-PEG/DMPE-PEG ratios (NP25, NP50, and 

NP75 shown in table S1). We evaluated PK of the three Cy5-labeled mRNA NPs delivered 

by intravenous injection into healthy BALB/c mice. Naked Cy5-mRNA was used as a 

control. Figure 4A shows that naked mRNA was cleared within a few minutes, whereas the 

hybrid NPs effectively extended the circulation half-life (t1/2) of mRNA (NP25, t1/2 < 30 

min; NP50, t1/2 ≈ 30 min; NP75, t1/2 ≈ 1 hour). In addition, ~40% of NP75 were still 

circulating in blood at 2 hours after administration. We then examined the biodistribution 

(BioD) and tumor accumulation of these NPs. Athymic nude mice carrying Hep3B 

xenograft were treated with naked Cy5-mRNA, Cy5-mRNA NP25, Cy5-mRNA NP50, or 

Cy5-mRNA NP75 by intravenous injection. As revealed in Fig. 4B and fig. S36, the 

fluorescent signal of naked Cy5-mRNA was barely detectable in the tumor at 24 hours after 

injection. Among the three different NPs, NP75 exhibited the highest tumor accumulation, 

which may be attributable to its long circulation, and was thus used for all the following in 

vivo studies. A comparable NP accumulation was also observed in H1299 xenograft tumors 

(fig. S37), which may be due to the abundant blood vessels in these two tumor models (fig. 

S38).

To validate the therapeutic efficacy of the p53-mRNA NPs and their ability to sensitize 

tumors to everolimus, we performed in vivo studies in immunocompromised athymic nude 

mice bearing p53-null Hep3B xenografts (Fig. 4C). The p53-mRNA NPs were systemically 

injected via tail vein every 3 days for six treatments. Meanwhile, everolimus was 

administered orally right after each intravenous injection of NPs. PBS and EGFP-mRNA 

NPs were used as controls. Hep3B tumor–bearing mice treated with PBS and EGFP-mRNA 

NPs showed similarly rapid tumor growth, whereas everolimus alone showed moderate 

antitumor activity (Fig. 4, D to K, and fig. S39A). The p53-mRNA NPs demonstrated a 
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potent effect on suppressing the growth of Hep3B tumors. Cotreatment with everolimus and 

p53-mRNA NPs greatly enhanced the therapeutic efficacy compared to the treatment with 

everolimus alone or p53-mRNA NPs at the end point of this study. The CI value was 5.08, 

indicating a potent synergistic effect of everolimus in combination with p53-mRNA NPs in 

vivo. No obvious change in body weight was observed in any groups (fig. S39B). In 

addition, the combination treatment was highly effective in vivo in p53-null H1299 

xenograft tumors (fig. S40). The CI value was 2.87 for the combination of everolimus with 

p53-mRNA NPs. The cotreatment even resulted in regression of the H1299 tumors. 

Moreover, the p53 restoration strategy also worked in the immunocompetent mouse tumor 

model of p53-null RIL-175, as evidenced by the inhibition of tumor growth after treatment 

with murine p53-mRNA NPs (figs. S41 and S42).

To better understand the in vivo mechanisms underlying this antitumor effect, we tested p53 

expression in p53-null Hep3B tumor sections obtained at different time points (12, 24, 48, 

and 60 hours) after three injections of p53-mRNA NPs by IF analysis (PBS treatment was 

used as control). Figure 4L shows p53 protein expression in tumor sections at all these time 

points, and the signals were still clear at 60 hours after treatment. We also detected up-

regulated signals of C-CAS3, indicating the apoptosis pathway activated by these p53-

mRNA NPs. PBS control group did not show any signal of p53 or C-CAS3. Furthermore, 

we performed immunohistochemistry (IHC) analysis and confirmed the high expression of 

p53 in p53-null Hep3B tumor sections (Fig. 5A), along with the high expression of C-CAS3 

after treatment with p53-mRNA NPs. These results indicated the activation of the apoptotic 

pathway, consistent with the in vitro results. We also observed that the restored p53 proteins 

were mainly located in the cytoplasm of Hep3B and H1299 cells in vivo (figs. S43 and S44). 

Tumor cell proliferation was assessed by Ki67 (proliferation marker) and PCNA 

(proliferating cell nuclear antigen) expression, both of which were decreased after treatment 

with p53-mRNA NPs. In addition, TUNEL (terminal deoxynucleotidyl transferase–mediated 

deoxyuridine triphosphate nick end labeling) assay in tumor sections (Fig. 5B) confirmed 

that p53-mRNA NP treatment activated the apoptosis pathway. Furthermore, p53 

restoration–mediated sensitization to everolimus was examined in vivo. Proteins from 

Hep3B tumors in different treatment groups were extracted and analyzed by WB. As shown 

in Fig. 5C, everolimus induced autophagy, as indicated by the expression of LC3B-2 relative 

to actin (50), as well as the increase in Beclin 1 (BECN1), whereas the cotreatment with 

p53-mRNA NPs reduced autophagy activation to levels comparable to the control groups. 

Apoptosis (C-CAS9 and C-CAS3) was enhanced in the p53-mRNA NPs + everolimus 

group. We also analyzed the mTOR and autophagic pathways in a p53-null NSCLC 

xenograft model via IHC studies (fig. S45). The expression of major proteins (p53, TIGAR, 

LC3B, Ki67, and C-CAS3) involved in the pathways discussed above was verified in the 

H1299 tumor sections. Treatment with p53-mRNA NPs resulted in the expressions of p53 

and TIGAR and inhibited the LC3B (autophagy marker) expression induced by everolimus. 

