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Cancer is one of the leading causes of death worldwide, and con-
ventional cancer therapies such as surgery, chemotherapy, and
radiotherapy do not address the underlying molecular pathol-
ogies, leading to inadequate treatment and tumor recurrence.
Angiogenic factors, such as EGF, PDGF, bFGF, TGF-b,
TGF-a, VEGF, endoglin, and angiopoietins, play important
roles in regulating tumor development and metastasis, and
they serve as potential targets for developing cancer therapeu-
tics. Nucleic acid-based therapeutic strategies have received
significant attention in the last two decades, and antisense oligo-
nucleotide-mediated intervention is a prominent therapeutic
approach for targeted manipulation of gene expression. Clinical
benefits of antisense oligonucleotides have been recognized by
the U.S. Food andDrugAdministration, with full or conditional
approval of Vitravene, Kynamro, Exondys51, and Spinraza.
Herein we review the scope of antisense oligonucleotides that
target angiogenic factors toward tackling solid cancers.
https://doi.org/10.1016/j.omtn.2018.11.007.

Correspondence: Rakesh N. Veedu, Centre for Comparative Genomics, Murdoch
University, Murdoch, WA 6150, Australia.
E-mail: r.veedu@murdoch.edu.au
Antisense oligonucleotides (AOs) are a class of molecule that can spe-
cifically bind to RNA target molecules in order to manipulate gene
expression.1–4 Recent progress in AO-based therapeutics has at-
tracted significant attention in drug development for different dis-
eases.4,5 To date, the U.S. Food and Drug Administration (FDA)
has approved four antisense drugs: Vitravene for the treatment of
cytomegalovirus (CMV) retinitis in immunocompromised patients,6

Kynamro for the treatment of homozygous familial hypercholester-
olemia,7 Exondys51 for the treatment of Duchenne muscular dystro-
phy (DMD),8 and Spinraza for the treatment of spinal muscular atro-
phy (SMA).9,10 These successful clinical translations demonstrate the
scope of utilizing AOs as therapies for tackling various diseases
through the induction of targeted degradation, exon skipping, or
exon retention in the mature or pre-mRNA.

Angiogenesis is the physiological process of new blood vessel
growth,11–14 and the discovery of tumor angiogenesis nearly 50 years
ago has opened up a new era in cancer drug development.15–17 Anti-
angiogenesis has now become a discrete field of cancer research with
over 35,000 published reports,18 and various strategies have been
extensively studied in identifying potential angiogenic markers for
therapeutic interventions.19–22 Current cancer therapy involves a
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combination of different approaches, including surgery, chemo-
therapy, radiotherapy, immunotherapy, targeted therapy, and hor-
mone therapy.23 In the last two decades, advances in antibody-based
and small molecule treatment strategies have led to the translation
and clinical use of various cancer drugs, including Avastin24,25 (anti-
body targeting vascular endothelial growth factor [VEGF]-A) and Su-
nitinib26 (small molecule targeting VEGF receptor [VEGFR] and
platelet-derived growth factor receptor [PDGFR]), which gained
FDA approval in 2004 and 2006, respectively, for the treatment of
several cancer types and age-related macular degeneration. However,
these approaches are costly due to high required doses, and they
commonly showed mild to serious toxic side effects in cancer
patients.27–29

Unlike antibodies and small molecules, AO-based approaches target
the cancer hallmark pathologies at the RNA level by sequence-specific
binding of a synthetic AO to modulate the expression of pro-onco-
genic genes.30–32 By specifically targeting an implicated causative
gene, AO strategies provide explicit efficiency in modulating
target gene expression and, thereby, limiting the required doses,
which eventually reduce the side effects and cost of treatment.
Angiogenic factors,33 such as epidermal growth factor (EGF),34,35

PDGF,36,37 basic fibroblastic growth factor (bFGF),38,39 transforming
growth factor (TGF)-b40,41 and -a,42,43 VEGFs (VEGF-A),44,45 endo-
glin (ENG),46,47 and angiopoietins (Ang1, 2, 3, and 4),48,49 have been
identified as potential targets for AO-mediated intervention. In this
review, we focus on AOs targeting angiogenic factors as therapeutic
molecules for treating cancers.
AOs: Therapeutic Benefits and Chemical Modifications

AOs are short synthetic single-stranded nucleic acid sequences that
can anneal to cDNA or RNA targets following strict Watson and
Crick base-pairing rules.1,50 Typically, three different antisense mech-
anisms have been utilized therapeutically: (1) RNase-H-dependent
target mRNA cleavage, (2) inhibition of translation by imposing steric
Author(s).
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Figure 1. Antisense Oligonucleotide Mechanisms to

Alter Gene Expression

Different colors in pre-mRNA structure indicate introns and

exons.
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block, and (3) modulation of RNA splicing to regulate gene expres-
sion (Figure 1).1

In the case of RNase-H-mediated cleavage, the AO binds to the com-
plementary region in the target mature mRNA, forming a DNA or
RNA hybrid, which then recruits the RNase-H enzyme that selectively
cleaves the target mRNA sequence by hydrolyzing one of its inter-
nucleotide phosphate linkages and ablates the target gene expression
(Figure 1).50 In the steric block approach, AOs physically block the
binding motifs of proteins of the cellular machinery such as the ribo-
some-binding site, 50-cap site, or translation initiation site in the
mature mRNA (Figure 1).51 Furthermore, the AO can be designed
to target pre-mRNA and interfere with RNA-processing events,
such as splicing or nuclear polyadenylation.52–54 The introduction
of splice-switching AOs can therapeutically manipulate defective
splicing by steric blocking of the splicing motifs, where the splicing
factors bind to the pre-mRNA, and, thereby, alter subsequent pro-
cesses, such as exon skipping, exon inclusion, and intron retention
(Figure 1). Additionally, AOs can be targeted to other sites in the
pre-mRNA, such as the polyadenylation signal sequence, cleavage
or polyadenylation specificity factor (CPSF), or cleavage stimulation
factor (CstF), to halt these processes for inducing mRNA degradation
or translation arrest.53,54

