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Research progress of tumor microenvironment-responsive RNA
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Abstract: Cancer is considered as one of the major diseases endangering human health in the world, it is
urgent to find a safer and more efficient treatment for cancer therapy. Gene therapy with ribonucleic acid (RNA)
drugs could regulate the expression of tumor related genes, and exhibit good anti-tumor therapeutic potential in
preclinical and clinical trials. Based on the differences between tumor tissues and normal tissues in microenvironment
signal characteristics such as pH, specific enzyme concentration or redox gradient, various microenvironment
responsive nanocarriers had been studied and developed to deliver RNA drugs to tumor tissues and cells, improving
the anti-tumor efficacy of RNA drugs and reducing toxic and side effects. This paper reviews the pathophysiological
characteristics of tumor microenvironment and various strategies of tumor microenvironment responsive nanocarriers,
in order to provide reference for the design of safe and efficient RNA drug delivery system for cancer therapy.
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Table 1

RNA therapeutics in clinical trials for tumor therapy. ASO: Antisense oligonucleotides; COX-2: Cyclo-oxygenase 2; EPHA2:

Ephrin type-A receptor 2; GRB2: The growth factor receptor-bound protein-2; HSP27: Heat shock protein 27; KRAS G12D: Kirsten rat

sarcoma viral oncogene G12D; PLGA: Poly(lactic-co-glycolic acid); KSP: Kinesin spindle protein; MAGE-A3: Melanoma antigen family
A3; MAGECI: Melanoma-associated antigen Cl; MAGEC2: Melanoma-associated antigen C2; MUCI: Mucl protein 1; Neo-Ag:
Neoantigens; NY-ESO-1: New York esophageal squamous cell 1; OX40L: OX40 ligand; PAP: Purple acid phosphatase; PKN3: Protein
kinase N3; PLK1: Polo-like kinase 1; PSA: Prostate specific antigen; PSCA: Prostate stem cell antigen; PSMA: Prostate specific membrane

antigen; STAT3: Signal transducer and activator of transcription 3; STEAP1: Six-transmembrane epithelial antigen of the prostate 1; TGF-f

1: Transforming growth factor beta 1; TPTE: Transmembrane phosphatase with tensin homology; VEGF: Vascular endothelial growth factor.

(Adapted from https://clinicaltrials.gov)

RNA type Delivery system Target Condition Phase Identifier Study start
siRNA N/A STAT3 Lymphoma I NCT04995536  December 2021
siRNA Peptide-based vector TGF-p1, COX-2 Liver cancers I NCT04676633  March 2021
siRNA Mesenchymal stromal ~ KRAS G12D Metastatic pancreas cancer I NCT03608631  January 2021

cell-derived exosomes
siRNA PLGA implant KRAS G12D Pancreatic cancer 1I NCTO01676259 March 2018
siRNA Lipid-based vector EphA2 Advanced solid tumors I NCTO01591356  July 2015
siRNA Lipid-based vector PKN3 Pancreatic ductal /11 NCTO01808638 March 2013
adenocarcinoma
siRNA Lipid-based vector PLK1 Colorectal/pancreas/gastric/ I NCTO01437007  August 2011
breast/ovarian cancer with
hepatic metastases
siRNA Lipid-based vector KSP&VEGF Solid tumors I NCTO01158079  July 2010
mRNA Peptide-based vector NY-ESO-1, MAGECI, Nonsmall-cell lung cancer /11 NCT03164772 December 2017
MAGEC?2, 5T4, survivin
and MUCI1
mRNA Lipid-based vector 0X40L Solid tumor and lymphoma /1 NCT03323398  August 2017
mRNA Lipid-based vector Neo-Ag Solid tumor I NCTO03313778  August 2017
mRNA Lipid-based vector NYESO-1, MAGE-A3, Melanoma 1 NCTO02410733  March 2015
tyrosinase and TPTE
mRNA Peptide-based vector PSA, PSCA, PSMA, Prostate cancer /11 NCT02140138; June 2014;
STEAP1, PAP and MUC1 NCTO01817738  August 2012
mRNA Peptide-based vector NY-ESO-1, MAGECI, Nonsmall-cell lung cancer I NCTO01915524  April 2013
MAGEC2, 5T4, survivin
and MUC1
mRNA Peptide-based vector MAGECI1, MAGEC2, Nonsmall-cell lung cancer /11 NCTO00923312 May 2009
NY-ESO-1, survivin and
5T4
mRNA Peptide-based vector PSA, PSCA, PSMA, Prostate cancer /1T NCTO00831467; January 2009;
STEAPI NCT00906243  May 2009
ASO Lipid-based vector GRB2 Acute myeloid leukaemia 11 NCT04196257; August 2021;
NCT02781883; May 2016;
NCTO01159028  June 2010
ASO Chemical modification ~ STAT3 Nonsmall-cell lung cancer 11 NCT03794544; March 2019;
NCT03819465; December 2018;
NCT02983578  March 2017
ASO Chemical modification ~HSP27 Squamous cell lung cancer 11 NCT02423590; June 2014;
NCTO01829113; July 2013;
NCT01454089; October 2011;
NCTO01120470  September 2010
miRNA  Lipid-based vector miR-193a-3p Solid tumor 1 NCT04675996  December 2020
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Figure 1 Schematic diagram of pathophysiological characteristics of tumor microenvironment
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Table 2 Tumor microenvironment-responsive RNA drug delivery systems developed in pre-clinical study. HSA: Human serum albumin;

