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Hypoxia-inducible factor (HIF), which plays a crucial role in oxygen homeostasis, contributes to immunosuppression, tumor angiogenesis, multidrug resistance, photodynamic therapy resistance, and metastasis. HIF as a therapeutic target has attracted scientists’ strong academic research interests. Short interfering RNA (siRNA) and antisense oligonucleotide (ASO) are the more promising and broadly utilized methods for oligonucleotide-based therapy. Their physicochemical characteristics such as hydrophilicity, negative charge, and high molecular weight make them impossible to cross the cell membrane. Moreover, siRNA and ASO are subjected to a rapid deterioration in circulation and cannot translocate into nuclear. Delivery of siRNA and ASO to specific gene targets should be realized without off-target gene silencing and affecting the healthy cells. Nanoparticles as vectors for delivery of siRNA and ASO possess great advantages and flourish in academic research. In this review, we summarized and analyzed regulation mechanisms of HIF under hypoxia, the significant role of HIF in promoting tumor progression, and recent academic research on nanoparticle-based delivery of HIF siRNA and ASO for cancer immunotherapy, antiangiogenesis, reversal of multidrug resistance and radioresistance, potentiating photodynamic therapy, inhibiting tumor metastasis and proliferation, and enhancing apoptosis are reviewed in this thesis. Furthermore, we hope to provide some rewarding suggestions and enlightenments for targeting HIF gene therapy.
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INTRODUCTION
Hypoxia-inducible factor (HIF), which plays a crucial role in oxygen homeostasis, is composed of an inducible alpha subunit in the cytosol and a beta subunit constitutively expressed in the nucleus, and HIF responds to a low oxygen environment in metazoan species (Luo and Wang, 2018). The alpha subunit exists in 1 alpha, 2 alpha, and 3 alpha three forms, and the beta subunit includes HIF-1 beta, also known as aryl hydrocarbon receptor nuclear translocator (ARNT) and paralogue ARNT2 isoform (Albanese et al., 2021). Although HIF-1 alpha and HIF-2 alpha subunits share approximately forty-eight percentages total amino acid sequence identity and own the identical functional zones (Luo and Wang, 2018), HIF-1 alpha is ubiquitously expressed and HIF-2 alpha is only present in certain cell types such as hepatocytes and only in vertebrate species (Ma et al., 2014; Zhao et al., 2014). HIF-3 alpha is also produced in certain cells, and its functions are less well clarified. Human HIF-3 alpha isoforms one and 9 are demonstrated to activate gene transcription (Zhang et al., 2014); however, HIF-3 alpha isoforms 4, which are deficient in the transactivation zone and leucine zipper zone, inhibit both HIF-1 and HIF-2 transcription (Maynard et al., 2007). Whether the HIF-3 variants are of biological significance is still unclear (Gonzalez et al., 2018). HIF-1 beta exists ubiquitously, while ARNT2 isoform is highly expressed in the kidney and brain with low or absent levels in other tissues of mammalian species (Rowatt et al., 2003; Bahrami et al., 2018; Zheng et al., 2018). Hence, HIF-1 and HIF-2 isoforms have a vital effect on development, physiology, and illness, for example, tumor, organ transplant rejection, colitis, and pulmonary arterial hypertension (Semenza, 2012).
Under normoxic circumstances, HIF alpha as the O2 responsive subunit is hydroxylated on proline residues via a family of prolyl hydroxylase enzymes with O2 as a substrate (Epstein et al., 2001; Ivan et al., 2001). In the hydroxylation, one oxygen atom is plugged into the prolyl residue, and the other atom is inserted into the cofactor α-ketoglutatrate, degrading the cofactor into succinate and CO2 (Semenza, 2019). After prolyl hydroxylation, HIF alpha is bound to the von Hippel–Lindau protein, followed by the recruitment of the Cullin-2 and Elongin-B/C as a ubiquitin ligase (E3) for degradation of HIF alpha in the 26S proteasome (Semenza, 2019; Losman et al., 2020). Under hypoxia conditions, the prolyl hydroxylation for HIF alpha is blocked, resulting in impairment of its degradation. Translocation of the stabilized HIF alpha into the nucleus occurs, and HIF alpha dimerizes with HIF-1 beta. Upon dimerization, HIF connects to E-box-like hypoxia-responsive elements [5′-(A/G)CGTG-3′] within the promoter region (Choudhry and Harris, 2018) and activates genes that promote adaptation to hypoxia. HIF is responsible for a protective role in myocardial ischemia, limb ischemia, chronic rejection of organ transplants, pressure overload, heart failure, and wound healing (Semenza, 2014). In contrast, HIF contributes to various diseases, including tumor immune escape, tumor angiogenesis, resistance to chemotherapy and radiation, metastasis, and cancer progression (Bousquet et al., 2016; Mahdi et al., 2019). HIF as a therapeutic target has attracted scientists’ strong academic research interests.