AO Limitations and Chemical Modifications

AOs composed of natural nucleotide monomers are not suitable for
clinical applications. In fact, there are several factors that possibly in-
fluence the efficiency and biological potency of the AO, including sta-
Molecular T
bility against nucleases, specificity and binding
affinity to the target, cellular uptake and tissue
distribution, and toxicity. To overcome these lim-
itations, chemically modified nucleic acid analogs
are generally used.55,56 Chemical modifications
can be introduced into the inter-nucleotide link-
age, sugar moiety, and/or nucleobase (Figure 2).
In the case of inter-nucleotide linkage modi-
fication, the non-bridging oxygen atom of the
phosphate backbone is replaced with sulfur
(phosphorothioate [PS]) or other elements (as
in phosphorodiamidate morpholino oligomer
[PMO] and peptide nucleic acid), rendering sta-
bility against nuclease degradation (Figure 2).
Likewise, the sugar moiety is modified to improve
the AO-binding affinity and nuclease stability.
Some of the prominent sugar-modified analogs
are 20-O-methyl (20-OMe), 20-O-methoxyethyl
(20-OMOE), 20-fluoro RNA (20-F), locked nucleic
acid (LNA), unlocked nucleic acid (UNA), tricycloDNA (tcDNA),
hexitol nucleic acid (HNA), and 20-deoxy-20-fluoro-bD-arabino
nucleic acid (20-FANA) (Figure 2). Chemically modified nucleobase
analogs are not as commonly applied in constructing AOs compared
to the sugar and inter-nucleotide linkage modifications. A compre-
hensive review of oligonucleotide chemical modifications can be
found elsewhere.56

AO Design Balance between Safety and Efficacy

Recent clinical translation of novel oligonucleotide therapeutic mole-
cules demonstrates the importance of utilizing chemically modified
monomers to improve the pharmacokinetics of AO-based drugs.10

However, to develop a successful nucleic acid-based molecule, the
modified nucleotides need to be used in an appropriate way to
meet the balance between efficacy and safety, which generally is
considered to be a clinically relevant feature. One example to high-
light the importance of this safety-efficacy balance is the approval
of Exondys51 (Sarepta Therapeutics), a PMO drug, and the rejection
of Drisapersen (BioMarin Pharmaceutical), a 20-OMe AO on a PS
backbone, by the FDA in 2016. While PMO chemistry has been
shown to possess excellent safety data in DMD trials, life-threatening
toxicity and poor efficacy were found with 20-OMePS chemistry. It is
worth mentioning that, due to the difference in synthesis approach,
the cost to synthesize PMO is a lot higher than 20-OMePS-based
AOs, and, while 20-OMePS AOs can be synthesized as gapmer or
mixmer designs with other modified nucleotide monomers, this is
impossible with PMOs. Therefore, AO design plays a pivotal role in
the development of any successful nucleic acid-based therapeutics.
herapy: Nucleic Acids Vol. 14 March 2019 143
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Figure 2. Examples of Prominent Chemically Modified Nucleotides
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Chemically modified AOs can be generally designed as gapmer or
mixmer constructs (Figure 3) for mRNA inhibition by RNase-H
recruitment and steric blocking of translation or pre-mRNA splicing
modulation by splice-switching. In the gapmer design, a central core
of natural nucleotide monomers (including PS-linked DNA nucleo-
tides) is flanked by short blocks of modified nucleotides on both
the ends to enhance binding and RNase-H-mediated cleavage of
144 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
the target mRNA. In the mixmer design, the modified nucleotides
alternate with natural nucleotides throughout the AO. Mixmers are
mainly used for imposing steric bulkiness on their target.

AO Delivery

Delivery is paramount for AOs to be effective in regulating gene
expression.57 Different strategies have been proposed to improve
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Figure 3. Design of Gapmer and Mixmer AO

Constructs
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AO delivery, including the use of cell-penetrating peptides, nanopar-
ticles, or liposome complexes.58,59 Another approach is to induce AO
uptake through receptor-mediated endocytosis. This strategy involves
conjugating an AO with antibodies or aptamers that readily target the
surface receptors of targeted cells.60 In some cases, AOs can be intro-
duced directly to the target tissues such as via intramuscular injection,
intravitreal injection, or intranasal infusion. Pharmacokinetics, bio-
distribution, and cellular uptake of AOs have been comprehensively
discussed in recent reviews.57,61–63

AOs Targeting Angiogenic Factors

In this part, we mainly focus on AOs that target angiogenic factors as
a therapeutic approach for cancer treatment, with a brief overview of
each angiogenic factor, including its discovery, functions, and signif-
icance in cancer therapy. The angiogenic factors are discussed in a
chronological order based on their discovery timeline (Figure 4).

EGF and EGF Receptors

First isolated from the submaxillary gland of the mouse by Stanley
Cohen in 1962, EGF was one of the first growth factors to be
discovered.64 EGF plays a crucial role in regulating cell growth,
differentiation, and proliferation through the interaction with
tyrosine kinase receptor ErbB family. The ErbB family includes
EGF receptor (EGFR) (ErbB1/HER1), ErbB2 (HER2/neu), ErbB3
(HER3), and ErbB4 (HER4), which create a complex network of
signaling pathways.65,66 Among those, EGFR can be activated by
both homodimerization and heterodimerization (transactivation)
of the HER family members. This elicits the downstream activa-
tion of the signaling peptides through the phosphotyrosin-binding
SH2 domains, which are diligently involved in the functioning
of various cellular pathways, such as c-Jun N-terminal kinase
(JNK), protein kinase B (Akt/PKB), and mitogen-activated protein
kinase (MAPK) pathways. These pathways are primarily involved
in the DNA synthesis and cell proliferation. Thus, aberrant EGFR
signaling is believed to be involved in the pathogenesis of many
human diseases, including various types of cancers. This is pivotal
in cancer development and progression, as EGFR-related tumors
are associated with the poor prognoses and low survival rates of
patients.67 Therefore, silencing the expression of EGFR could ar-
rest the tumor development. In fact, EGF and EGFR have now
emerged as potential targets for wound-healing and cancer ther-
apy.65,68 It is worth noting that EGFR is recognized as the primary
Molecular T
receptor target for developing monoclonal anti-
body therapies in cancer.65

Protein localization studies performed on squa-
mous cell carcinoma of the head and neck
(SCCHN) suggested increased expression of
EGFR and TGF-a in SCCHN cells.69 To determine the effect of
EFGR inhibition on SCCHN cell growth, AOs were directed
against the translation initiation site and at the first intron-exon
splice junction. As a result, the cell growth was reduced by 80%,
6 days after combined treatment with both AOs, compared to
untreated cells.69 Follow-up studies showed that a combination
of docetaxel and an EGFR mRNA targeting PS AO via RNase-H
recruitment synergistically inhibited SCCHN cell proliferation
in vitro, and it also reduced tumor volume in a xenograft mice
model.70 In another study, Low and colleagues71 reported the
design of AOs (AEGFR2 and AEGFR2S) targeting positions
3,811–3,825 of the EGFR cDNA for downregulation of EGFR
through an RNase-H mechanism. The AOs were then encapsulated
in folate-polyethylene glycol (PEG)-liposomes for delivery into
cultured KB cells.71 Remarkably, the AO complex effectively
reduced KB cell proliferation by 90% after 48 hr of treatment,
compared to untreated cells, 5-fold more effective than the
AEGFR2 AO encapsulated in a non-targeted liposome.

