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Abstract

As a hallmark of solid tumors, hypoxia promotes tumor growth, metastasis, and therapeutic 

resistance by regulating the expression of hypoxia-related genes. Hypoxia also represents a tumor-

specific stimulus that has been exploited for the development of bioreductive prodrugs and 

advanced drug delivery systems. Cell division cycle 20 (CDC20) functions as an oncogene in 

tumorigenesis, and we demonstrated the significant upregulation of CDC20 mRNA in the tumor vs 

paratumor tissues of breast cancer patients and its positive correlation with tumor hypoxia. Herein, 

a hypoxia-responsive nanoparticle (HRNP) was developed by self-assembly of the 2-

nitroimidazole-modified polypeptide and cationic lipid-like compound for delivery of siRNA to 

specifically target CDC20, a hypoxia-related protumorigenic gene, in breast cancer therapy. The 

delivery of siCDC20 by HRNPs sufficiently silenced the expression of CDC20 and exhibited 

potent antitumor efficacy. We expect that this strategy of targeting hypoxia-correlated 

protumorigenic genes by hypoxia-responsive RNAi nanoparticles may provide a promising 

approach in cancer therapy.

Graphical Abstract
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INTRODUCTION

The hypoxic microenvironment is common in the majority of solid tumors as a result of the 

imbalance between the increased oxygen consumption of the fast-growing tumor cells and 

the inadequate oxygen supply from the aberrant vasculatures,1,2 making it one of the most 

tumor-specific characteristics. Hypoxia is a critical regulator of tumor growth, malignant 

progression, and therapeutic resistance due to the hypoxia-mediated change of gene 

expression involved in angiogenesis, metabolism, cell proliferation, metastasis, and other 

cell processes.3-5 In this respect, up to 1.5% of the human genome is estimated to be 

correlated with hypoxia.6

With the remarkable reduction of oxygen in solid tumors compared to normal tissues, 

hypoxia also represents a unique stimulus for the development of tumor-specific diagnosis 

and therapy.7 Over the past decade, hypoxia-sensitive moieties, such as 2-nitroimidazole 

(NI) and azobenzene derivatives, were used as hypoxia markers (e.g., pimonidazole), 

radiosensitizers (e.g., misonidazole and etanidazole), and bioreductive prodrugs (e.g., 

tirapazamine and banoxantrone) for tumor hypoxia analysis and cancer treatment.8,9 More 

recently, several hypoxia-responsive nanoparticles (HRNPs) were developed for promoting 

controlled cargo release and enhancing cellular uptake for use in cancer therapy.10-15

The cell division cycle 20 (CDC20) gene plays a crucial role in mitotic progression by 

activating the anaphase-promoting complex/cyclosome (APC/C) E3 ubiquitin ligase to 

control the metaphase to anaphase transition.16 Moreover, CDC20 also regulates other 

cellular processes like apoptosis.17 It is well-documented that CDC20 functions as an 

oncogenic gene in tumorigenesis and is overexpressed in approximately 60% of breast 

cancers and many other human tumors.18 Knocking down CDC20 in various cancer cells has 
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also been shown to result in a mitotic arrest followed by cell death.19 Although several small 

molecule inhibitors have been explored for CDC20 activity, their low specificity and/or 

blocking efficiency to CDC20 may hinder clinical translation and lead to severe side effects,
20,21 highlighting the need for advanced strategies for more effective inhibition of this 

therapeutic target.