Up to the present, there is still a lack of potent chemical inhibitors which possess the capability to inactivate HIFs (Yang et al., 2020). Oligonucleotide-based therapy, including short interfering RNA (siRNA), an antisense oligonucleotide (ASO), aptamer, and microRNA inhibitor and mimic, utilizes specific nucleic acids for treatment of various gene-related diseases or physical disorders. siRNA and ASO are the more promising and broadly utilized methods for oligonucleotide-based therapy, and both of them often act against similar targets (Chi et al., 2017). siRNA and ASO incorporate with the target RNA through Watson–Crick base paring, yet the mechanisms of gene silencing for them are different. siRNA, a 12–22 bp double-strand RNA duplexes, acts gene silencing effect by integrating its guide strand with the corresponding RNA-induced silencing complex (Osipova et al., 2020). RNA-induced silencing complex then identifies and combines with the targeted mRNA through the complementarity of RNA sequence, and the complementary domain of the targeted mRNA is subsequently broken between the tenth and eleventh nucleotide at the 5′end of the guide strand, leading to the destruction of the targeted mRNA (Dong et al., 2019; Charbe et al., 2020). ASO, usually with a length of 15–20 bp, is a single strand deoxynucleotide analog, and its antisense sequence (3′–5′) and the sense sequence of the targeted mRNA are complementary. The mechanisms of silencing mRNA by ASO include enhancing the potency of RNase H endonuclease that splits the mRNA-ASO heteroduplex, followed by the destruction of the targeted mRNA and intactness of ASO, and translational hindrance through steric effect, exon skipping, instability of pre-mRNA and targeted degradation of miRNA (Chi et al., 2017; Sasaki and Guo, 2018). The physiochemical characteristics of siRNA and ASO, such as hydrophilicity, negative charge, and high molecular weight, make them impossible to cross the cell membrane. Moreover, siRNA and ASO are subjected to a rapid deterioration in blood circulation by nucleases endosome or lysosome trafficking and could not translocate into nuclear (Arnold et al., 2017; Charbe et al., 2020). Delivery of siRNA and ASO to specific gene targets should be realized without off-target gene silencing and affecting the healthy cells. Owing to the unique qualities of nanoparticles, such as low toxicity, long circulation time, protecting nucleic acids from degradation, preventing immune response, and targeted delivery, the application of nanoparticles as vectors for delivery of siRNA and ASO in treatment proceeds to flourish in academic research.
In the review, the topic will be centered on the significant effects of HIF on promoting tumor progress and the recent academic research on the nanoparticles-based delivery system of siRNA and ASO to target the silence of HIF.
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON CANCER PROGRESSION
The tumor microenvironment is prominently featured by hypoxia, and hypoxia can be attributed to the imbalance between overwhelming demand for oxygen and nutrition of rapid proliferating neoplastic cells and insufficiency of oxygen supply by the damaged vessels and abnormal angiogenesis (Cheng et al., 2020; Mohapatra et al., 2021). The oxygen partial pressure (pO2) decreased from the blood vessel to the central section of the cancer and in contrast to in healthy tissues pO2 of 46–76 mmHg hypoxic region with pO2 of less than 10 mmHg is formed (Yao et al., 2018). HIF-1 alpha and HIF-2 alpha that promotes tumor progression are overexpressed transcription factors in carcinoma cells (Talks et al., 2000). HIF-1 is closely related to tumor immune escape, tumor angiogenesis, resistance to chemotherapy, radiotherapy and photodynamic therapy, tumor metastasis, cell proliferation and antiapoptosis (Figure 1) (Zhang et al., 2017; Li et al., 2018; Zeng et al., 2021). HIF-1 overexpression is involved in poor clinical results in gastric, cervical, ovarian, endometrial, nasopharyngeal, osteosarcoma, breast, endometrial, bladder, colorectal, glioblastoma, head and neck, and pancreatic carcinomas (Mahdi et al., 2019).
[image: Figure 1]FIGURE 1 | The role of hypoxia-inducible factor (HIF) on cancer progression.
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON TUMOR IMMUNOTHERAPY
Hypoxia is a significant stressor in the tumor microenvironment that drives adaptations of cancer cells to escape immune surveillance (Ray and Mukherjee, 2022). HIF-1 promotes the expression of programmed cell death-ligand 1 (PD-L1), which binds to the programmed death receptor (PD-1) of T cells to protect neoplastic cells from T cells mediated death via integrating with the hypoxia response element in the proximal promoter (Sun et al., 2021). Hypoxia inhibits proliferation and activation of autologous T cells as well as the cytotoxic potency of CD8+ T cells or sustains T cells exhaustion, resulting in caner resistance to immune checkpoints blockade (DePeaux and Delgoffe, 2021; Sun et al., 2021). Alleviating hypoxia by hypoxia-activated prodrug evofosfamide or metformin reduced tumor cells’ mitochondrial activity and potentiated T cells’ response to anti-PD1 therapy (Scharping et al., 2017; Jayaprakash et al., 2018). Hypoxia also impairs natural killer cells functions, mediates recruitment of immunosuppressive cells, including tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells, and inhibits mutation of dendritic cells as antigen-presenting cells (Yuan et al., 2021; Kheshtchin and Hadjati, 2022). Targeting the hypoxia microenvironment presents a novel strategy for cancer immunotherapy, and novel combinations of HIF inhibitor and immune checkpoint suppressor are promising approaches to enhance immunotherapeutic sensitivity.
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON TUMOR ANGIOGENESIS
Angiogenesis is essential for solid carcinomas initiation and progression due to the inadequate supply of oxygen and nutrients for cancer cells. To compensate for hypoxic conditions, HIF straightly activates the expression of a series of proangiogenic factors to increase oxygen delivery. The upregulated HIF-1 in hypoxic cells can recognize and bind to the hypoxia response elements in the promoter region and activate the transcription of vascular endothelial growth factor (VEGF) that is crucial in the activation and proliferation of endothelial cells (Jadidi-Niaragh et al., 2017; Yang M. et al., 2021). The other HIF-1-induced proangiogenic factors include VEGF receptor-1, fetal liver kinase-1, which belongs to VEGF receptors, angiopoietins 1 and 2, plasminogen activator inhibitor-1, matrix metalloproteinase 2 and 9, platelet-derived growth factor B, tyrosine kinase with immunoglobulin-like and epidermal growth factor-like domains receptor and platelet-derived growth factor-beta (Kelly et al., 2003; Yang M. et al., 2021; Zepeda et al., 2013).
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON TUMOR MULTIDRUG RESISTANCE AND RADIORESISTANCE
Acquired multidrug resistance is mainly responsible for therapeutic failure in patients with cancer. The hypoxic tumor microenvironment and multidrug resistance are closely related (Chen et al., 2017; Mi, 2020). The mechanism for HIF-1 alpha of mediating chemoresistance is stimulating genetic transcription of multidrug resistance 1 (MDR1) that translates a P-glycoprotein pertaining to ATP-binding cassette (ABC) transporters family and functioning as an efflux pump for multidrugs (Wigerup et al., 2016; Chen et al., 2017). Therefore, HIF and MDR1 abate the intracellular concentrations for multiple chemotherapeutic agents, leading to hypoxia-induced multidrug resistance. Under oxygen-deprived circumstances, the stabilized HIF-1 alpha also binds to ATP-binding cassette transporter G2 (ABCG2) promoter and activates transcription of another ABC transporter ABCG2 (Chen et al., 2019). Hypoxia-induced chemoresistance is also associated with HIF-1-dependent mechanisms conferring protection against chemotherapy-induced DNA damage (Jing et al., 2019), increased expression of antiapoptotic proteins (Piret et al., 2005) and/or decreased expression of proapoptotic proteins (Erler et al., 2004).