The down-regulation of Ki67 and up-regulation of C-CAS3 indicated activation of the 

apoptosis pathway.
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In vivo therapeutic efficacy in p53-null orthotopic HCC model and disseminated NSCLC 
model

To further evaluate the therapeutic efficacy of p53-mRNA NPs in combination with 

everolimus, we established a p53-null orthotopic model of HCC by injecting luciferase-

expressing Hep3B (Hep3B-Luc) cells into the left lobe of the livers of immunodeficient 

nude mice. Tumor growth was monitored by detecting the average radiance of the tumor 

sites through bioluminescence imaging. Twenty-one days later, mice were randomly divided 

into different groups and treated with PBS, EGFP-mRNA NPs, everolimus, p53-mRNA 

NPs, or p53-mRNA NPs + everolimus every 3 days (Fig. 6A). Everolimus was orally 

administered, whereas PBS and all NPs were given by intravenous injection. 

Bioluminescence imaging was performed on days 0, 6, and 12. As shown in Fig. 6B, 

everolimus somewhat inhibited the growth of orthotopic tumors, as compared to the PBS 

and EGFP-mRNA NP groups. p53-mRNA NPs effectively reduced the orthotopic tumor 

burden, and cotreatment with p53-mRNA NPs and everolimus showed the strongest 

therapeutic effect in the orthotopic model (Fig. 6C).

We also used an experimental liver metastasis model to evaluate this combination strategy 

by intravenous injection of the H1299 NSCLC cells into immunodeficient mice via the tail 

vein. Four weeks later, all the mice were randomly assigned to different groups and treated 

with PBS, EGFP-mRNA NPs, everolimus, p53-mRNA NPs, or p53-mRNA NPs + 

everolimus every 3 days (Fig. 6D). After five rounds of treatment, all mice were euthanized, 

and their livers were collected to detect metastases (Fig. 6, E to G). Numerous metastatic 

nodules were detected in the livers from the PBS and EGFP-mRNA NP groups, and 

everolimus showed moderate effects. In comparison, p53-mRNA NPs effectively reduced 

the number of metastatic nodules, whereas cotreatment with p53-mRNA NPs and 

everolimus showed the most profound therapeutic effect.

In vivo safety of p53-mRNA NPs and their combination with everolimus

To evaluate the in vivo safety of p53-mRNA NPs and their combination with everolimus, 

various organs (heart, kidneys, liver, lungs, and spleen) were harvested at the end point (day 

33) of the Hep3B xenograft study, followed by section and hematoxylin and eosin (H&E) 

staining (fig. S46A). No obvious histological differences were detected in the sections of 

organs from all the treatment groups, indicating no notable toxicity. We also performed 

serum biochemistry analysis and whole blood panel tests. A series of parameters were tested 

(fig. S46B), including alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

blood urea nitrogen (BUN), red blood cells (RBCs), white blood cells (WBCs), hemoglobin 

(Hb), mean corpuscular Hb concentration (MCHC), mean corpuscular Hb (MCH), 

hematocrit (HCT), and lymphocyte count (LY). These parameters did not show significant 

differences between the groups treated with PBS, p53-mRNA NPs, and p53-mRNA NPs + 

everolimus. Moreover, we further performed IHC analysis for the expressions of p53 and C-

CAS3 in major organs (heart, liver, spleen, lungs, and kidneys) and tumors. As can be seen 

in fig. S47, p53 was mainly expressed in the tumor and liver, which is consistent with our 

BioD results (with the NP delivery platform, mRNA had higher accumulation in the tumor 

and liver). The restoration of p53 in p53-null HCC tumors resulted in effective expression of 

C-CAS3, consistent with in vitro studies. In addition, no obvious expression of C-CAS3 was 
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observed in normal tissues including the liver, which is consistent with H&E staining results. 

Moreover, blood serum concentrations of immunotoxicity markers such as interferon-γ 
(IFN-γ), tumor necrosis–α (TNF-α), interleukin-12 (IL-12), and IL-6 were in the normal 

range at 24 hours after treatment with either empty NPs or p53-mRNA NPs (fig. S48). These 

results indicated that no observable innate immune responses were caused by the mRNA 

NPs at the tested time point.

DISCUSSION

The p53 gene is a critical tumor suppressor gene involved in the majority of cancers (59, 60). 

The clinical data from TCGA show that both HCC and NSCLC patients with high 

expression of p53 have much longer overall survival and/or progression-free survival than 

those with low p53 expression (61, 62). With its diverse functions (such as regulation of cell 

cycle checkpoints, apoptosis, senescence, and DNA repair), p53 restoration has long been 

considered an attractive anticancer strategy (63–65). Various methods have been developed 

to reactivate p53 functions, which can be summarized in the two categories of small 

molecular compounds (25–27) and DNA therapeutics (29, 30). Small molecular inhibitors, 

such as RITA (reactivation of p53 and induction of tumor cell apoptosis), Nutlin, and 

MI-319, have shown high binding potency and selectivity for MDM2 in the treatment of 

HCC and other cancers (66–68). Other small molecules like CP-31398 have also been 

developed to target mutant p53 and reactivate its normal functions (69, 70). Encouraging 

clinical outcomes are being continually generated with compounds such as RG7112, 

MI-773, and APR-246 in different cancers. For example, the phase 1 trial of RG7112 (an 

MDM2 antagonist) has demonstrated clinical responses in hematologic malignancies (71). 

