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Nucleic acid drugs are not readily permeable through cell membranes and often exhibit poor blood serum stability, rapid

renal clearance and poor endosomal escape/cytoplasmic escape. Therefore, they are commonly used in combination with

drug delivery system (DDS) carriers. The drug carrier plays an important role in the process of drug delivery. 
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1. Introduction

For many years, the development of therapeutic drugs for cancer has been dominated by low molecular-weight chemical

compounds. In this area cases exist in which drug discovery has been difficult, even when promising target molecules

have been identified . In recent years, however, nucleic acid drugs, such as antisense oligonucleotides (ASOs) and

small interfering RNAs (siRNAs), have attracted attention as a new modality for cancer treatment . These drugs can

directly target genes and are potentially applicable to all types of diseases. Improvements in the technology used for

artificial nucleic acid development have led to the successive approval of nucleic acid drugs for intractable and hereditary

diseases; these drugs have been recognized worldwide for their therapeutic efficacy . Nucleic acid drugs for cancer

treatment are being actively developed, with many now at the clinical stage . Thus, in the near future, it is expected that

these drugs will contribute to the improvement of therapeutic outcomes as major cancer therapeutics.

Nucleic acid drugs are not readily permeable through cell membranes and often exhibit poor blood serum stability, rapid

renal clearance and poor endosomal escape/cytoplasmic escape. Therefore, they are commonly used in combination with

drug delivery system (DDS) carriers  (Figure 1). Initially, topically administered products for injection directly into the

affected area were approved; however, subcutaneous and intravenous products are now being approved. ONPATTRO

(patisiran), a siRNA drug with a liposomal formulation, was approved in 2018, exactly 20 years after the discovery of RNA

. Because nucleic acid drugs can be chemically synthesized like small molecule drugs, ligand-conjugated

oligonucleotides have also attracted attention in recent years. Given the success of ligand-conjugated nucleic acids, an N-

acetylgalactosamine (GalNAc)-conjugated siRNA drug (GIVLAAR  givosiran) has been developed by Alnylam

(Cambridge, MA, USA), a leading company in the development of siRNA drugs . This drug comprises tri-antennary

GalNAc, a ligand of the asialoglycoprotein receptor that is highly expressed specifically in hepatic parenchymal cells,

combined with siRNA; it can be transferred to hepatic parenchymal cells with high efficiency via subcutaneous

administration and acts on a target gene . Over the past years, development of siRNA drugs for cancer treatment

have been conducted. To date, some of them, such as Atu027  and siG12D-LODER , have passed or are

currently in Phase II trials and they are expected to be eventually commercialized.

Figure 1. Schematic illustrations of delivery carriers and chemical conjugation strategies for nucleic acid drugs. Here

shows typical delivery strategies: cholesterol conjugations , GalNAc conjugations , exosome
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, liposome , antibody .

2. Nonviral Drug Delivery Systems for Nucleic Acid Drugs

The delivery of nucleic acid drugs can be divided into two main strategies: viral and nonviral delivery. Viral vectors are

exceptionally efficacious in delivering genetic material to cells because millions of years of evolution have shaped and

optimized them for this purpose. Recently, owing to developments in vector design and safety, viral gene therapy

strategies have progressed toward clinical use against many genetic disorders. However, depending on the type of vector,

viruses will always retain some of their inherent weaknesses, which can include potential immunogenicity, tumorigenicity,

limited cargo-carrying capacity, and complex production. Importantly, viral vectors are not universally applicable to all

nucleic acid-based molecules; for example, they are not compatible with the delivery of short synthetic oligonucleotides.

It is difficult for nucleic acids and their analogs to permeate cell membranes due to their negative-charged nature.

Therefore, various positively charged molecules have been used as intracellular delivery carriers of therapeutic nucleic

acids. Protamines are arginine-rich polycationic nuclear proteins that replace histones late in the haploid phase of

spermatogenesis; they allow for denser packaging of DNA in the spermatozoon than would be possible with histones. This

property has enabled protamines to be used as carriers for therapeutic oligonucleotides. Junguhans et al. were the first to

demonstrate the cellular uptake of phosphodiester anti-c-myc antisense oligonucleotides into human promonocytic

leukemia cells using protamines and to report their antisense effects . Antisense oligonucleotide/protamine complexes

have also been used successfully to inhibit human immunodeficiency virus 1 (HIV-1) gene expression .