EGF-related peptides, such as TGF-a, amphiregulin (AR), and
CRIPTO-1, also proved to be attractive targets in experimental cancer
treatments. De Luca et al.72,73 suggested that combinations of AOs
targeting different growth factors might be a relevant approach for
treating human colon carcinomas. In their studies, 10 AOs were
designed against TGF-a, CRIPTO-1, and AR, all of which were syn-
thesized as either full DNA or as gapmers with 20-OMe RNA on a PS
backbone. Different AO cocktails were tested in a human colon can-
cer GEO cell line, and the most effective showed an approximately
50% reduction of AR, CRIPTO-1, and TGF-a protein expression
when transfected at a 1-mM concentration for 48 hr, compared to
the untreated cells. A dose of 10 mg/kg inhibited tumor growth by
60%–65% when injected into nude mice carrying GEO xenografts,
compared to those treated with the scrambled sequence control. An
additive growth-inhibitory effect was observed when the AOs were
combined with conventional anti-tumor drugs, such as 5-fluoro-
uracil, adriamycin, mitomycin C, and cis-platinum in GEO cells,
increasing the efficacy to 70% reduction.72 Notably, these EGF-like
growth factors were also found to be overexpressed in ovarian carci-
noma cells. Casamassimi et al.74 reported a reduction in anchorage-
dependent growth of NIH: OVCAR3 and OVCAR8 cells when
treated with AOs directed against amphiregulin, CRIPTO-1, and
TGF-a.
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PDGF

PDGF was first characterized as an essential serum factor for 3T3
mouse fibroblast growth in 1971.75 Studies have shown that PDGF
plays pivotal roles in cell growth stimulation, cell migration, and
cell activation and is involved in blood vessel formation, especially
angiogenesis by promoting the vascularity of the blood vessels and
inducing the maturation of the vascular wall. PDGF has been found
in both normal tissue and tumor, hence it is implicated in different
diseases and conditions, including wound repair, atherosclerosis,
and cancer.76,77 The inhibition of PDGF would theoretically diminish
tumor development, migration, and invasion.

Structurally, PDGF is a dimeric glycoprotein composed of two
distinct but related chains, termed A and B.78 Sato et al.77 revealed
that PDGF-BB is capable of enhancing in vitro capillary formation
through direct action on myofibroblasts in an angiogenesis model us-
ing the rat microvascular fragments andmyofibroblasts. This suggests
that PDGF-BB plays a trivial paracrine role in the process of angio-
genesis. Additionally, PDGF also acts as an autocrine stimulatory
signal in regulating cell growth. Schlingensiepen and colleagues79

investigated the effect of PDGF-AA on HTZ-19 melanoma cell pro-
liferation. AOs targeting PDGF-A mRNA for degradation reduced
cell growth in vitro by 62% when applied at a 5-mM concentration
for 48 hr. In another study, Yamamoto et al.80 reported that advanced
glycation end-products (AGEs) can stimulate growth of MIA PaCa-2
pancreatic cells by upregulating PDGF-B mRNA levels through inter-
action with the cell surface receptor for AGE (RAGE). AOs targeting
RAGE mRNA reversed this process. Vascular smooth muscle cell
(VSMC) proliferation has been linked to diseases such as hyperten-
sive vascular diseases, restenosis of coronary arteries after angioplasty,
and atherosclerosis. Fukuda and colleagues81 explored the use of an
antisense peptide nucleic acid (PNA) to study the effect of PDGF-A
chain expression on VSMC growth. A 15-mer PNA oligomer was de-
signed complementary to a region including the initiation codon of rat
and human PDGF-A-chain mRNA. Not surprisingly, DNA synthesis
in VSMCs was reduced by 6-fold when the AO was transfected at
0.5 mM, compared to the control PNA oligo, suggesting that PDGF-A
chain expression might regulate VSMC proliferation and can serve as
a potential therapeutic target for the abovementioned diseases.
146 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
bFGF

bFGF (also known as FGF-2 or FGF-b) belongs to the FGF family of
proteins and encoded by the FGF2 gene.82 Gambarini and Armelin83

first identified bFGF as an active protein in mouse pituitary extracts
that can promote mouse 3T3 cell growth. The growth factors are
embedded in the basementmembranes and the sub-endothelial extra-
cellular matrices of blood vessels, and they function as signaling
peptides, which are broadly involved in cell survival and mitogenic
activities.84 By binding to its receptor, bFGF is reported to be directly
involved in angiogenesis, thereby regulating subsequent processes
such as wound healing, and it is also associated with tumor develop-
ment. Overexpression of bFGF is implicated with poor cancer
prognosis, and anti-bFGF administration has been shown to arrest
the formation of tumor. Therefore, bFGF could be a desirable target
for the treatment of cancer.85,86

Inhibition of bFGF using AOs could decrease angiogenic activity in
solid cancers. Ensoli and colleagues87 reported that PS-modified
AOs targeting bFGF mRNA in cells from Kaposi sarcoma lesions effi-
ciently reduced the cell growth and associated angiogenic activity. A
similar result was observed in cells derived from nudemice inoculated
with AIDS-Kaposi sarcoma cells. In another study, Murphy et al.88

demonstrated that AO treatment decreased the doubling time of
the U87-MG glioblastoma cell line by 2-fold and reduced the cell
number to 32%, and they showed that both 23- and 25-kDa isoforms
of bFGF were reduced by 64% and 73.3%, respectively, in comparison
to the untreated cells. Using short 15-mer AOs targeting bFGF
mRNA, Bernardini et al.89 showed a significant decrease of up to
89% in the proliferation of V9/AP4 Chinese hamster fibroblasts at a
60-mM concentration, compared to the untreated cells, indicating
an important role for bFGF in cell growth and survival. In a study
by Becker et al.90, three 15-mer unmodified oligodeoxynucleotides
targeting the bFGF mRNA translation initiation site in human verti-
cal phase melanoma cells, derived from melanoma WM75, showed
50%–75% inhibition in cell growth. Expression of bFGF was signifi-
cantly higher in the human glioma cell line, SNB-19, which may
enable neoplastic progression of gliomas.91,92 Morrison and col-
leagues93 showed that an AO targeting the first donor-acceptor splice
sites of the bFGF mRNA effectively reduced SNB-19 cell growth by

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
68%, compared to the neutralizing bFGF antibody (48%) and an
antagonist (inositol hexakisphosphate) (44%).