MI-773 (SAR405838; an HDM2 antagonist) was shown to be safe with preliminary 

antitumor activity in locally advanced or metastatic solid tumors (72). In addition, 

combination treatment with APR-246 and azacitidine resulted in responses in all patients 

with TP53-mutant myelodysplastic syndromes and acute myeloid leukemia in a phase 1b/2 

study (73). Despite these efforts and the progress in clinical trials (32), this method is likely 

to be ineffective when the suppressor gene has been deleted. For DNA therapeutics, several 

candidates using adenoviral vectors are in clinical trials, with Gendicine approved in China 

in 2003 (74). Advexin, another Adp53 vector, however, failed in the phase 3 trials (75). 

Considering the low transduction rate of p53 gene via Adp53 (76), some tumor-specific, 

replication-competent CRAdp53 vectors (AdDelta24-p53, SG600-p53, ONYX 015, 

OBP-702, and H101) have been developed to induce higher p53 expression and antitumor 

effect. SGT-53, a cationic liposome encapsulating p53 plasmid, is also in clinical trials for 

solid tumors (31). Although Gendicine and H101 have been approved for head and neck 

cancers in China (76), they are not widely used, presumably due to the limitations of 

intratumoral injection. Furthermore, gene therapy for systemic cancer treatment still has 

several potential risks, including (i) host immune responses and preexisting antiviral 

immunity resulting in the neutralization of efficacy, modification of PK and 

pharmacodynamics, and allergic responses; and (ii) potential genotoxicity owing to 

integration in the host genome (33).

The use of synthetic mRNA has recently attracted considerable attention owing to its 

distinctive features. For example, it does not require nuclear entry for transfection activity 
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and has a negligible chance of integrating into the host genome, thus avoiding potentially 

detrimental genotoxicity (34, 35). Chemical modification of mRNA molecules has also 

enhanced their stability and decreased activation of innate immune responses (37). Whereas 

the use of mRNA to restore tumor suppressors seems straightforward and highly promising, 

effective systemic delivery of mRNA to tumors remains a major challenge. Nanotechnology 

has shown promise to improve cytosolic delivery of various RNA therapeutics into tumor 

cells (77, 78), and different NP systems have been developed for systemic mRNA delivery 

(79–81), particularly to the liver for genetic and infectious diseases (82–88). However, little 

efforts have been reported on systemic delivery of mRNA for restoration of tumor 

suppressors.

We had developed a lipid-polymer hybrid mRNA NP platform composed of poly(lactic-co-

glycolic acid) (PLGA) and successfully applied it for in vivo restoration of tumor suppressor 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN) in prostate cancer (40). 

Considering the fact that the concentration of reductive agent GSH in tumor cells could be 

about 100- to 1000-fold higher than that in the extracellular fluids (89), redox-responsive NP 

platforms have emerged for effective intracellular delivery (41–47), which may be 

particularly beneficial for biomacromolecules that need to be released into the cytoplasm for 

therapeutic effects. In this work, we incorporated redox-responsive polymer PDSA in our 

hybrid NP platform, which showed a fast mRNA release in the presence of reductive agent 

DTT and resulted in excellent mRNA transfection. In addition, the reduced EGFP protein 

expression after the quenching of intracellular GSH by Nem also suggested that redox-

responsive NPs might be more potent for mRNA delivery than nonresponsive NPs. In 

addition to the polymer core, the surface lipid-PEG layer also plays an important role in 

controlling the performance (cellular uptake and PK) of the hybrid NPs for delivery of RNA 

therapeutics by serum albumin–mediated de-PEGylation (38, 39). For instance, DSPE-PEG 

contributes to a long circulation life and high tumor circulation due to its slow dissociation 

from NPs, whereas DMPE-PEG contributes to a high cellular uptake and excellent in vitro 

performance of the hybrid NPs due to its quick de-PEGylation kinetics. Here, we further 

blended the two lipid-PEG molecules by changing the DSPE-PEG/DMPE-PEG ratio for 

different in vitro or in vivo applications. To maximize the tumor accumulation, the lipid-

PEG layer of NPs needs to be relatively stable (with a slow de-PEGylation kinetic profile) to 

enable a relatively long circulation time. Therefore, a high ratio of DSPE-PEG (75%, w/w) 

to the total lipid-PEGs on the surface layer was designed for systemic delivery of mRNA. 

Compared with the PLGA-based NPs coated with a layer of single lipid-PEG (40), the 

PDSA-based NPs coated with a layer of hybrid lipid-PEGs are more adjustable for on-

demand applications.

Previous studies (11–13) have shown that activation of autophagy by mTOR inhibitors 

including everolimus may be an undesired effect because it acts as a resistance mechanism 

that limits drug efficacy. The incorporation of autophagy inhibitors could prevent resistance 

to mTOR inhibitors and enhance their therapeutic efficacy. For example, a dual mTORC1 

and mTORC2 inhibitor, OSI-027, was reported to induce protective autophagy, whereas 

disruption of this pathway with chloroquine (autophagy inhibitor) contributed to apoptotic 

cell death (90). Both selective knockdown of autophagy genes (ATG3, ATG5, and ATG7) 

and pretreatment with hydroxychloroquine (autophagy inhibitor) also contributed to 
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activating the mitochondrial apoptotic pathway and improving everolimus activity, 

sensitizing mantle cell lymphoma to everolimus (10). p53 plays a dual role in control of 

autophagy: (i) nuclear p53 can induce autophagy through transcriptional effects, whereas (ii) 

cytoplasmic p53 can act as a master repressor of autophagy (57, 91). In this work, we 

observed that the p53 proteins restored by mRNA NPs are mainly located in the cytoplasm 

of both Hep3B and H1299 cells in vitro and in vivo. In addition, we observed that 

everolimus-induced autophagy activation was effectively inhibited by mRNA NP–based 

restoration of p53, further demonstrating the expression of p53 proteins mainly in the 

cytoplasm.