Lipid nanoparticle (LNP) systems are currently the leading nonviral delivery systems for realizing the clinical potential of

genetic drugs. Cullis et al. were the first to demonstrate the utility of LNPs based on ethanol injection to encapsulate

antisense oligonucleotides . In recent years, the world’s first siRNA drug and first nucleic acid drug with liposome

implementation, namely patisiran, has been approved by the Food and Drug Administration (FDA) . Patisiran consists

of siRNA encapsulated in a LNP carrier (it was formerly known as a SNALP or “stable nucleic acid lipid particle”) .

The accumulation of SNALP within tissues of clinical interest takes advantage of passive disease-site targeting.

3. Conjugation of Functional Molecules to Therapeutic Oligonucleotides

In recent decades, the derivatization of nucleic acid drugs has been studied extensively. The nucleic acid cargo can be

covalently attached to functional carrier molecules or loaded into supramolecular delivery devices. Conjugations of

uptake-enhancing or targeting ligands to oligonucleotides provide the advantage of generating a defined molecule that

allows for traditional pharmaceutical quality assessment. Several molecules have been attached to therapeutic

oligonucleotides to improve their delivery, biodistribution, and cellular uptake; some are detailed in this section.

GalNAc derivatives were first introduced to oligonucleotides by TsO’s research group in 1995 . They developed GalNAc

neoglycopeptide (ah-GalNAc)-conjugated oligodeoxynucleoside methylphosphonate (ah-GalNAc-oligo-MP) and

successfully showed that the uptake of ah-GalNAc-oligo-MP by human hepatocellular carcinoma cells (Hep G2) is cell-

type specific and can be completely inhibited by the addition of a 100-fold excess of free (ah-GalNAc) 3 in the culture

medium, indicating the cell uptake of ah-GalNAc-oligo-MP was ligand dependent.

This specific and enhanced cellular uptake of GalNAc-conjugated oligonucleotides was also confirmed in vivo by several

research groups . Prakash et al. reported that antisense oligonucleotides conjugated to tri-antennary GalNAc

improve the potency of therapeutic oligonucleotides about 10-fold in mice . Now, there are various kinds of chemical

modifications of GalNAc-conjugated, and from these reports, it has been shown that the GalNAc introduced into

oligonucleotides does not necessarily have a tri-antennary structure, and, surprisingly, even mono-anntenary GalNAc-

conjugation was also found effective . In the future, we expect to uncover more detailed mechanisms of action of

these monomeric GalNAc-conjugated oligonucleotides.

Folic acid (vitamin B9) binds with high affinity to the folate receptor protein to trigger cellular uptake via an endosomal

pathway. The presence of the folate receptor on many cancer types has prompted the use of folate in targeted therapy

. Indeed, it has been used on liposomes or polyplexes to effectively deliver oligonucleotides to cancer cells that have

the folate receptor . Dohmen et al. were the first to develop folate-conjugated oligonucleotides, however, tethering

folate to siRNA results in specific uptake but not silencing of reporter genes . Folic acid– oligonucleotide conjugates are

trapped in endosomes with insufficient endosomal escape to the cytosol for gene silencing. Later, Orellana’s group

succeeded in eliciting the gene inhibitory effects of folic acid-conjugated oligonucleotides by connecting folic acid and

oligonucleotides with a cleavable linker .
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4. Conjugation of Functional Molecules to Therapeutic Oligonucleotides

In recent decades, the derivatization of nucleic acid drugs has been studied extensively. The nucleic acid cargo can be

covalently attached to functional carrier molecules or loaded into supramolecular delivery devices. Conjugations of

uptake-enhancing or targeting ligands to oligonucleotides provide the advantage of generating a defined molecule that

allows for traditional pharmaceutical quality assessment. Several molecules have been attached to therapeutic

oligonucleotides to improve their delivery, biodistribution, and cellular uptake.