The translation initiation factor eIF4E has been linked with increased
bFGF expression in breast cancer cells.94 AO targeting of eIF4E effec-
tively reduced tumor vascularization and metastasis, coherently asso-
ciated with the loss of bFGF.95 Similarly, another study has shown
that AOs directed against TGF-b abrogated the anti-proliferative ef-
fects and inhibited the induction of p21/WAF1/CIP1 by bFGF in
MCF-7 breast cancer cell lines.96 bFGF was also found to contribute
to the development of non-small-cell lung cancer, and the downregu-
lation of bFGF using AOs in combination with a monoclonal anti-
body showed a significant reduction in cell proliferation.97 Among
the growth factors, bFGF plays a critical role in angiogenesis of renal
cell carcinoma. Cenni et al.98,99 has utilized a PS-modified AO target-
ing bFGF mRNA in the Caki-1 renal carcinoma cell line, and they
showed a significant decrease in endothelial cell migration, but not
cell proliferation.

TGF-b

TGF-b belongs to a class of TGF that comprises four different iso-
forms, TGF-b1–4, forming the TGF-b superfamily of cytokines.100

These multifunctional peptides are involved in various processes,
including proliferation, differentiation, migration, cell survival, im-
munosurveillance, and angiogenesis.101 First termed as sarcoma
growth factors (SGFs) by de Larco and Todaro in 1978,102

TGF-b is involved in many cellular processes, such as prolifera-
tion, differentiation, and apoptosis.40,41 In addition, the growth
factors also modulate extracellular processes, such as cell invasion,
immune regulation, and microenvironment modification.103 Dur-
ing carcinogenesis, the role of TGF-b signaling as a tumor pro-
moter or tumor suppressor is still under debate. Luwor et al.104

suggested that the growth-regulatory effects of TGF-b in tumor
development are a two-stage process: TGF-b inhibited at early
stages before switching to the TGF-b-promoted stage that triggers
tumor growth and invasiveness. Others suggested that TGF-b1 has
positive effects on T cell proliferation and cytokine production,100

whereas suppression of TGF-b2 in glioma models has been shown
to prevent immunosuppression of lymphocytes in vitro.105 TGF-b
was also reported to associate with a negative regulatory mecha-
nism in arresting tumor formation through paracrine and auto-
crine pathways.106,107 Hence, the inhibition of TGF-b could
diminish tumor proliferation.

Several therapeutic approaches targeting the TGF-b pathway have
been proposed, including the utilization of AOs against the TGF-b
mRNA, antibodies, and small molecule inhibitors of TGF-b recep-
tors.108,109 Wright and colleagues110 described the design and synthe-
sis of AOs targeting TGF-b1 mRNA, and they investigated the effects
in H-ras-transformed fibrosarcoma cells. At a 1-mM concentration,
all AOs were able to inhibit cell proliferation and induce morpholog-
ical changes in a non-specific manner. However, the AO termed
AS-5-OSO, containing a mixture of PS and phosphodiester linkages,
caused a 50% reduction in cell growth, in comparison with the un-
treated cells. Additionally, this AO alsomarkedly reduced the invasive
and metastatic effects of the fibroscarcoma cells, highlighting
the importance of AO design and chemistry, with mixed linkages
conferring greater specificity and lower toxicity, compared to AOs
composed of only PS linkage.110

Malignant mesothelioma (MM) is an aggressive tumor that is refrac-
tory to conventional cancer treatments, due to the acquired mecha-
nisms that augment the ability of tumor cells to survive and prolifer-
ate. Marzo et al.105 assessed the hypothesis that TGF-b contributes
directly or indirectly to MM growth and tumorigenesis, using DNA
AOs targeting TGF-b1 and TGF- b2 mRNA in the AC29 murine
MM cell line. Following transfection, the AOs induced 50% inhibition
of AC29 cell proliferation over a 4-day period. To determine the effect
of the AOs in vivo, tumor-bearing CBA/CAH (H-2k) mice were in-
jected intra-tumorally with a TGF-b2 PS AO. There was a substantial
reduction in TGF-b2 mRNA within mice after 5 days of treatment
with the AO, but the reduction effect was halted after 9 days of
treatment.

Bogdahn and coworkers111 employed 14-mer PS AOs targeting
TGF-b1 and TGF-b2 mRNA in 12 patient-derived glioma cell lines
(HTZ-10, -60, -340, -70, -243, -262, -85, -119, -121, -209, -326, and
-341). Of the 12 cell lines tested, TGF-b1-targeting AOs were able
to reduce cell growth in 6 cell lines (HTZ-10, -85, -209, -243, -262,
and -326). The TGF-b2-targeting AOs showed an inhibitory effect
in all 12 cell lines, and they also reduced the amount of secreted
TGF-b1 and TGF-b2 proteins, suggesting that TGF-b2 plays a major
role in regulating glioma cell proliferation. Evidence also shows that
an increase in TGF-b2 secretion in glioma cells can lead to an immu-
nosuppressed state that could be responsible for the failure of various
immunotherapy strategies. Lillehei and colleagues112 showed the
promise of an antisense approach to overcome tumor-induced
immunosuppression and enhance tumor vaccine efficiency in
high-grade gliomas. Tumor-bearing rats were treated with an AO
specific for TGF-b2 mRNA in combination with systemic tumor
vaccine, and the survival rate was monitored. The lifespan of the
treated rats was significantly increased, with a mean survival time
(MST) of 48.0 days compared to vaccine alone (29 days), AO alone
(37.5 days), or PBS alone (31.5 days).