In summary, we demonstrate that p53 restoration by synthetic mRNA NPs can inhibit 

autophagy, thus providing a strategy for sensitizing p53-null tumor cells to everolimus, and 

simultaneously activate apoptosis and cell cycle arrest. The redox-responsive p53-mRNA 

NPs enhanced the therapeutic responses to everolimus in p53-null HCC and NSCLC in vitro 

and in vivo. A synergistic antitumor effect was also observed in multiple animal models of 

both HCC and NSCLC with the combinatorial treatment, which might be explained by (i) 

the mild therapeutic effect of everolimus, (ii) cytoplasmic p53-mediated inhibition of 

autophagy and sensitization to the mTOR inhibitor, and (iii) the simultaneous activation of 

apoptosis by p53 restoration. The synthetic mRNA NP–based p53 restoration strategy might 

therefore revive this U.S. Food and Drug Administration–approved mTOR inhibitor for 

clinical translation in p53-deficient HCC and NSCLC patients. Note that this study is limited 

to HCC and NSCLC cell lines with p53 deficiency. More efforts are needed to answer 

whether this combination strategy may work for other p53-deficient cancers or for cancers 

with different p53 mutations. In addition, the current formulation method might not be 

amenable for large-scale synthesis of mRNA NPs. For further preclinical development and 

evaluation of translational potential of this mRNA NP system, the scalability of NP 

formulation and the systematic optimization of NP physicochemical properties should be 

considered. Compared to the bulk synthesis approach used herein, microfluidic-based 

strategies have exhibited the capability for more controllable, homogeneous, and 

reproducible formulation of NPs, as well as the feasibility of mass production (92–94). It is 

thus expected that the use of microfluidic platforms might facilitate the identification of 

optimal mRNA NP formulations suitable for preclinical pharmacology and toxicology 

evaluation in large animals. To maximize the therapeutic effect of this strategy, the 

heterogeneity and complexity of tumors should also be considered. Careful identification of 

what cancer type(s) may benefit most from such combination treatment is still needed, as 

well as the selection of tumors with high enhanced permeability and retention effect to 

receive mRNA NPs (77, 95). We expect that this mRNA NP approach could be applied to 

many other tumor suppressors and rationally combined with other therapeutic modalities for 

effective combinatorial cancer treatment.

MATERIALS AND METHODS

Study design

This study aimed to explore an mRNA-based strategy for restoring tumor suppressor p53 in 

p53-null HCC and NSCLC cells and to evaluate whether p53 reactivation would sensitize 
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these tumor cells to mTOR inhibition for more effective combination treatment. We 

addressed this objective by (i) developing a redox-responsive p53-mRNA NP platform that 

showed the feasibility of p53 restoration in p53-deficient Hep3B and H1299 cells, (ii) 

demonstrating antitumor effects of the p53-mRNA NPs that can induce cell apoptosis and 

G1-phase cell cycle arrest, and (iii) revealing that p53 reactivation can sensitize tumor cells 

to mTOR inhibitor everolimus. The therapeutic efficacy and safety of the combination of 

p53-mRNA NPs with everolimus were thoroughly evaluated in vivo.

Four animal models, including xenograft models of p53-null HCC and NSCLC, orthotopic 

model of p53-null HCC, and disseminated model of p53-null NSCLC, were used to evaluate 

antitumor effects of this combinatorial strategy. The animals were randomly assigned to the 

study groups. The experimentalists were not blinded during the study.

Animals

All the in vivo studies were conducted following the animal protocols approved by the 

Institutional Animal Care and Use Committees on animal care (Brigham and Women’s 

Hospital and Hangzhou Normal University). The animal studies were performed under strict 

regulations and pathogen-free conditions in the animal facilities of Brigham and Women’s 

Hospital or Hangzhou Normal University. Female athymic nude mice (4 to 6 weeks old), 

wild-type BALB/c mice (6 weeks old), and female C57BL/6 mice (4 weeks old) were 

purchased from Charles River Laboratories or Zhejiang Medical Academy Animal Center. 

Mice were raised for at least 1 week before the start of the experiments to acclimatize them 

to the environment and food of the animal facilities.

PK and BioD studies

For the in vivo PK study, healthy BALB/c mice (6 weeks old, n = 3 per group) were 

intravenously injected with naked Cy5-mRNA, Cy5-mRNA NP25, Cy5-mRNA NP50, or 

Cy5-mRNA NP75 via tail vein. At predetermined time intervals (0, 0.5, 1, 2, 4, 8, 12, and 24 

hours), retro-orbital vein blood was obtained in a heparin-coated capillary tube. The wound 

was gently pressed for 1 min to stop the bleeding. Fluorescence intensity of Cy5-mRNA was 

measured by a microplate reader. PK was assessed by measuring the percentage of Cy5-

mRNA in blood at these time points after getting rid of the background and normalization to 

the initial time point (0 hours). For the BioD study, p53-null Hep3B xenograft–bearing 

athymic nude mice were intravenously injected with naked Cy5-mRNA, Cy5-mRNA NP25, 

Cy5-mRNA NP50, or Cy5-mRNA NP75 (at an mRNA dose of 750 μg/kg of animal weight) 

via tail vein (n = 3 per group). After 24 hours, all the mice were euthanized, and the 

dissected organs and tumors were visualized using a Syngene PXi imaging system 

(Synoptics Ltd.).

