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1. Oligonucleotide Therapeutics as New Targeted Anti-Cancer Drugs for
Challenging or Undruggable Proteins

The molecular targets for therapy could be divided in two major categories, namely, druggable and undruggable.
“Druggability” implies that the target molecule must have structures that should allocate the specific binding and inhibition
by low-molecular-weight compounds. Typically, a protein is considered druggable if it contains a cavity, usually a well-
defined catalytic cleft. It is estimated that almost 70% of the human proteins X are considered difficult to be targeted,
including the transcription factors that are widely thought to be undruggable due to the lack of catalytic clefts and the
much-sought drug-binding pockets. To date, targeting the relevant transcription factors with small molecular compounds
remains challenging. In particular, relevant examples are the members of the MYC family and RAS family of oncogenes,
that account for amongst the highest rate of mutations in cancers and define aggressive tumor behaviors Bl The
strategies that propose the indirect blocking of transcription factors by targeting their upstream or downstream pathway
genes could result in less efficacy and also specific side effects in healthy cells. New strategies are urgently needed to
generate drugs able to tackle the undruggable targets in cancer. In this respect, oligonucleotide therapeutics enable a
direct targeting of the gene by acting at the level of the RNA or at the level of the DNA, based on the Watson-Crick
complementary rule of binding. Different classes of oligonucleotides have been developed since the first use in clinical
was proposed in the 1970s, but, in particular, antisense oligonucleotides (ASOs), small interference RNAs (siRNAs), and
microRNAs (miRNAs) imposed their presence as the most representative for clinical development and therapeutic
application &, For a better understanding of the impact and the relevance of each group, researchers performed a
research study in clinicaltrials.gov (accessed on 1 May 2022) using “Cancer” as the keyword and focusing the attention on
clinical trials available for each class of oligonucleotide in analysis.

As expected, the ASOs are the most represented oligonucleotides, accounting for 66% of all of the compounds analyzed
(75% of clinical trials), and are the only class with some compounds in clinical phase Il or Ill (Figure 1 and Table 1).
Interestingly, only 12% of the clinical studies are recruiting or active, and the majority are completed (59%), or in other
status (29%). From a structural point of view, the ASOs range in size from 12 to 30 nucleotides, are single stranded, and

work through the classic Watson-Crick base pairing and can act as both gene expression inhibitors or splicing modulators
6171,
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Figure 1. Summary of clinical trials therapies using oligonucleotide in oncology. (a) Antisense oligonucleotides (ASOs),
small interfering RNAs (siRNAs) and microRNAs (miRNAs) number of clinical trials divided for clinical phases; (b) Total
clinical trials number for each class of oligonucleotide analyzed; (c) ASOs, siRNAs and miRNAs number of clinical trials
divided for clinical status condition.



Oligonucleotide
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Oligonucleotide)
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Table 1. Summary of oligonucleotides in clinical trials for oncology.

Target
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TGF-p2

TLR9

TLR9

TLR9

STAT3
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ASO

ASO

ASO

ASO

ASO

ASO

ASO

ASO

Cancer Type

Advanced Solid Tumors

Advanced Solid Tumors with
Androgen Receptor Pathway as a
Potential Factor

Mantle Cell LymphomalPeripheral T-
cell Lymphoma (PTCL)|Cutaneous T-
cell Lymphoma (CTCL)|Chronic
Lymphocytic Leukemia (CLL)|Small
Lymphocytic Lymphoma
(SLL)|Follicular Lymphoma]Marginal
Zone LymphomalHodgkin
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Macroglobulinemia|DLBCL
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Tumor
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(Skin)

Colorectal Neoplasms

Hepatocellular CarcinomalOvarian
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Cancers|DLBCL|Lymphoma
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Squamous Cell Lung Cancer|Bladder
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CarcinomalProstate Cancer

Carcinoma, Renal Cell|Metastases,
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Myelodysplastic Syndromes|Acute
Myelogenous Leukemia