Cholesterol was tethered to siRNA in one of the first reports of endogenous gene silencing in vivo; this was conducted

under physiological conditions with a normal pressure injection in mice . Cholesterol can easily be attached to a

controlled-pore glass support prior to oligonucleotide synthesis, and an aminocaproic acid pyrrolidine phosphate linker is

often used between ligands and oligonucleotides. Results have shown that cholesterol–siRNA conjugates can reduce the

mRNA of targeted apoB by around 50% while unconjugated siRNA has no effect; similar results have been reported for

the lipid docosanyl and stearoyl ligands . Cholesterol–siRNA conjugates can also be used for noncovalent association

to polymers, as demonstrated by in vivo gene silencing in combination with a targeted engineered polymer .

In 2019, Alnylam Pharmaceuticals, the company that developed patisiran, succeeded in developing an siRNA drug called

“GalNAc-conjugated siRNA (GIVLAAR , namely gibosiran)” . This technology utilizes the binding of GalNAc to

asialoglycoprotein receptors (ASGPR) that appear on the cell surface of hepatic parenchymal cells. Givosiran can be

administered systemically (subcutaneously) without a carrier, whereas patisiran, which is encased in LNPs, requires a

time-consuming intravenous infusion, making givosiran more useful in clinical practice. In addition, from the perspective of

manufacturing and quality control, such conjugates are considered to be more advantageous than the drugs of this class

with delivery carriers which often have complex structures like LNPs. In 2020, another GalNAc-siRNA (OXLUMO ,

namely lumasiran) has been also approved by FDA .

GalNAc derivatives were first introduced to oligonucleotides by TsO’s research group in 1995 . They developed GalNAc

neoglycopeptide (ah-GalNAc)-conjugated oligodeoxynucleoside methylphosphonate (ah-GalNAc-oligo-MP) and

successfully showed that the uptake of ah-GalNAc-oligo-MP by human hepatocellular carcinoma cells (Hep G2) is cell-

type specific and can be completely inhibited by the addition of a 100-fold excess of free (ah-GalNAc)  in the culture

medium, indicating the cell uptake of ah-GalNAc-oligo-MP was ligand dependent.

Folic acid (vitamin B9) binds with high affinity to the folate receptor protein to trigger cellular uptake via an endosomal

pathway. The presence of the folate receptor on many cancer types has prompted the use of folate in targeted therapy

. Indeed, it has been used on liposomes or polyplexes to effectively deliver oligonucleotides to cancer cells that have

the folate receptor . Dohmen et al. were the first to develop folate-conjugated oligonucleotides, however, tethering

folate to siRNA results in specific uptake but not silencing of reporter genes . Folic acid–oligonucleotide conjugates are

trapped in endosomes with insufficient endosomal escape to the cytosol for gene silencing. Later, Orellana’s group

succeeded in eliciting the gene inhibitory effects of folic acid-conjugated oligonucleotides by connecting folic acid and

oligonucleotides with a cleavable linker .

Cell penetrating peptides (CPPs) can facilitate cellular uptake of their cargo, which is directly attached through covalent

linkages or the formation of noncovalent complexes. When CPPs were first identified, they were derived from peptide

sequences found in naturally occurring protein elements that exhibited inherent translocating properties. Some of these

were important for subsequent CPP iterations including the transactivator of transcription from HIV , Penetratin-1

derived from the homeodomain of Antennapedia , transportan (a chimeric peptide derived from galanin and the wasp-

venom peptide toxin mastoparan) , and cationic polyarginine and polylysine sequences such as Arg8 .

5. Conclusions

nucleic acid drugs, such as ASOs and siRNAs, which promote the “disappearance” or “loss of function” of the target

protein and act by new mechanisms that utilize the inherent characteristics of oligonucleotides. Although there are no

nucleic acid drugs approved for cancer treatment yet, recent results of several clinical trials suggest that anti-cancer

nucleic acid drugs will probably be approved in the near future. Furthermore, it is expected that nucleic acid drugs will be

developed and practically used in a coordinated manner according to the characteristics of cancer types. 
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