In vivo therapeutic efficacy in p53-null

HCC xenograft tumor model—To establish the HCC xenograft tumor model, ~1 × 107 

p53-null Hep3B liver cancer cells in 100 μl of PBS mixed with 100 μl of Matrigel (BD 

Biosciences) were implanted subcutaneously on the right flank (near the liver) of female 

athymic nude mice. Mice were monitored for tumor growth every other day according to the 

animal protocol. When the tumor volume reached ~100 mm3, the mice were randomly 
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divided into five groups (n = 5), which received treatment with PBS, EGFP-mRNA NPs, 

everolimus, p53-mRNA NPs, or p53-mRNA NPs + everolimus. The mRNA NPs used for 

the in vivo therapeutic studies had 75% (w/w) of DSPE-PEG in the lipid-PEG layer. The 

human p53-mRNA sequence is shown in table S2. The EGFP-mRNA NPs or p53-mRNA 

NPs were injected via tail vein at an mRNA dose of 750 μg/kg, whereas the everolimus was 

orally administered at 5 mg/kg every 3 days for six rounds of treatment. The day that first 

treatment was performed was designated as day 0. Tumor size was measured using a caliper 

every 3 days from day 0 to day 33, and the average tumor volume (mm3) was calculated as: 

4π/3 × (tumor length/2) × (tumor width/2)2. Relative tumor volume (%) was calculated and 

presented according to a reported method (96). The largest tumor volume from the mouse at 

the end of this study was defined as 100%. The body weights of all the mice were also 

recorded over this period.

In vivo therapeutic efficacy in p53-null

NSCLC xenograft tumor model—To establish the xenograft tumor mouse model, ~5 × 

106 H1299 lung cancer cells in 100 μl of PBS mixed with 100 μl of Matrigel (BD 

Biosciences) were implanted subcutaneously on the left fore (near the lung) of female 

athymic nude mice. Mice were monitored for tumor growth every other day according to the 

animal protocol. When the tumor volume reached ~100 mm3, the mice were randomly 

divided into five groups (n = 5), which received treatment with PBS, EGFP-mRNA NPs, 

everolimus, p53-mRNA NPs, or p53-mRNA NPs together with everolimus. The engineered 

mRNA NPs used for the in vivo therapeutic studies have 75% (w/w) of DSPE-PEG in the 

lipid-PEG layer. The EGFP-mRNA NPs or p53-mRNA NPs were injected via tail vein at an 

mRNA dose of 750 μg/kg, whereas the everolimus was orally administered at 5 mg/kg every 

3 days for six treatments. The day that the first treatment was performed was designated as 

day 0. Tumor size was measured using a caliper every 3 days from day 0 to day 18, and the 

average tumor volume (mm3) was calculated as: 4π/3 × (tumor length/2) × (tumor width/2)2. 

Relative tumor volume (%) was calculated and presented according to a reported method 

(96). The largest tumor volume from the mouse at the end of this study was defined as 

100%.

In vivo therapeutic efficacy of murine p53-mRNA NPs in immunocompetent mice

To establish the immunocompetent mouse tumor model, ~1 × 106 of p53-null RIL-175 

mouse HCC cells in 100 μl of PBS mixed with 100 μl of Matrigel (BD Biosciences) were 

implanted subcutaneously on the right flank (near the liver) of female C57BL/6 mice. Mice 

were monitored for tumor growth every other day according to the animal protocol. When 

the tumor volume reached ~100 mm3, the mice were randomly divided into three groups (n 
= 5), which received treatment with PBS, EGFP-mRNA NPs, or murine p53-mRNA NPs. 

The mRNA NPs used for the in vivo therapeutic studies had 75% (w/w) of DSPE-PEG in the 

lipid-PEG layer. The mouse p53-mRNA sequence is shown in table S2. The EGFP-mRNA 

NPs or murine p53-mRNA NPs were intravenously injected via tail vein at an mRNA dose 

of 750 μg/kg, every 3 days for six rounds of treatment. The day that first treatment was 

performed was designated as day 0. Tumor size was measured using a caliper every 3 days 

from day 0 to day 18, and the average tumor volume (mm3) was calculated as: 4π/3 × 
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(tumor length/2) × (tumor width/2)2. Relative tumor volume (%) was calculated and 

presented according to a reported method (96).

In vivo mechanisms underlying the p53-mRNA NP–mediated sensitization to everolimus

To verify the in vivo mechanisms underlying this p53-mRNA NP–mediated strategy, mice 

bearing p53-null Hep3B liver xenografts were treated with p53-mRNA NPs via tail vein 

injection at an mRNA dose of 750 μg/kg every 3 days for three rounds of treatment. The 

mice were euthanized at 12, 24, 48, or 60 hours after the last injection of p53-mRNA NPs, 

and the tumors were harvested for sections. Mice bearing p53-null Hep3B liver xenografts 

and intravenously injected with PBS were used as controls and euthanized at 60 hours after 

the last injection. The expression of p53 and C-CAS3 was monitored via IF detection. 