Mesothelioma
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Oligonucleotide

AEG35156

XIAP Antisense

Oblimersen
(G3139)

G4460 (c-myb
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oligonucleotide)
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BP1001
(Liposomal
Grb2 Antisense
Oligonucleotide)

IGV-001 Cell
Immunotherapy
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STP705

CpG-ODN

Custirsen (OGX-
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TargomiRs
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siRNA-
transfected
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EphA2-targeting
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encapsulated
siRNA
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Mesenchymal
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derived
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Cancer|Breast Cancer

Hematologic Malignancies

Breast Cancer

Recurrent Adult Acute Myeloid
Leukemia]Acute Lymphoblastic
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Glioblastoma
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Breast Cancer
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Cancer|Hepatocellular
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Malignant Pleural Mesothelioma|Non-
Small-Cell Lung Cancer
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Metastatic Malignant Neoplasm in the
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Adenocarcinoma
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NCT00070083|NCT00080847|[NCT00017251|NCTOO(



Drug Clinical

Oligonucleotide  Target Type Cancer Type Phase Clinical Trials ID
Proteasome
SIRNA a_nd LMP2, LMP7, . Metastatic Melanoma]Absence of
tumor antigen MECL1 siRNA CNS Metastases Phase 1
RNA-transfected
dendritic cells
M2 subunit of
CALAA-01 ribonucleotide o Cancer|Solid Tumor Phase 1
reductase
(R2)

Colorectal Cancer with Hepatic
Metastases|Pancreas Cancer with
TKM-080301 PLK1 siRNA Hepatic Metastase|Gastric Cancer Phase 1
With Hepatic Metastases|Breast
Cancer With Hepatic

Non-transfusion-dependent
SLN124 TMPRSS6 siRNA Thalassemia|Low Risk Phase 1
Myelodysplastic Syndrome

Solid Tumors|Multiple Myeloma|Non-

Phase
. Hodgkins LymphomajPancreatic
DCR-MYC Myc SIRNA Neuroendocrine Tumors|PNET|NHL| 1|Pr2|ase
Hepatocellular Carcinoma
. . Phase
Atu027 PNK3 SIRNA Advanced Solid Tlfmors|Carcmoma, 1|Phase
Pancreatic Ductal 2

SiG12D LODER  KRASG12D  siRNA Pancreatic Ductal Phase 2
AdenocarcinomalPancreatic Cancer

STP705 TGF-B1, COX- siRNA Squamous Cell Carcinoma in Situ Phase 2
2 mRNA
B-Cell Non-Hodgkin
Lymphoma|Diffuse Large B-Cell
CpG.--STATS TLR9 and ) Lymphomal|Follicular
siRNA STAT3 siRNA Lymphoma|Mantle Cell Phase 1
CAS3ISS3 Lymphoma|Marginal Zone
Lymphoma|Small Lymphocytic
Lymphoma

The second most common oligonucleotide class is represented by the siRNAs, accounting for 25% of the compounds.
The analysis shows how they are the subject of almost the same number of clinical trials as the miRNAs, but with a higher
number of trials in phase | (76% of total SiRNAS’ clinical trials). In relation to the clinical trial status, the siRNAs show 35%
active/recruiting trials, and 18% of the trials terminated with no suspension (Figure 1 and Table 1). The siRNAs are the
longest oligonucleotides in size (20-25 nt), they are double stranded, and work in complex with RISC to post-
transcriptionally silence the target gene expressions [8l. These compounds can be chemically synthesized, maintaining the
characteristics needed for the proper activation of the enzymatic mRNA degradation, allowing their use as therapeutic
compounds &,