The potential of AO therapeutics was also evaluated in oral squamous
cell carcinoma (OSCC). Kim and Song113 designed and assessed the
efficacy of an 18-mer DNA AO targeting TGF-b1 in SCC-9 cells.
AO-treated SCC-9 cells showed a significant decrease in TGF-b1
expression and cell growth, compared to the untreated cells. In addi-
tion, the AO treatment reduced the tumor size in vivo by approxi-
mately 50%, and it diminished the expression of a proliferating cell
nuclear antigen (PCNA) and matrix metalloproteinase (MMP2),
well-established indicators of cell proliferation. The AO AP12009
(Trabedersen), developed by Antisense Pharma, targets the TGF-b2
transcripts, and it has entered phase I/II clinical trials for the treat-
ment of high-grade glioma, pancreatic cancer, and malignant
melanoma.114
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 147
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TGF-a

TGF-a, initially termed EGF-potentiated TGF in 1981,115 is encoded
by the TGFA gene and belongs to the family of endothelial growth
factors. Despite sharing the same prefix, TGF-a is neither structurally
nor genetically related to TGF-b, instead associated with the EGF
pathway and acting as a ligand for EGFR to promote angiogen-
esis.116,117 By binding to EGFR and initiating events for cell prolifer-
ation, TGF-a is involved in wound healing and embryogenesis and
indirectly involved in angiogenesis.118 Overexpression of TGF-a
has been observed in a wide range of human tumors, such as gastric
cancer, breast cancer, and liver cancer, demonstrating its role in
tumor formation and development.119 TGF-a also facilitates the
epithelial-to-mesenchymal transition process, which is crucial for
metastasis and poor progonosis.120 These observations indicate that
silencing the expression of TGF-a could be a potential therapeutic
approach in cancer treatment.

Sizeland and Burgess121 reported that a 23-mer DNA AO targeting
the translation start site of TGF-a inhibited DNA synthesis
(measured via 3H-thymidine uptake) in LIM 1215 colon cancer cells
by 97% when applied at a 50-mM concentration, and it completely
suppressed cell proliferation 5 days after transfection at 10 mM.
Another study conducted by Grandis et al.122 showed that TGF-a
also contributed to an autocrine-signaling pathway in head and
neck cancer. To examine the effect of TGF-a downregulation on
cell proliferation, the authors transfected SCCHN cells with a
19-mer PS DNA AO targeting TGF-amRNA. At a 12.5-mM concen-
tration, the AO showed higher efficacy, with 76% inhibition of
SCCHN cell growth and 93% downregulation of TGF-a protein,
6 days after transfection.122 Normal mucosal epithelial cell prolifera-
tion was not affected by the AO treatment that induced an 83% reduc-
tion in TGF-a protein, suggesting an autocrine function for TGF-a in
regulating malignant tumor growth.

Studies led by Rubenstein and colleagues123,124 reported AO targeting
of TGF-a in human-derived prostate tumor cells. Two gapmer AOs
containing 30 PS linkages at each end were directed against the trans-
lation initiation sites of the TGF-a and EGFR transcripts in PC-3
prostate cancer cells. The AOs showed significant inhibition of
PC-3 cell growth in vitro, and they were effective in inducing hemor-
rhagic necrosis in PC-3 tumors in vivo in athymic nude mice. To
enhance the efficacy of the AOs, Rubenstein et al.125 continued their
work by designing bispecific AOs recognizing the binding sites of
TGF-a and EGFRmRNA and EGFR and Bcl-2mRNA, and they tested
in both MCF-7 breast cancer cells and PC-3 prostate cancer cells.
Notably, MCF-7 cells were more responsive to monospecific AOs,
whereas the bispecific AOs performed better in PC-3 cells, in line
with previous observations by the authors. Combination therapy
involving rapamycin or paclitaxel and mono- or bispecific AOs
showed improved efficacy.125

VEGF

First described in 1983 as a mitogenic soluble factor responsible for
new capillary formation,126 VEGF or vascular permeability factor
148 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
(VPF) has now been identified as an important signaling protein in
vasculogenesis and angiogenesis. When a cell is in an oxygen-defi-
cient state, VEGF production is stimulated through the activation
of the hypoxia pathway, leading to the interaction of VEGF proteins
and tyrosine kinase receptor VEGFRs available on the cell surface,
inducing them to dimerize, and subsequently triggering the tyrosine
kinase pathway that results in angiogenesis.127 Overexpression of
VEGF is highly associated with tumor formation, as it promotes the
growth of a blood vessel network surrounding the tumor.45,128 Previ-
ous studies have observed increased VEGF circulation in different
human cancers, including breast, liver, colorectal, brain, ovarian,
and non-small-cell lung cancer.129 This indicates that increased
vascularization induced by VEGF plays an important role in cancer
pathology through tumor formation, progression, and metastasis. It
is worth noting that the splicing of VEGF pre-mRNA generates
several VEGF isoforms and the predominant ones are VEGF-165,
VEGF-121, and VEGF-189, which are overexpressed in a wide range
of cancer cell types.130 Various anti-VEGF inhibitors have been
generated to target these isoforms and utilized as first- or second-
line therapy in standard cancer treatment. Thus, VEGF could be a
potential target toward tackling cancer.131

Gill and coworkers132 demonstrated the use of AOs to inhibit VEGF
mRNA in KS. Six different cell lines, including AIDS-KS, human
umbilical vein endothelial cells (HUVECs), human aortic smooth
muscle (AoSM), Hut-78, 23-1 (a B lymphoma cell line), and T1
(a fibroblast cell line), were cultured and seeded into 24-well plates.
The cells were then treated with five 21-mer DNA AOs containing
PS linkages designed to target the human VEGF-coding region at
concentrations ranging from 1 to 10 mM. The results showed that
two AOs (AS-1 and AS-3) showed significant inhibition of KS cell
growth in a dose-dependent manner, ranging from 53% (1 mM) to
81% (10 mM), compared to untreated cells. In contrast, the inhibitory
effect was minimal for HUVEC (17%) and AoSM (26%) cells at
10 mM. The efficacy of the AOs was also confirmed with a reduction
of VEGF protein by 80% in KS cells treated with AS-3 at 5 mM. To
further examine AO efficacy, nude mice inoculated with KSY1 cells
were injected daily with AS-1, AS-3, or a scrambled AO at 25 mg/g
body weight for 5 days. After 14 days, tumors within mice treated
with AS-1 and AS-3 showed 85% and 88% reductions in size, respec-
tively, when compared with untreated mice.

Ciardiello et al.133 later explored the combination effect of AS-3 and
an anti-EGFR monoclonal antibody (mAb) C225 in human GEO co-
lon cancer cells. The group synthesized AS-3 with a PS backbone, and
they treated the cells with mAb alone, AS-3 alone, or mAb and AS-3
in combination. In line with the previous report, AS-3 reduced 85% of
VEGF protein expression at a 5-mM concentration. The outcome of
in vivo experiments in immunodeficient mice (AS-3, 10 mg/kg/
dose; and mAb C225, 0.5 mg/dose) demonstrated the synergistic ef-
fect of AS-3 and the mAb. Analysis of the tumors after 21 and
28 days of combination therapy showed 95% and 98% of VEGF pro-
tein inhibition, compared to 90% and 92% when treated with AS-3
alone and 75% and 70% when treated with mAb alone. Interestingly,
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50%of themice under combination treatment survived after 13weeks,
whereas all other groups died within 8 weeks of treatment.