Radiotherapy is one of the most applied approaches for treating various kinds of cancers. However, the clinical efficacy of radiotherapy is seriously undermined by the radioresistance of carcinoma cells. HIF-1 signaling pathway is also responsible for the protective reaction of carcinoma cells to irradiation via repair of DNA double strands breaks, vessel protection after radiotherapy, the boost of glucose uptake and utilization, and enhancement of oxidation resistance (Li et al., 2018; Huang and Zhou, 2020; Wozny et al., 2021). HIF-1 is considered a potential target to enhance radiotherapy sensitivity for tumor cells.
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON TUMOR PHOTODYNAMIC THERAPY RESISTANCE
Photodynamic therapy (PDT), a minimally invasive therapeutic scheme for a variety of carcinomatous disorders, exploits reactive oxygen species produced by the bioreaction between photosensitizer and oxygen existing within the tumor microenvironment under irradiation of the laser at a specific wavelength to kill tumor cells (Liu Y. et al., 2019). Compared to conventional therapeutics, PDT possesses the advantages of minimal invasion, high spatial and temporal controllability, and specific lesion destruction (Fan et al., 2016; Song et al., 2016). However, oxygen consumption during PDT results in hypoxia which activates HIF, and a major challenge for PDT is circumventing PDT-induced hypoxic microenvironment that results in activation of a variety of proangiogenic factors, multidrug resistance, and dramatically deteriorates clinical outcomes (Dang et al., 2017; Zhang et al., 2017; Sun et al., 2020). HIF-1 alpha can also downregulate cytochrome P450 through competition with aryl hydrocarbon receptors to bind with HIF-1 beta (Fradette and du Souich, 2004), and it may act as an inhibitor for prodrug activation under hypoxia.
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON TUMOR METASTASIS
Tumor metastasis proposes a great challenge for cancer treatment because surgery, radiation, and chemotherapy focus on eradicating or blocking the progression of primary tumor lesion, and metastatic dissemination is difficult to treat via traditional methods. And more than 90% of carcinoma deaths can be ascribed to tumor metastasis (Ma et al., 2021). Tumor metastasis involves many pathologic steps and is a highly complicated and dynamic procedure. HIF can mediate the expression of genes that are responsible for many processes for tumor metastasis involving epithelial to mesenchymal transition, invasion of extracellular matrix components, intravasation into vessels, extravasation, and generation of micrometastasis in metastatic lesions (Saxena et al., 2020; Tao et al., 2021). Matrix metalloproteinase 2 (MMP 2) and MMP 9 that possess the capability for degrading the components of the extracellular matrix and facilitating the epithelial–mesenchymal transition process closely correlate with metastasis (Scheau et al., 2019; Gonzalez-Avila et al., 2020; Liu L. et al., 2019). HIF-1 alpha rapidly transactivates MMP-2 and MMP-9 expression (Shan et al., 2018; Zhang et al., 2018), and the expression of HIF-1 alpha is positively related to lymphatic metastasis and reduced survival rate (Song et al., 2019).
ROLE OF HYPOXIA-INDUCIBLE FACTOR ON CANCER CELLS PROLIFERATION AND APOPTOSIS
Hypoxia also exerts as a modulator of cell proliferation and apoptosis. In most cells, hypoxia suppresses cell proliferation since the increased demand for O2 for a growing number of cells exacerbates hypoxic stress (Hubbi and Semenza, 2015). However, even in the presence of upregulated HIF-1 alpha expression, many tumor cells maintain proliferation, and HIF-1 alpha promotes cancer cell proliferation and survival under hypoxia (Daniel et al., 2019; Chen et al., 2020). HIF-1 alpha upregulates SUMO-specific protease one expression under hypoxic conditions, and SUMO-specific protease one promotes proliferation and inhibits apoptosis of cancer cells (Wang et al., 2018). Nuclear factor kappa-B (NF-κB), a regulator of proliferation and apoptosis, is rapidly and persistently activated under hypoxia in an inhibitor of NF-κB kinase-dependent manner (D'Ignazio et al., 2017). Downregulation of HIF-1 alpha by siRNA inhibits proliferation and induces apoptosis of human hepatoma cells (Yang et al., 2011).
RECENT ADVANCES IN HYPOXIA-INDUCIBLE FACTOR SHORT INTERFERING RNA AND ANTISENSE OLIGONUCLEOTIDE DELIVERY FOR CANCER TREATMENT
siRNA and ASO have emerged as promising therapeutic strategies to inhibit HIF-1 alpha expression; however, their unique physiochemical characteristics and insufficient blood supply for hypoxic areas in tumors make it difficult for delivery of siRNA and ASO to hypoxic cells. Scientists utilize nanoparticles as vectors for targeting the delivery of HIF-1 alpha siRNA and ASO to hypoxic cells, and the nanosystems delivering hypoxia HIF-1 siRNA and ASO for cancer treatment were summarized in Table 1.
TABLE 1 | Summary of nanosystems delivering hypoxia-inducible factor-1 alpha short interfering RNA and antisense oligonucleotide for cancer treatment.