Finally, the miRNAs represent the smallest class with only four compounds in clinical trial (9%). Despite their number,
these compounds are well represented in clinical trials, as mentioned before, and are equally distributed among phases 1
and 2. Furthermore, a relevant number of clinical trials are recruiting (17%), while others are now terminated (50%), or
withdrawn (17%) (Figure 1 and Table 1). The miRNAs are small (18-25 nt) single stranded non-coding RNAs, containing
usually sequences complementary to one or more of the target RNAs 19, They work similarly to the siRNAs, activating
the RISC complex after formation of miRNAs duplex 1, The miRNAs can also be synthesized by mimicking their normal
biological function, to be redirected against specific targets for therapeutic purposes 221,

| 2. Oligonucleotide Therapeutics Targeting the MYC Gene Family

The MYC family is composed of c-MYC, MYCN, and MYCL 23 The MYC gene family encodes for the basic helix-loop-
helix-leucine zipper (bHLH-LZ) transcription factor proteins which exhibit a high-structural homology, including highly
conserved Myc boxes (MB) and a basic region (BR), helix-loop-helix (HLH) and leucin zipper (LZ) motifs 1415l The MYC
gene family is highly involved in tumors in which they are often dysregulated and mutated (manly by translocations or
gene amplification), resulting in overexpression and association with tumor aggressiveness and poor prognosis 28, The
proteins that originate from the MYC gene family are mainly considered undruggable with the conventional approaches
that rely on small molecules.



2.1. Oligonucleotide Therapeutics Targeting MYC

MYC has been proposed as an important oncogenic target for its role in cell proliferation and survival, angiogenesis,
metastasis, drug resistance, and poor patient prognosis I8, MYC-targeted oligonucleotide therapeutics, based on a
small interfering RNA lipid-based nanoparticle (DCR-MYC, Dicerna Pharmaceuticals), to inhibit the oncogene MYC at the
level of the MRNA, was developed to treat various cancer types, including hepatocellular carcinoma (HCC), solid tumors,
lymphoma, or multiple myeloma. The liposomal delivery system of the DCR-MYC is based on EnCore Dicerna’s
proprietary technology, due to its specific Envelope and Core lipid contents. For targeting MYC, Dicer-substrate small
interfering RNA (DsiRNA) was used in the drug formulation. DsiRNAs, longer duplex RNAs, are Dicer substrates to be
subsequently processed into small interfering RNAs (siRNAs), and have an increased potency in RNA interfering
processing 19, The data from the phase |—dose-escalation study indicated that DCR-MYC presents good clinical and
metabolic responses in patients at a variety of dose levels 29, However, phase | (clinicaltrials.gov (accessed on 1 May
2022) NCT02110563) and phase Ib/2 trials (clinicaltrials.gov (accessed on 1 May 2022) NCT02314052) were terminated
on the sponsor’s decision, due to a lack of the gene-silencing effectiveness that was anticipated by the company 211,

2.2. Oligonucleotide Therapeutics Targeting MYCN

The MYCN oncogene is a well-known driver of different, highly aggressive tumors (including Neuroblastoma, Small-Cell
Lung Cancer, Rhabdomyosarcoma), where it is dysregulated and amplified and is strongly associated with poor survival
prognosis 2223 MYCN overexpression reprograms the tumor cells towards a stem-like phenotype that promotes
proliferation and cell growth, while inhibiting cell differentiation and apoptosis. It also favors immune escape, invasion,
metastases, and angiogenesis (241251 |nterestingly, MYCN is expressed during embryogenesis and has a highly restricted
pattern of expression in normal cells after birth (28] All of these factors make the N-Myc protein a promising target for a
tumor-specific therapy. However, inhibitors against the N-Myc protein have, to-date, largely failed and have led to N-Myc
being currently considered to be an undruggable target 27,