In this work, our bioinformatics analyses demonstrated that a strong correlation exists 

between high CDC20 mRNA expression and tumor hypoxia in breast cancer, and an 

increased level of CDC20 expression was also observed in tumor cells under hypoxic vs 

normoxic conditions (Figure 1A, B). We thus hypothesized that specific targeting of the 

hypoxia-correlated pro-tumorigenic gene CDC20 by hypoxia-responsive therapeutics would 

lead to the effective and safe treatment of breast cancer. To do this, we developed an HRNP 

platform composed of NI-modified polypeptide and a cationic lipid-like compound for the 

delivery of siRNA to silence CDC20 expression in breast cancer cells specifically, as shown 

in Figure 1C. Under the hypoxic tumor environment, conversion of the hydrophobic NI 

group to a hydrophilic 2-aminoimidazole (AI) occurs as a result of a series of 

nitroreductases that catalyze a single-electron reduction, leading to the disassembly of 

HRNP and a subsequent rapid release of cargo in tumor cells (Figure 1D). The small HRNP/ 

siRNA with a diameter of 54.7 nm also demonstrated high tumor accumulation, efficient 

CDC20 silencing in tumor tissue, and efficient tumor suppression in vivo, indicating the 

enormous potential of this dual hypoxia-targeting RNAi nanoparticle for breast cancer 

therapy.

RESULT AND DISCUSSION

Bioinformatics Analyses of CDC20 in Breast Cancer Samples and Cell Lines.

In the first set of experiments, we collected the RSEM-normalized RNA-Seq data of CDC20 

from the Genotype-Tissue Expression (GTEx) data set and the Cancer Genome Atlas 

(TCGA) breast cancer data set. Figure 1A demonstrates that CDC20 mRNA was 

significantly elevated in 1092 tumor tissues compared to 179 donated normal tissues and 113 

paratumor tissues. In 112 paired TCGA samples, the upregulation of CDC20 was observed 

in 110 (98.2% of 112) primary breast cancer tissues compared to corresponding paratumor 

tissues (Figure S1, Supporting Information). We also performed the Gene Set Enrichment 

Analysis (GSEA) to investigate the relationship between CDC20 expression and hypoxia by 

using the Cancer Cell Line Encyclopedia (CCLE) database (Figure 1B).22,23 The result of 

GSEA indicated that CDC20 expression was positively correlated with hypoxic status in 

breast cancer. Moreover, breast cancer patients with higher expression of CDC20 exhibited 

worse overall survival (OS) and relapse-free survival (RFS) (Figure S2, Supporting 

Information), indicating that the overexpression of CDC20 may contribute to therapeutic 

resistance in breast cancer patients, which is consistent with a previously reported study.24

Synthesis and Characterizations of Hypoxia-Responsive Polymer and HRNP/siRNA.

The hypoxia-responsive polypeptide, methoxy poly(ethylene glycol)-block-poly(L-

glutamide-graft-2-nitroimidazole) (mPEG-b-(PLG-g-NI)), was synthesized by the 

condensation reaction between the carboxyl group in the LG unit and the amino group in 
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6-(2-nitroimidazole)hexylamine (NIHA). The successful synthesis of mPEG-b-(PLG-g-NI) 

was confirmed by the characteristic signals in the proton nuclear magnetic resonance (1H 

NMR) spectrum (Figure S5, Supporting Information). The numberaverage molecular weight 

(Mn) of mPEG-b-(PLG-g-NI) was 13 400 g mol−1, and the polydispersity index (PDI) was 

determined to be 1.58 by gel permeation chromatography (GPC; Figure S6, Supporting 

Information).

After successful synthesis of mPEG-b-P(LG-g-NI), HRNP was formulated by 

nanoprecipitation for siRNA delivery, as shown in Figure 1C. Briefly, the solution of mPEG-

b-P(LG-g-NI) and cationic lipid-like compound G0-C14 in N,N-dimethylformamide (DMF) 

was mixed with a siRNA aqueous solution to form the siRNA-loaded HRNP.25 As shown in 

Figure 2A, the spherical morphology of HRNP/siRNA was revealed by transmission 

electron microscopy (TEM). The average hydrodynamic diameter (Dh) of HRNP/siRNA was 

about 54.7 nm with a PDI of 0.168, as measured by dynamic light scattering (DLS; Figure 

S7, Supporting Information). To confirm the hypoxia-responsiveness of HRNP/siRNA, the 

changes in size vs time were monitored. As depicted in Figure 2B, the size of HRNP 

remained nearly constant under normoxic conditions, while the size increased remarkably 

under hypoxic conditions. The resultant increase in size represents the conversion of the 

hydrophobic NI group to a hydrophilic AI and hypoxia-triggered disassembly of HRNP. 