[image: Table 1]NANODRUGS FOR CANCER IMMUNOTHERAPY
TAMs, which are mostly M2 phenotype, account for the main population of immune cells infiltrated in solid tumor microenviroment (Lecoultre et al., 2020). Macrophages are highly plastic and can be polarized into classical M1 phenotype with antitumorous functions and alternative M2 phenotype with protumorous functions under different stimuli (Nowak and Klink, 2020). Hypoxic microenviroment selectively facilitates M2 polarization for macrophages via inducing expression of M2 phenotype-related genes and accumulation of lactic acid (Kheshtchin and Hadjati, 2022). TAMs play pivotal roles in tumor angiogenesis, neovascularization, metastasis, immunosuppression, and resistance to chemotherapy and immunotherapy (Cheng et al., 2021; Hou et al., 2022). However, TAMs can be repolarized to M1 phenotype, and their protumorous capability were reversed to antitumor power (Cheng et al., 2021). A pH-responsive cationic lipid nanoparticle composed of 7-[4-(dipropylamino)butyl]-7-hydroxytridecane-1,13-diyl dioleate, cholesterol, and PEG lipid was applied to encapsulate HIF-1 alpha siRNA and signal transducer and activator of transcription 3 (STAT3) siRNA for silencing the two genes in TAMs for TAMs based cancer immunotherapy (Shobaki et al., 2020). The cationic lipid nanoparticles were stable in blood circulation, highly and selectively taken up by TAMs, and strong in HIF-1 alpha and STAT3 gene silence of TAMs. The lipid nanoparticles increased the concentration of M1 macrophages and reversed the protumorous functions of angiogenesis and tumor cell activation for TAMs. However, the safety of the cationic lipid nanoparticles in vivo should be carefully evaluated.
T-cell immunoglobulin and ITIM domain (TIGIT), an immune checkpoint highly expressed by various immune cells and neoplastic cells, is considered a promising target for cancer immunotherapy (Fathi et al., 2021b). Upon hypoxia, HIF-1 alpha can promote the expression of many different kinds of immune checkpoints. Chitosan lactate and folic acid encapsulated superparamagnetic iron oxide nanoparticles were developed for carrying TIGIT siRNA and HIF-1 alpha siRNA for cancer immunotherapy (Fathi et al., 2021a). The nanosystem strongly arrested the TIGIT and HIF-1 alpha protein expression, angiogenesis and proliferation of colorectal and breast carcinoma cells, and synergistic anticancer potency was achieved through a synchronous block of TIGIT and HIF-1 alpha. Further research is required to realize the complete role of TIGIT and HIF-1 alpha in the tumor microenvironment before translation of combined targeting TIGIT and HIF-1 alpha therapy to humans.
NANOVEHICLES FOR ANTIANGIOGENESIS
Cationic polymeric micelles as a potential nanocarrier to deliver siRNA to cancer cells have attracted remarkable attention. Yang et al. recruited a cationic multipolymer poly ethylene glycol-poly epsilon-caprolactone-g-poly ethyleneimine to codeliver celastrol belonging to quinone methide triterpene ingredients purified from Tripterygium wilfordii’s root cortex and HIF-1 alpha siRNA for combinatory treatment for retinoblastoma (Yang et al., 2020). The nanomicelles inhibited HIF-1 alpha expression, further downregulated secretion of VEGF, and suppressed proliferation of vascular endothelial cells, resulting in a remarkable antiangiogenesis and antitumor potency. HIF-1 alpha siRNA was delivered by a pH-sensitive amphiphilic 1-(aminoethyl) iminobis [N-(oleicylcysteinylhistinyl-1-aminoethyl)propionamide] (Gillespie et al., 2015) and targeting peptides decorated (1-aminoethyl)iminobis [N-oleicylsteinyl-1-(aminoethyl)propionamide] (Malamas et al., 2016) that owned a distinct advantage of amphiphilic perturbation of cytomembrane under endosomal-lysosomal pH, and targeted endosomal-lysosomal release of siRNA into the cytoplasm was realized. The nanosystems significantly reduced HIF-1 alpha, VEGF, and microvascular density. Cationic mixed micelles formed by poly (epsilon-caprolactone)-block-poly (2-aminoethylethylene phosphate) and poly (epsilon-caprolactone)-block-PEG copolymers containing amphiphilic block were utilized to deliver HIF-1 alpha siRNA (Liu et al., 2012). The cationic mixed micelle inhibited HIF-1 alpha expression, disturbed angiogenesis, and blocked cancer cell proliferation. Safety and biocompatibility of the utilized cationic polymeric are undefined.
Chitosan and its derivatives, which possess a potent affinity to oligonucleotides attributed to cationically charged primary amino groups, offer a high entrapment efficiency for siRNA into nanoparticles (Iacob et al., 2021), and they specifically interact with a negatively charged cellular membrane (Bernkop-Schnurch, 2018). Chitosan and its derivatives were also used to coat nanoparticles for siRNA delivery. Thiolated chitosan and trimethyl chitosan-wrapped superparamagnetic iron oxide for enhancing stability and potential for loading of siRNA was fabricated to carry HIF-1 alpha siRNA and CD73 siRNA, and the nanoparticles were further modified with cell-penetrating peptide TAT to increase cellular transfection (Hajizadeh et al., 2020). The nanovehicles effectively reduced HIF-1 alpha and CD73 expression, followed by significantly reduced tumor growth and angiogenesis. Chitosan-coated liposomes for simultaneous delivery of HIF-1 alpha siRNA and VEGF siRNA demonstrated high stability and protected siRNA from deterioration post coincubation with fetal bovine serum for 24 h, and this nanoformulation significantly inhibited HIF-1 alpha and VEGF protein expression (Salva et al., 2015). Trimethyl chitosan and hyaluronate-modified carboxylated graphene oxide nanoparticles for loading of HIF-1 alpha siRNA and a cyclin-dependent kinase (CDK) inhibitor dinaciclib were developed for silencing HIF-1 alpha and inhibiting CDK in CD44 expressing carcinoma cells (Figure 2) (Izadi et al., 2020). The nanoparticles dramatically suppressed the transcription of HIF-1 alpha and the mRNA levels of angiogenic genes, for instance, VEGF, transforming growth factor-beta and fibroblast growth factor, leading to decreased angiogenesis. Chitosan shows little or no toxicity in an animal model and no major adverse effects in healthy volunteers, but clinical data are lacking. The toxicological profiles of chitosan derivatives are still under investigation.