Moreover, tumor sections from both the PBS group and p53-mRNA NP group (60 hours 

after the last injection) were analyzed by IHC. The expression of p53, tumor cell apoptosis 

markers (BAX and C-CAS3), and proliferation markers (Ki67 and PCNA) was further 

assessed. In addition, tumors obtained from all the groups (control, EGFP-mRNA NPs, 

everolimus, p53-mRNA NPs, or p53-mRNA NPs + everolimus) in the above-mentioned 

therapeutic study using the p53-null Hep3B liver xenograft model were further sectioned for 

a TUNEL apoptosis assay and lysed for WB studies to detect the expression of p53, 

LC3B-2, BECN1, p62, p-4EBP1, C-CAS9, and C-CAS3.

In vivo therapeutic efficacy in p53-null orthotopic HCC model

To establish the orthotopic HCC model, Hep3B-Luc cells were used. Six-week-old female 

athymic nude mice were obtained from Zhejiang Medical Academy Animal Center. Animal 

studies were conducted following the protocol approved by the Institutional Animal Ethics 

Committee of Hangzhou Normal University. First, anterior abdominal exposure was made, 

and a cotton swab with iodine volts was used to sterilize this area. A 1-cm-long midline 

incision was made along the anterior abdominal wall below the xiphoid after anesthesia by 

isoflurane, and ~5 × 106 p53-null Hep3B-Luc cells in 50 μl of PBS were injected into the 

left lobe of the livers of the athymic nude mice (30 in total). The injection depth was not 

deeper than 2 mm. The inner and outer layers of the abdominal cavity were sutured one by 

one after tumor cell inoculation. Three weeks later, 15 mice (incidence rate of orthotopic 

HCC model, 50%) were randomly assigned to five groups (n = 3 per group), which received 

treatment with PBS, EGFP-mRNA NPs, everolimus, p53-mRNA NPs, or p53-mRNA NPs 

together with everolimus. The EGFP-mRNA NPs or p53-mRNA NPs were injected via tail 

vein at an mRNA dose of 750 μg/kg, whereas everolimus was orally administered at 5 mg/kg 

every 3 days for four rounds of treatment. The first treatment was performed at day 0. On 

day 12, all the mice were euthanized. Mice were monitored for tumor growth by 

bioluminescent in vivo imaging every 6 days (days 0, 6, and 12). To do this, these mice were 

injected intraperitoneally with D-luciferin substrate (150 mg/kg; PerkinElmer, catalog no. 

122799) and imaged by an IVIS Lumina S5 (PerkinElmer) imaging system.

In vivo therapeutic efficacy in p53-null disseminated NSCLC model

To establish the experimental disseminated metastatic model, ~1 × 106 p53-null H1299 cells 

in 100 μl of PBS were injected via tail vein into female athymic nude mice. Four weeks after 

the intravenous injection of tumor cells, mice were randomly divided into five groups (n = 
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5), which received treatment with PBS, EGFP-mRNA NPs, everolimus, p53-mRNA NPs, or 

p53-mRNA NPs together with everolimus. The EGFP-mRNA NPs or p53-mRNA NPs were 

injected via tail vein at an mRNA dose of 750 μg/kg, whereas everolimus was orally 

administered at 5 mg/kg every 3 days for five rounds of treatment. The first treatment was 

performed at day 0. On day 15, all the mice were euthanized, and one liver was randomly 

selected from each group for H&E staining. The liver section from each group was divided 

into four regions for calculation of the metastasis numbers (fig. S49).

Immune response detection by the enzyme-linked immunosorbent assay

Female BALB/c mice (6 weeks old, n = 3 per group) were intravenously injected with PBS, 

empty NPs, or p53-mRNA NPs (750 μg mRNA/kg). Serum samples were collected after 24 

hours of treatment. Representative cytokines (TNF-α, IFN-γ, IL-6, and IL-12) were 

detected by enzyme-linked immunosorbent assay (PBL Biomedical Laboratories and BD 

Biosciences) according to the manufacturers’ instructions.

In vivo toxicity evaluation

To evaluate in vivo toxicity, major organs were harvested at the end point of different tumor 

models (p53-null Hep3B liver xenograft tumor model and liver metastases of p53-null 

H1299 lung tumor model), followed by section and H&E staining to evaluate the 

histological differences. In addition, blood was drawn retro-orbitally, and serum was isolated 

from p53-null Hep3B liver xenograft tumor model at the end of the efficacy experiment. 

Various parameters including ALT, AST, BUN, RBCs, WBCs, Hb, MCHC, MCH, HCT, and 

LY were tested to assess for toxicity.

Statistical analysis

Statistical analysis was carried out by GraphPad Prism 7 software to perform two-tailed t 
test or one-way analysis of variance (ANOVA). All studies were performed at least in 

triplicate unless otherwise stated. Error bars indicate SEM. A value of P < 0.05 is considered 

statistically significant, where all statistically significant values shown in the figures are 

indicated as: *P < 0.05, **P < 0.01, and ***P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. In vitro transfection efficiency of the redox-responsive mRNA NPs in p53-null Hep3B 
cells.
(A) Transmission electron microscopy (TEM) images of the hybrid mRNA NPs before 

incubation (in PBS) or after incubation in 10 mM DTT for 2 or 4 hours at 37°C. (B) 

Confocal laser scanning microscopy (CLSM) images of p53-null Hep3B cells after 

incubation with naked Cy5-labeled mRNA (red) for 6 hours and with engineered Cy5-

labeled mRNA NPs for 1, 3, or 6 hours. Endosomes were stained by LysoTracker Green 

(green), and nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale 

bars, 50 μm. (C) In vitro transfection efficiency (percentage of EGFP-positive cells) was 

determined by flow cytometry. Data shown as means ± SEM (n = 3), and statistical 

significance was determined using two-tailed t test (**P < 0.01). (D) Histogram analysis of 

the in vitro transfection efficiency by FlowJo software.