This is consistent with previous reports11,12 and indicates the hypoxia-responsive capability 

of the nanoplatform.

In Vitro Gene Silencing.

To investigate whether the disassembly of HRNP/siRNA triggered by hypoxic conditions 

can improve gene silencing, the luciferase-expressing HeLa (Luc-HeLa) cells were first 

chosen as a model cell line.26 As shown in Figure S8, Supporting Information, HRNP/siLuc 

significantly suppressed the luciferase expression in Luc-HeLa cells when incubated in 

either normoxic or hypoxic conditions. More impressively, in hypoxic conditions, an even 

better gene silencing efficiency was achieved as approximately 90% of the luciferase 

expression was knocked down when treated with HRNP/siLuc at a siRNA dose of 10.0 nM, 

and no apparent cytotoxicity was observed. We then examined the CDC20 silencing by 

HRNP/siCDC20 in vitro using Western blot (Figure 2C,D). Similarly, the results showed 

that HRNP/ siCDC20 exhibited a better gene silencing effect under hypoxic conditions. 

Notably, the upregulation of CDC20 expression was observed under hypoxic conditions, 

which is consistent with the GSEA result (Figure 1B).

To understand the contribution of hypoxic conditions in enhancing the gene silencing, 

MCF-7 cells were treated with HRNP/Cy5-siRNA for 4 h under normoxic vs hypoxic 

conditions followed by an investigation of the cellular uptake and endosomal escape using 

flow cytometry (FCM) and confocal laser scanning microscopy (CLSM), respectively. 

Similar cellular uptake was observed under both normoxic and hypoxic conditions (Figure 

S9, Supporting Information), with slightly higher uptake in the hypoxic group. The less 

colocalization of Cy5-siRNA and endosomes, as indicated by the yellow area (Figure S10, 

Supporting Information), suggests that the hypoxic conditions could improve the endosome 
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escape of siRNA nanoparticles. More efforts will be needed to clarify the underlying 

mechanisms further.

Next, we examined the effect of CDC20 silencing on MCF-7 cell proliferation. As shown in 

Figure 2E, significant inhibition of cell proliferation by HRNP/siCDC20 was detected in 

MCF-7 cells compared to the untreated group and free siCDC20 group. Additionally, the 

inhibitory effect was more profound when cells were incubated under hypoxic conditions. 

Previous studies have reported that CDC20 could regulate mitotic progression and apoptosis,
19 and thus, we performed the cell cycle and apoptosis analyses on MCF-7 cells using FCM 

to investigate the mechanisms of inhibition on cell proliferation induced by HRNP/

siCDC20. As shown in Figure 2F, HRNP/ siCDC20 increased the proportion of cells in G2 

phase, especially under hypoxia, which is consistent with our GSEA result (Figure S11, 

Supporting Information). Furthermore, HRNP/siCDC20 also increased the apoptosis rate 

(Figure 2G) under hypoxic conditions. These results suggest that the reduced proliferation of 

MCF-7 cells upon CDC20 silencing was due to the increased proportion of cells in G2 phase 

and increased apoptosis rate, with hypoxic conditions further facilitating G2/M arrest and 

apoptosis.

Pharmacokinetics and Biodistribution.