Renal cell carcinoma (RCC) is a highly vascularized tumor that
accounts for almost 2% of all adult malignancies.134 VEGF overex-
pression has been observed in Caki-1, an RCC cell line.135 Shi and Sie-
mann136 reported the design of a 20-mer DNA AO on a PS backbone
(V515) complementary to the 50 UTR region of VEGF mRNA.
Cationic liposome (prepared by mixing 1,2-dioleoyloxy-3- (trimethy-
lammonium) propane [DOTAP] with a helper lipid 1,2-dioleoyl-3-
sn-phosphatidylethanolamine [DOPE]) was used as a transfection
agent to deliver V515 into Caki-1 cells. After 24 hr of treatment,
VEGF levels were reduced in a dose-dependent manner, ranging
from 35% to 85% at the 0.5- and 2-mM concentrations, respectively.
Importantly, VEGF inhibition also affected endothelial cell growth
and migration. Co-culturing of treated Caki-1 cells with either mouse
heart endothelial (MHE) cells or human microvascular endothelial
cell from the lung (HMVEC-L) indicated a significant decrease in
both MHE (43%) and HMVEC-L (67%) cell proliferation and migra-
tion. In vivo injection with two doses of V515 (5 mg/kg) in Caki-1
xenograft-bearing mice triggered a 5.5-day delay in tumor growth,
while two doses of 10 mg/kg resulted in an 8-day delay.

Exploring indirect targets toward VEGF inhibition has also offered
attractive therapeutic avenues. One alternative approach is to target
tyrosine kinase receptors (kinase insert domain receptor [KDR]/
Flk-1 and Flt-1) to block the interaction between VEGF and its recep-
tors. Shimada and coworkers137 studied the effect of AO on peritoneal
dissemination and angiogenesis in human gastric cancer (HGC). Af-
ter 5 days of AO incubation with the cells, including HUVEC, PC-3,
and NUGC-4, the growth rate of all cell lines except NUGC-4
decreased to 43.6% (HUVEC) and 49.1% (PC-3), compared to un-
treated cells. NUGC-4 cells were not affected by the AO treatment.
Notably, KDR/Flk-1 protein expression in PC-3-treated cells was
reduced to 42%. Subsequently, NUGC-4 cells were transduced with
GFP and implanted into BALB/c nu/nu male mice. Anti-VEGF AO
was then injected intraperitonially for 8 days at 200 mg/mouse/day.
After 14 days of treatment, 80% of the tumor nodules in treated
mice could not be visualized by fluorescence microscopy. Tumor
angiogenesis was significantly inhibited (95% compared to the un-
treated group), and mice showed increased tumor apoptosis (50%).
Förster et al.138 also assessed the efficiency of AO targeting VEGF
in MCF-7 breast cancer and EJ28 bladder cancer cell lines. The au-
thors designed 25 AOs (20-mer) against VEGF and transfected these
compounds into MCF-7 and EJ28 cell lines. Following transfection,
ELISA analysis revealed 83.5% and 48.9% inhibition of VEGF protein
expression in EJ28 and MCF-7 cells, respectively, with the most effec-
tive AO (VEGF723) at a 1-mM concentration. Further examination
showed up to 79% inhibition of EJ28 cell proliferation was achieved
with AO VEGF723 after 20 hr of treatment.

Hörmann and colleagues139 observed a significant induction of VEGF
secretion from SCCHN UMSCC22b cells (approximately 3.5- and
2.75-fold above normal) upon treatment with chemotherapeutic
agents, such as carboplatin (doses at 90 mg/mL) and cisplatin
(2.5 mg/mL), in treated cells relative to sham control cells. The authors
then designed a 21-mer PS DNA AO complementary to the transla-
tion start site of human VEGF gene, and they evaluated the AO effi-
cacy in UMSCC22b cells treated with chemotherapeutic agents. After
48 hr of AO treatment, the VEGF level was significantly reduced by
up to 4-fold compared to controls.

Treatment of unresectable hepatocellular carcinoma (HCC) is chal-
lenging, and transcatheter arterial embolization (TAE) is the accepted
treatment strategy. However, the tumor cannot be treated completely,
and the 3-year survival rate of patients’ stumbles at 14%–35%. There
are reports on increased VEGF production in both HCC cells and
non-carcinoma liver cells prior to TAE. Wu et al.140 transfected a
22-mer PS DNA AO targeting the linkage area of exons 2 and 3 of
VEGF mRNA into Walker-256 carcinosarcoma cells at different con-
centrations (0.25, 0.5, 1.0, and 2.0 mM). At the 48-hr time point,
secreted VEGF levels were found to have been decreased in a dose-
dependent manner, ranging from 7% at 0.25 mM to 28% at 2.0 mM,
compared to controls. For analyzing the efficacy in vivo, rats were im-
planted with Walker-256 cells and then treated with 0.2 mL Lipiodol
(LP), LP + AO, or normal saline. Magnetic resonance (MR) scans of
the LP and LP + AO groups showed a substantial reduction in growth
rate in comparison to the control group.

VEGF also plays an important role in the development andmetastasis
of pancreatic cancer. Based on earlier reports, Hotz et al.141 trans-
fected their AS-3 AO142 sequence, complementary to VEGF cDNA
base +261–+281, into AsPC-1 and HPAF-2 pancreatic cancer cells
at a concentration of 5 mM, and they examined the results 36 hr later.
Western blot analysis showed a remarkable reduction in VEGF pro-
tein expression in both cell lines. Later, nude mice injected with either
AsPC-1 or HPAF-2 cells were treated with AS-3 at 10 mg/kg/day
intraperitoneally for 14 weeks. An 80% reduction in tumor volume
was observed in HPAF-2-innoculated mice, but not in the other
group. Also, metastasis ability significantly dropped in both groups,
and microvessel density was recorded at a reduction by at least 50%
in both groups.

To investigate the feasibility of VEGF-targeting antisense therapy in
acute myeloid leukemia (AML), Ding et al.143 transfected HL-60
cells with 0.3 mM VEGF AO. A reduction in cell growth of nearly
50% was observed, in addition to enhanced chemo-sensitivity of
the cells to arsenic trioxide (ATO), a traditional component of Chi-
nese medicine.143 The synergistic effect of AO and ATO further
proved its efficacy to inhibit VEGF protein production by 50% in
treated cells.