[image: Figure 2]FIGURE 2 | The synthesis scheme of carboxylated graphene oxide (CGO) and trimethyl chitosan (TMC) (A,B). Generation of siRNA loaded CGO-TMC-HA NPs, carboxylated graphene oxide conjugated with trimethyl chitosan and hyaluronate nanoparticles (C) (reproduced with permission from Izadi et al. (2020). Copyright 2020 Springer Nature).
NANOFORMULATIONS FOR REVERSING TUMOR MULTIDRUG RESISTANCE AND RADIORESISTANCE
Superparamagnetic Fe3O4 magnetosomes coated by a pre-engineered macrophage–cancer chimeric cytomembrane and dibenzocyclooctyne-modified hyaluronidase were used to deliver HIF-1 siRNA into deepened hypoxia region of tumor (Figure 3) (Lyu et al., 2020). The anchored hyaluronidase degraded hyaluronan in the tumor microenvironment and promoted deep penetration into the hypoxia region, wherein HIF-1 and P-glycoprotein were of high content. The results revealed that inhibiting HIF-1 with magnetic nanoparticles showed a superior potency in reversing chemoresistance and tumor inhibition. The chimeric membrane can be prepared by combining other cell types, which will integrate more diverse functions to realize multiple requirements in drug delivery. Huang et al. developed functional metal-organic frameworks (AMOFs), which were responsive to azoreductase to codeliver chemotherapy agents and HIF-1 alpha siRNA (Figure 4) (Huang et al., 2019). The azoreductase-sensitive liberation of HIF-1 alpha siRNA suppressed the active excretion of chemotherapy agents by cancer cells by restraining the expression levels for HIF-1 alpha, multidrug resistance gene 1, and P-glycoprotein and therefore effectively reversed multidrug resistance induced by hypoxia and led to highly efficient therapy for hypoxic carcinoma. The AMOFs achieved an excellent response to the hypoxic tumor microenvironment, and the degradation of AMOFs could greatly facilitate the release of chemotherapeutic drugs and siRNA. Lian et al. prepared chitosan decorated D-alpha-tocopheryl PEG 1000 succinate-b-poly (3-caprolactone-ran-glycolide) (TPGS-b-(PCL-ran-PGA)) nanovehicles to load HIF-1 alpha siRNA (Lian et al., 2016). Chitosan decorated TPGS-b-(PCL-ran-PGA) nanoparticles can efficiently carry HIF-1 alpha siRNA into nasopharyngeal carcinoma cells, leading to a decline of HIF-1 alpha expression and multiple drug resistance gene 1/P-glycoprotein. Wang et al. developed an original composite liposomal drug delivery nanosystem consisting of liposomes for loading therapeutic agents, doxorubicin of anthracycline antibiotics for inducing cell death, and antisense oligonucleotides for targeting silence of HIF-1 alpha mRNA for suppressing chemotherapy resistance and neovascularization (Wang et al., 2008). The nanosystem significantly inhibited the chemoresistance of carcinoma cells by downregulation of HIF-1 alpha, hence increasing the anticancer potency for combined treatment to the degree that cannot be reached by each agent administered separately. Chitosan nanoparticles for codelivery of siRNA against HIF-1 alpha and 5-flurouracil were fabricated by ionic gel method to reverse the multidrug resistance of gastric carcinoma cells, and the codelivery nanosystem demonstrated potent reduction of P-glycoprotein efflux and increase of chemotherapy sensitivity for drug-resistant cells by silencing HIF-1 alpha gene (Chen et al., 2017). However, the efficacy of chitosan nanoparticles was only investigated in vitro, and toxicity was evaluated after treatment for 5 days.
[image: Figure 3]FIGURE 3 | Schematic illustration of short interfering RNA (siRNA) loaded, HAase conjugated, and macrophage-cancer chimeric cytomembrane cloaked magnetic nanocluster (denoted as HM/S/MC) for delivery of HIF-1 siRNA to treat cancer. (A) Manufacturing procedures for HM/S/MC. (B) Programmed delivery performance and anticancer mechanisms in vivo for HM/S/MC (reproduced with permission from Lyu et al. (2020). Copyright 2020 Elsevier).
[image: Figure 4]FIGURE 4 | (A) Synthesis process and azoreductase responsive release under hypoxia for DOX, doxorubicin encapsulated, double chain DRHC, DNA/RNA hybridized complex consisted of HIF-1 alpha siRNA absorbed, and CPPs, cell-penetrating peptides decorated AMOFs, functional metal-organic frameworks based nanoparticles (DOX@AMOFs@DRHC/CPPs) (B) Cellular function scheme for hypoxia-responsive release of DOX and DRHC, downregulation of HIF-1 alpha, multidrug resistance 1 and P-gp, and reverse of chemoresistance for hypoxic tumor (reproduced with permission from Huang, et al. (2019). Copyright 2019 ACS Publications).
Yong et al. fabricated nanospheres with conjugation of Gd-containing polyoxometalates to chitosan, aiming at enhancing radiotherapy sensitivity, and the highly compressed and positively charged ion on the chitosan shell facilitates the transportation of HIF-1 alpha siRNA into the tumor (Yong et al., 2017). The nanospheres could reverse the radioresistance of hypoxic cancer cells via producing superabundant reactive oxygen species under X-ray radiation and lowering HIF-1 alpha expression to disturb self-restoration of impaired double-stranded DNA. Gold nanocomposites delivering HIF-1 alpha siRNA significantly improved the radiation sensitivity of hypoxic nasopharyngeal carcinoma cells (Xu et al., 2020). Nanoparticles codelivering radiosensitizer and HIF-1 alpha siRNA provide a versatile approach to solve the critical radioresistance issue for hypoxic tumors.