To explore in vivo performance of the HRNP/siRNA, healthy and MCF-7 tumor-bearing 

female BALB/c nude mice were used for pharmacokinetic and biodistribution assays, 

respectively.27 The pharmacokinetic study was performed by the administration of free 

DY677-siRNA vs HRNP/DY677-siRNA (1.0 nmol of siRNA per mouse) through tail vein 

injection. Figure 3A shows that free DY677-siRNA had a very short circulation time (around 

30 min), thus quickly disappearing from the blood. In contrast, HRNP/DY677-siRNA had a 

much longer blood circulation time due to the PEGylated surface, with around 10% of the 

initially injected siRNA nanoparticles still in circulation after 12 h. In the biodistribution 

study, free DY677-siRNA or HRNP/DY677-siRNA was iv injected into MCF-7 tumor-

bearing mice, followed by harvesting of the major organs and tumor 24 h postinjection. 

HRNP/DY677-siRNA showed high accumulation in the tumor site at 24 h (Figure 3B,C), 

with a 6-fold higher fluorescence signal than that of free DY677-siRNA.

In Vivo Gene Silencing and Antitumor Efficacy.

In the last set of experiments, we tested the in vivo antitumor efficacy of HRNP/siCDC20. 

First, MCF-7 tumor-bearing BALB/c nude mouse models were established and then 

administered PBS, siCDC20, HRNP/siCtrl, or HRNP/siCDC20 on day 1, 4, 7, 10 and 13 as 

shown in Figure 4A, and the dose of siRNA was fixed at 1.0 nmol/mouse. In regard to the 

xenograft breast tumor model with an initial tumor volume of 55 mm3, HRNP/ siCDC20 

significantly inhibited the tumor growth (Figure 4B,C), and the antitumor efficiency was up 

to 85.6% (Figure 4D), when compared to PBS, siCDC20, and HRNP/siCtrl, without 

noticeable body weight changes during the treatment (Figure S12, Supporting Information). 

We also investigated the CDC20 and its downstream gene expression levels in the tumor 

tissues using Western blot and immunofluorescence staining. More than 90% of CDC20 

knockdown at the protein level was observed in the HRNP/siCDC20 group (Figure 4F,G, 

and Figure S13, Supporting Information). The silencing of CDC20 expression upregulated 
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cyclin B expression (Figure 4H and Figure S14, Supporting Information) and downregulated 

Mcl-1 expression (Figure 4I and Figure S15, Supporting Information), indicating that the 

significant tumor growth inhibition could be attributed to cell cycle arrest and apoptosis. 

Moreover, the terminal deoxyribonucleotidyl transferase (TDT)-mediated dUTP-digoxigenin 

nick end labeling (TUNEL) analyses of the tumor tissues showed high levels of apoptosis 

after the treatment of HRNP/siCDC20 as compared to PBS, siCDC20, and HRNP/siCtrl 

(Figure 4J and Figure S16, Supporting Information). Additionally, no obvious toxicity and 

inflammatory responses were observed in major organs from hematoxylin and eosin (H&E) 

staining (Figure S17, Supporting Information), and the hematological parameters, such as 

alanine aminotransferase (ALT) and blood urea nitrogen (BUN), were in the normal ranges 

(Figure S18, Supporting Information). Similarly, the antitumor efficacy of HRNP/siCDC20 

was demonstrated in the MCF-7 tumor-bearing BALB/c nude mouse model with a higher 

initial tumor volume at about 120 mm3. As shown in Figure S19, Supporting Information, 

the tumor inhibition curves and tumor inhibition rates showed a similar trend to those from 

the mice with a smaller tumor volume in Figure 4, without noticeable body weight changes 

during the treatment (Figure S20, Supporting Information), demonstrating that HRNP/

siCDC20 may serve as a potent nanoplatform for breast cancer therapy at various stages.

CONCLUSIONS

In summary, this study proposed a unique and precise breast cancer therapy by silencing the 

hypoxia-correlated protumorigenic gene using the hypoxia-responsive siRNA nanoparticle. 