MMP: Matrix metalloproteinase; ROS: Reactive oxygen species; PEG: Polyethylene glycol

Responsive mode Delivery system Responsive group RNA type Function Ref.
pH-response Polymer 2,3-Dimethylmaleic anhydride siRNA Charge conversion [34]
Polymer Ketal siRNA Endosomal/lysosomal escape, [35]
drug release
Polymer Ketal siRNA Drug release [36]
Polymer Imine siRNA Drug release [37]
Polymer Tertiary amine siRNA Endosomal/lysosomal escape  [38]
Polymer Histidine ASO Endosomal/lysosomal escape  [39]
Calcium phosphate  Calcium phosphate siRNA Drug release [40]
nanoparticle
Calcium phosphate  Calcium phosphate, phenylborate siRNA Drug release [41]
nanoparticle
Enzyme-response  Polymer GPLGAIAGQ peptide (MMP-2-response) siRNA PEG deshielding [42]
Polymer GPLGIAGQ peptide (MMP-2-response) miRNA PEG deshielding [43]
Polymer VPLSLYSGCG peptide (MMP-7-response) siRNA PEG deshielding [44]
Polymer Poly(a)glutamate (cathepsin-response) siRNA Drug release [45]
Redox-response Polymer Disulfide bond miRNA Drug release [46]
HSA Disulfide bond siRNA Drug release [47]
Polymer Disulfide bond siRNA Drug release [48]
Polymer Disulfide bond siRNA Drug release [49]
ROS-response Polymer Phenylborate siRNA Drug release [50]
Polymer Phenylborate siRNA Drug release [51]
Polymer Phenylborate miRNA Drug release [52]
Polymer Thioketal siRNA/ASO  Drug release [53]
ATP-response Polymer Phenylboric acid mRNA Drug release [54]
Polymer Phenylboric acid siRNA Drug release [55]
Polymer Phenylboric acid siRNA Drug release [56]
Hypoxia-response  Polymer Azobenzene siRNA Drug release [57]
Polymer Nitroimidazole siRNA Drug release [26]
Dual-response Polymer Disulfide bond (redox-response), siRNA Charge conversion, drug [58]
GPLGIAGQ peptide (enzyme-response) release
Polymer Histidine (pH-response), disulfide bond siRNA Endosomal/lysosomal escape, [59]
(redox-response) drug release
Polymer Calcium phosphate (pH-response), siRNA Drug release [60]

hyaluronic acid (enzyme-response)

Self-ammblz pH7.4
NWWWWWW\
(PLGA)-PEI WD
NgBR siRNA
(PLGA),-PEI-DMMA NP-siRNA

Before treatment After treatment

Mesenchymal-epithelial
transition

Nucleus

b E
@) Endothelial cells <= Mesenchymal cancer cell a Epithelial cancer cell

Figure2 The charge switchable RNA drug delivery system that was sensitive to the acidic tumor microenvironment. DMMA: Dimethylmaleic

anhydride; NgBR: Nogo-B receptor; PEI: Polyethyleneimine. (Adapted from Ref. 34 with permission. Copyright © 2014 Elsevier)
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Figure3 The RNA delivery strategies based on (a) matrix metalloproteinase-2 (MMP-2) triggered and (b) MMP-7 triggered PEG deshielding.
BMA: Butyl methacrylate; DMAEMA: Dimethylaminoethyl methacrylate. DOPE: Dioleoyl phosphoethanolamine; FA: Folic acid; PAA:
Propyl acrylic acid; PAT: Proximity-activated targeting; SPN: Smart polymer nanoparticle. (Adapted from Ref. 42 with permission.

Copyright © 2014 Elsevier and Ref. 44 with permission. Copyright © 2015 American Chemical Society)
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Figure 4 ROS-responsive polymeric siRNA nanomedicine stabilized by triple interactions. (Adapted from Ref. 50 with permission.

Copyright © 2019 John Wiley and Sons)
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Figure 5 Glutathione (GSH)-responsive RNA delivery systems. a: GSH-responsive self-crosslinked human serum albumin nanocarriers

for siRNA delivery; b: GSH-responsive single siRNA nanocapsules. (Adapted from Ref. 47 with permission. Copyright © 2014 Elsevier and

Ref. 48 with permission. Copyright © 2020 John Wiley and Sons)
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Ref. 54 with permission. Copyright © 2021 Elsevier)
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