NANOPARTICLES FOR PHOTODYNAMIC THERAPY
Huang et al. constructed a smart nanovehicle that combined PDT and hypoxia-regulated gene therapy to achieve synergistic cancer therapy (Huang et al., 2018). Gold nanoparticles modified with beta cyclodextrins were chosen as nanocarriers, and a hypoxia-sensitive azobenzene labeled and hybridized double-stranded DNA/RNA conjugation consisting of ASO against HIF-1 alpha was bound to the surface of the gold nanoparticles through host-guest interaction between beta-cyclodextrin and azobenzene. The hypoxia-sensitive azobenzene linker was degraded under hypoxic conditions during PDT, generating hypoxia-stimulated release of ASO against HIF-1 alpha and synergistic effect. A pH-sensitive zeolitic imidazolate framework-8 nanoparticles were fabricated to convey chlorin e6, adriamycin and HIF-1 alpha siRNA to achieve simultaneous multiple therapeutic objectives (Wang et al., 2020). Specific knockdown of HIF-1 alpha simultaneously eliminates hypoxia-involved PDT resistance through inhibiting DNA repair and immobilization of DNA damage. The calcium phosphate core with a high affinity of nucleic acids was stabilized with dioleoylphosphatydic acid and coated with a cationic lipid to form lipid–calcium–phosphate nanoparticles, and the nanoparticles were decorated with anisamide for the delivery of HIF-1 alpha siRNA to sigma receptor-expressing cells which were simultaneously subjected to PDT (Chen W.-H. et al., 2015). The results demonstrated that knockdown of HIF-1 alpha reduced microvascular density during PDT, and a combination of silencing HIF-1 alpha gene therapy and PDT could enhance reactive oxygen species mediated PDT therapeutic efficacy. A new multifunctional cationic porphyrin grafted lipid that can self-assemble into microbubbles with conventional lipids was developed to load HIF-1 alpha siRNA through electrostatic adsorption of siRNA onto the amino group and exert PDT via porphyrin group as a photosensitizer (Sun et al., 2018). With the assistance of ultrasound-targeted microbubble destruction, the microbubbles were effectively converted into nanoparticles in situ. Downregulated HIF-1 alpha expression, which was partly generated by PDT, enhanced the PDT therapy. A2B2-type porphyrins were polymerized by a reactive oxygen species cleavable linker thioktal to form cationic polyporphyrins, which acted as both delivery carriers for HIF-1 alpha siRNA and photosensitive agent for PDT (Zheng et al., 2021). The polyphotosensitizer based gene nanocarriers, which can simultaneously impart photosensitizer with gene delivery capability and improve PDT effect through the silence of HIF-1 alpha exhibited efficient gene-silencing efficiency and synergistic anticancer potency for the combined PDT and gene therapy. The study provides a promising paradigm for the design of both the gene delivery vehicle and photosensitizer, as well as for broad utilities in combined treatment for cancer.
A trimodal graphene oxide nanocarrier for codelivery of a photosensitizer verteporfin, a hypoxia-activated prodrug banoxantrone dihydrochloride and HIF-1 alpha siRNA was fabricated (Figure 5) (Luan et al., 2018). c (RGDfK) peptides which targeted αvβ3 integrin overexpressed on the surface of vascular endothelial cells and cancer cells, were decorated on the graphene oxide nanovehicle. The targeted trimodal nanosystem suppressed HIF-1 alpha expression, upregulated CYP450, and increased prodrug activation. This study exploited vascular-targeted photodynamic therapy approved for treating solid tumors to induce hypoxia for successfully enhanced hypoxia-activated prodrug activation.
[image: Figure 5]FIGURE 5 | Schematic illustration of anticancer mechanisms for the interlocking trimodal c (RGDfK) modified graphene-oxide-based nanosystem for codelivery of VP, verteporfin, banoxantrone dihydrochloride (AQ4N). (1) The trimodal nanosystem targeted prostate cancer after intravenous injection. (2) VP-based photodynamic therapy aggravated hypoxia. (3) Hypoxia effectively transformed AQ4N into cytotoxic metabolite AQ4. (4) However, the upregulated HIF-1 alpha upon photodynamic therapy inhibited CYP450 reductases to prevent AQ4N transformation under hypoxia, hence coloaded HIF-1 alpha siRNA could upregulate CYP450 and reinforce AQ4N activation (reproduced with permission from Luan et al. (2018). Copyright 2018 WILEY-VCH Verlag GmbH and Co. KGaA). The targeted trimodal nanosystem decreased HIF-1 alpha expression in vivo, and the doubling time of tumor volume for the nanosystem was 17.7 days which was 2.4 folds longer than that of nontargeted drugs.
Hydrophilic HIF-1 alpha siRNA tethered to hydrophobic peptide nucleic acid-based B-cell lymphoma 2 (Bcl-2) ASO via 4,4-dimethyl-3,5-dithiaheptanedioic acid as singlet oxygen (1O2) sensitive linker self-assembled to generate photolabile spherical nucleic acid, and near-infrared photosensitizer was loaded in the hydrophobic core (Chen et al., 2021). Upon near-infrared light irradiation, the produced 1O2 cleaved the linker between siRNA and ASO and triggered the disassembly of spherical nucleic acid. The nanovehicle knockdown HIF-1 alpha and Bcl-2 expression and the combined gene therapy and PDT potently inhibited tumor growth in vitro and in vivo. In view of its carrier-free and biocompatibility, photolabile spherical nucleic acid represents a promising self-delivery nanoplatform to integrate various oligonucleotide drugs with a small molecule for cancer therapy.