ENG

ENG is a homodimeric hypoxia-inducible transmembrane glycopro-
tein. Initially recognized as an antigen produced against the human
pre-B leukemic cell line in 1988, the peptide was named 44G4 because
of its reaction with monoclonal antibody 44G4.144 Recent advances
have gained more insights into its role as a membrane co-receptor
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 149
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for TGF-b in the endothelial cell-signaling pathway.145 Hence, ENG is
closely involved in angiogenesis, and it may play an important role in
tumor growth proliferation and metastasis.146 High levels of ENG are
also expressed in continuously proliferating endothelial cells, such as
endothelial cells involved in tissue injury and inflamed tissues, mak-
ing ENG a logical target for cancer treatment.46 Different approaches
targeting ENG have been proposed as therapeutic cancer treatments.

In normal placenta development, trophoblast growth and invasion
are essential, and the TGF-b-signaling pathway has been identified
as one of the main drivers for this process. ENG is expressed at
high levels throughout pregnancy and binds to TGF-b1 and -b3
isoforms. Caniggia et al.147 used a 16-mer PS DNA AO targeting
the translation initiation codon of human ENG mRNA, and they
demonstrated that the AO, after transfection at 5–10 mM, pro-
moted the outgrowth and invasiveness of extravillous trophoblasts
(EVTs) in a human trophoblast villous explant culture, presum-
ably due to ENG and TGF-b inhibition. Kumar and coworkers145

treated HUVECs with a 16-mer PS DNA AO to explore the effect
of ENG on endothelial cell behavior. The results indicated that
ENG protein levels were inhibited by 62% at a 0.25-mM concentra-
tion after 72 hr. Further analysis revealed that the AO-treated cells
were more sensitive to TGF-b1, which reduced the growth and
migration rate significantly by 38%, compared to the untreated
cells. ENG was also implicated to be involved in hypoxia-initiated
angiogenesis. Li et al.148 assessed the effect of a 16-mer PS DNA
AO on ENG expression in human dermal microvascular endothe-
lial cells (HDMECs). After 48 hr in normoxia, the transfected
cells were exposed to a hypoxic condition for 24 hr. A significant
increase (86.3%) in ENG protein levels was observed in untreated
cells, but the AO-treated cells possessed a suppressed ENG protein
level (55%–60%). Additionally, treated cells showed a significant
increase in cell apoptosis (62%) compared to untreated cells
(48.5%).

Ang Family

The Ang family consists of Ang1, Ang2, Ang3, and Ang4, and they
were all discovered as VEGF-related factors.149–151 Apart from
Ang3, an ortholog in mouse, the other three Ang proteins are ex-
pressed in humans and play complex roles in angiogenesis and
vascular remodeling, due to their interactions with each other and
the endothelium-specific tyrosine kinase receptor Tie-2.152 Ang and
VEGF function closely complementing each other in the formation
of blood vessels. Ang1 takes part in stabilizing the blood vessels and
Ang2 functions in vascular remodeling.153 Previous reports have
shown an increase in Ang activity in different tumors, which makes
Ang an important target in cancer treatment (L.R. Huang et al.,
2016, Mol. Cancer Res., abstract).142

To investigate the effect of Ang on endothelial cell survival, Li and
colleagues154 constructed a 25-mer PS DNA AO targeting bovine
Tie-2 mRNA, and they transfected this compound into cultured
adult bovine aortic endothelial (ABAE) cells. At a concentration of
150 nM, the AO induced 90% cell death compared to the untreated
150 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
cells. Further evaluation showed a 6-fold increase in cell apoptosis
induced by AO treatment relative to control cells. Boulton and co-
workers155 explored the function of the Ang-signaling system in dia-
betic retinopathy using the same AO reported earlier by Li et al.154

The Tie-2 AO was transfected into bovine retinal pericytes at 6 mM
to evaluate its effect on cell survival and proliferation. Tie-2 inhibition
reduced Ang1 expression and significantly decreased pericyte migra-
tion. These findings clearly indicated that targeted regulation of
Ang isoforms could be a feasible approach in diabetic retinopathy
treatment.

Clinical Trials

Additional clinical trials employing antisense and other therapeutic
strategies targeting angiogenic markers, including approved drugs,
are detailed in Table 1.

Conclusions

Current cancer treatment approaches using antibodies or small mol-
ecules pose several issues, such as severe toxic side effects, high dosage
requirements, lack of tissue specificity, and inability to regulate
pathogenic gene expression. In comparison, AOs may offer a better
approach to specifically target the underlying genetic cause of the dis-
ease at the RNA level to regulate the expression of key proteins impli-
cated in cancer pathologies, by selectively cleaving or imposing steric
bulkiness to the causative gene transcripts. FDA approvals of four AO
drugs, Vitravene (for cytomegalovirus retinitis), Kynamro (for famil-
ial hypercholesterolemia), Exondys51 (for DMD), and Spinraza (for
spinal muscular atrophy), demonstrate the potential of the AO-based
therapeutic approach. However, it should be noted that, so far, no
drugs were approved for cancer treatments, although several AO
drug candidates have entered different stages of clinical trials. In addi-
tion to the significant potential, AOs have unraveled some of their
limitations along their developmental path. Poor cellular uptake
and rapid renal clearance from the circulation are the major hurdles
of AOs, which often result in frequent high dosing for achieving ther-
apeutic efficacy. This could potentially lead to safety issues, including
off-target effects, nephrotoxicity and hepatotoxicity, and thrombocy-
topenia. However, recent developments in the oligonucleotide
backbone chemistries and new delivery platform technologies have
allowed greater tissue penetration and internalization of AOs that
result in significant improved intracellular targeting with less frequent
dosing, all of which collectively contribute to diminish the AO
toxicity.