Kong et al. Page 23

Sci Transl Med. Author manuscript; available in PMC 2020 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Restoration of p53 functions in p53-null Hep3B cells by the mRNA NPs and in vitro 
mechanisms for p53 restoration–mediated antitumor effect.
(A) Immunofluorescence (IF) staining of p53 in the p53-null Hep3B cells treated by empty 

NP or p53-mRNA NPs. Scale bars, 50 μm. (B) Viability of the p53-null Hep3B liver cancer 

cells after treatment with PBS, empty NPs, naked p53-mRNA (0.830 μg/ml), or p53-mRNA 

NPs (mRNA concentrations: 0.103, 0.207, 0.415, or 0.830 μg/ml) by alarmBlue assay. 

Statistical significance was determined using two-tailed t test (*P < 0.05, **P < 0.01). (C) 

Colony formation assays of Hep3B cells after treatment with empty NPs versus p53-mRNA 
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NPs in six-well plates. (D) Apoptosis of Hep3B cells as determined by flow cytometry after 

treatment with empty NPs, naked p53-mRNA, or p53-mRNA NPs. (E) Histogram analysis 

of the cell apoptosis (%) by FlowJo software. Data shown as means ± SEM (n = 3), and 

statistical significance was determined using two-tailed t test (***P < 0.001). (F) Cell cycle 

distributions of Hep3B cells after treatment with PBS, empty NPs, naked p53-mRNA, or 

p53-mRNA NPs (mRNA concentration: 0.830 μg/ml). (G) Western blot (WB) analysis of 

cell cycle–related protein expression (p21 and CyclinE1) after treatment with p53-mRNA 

NPs (mRNA concentration: 0.830 μg/ml). Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as the loading control. (H) WB analysis of the mitochondrial apoptotic 

signaling pathway in p53-null Hep3B cells treated with PBS, empty NPs, naked p53-mRNA, 

or p53-mRNA NPs (mRNA concentration: 0.830 μg/ml). BCL-2, BAX, PUMA, C-CAS9, 

and C-CAS3 proteins were detected. Actin was used as the loading control. (I) TEM images 

of the mitochondrial morphology in Hep3B cells from control, empty NPs, and p53-mRNA 

NP groups (mRNA concentration: 0.830 μg/ml; blue arrow, normal mitochondria; red arrow, 

swelling mitochondria). Scale bars, 2 μm for the top images and 1 μm for the enlarged 

images (bottom).
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Fig. 3. Mechanisms of the p53-mRNA NP–mediated sensitization to everolimus in p53-null 
Hep3B cells.
(A) Viability of Hep3B cells after treatment with everolimus, as measured by AlamarBlue 

assay. Data shown as means ± SEM (n = 3). (B) WB analysis of total mTOR, p-mTOR, and 

p-p70S6K after treatment with everolimus at different concentrations. Actin was measured 

as the loading control. (C) WB analysis of p-mTOR, LC3B-1, and LC3B-2. Actin was 

measured as the loading control. (D) TEM images of Hep3B cells before and after 24 hours 

of treatment with everolimus (32 nM). Autophagosomes were labeled by yellow arrows. 
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Scale bars (left to right), 2, 5, and 1 μm. (E) CLSM images of GFP-LC3–transfected Hep3B 

cells from different treatment groups. Scale bars, 50 μm. (F) WB analysis of p53, p-mTOR, 

total m-TOR, p-4EBP1, BECN1, LC3B-1, LC3B-2, BCL-2, BAX, C-CAS9, and C-CAS3 in 

Hep3B cells after different treatments. Actin was used as the loading control. (G) Left: TEM 

images of Hep3B cells in control, p53-mRNA NPs, everolimus, and p53-mRNA NPs + 

everolimus groups (mRNA concentration: 0.415 μg/ml; everolimus concentration: 32 nM). 

Scale bars, 2 μm for the raw images and 1 μm for the enlarged images. Yellow arrows, 

autophagosomes; red arrows, mitochondria. Right: Statistical analysis of the numbers of 

autophagosomes (Auto; yellow) and swollen mitochondria (Mito; red) after different 

treatments. (H) Viability of Hep3B cells in different groups (control, EGFP-mRNA NPs, 

p53-mRNA NPs, everolimus, or p53-mRNA NPs + everolimus) as measured by AlamarBlue 

assay (mRNA concentration: 0.415 μg/ml; everolimus concentration: 32 nM). Data shown as 

means ± SEM (n = 3), and statistical significance was determined using two-tailed t test 

(**P < 0.01, ***P < 0.001). (I) Colony formation of Hep3B cells in different treatment 

groups in six-well plates. (J) Flow cytometry analysis of the cell apoptosis (AnnV+PI− and 

AnnV+PI+). The percentage of apoptotic Hep3B cells was shown in the histogram. 