NANOFORMULATIONS FOR INHIBITING TUMOR METASTASIS
Superparamagnetic iron oxide nanoparticles coated with thiolated chitosan and tirmethyl chitosan and further functionalized with hyaluronate and TAT peptide were adopted to deliver HIF-1 alpha siRNA and STAT3 siRNA (Figure 6) (Budi et al., 2021). Due to the agglomeration of superparamagnetic iron oxide colloidal suspensions, their application in the clinic is restricted. In this study, the superparamagnetic iron oxide surface was decorated with thiolated chitosan and trimethyl chitosan to suppress the agglomeration and enhance solubility. The polymers could also enhance cellular uptake by increasing the compression of nucleic acids. The mRNA levels of metastasis precursors MMP-2 and MMP-9 diminished considerably after the nanoparticles treatment, and minimal cell migration was observed. Zhao employed positively charged epsilon polylysine copolymer hybrid nanovehicles encapsulated by PEG-modified lipid bilayer for codelivering HIF-1 alpha siRNA and gemcitabine to treat pancreatic cancer (Zhao et al., 2015). The lipid–polymer hybrid nanoparticles, with bilayer lipid shell coated a polymeric core, and combined the merits of polymers and liposomes. The cationic polymeric core could absorb siRNA, and the lipid shell presented a protective effect. The nanosystem potently downregulated expression of HIF-1 alpha in vitro and in vivo and exhibited outstanding power to suppress cancer spreading in the orthotopic transplantation cancer model. The fifth-generation polyamidoamine dendritic polymers that were partially decorated by 1,3-propanesultone were employed for template fabrication of gold nanoparticles and obtained zwitterionic dendrimer-entrapped gold nanoparticles were applied to deliver HIF-1 alpha siRNA (Yang C. et al., 2021). Decoration of amine-terminated dendrimers with 1,3-propanesultone rendered the vector of antifouling property for enhanced serum transfection of HIF-1 alpha. The hybrid nanoparticles exhibited in effective silence of HIF-1 alpha, resulting in downregulation of a series of genes related to tumor metastasis and potent block of pulmonary metastasis. Hyaluronate and trimethyl chitosan-wrapped superparamagnetic iron oxide nanoparticles for loading HIF-1 alpha siRNA and prostaglandin E receptor 4 antagonist were developed for cancer treatment, and affinity of hyaluronate with CD44 overexpressed on carcinoma cells realized targeted delivery of siRNA to malignant cells and dramatically downregulated HIF-1 alpha (Karpisheh et al., 2021). Decoration of the nanoparticles with trimethyl chitosan increased their gene loading capacity owing to the positive charge, and hyaluronate on the nanoparticles increased cellular uptake of the nanoparticles. The combined therapy of inhibiting HIF-1 alpha and prostaglandin E receptor 4 axis by the drug delivery nanosystem prevented tumor migration and invasion by downregulation of MMP-2 and MMP-9 genes and decreased mRNA expression levels of factors involved in angiogenesis. Hyaluronic acid encapsulated chitosan carrying HIF-1 alpha siRNA complexes was developed as an innovative therapeutic strategy targeting HIF-1 alpha signal pathway to treat uveal melanoma (Xie et al., 2020). Coating chitosan with anionic hyaluronic acid shielded the cationic charge of the chitosan/siRNA nanocomplex and facilitated cellular uptake and lysosomal escape ability. The HIF-1 alpha siRNA delivering complexes is low toxic and demonstrated outstanding cellular uptake and lysosome escape capability. The expression of HIF-1 alpha and VEGF were downregulated in uveal melanoma cells, and migration and invasion were successfully inhibited.
[image: Figure 6]FIGURE 6 | HIF-1 alpha siRNA and STAT3 siRNA loaded superparamagnetic iron oxide nanoparticles coated with thiolated chitosan and tirmethyl chitosan and further functionalized with hyaluronate and TAT peptide suppresses cancer development and metastasis (reproduced with permission from Budi et al. (2021). Copyright 2021 Elsevier).
NANOFORMULATIONS FOR INHIBITING PROLIFERATION AND PROMOTING APOPTOSIS
A DNA strand with high content of GAG was linked to a DNA chain of enriched GC to synthesize functional nanoaptamer with magnetism (DNA-Fe3O4) and to maintain the intrinsic feature for targeting aptamer (Figure 7) (Yang et al., 2018). Hydrophobic fluorescent dye was loaded into DNA-Fe3O4 by the enriched GC sequences, and the nanoaptamers loading fluorescent dye self-assembled with target HIF and glucose transporter 1 aptamers. In general, aptamer conjugates to the surface of nanoparticles by C-S bond, S-S bond, or amide bond. However, it is difficult to keep the innate characteristics for targeting aptamer after chemical modification. Integrating aptamer with magnetic nanoparticles by the self-assembly of aptamers and metals keeps the innate properties of aptamers. The functional DNA-Fe3O4 transported HIF siRNA and glucose transporter 1 siRNA to attenuate HIF-1 alpha and ATP, resulting in the restraint of breast carcinoma cells proliferation in vitro and in vivo. Folic acid-modified PEG-chitosan oligosaccharide lactate nanoparticles were fabricated to deliver HIF-1 alpha siRNA to folic acid acceptors expressing human ovarian endometrioid carcinoma cells, and gene knockdown of HIF-1 alpha resulted in significant suppression of the cells proliferation in vitro (Li et al., 2014). Low molecular chitosan oligosaccharide lactate was chosen in this study over traditional chitosan due to its high solubility in water with low viscosity and a high degree of deacetylation, which presents more amino groups and enables a stronger interaction with siRNA. Li et al. designed lipid nanocarriers that integrated positively charged conjugation of human serum albumin and pentaethylenehexamine to form electrostatic complexes with ASO against HIF-1 alpha, and the lipid nanoparticles suppressed KB cell proliferation in vitro and in vivo (Li et al., 2016). The application of lipid nanoparticles for siRNA delivery is limited because of low delivery efficiency and systemic toxicity. Cationic albumin− pentaethylenehexamine conjugate incorporated with lipid nanoparticles overcame this problem and facilitated the delivery of siRNA. An original biodegradable D-alpha-tocopheryl PEG 1000 succinate-b-poly (epsilon-caprolactone-ran-glycolide) nanoparticles were fabricated to deliver HIF-1 alpha siRNA for the nasopharyngeal neoplasm gene therapeutics. The nanoparticles significantly reduced the proliferation of CNE-2 cells in vitro and in vivo (Chen Y. et al., 2015). D-alpha-tocopheryl PEG 1000 succinate as an excipient can induce cancer cell apoptosis, and it has been applied in combination with other anticancer agents for synergistic effects. pH-sensitive hybrid quantum dots consisted of cadmium tellurium quantum dots as a core and 2-deoxyglucose decorated PEG which was further tethered to lipoic acid, lysine, and 9-poly-d-arginine with a linker hydrazone bond as a functional shell were developed for targeting delivery of HIF-1 alpha siRNA to hypoxic cancer cells (Zhu et al., 2015). 2-deoxyglucose as a glucose analog conferred recognition and transportation of nanodrugs into hypoxic cells by glucose transporters one on the cell membrane, and poly-d-arginine enhanced transfection efficiency. 2-deoxyglucose and hydrazone conferred hypoxic cancer cell targeting and pH-sensitive profiles of the quantum dots, and the hybrid quantum dots exhibited high HIF-1 alpha gene-silencing efficiency and potent antitumor efficacy in vivo. The hybrid quantum dots combined the efficacy of hypoxic tumor targeting and pH-responsive properties, and reduced toxicity to normal tissues. (1-aminoethyl)iminobis [N-(oleicylcysteinylhistinyl-1-aminoethyl)propionamide] (EHCO) formed stable nanoparticles with HIF-1 alpha siRNA, and bombesin or RGD peptide was tethered to nanoparticles surfaces via a PEG spacer (Wang et al., 2009), the peptide-targeted delivery systems resulted in remarkable suppression on human glioma propagation in nude mice xenografts. This targeted delivery system demonstrated advantages of easy modification in formulations, pH-sensitive amphiphilic endosomal-lysosomal escape, low toxicity, and high siRNA delivery efficiency.