It has been demonstrated that an alternative approach concerns specific gene expression inhibition at the level of DNA
through a MYCN-specific antigene peptide nucleic acid (agPNA) oligonucleotide 28291 The antigene oligonucleotide
approach (via persistent blocking at the level of transcription) has shown advantages in blocking translation by the
antisense oligonucleotide strategies. The peptide nucleic acids (PNAs) have shown promising results as antigenes, due to
their resistance to proteases and nucleases and their ability to potently and specifically bind the target DNA BA[E1],
Differing from the use of antisense oligonucleotides, which inhibit mMRNA translation, the antigene approach involves
binding to the chromosomal DNA, resulting in the inhibition of transcription. By persistently blocking the transcription, the
antigene oligonucleotides showed higher efficacy compared with antisense oligonucleotides 28189 Antigene therapy by
targeting MYCN transcription has great potential in treating MYCN-expressing tumors, as was previously demonstrated in
the preclinical treatment of neuroblastoma and rhabdomyosarcoma by MYCN-specific agPNA 29, Neuroblastoma (NB)
is the deadliest pediatric tumor. Approximately 25% of patients with a NB diagnosis present with MYCN amplification
(MNA), which is linked to a poor prognosis, metastasis, and recurrence 8283l |t has been shown that BGA002, a new and
highly improved agPNA oligonucleotide, is able to specifically target a unique sequence on the human MYCN gene 24,
BGAO002 showed a specific, dose-dependent decrease in the MYCN mRNA and protein, while decreasing the viability in a
panel of 20 NB cell lines, followed by the block of different MYCN tumorigenic alterations, and to the anti-tumor efficacy of
BGAO002 in vivo in a MNA NB mouse model B4, Moreover, while MYCN drives a tumor immunosuppressive environment,
which impacts survival in several MYCN-positive tumors, the block of MYCN by the ant-MYCN BGAOQO02 is able to
reactivate and restore the effectiveness of the natural killer immune cells against NB B2, It has been also found that
BGAO0O02 restores the retinoic acid (RA) response, leading to a differentiation or apoptosis in the MNA NB and also to a
significant increase in survival in a mouse model of MNA-NB 28],

| 3. Oligonucleotide Therapeutics Targeting the RAS Gene Family

Ras proteins regulate the activation of different patterns strongly involved in cancer, such as cell proliferation,
differentiation, and survival B4, This family of proteins is encoded by three ubiquitously expressed genes, HRAS, KRAS,
and NRAS, that share most of their sequence and function B8, In normal conditions, they act as the activator of more than
20 different proteins from different effectors’ families B9, so their constitutive activation may cause a deregulation of many
cell functions and lead to cancer. In particular, the frequency and the pattern of the gene mutations can associate different
Ras genes with different cancer types “9. While each Ras member is involved in cancer, KRAS is surely the major
cancer-causing isoform, accounting for 75% of all Ras-associated tumors 1, The other isoforms NRAS (17%) and HRAS
(7%) account for only a small subset of cancer types 4. In the past years, many attempts were performed to develop
direct Ras gene family inhibitors, but the protein structure showed characteristics that were not very compatible with the
small molecules’ approach 2. As the same post-translational approach was ineffective, due to isoform-specific
differences 3, so a more specific approach was needed in consideration of the relevance of the KRAS specific isoform to
the others. In particular, the oligonucleotides have a promising therapeutic potential as mutant-specific RAS inhibitors,
active against any major mutation.



Oligonucleotide Therapeutics Targeting KRAS

The KRAS-targeted siRNA-polymeric nanoparticles for local therapy, siG12D-LODER, were designed by Silenseed Ltd.
for patients with locally advanced pancreatic cancer. The biodegradable polymer matrix, Local Drug EluteR (LODER), was
used to release the G12D-mutated KRAS-targeted siRNA locally within a pancreatic tumor microenvironment for
controlled and prolonged delivery 4. The LODER matrix consists of a copolymer of poly lactic-co-glycolic acid (PLGA) of
a high molecular weight greater than 50 kD. The siG12D-LODER was designed to be properly inserted and placed into
the tumor using a standard biopsy procedure “2l46l A slow and stable release of siRNA from siG12D-LODER over a few
months was demonstrated when incubated in PBS. The siG12D-LODER remarkably suppressed the growth of pancreatic
tumors in both subcutaneous and orthotopic, xenograft, and syngraft mouse models, without causing any toxicity 44!, In
another preclinical study, following subcutaneous implantation of the siG12D-LODER, all of the rats exhibited local and
systemic safety and tolerability, without any adverse effects or deaths 48, A phase | clinical trial was conducted by
injection of the siG12D-LODER drug into patients via the endoscopic ultrasound (EUS) biopsy needle (clinicaltrials.gov
(accessed on 1 May 2022) NCT01188785).