Statistical significance was determined using two-tailed t test (***P < 0.001).
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Fig. 4. Antitumor effects of p53-mRNA NPs are synergistic with everolimus in p53-null HCC 
xenograft model.
(A) Blood circulation profiles of naked Cy5-labeled mRNA and Cy5-labeled mRNA NPs (at 

an mRNA dose of 750 μg/kg of animal weight). NP25, NP50, and NP75 represent three 

different ratios of DSPE-PEG/DMPE-PEG (25:75, 50:50, and 75:25) hybrid in the lipid-

PEG layer of hybrid NPs. Data shown as means ± SEM (n = 3). (B) Time-lapse near-

infrared fluorescence imaging of nude mice bearing p53-null HCC xenograft tumors after 

intravenous injection of free Cy5-mRNA, Cy5-mRNA NP25, Cy5-mRNA NP50, or Cy5-
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mRNA NP75. The tumors were annotated with white arrows. (C) Scheme of tumor 

inoculation [subcutaneous (s.c.)] and treatment schedule in Hep3B tumor–bearing athymic 

nude mice. Twelve days after tumor inoculation, mice were treated with PBS [intravenous 

(i.v.)], EGFP-mRNA NPs (intravenous), p53-mRNA NPs (intravenous), everolimus (oral), or 

p53-mRNA NPs (intravenous) + everolimus (oral) every 3 days for six rounds (mRNA dose, 

750 μg/kg; everolimus dose, 5 mg/kg). Tumors from different groups were harvested 18 days 

after the last treatment. (D) Photos of excised tumors from mice bearing Hep3B xenografts 

in different treatment groups on day 33 (n = 5). (E to I) Individual tumor growth kinetics in 

(E) control, (F) EGFP-mRNA NPs, (G) everolimus, (H) p53-mRNA NPs, and (I) p53-

mRNA NPs + everolimus group (n = 5). (J) Average tumor growth kinetics for all treatment 

groups. Data shown as means ± SEM (n = 5), and significance was determined using two-

tailed t test (***P < 0.001). (K) Average tumor volumes at experimental endpoint (day 33) 

in all groups. Data shown as means ± SEM (n = 5), and statistical significance was 

determined using two-tailed t test (***P < 0.001). (L) IF images of p53 (red) and C-CAS3 

(green) costained Hep3B tumor sections at 12, 24, 48, and 60 hours after intravenous 

injection of p53-mRNA NPs. PBS (60 hours after intravenous injection) was used as control 

group. Scale bars, 100 μm.
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Fig. 5. In vivo mechanisms underlying the p53-mRNA NP–mediated sensitization of p53-null 
HCC xenograft model to everolimus.
(A) Immunohistochemistry (IHC) images from tumor sections of Hep3B tumor–bearing 

xenograft mice before and after treatment with p53-mRNA NPs (mRNA dose, 750 μg/kg). 

The protein expressions of p53, apoptotic markers (BAX and C-CAS3), and proliferation 

markers (Ki67 and PCNA) were evaluated by IHC staining (blue: nucleus; brown: p53, 

BAX, C-CAS3, Ki67, or PCNA). Scale bars, 100 μm. (B) CLSM images of fixed tumor 

tissues with the TUNEL staining (blue: nucleus; red: apoptosis) from PBS, EGFP-mRNA 

NPs, p53-mRNA NPs, everolimus, and p53-mRNA NPs + everolimus groups. Scale bars, 

100 μm. (C) WB analysis of p53, LC3B-1, LC3B-2, BECN1, p62, BCL-2, BAX, C-CAS9, 

C-CAS3, and p-4EBP1 in the Hep3B xenograft tumors after different treatments. Actin was 

used as the loading control.
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Fig. 6. Therapeutic efficacy in the p53-null orthotopic HCC tumors and the liver metastases of 
p53-null NSCLC.
(A) Scheme of tumor inoculation and different treatments in luciferase-expressing Hep3B 

(Hep3B-Luc) orthotopic tumor–bearing nude mice. Twenty-one days after tumor 

inoculation, mice were treated with PBS (intravenous), EGFP-mRNA NPs (intravenous), 

p53-mRNA NPs (intravenous), everolimus (oral), or p53-mRNA NPs (intravenous) + 

everolimus (oral) every 3 days for four rounds (mRNA dose, 750 μg/kg; everolimus dose, 5 

mg/kg). (B) Bioluminescence images of the Hep3B-Luc orthotopic tumor–bearing nude 

mice at days 0, 6, and 12. (C) Average radiance [×106 photons per second (s) per cm2 per 

steradian (sr)] of tumor burden determined by bioluminescence imaging at different time 

points. (D) Average radiance of tumor burden at the endpoint (day 12). Data shown as means 

± SEM (n = 3), and statistical significance was determined using two-tailed t test (*P < 0.05, 
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**P < 0.01). (E) Scheme of tumor inoculation and different treatments in p53-null H1299 

metastatic tumor–bearing nude mice. Twenty-eight days after tumor inoculation, mice were 

treated with PBS (intravenous), EGFP-mRNA NPs (intravenous), p53-mRNA NPs 

(intravenous), everolimus (oral), or p53-mRNA NPs (intravenous) + everolimus (oral) every 

3 days for five rounds (mRNA dose, 750 μg/kg; everolimus dose, 5 mg/kg). Organs from 

different groups were harvested three days after the final treatment. (F) Histological 

examination of liver tissues from each group by H&E staining. The metastatic lesions (red 

dotted ovals) were identified as cell clusters with darkly stained nuclei. Scale bars, 100 μm. 

(G) The number of metastatic nodules in the liver from each group. One liver was randomly 

selected from each group with a blind method, and the liver section from each group was 

divided into four regions for counting of the metastasis nodules. Data shown as means ± 

SEM (n = 4 regions), and statistical significance was determined using two-tailed t test (*P < 

0.05, **P < 0.01).
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