[image: Figure 7]FIGURE 7 | An enriched GAG DNA was linked to a GC-rich DNA to synthesize a functional nanoaptamer with magnetism (DNA-Fe3O4), and the obtained DNA-Fe3O4 delivered BODIPY-OCH3 dye by the enriched GC sequences was denoted as BFe@DNA. The fluorescent nanoaptamers self-assembled with target HIF-1 alpha and glucose transporter one aptamers to form BFe@DNAH(G), and HIF-1 alpha siRNA and glucose transporter one siRNA loaded nanoaptamer denoted as BFe@DNAH(G)-siRNA (reproduced with permission from Yang, et al. (2018). Copyright 2018 ACS Publications).
GE-11 peptide conjugated cationic liposomes were prepared to load gemcitabine, and HIF-1 alpha siRNA by Lin et al., and the liposomes effectively downregulated HIF-1 alpha gene expression in pancreatic carcinoma cells, declined cancer cell proliferations, and increased the apoptotic cells number with higher percentage of terminal apoptosis (Lin et al., 2019). The liposome is one of the widely applied nanocarriers for drug delivery owing to its excellent characteristics, including easy decoration on the surface. In this research, GE-11 peptide, which showed specific affinity toward epidermal growth factor receptor, was conjugated to liposome to realize targeting delivery. Yao et al. developed a death receptor 5 specific antibodies modified pH-responsive liposomes for simultaneous delivery of cyclopeptide RA-V and ASO against HIF-1 alpha to attenuate the tumor hypoxia microenvironment and to enhance chemotherapy effects in tumors (Yao et al., 2020). The liposomes achieved significant HIF-1 alpha silence, and silence of HIF-1 alpha promoted apoptosis induced by cyclopeptide RA-V. The pH-responsive liposomes also achieved therapeutic self-monitoring using dynamic visualization of the caspase-8 activation in situ. Folate-decorated cationic liposomes for HIF-1 alpha siRNA delivery induced apoptosis and inhibited the proliferation of hypoxic tolerant melanoma cells in vitro (Chen et al., 2016). However, the transfection efficacy and anticancer potency for the cationic liposomes were not evaluated in vivo.
CONCLUSION AND PERSPECTIVES
In recent decades, prominent advances have been achieved in nanomedicine strategies for the delivery of HIF-1 alpha siRNA and ASO in tumor therapy. Recent advances in the fields of nanoparticles loading HIF-1 alpha siRNA and ASO for cancer immunotherapy, antiangiogenesis, reversal of multidrug resistance and radioresistance, potentiating photodynamic therapy, inhibiting tumor metastasis and proliferation, and enhancing apoptosis are reviewed in this thesis. However, academic investigation and particularly clinical translation remain huge challenges.
First, the traits for tumor hypoxia are the heterogeneity of tumor species and clinical stages, and also sterically heterogeneous within a tumor (Rickard et al., 2019; Ron et al., 2019), and hypoxia and the HIF pathway in the tumor microenvironment are far from clearly understood. Therefore, the design of nanovehicles for HIF-1 alpha siRNA and ASO delivery and integration with diverse therapeutic tactics should be on the basis of further fundamental theoretical study on oncology biology, pathology, and clinical stage. Second, although great advances are achieved in siRNA and ASO delivery, there are still formidable challenges for targeting and effective delivery of siRNA in therapeutics. The manufacturing techniques of reported nanoparticles for delivering HIF siRNA and ASO are complicated and difficult to scale up from laboratory scale to industrial scale. The biocompatibility, biodegradability, safety, targeting ability, and efficacy in vivo, especially in humans, should be carefully evaluated. Simple, safe, and efficient nanovehicles with biocompatibility and biodegradability are needed to be developed in the future for targeting HIF therapy. Last but equally important, druggability is supposed to be highly concerned in the academic investigation of nanodrugs for HIF-1 alpha siRNA and ASO delivery. Although a large number of nanoparticles carrying HIF-1 alpha siRNA and ASO have been developed in animal models; however, these nanoparticles are far from a clinical candidate for cancer treatment owing to complex manufacturing techniques and undefined safety. In 2022, Clinicaltrials.gov exhibits no trial for translation of HIF-1 alpha siRNA or HIF-1 alpha ASO to the clinic in progress.
In conclusion, HIF plays a significant role in promoting tumors, and nanotechnologies for delivery of HIF-1 alpha siRNA and ASO for cancer treatment have achieved prosperous accomplishments in fields of fundamental research. We expect that more simple, safe, and potent nanovehicles loading HIF-1 alpha siRNA and ASO for effectively silencing HIF-1 alpha on the basis of further fundamental study progress on oncology biology, pathology, and stage are fabricated and translated into clinical therapy in a short period, and more oncology patients obtain the benefits of gene therapy and nanotechnologies.
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