We revealed that CDC20 expression was upregulated in the tumor tissue of breast cancer 

patients and was correlated with tumor hypoxia via bioinformatics analyses. Our in vitro 
studies also demonstrated a higher level of CDC20 expression in breast cancer cells under 

hypoxic conditions. As a proof of concept, a NI-modified polypeptide-based HRNP was 

developed for hypoxia-responsive siRNA delivery to target CDC20 specifically. The HRNP/

siCDC20 with a PEGylated surface and small size showed prolonged blood circulation, high 

tumor accumulation, highly effective CDC20 silencing, and significant suppression of tumor 

growth. This combination of dual hypoxia-targeting presents a promising and advanced 

strategy for precision cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hypoxia-responsive nanoparticle (HRNP) for targeting hypoxia-correlated protumorigenic 

gene (CDC20) in precision breast cancer therapy. (A) Significant upregulation of CDC20 

mRNA was observed in breast cancer tissues compared to normal and paratumor tissues. (B) 

The GSEA result shows the positive correlation of CDC20 with tumor hypoxia. (C) 

Formulation of HRNP/siRNA and mechanism of disassembly in a hypoxic reduction 

environment. (D) Schematic of HRNP/siCDC20 delivery into tumor cell cytoplasm to 

induce G2/M arrest and cell apoptosis for effective cancer therapy.
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Figure 2. 
Characterizations of HRNP/siRNA and CDC20 gene silencing on MCF-7 cells in vitro. (A) 

TEM image of HRNP/siRNA. The scale bar is 100 nm. (B) Dh changes of HRNP/siRNA 

under normoxic vs hypoxic conditions in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) buffer (20.0 mM) at pH 7.4. (C) Western blot and (D) quantitative analyses of 

CDC20 expression in MCF-7 cells treated with HRNP/ siCDC20 under normoxic vs 

hypoxic conditions. (E) Proliferation profile, (F) cell cycle analyses, and (G) apoptosis 

analyses of MCF-7 cells treated with free siCDC20 or HRNP/siCDC20 under normoxic vs 

hypoxic conditions. The cells incubated in culture medium without HRNP or free siRNA 

were regarded as a control group. The statistical data are presented as mean ± SD (standard 

deviation; n = 3; ***P < 0.001).
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Figure 3. 
In vivo pharmacokinetics and biodistribution of HRNP/siRNA. (A) Pharmacokinetic 

profiles, (B) biodistribution, and (C) quantification in major organs of free DY677-siRNA 

and HRNP/DY677-siRNA after iv injection. The dose of siRNA was fixed at 1.0 nmol per 

mouse. The statistical data are presented as mean ± SD (n = 3; ***P < 0.001).
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Figure 4. 
In vivo antitumor efficacy and gene silencing of HRNP/siCDC20 on MCF-7 tumor-bearing 

BALB/c nude mice. (A) Timetable of construction of MCF-7 tumor-bearing BALB/c nude 

mice model and treatment strategy. (B) Individual and (C) average tumor growth curves in 

each treatment group. (D) Tumor inhibition rate and tumor weight toward MCF-7 tumor-

bearing mice after treatment with Ctrl, siCDC20, HRNP/siCtrl, or HRNP/siCDC20. (F) 

Western blot and quantitative analyses of CDC20 expression in the Ctrl and HRNP/siCDC20 

group. Immunofluorescence staining of (G) CDC20, (H) cyclin B (H), and (I) Mcl-1 

expression in MCF-7 tumor tissues of xenograft mice after treatment with Ctrl, siCDC20, 

HRNP/siCtrl, or HRNP/siCDC20. Scale bar is 50 μm. (J) TUNEL of tumor tissue sections to 

detect tumor apoptosis in each treatment group. Scale bar is 50 μm. The nuclei and apoptotic 

cells are stained blue and green, respectively. The statistical data are presented as mean ± SD 

(n = 5 for in vivo study, n = 3 for ex vivo study; ***P < 0.001).
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