The ASO strategy has also been proposed for the treatment of the KRAS mutation in cancer. AZD4785 is a cEt-modified
ASO 471 complementary to a KRAS mRNA sequence, developed by lonis in collaboration with Astra Zeneca.
Interestingly, the advanced chemistry of this compound and the resulting potency, allowed its use without any delivery
agent in the first preclinical studies. As expected, AZD4785 is able to directly downregulate KRAS mRNA at the nM level
in vitro (ICso 10 nM), and is also able to increase survival and reduce tumor growth in a mouse model of lung cancer 48,

| 4. Oligonucleotide Therapeutics Targeting STAT3

STAT3 is a protein activated by members of the JAK family through phosphorylation 49, In its phosphorylated form,
STAT3 dimerizes and works in the nucleus as a transcription factor involved in cell proliferation, development,
differentiation, inflammation, and apoptosis. Constitutive activation can be found in several types of human cancer BJ[E1]
and it is able to increase the level of different cancer-related molecules, such as surviving, Bcl-XL, cyclin D1/D2, C-Myc,
Mcl-1, and vascular endothelial growth factor (VEGF), favoring tumorigenic progression 5253l For this reason, STAT3
represents one of the most interesting targets for therapeutics in oncology, and in the past years many strategies were
developed to effectively inhibit STAT3 expression. For example, synthetic inhibitors, such as CDDO-Me or FLLL32, can
reduce the activity of the protein downstream, blocking the JAK/STAT3 interaction or inhibiting the DNA binding process
but cannot overcome the issue related to the overall aspect of STAT3 overexpression B4BESl |n a different way,
oligonucleotide compounds are able to specifically target STAT3 reducing the protein expression, directly downregulating
the mRNA. A new compound, such as AZD9150 (ISIS 481464), a 16-nucleotide next generation chemistry antisense
oligonucleotide 58], or CpG-Stat3 siRNA, a conjugate of an oligonucleotide TLR9 agonist linked to a STAT3 siRNA 7,
are, in fact, designed to specifically reach this aim. In particular, the combined use of synthetic oligonucleotide agonists for
TLRs and siRNA target-specific, is a novel and potent strategy that can achieve both target delivery enhancement of
siRNA to immune cells and antitumor immune response activation 27,

| 5. Oligonucleotide Therapeutics Targeting BCL-2

BCL-2 is one of the first-discovered regulators of the apoptosis process. This gene is overexpressed by the translocation
t(14;18) in B-cell lymphoma and is implicated in many different cancers, such as melanoma, breast, and lung carcinoma
(58] BCL-2 is not only involved in the neoplastic development, but also in the resistance mechanism to cancer treatment
B9, In this context, the therapies pointed at BCL-2 inhibition can be considered crucial to overcome resistance to the
common strategies for cancer treatments [€9. Oblimersen (G3139) is certainly the most studied BCL-2 inhibitor and was
involved in many clinical studies (Table 1). Unfortunately, despite its high efficacy in vitro and in vivo preclinical studies &4
62 the clinical studies showed how it is important to administer this compound in combination to achieve significant
results. Phase 3 clinical studies (data not shown) are indeed available, but only for this form of application. It is important
to underline that other BCL-2 inhibitors have been developed, such as BP1002 (631 and PNT2258 (4], Both of them are still
in clinical phase | trials; the first active, and the second successfully completed, and they represent promising compounds
for the future of the Bcl-2 inhibitor.
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