Discovery of various angiogenic markers and their vital roles in can-
cer initiation, development, migration, and metastasis has opened
up new horizons in cancer research with novel approaches for devel-
oping cancer therapeutics. Several angiogenic factors have served as
potential targets for cancer treatment, given the number of anti-
bodies and small molecules targeting these factors that have been
approved for clinical use (Table 1). Targeting angiogenic markers
using AO-based approaches may certainly be a potential approach
for cancer treatment. In addition, AOs targeting potential angio-
genic factors in combination with currently approved small
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Table 1. Approved Drugs and Clinical Trials Targeting Angiogenesis Factors in Cancers

Number Drug/Trade Name Molecular Target Development Stage Drug Type Target Tumor Reference

Approved Drugs

1 aflibercept/Zaltrap VEGF-A/B, PGF approved drug fusion antibody metastatic colorectal cancer 156

2
apatinib/
Rivoceranib

VEGFR-2 approved drug small molecule late-stage gastric carcinoma 157

3 axitinib/Inlyta
VEGFR1, 2, 3;
c-KIT;
PDGFR

approved drug small molecule renal cell carcinoma 158

4
bevacizumab/
Avastin

VEGF-A approved drug monoclonal antibody
lung cancers, renal cancers, ovarian cancers,
glioblastoma multiforme

25

5
cabozantinib/
Cabometyx

VEGFR, c-MET approved drug small molecule
medullary thyroid cancer, advanced renal cell
carcinoma

159

6 cetuximab/Erbitux EGFR approved drug monoclonal antibody
metastatic colorectal cancer, metastatic non-
small-cell lung cancer, head and neck cancers

160,161

7 erlotinib/Tarceva EGFR approved drug small molecule
advanced or metastatic non-small-cell lung
cancer; advanced, unresectable, or metastatic
pancreatic cancer

162,163

8 gefitinib/Iressa EGFR approved drug small molecule non-small-cell lung cancer 164

9 icotinib/Conmana EGFR approved drug small molecule non-small-cell lung cancer 165

10 lapatinib/Tykerb EGFR approved drug small molecule advanced or metastatic breast cancer 166

11 lenvatinib/Lenvima VEGFR 1, 2, 3 approved drug small molecule
differentiated thyroid cancer, advanced renal cell
carcinoma

167

12
nintedanib/
Vargatef, Ofev

VEGFR, FGFR,
PDGFR

approved drug small molecule non-small-cell lung cancer 168

13
osimertinib/
Tagrisso

EGFR approved drug small molecule
specific non-small-cell lung cancer (T790M
mutation)

169

14
panitumumab/
Vectibix

EGFR approved drug monoclonal antibody colorectal cancer 170

15 pazopanib/Votrient
VEGFR, PDGFR,
FGFR, c-KIT

approved drug small molecule renal cell carcinoma, soft tissue sarcoma 171

16 pertuzumab/Perjeta EGFR, HER2 approved drug monoclonal antibody HER2-positive metastatic breast cancer 172

17
ramucirumab/
Cyramza

VEGFR2 approved drug monoclonal antibody
advanced gastric cancer, metastatic non-small-
cell lung carcinoma

173

18 regorafenib/Stivarga VEGFR2, TIE-2 approved drug small molecule
metastatic colorectal cancer, advanced
gastrointestinal stromal tumors

174

19 sorafenib/Nexavar
VEGFR, PDGFR,
Raf family kinases

approved drug small molecule
advanced renal cell carcinoma, advanced primary
liver cancer, advanced thyroid carcinoma

175

20 sunitinib/Sutent VEGFR/PDGFR approved drug small molecule
renal cell carcinoma, progressive neuroendocrine
cancerous tumors

26

21
temsirolimus (CCI-
779)

mTOR approved drug small molecule renal cell carcinoma 176

22 tivozanib/Fotivda VEGFR 1, 2, 3 approved drug small molecule renal cell carcinoma 177

23
trastuzumab/
Herceptin

EGFR (HER2) approved drug monoclonal antibody breast cancer 178

24
vandetanib/
Caprelsa

VEGFR, EGFR,
RET-tyrosine
kinase

approved drug small molecule medullary thyroid cancer 179

Investigational Drugs

25 ALN-VSP02 VEGF, KSP
investigational
drug (phase I trial)

siRNA liver cancer, liver metastases 180,181

26
AP-12009
(trabedersen)

TGF-b2
terminated (phase I/
II trial)

antisense oligonucleotide
recurrent high-grade glioma, advanced pancreatic
carcinoma, metastatic melanoma

180–182

(Continued on next page)
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Table 1. Continued

Number Drug/Trade Name Molecular Target Development Stage Drug Type Target Tumor Reference

27 AZD4547 FGFR
investigational drug
(phase II trial)

small molecule non-small-cell lung cancer 183,184

28 BB-401 EGFR
investigational drug
(phase II trial)

antisense oligonucleotide recurrent or metastatic SCCHN 185,186

29 brivanib alaninate VEGFR, FGFR
investigational drug
(phase III trial)

small molecule hepatocellular carcinoma 187

30 cediranib/Recentin VEGFR
investigational drug
(phase III trial)

small molecule advanced solid cancer, ovarian cancer 188

31 dovitinib
VEGFR, FGFR,
PDGFR

investigational drug
(phase II trial)

small molecule gastrointestinal stromal tumor 189

32 fresolimumab TGF-b1, 2, 3
investigational drug
(phase I trial)

monoclonal antibody malignant melanoma and renal cancer 190

33
hVEGF26-104/
RFASE

VEGF
investigational drug
(phase I trial)

combined vaccine solid tumors

M.Q. Wentink
et al., 2015,
Cancer Res.,
abstract, 191

34 lucitanib
VEGFR 1, 2, 3;
FGFR 1 and 2;
PDGFR a and b

investigational drug
(phase II trial)

small molecule advanced solid cancer, metastatic breast cancer 192,193

35 PF-03446962
TGF-b receptor
ALK-1

investigational drug
(phase II trial)

monoclonal antibody malignant pleural mesothelioma 194

36 PTC299 VEGF
investigational drug
(phase I trial)

small molecule metastatic breast cancer 195

37 rindopepimut EGFR
investigational drug
(phase III trial)

small molecule glioblastoma 196

38 sevacizumab VEGFA
investigational drug
(phase Ib trial)

monoclonal antibody colorectal cancer 197

39 Sym004 EGFR
investigational drug
(phase II trial)

monoclonal antibody
mixture

metastatic colorectal cancer 198

40 TRC105 endoglin
investigational drug
(phase III trial)

monoclonal antibody +
Pazopanib

advanced angiosarcoma 199

41 vactosertib
TGF-b receptor
ALK4/ALK5

investigational drug
(phase I trial)

small molecule multiple myeloma
B.G. Kim et al.,
2017, Cancer
Res., abstract

42 vatalanib
VEGFR, PDGFR,
c-KIT

investigational drug
(phase II trial)

small molecule
metastatic pancreatic cancer, malignant
mesothelioma

200,201

43 VEGF-AS/Veglin VEGF
terminated (phase I
trial)

antisense oligonucleotide Kaposi sarcoma, mesothelioma, renal cancer 182

Drugs are presented in an alphabetical order.
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molecule cancer drugs could be an effective way to maximize the ef-
ficacy of cancer therapy.
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